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Introduction

Since the first application of infrared spectroscopy in coal
science made by Cannon et al.(", it has been being used as the main
characteristic method for coal. However, when the conventional
transparent IR spectroscopy was used, KBr must be used to dilute the
coal samples, which can result in many problems such as the
adsorbing of moisture and catalyzing the pyrolysis of coal etc.
Hence Fuller et al.®) proposed to use the diffuse reflectance infra red
spectroscopy (DRIFT) for the analysis of coal, and the disturbance
from KBr was eliminated consequently. Moreover, it was proved to
be possible to use neat coal samples for DRIFT, and since then this
method has been used more and more widely in coal science.
Moreover, because of the use of isolated reactor chamber this
technique is very likely to be used for the in-situ analysis of coal.
However, because of condensation of the volatiles produced by coals
during pyrolysis, its application has been limited. In this paper, a new
method that mainly deals with this problem is proposed, and it
implied that this method could also be used for other samples that
can produce volatiles when heated.

Experimental

Samples. The dimineralized (with HF/HCI) Huolinhe lignite
was used. Sample of —100 mesh was further ground under argon for
30 min in a glove box with an agate mortar. Both proximate and
ultimate analysis of the parent Huolinhe lignite (abbreviated as HLH)
are given in Table 1.

Table 1 Analysis of samples

Proximate analysis Ultimate analysis

Sample (%) (%, daf)
v M A 5}
(daf) (@d) (@) € H N S (ifn)
HLH 4842 1738 2556 > 470 122 044 2053

11

Apparatus and procedure. The diffuse reflectance spectra
were measured on EQUINOX 55 FTIR spectrometer (BRUKER)
with the 0030-102 high temperature/high pressure accessory of
Thermo Spectra-Tech using ZnSe windows. The detector was liquid
nitrogen cooled MCT (mercury cadmium telluride). A mirror that is
believed not to absorb water was used as the background®. The
DRIFT spectra were collected with the co-additions of 100 scans and
resolution of 8 cm™. The resultant spectra were converted to
Kubelka-Munk function.

Because of the condensation of volatiles produced from heated
coal samples, a piece of porcelain was used. About 0.2~0.3mg coal
samples was placed onto it and was pressed with a spatula, then the
porcelain was placed into the center of the original reactor (Figure 1)
and the dome was fixed. Before IR measurement, about 260ml/min
argon was introduced for about 90 minutes for the stabilization of
moisture adsorbed by sample. After that, the flow rate of argon was
adjusted to 400 ml/min and the spectra of sample were collected from
room temperature (26 °C) to 620 °C at every 30°C when the sample
was heated at a rate of 6 °C/min. The heating was manually
controlled and the plot of temperature versus time is given in Figure

2. The accuracy of the temperature controlling is about +1°C, and the
coefficient of fit linear result (Temperature [°C]= 5.99835
°C/min)*Time[min.]+26.14465[°C]) in Figure 2 is >99.99%, hence
this manually temperature-controlled heating is as good as
automatically temperature-programmed-heating when the sample is
heated slowly.

Figure 1 The schematic of the high temperature/high
pressure reactor of Spectra-Tech™.
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Figure 2 The manually temperature-controlled curve
at a heating rate of 6°C/min

Results and Discussion

The reliability of this method. For many researchers, the in-
situ DRIFT analysis of coals from room temperature to high
temperature is limited by the condensation of volatile produced by
coal heated, and we also encountered this difficulty when we applied
the commercial DRIFT accessory for our experiments. With the
original commercial accessory, about 20 mg coal is needed, and even
the argon was introduced at the rate of about 600ml/min, the
condensation of volatile produced by coal could not be eliminated.

Fraser'® and Iwanski® had proved that, for the DRIFT analysis,
only the sample on the top 10 microns can contribute to the diffuse
reflectance spectra of coal. When the reactor of the commercial
accessory (with a depth of 2 mm and a diameter of 6 mm) were used,
the amount of sample loaded into the reactor is too large, which is
not necessarily needed for IR measurement. Volatile will condense
on the windows and disturb the spectra of the solids consequently.
Therefore, reducing and/or removing the amount of volatiles
produced is probably the key to solve this problem.

In order to achieve this, two measures were taken. One is to
reduce the amount of samples used so that the volatile matter
produced is ignored. Obviously, it is impossible to reduce the amount
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of sample loaded into the original reactor shown in Figure 1, because
on the one hand it is required to press the samples in it so that the
sample surface is smooth, which means that the reactor must be
cramed; and on the other hand, the tip of thermocouple is just in the
middle of the reactor, and it is not convenient to press the sample
with a smaller spatula when only a thin layer of sample is loaded (in
fact, this operation is not permitted, because the infrared light will be
shut out by the wall of the reactor). To solve this difficulity, a piece
of porcelain with a height of 2 mm (which is just the depth of the
original reactor) and a diameter of 3 mm (which is the diameter of
the section area of the infrared light) was used. About 0.2~0.3mg
coal was placed on the top of it and pressed with a spatula. Finally
the porcelain was placed into the center of the reactor provided by
Spectra-Tech company (Figure 1). The subsequent experimental
procedures are the same as those of using the original reactor.
Another measure taken by us was increasing the flow rate of carrier
gas so that the small amount of volatiles produced is purged out as
soon as possible, and 400ml/min was set as the common flow rate
used after optimization.

As for the amount of sample used, through calculating, it was
proved that 0.2~0.3 mg coal is enough for the requirement on the
height of sample in DRIFT analysis. In fact, only a layer of coal was
needed if the diameter of coal particle were supposed to be 10
microns. So it is clearly that the amount of sample used is enough,
while the amount of volatiles produced can been greatly reduced.

The spectrum of demineralized HLH (abbr. as HHD) measured
at 620 °C with the original reactor, named A, and that with the
porcelain, named C, are both shown in Figure 3. Unexpected
absorbance was observed in spectrum A, particularly at the
wavenumber of 2930cm™ and 3560cm’™’, which is believed to be due
to the tar and water condensed in ZnSe window respectively. We try
to modify the spectrum A with abstraction of the effect of tar and
water, the resultant spectrum named B showed that only the effect of
tar could be partly eliminated, but the water disturbance still existed
due to its strong absorption by tar. This suggested that only using the
porcelain as the reactor, the true in-situ spectrum of the coal at high
temperature could be obtained.
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Figure 3 The spectra of HHD (A, measured with original
reactor;
B, the spectrum after the subtraction of the contribution
of tars condensed on windows; C, the spectrum measured
with porcelain reactor.)

The spectra shown in Figure 4 are measured directly by the
spectrometer during the in-situ analysis of the same coal without any
modifications, and the quality of them was found very good. When
the variation trend of the spectra is compared with that in a reference
™ it was found almost the same as that proved by other researchers.
Therefore, we think the method can be used for the in-situ analysis of
coal with high reliability.

The keys of using this method. We have used this method
successfully for the in-situ analysis of coal macerals and the kinetics
of the decomposition of hydrogen bonds in coal. However, to get
proper and reliable spectra, some cares should be taken. First, to
press the coal sample placed on the top of porcelain, the surface of
the sample pressed cannot reflect light when it is seen under light.
Second, the porcelain should be placed just in the center of the
reactor. Third, the flow rate of carrier gas should be as large as
400ml/min so that the small amount of volatiles produced was purged
out as quickly as possible.
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Figure 4 The in-situ DRIFT spectra of HHD from
26°C to 620 °C measured at every 30°C

Conclusions

Using a small porcelain (with a height of 2mm and a diameter of
3mm) to support coal, combined with increasing the flow rate of
carrier gas, it is possible to get high quality spectra for in-situ DRIFT
analysis of coal samples. With this method, the samples can be
analyzed at as high as 620 °C or higher. We suggest this method is
also useful for the in-situ analysis of other samples producing
volatiles when heated.
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Introduction

Atmospheric stable nitrogen isotope (5'°N) measurements on
NO, suggest that significant differences may exist between NO,
derived from coal and that from transport fuel sources ", which
predominantely is formed from air nitrogen via thermal and prompt
meachanistic pathways. However, thus far, no nitrogen isotopic data
have been reported directly for NO from coal combustion due to the
problems of first adsorbing the NO and then determining the 5'°N of
the NO which, in terms of minimizing sample size and maximizing
throughput is best achieved using an elemental analyzer linked to an
isotope ratio mass spectrometer (EA-IRMS). If fuel and thermal NOy
can be quantified, this will be an important development to help
guarantee combustor performance and aid combustion modeling.

To address the issue of whether a significant isotopic difference
exist between prompt/thermal and fuel NO, in PF combustion of
coal, we describe the development of a nitrogen-free active carbon
for adsorbing NO. The preparation is based on previous work that
has indicated promising substrates that can adsorb sufficiently large
quantities of NO, to meet the requirements for subsequent isotope
analysis include zirconia supported manganese (MnO,-ZrO,) @ and
active carbon supported iron oxide (Fe/AC)®* promoted by other
metals including cerium. The nitrogen free Fe/AC sorbent prepared
here is used to determine, for the first time, the 8°N values for
thermal and actual NO from PF coal combustion. In addition, we
report the stable isotope values for a number of combustion chars to
help explain the isotopic fractionation that occurs during PF
combustion.

Experimental

Preparation of the N-free sorbent Granulated white sugar
purchased from a local supermarket was used. About 200 g of this
sugar was first dehydrated in ~ 250 ml concentrated sulfuric acid to
produce a char-like porous solid. This solid material was then
washed using excess distilled water and dried in an air-blown oven at
60°C. The dried solid material was then carbonised at 650°C for
about 3 hours in a fixed-bed reactor to yield the sugar-based char,
which was subsequently activated at 1000 °C in a flow of CO, (~90
min.) in order to obtain the final sugar-based activated carbon
product. For 100 g of sugar, about 15~20 g of activated carbon can
be obtained from this procedure.

In order to prevent any nitrogen incorporation during the sorbent
preparation, the use of nitrogen-bearing chemicals was avoided. The
sugar-based AC material was first treated in 0.2 N KMnO4/0.5 N
KOH solution for about 5 hrs and, subsequently, the same volume of
0.5M N Fey(SOy,); solution was poured into the mixture. The pH of
the new mixture was controlled at 12 and the mixture was then

stirred for 5 hrs before it was filtrated, washed with distilled water
and dried at 120°C. The dried raw sorbent material was then
calcined at 500°C for 10 hrs to obtain the final Fe-Mn/AC sorbent.

Laboratory measurements indicated that, with a typical flue gas
composition, the breakthrough for NO corresponds to a nitrogen
uptake of over 0.5 % w/w.

NO, sampling and analysis A thermal/prompt and an actual PF
NO, sample have been collected in duplicate from a 1 MW test
facility at Powergen. The sampling time available enabled nitrogen
uptakes as NO of approximately 0.1-0.2% to be achieved without any
NO breaking through the adsorbent bed (ca. 2 g). The thermal NO
sample was collected when the PF facility was starting up with a fuel
oil containing litttle nitrogen (0.1% cf. 1-2% for coals). The NO
samples and the blank sorbent have been analysed using a Europa
EA-IRMS instrument with 4 determinations being carried out for
each of the NO, samples. System blanks were measured before and
after each set of replicates for the five samples. Seven
determinations were also carried out on the sorbent blank. In
addition to the NO, samples, a number of coals and a series of char
samples has also been analysed using the same instrument.

Results and Discussion

Coals The nitrogen stable isotope values for a number of coals
using the standard permil notation references to atmospheric nitrogen
are listed in Table 1. The 8"°N values all occur over the relatively
narrow range of + 1-4 %o with the range being even smaller for the
UK coals with all the values being close to +2 %eo.

Table 1 A summary of stable nitrogen isotope ratios for a
selection of coals.

Coal "N, %o
Blair Athol, Australia 1.6
Ensham, Australia 1.5
Gedehoop, South Africa 1.4
Irui, Brazil (high ash, high vol.) 3.8
Polish coal 2.6
Prodeco, Colombia (high vol.) 0.6
N. Dakota lignite, USA 2.2
Marrowbone, (USA, high vol.) 2.5
Walter, USA (low vol., Alabama) 1.4
Daw Mill, UK 2.6
Harworth, UK 1.8
Gascoigne Wood, UK 2.6

Table 2. Interferences (m/z of 28) in EA-IRMS for determination
of nitrogen stable isotope ratios

Total ion beam, A % N (20 mg)
1. System background 2-3x 1071 0.002
2. Sample
(a) inherent N content (AC) 0.5-3 x 10® 0.05-0.2
(b) comb. catalyst, V,05 1.5-3x10° 0.01-0.02

Thermal/prompt and actual PF NO, samples Before
discussing the 3'°N values for the NO samples, it is important to
assess the interferences that can arise in the EA-IRMS. Table 2 lists
the interferences in terms of current observed which is translated into
a nitrogen content for a 20 mg samples size which was largely used
throughout this study. The system background (empty sample
capsule) corresponds to 10% of the count obtained with the
combustion catalyst in the sample capsules. However, the ion

Fuel Chemistry Division Preprints 2003, 48(1), 3



currents obtained with active carbons containing appreciable nitrogen
contents are an order of magnitude greater still. This summary
indicates the necessity to work with adsorbents containing extremely
low nitrogen contents.

The results for the NO, samples and the sorbent blank (no NO
adsorbed) are presented in Table 3. The total beam intensity for
these analyses did not vary systematically with sample weight but
averaged 3.1 x 107 A; this compares to an average system blank of
(1.9 x 10 A over the course of the entire experiment. For a 20 mg
sample size, this corresponds to a nitrogen content of ca. 0.01%.

For the four replicates of the first thermal NO (1A) sample, the
mean %N was (0.125 =+ 0.006) and the mean 8'"°N was -6.2 + 1.3%o
(Table 3). The average total beam was 1.96 x 10°A meaning that the
sorbent blank represents 16% of the sample total beam. No
correction was made here. For the four replicates of the second
thermal NO sample (1B), the mean %N was 0.09 = 0.00 and the total
beam of 1.44 x 10°A meant that the sorbent blank represents 21.5%
with a mean 8'°N =-6.1 £ 0.5 %o. The two mean values for thermal
samples 1A and 1B are indistinguishable, supporting the decision not
to correct for the blank. For the 8 replicates of the thermal NOy
samples, the mean 3°N was -6.2 = 0.9 %o.

Table 3 Thermal/prompt and actual PF NO, samples collected
with the nitrogen-free Fe/AC adsorbent

Sample/ Weight Total Beam %N 3°N
Determin. no. mg A %o air
1. sorbent blank 10.8 3.87 107 0.02 37.1
2. sorbent blank 16.0 3.13 107 0.01 -0.7
3. sorbent blank 20.9 2.73 107 0.01 -4.1
4. sorbent blank 24.9 3.16 107 0.01 -12.0
5. sorbent blank 20.4 3.18 107 0.01 13.2
6. sorbent blank 15.7 2.98 107 0.01 28.0
7. sorbent blank 10.4 2.68107 0.02 7.1
1. Thermal 1A 20.7 1.95 107 0.12 -4.7
2. Thermal 1A 19.5 1.94 108 0.13 -5.6
3. Thermal 1A 19.5 1.93 10 0.13 -7.5
4. Thermal 1A 20.9 2.02 10 0.12 -7.0
1. Thermal 1B 19.6 1.42 10 0.09 -6.7
2. Thermal 1B 20.1 1.49 108 0.09 -5.6
3. Thermal 1B 21.1 1.4310°® 0.09 -6.1
4. Thermal 1B 19.3 1.41 10 0.09 -6.1
1. PF 2A 19.1 3.5210° 0.23 15.1
2.PF2A 21.2 3.9010°® 0.23 14.5
3.PF2A 20.8 3.89 107 0.24 13.8
4.PF2A 20.5 3.8210°% 0.23 14.4
1.PF 2B 20.8 3.4110°8 0.21 18.1
2.PF 2B 19.9 3.06 107 0.19 144
3.PF 2B 20.0 3.06 107 0.19 14.8
4. PF 2B 20.5 3.04 10" 0.19 13.2

For four replicates of the actual PF sample (1B), the mean %N
was 0.23 (x 0.00) and mean 3'"°N was 14.5 £ 0.5 %o (Table 3). The
mean total beam intensity was 3.78 + 0.18 10® A so the sorbent
blank represents 8 %. For the second sample, the mean %N was 0.19
£ 0.01 with §'°N of 15.1 £ 2.1%o. The mean total beam intensity was
3.14 x 10® A so the sorbent blank represents 10%. Again, no

correction has been made here and again the means for the PF
samples 2A and 2B are isotopically indistinguishable, with the
overall average from the eight measurements being 14.8 + 1.5 %eo.
These measurements indicate that differences of up to ca. 20 %o can
exist between thermal and PF fuel (char) NO, isotopic values.

Table 4 Nitrogen stable isotope ratios for combustion chars
prepared in a drop tube reactor from 3 coals

Sample/drop tube resience time % N w/w 3N
Yo air
1. Oreganal 200 ms a 1.92 42
(Colombia) 200 ms a 2.28 3.9
200 ms b 2.15 33
200 ms b 1.82 43
Mean 5N %o 3.9
400 ms a 1.24 4.8
400 ms a 1.13 42
400 ms b 1.37 5.7
400 ms b 1.83 54
Mean 8N %o 5.0
600 ms a 0.37 5.9
600 ms a 0.29 6.4
600 ms a 0.54 5.5
600 ms b 0.82 53
600 ms b 0.93 5.5
Mean 5°N %o 5.7
2. Kaltima Pr. 200 ms a 2.02 3.9
200 ms a 2.28 2.6
200 ms b 1.72 3.9
200 ms b 2.24 2.1
Mean 5N %o 3.1
400 ms a 2.19 4.1
400 ms b 2.28 4.6
400 ms b 1.74 33
Mean 5N %o 4.0
600 ms a 0.80 42
600 ms a 0.63 2.4
600 ms b 1.40 4.1
600 ms b 1.30 2.8
Mean 5N %o 3.3
3. Pocahontas 200 ms a 1.38 5.3
200 ms a 1.40 6.0
200 ms b 1.28 6.1
200 ms b 0.92 5.7
Mean 8N %o 5.8
400 ms a 0.65 6.5
400 ms a 0.76 6.5
400 ms b 1.17 6.9
400 ms b 1.38 6.4
Mean 5N %o 6.6
600 ms a 0.76 6.3
600 ms a 0.85 6.4
600 ms b 0.73 5.9
600 ms b 0.95 7.2
Mean 5N %o 6.5

Char analysis Table 4 lists the nitrogen stable isotope ratios
for a series of partially combusted chars prepared at different
residence times (200, 400 and 600 ms) in a drop-tube reactor from
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three different coals. Pyrolysis chars from each coal were prepared
in the drop tube reactor and these were then fed back into the reactor
using an atmosphere containing 5 % oxygen. Two separate char
samples were analysed for each residence time. Of the 3 coals
investigated, the Indonesian coal (Kaltima Prima) is the most reactive
and Pocahontas (USA) the least.

In all cases, the nitrogen stable isotope ratios of the chars are heavier
than than those of coals and range from 3 to 7 %.. However, Table 4
indicates that the isotopic fractionation is roughly in the order
Pocahontas > Oreganal > Kaltima Prima, which is the opposite trend
to that in reactivity. For the two least reactive coals, the extent of
isotopic fractionation increases with burnout (cf. 600 with 400 and
200 ms chars in Table 3 for Pocahontas and Oreganal). Table 5 lists
the stable nitrogen isotopic ratios for a Spanish coal, a pyrolysis char
and four combustion chars obtained at high levels of burnout. The
data for the Spanish coal reveal that the nitrogen stable isotope ratios
of combustion chars obtained at high levels of burnout do not change
markedly (Table 5).

In conclusion, it would appear that much of the isotopic
fractionation that occurs between coal nitrogen and fuel NO occurs in
the formation of char, although further fractionation can be inferred
to occur during char combustion. In contrast, a lesser degree of
isotopic fractionation is associated with the formation of thermal NO
(ca. —6 %o), atmospheric nitrogen having a value of 0 %o.

Table 5 Nitrogen stable isotope ratios of a Spanish coal, a pyrolysis
char and three combustion chars prepared in a drop tube reactor

Sample % N 3N

1. Coal 2.27 2.5 Mean 2.5
2.12 2.5

2. Pyrolysis char 1.51 4.7 Mean 4.5
2.28 4.3

3. Combustion char,. N.D. 5.7 Mean 6.0

86 % burnout 1.98 6.3

4. Combustion char, 1.54 5.7 Mean 5.6

93 % burnout. 1.44 54

5. Combustion char,. 49 5.1 Mean 5.3

95 % burnout 5.6 54

6. Combustion char, 5.1 5.2 Mean 5.5

97 % burnout. 6.0 5.7

Conclusions

The fact that differences of up to ca. 20 %o can exist between
thermal and PF fuel (char) NO, isotopic values augurs well for the
further development of the approach to help quantify the extent of
thermal/prompt NOx formation in PF combustion. —However,
measurements on char have indicated that the extent of isotopic
fraction that occurs between coal-N and NO, from char is related to
the reactivity of coals. We will report shortly the stable isotope
ratios of NO, samples collected under a variety of PF combustion
conditions.
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Introduction

Coke is produced in petroleum refineries mostly by the delayed
coking process. One of the difficulties in studying the chemical
reactions involved in this process lies in the fact that the composition
of petroleum distillation residues is largely unknown. The available
analytical methods are very limited because of the large number of
complex molecules involved. Only average properties can be
obtained, making the attainable description of the system very poor.
This contribution explores the coking process of a vacuum
distillation residue using solid state nuclear magnetic ressonance
(NMR) to characterize the thermal craking and condensation
reactions taking place.

The reactions were followed mostly by cross polarization and
magic angle spinning (CP/MAS) *C NMR. Non-quaternary
supreesion (NQS) and a quantitative MAS experiments were also
used. With those techniques it was possible to distinguish bridged
aromatic carbons from protonated ones and also aliphatic carbons.

Experimental

SAMPLES. Vacuum destillation residue from the refining of a
brazilian petroleum was processed on a laboratory furnace (Figurel)
simulating the conditions in industrial delayed coking drums. The
samples were treated at different temperatures varying from 440°C to
500°C. For each temperature the residence time at the furnace was
varied from 0 to 4h.

Figure 1. Laboratory furnace used for the coking studies

NMR. The experiments were conducted at room temperature using a
Varian INOVA-300 (7.1T) NMR spectrometer operating at 75.4
MHz for '*C. For the CP/MAS experiments a pulse width of 5.5 ps
was applied with a delay time of 3s and 8000 transients were

accumulated. A spectral width of 50 kHz and an acquisition time of
0.05s were used for data collection. The contact time was 4000 us.
The spectra were referenced to the hexamethylbenzene (methyl peak
at 17.3 ppm from TMS). The pulse power was calibrated to achieve
Hartmann-Hahn conditions. The samples were spun at 4.5KHz at
MAS (54.7°) in a 7mm zirconia rotor. The NQS experiments used the
same conditions of the CP/MAS and a decoupling window of 60us.
The MAS experiments were acquired using a 100s pulse delay and a
1000 transients. All spectra were processed using a 70Hz line
broadening and a 0.004s gaussian function.

Spectra were integrated for the following resonance intervals: 100 to
165ppm (aromatic carbons) and 0 to 80ppm (aliphatic carbons).
Corrections for sidebands contributions were considered for spectra
calculations.

Results and Discussion

CP/MAS and NQS are faster but non-quantitative experiments.
For one sample a variable contact time experiment was acquired in
order to choose the contact time that mostly reproduces a quantitative
MAS analysis. This condition was achieved at 4000us. The CP/MAS
and MAS experiments provided the total distribution of carbons
present in a sample. The NQS experiment distinguishes quaternary
carbons and also the methys when they are present.

Figure 1 shows typical >C MAS, CP/MAS and NQS spectra
for one of the coke samples. The MAS and CP/MAS spectra, regions
from 0 to 80 ppm and 100 to 165ppm are attributed to the aliphatic
and to total aromatic (quaternary plus protonated) carbons,
respectively. On the NQS spectra the signals from 100 to 165 ppm
are due to quaternary carbons.

AL
Al

300 250 200 150 100 50
ppm

122.78

415.47

Figure 1. Coke sample treated at 440°C for 2 hours (TT 440-2H):
13C MAS (top), CP/MAS with 4000ps contact time (midle) and NQS
with a 60us of decoupling window (bottom).

* spinning sidebands

In order to get the total distribution of carbons in the samples
the quaternary aromatic carbons obtained by the NQS spectra were
related to the total aromatic carbons from the CP/MAS spectra. The
protonated carbons were obtained subtracting the total aromatic and
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quaternary aromatic carbons. Aliphatic carbons were calculated from
MAS spectra. Table 1 sumarizes the results.

Table 1. Carbon distribution of coke samples

AROMATIC CARBONS (%)

ALIPHATIC
SAMPLES (%)

(-:(())t(;“- Quaternary Protznate (0 - 80ppm)

165ppm)

\r/:s‘fgﬁg“l 48,0 36,2 118 52,0
TT440 0H | 626 27,7 34,9 374
T?Tgr‘;?n‘ 79,7 39,5 40,2 20,3
TT440 —1H | 85,0 35,0 50,0 15,0
TT440 2H | 855 41,8 43,7 145
TT440 —4H | 86,0 66,4 196 14,0
TT460 OH | 70,7 26,5 44,2 29,3
TIag0= | 879 453 426 12,1
TT460 1H | 87,2 53,4 338 12,8
TT460 2H | 86,3 432 43.1 137
TT460 4H | 932 79.3 13.9 6.8
TT480 OH | 837 445 39,2 16.3
T?Tgf]?n‘ 88,6 51,3 37,3 114
TT480 —1H | 87,9 42,7 45,2 121
TT480 2H | 88,4 47,4 41,0 16
TT480 4H | 93,9 54,0 39,9 6,1
TT500 0H | 80,9 23,6 57,3 191
ngg?n‘ 89,0 31,6 57,4 11,0
TT500 —1H | 86,8 373 49,5 13.2
TT500 2H | 92,8 48,0 44,8 7.2
TT500 4H | 89,2 32,4 56,8 108

The results indicated well the increase of the percentage of
total aromatic carbons as the temperature and residence time
increase. It was also observed that quaternary aromatic carbons has
raised with residence time for a given temperature. These were
somehow expected although at 500°C the aromatic quaternary
carbons surprinsingly presented lower values.

At industrial delayed coking units the temperature of the
coking drums usually stays between 490°C (bottom) and 440°C
(top). The data showed at Table 1 indicated that the thermal cracking
and condensation reactions leading to the final composition (high
aromatic carbon content) of the coke was completed in less than 2
hours in the drum.

Conclusions

The results indicated that the solid state '*C NMR data were
efective to evaluate the progress of the the coking process for the
series of samples analysed. In all samples, the NMR data revealed an
increase of aromaticity with the temperature and also an increase of
the quaternary carbons. These results showed that the coking process
was already completed in less than two hours of total residence time.

Acknowledgement. The authors acknowlwdge Dr. Luis
Fernando Leite (PETROBRAS/CENPES/PROTER).
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Introduction

Environmental regulatory agencies, such as the U.S. E.P.A., are
promulgating dramatic motor fuel sulfur level reductions. By 2006
the U.S. E.P.A requires the sulfur content of highway diesel to be
reduced from 500 ppm S (w/w) to 15 ppm S (w/w).! The reduction
of gasoline sulfur content is equally dramatic with the sulfur cap
moving from 300 ppm S (w/w) to 80 ppm S (w/w) by 2006.
Reduction of motor fuel sulfur content is not isolated to the US.
Sweden and Finland have had 10 ppm S (w/w) diesel for several
years. Japan will require 50 ppm S (w/w) diesel by 2005 and
Australia by 2006. Proposals being considered by the European
Union may require < 10 ppm S (w/w) gasoline and diesel to be
available by January 2005 Latin American countries are also
considering significant reductions in gasoline and diesel sulfur
content. The challenge of meeting low sulfur fuel specifications is
having a worldwide impact.

Low sulfur fuel specifications are presenting challenges to both
refining and distribution. In the U.S., the low sulfur gasoline
specifications, together with the expected elimination of MTBE,
poses a new and potentially expensive challenge to gasoline blending
operations. Should MTBE be eliminated as a gasoline additive the
refiner will lose the use of a valuable gasoline diluent. Elimination
of MTBE will increase the value of low sulfur gasoline blend
components, such as, alkylate.* Distribution of refined motor fuels by
pipelines presents yet another set of challenges. It is expected that 15
ppm S (w/w) diesel will necessarily be transported in a common
pipeline system with 1,000 to 3,000 ppm S (w/w) distillates, such as,
jet fuel. The opportunity for sulfur contamination of the 15 ppm S
(w/w) diesel is enormous.’ Rapid, precise and on-line determination
of total sulfur will enable the economic operation of fuel blenders
and provide a means for sulfur contamination detection in the fuel
distribution system.

To meet these challenges, we have developed and validated a
fully automated method for the on-line determination of total sulfur
in diesel and gasoline. The method is similar to the well-accepted
ASTM method D5453-00, “Determination of Total Sulfur in Light
Hydrocarbons, Motor Fuels and Oils by Ultraviolet Fluorescence™.®
In our on-line method the sample is oxidized in an air atmosphere at
1100 °C. The oxidation process converts organic sulfur compounds
and hydrogen sulfide to CO,, H,O and SO,. The concentration of SO,
in the oxidized sample is proportional to the total sulfur content of
the fuel. Quantification of the SO, is accomplished with a pulsed
ultra violet fluorescence, PUVF, spectrometer. Dominate
applications for the on-line determination of total sulfur include: 1)
detection of sulfur contamination in pipelines (pipeline transmix) and
2) fuel blending operations. In order to address these applications,
particular attention was paid to response time and measurement
precision during the development of our on-line method.

Experimental

Instrumentation. Figure 1 is a simplified diagram of the
instrumentation developed in this study. An automated liquid sample
valve is used to pulse sample into the air bath oven at a typical rate of
2 pl/min. Air was selected as the carrier gas/oxidant over oxygen to
ensure safe operation in potentially explosive atmospheres (the

common installation environment for on-line analyzers). The air
bath oven is typically held at 190 °C to ensure the complete
vaporization of the sample. A mixing chamber is used to create a
near constant flow of vaporized fuel and air to the combustion
furnace. The combustion furnace is held at 1100 °C to ensure the
complete oxidation of all sample components. Following oxidation a
constant flow of analyte is presented to the PUVF spectrometer. The
PUVF is selected for its superior sensitivity over ultraviolet
fluorescence spectrometers with continuous UV light sources.

Air Bath
Sample In| 110 °C - 200 °C 4 Oven
Air 1 = LSV ~ PUVFE Detector
+ SO, + by, + 50,*
SO,* + SO, + hy,

Sample Out |

Air 2 = 1100 *C

Furnace
Mixing Chamber

Figure 1. Simplified block diagram of instrumentation used for on-
line determination of total sulfur in fuels.

Results and Discussion

Validation of Total Sulfur Measurement. Gasoline and diesel
contain a wide variety of organic sulfur compounds plus potentially
some hydrogen sulfide. Since approximately 90% of the gasoline
pool sulfur comes from fluid catalytic cracked, FCC, gasoline, we
examined its sulfur compound distribution.” FCC gasoline can
contain  thiophene, C;-C, alkyl substituted thiophenes,
benzothiophenes, tetrahydrothiophene, sulfides, disulfides and
thiols.** To ensure that our on-line method fully accounts for all
gasoline sulfur species a series of various sulfur compounds
dissolved in iso-octane, toluene, hexane and benzene were analyzed
as unknown samples. The instrument was calibrated with a
thiophene in iso-octane standard prior to beginning these analyses.
The purpose of these tests was to determine the conversion efficiency
of the various sulfur compounds to SO, and to quantify errors, if any,
resulting from dissimilar matrices. Results of this series of tests are
presented in Figure 2. Examination of Figure 2 indicates an ideal
linear relationship between the reported and calculated total sulfur
values, demonstrating a full accounting for the organic sulfur
compounds tested. Additionally, one can conclude there is no
aromatic matrix measurement error.
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Figure 2. Reported vs. calculated values for gasoline range organic
sulfur compounds in paraffinic and aromatic solvents.

Diesel fuel contains the same classes of sulfur compounds as
gasoline, however, the sulfur compounds found in diesel will
necessarily have higher boiling points than those found in gasoline.
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Unlike gasoline, low sulfur diesel (< 15 ppm S (w/w)) can contain
significant concentrations of refractory sulfur compounds, such as,
dibenzothiophenes with alkyl substitutions at the 4 and 6 positions.
Refractory sulfur compounds are difficult to remove by hydrotreating
because steric hinderance prevents the sulfur atom from interacting
with the catalytic site.'®'" The response to various diesel range sulfur
compounds were measured as described previously for gasoline
range sulfur compounds, however, sulfur free (< 1 ppm S (W/w)) # 2
diesel fuel was used as the solvent. The results of this study are
presented in Figure 3. Figure 3 indicates an ideal linear relationship
between the reported and calculated total sulfur values,
demonstrating all sulfur compounds tested are fully converted to
SO,, including, the common refractory sulfur compound, 4,6-
dimethyldibenzothiophene.

50 n-butylsulfide

y=0.9816x
R =0.9967

45

e
=1

'E phenylsulfide
@ 35
E
a
230
5 1-dodecanethiol
E 25 - butylsulfide
E )
g 20 dibenzothlophene
o
g 15
= t-butyldisulfide
] -
210 4,6-dimethyldibenzothiophene
& -
» benzothlophene
51 2 ethylthiophene
o 5 10 15 20 25 30 38 40 45 50

Calculated Concentration, ppm S (wiw)

Figure 3. Reported vs. calculated values for diesel range organic
sulfur compounds.

Measurement Linearity. Measurement linearity was evaluated
for gasoline and diesel applications by preparing successive dilutions
of thiophene in iso-octane and thiophene in # 2 diesel, respectively.
Figure 4 indicates excellent measurement linearity for thiophene in
iso-octane from 4.98-99.60 ppm S (w/w) and thiophene in #2 diesel
from 2.24-99.60 ppm S (w/w).

100
y=0.5988x Diesel
90 R*=1

80

y'=0.9869x .
so-oclane
70|  R?=09995

60 1

50 + Diesel
O iso-octane
——Linear (iso-octane)

Linear (Diesel)

40

30

Reported Concentration, ppm S (wiw)

20

0 20 40 60 20 100
Calculated Concentration, ppm S (wiw)

Figure 4. Thiophene in iso-octane and thiophene in #2 diesel

measurement linearity.

Measurement Precision. Table 1 shows key statistics for a 14
hour run of a California gasoline and a 16 hour run of a Japanese
diesel with mean sulfur concentrations of 4.01 ppm S (w/w) and
21.59 ppm S (w/w), respectively. More than 800 data points were

collected for each measurement precision study. Excellent
measurement precision is indicated for each fuel.

Table 1. Measurement Precision

Statistic Gasoline| Diesel
14 hr Run{16 hr Run

Mean 4.01 21.59
Median 4.01 21.59
Mode 4.02 21.58
Standard Deviation 0.12 0.10
Range 0.79 0.66
Minimum 3.60 21.28
Maximum 4.38 21.93

Response Time. Response time was evaluated by switching
between #2 diesel samples containing 22 ppm S (w/w) and 66 ppm S
(w/w). The results of this test are summarized in Figure 5. As shown
in Figure 5 when switching from 22 ppm S (w/w) to 66 ppm S (W/w)
approximately 1.0 minute is required to begin detecting the change in
sulfur concentration. When switching from 66 ppm S (w/w) to 22
ppm S (w/w) approximately 1.5 minutes are required to begin
detecting the change in sulfur concentration.

80.00 - L

g

g

Concentration, ppm S (wiw)

-
-
25.00 - » - & -
- - * -
00 05 10 15 20 25 3.0 35 40 45 50 55 60 &5 7.0 7.5 80 &5
Time, minutes

Figure 5. Response Time Measurements.

Conclusions

An on-line method for determination of total sulfur in gasoline
and diesel was shown to provide an excellent linear accounting for
gasoline and diesel range organic sulfur compounds at the lower
expected future concentration requirements. The demonstrated
response time of 1.0-1.5 minutes may be useful for detection of
pipeline transmix, however, it is likely that improved response time
would be valuable. The demonstrated measurement precision will
allow this on-line method to be a valuable fuel blending control tool.

References

(1) Federal Register, 2000, 66 (12), 5064.

(2) Federal Register, 2000, 65 (28), 6754.

(3) Huss, A. In Production of Low Sulfur Gasoline and Diesel Fuels, Oral
Presentation August 2002.

(4) Barsamian, A. World Refining September 2001, 30.

(5) Higgins, T. World Refining January/February 2002, 4.

(6) Annual Book of ASTM Standards 2002, Vol. 05.03, 446.

(7) Golden, S.; Fulton. S. World Refining July/August 2000, 20.

(8) Shiraishi, Y.; Tachibana, K.; Taki, Y.; Hirai, T.; Komasawa, 1. Ind. Eng.
Chem. Res. 2001, 40 (4), 1225.

(9) Albro, T.; Dreifuss, P.; Wormsbecher, R. J. High Res. Chrom. 1993, 16,
13.

(10) Rodgers, R.; White, F.; Hendrickson, C.; Marshall, A; Andersen, K.
Anal. Chem. 1998, 70 (22), 4743.

(11) Isoda, T.; Nagao, S.; Ma, X.; Korai, Y; Mochida, I.; Energy Fuels 1996,
10 (2), 482.

Fuel Chemistry Division Preprints 2003, 48(1), 11



Petroleomics: Electrospray ionization FT-ICR mass
analysis of NSO compounds for correlation between total
acid number, corrosivity, and elemental composition

Geoffrey C. Klein®, Ryan P. Rodgers®, Marco A.G. Teixeira‘, Ana
Maria R. F. Teixeirad, and Alan G. Marshall®

*Department of Chemistry and Biochemistry, Florida State
University, Tallahassee, FL 32306
®lon Cyclotron Resonance Program, Florida State University,

National High Magnetic Field Laboratory,1800 East Paul Dirac
Drive, Tallahassee, FL 32310-3706

“Petrobras R&D Center/Chemistry, Cidade Universitaria, Rio de

Janeiro, Brazil EEP 21949-900
Fluminense Federal University-GQA, Outeiro do Valonguinho, s/n,
Niteroi, RJ, Brazil

Introduction

Hughey et. al. recently reported the assignment of elemental
composition of NSO compounds by microelectrospray Fourier
transform ion cyclotron resonance (FT-ICR) mass spectrometry.l
Electrospray selectively ionizes the polar compounds and FT-ICR
MS provides the high resolution (> 100,000) and high mass accuracy
(< 1 ppm) needed to resolve and identify thousands of components in
a complex mixture. Polar compounds, containing N-, S-, and O-
(<15% of crude composition), are critically important in refining.”
For example, heteroatom-containing hydrocarbons, particularly those
containing nitrogen, are known to play a key role in catalyst
deactivation through coke formation on the catalyst surface.
Similarly, naphthenic acids are known to cause process corrosion in
refining equipment. Here, we try to correlate total acid number
(TAN), corrosivity, and elemental composition within crude oils.

Experimental

Oil samples. Ten crude oils exhibiting different total acid number
(TAN) and corrosivity, provided by Petrobras, are shown in Table 1.
TAN was determined by the amount of KOH needed to neutralize
one gram of crude oil. A wire probe composed of the same material
as refining equipment is placed in the stream of the crude oil. Decay
(and therefore a measure of process corrosion) of the wire is detected
by changes in wire resistance. Corrosive character was assigned by a
team of specialists based on this wire test, field data, and their
expertise.

Table 1. Crude oils analyzed

Crude Oil TAN Corrosivity
Al 4.0 High
A2 23 High
A3 1.8 High
A4 1.5 High
A5 0.3 High
B1 1.0 Medium
B2 0.5 Medium
B3 0.5 Medium
Cl1 0.8 Negligible
C2 0.3 Negligible

Sample Preparation. 20 mg of the crude was dissolved in 3 mL
of toluene, and then diluted to 20 mL with methanol. 1 mL of the
final solution was spiked with either 3 pL of acetic acid or 10 pL of
ammonium hydroxide to facilitate protonation (+ ion ESI) or

deprotonation (- ion ESI). All mass spectra were collected by both
positive- and/or negative-ion electrospray (ESI) with a homebuilt 9.4
T FT-ICR mass spectrometer.’ Spectra were externally calibrated
from #G2421A electrospray “tuning mix” from Agilent, and then
recalibrated from a homologous series within each crude oil.

Data analysis. Analysis was performed by convertion of [UPAC
measured mass to the Kendrick mass scale (CH, = 14.00000 instead
of 14.01565 Da) to facilitate identification of homologous series.
Kendrick mass is obtained by multiplying the [UPAC mass with
14/14.0156. The advantage to the Kendrick mass scale is that the
members of a single homologous series (compounds with the same
heteroatomic composition and number of rings and double bonds, but
differ by a CH, group) have identical Kendrick mass defect (KMD),
seen in Eq. (1),

KMD = (Nominal Kendrick Mass — Kendrick Mass) (1)

where nominal Kendrick mass is determined by rounding up the
Kendrick mass to the nearest whole number. Series are then
separated based on even and odd nominal Kendrick mass and KMD
as described elsewhere.*

Results and Discussion

Figure 1 shows compositional data and O,/N ratio for all ten crude
oils. This ratio was determined by summing the relative abundance
of all compounds that contain O, (representing a carboxylic acid)
divided by the sum of relative abundances for neutral nitrogen
compounds. A higher ratio may indicate a higher abundance of
carboxylic acids that are known to contribute to the corrosion of
refining equipment. Some of the carboxylic acids contained more
than one heteroatomic atom, such as in crude oil A2 and C2, which
contains a high abundance of NO,-species. This ratio is not the only
clue to the corrosivity, as evident by A3, which contains high
corrosivity (by wire measure) contains a low Oy/N ratio.

80 02/N Ratio
. I A1 087
= A2 931
60 (] A3 044
L7 a4 1.08
g B As 1.60
., B1 1.04
2 B B2 071
% w0 B3 3.3
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0 B c2 140
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] o a1 Eid :l .. |.|:2 ] onct || - if. .= STEM
N O, NSNO NO, NO, N, N,o O 0,8 O,S O;S O, O, UnID
Figure 1. Comparison of compound classes in negative-ion mode

microelectrospray FT-ICR MS for each crude oil. Only those classes
with relative abundance > 1% are shown.

Carboxylic acids found in the ten crude oils are composed of
naphthenic acids (containing 1-3 rings and double bonds) and a
variety of aromatic acids, from mono-aromatic to hexa-aromatic.
Figure 2 shows the distribution of rings and double bonds found in
the O,- species in the crude oils. The composition of the carboxylic
acids was determined by summing the relative abundance of each
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acid and dividing by the total relative abundance of all compounds
present in the crude oil. For 9 out of 10 crude oils (all except B2),
the relative abundance of the naphthenic acids is higher than all other
components found in the O,-species.  The relative abundance of
naphthenic acids tends to be higher for crude oils exhibiting high
corrosive character. This is not true for all oils. B3 has the highest
naphthenic relative abundance but only exhibits medium corrosivity;
however, it contains a TAN value of 0.5, which is still considered
acidic. Surprisingly, A3 has the second lowest naphthenic acid
relative abundance but exhibits high corrosivity and a TAN value of
1.8. This suggests that NSO polar compounds may not be the only
components of crude oils that contribute to process corrosivity.
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Figure 2. Comparison of the distribution of double bond

equivalence (DBE) in O,-species, where DBE is the number of rings
and double bonds.

Petroleum acids are found in predominantly immature,
biodegraded, and heavy crudes.’” Higher corrosive crudes should
exhibit a smaller carbon number distribution than lower corrosive
crudes. Figure 3 shows the carbon distribution of 4 DBE O-series
for 4 crude oils with different corrosive character. The two oils
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Figure 3. Distribution of Carbon in O-series (Phenol) with 4 rings or
double bonds.

with high corrosivity have a carbon number distribution of 26-54 and
28-47, while the less corrosive crudes have distributions from 22-59
and 25-57 carbons. The slightly smaller carbon distribution of the
high corrosive crudes suggests that the compounds have undergone a
higher degree of biodegradation.

Positive-ion spectra were collected for three of the crude oils to
determine the effect of the basic compounds on corrosivity and TAN.
Figure 4 clearly illustrates that the basic nitrogen compounds do not
affect the components found in negative-ion mode. All three crude
oils are composed of ~ 83% basic nitrogen species, with comparable
carbon number distributions and rings and double bonds.
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Figure 4. Comparison of compounds classes and double bond

equivalence for N-series identified in positive-ion mode for 3 crude
oils.

Conclusions

FT-ICR MS provides the necessary mass resolving power and
mass accuracy (<lppm) to assign elemental composition to the NSO
compounds found by negative-ion microelectrospray. Our results
suggest that these polar compounds are not the only components
contributing to the process corrosivity of crude oils, but can provide
helpful clues. A higher ratio of O,/N species, a higher relative
abundance of naphthenic acids and a smaller distribution of carbon
number may indicate that a crude oil exhibits higher corrosive
character. Positive spectra were also collected and determined that
the basic components identified do not play a role in the correlation
of TAN, corrosivity and elemental composition.
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Introduction

The use of hydropyrolysis (commonly abbreviated to
hypy), which refers to pyrolysis assisted by high hydrogen gas
pressures (>10 MPa) in the presence of a dispersed catalyst, as an
analytical pyrolysis method for liberating covalently-bound
biomarker hydrocarbon structures from kerogen was first reported by
Love et al.". This and other subsequent studies have demonstrated
the unique capability of the fixed-bed catalytic hydropyrolysis
procedure to release much higher yields of aliphatic biomarker
hydrocarbons (including n-hydrocarbons, hopanes, steranes and
methyl steranes) from immature kerogens compared to mild catalytic
hydrogenation and traditional pyrolysis methods". These
characteristics allow for the bound biomarkers released by
hydropyrolysis to offer potential solutions to tackling many problems
in oil exploration, especially where the conventional geochemical
approach using the free (extractable) hydrocarbon biomarkers cannot
be employed, such as for severely biodegraded oils and samples
contaminated with oil based drilling muds.

Although pyrolysis-GC-MS is widely used as a fingerprinting
technique for sedimentary organic matter'®® and also for other
materials, notably polymers, the inherent low yields limit the
application of the technique to the more thermally labile moieties in
kerogens. Thus, if hydropyrolysis can be interfaced with GC-MS
(hypy-thermal desorption-GC-MS), this new development should
have considerable commercial potential as a superior technique for
rapid characterisation of all macromolecular substances. This study
describes the development of an experimental procedure in which
product oils are trapped on silica to facilitate analysis by thermal
desorption GC-MS without any prior work-up.

Experimental

Samples Goyniik oil shale (GOS) was used to assess the
capability of the silica-filled trap for recovering hydropyrolysis
product oil. This lacustrine oil shale of Tertiary age has been
classified as a type I kerogen, and characterised previously (Love et
al.,, 1997). It was pre-extracted with DCM/methanol (93:7 v/v),
washed with dilute HC1 (2M) at 50°C for 3 hours and re-extracted
with DCM/methanol (93:7 v/v), so any products generated will be
predominantly released from the kerogen phase.

Hydropyrolysis Fixed bed hydropyrolysis was conducted using
the apparatus and procedure that have been described in detail
elsewhere (Snape et al., 1989; Lafferty et al., 1993; Love et al.,
1995). Briefly, the samples were pyrolysed with resistive heating
from 50°C to 250°C at 300°C min™', and then from 250°C to 500°C
at 8°C min™, under a hydrogen pressure of 15 MPa. A hydrogen
sweep gas flow of 10 dm® min™', measured at ambient temperature

and pressure ensured that the products were quickly removed from
the reactor vessel. As in previous studies, the hydropyrolysates were
recovered with multiple washes of DCM from the dry ice cooled
trap, which consisted of coils of % stainless steel. These results
could then be compared to those obtained with the hydropyrolysates
collected in the silica filled trap constructed from %' stainless steel
(0.180" i.d.), and designed to hold approximately 0.75 g of silica. To
ensure that there was no contamination of the products, the silica
used for trapping (35-70 mesh) was pre-extracted in a soxhlet with n-
hexane for 24 hours and DCM/methanol (93:7 v/v) for 48 hours, and
dried in a baffle furnace at 600°C for 4 hours.

In order to quantitatively assess the recoveries of hydrocarbons
by hydropyrolysis, aliquots (~50 mg) of a light crude oil were
adsorbed to a small amount of silica and pyrolysed. The desorbed
oils were recovered from each of the two designs of trap, cooled by
both dry ice and with liquid nitrogen. The temperature within the
silica trap was measured by inserting a thermocouple into the trap at
the base of the silica column during a blank run with each of the two
coolants.  Quantification of the recovered hydrocarbons (DCM
soluble fraction) was achieved by the addition of squalane, with
analysis by gas chromatography-flame ionisation detection (GC-
FID).

The aliphatic hydrocarbon, aromatic hydrocarbon and polar

(NSO) fractions of the oil shale and asphaltene hydropyrolysates
were separated by silica gel adsorption chromatography with
successive elutions of n-hexane, n-hexane/DCM (4:1 v/v) and
DCM/methanol (1:1 v/v). The yields of each fraction were
determined by evaporation under a stream of dry nitrogen in pre-
weighed vials. In order to assess the degree of carbon conversion
during hydropyrolysis, and the yield of carbon recovered, the carbon
content of the samples, pyrolysis residues, hydropyrolysates and
desorption residues were determined with a UCI Coulometrics CO,
coulometer.
Thermal desorption of hypy oils The off-line thermal desorption of
the silica trapped hydropyrolysis products of the GOS were
performed in the hydropyrolysis reactor under an atmospheric
pressure of hydrogen with a sweep gas flow of 100 cm® min™,
measured at ambient temperature. The samples were desorbed with a
heating rate of 50°C to 300°C at 300°C min", with the final
temperature held for 2 mins. The desorbed products were then
trapped on silica as for the hydropyrolysis experiments. Further tests
were carried out to a maximum temperature of 350, 400, 450 and
500°C, at the same heating rate, with the final temperature again held
for 2 mins. The on-line thermal desorption-GC-MS of the silica
trapped hydropyrolysis oils were performed Pyrolysis experiments
were performed using a CDS 1000 pyroprobe platinum heated
filament pyrolyser (Chemical Data System, Oxford, USA) directly
connected to a Varian 3400 gas chromatograph coupled to a Varian
Saturn II ion trap mass spectrometer. The Py/GC interface and the
split/splitless Varian 1077 injector (at split ratio 30:1) were kept at
280°C. Silica trapped sample (about 5 mg) and Goyniik oil (about
0.2 mg) were pyrolysed at 700°C (set temperature) for 10 sec at the
maximum heating rate. The solution containing aliphatic fraction was
analysed by direct injection into the GC-MS apparatus using the
above described conditions.

Results and Discussion

Comparison of coiled trap and silica The recovery of the
light crude oil desorbed by hydropyrolysis is illustrated in Fig. 1.
The whole oil gas chromatogram (Fig. 1A) is dominated by a
homologous series of n-alkanes (nC; to nCs;), and low molecular
weight aromatic compounds such as benzene and toluene. Table 1
summarises information on the recovery of the light oil for the two
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types of trap, using the different coolants. It can be seen that for the
relatively high molecular mass alkanes (>nCig), both the normal
coiled trap and silica are very efficient (generally >80% w/w), with
no significant differences between the two coolants.  Major
differences in recovery are only apparent for the relatively low
molecular weight compounds (<nCy), and so the trapping efficiency
of biomarker hydrocarbons (>nCy) should be equally as good for the
silica trap as for the coiled steel design. Therefore, the recovered
DCM soluble oil fractions (Figs. 1B & 1C) are illustrated as partial
gas chromatograms showing only the distribution of the low
molecular weight compounds.

Table 1. Recovery (% w/w) of selected hydrocarbons desorbed
from a light crude oil under hydropyrolysis conditions.

Compound Coiled trap Silica trap
Liquid N, Dryice LiquidN, Dryice
Benzene 58 0 43 0
nC; 58 0 46 0
Toluene 83 52 83 37
nCg 79 51 77 4
nCy 83 75 85 84
nCio 87 83 97 88
nCi 89 87 96 89
nCiy 89 88 91 91
nCis 91 90 87 94
nCiy 97 95 99 98
nCis 96 93 102 96
nCy 86 88 92 92
nCps 81 85 78 89
nCso 77 94 81 88

The use of liquid nitrogen as the coolant in place of dry ice
resulted in a significantly enhanced recovery of low molecular
weight compounds such as the nC; and nCjg alkanes, benzene and
toluene. The recovery of these compounds was slightly greater from
the coiled steel trap cooled with liquid nitrogen than from the silica
filled trap. The higher recovery from the coiled steel trap was more
significant with dry ice as the coolant, with just 4% w/w of the nCg
alkane and 37% w/w of the toluene recovered from silica trap,
compared to 51% and 52% w/w respectively recovered from the
coiled steel trap.

Due to its much lower temperature (-196°C), the liquid nitrogen
should be a much more efficient coolant than the solid dry ice (-
78°C). However, the liquid nitrogen tended to quickly evaporate
during the course of the run as the hot sweep gas warmed the trap.
Therefore, the temperature at the base of the trap rose steadily from -
130°C when the reactor was at 300°C, to 85°C at the end of the test.
This was similar to the final temperature observed when dry ice was
used as the coolant (65°C), and might have caused some of the low
molecular weight compounds to evaporate and be swept out of the
trap.

Information on the efficiency of the different designs of trap in
recovering the hydropyrolysate generated by the hydropyrolysis of
GOS is presented in Table 2. As in previous studies on this shale,
hydropyrolysis resulted in carbon conversions of >90%, with
relatively high yields of the GC amenable aliphatic and aromatic
hydrocarbons generated. The errors of these analyses are estimated
at £5% based on previous described repeat analyses (Love et al.,
1995). The efficiencies of the traps are expressed as the % of the
converted carbon, and the wt. % of the total products recovered in
each type, and show that the silica-filled and coiled steel traps
recover a very similar proportion of the converted organic carbon,

principally as DCM-soluble products. These recovery figures may
be a slight underestimation of the true values, due to evaporative
losses, inevitable while removing the excess DCM to obtain the total
hydropyrolysate yield.
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Figure 1. Comparison of the whole oil gas chromatogram (A), and
the partial gas chromatograms of the DCM-soluble fraction desorbed
by the hydropyrolysis of a light crude oil, with trapping by the coiled
steel (B) and silica filled trap (C), cooled by liquid nitrogen (i) and
dry ice (ii). Numbers refer to the carbon number of the n-alkanes; B
- Benzene; T - toluene; Std - squalane.

The distribution of the GOS hydropyrolysate throughout the
trap silica column is presented in Table 3. The results for each
section are expressed as the wt. % of each fraction present, together
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with the proportion of carbon recovered. The vast majority of the
hydropyrolysate is adsorbed to the upper quarter section, with >70%
w/w of each fraction, and of the total carbon in this section. There is
then a rapid decrease in the proportion of hydropyrolysate adsorbed
to the middle sections, with <5% w/w present in the lower silica
section. These results indicate that providing sufficient silica is
present in the trap for the mass of carbon generated from the sample,
no significant quantities of the product, other than highly volatile
compounds, should pass through the trap without adsorbing to the
silica.

Table 2. Comparison of the results obtained from the
hydropyrolysis of the Goyniik oil shale with the different
trapping methods.

Coiled Silica

trap trap

Sample weight (mg) 100 50

Trap silica weight (g) - 1.0
Carbon conversion (% initial TOC)? 91.2 93.0
Trapping efficiency (% TOC generated)" 91.5 94.5
Trapping efficiency (wt. % of products)® 80.0 80.9
Yield of aliphatics (mg/g initial TOC)? 159 175
Yield of aromatics (mg/g initial TOC)® 89 101
Yield of total oil (mg/g initial TOC) 1110 1200

2% TOC removed from sample by hydropyrolysis. ° % of generated TOC
recovered. © % of sample weight loss recovered as DCM soluble product oil.
4 Weight of recovered aliphatic fraction (mg) / weight of initial TOC (g). ©
Weight of recovered aromatic fraction (mg) / weight of initial TOC (g). *
Total weight of recovered DCM soluble product oil (mg) / weight of initial
TOC (g).

Table 3. Distribution of the hydropyrolysate fractions (wt. %)
and TOC (%) throughout the silica column containing the
hydropyrolysate of the Goyniik oil shale.

Silica section % Aliphatic % Aromatic % Polar % TOC
Upper 80 71 70 73

Upper middle 13 16 18 15

Lower middle 5 8 7 8
Lower 2 5 5 4

Table 4. Selected aliphatic biomarker maturity parameters from
the hydropyrolysate of the Goyniik oil shale.

Ratio Coiled Silica trap

trap Allsilica  Top section
C31aB(22S/S+R)? 0.21 0.18 0.18
C32ap(22S/S+R)° 0.14 0.12 0.14
C30Ba/ap’ 1.97 2.03 2.02
Ts/Tm* 0.29 0.29 0.32
C290.0a(20S/S+R)°  0.05 0.05 0.05
C29applacotafpl  0.27 0.25 0.27

*ap-homohopane 22S / S + R - starting value 0, ratios reach end point at 0.6
before the onset of intense oil generation. °Cs, af-dihomohopane 22S /S + R
- asratio *. °C; po-moretane / C3y a.-hopane - ratio decreases with
increasing maturity. *18c,21B(H-22,29,30-trisnorneohopane / 170,21p(H)-
22,29,30-trisnorhopane - ratio increases with increasing maturity. ©Cyy aotoi-
ethylcholestane 20S / S + R - increases to 0.5 with increasing maturity. Cyo
ethylcholestane af / cao + afff — increases to 0.8 with increasing maturity.

In addition to the total yield of hydropyrolysate recovered, it is
also important that the silica-filled trap produces biomarker
hydrocarbon profiles similar to those obtained from the coiled steel

trap. A number of maturity dependant biomarker ratios based on the
abundance of individual isomers are listed in Table 4, and indicate
that the composition of the hydropyrolysates recovered from the
silica-filled traps are very similar to those from the coiled steel trap.
In addition, it can be seen that the top section of the silica column,
which as described contains the highest concentration of
hydropyrolysate is representative of the silica column as a whole.
This has implications for the on-line thermal desorption py-GC-MS
of the silica trapped hydropyrolysis oil described below as only a
small amount of the total silica recovered from the trap can be
introduced to the pyroprobe at any one time.

Off-line thermal desorption of silica trapped hypy oils The
yields recovered from the off-line thermal desorption pyrolysis of the
silica trapped hydropyrolysis oils are presented in Fig. 2. Although
the total yield of products desorbed at all temperatures is
significantly lower than that of the starting hydropyrolysis oil, the
effect of temperature is apparent with a steady increase in the
recovery of the aliphatic, aromatic and polar fractions from a final
temperature of 300°C through to 500°C. The yield of aliphatic
components at 500°C is similar to that in the original hydropyrolysis
oil, with the reduction in overall yield due to the poor recovery of the
aromatic and polar fractions.
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Figure 2. Yield (mg/g initial shale TOC) of aliphatic, aromatic and
polar fractions in the thermally desorbed (off-line) Goyniik oil shale
hydropyrolysates compared to the original hydropyrolysate.

A significant proportion of the carbon in the hydropyrolysate
was not desorbed from the trapping silica (131 mg/g initial shale
TOC at 300°C; 33 mg/g initial shale TOC at 500°C). As noted for
reduced yields of asphaltenes adsorbed on silica during
hydropyrolysis, interactions between silica and polar functional
groups in the sample my result in the reduced desorption of this
fraction relative to the non-polar aliphatic and aromatic compounds.

The distribution of aliphatic hydrocarbons in the
hydropyrolysate of GOS (Fig. 3A) is dominated a bimodal
distribution of n-alkane /n-alk-1-ene doublets (maximum at C;, and
submaximum at C,;), with the homologous series extending up to
C40.(1). The n-alkanes are the more abundant, with an even-over-odd
predominance (EOP) apparent among the longer chained
homologues, and the distribution of n-alk-1-enes mirroring that of
their saturated analogues. Such doublets are ubiquitous components
of kerogen pyrolysatesm, although as noted carlier'”, the survival of
n-alkanes heavier than ~Css are not often observed in on-line
pyrolysis experiments (e.g. Derenne ef al.,'®). Changes in the profiles
with increasing desorption temperature can be assessed by measuring
the ratio in abundance between a long chain alkane e.g. n-C;, and a
relatively short chain one not subject to evaporative losses e.g. n-Cis.
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This parameter may also vary as a result of cracking of the longer
chained n-alkanes, which could potentially arise at higher desorption
temperatures resulting in a concurrent increase in the abundance of
the shorter chained homologues'”.  As indicated in Table 2, for
desorption at 300°C the higher molecular mass n-alkanes are clearly
not desorbed efficiently as the doublet envelope has a different shape
with a maximum abundance at Cis. However, desorption at 500°C
gives a profile is very similar to that of the original hydropyrolysate
oil (Fig. 3B).

Table 5. Molecular abundance ratios to monitor secondary
cracking during the thermal desorption of the silica trapped
hypy oil. CPI after Philippi, 1965 = 2*C,o/(Cys+Cjy).

Desorption T/°C n-Cig/ n- CPI* Total alkanes
Cs alkane / alk-1-enes

300 1.21 0.71 0.36

350 0.50 0.83 0.33

400 0.50 0.83 0.33

450 0.50 0.83 0.34

500 0.50 0.82 0.37

HyPy oil 0.33 0.79 0.30

Secondary cracking during both the hydropyrolysis and
desorption phases would also result in a decrease in the magnitude of
the EOP amongst the longer chained n-alkanes®, which can be
assessed by the carbon preference index (CPI), and lead to an
increase in the abundance of the unsaturated n-alk-1-enes in these
samples relative to the n-alkanes'® '». These ratios for each
desorption temperature are presented in Table 5, and suggest that
with the exception of the poorly desorbed 300°C sample, and some
evidence of minor cracking at higher temperature, the distribution of
these compounds in the desorbed oils are not that dissimilar to that of
the original hydropyrolysis oil. Indeed, high recoveries of individual
hopanes and steranes with no evidence of isomerisation and cracking
were also achieved at 500°C.

On-line thermal desorption of silica trapped hypy oils The on-line
thermal desorption pyrolysis of the silica trapped GOS
hydropyrolysate (Fig. 3C) resulted in greater evidence of secondary
cracking than was apparent in the off-line studies. In addition to the
generation of a higher proportion of shorter chain n-alkenes (n-C,, -
n-Cye), the envelope of n-alkanes also shows a different pattern, with,
in addition to the higher relative abundance of shorter chain n-
alkenes, a maximum at n-Cyg instead of n-C;, and fewer of the very
long chain n-alkanes apparent. However, as with the off-line studies
the recovery of high molecular mass extended hopanes and steranes
with the biologically inherited and thermodynamically unstable
stereochemistry, which would be the most susceptible to
isomerisation and/or cracking of the alkyl side chain ¥, suggests that
the extent of cracking is not extensive. Thus, with scope for further
optimization of the pyrolysis conditions, on-line thermal desorption
shows considerably potential in retaining considerable more
structural integrity than py-GC-MS for fingerprinting petroleum
source rocks and coals.

Conclusions

It has been demonstrated that hypy oils can be recovered on
silica and the quantitative recovery of hydrocarbons from a light
crude oil desorbed from silica under hydropyrolysis conditions
demonstrates no significant loss of the high molecular mass n-
alkanes (>nCj,). The use of liquid nitrogen as the trap coolant results
in significantly improved recovery of the lower molecular mass

constituents.  The silica-adsorbed oils undergo relatively little
cracking during thermal

o — n-alkenes A

o

Relative retention _—

Figure 3. TIC of: A - the aliphatic hydrocarbon fraction of the GOS
hydropyrolysate; B - the aliphatic hydrocarbon fraction of the oil
recovered from the off-line thermal desorption at 500°C of the silica
trapped GOS hydropyrolysate; C - the on-line pyrolysis (700°C) of
the silica trapped GOS hydropyrolysate.

desorption, with similar n-alkane and biomarker profiles being
obtained as with normal work-up and GC-MS analysis. Thus, in
terms of fingerprinting hydrocarbon moieties in geomacromolecules,
hypy-GC-MS, in terms of retaining a high level of structural integrity
is potentially an attractive alternative to traditional py-GC-MS.
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Introduction

There have been many attempts to elucidate the chemical
structure of heavy hydrocarbons using various techniques [1-3]. The
data of elemental analysis are the most important information among
all [4]. However, the materials with more carbon and less hydrogen
are quite difficult to analyze. In fact, little attention has been paid on
the elemental analysis of carbonaceous materials. This is partly
because the carbon content is overwhelmingly high and the contents
of minor elements are too small to accurately analyze. The present
paper attempts to make every effort to determine hydrogen content of
carbonaceous materials as accurately as possible. After
temperature-programmed oxidation (TPO) of hydrogen to water,
careful analysis of water was made with gas chromatography and
mass spectroscopy. It is definitely necessary to have reliable
elemental analysis data for deeper understanding on the structure. For
example, the accurate H/C atomic ratio can be used to directly
speculate the size of aromatic ring system.

Experimental

Samples. In this study, three Chinese anthracites (<150 pm)
were used as examples of carbonaceous materials. The ultimate
analysis of the raw anthracites determined by a conventional method
is presented in Table 1. These anthracites were demineralized by
washing with HF and HCI solutions, and the effect of mineral matter
removal on the hydrogen content was examined by comparing two
sets of anthracites.

Table 1. Utinmate Analysis of Raw Anthracites
ultinmate anal ysis [wW %

code daf *
C H N S+0

93.96 1.18 0.61 4.25
95.69 1.16 0.25 2.90
96.27 1.32 0.66 1.75

sanpl e

Si Wang Zhang sw
Men Tou Gou MIG
Quo Er Zhuang GEZ

*dry ash free by difference

Apparatus. The reactor for TPO was a fixed bed reactor,
which was made of quartz tube with an inner diameter of 7 mm. The
gas analyses were made with a gas chromatograph and a quadrupole
mass spectrometer. In order to remove H,O in the carrier gas, a
drying tube was installed before the reactor.

Procedure. About 200 mg of sample was fixed in the center of
reactor using quartz wool. The reactor was purged with He gas flow
until O,, N, CO, and H,O disappeared in GC signals. TPO was
carried out by heating the sample under 5% O, in He (200 ml/min) at
a rate of 2 °C/min up to 1000 °C and the temperature was kept at
1000 °C for 60 min. The gas products during TPO were continuously
analyzed with GC and MS. Temperature programmed desorption,
TPD, was carried out under a similar condition as TPO, except that
pure He flow was used instead of O,/He flow. We measured the
amount of H,O evolved during TPO and TPD mainly by GC. The GC
response was calibrated using calcium oxalate monohydrate.

Results and Discussion

Gas Evolution during TPO and TPD. TPO patterns of raw
anthracite are shown in Figure 1. H,O evolution rate is shown in the
upper panel, and CO/CO, evolution rate together with O,
consumption rate are shown in the lower panel. Roughly speaking,
two HyO evolution peaks were observed for SWZ and MTG, and
most of these peaks are composed of several sub-peaks. In the first
H,0O-evolution range from 50 to 500 °C, no O, was consumed and no
CO and CO, were formed. On the other hand, the H,O evolution peak
from 500 to 800 °C was accompanied by O, consumption and
CO/CO, formation. It should be noted that GEZ gives no H,O
evolution peak at the low temperature region.

% 150f SWZ-raw F MTG-raw GEZ-raw % H20
° o

?z'? 100 o % oy

£ H20 2 : s

£ %0 / A i N

S NN A e
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Figure 1. CO, CO, and H,0 evolution pattern and O, consumption
pattern for raw anthracites during TPO.

The H,O evolution pattern in the low temperature range between
50 — 500 °C was almost the same between TPO and TPD and also
between raw and demineralized samples. In the higher temperatures,
however, a very small amount of H,O was evolved between 500 -
700 °C upon TPD of raw anthracite, and it disappeared if the
demineralized sample was used.

H,O Evolution in the Low Temperature Region. The lower
temperature peak in Figure 1 can be due either to adsorbed water,
dehydration of mineral matter or decomposition of hydroxyl group.
Since the amount of H,O evolved from raw anthracite in the low
temperature region was almost the same as that for demineralized
anthracite, dehydration of mineral matter would not be the main
reason for the H,O evolution in this region. Furthermore, the content
of hydroxyl group in anthracite is very low [5]. The decomposition of
surface functional groups, if any, can account only for a slight portion
of H,O evolution. Contrary to the above possibilities, H;O desorption
from anthracite would be more plausible explanation.

Careful examination on the H,O adsorption and desorption
behavior with these anthracites revealed that a considerable amount
of H,O was kept in MTG and SWZ anthracite even after He purge
prior to TPO and TPD experiments. This adsorbed H,O evolved in
the region between 50 and 500 °C in both TPO and TPD. The
adsorption rate as well as desorption rate with GEZ was much faster
than the others. Thus, H,O in GEZ was almost completely removed
during He purge, and therefore no H,O evolution was observed with
GEZ in the low temperature region.

Small H,O Evolution Peak at 500 - 600 °C. SWZ and MTG
raw anthracites evolved a small amount of H,O at around 600 and
530 °C, respectively, under TPD condition. It is likely that the origin
of these small peaks were the dehydration of mineral matter, since
these peaks were not seen in TPD of demineralized anthracites.
Furthermore, the temperature range reported for the dehydration of
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kaolinite is close to the small H,O evolution observed at 500 -
700 °C.

H,O Evolution in the High Temperature Region during TPO.
Now we are in a position to discuss on the major part of H,O
evolution at high temperatures. These H,O come from inherent
hydrogen in anthracite, and thus the H,O evolution should be closely
related to the structure of anthracite. The H,O formation pattern in
the high temperature region during TPO is different in shape,
temperature and quantity between three anthracites (Figure 1). This is
undoubted indication of the different structure of these anthracites.

More detailed analysis of high temperature peak will be of great
interest. A closer look at the H,O evolution peak reveals that the peak
in the high temperature region is composed of multiple peaks. This
suggests that anthracite have several different types of hydrogen. The
separation of these peaks was not attempted in the present study
because of rather poor peak resolution. The quantification of
well-resolved peak components will provide much more useful
information on the structure of anthracite.

Implication of hydrogen content to the structure of
anthracite. In TPO, hydrogen in anthracite was converted to H,O,
and carbon was converted to CO and CO,. The atomic ratio of H/C in
the evolved gas corresponds to the ratio of H/C in the anthracite
molecule. To eliminate the contribution from mineral matter in the
following discussion, the data on demineralized anthracites are used
(Table 2).

Table 2. Gas Evolved fromDem Anthracite in
t he Hi gh Tenperature Range during TPO

sample gas [gnanole/vgo_ldvaefc} at Om% {ai 'O
CcO 28.0
SWZ-dem CO, 47.8 0.08
H,O 3.0
COo 33.9
MIG-dem CO, 44.1 0.13
H,O 5.0
cO 40. 4
GEZ-dem CO, 33.7 0.18
H,O 6.8

These values give straightforward information on the chemical
structure of anthracites. The structure was speculated under the
following assumptions: (1) anthracite molecule consists only of
carbon and hydrogen, (2) the molecule has graphene-type hexagon,
and (3) all peripheral carbon atoms are occupied with hydrogen.
Under these assumptions, the H/C ratio of 0.08 for SWZ-dem
corresponds to a hexagon of 469 rings and with an edge of 3.2 nm
long, whereas that of 0.2 for GEZ-dem to a hexagon of 61 rings and
with an edge of 1.2 nm long. Even though this is only average value
and this was deduced from audacious assumptions, such calculation
made it possible to visualize a remarkable difference between
SWZ-dem and GEZ-dem. It is almost impossible to imagine this
difference only from the elemental analysis data.

Another important message from this study is that the present
result suggests the inadequacy of using ultimate analysis data to
speculate the chemical structure of hydrocarbon sample. This
becomes obvious if the H/C ratio from TPO result is compared with
that calculated from the ultimate analysis (Table 1). The H/C ratio

determined from the yield of H,O, CO and CO, in the higher
temperature region during TPO was 0.09, 0.14 and 0.20 for SWZ-raw,
MTG-raw and GEZ-raw, whereas the H/C ratio calculated from
ultimate analysis is 0.151, 0.145 and 0.165, respectively. The
difference is incredible. The former value faithfully reflects the
aromatic hydrocarbon structure of anthracite, but the latter does not.
Hydrogen in ultimate analysis contains not only hydrogen in organic
moiety but also hydrogen in adsorbed water and mineral matter.

Further comment should be made on the so-called coal rank. It is
generally thought that the extent of coalification is higher for coals
with higher carbon contents. In this sense, the rank among three
anthracites should be SWZ < MYG < GEZ. However, the carbon
content only in the organic portion of anthracite is 96, 97 and 98
wt % for GEZ, MTG and SWZ, respectively. From this viewpoint,
the order of rank becomes GEZ < MTG < SWZ, which is opposite to
the above order. Of course, the latter order is more meaningful. In
this way, careful quantification of hydrogen content in carbonaceous
materials provides various information of great value.

Conclusions

The hydrogen content in anthracite was carefully determined by
TPO and TPD techniques. H,O evolved from adsorbed water,
dehydration of mineral matter, and decomposition of hydroxyl group
was quantitatively evaluated, and the rest of H,O evolution was
attributed to that from organic portion in anthracite. This H,O
evolution constitutes the major portion of the TPO peak in the range
of 500 - 800 °C. The yield of this H,O together with those of CO and
CO, gives an H/C atomic ratio of the anthracite molecule. Three
anthracites used in this study gave the H/C ratio ranging from 0.08 to
0.18. The former value corresponds to a hexagon molecule with a
size of 3.2 nm on average, while the latter corresponds to 1.2 nm.
Ultimate analysis data cannot provide such essential information.
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Introduction

Exploring chemical and materials’ properties on the
nanometer scale presents significant challenges. Characterization
methods such as neutron and x-ray scattering, diffuse-reflectance
infrared spectroscopy and nuclear magnetic resonance (NMR)
spectroscopy are being applied to probe variations in chemistry on
the nanoscale. However, many challenges remain when studying
extremely complex, heterogeneous substances. Several obstacles are
not easily overcome, particularly when applying NMR techniques to
structurally complex fossil resources.

Work carried out during the past decade in our laboratory
has focused on identifying the variation in chemistry of complex
carbonaceous solids. One particular focal point of our work has been
on a study of coals from the Argonne Premium Coal Sample
Program. Coal has been described as being an "organic rock"
comprised of different plant remains that have been geologically
altered over time, and as such, are considered to be extremely
heterogeneous in nature. We have tried to address the following
question: "On what length scale does the chemical heterogeneity in
coal end?"

Earlier experiments have provided some insight into this
question. Magnetic resonance imaging (MRI), >* and more recently,
synchrotron-based scanning transmission Xx-ray  microscopy
(STXM)** have provided detailed, two- and three-dimensional
pictographs showing the chemical variation of the organic phases of
coal. As an example, a carbon STXM micrograph highlighting
microspores (magenta colored regions) within a thin section of
Pittsburgh No. 8 coal (APCS 4) is shown in Figure 1 below. While
the images obtained show a definitive, sharp separation in chemistry
along maceral (metamorphosed plant organic matter) boundaries, the
maximum image resolution that could be achieved was 50-100 nm at
best, which lies on the upper limit of the nanoscale.

Figure 1. STXM micrograph of a thin section of Pittsburgh No. 8
Bituminous coal (APCS 4) recorded at an absorption energy of 285.5
eV (carbon m*-aromatic absorption); clear white features in the
image are holes.

In principle, spin-diffusion NMR techniques are capable of
probing chemical heterogeneity on a scale of a few nanometers.
These methods have been applied successfully to the study of phase-
separated polymer blends whose components have sufficient
chemical distinction.® The concept behind the experiment is to

establish a magnetization gradient, or non-equilibrium magnetization
condition, between the chemically different protons that reside in
different domains, and then to allow the magnetization to equilibrate,
or to 'diffuse' through domains. From the time dependence of the
diffusion process, one can estimate the size of the domains. The
challenge has been to apply the method to a substance as complex as
coal, whose CRAMPS spectra seldom display more than two broad
resonance bands associated with aromatic and aliphatic protons.

In this paper, we demonstrate the utility of proton spin
diffusion methods for determining the size of submicroscopic resinite
domains in Utah Blind Canyon coal (APCS 6) on a length scale
down to a few nanometers.

Experimental Section.

Sample Preparation. A solid block of Utah Blind Canyon
coal (APCS 6), which is a predominantly bimaceral coal comprised
of resinite and vitrinite, was machined into a cylinder to match the
exact internal dimensions of Bruker 7-mm diameter MAS rotors. The
sample remained intact throughout the entire study.

Solid-State NMR Spectroscopy and Spin Diffusion. Solid-
state proton NMR experiments were recorded on a Bruker
Instruments spectrometer, model CXP-200, in the pulsed Fourier-
transform mode. Combined rotation and multipulse spectroscopy
(CRAMPS)’ was used both to narrow the proton resonance lines and
to establish a chemical-shift based polarization gradient for
implementation of the proton spin diffusion experiment designed to
probe domain size.'"’ The polarization gradient was established by
varying the duty cycle between pulses in the CRAMPS experiment to
give a negative aromatic proton polarization and a positive aliphatic
proton polarization. Proton signal was recorded after a variable delay
period to allow for spin diffusion. Proton spin-lattice relaxation times
were measured by using the standard inversion recovery method
followed by CRAMPS readout of the proton magnetization.

Results and Discussion

Proton NMR experiments, both inversion-recovery and
spin-diffusion types, employing CRAMPS (combined rotation and
multiple pulse spectroscopy) methods were performed on a sample of
Utah Blind Canyon coal (Argonne Premium Coal Sample No. 6),
which is largely a bimaceral coal composed of vitrinite with about
7% resinite. Pure maceral fractions were obtained by physical
separation methods in order to measure proton NMR spectra and
proton relaxation times on the pure macerals, information that is
needed to perform the analyses. Inversion-recovery data for
measuring the longitudinal proton relaxation time, Ty, is shown in
Figure 2. The T,y relaxation time decays of the resinite and vitrinite
polarizations are distinct and the resinite line shape is extracted from
this data based on two characteristics, namely, a) that line width for
resinite is significantly narrower than for vitrinite and b) that T y's of
the vitrinite and resinite are distinct and quantifiable. Thus, knowing
the general aliphatic line shape from the CRAMPS spectrum of each
maceral, one can separate the resinite spectrum appropriate to this
mixed sample from the inversion recovery data. The resinite
spectrum is isolated when the broader aliphatic vitrinite component
passes through the null condition. Note in Figure 2 that the resinite
polarization does not decay exponentially for all time. Nevertheless,
the fact that the Ty decays are separable and, in particular, that the
resinite component, representing about 20% of the total protons, has
an upward rather than a downward deviation from exponential
behavior, implies that most of the resinite domains exceed 100 nm in
size.
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Figure 2. Proton magnetization decay curves and estimated spin-
lattice relaxation times (T,") for Utah Blind canyon coal (APCS 6).

We were also interested in the possibility that there might be
some resinite domains, which were significantly smaller and within
spin diffusion (SD) distances. The CRAMPS preparation chosen
produces a modestly negative aromatic and a more strongly positive
aliphatic proton polarization. An initial gradient of proton
polarization is established between the two maceral phases, thereby
allowing the use of the CRAMPS line shape to monitor any
subsequent SD between those components. Changes in relative
polarization levels of resinite and vitrinite domains with diffusion
time are shown in Figure 3 with P, representing the polarization at
Boltzmann equilibrium. Only data for > 4 ms are included, because
intra-phase equilibration dominates at earlier times. There is a
reproducible, slightly accelerated rate of decay for the resinite
polarization (see results in Figure 4), and a correspondingly, hardly
perceptible rise in the vitrinite polarization in the 4 ms to 12 ms
range. The deduction from Figure 4 in terms of mixing is that a
maximum of 20% of the resinite protons are in domains small
enough (< 6 nm) to undergo SD on the timescale of 12 ms or less.
However, the majority of the protons of resinite are isolated from
those of the vitrinite so that the resinite decay rate seen is
indistinguishable from the resinite T;y observed in the inversion-
recovery experiment. From the similarity of slope for the SD and
inversion recovery data for resinite, it is clear that most of the resinite
is found in domains large enough (> 100 nm) so that SD on a time
scale of 250 to 1000 ms has an insignificant effect on the rate of
decay.
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Figure 3. Proton magnetization decay curves for spin-lattice
relaxation in resinite and spin diffusion in resinite and vitrinite.
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Figure 4. Summary of proton magnetization decay curves of spin
diffusion for resinite domains in Utah coal.

Conclusions

The findings suggest that while most of the resinite inclusions
found in the Utah coal are relatively large in size, consistent with the
previous images obtained by STXM, there is a significant fraction of
resinite material that is submicroscopic in size. These submicroscopic
inclusions are about 6 nm or less, and represent about 20% of the
resinite in the Utah coal. They have not been identified previously.
Their existence can be explained by a geological process whereby
small molecular weight resins produced in the plant epithelial cells
were preserved throughout the woody micro-pores, and subsequent
burial and diagenesis led to their ultimate polymerization to form
small resinite inclusions intimate with the vitrinite matrix. These
findings are entirely in accord with the known paleobotany and
geochemistry of resins in coal bearing formations, and explain some
of the unusual properties (reflectance, fluorescence, H/C ratio, and f,)
of the vitrinite in the Utah coal.
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Introduction

The nucleophilic interaction of sulfur compounds with PdCl, to
form complexes has been well documented in the literature,"® and
the interaction has been exploited for the ligand exchange
chromatography (LEC) of polyaromatic sulfur heterocycles (PASH).
There are however some deficiencies in the LEC method:
organosulfur compounds elute as PdCI, complexes, benzothiophenes
are not completely recovered, and constituents with a terminal (as
opposed to an internal) thiophene ring elute early.” In addition, the
affinity of the PdCI, varies with the organosulfur ring size and
decreases in the order 3-ring> 2-ring> 1-ring PASH. *’ The results
seem to indicate that the goal of a general chromatographic method
for the separation of polyaromatic sulfur heterocycles (PASH)
remains elusive.

An alternative approach for the separation of PASH compounds
involves mass spectrometry. As recently reported, a redox reaction
can occur between Pd(IT) and PASH compounds in the electrospray
jonization source of a mass spectrometer.® The reaction yields PASH
radical cations which are easily identified and quantified. We now
report significant improvements to the sensitivity, and limit of
detection for the method when using a (50:50) methanol:
dichloromethane solvent mix, as well as the selectivity of the method
when detecting PASH compounds in a hydrogenated oil matrix.
The applications of chromatography and mass spectrometry to
petroleum analysis have recently been reviewed.”"!

Experimental

Reagents and Chemicals. Methanol (CH3OH), acetonitrile
(CH;CN), dichloromethane (CH,Cl,), and hexane were all
chromatographic grade and obtained from EM Science (Gibbstown,
NJ); PdCl, and the organosulfur compounds: dibenzothiophene
(DBT), thianthrene (TAN), benzonaphthothiophene (BNTP), 4,6-
dimethyl-dibenzothiophene (4,6-DBT) and 2-methyl
dibenzothiophene (2-DBT) were obtained from Sigma-Aldrich
(Milwaukee, WI). Hydrogenated oil was obtained from Exxon-
Mobil.

Preparation of Samples. PASH stock solutions were prepared
as either 10mM or 1 mM (TAN) solutions in either (50:50) CH;OH:
CH;CN or CH,Cl,. A 20 mM PdCl, stock solution was prepared
either in (50:50) CH30H: CH3CN or CH;CN. The hydrogenated
oil was dissolved in hexane to a final concentration of 100 mg/mL.

PASH mixture #1 was prepared by taking a 1-20 ul aliquot of
the appropriate compound in (50:50) CH;OH: CH3CN then diluting
to 1 mL in (50:50) CH;OH: CH;CN to the following
concentrations: 1.5x10% M TAN, 1x10°M DBT, 1x10°M 2-DBT,
1x10°M 4,6-DBT, 2x10°M BNTP and 2 - 4 mM PdCl,.

PASH mixture #2 was prepared by taking the appropriate
PASH in CH,Cl, then diluting to 1 mL in (50:50) CH;OH: CH,Cl,
to the following concentrations: 1x10°M TAN, 5x10“M DBT,

1x10* M 2-DBT, 2x10°M 4,6-DBT, 5x10°M BNTP and 0.5 - 1
mM PdCl,.

PASH mixture #3 in hydrogenated oil was prepared by taking
an appropriate aliquot of PASH in CH,Cl,, PdCl, in CH3CN, and
hydrogenated oil in hexane then diluting to 1 mL in (50:50)
CH;0H: CH,Cl,: to the following concentrations: 1x10°M TAN,
5x10“M DBT, 1x10* M 2-DBT, 2x10°M 4,6-DBT, 5x10°M
BNTP, 0.5 - I mM PdCl, and 10mg/mL hydrogenated oil.

Instrumentation. Mass spectra were obtained on a Finnigan
LCQ ion trap mass spectrometer (MS) equipped with an electrospray
ionization (ESI) source. Excalibur software, version 1.2 (Finnigan
Corp., 2000) was used for data acquisition and plotting.

Instrumental parameters used with the ESI ionization source and
Finnigan LCQ were as follows: nitrogen sheath gas pressure, 80psi;
nitrogen sheath gas flow rate, 60 (arbitrary units); positive ion mode;
ion spray voltage, 3.5kV; capillary temperature, 200°C; capillary
voltage, 60V; tube lens offset voltage, 40V. Each MS scan was based
on the average of 5 microscans and MS spectra were averaged based
on at least 25 scans.

The samples were introduced by direct infusion at a flow rate of
2ul/min.

Results and Discussion.

The limit of detection (LOD) was determined both in the
(50:50) CH30H: CH;3CN and (50:50) CH;0H: CH,Cl, binary solvent
mixtures using the formula, LOD = 3s/m where s is the average
background noise and m is the response/ molar concentration. The
results are presented in Table 1 which clearly show a lowering of the
LOD in (50:50) CH;0H: CH,CI, by a factor of 150 or more for
TAN, 4,6-DBT and BNTP, 18 for 2-DBT and 5 for DBT. As
previously intimated by Van Berkel and coworkers, this result is
probably due to the increased stabilization of radical cations in
CH,Cl,.

Table 1. Limit of Detection for PASH Compounds

Compounds LOD in LOD in
CH3OHI CH2C12 CH3OH CH3CN
(50:50) (50:50)
TAN 3.0x10"M 4.5x10°M
DBT 1.8x10*M 9.0x10™*M
2-DBT 5.0x10°M 9.0x10™*M
4,6-DBT 7.5x10°M 4.5x10°M
BNTP 1.8x10°M 4.5x10°M

Figure 1 shows the mass spectrometric results obtained for several
samples in the (50:50) CH;0H: CH,Cl, binary solvent mixture.
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Figure 1. Mass Spectrometric response for: (A) 10 mM
hydrogenated oil; (B) 10 mM hydrogenated oil and 0.5 mM PdCl,,
(C) mixture #3 which consists of TAN, DBT, 2-DBT, 4,6-DBT,
BNTP, PdCl, and hydrogenated oil.

Figure 1 (A) clearly illustrates that the matrix, the hydrogenated oil,
does not generate many peaks and those which are present generate
minimal response (less than 4). Figure 1B illustrates the response for
a mixture of the hydrogenated oil and PdCl,. A broad envelope is
centered about an m/z of 249 which is attributed to a palladium
cluster. Figure 1C illustrates the response of the hydrogenated oil,
PdCl, and PASH mixture that clearly shows peaks which can be
attributed to DBT (184), 2-DBT (198), 4,6-DBT (212), TAN (216),
and BNTP (234). The m/z ratio of the radical cation is in parentheses
following the acronym of the PASH.

Conclusions

The mass spectrometric results clearly indicate that PASH
compounds in the presence of PdCl, in (50:50) CH;0H: CH,Cl, give
an enhanced response even in the presence of a hydrogenated oil.
Further work is now in progress to extend the approach to
complicated crude oils.
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Introduction

The great abundance of coal in the U.S. carries an inherent
potential of introducing benign and affordable premium carbon
products to the general public (1). Low cost carbon fibers from coal
could ensure lighter vehicles and result in a tremendous rise in
energy efficiency for the traffic sector. Large production of
inexpensive activated carbon could significantly increase the use of
activated carbon in water treatment facilities thus vastly improve
water quality throughout US. Further, high quality binder pitches
and cokes for anodes in the aluminum industry and electrodes for the
steel industry can be derived from coal. An industry driven
consortium, Consortium for Premium Carbon Products from Coal,
has for the last four years strived for the recognition of coal as a
valuable resource for producing premium carbon products and some
of its recent advances are discussed.

Carbon fibers from coal

Carbon fibers carry a great potential for providing several
markets with a high strength and light-weight alternative material (2).
The automobile industry is highly interested in using carbon fibers to
replace heavier materials used throughout various vehicles (3). The
reduced weight of the vehicles could significantly improve their fuel
efficiency. Further, the inherent inertness and stiffness of carbon
fibers lends them to be used for construction purposes, such as
bridges and reinforcement materials in concrete. Currently, carbon
fibers are mainly obtained from polyacrylnitrile (PAN), a chemical
commodity, which has kept the cost of carbon fibers high (4).
Therefore, carbon fibers have traditionally been used for applications
where price is not prohibitive of introducing superior materials, such
as for sports gear and space exploration. However, for the
automobile industry the high cost has been a limiting factor.
Consequently, fibers from heavy petroleum streams and coal tar
pitches have been proposed but are still battling with high costs (5).

The introduction of coal-based carbon fibers has been
pursued through various projects funded by CPCPC to reduce costs
to a very competitive level. Several technological improvements
involving removal of mineral matter by solvent extraction,
adjustment of the viscosity, optimization of spinning properties and
shortening of the stabilization time needed during carbonization have
significantly strengthen the possibility of using coal as feedstock for
carbon fibers. Preliminary results indicate that coal-derived carbon
fibers can be very cost-effective with competitive fiber properties.

Activated carbon from coal and its combustion by-products

With the ever-expanding market for activated carbons (AC)
due to their widespread number of environmental applications,
manufacturers of AC are constantly seeking for cost effective and
abundant feedstocks. Such feedstocks include coal as well as
industrial byproducts (6-8). Traditionally coal is the main precursor

for activated carbons produced in U.S. However, carbon from
combustion byproducts can also be competitive precursors for AC
manufacturers, and simultaneously, reduce waste disposal costs for
other industries. One industrial by-product of particular interest is fly
ashes of high unburned carbon content from coal-fired combustors.
In 2000, about 57 million tons of fly ash was generated by the
electric utilities in the U.S. Only about 32% was used mainly for
applications in the cement and concrete industries as well as
structural fills and waste stabilization applications (9, 10). Unburned
carbon has so far hindered the use of most of the remaining fly ash.
An increasing role of coal as a source of energy in the 21% century
will demand environmental and cost-effective strategies for the use
of these carbonaceous waste products from coal combustion. There
are already various commercial technologies to separate the
unburned carbon from the ash (11, 12). These separation techniques
can generate ashes with carbon contents below 6% that are suitable
for use in the cement industry, as well as concentrate the unburned
carbon that could subsequently be used as feedstock for the
production of ACs (13).

Extensive research through CPCPC funded activities has
shown that activated carbons with specific surface area up to
1270m%g could be produced from the unburned carbon where the
porosity of the resultant activated carbons can be related to the
properties of the unburned carbon feedstock as well as the activation
conditions used. However, not all unburned carbon samples are
equally suited for activation since their potential as AC precursors
could be inferred from their physical and chemical properties. The
developed porosity of the activated carbon also appears to be a
function of the oxygen content, porosity and H/C ratio of the parent
unburned carbon feedstock. It was further established that extended
activation times and high activation temperatures increased the
porosity of the produced activated carbon at the expense of the solid
yield.

Binders and fillers for carbon products from coal

Many items that we take for granted have some relation to
carbon, including aluminum based products where anode carbon is
used to reduce the aluminum ore, steel from arc-furnaces using
graphite electrodes, and even electric contacts on the key-boards
(14). However, the carbon we use is increasingly dependent on the
availability of petroleum-derived streams or other foreign sources
(15). The decrease in domestic produced oil and the subsequent
reliance on imported crude oil may have a serious impact on the
future of carbon products and related materials in the US, since most
carbon products are typically based on petroleum coke (16). Further,
petroleum-derived carbon is also marred by increasing hetero-atom,
especially sulfur, and heavy-metal content, and a paradigm shift in
the petroleum industry of moving away from producing coke by
increasing the use of hydro-cracking and hydro-treatment (17).

The demand for coal tar pitch as a binder for carbon
materials is expected to increase with around 3% annually in the
coming years (18). A strong driving force for this increase is the
Chinese pre-baked anode market that is likely to change from a net
exporter in 2002 to a net importer in 2003 as well as a tight coal tar
market in Europe. Simultaneously, there is a sharp decrease in coal
tar production in US due to the continuous decrease in the production
of metallurgic coke caused by environmental and economical
reasons. It is also likely that these pressures will decrease the coal tar
production in regions such as East Europe and Russia that will
further put a pressure on the availability of coal tar binder pitch.
Already, synthetic pitches are available that are derived from
aromatic monomers. One such example is the AR pitch produced
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from naphthalene (19). Naphthalene is reacted at fairly low
temperatures (<200°C) at the present of HF and BF; to form a
oligomeric structure by creating [I-bonds between the naphthenic
monomers as well as leading to some degree of condensation.
However, this pitch prohibitive expensive to be used as a binder for
anodes and electrodes. Another solution has been to mix petroleum
pitch with coal tar pitch but has received mixed results.

Several projects funded through CPCPC have targeted the
reduction in dependence of petroleum coke as filler for carbon
materials and import of coal tar pitch for binder purposes by
investigating the production of both materials directly from coal.
Several advances have been made where solvent extracted material
from coal has functioned as a binder as well as a coke precursor (20,
21) and anthracite derived carbon has produced promising candidates
for graphite (22, 23).

Future outlook

Emerging markets for carbon products involve energy
storage and nano-technology. A great drive towards storage of
environmental friendly fuels, such as hydrogen, is taking place in
US. Safe storage of hydrogen is of great concern towards the general
public. Carbon materials can satisfy this public demand. A vast
amount of carbon would be needed to supply every vehicle on the
road with adequate storage capacity for hydrogen. Carbon materials
derived from coal could easily supply this in an inexpensive and
effective manner. Further, the great potential of nano-technology
may not be fully achieved if cost-barriers hinder its introduction into
the society. Again using coal as a low-cost and abundant starting
material may revolutionize the nano-technology era.
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CARBON AS CATALYST FOR ORGANIC
ELECTRON-TRANSFER REACTIONS

Francelys A.Medina, John W. Larsen and Harold H. Schobert

The Energy Institute, The Pennsylvania State University, University
Park PA 16802

Introduction

Carbons catalyze a variety of reactions."” Because of their low
cost and wide variety of reasonably well-defined physicochemical
properties and morphologies, carbons are desirable catalytic
materials. However, little systematic attention has been given to their
use and behavior as catalysts and we have initiated a research
program to understand the fundamentals of carbons as catalysts. We
address here two carbon catalyzed reactions (Eq. 1 and 2 below) for
which there exists some mechanistic information: the reduction of
nitrobenzene to aniline by hydrazine® and the decomposition of
hydrazine.* These reactions are thermodynamically highly favorable,
but do not readily proceed at a measurable rate in homogeneous
solution due to kinetic barriers.” The nitrobenzene reduction follows
the overall equation,

2PhNO, +3N,H, —<>PhNH, +4H,0 +3N,. (1
The decomposition of hydrazine also yields gas products,
N,H, —%— 4/3NH, +1/3N, @

Thus, the kinetics can easily be followed by measuring gas
production as a function of time.

Experimental

Carbon Samples. The carbon samples that were examined in
this study include carbon blacks (Cabot Corp.), activated carbons
(MeadWestvaco Corp.), non-activated charcoals and graphite (Fisher
Scientific). They were used as received. The BET surface area was
determined by N, physisorption at 77 K using a Quantachrome
Autosorb 1 analyzer. Elemental analysis of the carbon samples was
carried out with a LECO CHN-600 elemental analyzer, a LECO SC-
132 sulfur determinator and a LECO MAC-400 proximate analyzer.

Kinetic measurements. All compounds were obtained from
Fisher Scientific and were used without purification. Reactions were
carried out by adding hydrazine to a refluxing solution of
nitrobenzene and carbon in isopropanol under a N, atmosphere. In
the decomposition of hydrazine reaction, nitrobenzene was not added
to the reaction mixture. The reactions were followed by measuring
gas volumes as a function of time using a gas burette.

Results and Discussion

Typical results for nitrobenzene reduction using different
carbons as catalysts are shown in Figure 1, plotted as gas volume
evolution vs. time. The production of gases upon addition of carbons
to otherwise stable solutions of the reactants demonstrates that the
carbons tested catalyze the nitrobenzene reduction by hydrazine,
although with different activities. For each carbon, the gas evolution
plots show simple time dependence. The kinetics are complex as
evidenced by deviations from first-order reactions for higher activity
carbons and from second-order reactions for lower activity carbons.
This is not surprising for a heterogeneous bimolecular reaction
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Figure 1. Gas evolution from carbon-catalyzed nitrobenzene
reduction in the presence of hydrazine. Legend shows the
approximate plot order from top to bottom.

The observed activity (activated carbons > carbon blacks >
natural charcoals > graphite), determined by the initial rate, generally
parallels the BET surface area of the carbon catalysts as shown in
Figure 2. In general, the initial rate increases with the surface area of
the carbon catalyst. However, there is not a straightforward
relationship between the BET surface areas of the carbons in Figure
2 and the rates of nitrobenzene reduction. This indicates that other
factors are important for catalysis on these carbons. The best
candidates for these factors are the amount and the type of surface
groups. It is well known that different carbons have different surface
functionality depending on the nature and the mode of formation of
the carbon samples.

20

] W Activated carbon
1 @ Carbon black
] A Natural Charcoal
16
— ]
=] ]
. ]
=) B Monarch 1000
= 3 Y [ Nuchar SA-20
'—E] 124 Monarch 1300
= ]
o) ]
)= ]
: 8—: Mogul L
g ] Black Pearls 2000
CEREE A®
4 _Regal 400R Coconut
a @ Vulcan XC-72R
< Graphite
0 J
LML e e e |
0 400 800 1200 1600

Surface area (mz/ 2)
Figure 2. Influence of surface area on the rate of nitrobenzene
reduction by hydrazine on various carbons.

The results in Figure 3 demonstrate that the rate of nitrobenzene
reduction increases with increasing total oxygen content of the
catalyzing carbon. Because the total oxygen content is plotted, no
information is available about the relative importance of different
oxygen functional groups. The fact that the reaction rate differs
considerably for activated carbons with similar oxygen contents
indicates that not all of the oxygen functional groups are equally
important to this reaction. Infrared analysis can be used to provide
additional information on the types of oxygen functional groups that
are present on the carbon samples.
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Figure 3. Influence of oxygen content of the rate of nitrobenzene
reduction by hydrazine on various carbons. Oxygen concentration
was obtained from elemental analysis. Solid line indicates the trend
of the data.

As shown in Figure 4, the reaction rate initially increases with
nitrobenzene concentration and goes through a maximum before
falling off at the higher concentrations, in agreement with a
Langmuir-Hinshelwood  surface-controlled  reaction  model.®
According to this model, the rate of nitrobenzene reduction is limited
by the degree of adsorption of both nitrobenzene and hydrazine on
the carbon catalysts. This observation supports the idea that carbon
serves as an adsorbent.’
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Figure 4. Variation of nitrobenzene reduction rate with nitrobenzene
concentration. Black Pearls 2000 was used as catalyst. Solid line
indicates the trend of the data

Figure 5 shows the gas volume evolved vs. time for solutions of
hydrazine in refluxing isopropanol with different carbons added. As
in the case of the nitrobenzene reduction, we found that all of the
carbons catalyze the reaction to different extents. The reaction rate
for the nitrobenzene reduction is directly proportional to the rate of
the hydrazine decomposition and faster by a factor of ten or more.
When both reactions proceed simultaneously, the contribution to the
gases evolved from hydrazine decomposition does not affect
significantly the nitrobenzene reduction kinetics. Under the reaction
conditions used in this experiment, the decomposition of hydrazine
on carbons was found to be a third-order reaction, as shown in
Figure 6. The mechanism is not known yet, however, the existence
of third order kinetics for hydrazine decomposition on carbons is
similar to electrochemical results on glassy carbon electrodes
showing that three molecules of hydrazine are involved in hydrazine
decomposition.”
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Figure 5. Gas evolution from carbon-catalyzed decomposition of
hydrazine. Legend shows the approximate plot order from top to
bottom.
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Figure 6. Kinetics of the carbon catalyzed decomposition of
hydrazine plotted as a third order reaction (¥, gas volume at time ¢,
Ve, calculated final gas volume using the stoichiometric of Eq. 2).

Conclusions

The results obtained in this study demonstrate a correlation
between the reaction rate and the physicochemical properties of the
carbon catalyst. In particular, the oxygen groups that are present on
the carbons surface are believed to participate in the nitrobenzene
reduction by hydrazine, and their presence may enhance the reaction
rate.

The physical chemistry of carbon materials may indeed make a
decisive contribution to their catalytic properties by the
determination of the quantitative and qualitative features of active
sites. Thus, by changing these parameters in a wide range it is
possible to vary the catalytic properties of carbon materials.
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Introduction

Following the current demand to develop technologies to utilize
high carbon content fly ash from coal-fired utility combustors or
gasifiers, a one-step activation protocol has been developed by the
authors to produce activated carbons from unburned carbon in fly
ash'>. Compared to the conventional two-step process that includes
a devolatilization of the raw materials, followed by an activation
step, unburned carbon only requires a one-step activation process,
since it has already gone through a devolatilization process while in
the combustor or gasifier. The produced activated carbons with a
fine particle size are not only rich in micropores, but they also
present a high content of mesopores, which leads to good mass
transfer properties during the adsorption process.

Mercury has been identified as a hazardous air pollutant of
greatest potential public health concern by the Environmental
Protection Agency (EPA), with coal-fired utility boilers being the
largest source of anthropogenic mercury emissions*’. Based upon the
EPA report, in 1997 it was estimated that 48 tons of mercury were
emitted into atmosphere from coal-fired utilities, including 26 tons of
elemental mercury and 20.5 tons of oxidized mercury, and where the
state of Pennsylvania emitted around 5 tons®. The injection of carbon
adsorbent upstream of the electrostatic precipitator (ESP) or
baghouse particulate collection devices is a promising technology to
control mercury emissions from coal-fired combustion systems’. A
large excess of carbon adsorbent is normally required for injection
upstream of the ESP or baghouse in order to obtain a high level of
mercury capture. This is because the concentration of mercury in the
flue gas is extremely low, (on the order of 1 ppb by volume®), as well
as the complexity of the flue gas composition and the poor selectivity
of the carbon sorbent towards mercury. The typical carbon-to-
mercury mass ratios used in recent pilot-scale studies of mercury
capture in power plant systems were between 1000:1 to 100,000:17.
Therefore, the cost of the carbon sorbent plays an important role in
the feasibility of the proposed technologies. Based on the low cost of
fly ash carbon, its inherent porosity together with its fine particle
size, the unburned carbon has been tested as a potential mercury
sorbent candidate®®. However, its mercury capacity is lower than that
of commercial carbons, probably due to its high ash content and low
surface area.  Accordingly, the present paper focuses on the
activation of the unburned carbon after conventional
demineralization process in order to increase the porosity of the
unburned carbon. In addition, the prepared activated unburned
carbon samples were tested for mercury adsorption using a fixed-bed
with a simulated flue gas at 280°F.

Experimental

Six unburned carbon samples, named DA, FA1l, PO, SH, WE
and CFA were collected from different combustors, including
pulverized coal units and cyclone units.

Beneficiation of fly ash carbons. The unburned carbon content
of fly ash samples SH were enriched by using conventional froth
flotation methods and reagents. A 2.5-liter WEMCO laboratory froth
flotation cell and coal froth flotation reagents were used, including
several scavenger stages to remove additional carbon from the ash
product and various cleaning stages to reduce the ash content in the
carbon product. A sink/float test was also conducted with fly ash
sample FAl in order to determine the feasibility of using
sink/flotation techniques to separate the unburned carbon from the fly
ash. In addition, an acid digestion step was also conducted by
following conventional HCI/HNO;/HF treatment to further reduce
the ash content in the carbon concentrate.

Characterization of the samples. The loss—on-ignition (LOI)
contents of the fly ash samples were determined according to the
ASTM C311 procedure. The porosity of the samples was
characterized by conducting N, adsorption isotherms at 77K using a
Quantachrome adsorption apparatus, Autosorb-1 Model ASIT. The
pore volume was calculated from the volume measured in the
nitrogen adsorption isotherm at a relative pressure of 0.95 (Vgyos).
The total specific surface area, S;, was calculated using the multi-
point BET equation in the relative pressure range 0.05-0.35, as
described previously'®!".

Production of activated carbon by one-step activation. The
activation of the samples was carried out in an activation furnace
consisting of a stainless steel tube reactor inside a vertical tube
furnace, as previously described”. The sample was heated under
nitrogen flow to the desired temperature, and then steam was
introduced in the reactor, while the reactor was kept under isothermal
conditions for 1-3 hours.

Mercury adsorption tests. A detailed description of the
assembly and instruments used for testing the mercury capacity of
unburned carbon samples and their activated counterpart can be
found elsewhere®. The system features an elemental mercury
permeation tube, a flue gas blending system, an elemental mercury
detector (atomic fluorescence spectrophotometer), and digestion of
used sorbents by cold vapor atomic absorption spectrophotometry.

Results and Discussion

Cleanability of fly ash carbons. The feedstock used for the
froth flotation test was sample SH, which was collected from a cold-
side hopper in a pulverized coal combustion unit, and had an initial
LOI content of around 44%. As expected, the scavenger tailings had
the lowest level of carbon at 23% and a yield of 48%; while the
products from the final recleaner stage contained about 75-76%
carbon and have a yield of 21%. Therefore, froth flotation can be
used for the separation of fly ash into a carbon and an ash stream.
The feedstock used for the sink/float test was sample FA1 with an
initial LOI of around 59% and the separation results are listed in
Table 1.
Table 1. Sink/float separation results for sample FA1.

Sample LOI % Yield, %
1.6 float 84.9 1.8
1.6 sink 64.7 98.2
1.7 float 83.7 1.6
1.7 sink 64.8 98.4
1.8 float 86.5 6.5
1.8 sink 63.3 93.5
1.9 float 86.6 31.3
1.9 sink 53.4 68.7
2.2 float 72.7 86.0
2.2 sink 20.3 14.0
2.5 float 67.2 96.1
2.5 sink 31.2 3.7
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The data in Table 1 shows that using a conventional density
liquid medium, unburned carbon can be separated from ash at
different purity levels. For example, using the medium with density
of 2.2 g/ml, an ash stream with the lowest carbon content (20.3%)
can be obtained. On the other hand, a carbon stream with a low ash
content (around 13-14%) can be obtained by using a wide range of
media (density 1.6-1.9 g/ml), where using the 1.9g/ml medium the
carbon stream has highest LOI (86.6%) together with the highest
yield (31.3%). Chemical digestion was also conducted on fly ash
sample FA1 using HCI/HNO;/HF treatment, and the resultant fly ash
carbon stream has an ash content of only ~1%.

Porosity of the fly ash samples. The LOI values and the total
surface area and pore volume of the six fly ash carbon calculated
from 77K nitrogen isotherm are presented in Table 2. For the purpose
of comparison, all the data have been converted into dry ash-free
basis. The LOI values range from 46-87wt%. The LOI values
reported here are higher than those reported in previous studies that
are typically around 15wt%. However, this work focuses on the
characterization of high carbon fly ashes for their subsequent use as
feedstock for activated carbons, and therefore, samples with high
LOI contents were intentionally selected.

Table 2. LOI and porosity of the fly ash samples.

Sample LOI % S mz/g Vo5 ml/g D,,, nm
DA 50.0 35 0.032 3.69
WE 32.0 48 0.040 3.35
PO 50.8 51 0.046 3.60
SH 45.8 39 0.036 3.76
FA1 58.9 125 0.077 245
CFA 86.6 18 0.019 431

The specific surface areas for unburned carbon samples
collected from different units range from 18 to 125 m*g. The sample
FA1, one of the samples from pulverized coal unit, has the highest
surface area and pore volume of 125 m?g and 0.077 ml/g,
respectively. This suggests that the sample FA1l has already
generated certain porosity while in the combustor prior to the
activation process. On the other hand, the sample from cyclone
combustor has the smallest surface area and pore volume of 18 m%/g
and 0.019 ml/g, respectively. This could be due to the higher
temperature experienced in the cyclone' for CFA compared to the
other samples from PC units. Microporosity in carbons is well known
to be dependent on the heat treatment temperature and the heating
rate experienced by the coal particles in the different furnace' '*. In
addition to temperature and heating rate, another factor that could
influence the porosity development in the unburned carbons is the
mineral composition, which may have a catalytic effect on carbon
gasification reactions'®.

One-step activation. Table 3 shows the surface area and pore
volume for the activated carbon from the six samples investigated
here. As described for the data presented in Table 2, the data have
been corrected into dry ash-free basis. The samples were steam
activated at 850°C for different periods of time until the burn-off was
around 70%, except for CFA, whose burn-off is only around 37%
even after 3 hours activation, probably due to its low reactivity.

Compared to the porosity data in Table 2 for the parent
unburned carbon, for all the samples the one-step steam activation
process has successfully increased the surface area and pore volume.
For example, the unburned carbon sample WE has a surface area of
only 48 m?/g, while its activated counterpart has a surface area of
approximately 800m”/g. The activated carbon from sample FA1 has

the highest surface area of ~1200 m%/g, which is comparable to
typical commercial activated carbons like F-400 with a surface area
of around 1200 m%*/g''. Mercury adsorption tests will be conducted
and their adsorption capacities will be compared to those obtained for
conventional activated carbons.

Table 3. Surface area and pore volume of activated unburned

carbons.
Sample S, m?/g Vo5 ml/g D,,, nm
AC-DA 540 0.556 4.05
AC-WE 803 0.647 3.22
AC-PO 499 0.514 4.12
AC-SH 242 0.221 3.64
AC-FA1 1273 0.815 2.56
AC-CFA 157 0.153 3.88
Conclusions

The unburned carbon collected from coal-fired combustors can
be separated from the ash by conventional froth/flotation and
sink/float methods. By applying acid digestion, a high purity
unburned carbon with an ash content less than 1% can be obtained.
The one-step activation process can dramatically increase the surface
area and pore volume of the carbon. The resulting activated carbons
possess surface areas greater than 1200 m*/g, which is comparable to
many commercially available activated carbons.

Acknowledgements

The authors wish to thank the Consortium for Premium Carbon
Products from Coal (CPCPC) at The Pennsylvania State University
for financial support, and to Dr. Mark Klima (Penn State University)
and Dr. Barbara Arnold (Prep Tech) for their help with the
cleanability studies.

References

(1) Maroto-Valer, M.M.; Taulbee, D.N. and Hower, J.C. Energy & Fuel,
1999, 13, 947.

(2) Maroto-Valer, M.M.; Taulbee, D.N. and Schobert, H.H. Prepr. Pap. -
Am. Chem. Soc., Div. Fuel Chem., 1999, 44 (1), 101.

(3) Maroto-Valer, M.M.; Taulbee, D.N. and Schobert, H.H. Proceedings of
the 24" Biennial Conf. On Carbon, 1999, 1, 588

(4) DOE fossil energy — mercury control technologies — fact sheet:
http://fossil.energy.gov/coal_poer/existingplants/mercurycontrol_fs.sht
ml, Sept. 6, 2002

(5) US. EPA mercury web site: general information, http://
www.epa.gov/mercury /information.htm#fact_sheets, May 17, 2002

(6) EPA report: Emission of mercury by state, 1999.

(7) Activated carbon injection for mercury control in coal-fired boilers,
Newsletter of center for air toxic metals, Energy and environmental
research center in University of North Dakota, 6(1), May 2000.

(8) Granite, E.J.; Pennline, H.W. and Hargis, R. A. Ind. Eng. Chem. Res.
2000, 39, 1020-1029

(9) Hwang, J; Li, Z. U.S. Patent 6027551, 2000

(10) Zhang, Y.; Wang, M.; He, F. and Zhang, B. J. Mater. Sci. 1997, 32,6009

(11) Zhang, Y.; Maroto-Valer, M.M.; Tang, Z.; Lu, Z.; Andrésen, J.M. and
Schobert, H.H. Proceedings of 19" annual international Pittsburgh coal
conference, paper 126.pdf, 2002

(12) Zhang, Y.; Lu, Z.; Maroto-Valer, M.M.; Andrésen, J.M. and Schobert,
H.H., Energy & Fuel, in press.

(13) Boram, G.L.and Ragland, K.W. Combustion Engineering, WCB
McGraw-Hill, 1998

(14) Marsh, H. and Wynne-Jones, W.F.K. Carbon,1964, 1, 269

(15) Marcilla, A.; Asensio, M. and Martin-Gullon, I. Carbon 1996, 34, 449

(16) McEnaney, B. Active sites in relation to gasification of coal chars,
Fundamental issue in control of carbon gasification reactivity, Edited
by Lahaye, J. and Enrburger, P., Kluwer Academic Publishers, 1991,
175

Fuel Chemistry Division Preprints 2003, 48(1), 33


http://fossil.energy.gov/coal_poer/existingplants/mercurycontrol_fs.shtml
http://fossil.energy.gov/coal_poer/existingplants/mercurycontrol_fs.shtml

SIMULTANEOUS HYDRODENITROGENATION AND
DEEP HYDRODESULFURIZATION
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The hydrodenitrogenation (HDN) of 2-methylpyridine and
2-methylpiperidine and the hydrodesulfurization (HDS) of
dibenzothiophene (DBT) and 4,6-dimethyl-dibenzothiophene (4,6-
DMDBT) were studied separately and simultaneously over a sulfided
NiMo/Al,O; catalyst. Reaction conditions were 5 MPa total pressure,
300-340°C, and 35 kPa H,S to minimize the influence of the H,S
formed during HDS. The first product in the HDN of 2-
methylpyridine is 2-methylpiperidine, which reacts by ring opening
to 2-aminohexane rather than hexylamine.

The same ring-opening pattern was observed for 2-
ethylpiperidine, which demonstrates that the piperidine ring opens on
the sterically less hindered side of the molecule and not on the side
with the most [ H atoms. This, and the small number of olefins
formed, suggests that [J elimination does not play an important role
in the HDN of piperidine. In accordance with our HDN studies of
dihexylamine, we therefore assume that piperidine mainly undergoes
HDN by nucleophilic substitution by H,S, followed by elimination
and hydrogenolysis of the resulting alkanethiol.

2-Methylpyridine and 2-methylpiperidine completely
blocked the hydrogenation pathway of the HDS of DBT (leading to
cyclohexylbenzene) and inhibited the direct desulfurization route
(leading to biphenyl). The inhibitory effect of 2-methylpyridine on
the direct desulfurization was stronger than that of 2-
methylpiperidine.

The main route in the HDS of 4,6c-DMDBT was
hydrogenation to tetrahydro-4,6-DMDBT followed by
desulfurization, whereas in the HDS of DBT the selectivity towards
hydrogenation was only 15%. Both the direct desulfurization and the
hydrogenation pathway in the HDS of 4,6-DMDBT were strongly
inhibited by 2-methylpyridine and 2-methylpiperidine. The
hydrogenation to tetrahydro-4,6-DMDBT was slow and further
hydrogenation and HDS were blocked.

The only remaining HDS pathway, direct desulfurization to
3,3’-dimethylbiphenyl, was very slow. The inhibitory effect of 2-
methylpyridine on the HDS of 4,6-DMDBT was equal to that of 2-
methylpiperidine. Thus, the HDS of di-alkyldibenzothiophenes in the
presence of nitrogen-containing molecules is extremely difficult.

H,S promoted the hydrogenation of 2-methylpyridine up to 10
kPa and inhibited it at higher H,S partial pressures. H,S, however,
had a positive influence on the HDN of 2-methylpiperidine at all
pressures. DBT and 4,6-DMDBT had a negative effect on the
hydrogenation of 2-methylpyridine but did not influence the C-N
bond cleavage in the HDN of 2-methylpiperidine. Therefore, C-N
and C-S bond breaking take place at different active sites, whereas
the hydrogenation sites for N- and S-containing molecules may be the
same.
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INTRODUCTION

The recent trend to tighten the regulation very rapidly to 10ppm S
in gas oil requires better ways to achieve such a very low level of
sulfur content at the least increase of cost. The major task is to
hydrodesulfurize effectively and deeply the refractory sulfur species,
which have been identified to be 4-methyl (4M), 4,6-dimethyl
(4,6-DM), and 4,6,x-trimethyl (4,6,x-TM) dibenzothiophenes (DBTs).
Such species are of very low reactivity apparently because of their
methyl groups located to the neighbor of sulfur atoms in the center
ring. In addition, they suffer marked inhibition by H,S and NHj
produced from the reactive sulfur species, nitrogen and aromatic
species especially at their very low concentration below 500ppm,
which makes further difficult their deep desulfurization. Hence
removal of nitrogen species before the HDS is very effective [1].

Catalyst deactivation is an important fact in petroleum industries,
from both economic and technological points of view. Coke
deposition on the catalyst is generally believed to be the primary cause
of catalyst deactivation in hydrotreating petroleum [2]. The loss of
catalyst activity makes necessary to terminate the operation to
regenerate the catalyst. Sintering during coke oxidation complicates
regeneration of the supported catalyst.

In the present study, spent NiMo and CoMo alumina catalysts were
evaluated in the hydrodesulfurization (HDS) reactivities of gas oil and
its nitrogen species-free oil, in term of gross and molecular based
desulfurization behaviors. The effects of nitrogen species removal and
roles of the catalysts in the deep HDS of the gas oils and their
respective sulfur species were discussed. Additionally, the reactivity of
nitrogen species briefly discussed over the spent catalyst in HDS.

EXPERIMENTAL
I. Gas Oil sample and catalysts.

Some representative properties of gas oil and its nitrogen free one
are summarized in Table 1. Spent NiMo/Al,O; and CoMo/Al,O;
catalysts were provided in the test runs of a catalyst vendor. The
catalyst was presulfided before reaction by H,S (5vol%)/H, flow at
360 °C for 2 hours.

Table 1. Composition of original and N-free GOs

Gas Oil (GO) N free Gas Oil (NF-GO)
Carbon (wt%) 85.95 86.08
Hydrogen (wt%) 12.30 12.30
Sulfur (wt%) 1.64 1.60
Nitrogen (ppm) 300 0

I1. Hydrotreatment

HDS was performed in a 100 ml autoclave-type reactor. Gas oil (10
) was hydrotreated at 340 °C under 50 kg/m” H, (initial H, pressure at
room temperature) over 1 g of pre-sulfided catalyst by single and
two-stage reaction configurations. The reaction times for the single
stage were 30 and 60 min, while the two-stage reaction was consisted

of two 30 min reactions. The second stage was operated after
refreshing the reaction atmosphere with fresh H, at room temperature.
The hydrotreated product was analyzed by GC-AED (Atomic
Emission Detector, HP5890P, G2350A).

RESULTS AND DISCUSSION
1) Molecular composition of gas oils

Figure 1 illustrates carbon, sulfur and nitrogen chromatograms of
feed gas oil (GO). GO consisted basically of paraffinic hydrocarbons
as shown by spike peaks. Sulfur species found in GO were
alkylbenzothiophenes  (BTs), dibenzothiophene (DBT), and
alkylated-dibenzothiophenes. Considerable amounts of 4-DBT,
4,6-DMDBT and 4,6, X-TMDBT were found in the oil. Most of the
nitrogen species in the oil were non-basic species as carbazole and
alkylated carbazoles.
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Figure 1. Carbon, sulfur and nitrogen chromatograms of gas oil.

2) HDS of total sulfur

HDS of GO and NF-GO over virgin and spent NiMoS and CoMoS
catalysts is showed in Table 2. Relatively reactive sulfur species
(benzothiophenes) were easily removed by 30 min HDS, however,
refractory sulfur species still remained after 60 min of reaction. HDS
activity of spent NiMo and CoMo catalysts decreased compare to the
virgin ones. HDS over spent NiMo and CoMo left 1440 and 940ppmS,
respectively, which are lower than both the virgin one 900 and
420ppmS, respectively. Nitrogen removal and two-stage reaction
enhanced the HDS over spent NiMo and CoMo to 550 and 310ppmS,
respectively, less than that of over virgin ones to be 130 and 160ppmS,
respectively. It can be noted that nitrogen inhibition over spent
catalysts is smaller than that of over virgin ones.

Table 2 HDS activity for total sulfur removal
Catalysts GO NF-GO

30 60 2st 30 60 2st
NiMo Virgin =~ 2245 901 349 1079 260 129
Spent 5733 1439 1090 5244 958 594

CoMoVirgin 1177 421 333 686 194 161
3525 943 493 2810 689 310

Spent
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3) HDS of refractory sulfur species

HDS activity of spent catalysts decreased more against refractory
sulfur species (DBTs) as listed in Table 3. These catalysts suffer to
much inhibition product gases such H,S and NH3 especially spent
NiMo one. HDS of refractory species in the first 30 min of reaction
over spent NiMo and CoMo achieved 2300 (29%) and 1430 (56%)
much lower than that over virgin one. Nitrogen removal and two-stage
reaction enhanced the HDS over spent NiMo and CoMo catalysts up
to 94 and 95% conversion, respectively.

Table 3 HDS activity for refractory sulfur removal

Catalysts GO NF-GO
30 60 2st 30 60 2st
NiMo Virgin 2116 885 194 605 161 139
Spent 2303 798 692 2150 576 195
CoMo Virgin 691 264 229 384 120 93
Spent 1432 455 270 1284 207 161

Among refractory sulfur species, 46DMDBT and 4E6MDBT were
the most refractory ones. 46DMDBT over spent NiMo catalysts
exhibited nuch the same reactivity than that over virgin one by single
reaction, while that over spent CoMo was certainly lower than that
over virgin one. Two stage reaction enhanced HDS over virgin NiMo
to be much more active than the spent one. The same trend was
observed in the HDS of 4E6MDBT as summarized in Table 4.

Table 4 HDS activity for 46DMDBT and 4E6MDBT removal

46DMDBT 4E6MDBT

Catalysts 30 60 2st 30 60 2st
NiMo Virgin 123 77 33 59 39 16
Spent 121 76 71 59 33 32
CoMo Virgin 69 48 45 28 20 20
Spent 113 80 52 49 33 24
NiMo Virgin 63 25 24 29 12 11
Spent 114 58 19 57 28 10
CoMo Virgin 56 28 24 24 13 12
Spent 98 62 41 42 29 19

Nitrogen free oil enhanced the HDS of 46DMDBT over spent
NiMo and CoMo, although the extent was smaller.

Carbon deposited on the spent catalysts was detected by RAMAN.
The carbonization extent of carbon on the NiMo and CoMo catalysts
was indicated by relative intensity of 1580 and 1360 cm™ peaks. NH3
desorption measured by TPD suggested the spent NiMo lost the
acidity while spent CoMo maintained acidity.

4) HDN over spent catalysts

HDN conversion of GO over virgin and spent NiMoS, CoMoS
catalysts is illustrated in Figure 2. HDN activity of spent NiMo and
CoMo catalysts was much decreased compared to that of the virgin
ones, although the reactivity of nitrogen species was much the same.
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Figure 2. HDN conversion of GO over virgin and spent NiMoS,
CoMoS alumina catalysts

Discussion

Spent catalysts lost their activity apparently due to the carbon
deposition, which covered the active sites. Such carbon deposition
reduced the acidity of NiMo catalyst while activity of CoMo can
survive. Such carbon deposition changed the catalyst performances for
the HDS against reactive and refractory sulfur species of original and
NF oil in single and two-stage reaction.

The activity for refractory sulfur species is reduced more than that
for the reactive species. The effect of two-stage and n-removal were
markedly reduced over spent NiMo while rather limited over spent
CoMo. Loss of activity by carbon deposition may be related with such
changes in catalytic selectivity.
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Introduction

Coal derived feedstocks are economical precursors for
fabricating carbon foam."” Solvent Extracted Carbon Ore (SECO) is
produced by first dissolving coal in a dipolar aprotic solvent such as
N-methyl pyrrolidone.® Insoluble coal solids including the ash are
removed by filtration and centrifugation. When the solvent is
removed either by evaporation or some other means, the result is an
solid organic material. The foam is produced through a controlled
coking process. Foaming occurs in a nitrogen or inert gas pressurized
autoclave. Because the solvent extracted coal pitch is based on
complex, aromatic hydrocarbons, it is expected to form strong bonds
upon carbonization and heat treatment, thus making it especially
suitable for carbon foam applications.

Experimental

The baseline protocol is to first grind SECO to a mesh size of -
50 to -100. The ground SECO is then placed in a non-reactive
container, which may be manufactured from ceramic or aluminum.
The diameter of the container is limited by the size of the enclave to
about 20 cm. The container is placed in a autoclave pressurized to 3.4
MPa with nitrogen. The temperature is ramped at about 2 °C/min to
a peak temperature of 400 °C to 500 °C. Outgassing volatiles result
in creation of porous foam. The foam is rigidized as the outgassing
proceeds. Subsequently, the samples are calcined at 1100 °C to
1200 °C at ambient pressure.

Optionally, SECO can be blended with a reinforcement
material, which may include, for example, carbon nanofibers,
conventional carbon or other fibers.

The samples are recovered and then calcined at 1000 °C to 1200
°C in ambient pressure nitrogen or inert gas. This completes the
devolatilization as well as cross-linking processes, resulting in
improved mechanical properties.

A higher density foam can be created by interrupting the
devolatilization process and returning the sample to ambient
conditions. The partially foamed SECO is then re-compacted and re-
heated. This results in a higher density material with better
mechanical properties.

Nanofiber reinforcement was added using carbon nanofibers
supplied by Applied Sciences Inc.* Nanofibers are carbon filaments
with diameters ranging from 50-200 nm and lengths about 100
microns. Sample 8 was wet mixed by incorporating SECO in NMP
solvent. All other samples were dry mixed.

Since carbon is exceptionally strong, a network of
microspherical carbon structures might also be expected to
demonstrate robust mechanical properties.

Results and Discussion

Compression tests were conducted with the use of an Instron
device in accordance with ASTM standards, and the results of these
tests are shown in Table I. The results indicate that nanofibers act to
reinforce carbon foam. However, since the density of the samples
also increased as a consequence of nanofiber addition, it is possible
that the property improvements were due to increased density rather
than contributions from the nanofibers. However, the wet-processed
foam (Sample 8) produced superior strength than the dry-processed
counterpart (Sample 4). Thus it can be confidently asserted that
wet-processed nanofibers, at least, produce enhanced strength in
carbon foam over and above any density effects.

Table I. Summary of Compression Results.

Sample Fiber Density, Modulus, Strength,
Number | Content g/ce MPa MPa
MPa
1 0.00 0.491 361 19.8
2 0.697 0.499 481 23.8
3 1.327 0.497 487 23.5
4 2.599 0.509 321 21.8
5 3.862 0.523 501 26.4
6 6.212 0.551 426 254
7 7.406 0.577 487 23.2
8 3.829 0.507 448 34.7

Crush Resistance. During compression testing, the sample
continues to resist compression after the initial rupture strength S of
the sample is reached, though with a lower resistance. The total
energy required to crush the sample is taken as the area under the
curve, that is,

E:jSALds ,

where A is the unit normal area, L is the original thickness of the
sample, and € is the normalized strain. Assuming that the rupture
strength is invariant with respect to strain, the rupture energy is
simply

E=84Ls
the crush energy per unit volume is

EVEd£=S8 5
av

and the crush strength per unit mass is

_dE  Sg

"TpdV p

Here p is the apparent density.

Assuming a foam with apparent density of 500 kg/m®, and
compressive strength of 3.5 x 107 Pa and maximum achievable
compressive strain of 0.7, the approximate specific crush energy is
50 klJ/kg. The actual specific crush energy will likely depend upon
the energy delivery rate, as well as geometry.
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Conclusions

Carbon foams can be created using coal derived feedstocks.
Nanofiber reinforcement can be of value in increasing the
compressive strength and probably the compressive modulus. Wet
mixing of the nanofibers appears to have been more effective than
dry mixing. However, the related effect of density increase due to
nanofiber addition may also have contributed to the observed
improvement in strength.
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Introduction

The delayed coking process has been widely used for the
conversion of heavy distillates into lighter ones. Besides obtaining
lighter distillates, this process can produce needle coke, a high-value
carbonaceous material.

The addition of coal to the decant oil provides more
aromatic units to the system; coal components bring both more
stability to the distillates [', and provide to the end coke a better-
organized structure. Therefore, the feedstock is converted into a
coke via a mechanism involving the formation of mesophase ..

It is known that the mesophase development plays an important
role on the quality of the end-coke. With increasing temperature and,
to certain extent, with time at a fixed temperature, the mesophase
spheres grow larger ), leading to the formation of coalesced mosaics
with different orientations. This generates more mesophase that
leads to anisotropy. The anisotropy is measured by optical
microscopy and is the most important parameter to determine the
end-use of the coke; the higher anisotropy, the higher is the potential
value of the coke.

This work shows the different properties of the coke
formed in the delayed coking process at constant temperature and
decant oil/coal ratio to determine the best reaction time to obtain a
high-value carbonaceous product.

Experimental

The experimental procedure has been previously described [
The reactor has three sections, bomb, transfer pipe and catchpot.
Approximately 20 g of the mixture decant oil / coal (2:1) was added
to the bomb of the reactor. A blank with 20g of pure decant oil was
run at six hours to compare the coke obtained with those of co-
coking.

The reactor was assembled, purged with N, and heated in a sand
bath at a constant temperature of 465°C. Reaction times were varied
from 2 to 12 hours. At the completion of each timed reaction
sequence, the system was cooled at room temperature. The three
sections were disconnected.  Solids were collected for further
evaluation.

The solid product remaining in the bomb was subjected to
soxhlet extraction with THF and dried for 1 hour at 100°C in an
oven. The characterization of the coke was carried out using a Zeiss
Universal Microscope; proximate analyzer, LECO MAC-400; CHN
elemental analyzer and total sulfur in a LECO SC-132.

Samples:

Decant oil: Obtained from Seadrift Coke in Texas. This feed is
used for making the premium needle coke.

Coal: A number of compatible coals with regard to
thermoplastic properties, ash and sulfur values were evaluated in past
investigations " *I; it has led to the selection of the Powellton Coal.
This coal as was received, was previously cleaned by mechanical
processing; this coal is called hereafter as “whole clean Powellton”.
Another sample of the Powellton coal was obtained from the froth
flotation cells at the cleaning plant and subjected to further flotation
procedures to reduce the ash yield and sulfur content and maximize

the concentration of those components of coal that possess
thermoplastic properties. After the cleaning of the “whole
Powellton”, the sample was stored suspended in water . Sub-
samples were removed as slurry and dried at room temperature under
a fume hood over a period of four days. Then, it was homogenized
and packaged under argon atmosphere. This coal is named hereafter
“re-cleaned Powellton froth”. Tables 1 and 2 compare some of the
properties of the whole clean Powellton coal and the sample taken as
slurry, dried and homogenized (re-cleaned Powellton froth).

Table 1. Comparison of Powellton Seam Product with Re-
cleaned froth. Proximate and Ultimate Analysis

Proximate Ultimate
Analysis Analysis, %
%
= o}
—_ b= =]
8 g 2 S = b5 5] L=
23 5 12 |5 |8 2| 2|3
s 8 =] = < < 9 = =
= 8 151 k= &) > Z S
< &~ R o jas) ﬁ
P >
Coal A | 65.1 | 299 | 5.0 | 87.6 | 5.8 1.6 | 09
Coal B | 68.7 | 294 | 19 | 86.3 | 52 1.5 | 09

Table 2. Comparison of Powellton Seam Product with Re-
cleaned froth. Plasticity and Maceral Content.

Gieseler Organic Petrography,

Plastometer vol.%

g ~
SE EY 2 e |2
£% |2z E |E |E | E
= 2 g = S = 2, 5
S 2 =2 ° S 5 =
<~ < B —~ =l

.=

F
Coal A 448 | 30,000 | 68.0 86 | 234
Coal B 448 | 23,619 | 88.1 | 2.0 9.9

A: Whole clean Powellton
B: Re-cleaned Powellton Froth

It is important to notice from the tables that the whole clean
Powellton showed a higher fluidity compared to the Re-cleaned
Powellton, even though both samples are derived from the same coal
and cleaning facility. The lower fluidity can be attributed to the finer
particle size of the Re-cleaned Powellton Froth as well as to
oxidation during storage.

Results and Discussion

Volatile Matter. This is a good parameter to compare the
product coke quality, especially for metallurgical coke. As reaction
time increased, volatile matter decreased (figure 1). The volatile
matter of the coke derived from the decant oil (100%) at a reaction
time of 6 hours has the higher volatile matter of the entire samples
tested (56% volatile matter).

THF Solubles. The soxhlet-extracted cokes have been
analyzed by microscopy and ultimate/proximate. It is noteworthy
that the amount of THF solubles in the coke is reduced as reaction
time is increased. This indicates that at higher reaction times, coal is
giving more volatile compounds to the liquids, making of the solid at
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higher reaction times a better coke, visibly darker and more difficult
to be broken.

18 -
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Figure 1. Volatile Matter vs. Reaction Time.
Decant oil/coal 2:1 ratio.

Comparison Whole clean Powellton with Re-cleaned
Powellton Froth. Both samples expose the same behavior for
volatile matter and liquid and solid yields but microscopically, whole
clean powellton shows a better interaction with the decant oil.
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Introduction

The control of mercury emissions in flue gas from coal-burning
utilities continues to be an important issue. Powdered activated
carbons (ACs) prepared from coal precursors are effective sorbents
under these flue gas conditions, but further advances in
understanding the chemisorption mechanisms are needed to better
design carbons with faster kinetics and greater capacities. The
commercial powdered carbon Norit FGD sorbent has been
thoroughly investigated at the Energy & Environmental Research
Center (EERC) as a sorbent for elemental mercury (HgO) in flue gas
streams (1, 2). Extensive factorial evaluations of powdered sorbents
were conducted in a bench-scale system consisting of a thin fixed-
bed reactor in gas streams containing 15 pg/m’® of Hg in various
simulated flue gas compositions consisting of acidic SO,, NO,, and
HCI gases plus a base mixture of N,, O,, NO, CO,, and H,0O (1). In
an atmosphere containing HCI or NO,, the Norit FGD, which is a
Texas lignite-derived AC, was effective for capture of Hg" from the
gas phase at temperatures of 100° to 150°C. Without either HCI or
NO, in the gas stream, the carbon sorbents are ineffective, and
immediate breakthrough occurred.

In tests conducted with the FGD sorbent in the simulated flue
gas containing NO, but not SO,, very little breakthrough was
observed over an extended time period, indicating that the bound
mercury form is quite stable. The capture is attributed to oxidation of
the Hg” and concomitant reduction of NO, with formation of a low-
volatile oxidized mercury species that remains bonded to the sorbent
(3). Reactions of Hg’ with NO and NO, in a glass container were
previously reported to form mercuric oxide and mercuric nitrate—
nitrite mixtures (4). When SO, was added to the gas mixture
containing the NO,, the mercury sorption rate was initially high
(98% of inlet Hg0 was sorbed); however, breakthrough occurred at
times inversely proportional to the concentration of SO,; that is, the
higher the concentration of SO, is, the shorter the breakthrough time.
With typical flue gas SO, concentrations (1500 ppm), the
breakthrough occurs after 1 hour at the 107°C conditions. The
breakthrough curve was relatively steep, increasing to 100% or
greater emission after about 2 hours. Thus, not only is mercury no
longer sorbed, but mercury sorbed earlier in the experiment is
released. Similar interactions were observed for ACs produced from
Fort Union lignites under certain similar conditions (5). These
breakthrough capacity results are consistent with the hypothesis that
SO, poisons the binding site for Hg(II) on the sorbent surface.

The Dual-Site Model for Mercury—Flue Gas Interactions with
FGD Sorbent

An important fact leading to the development of a model for the
interactions occurring on the carbon surface is that the mercury that
is emitted from the sorbent after breakthrough is entirely an oxidized
mercury species. This was noted when the converter on the
continuous emission monitor was taken off after breakthrough and
the Hg signal dropped from 100+% emission to close to 0%.
Furthermore, in reactions conducted with NO, and SO, and no HCI,

this emitted volatile oxidized mercury product was actually trapped
and identified as mercuric nitrate (6, 7).

We, therefore, postulated that the carbon sorbents have two or
more independent reaction sites comprising at least an oxidation site
and a binding site for the oxidized Hg (8). By definition, the
oxidation site is an electron-accepting Lewis acid site, and the Hg (II)
binding site is an electron-donating basic site. Poisoning of the
binding site by acid components from the flue gas at breakthrough
does not affect the functioning of the oxidation site. Thus the
mechanistic multiple site model shown in Figure 1 is proposed (5). It
should be noted that there could be additional separate sites for NO,
reduction, SO, oxidation, and oxygen reduction (the latter two are
omitted from the diagram for simplicity).

EERC JP19645.C0R

Figure 1. Mechanism for mercury capture on FGD sorbent.

The location, structure, and mechanistic functioning of the
oxidation and binding sites are of great importance in understanding
the mercury—flue gas interactions. Of interest is the question of
whether the extensive mineral matter (35%) of the FGD sorbent
contributed to the Hg binding. Recent EERC data show that
sequential removal of the inorganic matter from the FGD sorbent did
not significantly affect the breakthrough behavior (8); thus the basic
groups, such as calcium oxide present in the FGD sorbent, played no
role in the mercury—flue gas interactions that determine the
breakthrough capacity. Thus the binding site was postulated to be a
Lewis basic site residing on the carbon surface. The nature of this
binding site is the subject of this paper.

Summary of X-Ray Photoelectron Spectroscopy Analysis of Flue
Gas-Exposed Sorbents

Further insights into the mechanisms of the mercury—flue gas—
sorbent interactions were derived from the x-ray photoelectron
spectroscopy (XPS) data obtained from two AC sorbents, Norit FGD
and the EERC lignite-derived AC, exposed to various simulated flue
gas compositions containing Hg’ with various levels of SO,, NO,,
HCl, and H,O for time periods before and after breakthrough of
mercury (9). Because of the interference caused by silicon, XPS data
could not be obtained for the mercury species present in the exposed
sorbents. However, information on the forms of sulfur and chlorine
was especially important in understanding the interactions. The
conclusions from the detailed, high-resolution XPS scan
spectroscopic study are summarized here.

The XPS analysis indicated that sulfur(VI) (sulfate or bisulfate)
is the major sulfur species on all the sorbent samples exposed to flue
gas compositions. The longer the exposure to SO,, the more sulfate is
found in the sample. When NO, was omitted from the flue gas, less
sulfate was accumulated. A decrease in sulfate was also observed
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when H,O was omitted from the gas composition. The presence or
absence of HCI had no effect on the sulfate formed. Based on these
analyses, several adsorption as well as chemisorption events must
occur during the exposure of carbon sorbents to flue gas components.
The adsorbed SO, is clearly oxidized on the sorbent surface,
resulting in bound bisulfate. The continued accumulation observed
for sulfate or bisulfate should occur at basic sites, including basic
sites on carbon that are responsible for binding the Lewis acid Hg(II).
This is consistent with the large sensitivity of Hg breakthrough
observed for SO, concentrations. Physical pore blockage by sulfate
cannot explain the poisoning, because that would also block the
oxidation sites. The oxidation of SO, is influenced strongly by the
availability of NO,, a good oxidizing agent. Although O, may also
serve as the electron sink, the reaction in the absence of NO, gives
much less sulfate. These data also indicate that the SO, oxidation
reaction involves water.

The XPS data showed that chlorine is present as both chloride
ion and covalent (organic) chlorine. If mercuric chloride were present
on the surface, the very small amount could not be seen owing to the
interference of these forms. More chlorine was present on the
exposed sorbent when no SO, was used in the gas composition.
Importantly, the chlorine forms disappear from the carbon surface
when breakthrough occurs. Thus the HCI in the flue gas can donate a
hydrogen ion to a basic site, as well as add both hydrogen and
chlorine to a basic site to form the organochlorine product. This
addition is well-known in olefin chemistry where alkyl halides are
formed. The accumulation of chlorine in the absence of SO, as well
as the disappearance of chlorine after continued exposure in SO, is
explained by competition of HC1 with bisulfate. As more bisulfate is
generated from SO, at the carbon surface, it displaces the HCI, owing
to the high volatility of HCI.

Model for the Lewis Basic Binding Site for Hg(II)

A refinement of the Lewis acid basic binding site model is now
proposed that offers more detail on the nature of the carbon site and
its interaction with flue gases and Hg. This model uses the concept of
zig-zag carbene structures recently proposed for electronic states at
the edges of the carbon graphene layers (10). An alternative,
plausible mechanism can be proposed for the armchair sites, but is
not presented here.

In the carbene model, the zig-zag carbon atom positioned
between aromatic rings is assumed to be the Lewis base site.
Aliphatic and haloaliphatic carbenes are always highly electrophilic
as exhibited by rapid addition reactions to alkenes and sigma bonds.
In contrast, heteroatom and aromatic substituted carbenes are in fact
nucleophilic, exhibiting no reactivity to alkenes or reactivity to
alkenes with electron-withdrawing groups, respectively.

The interactions that appear to be adequate for explaining the
behavior of the FGD sorbent are summarized in more detail in the
scheme shown in Figure 2. Thus, in the proposed model for the basic
site, the zig-zag Lewis basic carbene reacts with the oxidized Hg
species (postulated as a mobile “spill-over” species like mobile
hydrogen). But the basic carbene also reacts with HCl, H,SO,, and
SO, to form the bound chlorine, sulfate, and sulfinate as demanded in
the XPS results. The reaction is thus a reversible addition of
hydrogen ion from the acid to the carbene to form carbenium ion
intermediates, which subsequently bond to the anion. Flue gas
interactions occurring at the Lewis acid oxidation site on the carbon
are currently under investigation.
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Introduction

The key to achieving deep hydrodesulfurization (HDS) is the
removal of complex sulfur molecules like dibenzothiophene (DBT)
and the alkyl-substituted analogues of DBT, compounds that have a
very low reactivity in catalytic HDS. In this paper we describe
experimental work aimed at understanding the influence of sulfur and
aromatic compounds in the oil on the activity of a Ni-Mo catalyst.
DBT was used as a model compound for the HDS reaction.

Experimental

The experimental work was done in a fixed-bed microreactor
using a model feed consisting of DBT in a hydrocarbon solvent (n-
heptane). The feed was spiked with sulfur as dimethyldisulfide
(DMDS) or thiophene or with aromatics (toluene or naphtalene) in
varying concentrations. The hydrodesulfurisation of DBT was
investigated, especially with respect to the products of the
desulfurization. The catalyst used was a commercial Ni-Mo sample,
which was crushed and sieved to 75-125 pum and presulfided
according to the instructions from the manufacturer prior to the
experiments.

Results and Discussion

After an initial period of stabilization in DBT/n-heptane, the
catalytic activity for HDS of DBT was investigated as a function of
the composition of the solvent. Fig. 1 shows the conversion of DBT
as a function of the sulfur concentration in the feed. Added sulfur
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40 7

Only DBT
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Conversion of DBT [%]
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Figure 1. Effect of total sulfur concentration on catalytic conversion
of DBT. Conditions: 2 MPa, 200 °C, LHSV=21.4 hr', 0.1 wt%
DBT in n-heptane. Extra sulfur added as DMDS (solid line) or
thiophene (dashed line)

clearly inhibits the HDS, and there is no difference between the
sulfur compounds added. This probably indicates that both
compounds are rapidly converted to H,S, and that the inhibition in

this case is due to a competitive effect of H,S. The order with respect
to sulfur was determined, and found to be —0.6, a value that
corresponds well with widely used LHHW-type rate expressions for
HDS of DBT, where the H,S-concentration appears in the
denominator of the expression.

Fig. 2 shows the effect of added aromatics in the feed, keeping
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Figure 2. Effect of added aromatics on the catalytic conversion of
DBT. Conditions: 2 MPa, 200 °C, LHSV=21,4 hr’', 0,1 wt% DBT in
n-heptane or n-heptane/aromatic solvent.

DBT concentration constant. The order with respect to toluene was
estimated to be approximately —0.2, again a value that can be
rationalized in terms of a classical LHHW rate-equation with the
aromatic compound as an inhibitor in the denominator. A stronger
inhibition by naphtalene was observed, but further experiments were
not performed due to a strong, irreversible deactivation, probably due
to coking. The same effect, though even more pronounced, was
observed for 1-methyl-naphtalene.

The products of the DBT reaction were identified to be
cyclohexylbenzene (CHB), biphenyl (BP) and partially hydrogenated
DBT (TetrahydroDBT, THDBT and hexahydroDBT, HHDBT). All
these products were observed in all experiments, but their
concentrations varied according to conversion and the use of the
added components. These products are usually ascribed to a direct
desulfurization of DBT, giving BP as the product, or a route
involving hydrogenation of the aromatic ring to THDBT/HHDBT as
intermediates followed by desulfurization to CHB. BP can also be
hydrogenated to CHB, but this is reported to be a slow process (1).
The final hydrogenation product, bicyclohexyl (BCH) was not
observed here.

BP was the main product in all cases, indicating that the direct
desulfurization route is the most important also over NiMo, as has
been concluded earlier for CoMo catalysts (1). In general, the ratio
between CHB and BP increased with increasing DBT conversion.
However, the influence of the inhibitors on the overall activity was
different. Even though the effect of DMDS and thiophene on the
overall DBT conversion was similar there were subtle differences in
the selectivities. Small amounts of thiophene seemed to favour the
direct desulfurization, seen as an increased selectivity to BP. With
DMDS as the source of the added sulfur the opposite effect was
observed, at least at low conversions. Addition of toluene led to a
higher selectivity to BP at the expense of CHB, apparently inhibiting
the hydrogenation stronger than the hydrogenolysis sites on the
catalyst.

(1) H. Topsee, B.S. Clausen, F.E. Massoth, Hydrotreating Catalysis,
Springer-Verlag, Berlin Heidelberg, 1996, and references cited therein.
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INTRODUCTION

Light cycle oil from fluid catalytic cracker(FCC) is one of the
main streams for diesel oil pool. About one-third of the total diesel
product was reported to be from cracked feedstocks in America[1].
As the regulations on the sulfur content of diesel fuel become stricter,
hydrotreating of LCO to meet forecasted specifications has been
urgent issue in refinery industry. It has been well-known that
hydrodesulfurization of LCO is much more difficult than that of
straight run gas oil due to its large content of aromatic components[2].
Nitrogen species is also strong inhibitor for HDS reaction.
Fundamental properties of LCO strongly depend on the feed and
operating conditions of FCC.

In this study, LCO having different aromatic contents,
distillation ranges and nitrogen contents were hydrodesulfurized by
using sulfide catalysts supported on alumina and silica-alumina-
zeolite as an effort to find a better way to hydrodesulfurize LCO to
meet the future regulations on sulfur content of diesel fuel.

EXPERIMENTS

ALCO, BLCO and CLCO were provided from refiners. Their
basic properties were summarized in Table 1. Hydrodesulfurization
experiments were conducted by using autoclave-type reactor(100 ml
internal volume) at 340 °C and 360 °C. Initial hydrogen pressure was
adjusted to 50 kg/cm®. The catalysts, which were obtained from
commercial catalyst vendors, were CoMo and NiMo supported on
alumina(-A) and silica-alumina-zeolite(-SAZ). Pre-sulfidation was
performed at 360 °C for 2 hours under 5% H,S/H, stream

Reaction products were analyzed by GC-AED(HP5890P and
G2350A).

Table 1. Basic Properties of LCO.

Property ALCO BLCO CLCO
Total Sulfur
Content 9,070 ppmS 9,156 ppmS 8,928 ppmS
Total Nitrogen
Content 230 ppmN 1,322 ppmN 825 ppmN
Non- 222 W% 12.6 wt% 13.1 wt%
aromatics
Aromatics” 77.8 wt% 87.4 wt% 86.9 wt%
IBP(°C) 173.0 227.5
T50(°C) 270.0 323.5
T90(°C) 358.0 345.5
FBP(°C) - 374.5

*1: ASTM D2549-91

RESULTS AND DISCUSSIONS

Although total sulfur contents were almost same for each other,
BLCO and CLCO had much higher nitrogen content as shown in
Table 1. BLCO and CLCO contained more aromatic fraction and
high boiling-point species than ALCO. Fig. 1 showed carbon, sulfur,
nitrogen chromatograms of ALCO and BLCO. Although total
nitrogen content of CLCO was 62% of that of BLCO, carbon and
sulfur chromatograms of CLCO were not different from those of
BLCO. Most of sulfur species present in LCO samples were analyzed
to be aromatic. Alkylated benzothiophenes were found in BLCO and

CLCO as in trace level while ALCO contained small amount of them.

BLCO and CLCO showed dominant presence of alkylated DBT such
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Figure 1. Carbon, sulfur, and nitrogen chromatograms of (A) ALCO,
(B) BLCO, (C) CLCO.

as 4-MDBT, 4,6-DMDBT, 4,6, X-TMDBT. Broad peaks on sulfur
chromatograms of BLCO seems to be from the non-aromatic sulfur
species. Most of nitrogen species found in LCO samples were
Carbazoles.
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Table 2 is the total sulfur, total nitrogen, DBT, 4-MDBT, and
4,6-DMDBT contents remained after 2 hours hydrodesulfurization.
The HDS of SRGO having total sulfur and nitrogen contents of
14,354 ppmS and 250 ppmN, respectively, by the same
conditions(340°C and CoMo-A catalyst for 2 hours) resulted in 95%
conversion(661 ppmS) of total sulfur content. As can be seen in
Table 2, the reactivity order of HDS is ALCO >> CLCO > BLCO for
all catalysts. Remained sulfur content in ALCO was around 14 - 25%.
However, BLCO and CLCO resulted in the total sulfur content of 26
- 47% after reaction at 340 °C. While the reaction at higher
temperature of 360 °C gave less sulfur contents, the lowest sulfur
content was 953 ppmS by NiMo-A from CLCO. Remained sulfur
species from ALCO were 4-MDBT, 4,6-DMDBT, 4,6, X-TMDBT
and DBT was less than detectable level as in Table 2 in the case of
NiMo-A and CoMo-A. Although quantification of each sulfur
species in HDS products of BLCO and CLCO had some uncertainty
due to broad peaks as in Fig. 1, HDS conversion of DBT was much
higher than those of 4-MDBT and 4,6-DMDBT. Furthermore,
remained content of 4-MDBT and 4,6-DMDBT was not much
different in the case of 340 °C reactions of BLCO and CLCO
although HDS at 360 °C resulted in lower content of 4-MDBT than
that of 4,6-DMDBT.

HDN activity also depended on the LCO type. ALCO showed
much lower nitrogen content of HDS products than BLCO and
CLCO. The difference in HDN activity between BLCO and CLCO
was small except for CoMo-SAZ. HDS activity was higher over
CoMo catalyst for all cases irregardless of support type except for
BLCO HDS at 360°C. HDS of 4-MDBT and 4,6-DMDBT in ALCO
were more active over CoMo and NiMo catalyst respectively.
However, NiMo catalyst showed higher activity for HDS of 4-
MDBT and 4,6-DMDBT in BLCO and CLCO except for CLCO at
360 °C over -SAZ catalyst. HDS of DBT was faster over NiMo
catalyst than CoMo catalyst in the case of BLCO and CLCO. HDN
Activity was higher over NiMo catalyst in all reactions. -SAZ
catalysts, which are more acidic than -A catalyst, were inferior to
those supported on alumina in HDS reaction. HDN activity order was
NiMo-A>NiMo-SAZ>CoMo-SAZ>CoMo-A for BLCO and CLCO.
HDS and HDN of gas oil was reported to be strongly inhibited by the
aromatic species[3, 4]. In this study, LCO having larger content of
aromatic fraction showed much lower HDS and HDN activity.

CoMo catalyst, which has been reported to have higher activity
for direct desulfurization than NiMo catalyst, showed higher activity
in the HDS of all LCO samples. In contrast, HDS of 4,6-DMDBT
was higher over NiMo catalyst than CoMo catalyst. This observation
could be rationalized by higher activity of NiMo catalyst toward
hydrogenative route in the HDS of hindered DBT[4]. Zeolite has
been known to be active for hydrogenation, hence could enhance
HDS by partial hydrogenating aromatic partner of dibenzothiophene.

However, catalytic function of zeolite components for the HDS of
LCO was blocked by large content of aromatic species. Although
nitrogen species was also inhibitor for HDS, their effects was not
distinct in this study when compared to aromatic content. In spite
nitrogen species was reported to have more inhibiting effect than
aromatic species in HDS of model gas 0il[5], much higher aromatic
content of LCO might hinder the observation of the effect of nitrogen
content. Nevertheless, CLCO showed slightly higher HDS activity
than BLCO. This different activity became more definite at the HDS
of 360 °C. HDN of carbazoles was believed to proceed via
hydrogenative ways. Hence, NiMo catalyst showed higher activity to
HDN of LCO samples.

CONCLUSIONS

LCO showed very limited activity for HDS when compared to that
of SRGO. LCO having larger aromatic content showed much lower
activity. Nitrogen content in LCO had relatively small effects on
HDS. CoMo and alumina showed better performance than NiMo
silica-alumina-zeolite for HDS.
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Table 2. Remained total sulfur content of hydrodesulfurized LCO samples after 2 hours reaction at 340°C and 360°C.

Temp. ALCO BLCO CLCO
Catalyst N
c) S %) N %) DBT 4-MDBT [4,6-DMDBT| S &%) N &%) DBT 4-MDBT [46-DMDBT| S &%) N &%) DBT 4-MDBT |4,6-DMDBT

NMo-A 340 16% 6% ND. 26% 56% 35% % 6% 44% 58% 28% % 3% 36% 47%

CoMo-A 340 14% 8% ND. 20% 1% 30% % 2% 46% 64% 26% 35% 2% 39% 51%
NMo-SAZ 340 25% 4% 2% 48% 69% AT% 17% 17% 50% 49% 43% 15% 16% 48% 48%
CoMo-SAZ 340 20% 5% 1% 39% 76% 40% 32% 16% 52% 53% 34% 16% 10% AT% 51%

Nifo-A 360 - - - - 14% 5% 0% 18% 47% 11% 10% 0% 13% 36%

CoMo—A 360 - - - - 16% 24% 0% 21% 61% 11% 28% 0% 14% 44%
NMo-SAZ 360 - - - - 28% 18% 4% 37% 60% 23% 18% 2% 30% 43%
CoMo-SAZ 360 - - - - 27% 23% 4% 41% 65% 17% 18% 1% 26% 49%
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Introduction

Ultra-deep hydrodesulfurization (HDS) of diesel fuel is an
important research area due to increasingly stringent environmental
regulations for fuel sulfur content (1). Alkyl dibenzothiophenes,
especially, those with two alkyl groups at the 4- and/or 6-positions of
dibenzothiophene (DBT) are still remained in the current commercial
diesel fuel, such as 4,6-dimethyldibenzothiophene (4,6-DMDBT),
which has been reported as one of the most refractory sulfur
compounds in diesel fuel (2,3). HDS of dibenzothiophenes general
proceed through two pathways, hydrogenation and hydrogenolysis
pathways (4,5). Kinetic data of 4,6- DMDBT HDS for individual
reaction pathways are necessary for evaluating new catalysts and for
designing new ultra-deep HDS processes. However, such kinetic data
are very limited in the literature. In the present study, HDS of 4,6-
DMDBT HDS over a Nip)P/USY phosphide catalyst and two
commercial sulfide catalysts was conducted and the rate constants of
the three catalysts for the two pathways were measured.

Experimental

4,6-DMDBT was used as the model sulfur compounds in the
present study, and decalin was used as solvent. The reactions were
carried out in 25-mL, horizontal micro-reactor agitated at 200
strokes/min in a fluidized sand bath within reaction time of 20 min.
Reaction temperature was varied from 275°C to 325°C under 300 psi
H, pressure, and H, pressure was also varied from 200 psi to 600 psi
at 300°C. In order to examine the effect of aromatic or nitrogen
compound on HDS of 4,6-DMDBT, 1-methylnaph-thalene with the
same mole as 4,6-DMDBT was added into the feed, and about 800
ppmw quinoline was added. Gas chromatography with a FID detector
was used for quantitative analysis of products. GC-MS was used for
identification of products.

Two commercial catalysts from Criterion, Cr344 (CoMo/Al,05)
and Cr424 (NiMo/AlL,03), were used after presulfidation at 350°C for
4 h with 10 vol % H,S in H, at a flow rate of 200 mL/min. After
presulfidation, the catalysts were stored in decalin before use in order
to minimize oxidation. Ni,P/USY catalyst, which was provided by
Virginia Tech, was treated in a H, flow at 420°C for 4 h because it
has been reduced at 580°C in H, and passivated in 0.5%0,/Ar flow.
After treatment, the reduced Ni phosphide catalyst was also stored in
decalin before use.

Results and Discussion

In order to get better kinetic data, the conversion of 4,6-
DMDBT was kept below 15%. The main products were tetrahydro-
dibenzothiphene (4AHDMDBT), dimethlybipheny (DMBP) and meth-
yleyclohexyl-toluene (MCHT). Dimethyldicyclohexane (DMDCH)
was also detected when the reaction time was more than 7 min.
Hexa-hydrodibenzothiophene ((HDMDBT) was also detected in the
HDS reaction over sulfided NiMo and reduced Ni,P catalysts even

under low hydrogen pressure. 6HDMDBT was observed in the HDS
over sulfidled CoMo catalyst under high hydrogen pressure. The
schematic diagram of 4,6-DMDBT HDS is shown below;

k 4HDMDBT
4,6-DMDBT ——> and/or e > |2HDMDBT

6HDMDBT
‘| 1 J

————> DMDCH

In general, HDS of individual sulfur compound follows the
pseudo-first-order kinetics, thus: In(Cpyvppr/Cpmparo) = - (kitky)* t,
where k; is the pseudo first-order rate constant for the hydrogenation
pathway, and k, is the pseudo first-order rate constant for the
hydrogenolysis pathway. The value of (k;+k;), overall rate constant,
can be calculated from experimental data. Figure 1 shows the pseudo
first order kinetic profile and Table 1 lists the overall rate constants
of' 4,6-DMDBT HDS over the NiMo, CoMo and Ni,P catalysts.
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Figure 1. Pseudo first-order kinetics of 4,6-DMDBT HDS over the
NiMo, CoMo and Ni,P catalysts. (Reaction temp. = 300 °C and H,
pressure = 300 psi).

As shown in Figure 1, the NiMo catalyst is more active than the
CoMo catalyst in HDS of 4,6-DMDBT. 4HDMDBT and 6HDMDBT,
which are the hydrogenated products of 4,6-DMDBT, were found to
be dominant over the three catalysts, especially, over the NiMo
catalyst and Ni phosphide. It was reported that NiMo catalysts favor
HDS of 4,6-DMDBT because Ni catalysts have excellent activity for
hydrogenation. After hydrogenation of 4,6-DMDBT, elimination of
the sulfur atom becomes easy because hydrogenation reduces the
methyl steric hindrance through molecular puckering and increases
the electron density on the S atom (6). In general, HDS reaction is
inhibited by coexisting aromatics and nitrogen compounds. However,
in the present study, 1-methylnaphthalene was found to have only
slightly inhibiting effect toward HDS of 4,6-DMDBT as the rate
constants and product distributions in the presence of  1-
methylnaphthalene and in the absence of 1-methylnaphthalene were
similar. Quinoline was found to be a strong inhibitor toward the
reaction. The conversion of 4,6-DMDBT was below 5% over both
the NiMo and the CoMo catalysts even for the reaction at 300 °C
over 60 min.
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In order to measure the individual value of k; and k,, we tried to
measure ki/k, ratio, as k; and k, values can be calculated by
combination of (k;+k;) and k,/k, values. We explored three methods
to determine k,/k, ratio. In Method 1, k/k, ratio is considered to be
equal to [CypmpertCumcnttCompenl/Comsp ratio, assuming that the
conversion of DMBP to MCHT is negligible. In Method 2, k;/k;, ratio
is considered to be equal to the initial selectivity ratio of hydrogen-
ation products to hydrogenolysis products. Initial selectivity of each
compound is obtained by extrapolating the selectivity curve to zero
conversion as shown in Figure 2. Table 1 lists the kinetic data at
different temperatures and pressures, obtained by Method 2.

80
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704 ® MCHT
| DMBP
60- _ HDMDBT
;\? SiHDMDBT_ 78.37%
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£ 40_' k /k,=4.06
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Figure 2. First order fitting of HDMDBT and DMBP products on
NiMo sulfide for estimating initial selectivity (Reaction Temp.=
300°C, H, Pressure = 300 psi).

In Method 3 (computational simulation method), the formation
rate constant of hydrogenation products and hydrogenolysis products
can be described respectively as: CypymmpertCmcurtCompen = Co
o et Cpupp = Co* €% t. The optimum ki/k, value was
determined by comparing the error between the actual product
concentration and the product concentration calculated on the basis
of different given ki/k, values. Table 1 compares rate constants, k;
and k, from three different methods over CoMo, NiMo sulfides and
Ni phosphide catalysts. The kinetic data from the three methods are

similar in general. Based on overall rate constants estimated, the total
activity of the three catalysts for HDS of 4,6-DMDBT decreases in
the order of NiMo > Ni,P > CoMo. The hydrogenation activity of the
catalysts decreases in the order of NiMo > Ni,P > CoMo, while the
hydrogenolysis activity decreases in the order of CoMo > NiMo >
Ni,P. It is clear that the NiMo catalyst is better than CoMo for HDS
of 4,6-DMDBT because of its higher hydrogenation activity.
However, if ranked based on active sites, then the catalytic activity
would appear to be Ni,P > NiMo > CoMo. This trend also reveals
that transition metal phosphides might be more promising catalysts
for ultra-deep HDS.

Conclusions

In this study, overall rate constant and individual rate constants
of each pathway for HDS of 4,6-DMDBT over the NiMo, CoMo and
Ni,P catalysts were determined by three different methods. The
Method 2, which is based on the initial selectivity, appears to be the
most reasonable for estimating k; and k, value among the three
methods.

It is clear that NiMo catalyst is better than CoMo for deep HDS
of 4,6-DMDBT because of its higher hydrogenation activity.
However, if ranked based on active sites, then the catalytic activity
would appear to be Ni phosphide > NiMo sulfide > CoMo sulfide.

As shown by the resuts with Ni phosphide, transition metal
phosphide can have good activity for HDS of 4,6-DMDBT and may
become promising catalyst for deep HDS with some further
improvement.
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Table 1. HDS Rate Constants of 4,6-DMDBT over the NiMo, CoMo and Ni,P by Method 2

Rate constant 300 psi 200 psi 600 psi
Catalyst 10° (s°! -1
(s" gcat’) 275°C 300°C 325°C 300°C 300°C
kiky 60.0 78.0 (72.3%) 159.3 55.2 133.5
, k/k, 4.3 4.1 2.7 42 5.1
NiMo sulfide Kk 48.6 62.6 115.8 44.6 111.6
k, 11.4 15.4 435 10.6 21.9
ki +k, 14.5 43.2 (26.8?) 66.5 - 43.8
ki/ky! 5.8 1.2 1.6 - 2.7
CoMo sulfide K, 12.4 231 35.8 ] 31.9
k, 2.1 20.1 30.8 - 12.0

''k1/k, = [Initial selectivity of HDMDBT]/[Initial selectivity of DMBP] * Overall rate constant of 4,6-DMDBT HDS with 1-methylnaphthalene
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Introduction

Hydrodesulfurization (HDS) of petroleum feedstocks is a
catalytic process that is based on the use of CoMo/Al,O; catalysts. It
is now well recognized that the active phases are the CoMoS phases
[1] that consist of well dispersed MoS, nanocrystallites decorated
with the Co or Ni promotor atoms. These phases are obtained
through the sulfidation of an oxidic precursor that is generally
prepared by incipient wetness impregnation of an alumina support
with ammonium heptamolybdate (AHM) and cobalt (nickel) nitrate.
Unfortunately a part of this Co penetrates inside the alumina support,
a location considered as detrimental for the activity. That is one of
the reasons why the use of complexing agents have been proposed
[2]. Direct complexation of the Co or Ni atoms by the molybdenum
is also possible to form the 6molybdo-cobaltate anion (H6C0M060243'
), an Anderson type heteropolyanion (HPA). Nevertheless the Co/Mo
atomic ratio (1/6) is not sufficient to provide very efficient catalysts.
Moreover its solubility limits the total amount of Mo that can be
deposited by the incipient wetness impregnation method. The
ammonium salt of the decamolybdocobaltate (H4C02M01003g)6‘,
which is the dimeric form of this Anderson HPA, has a higher
solubility and allows us to increase the Mo loading. It appears also
very interesting to synthesize Co or Ni salts of these HPA, in order to
increase the Co (or Ni)/Mo atomic ratio to the optimum ratio defined
for the classical preparation. In the present work we focused on the
preparation and characterization of the aforementionned HPA and
their use as starting materials for the preparation of new HDS oxidic
precursors [3].

Experimental

The synthesis of the ammonium salts,
(NH4)3COM06024H6,7H2O and (NH4)6C02M010038H4,7H20, were
respectively adapted from the method employed by Nomiya et al.[4]
and Tsigdinos [5] and the products were checked by XRD, EXAFS,
FTIR and Raman spectroscopies. These ammonia salts were
dissolved in water and the Ni and Co salts were obtained by cationic
exchanges at 50 °C of the ammonium entities using a solution of
cobalt or nickel phosphomolybdates. The impregnating solution is
directly obtained and contains only Co (and/or Ni) ions and the HPA
as shown in the following example where X is the Co or the Ni:

232X PMoyOy YH{NHCoMoOsH>
R

2ANH:PMoyOgH3X CoMoOst)

The catalysts were prepared by incipient wetness
impregnation of a alumina with these solutions. Reference CoMo
solids having the same metal loadings were also prepared for
comparison purposes by using the conventional impregnating
solutions made of AHM and cobalt (nickel) nitrate. The solids were
dried overnight at 100°C and then calcined at 500°C under oxygen.

These oxidic precursors are designated with the formula of the
starting material preceded by the Mo loading expressed as MoO;
wt%. These oxidic precursors were then sulfided and their activities
were evaluated in HDS of thiophene.

Results and discussion

Raman, UV-visible and EXAFS analysis have been
performed on the ammonium and cobalt salts of the HPA. In
particular, Raman spectroscopy allowed us to distinguish between
CoMog and Co,Mo;, HPA. Indeed, the Raman spectra differ by a
shift of the two most intense lines, corresponding to the symmetric
and antisymmetric stretching modes of the Mo-Omina groups,
respectively at 952 and 903 em’! for CoMogCsp, and 960 and 917
cm’! for Co,Mo;oCos as shown in figure 1. Characterization of the
catalysts at each step of the preparation by various physical
techniques (UV-visible, Raman, XPS, EXAFS) allowed us to follow
the evolution of the starting materials upon impregnation, drying, and
calcination. As an example we focussed here on the Co,Mo;;Cos
based catalyst. The Raman spectrum of the dried Co,Mo,,Co; based
catalyst presents a line at 957 cm™ (figure 1). However, its broadness
prevents us from concluding unambiguously on the conservation of
the HPA structure. Figure 1 also shows the Raman spectrum of
16Co,Mo;,Co; catalyst after calcination at 773 K under oxygen.
Whatever the atmosphere of calcination the HPA entities are
transformed into the classical surface polymolybdate as shown in
Raman spectroscopy by a broad line around 950 cm™.

CoMo,(Co) salt

Co,Mo, (Co) salt

957

dried catalyst

950 ~

calcined catalyst
-/

— T T T 1T
0 200 400 600

L I L e e
800 1000 1200 1400 1600 1800

wave number (cm™)

Figure 1. Raman spectra of Co,Mo;¢(Co) and CoMog(Co) salts and
16Co,Mo;(Co) catalyst after drying at 373 K and calcination at 773
K.

In figure 2 are shown the diffuse reflectance spectra (DRS)
of the ammonium and cobalt salts of the dimeric HPA, Co,Mo0,(,Co;
based dried catalyst and the dried reference one. According to
literature data, the absorption feature around 510 nm clearly indicates
that the cobalt counter-ion presents an oxidation state of 2+ [6]. The
cobalt species in the HPA structure are characterized by the feature
around 615 nm, corresponding to the low spin Co®" ion in octahedral
coordination. Thus, the DRS spectrum of the dried Co,Mo;oCos
catalyst indicates that at least a part of Co®" species are preserved on
the support at this stage of the preparation, whereas the conventional
catalyst only contains Co?" species.
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Figure 2. DRS spectra of Co,Mo;o(Co) and Co,Mojg(am) salts,
16Co,Mo;((Co) catalyst and a conventionnal catalyst after drying at
373 K.

Complementary results were obtained through XAS
experiments. Figure 3 shows the comparison between the
experimental EXAFS signal of the dried 16 Co,Mo,(,Cos catalyst and
the simulation obtained using the FEFF calculated contributions.
These contributions were calculated using the crystallographic data
derived from the structure resolution of the monocrystal HPA salt.
The simulation is in good agreement with the experience. Thus,
analysis of the EXAFS data showed that the dimeric HPA structure is
maintained upon impregnation and after drying.

—— experimental spectrum
o it
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o
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Figure 3. Comparison between the experimental EXAFS of
16Co,Mo,o(Co) catalyst and its fit.

These solids were characterized after sulfidation. XPS
results confirmed that, after treatment at 673 K under H,S/H,, this
polymolybdate phase is well sulfided. Moreover, HREM
micrographs of the solids showed the presence of well-dispersed
MoS, crystallites. The comparison between HPA based catalysts and
reference solids showed that these crystallites were more stacked and
had a shorter size on the first ones.

Table 1 shows the thiophene conversion of these HPA-
based catalysts, compared with those of the reference solids.

Tablel: metal loading and HDS conversion of typical CoMo/Al,04

catalysts
Nocr:rzli;lc}izttire Precursor 122?181; locagi(r)lg Con(\l/)/eur)sion
(wt %) (wt %)

8 CoMoCsp CoyCoMoOuHs 8.0 1.7 20.0
Ref8CoMo AHM, Co nitrate 8.0 1.5 15.0

8 Co,Mo;(Cos CoCoMoOxth, 8.0 2.1 27

16 Co,Mo,¢Cos CoCoMoOxth 16.0 42 38.0
Refl6CoMo AHM, Co nitrate 16.0 42 22.0

The results show unambiguously that the solids 8
CoMoCs, and 16Co,Mo;y(Co) are more active than the reference
ones. Moreover, the improvement is more important with the use as
starting material of the dimeric HPA, which has a higher Co/Mo
ratio.

Thus, the use of such compounds as starting materials
appears very promising for the preparation of HDS oxidic precursors.
The physical characterisations allowed us to conclude that the
catalytic improvement is due to a better interaction between the
promoter and the molybdenum atoms in their oxidic state. The
optimisation of the interaction is assigned to the complexation of the
Co atoms in the HPA structure.

Conclusion

This study confirms that the use of Co (or Ni) salts of
heteropolyoxomolybdates is a promising way to improve the
efficiency of HDS catalysts. The use of these complexes allows to
impregnate alumina with stable anions in which Co is included. This
permits to improve the interaction between the Co or Ni counterions
with the HPA. Both lead to an improvement of the promoting effect
of the Co or Ni as shown by the catalytic performances.
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Introduction

It is well known that the gas emission (NO, and SO,) from
motor vehicles contribute widely to air pollution. To address this
environmental problem, new restrictive regulations were adopted by
the European Community (Directive 98/70/EC). For instance, the
sulfur level in Diesel fuel and gasoline will have to be lowered down
to 50 ppm [1] by 2005.

Consequently, it is essential to modify conventionnal
hydrotreating catalysts in order to achieve deep HDS with a
minimum of alkene saturation. Several catalytic processes are
commercialized by licensors to help the refiners to meet the future
stringent regulations on FCC gasoline (Scan-fining® from
ExxonMobil, Prime® G+ from Axens-IFP). Moreover, several
authors have proposed new catalysts with reduced acidity of the
alumina carrier [2-6] or the use of less acidic or basic supports such
as TiO,, SiO, or MgO. It was also reported recently that the
selectivity for HDS could be increased with CoMo catalysts
supported on Mg-Al oxide supports [7-10]. For the HDS of gasoline,
hydrotalcite supported catalysts showed a decrease in the total
activity (HDS and hydrogenation) but an increase in the HDS
selectivity.

In this paper we report the activity of a CoMo/Al,O3
commercial catalyst modified by potassium, for the transformation of
a model feed made of compounds (2-methylthiophene —2MT-,
2,3-dimethylbut-2-ene —23DMB2N and orthoxylene in n-heptane)
which are considered as representative of the sulfur containing
molecules and olefins found in FCC gasoline [11].

Experimental

Catalyst. The reference hydrotreating catalyst was a
commercial CoMo/Al,O; catalyst, containing 3 wt% CoO, and
14 wt% MoOj3. The catalyst modified by potassium (CoMoK/Al,O;)
was prepared by incipient wetness impregnation of the reference
catalyst with an aqueous solution of potassium carbonate (3 wt. %).
The impregnated catalyst was dried at 100 °C and calcined at 500°C
under air flow during 10 hours. The catalyst samples were
presulfided at 400°C for 10 hours with a mixture of 10 mol% H,S in
H, under atmospheric pressure and then cooled down to 200°C.

Activity measurements. Catalytic activity measurements were
carried out in a dynamic fixed-bed reactor at 200°C under a total
pressure of 20 bar. The model feed made of 2-methylthiophene
(10000ppm S), 2,3-dimethylbut-2-ene (20 wt. %) and orthoxylene
(30 wt. %) in n-heptane was injected into the reactor with a syringe
pump and the reaction products were analyzed on-line by means of a
Varian gas chromatograph equipped with an automatic sampling
valve, a PONA capillary column, a flame ionization detector and a

cryogenic system. The identification of the products was made
possible by GC-MS coupling (Table 1).

No significant transformation of orthoxylene was observed,
whatever the experimental conditions.

Table 1. Products resulting from the transformation of model
compounds

Transformation of 2-methylthiophene (2MT)

HDS : ZS )\/
C4,G5,Cy, Gy, Cyp /g/ )\/
P VN

BN

Sulfur components : 2-methyltetra-hydrothiophene :

. N
Thiols SH

05’06&
s

Alkylthiophenes (AT) :

Transformation of 2,3-dimethylbut-2-ene (23DMB2N)

Isomerization

AN AN
o A

Hydrogenation (HYDO)

I AAAY

By-products

Alkanes Cp

SH
Thiols >_<_
. Cs5.Ce
Alkylthiophenes g Sﬁ
(AT)

S

The major products of 2-methylthiophene (2MT)
transformation were pentane and pentenes. The main by-products
were alkylthiophenes obtained through the alkylation by alkenes
(2,3-dimethylbut-2-ene and pentenes) of 2-methylthiophene. Thiols
were also observed in small amounts.

The transformation of the 2,3-dimethylbut-2-ene (23DMB2N)
led to the formation of hydrogenation products (mainly 2,3-
dimethylbutane) and isomerization products (mainly 2,3-
dimethylbut-1-ene).

Desulfurized products resulting from the transformation of 2-
methylthiophene were designated as HDS products. The selectivity
of the reaction was given by the ratio ‘“hydrodesulfurization
conversion of 2MT/hydrogenation conversion of 23DMB2N”
(HDS/HYDO).
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Results and Discussion

The transformation of the model FCC gasoline was carried out
over the reference CoMo/Al,O; and over the same catalyst modified
by 3 wt.% of potassuim (CoMoK/Al,05).

First of all we could notice a decrease in the total activity for the
transformation of both molecules corresponding mainly to a lower
conversion of 2MT into of alkylthiophenes and of 23DMB2N into
2,3-dimethylbutane. However, the decrease in hydrogenation
conversion was more significant than the decrease in the HDS of
2MT (figure 1).
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Figure 1. Transformation of the synthetic model gasoline over
CoMo/AlL,O5 (S) and CoMoK/Al,O;3 (K). 20 bar; Hy/Feed =200 I/1;
200°C; 500 mg. Hydrodesulfurization (HDS) of 2MT and
hydrogenation (HYDO) of 23DMB2N.

The transformation of the pentenes resulting of the HDS of 2MT
into pentane was also less significant with the potassium-modified
catalyst, which was also a consequence of the decrease in its
hydrogenation activity.
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Figure 2. Transformation of the synthetic model gasoline.over
CoMo/AlL,O5 (S) and CoMoK/Al,O;5 (K). 20 bar; Hy/Feed =200 I/1;
200°C; 500 mg. Effect of the presence of potassium on the selectivity
HDS/HYDO.

The selectivity HDS/HYDO measured by the ratio of the HDS
reactivity of 2MT to the hydrogenation reactivity of 23DMB2N was
improved by the presence of potassuim (figure 2). It was multiplied
by 2 and was nearly constant in the range of HDS conversion which
was obtained. These results can be explained both by a modification
of the electronic properties of the catalyst because of the presence of
potassium and by a decrease of the activity of the potassium-
modified catalyst in the isomerization of 23DMB2N into 2,3-
dimethylbut-1-ene. Actually it was found that on the unmodified
catalyst, this reaction was very fast [11] and that the hydrogenation
of 2,3-dimethylbut-1-ene was much faster than the hydrogenation of
23DMB2N. Consequently any inhibition of the isomerization activity
is likely to decrease the hydrogenation activity of the catalyst.

The characterization of these materials (by the adsorption of
probe molecules followed by infra-red and by electron microscopy)
showed that the presence of potassium decreased the number and the
strength of the acid sites without modification of the promoted active
phase. The formation of the by-products (isomerization and
alkylation) which involves the acid properties of the catalyst is
therefore inhibited in the presence of potassium.

Conclusions

The modification by potassium of a commercial catalyst makes it
possible to improve its selectivity in HDS of a synthetic FCC
gasoline with respect to the hydrogenation of the olefins. In fact, the
addition of potassium decreases the hydrogenation activity more than
the HDS activity. This is considered to be the consequence of both a
modification of the electronic properties of the sulfide phase and of
the isomerization properties of the support.
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Introduction

The authors have been studying the modeling of molecular
structure of heavy hydrocarbons such as coal and petroleum derived
asphaltene because these heavy hydrocarbons have a very
complicated mixture of relatively higher molecular weight
hydrocarbons. In order to convert these materials into more useful
smaller molecular weight fractions it is believed indispensable to
know the chemical structures of these materials at molecular level.
For this purposed measurements of molecular weight of original
substances, identification of the bridge bonds of aromatic clusters
and quantitative analysis of carbon functionalities of heavy
hydrocarbons are considered indispensable. Molecular weight
distribution of a complicated mixture of hydrocarbons is now
determined by the use of MALDI although the more heavy portions
due to association structure can not be detected even by this method.
As for the bridge bonds connecting aromatic nuclei which are
thought to govern the reactivity of heavy hydrocarbons has been
studied by many researchers, however, for coal Stock[l] applied
ruthenium ion catalyzed oxidation reaction to clarify these chemical
structures and Strausz[2] undertook the same reaction for asphaltene
derived from oil sand bitumen. Both groups published the model
structures based on these results in 1993 and 1992, respectively. As
for the quantitative analysis of carbon functionalities, Snape[3]
published the successful application of *C NMR spectroscopy with
single pulse excitation MAS method. Using these data available so
far the authors published the model structures of Zao Zhuang coal[4]
and Arabian light/medium vacuum residue derived asphaltene[5] in
1998 and 1999, respectively.

However, in spite of these continuing efforts of many
researchers, there are few means to examine the comprehensiveness
of the model structures. One seems to be the estimation of density of
proposed model structures using computer simulation method,
however, which needed an expensive software and high-performance
calculator at the beginning of 1990’s. Right now such calculation can
be easily attained due to the rapid growth of computer science.
Recently several researchers still are proposing model structures of
these heavy hydrocarbons without knowing the spacious arrangement
of these chemical structures.[6] This is the reason why the authors
are going to present this article.

Experimental

Estimation of the physical density of model molecule was
performed with CAMD (computer-aided molecular design) software,
which is running on Polygraf (ver.3.0, Molecular simulations Inc.).
Detail of the procedure was shown elsewhere[7], but it would be

shown here briefly. At first, the model molecule was input, and its
potential energy was then optimized. The conformation having the
lowest potential energy was extracted as a best conformer. This
model molecule was enclosed in cell, periodic boundary condition.
For this PBC calculation, hydrogen atoms attached to carbon or
oxygen atoms were treated as included in each carbon or oxygen
group such as methane, methylene, methyl or hydroxyl group
according to DREIDING’s method. Molecular mechanics calculation
was then carried out in order to reduce the potential energy of the
system up to its minimum value, by using a cell volume of which the
true density can be calculated.

Results and Discussion

Calculation of density of the model structure of oil sand bitumen
derived asphaltene by Strausz et al.[2] Figure 1 shows the structure
of asphaltene proposed by Strausz et al. This structure has the
molecular formula of C4;0Hg17NsO,S;3 with molecular weight of
5950.1. The structural features of this model are the presence of
porphyrine moiety and a relatively large loop structure with two
small loop structures. The authors have applied their own method to
calculate the density to get the value of 0.98 g/cm’. According to the
reported value of this asphaltene’s density, 1.2 g/cm’® the loose
packing due to the presence of above mentioned structural portions is
considered as the reason for such a very low density value. The
authors have succeeded in getting reasonable value of density such as
1.17 g/em® by rearranging two molecules from the original structure
by cutting two bridge bonds shown in Figure 1. The resulting
structure has still small loop structures in it, however, the presence of
these loops shows little effect for the reasonable value of the density.
This consideration should be examined. Incidentally, in the previous
paper about coal structure that was published in 1992 by one of the
author, the model structure had loop structure. It was considered to
represent the average size of the void that could be measured
experimentally for the sample. The asphaltene structure by Strausz et
al. had several loop structures which probably were assumed to
represent the presence of void structures in the asphaltene sample.

Calculation of the density of Arabian light/medium vacuum
residue derived asphaltene model structure by Nomura et al.[S] The
model structure is shown in Figure 2 where the model has molecular
formula of Cy99Hs523N405S;5s with molecular weight 7034.5. This
model is constructed based on the results from RICO reaction results
and measurements of *C NMR spectrum and solid proton NMR
spectroscopy. According to the measurement of molecular weight of
this fraction using gel permeation chromatography the use of
chloroform eluent gave relatively higher molecular weight while the
use of more polar tetrahydrofuran eluent made the maximum peak of
the molecular weight of the fraction to the relatively lower molecular
weight. From the Figure 2, this asphaltene fraction consists of four
portions and each portion can associate each other. This feature
seems to be natural according to the current studies on these heavy
hydrocarbons. The calculation was conducted to give 1.06 g/cm® of
its density, this value being close to the observed value of 1.16 g/cm’.
In fact the real structure has more than thousand compounds in it so
that the authors are thinking to take two phase models into
consideration because in this asphaltene the relatively smaller
fraction can be contained to exert a little effect on the calculation of
the density of this fraction.
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Figure 1. Hypothetical asphaltene molecule proposed by Strausz et al. (reference 2) Bold line and arrows in the figure indicate the position of
cutting bridges in order to rearrange the three-dimensional structure of the molecule.

Figure 2. A model molecule for Arabian light/medium vacuum residue derived asphaltene proposed by Nomura et al. (reference 5)

Summary

This paper considers over again about the density evaluation
with computer simulation method. One model structure was proposed
by Strausz et al. that had a moiety of porphyrin and several loops.
The other model was ours.
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Introduction

There exist very few data in the literature concerning the vapor-liquid
equilibrium (VLE) behavior of mixtures of high molecular weight
organics. This is because it is difficult to measure the vapor pressures
of high molecular weight organics without their undergoing thermal
degradation during measurement. The present study addresses the
problem, by presenting some new data on mixtures of polycyclic
aromatic compounds (PAC) and mixtures of PAC with coal tar. The
data were obtained by using the Knudsen effusion method, which
avoids the degradation problem. The main focus of the present study
is the question of whether high molecular weight PAC mixtures can
be regarded as “ideal”, and therefore, whether Raoult’s law can
describe their VLE behavior.

Experimental

Vapor pressures were indirectly determined, wusing the
implementation of the Knudsen effusion method published earlier
[1]. Briefly, this method involves the measurement of the rate of
effusion of a compound (or mixture components) through a pinhole
leak in a capsule that is suspended from one arm of a continuously
recording microbalance. These results are readily related to vapor
pressures. The measurements were conducted in a high vacuum (<10
’ torr), which permitted measurements of vapor pressure to as low as
10°® torr. Because of the low vapor pressures that can be measured,
the temperatures of measurement can be kept sufficiently low so as to
prevent significant thermal degradation of the sample during the
measurement.

The PAC materials examined here were pure (reagent grade or best
available purity) materials, and were used as received with no further
purification. The materials were in all cases of 98+% purity.
Preparation of mixtures of PAC was accomplished using the so-
called “quenching” method. This method involved measuring the
desired amounts of two PAC compounds into a stainless steel
capsule, under inert gas. After closing, the capsule was shaken, while
the contents were heated to melting. “Instant” cooling was achieved
by plunging the capsule into liquid nitrogen. It was assumed that this
method provided “perfect” mixing of the components. No visible
phase separation was observed in the samples prepared in this
manner. It is fair to note that questions have been raised regarding
the efficacy of this method, for preparing truly homogeneous
crystalline mixtures [3]. This will be considered further below.

The coal tar was prepared from a sample of Illinois No. 6 coal,
obtained from the Argonne Premium Coal Sample Program [2]. The
tar was prepared by pyrolysis of the coal in a tube furnace, in inert
gas at 700°C, and collected by washing the cold end of the reactor
(at which the tars condensed) using tetrahydrofuran (THF). The THF
solvent was fully removed from the tar sample by vacuum drying at
45°C. This procedure allowed capture of the tars with molecular
weight greater than 150 daltons. Following preparation, the tar was
separated on a preparative-scale gel permeation chromatography
(GPC) column, using two styrene-divinylbenzene GPC columns in
series. The separation solvent was THF. The separation was not a
pure size separation, but depended somewhat on molecular

properties. This is not important in the present work. The number
average molecular weight of the tar was determined by vapor phase
osmometry (VPO), in pyridine. The separated tar fraction was dried
in vacuum at 50°C, to fully remove the THF solvent.

Results and Discussion
Figure 1 shows results typical of those obtained in this study. The
results are for an equimolar mixture of anthracene (MP=491 K) and
perylene (MP=551 K). As might be concluded from the above
melting points, results in Figure 1 are, strictly speaking, for
sublimation of the compounds. The predicted behavior, assuming
that Raoult’s Law is followed, is also shown in Figure 1. The
calculation of the mixture vapor pressure in this case is assumed to
follow:

P :X1P10 +X2P20
In which the x; represent the component mole fractions and the P’
represent the respective pure component vapor pressures. These pure
component vapor pressures were determined as part of this study, and
were generally in excellent agreement with values found in the
literature [4].

-6
10 |
* Mixture
-14 | Raoult's Law
— = -Anthracene
F_S \3 ——=Perylene
18 | S

29 295 3 305 34 345 32
1000/T[K]

Figure 1. Vapor pressures of an equimolar mixture of anthracene and
perylene.

While these data seem to suggest that Raoult’s Law behavior might
represent a fair approximation of the behavior, it is difficult to make
a firm judgment of this, insofar as the disparity in pure component
vapor pressures is so large that the lower molecular weight
component (anthracene) dominates the behavior. On the other hand,
Figure 2 shows that in a mixture of anthracene and benzofluorene,
Raoult’s Law is clearly not followed. This figure presents clear
evidence of mixture non-ideality. The result might have been
anticipated, since the mixture was below the melting point. Even
though to the eye, the mixture appeared homogeneous, it could well
have been phase separated. In such a case, the two solid phases
behave as thermodynamically separate entities, as far as the vapor
pressures they exert. The tendency to approach Raoult’s Law
behavior at higher temperatures was observed here and in several
other cases. This suggests that as the systems approach melting they
begin to behave as more nearly ideal single phases.

What is important to note from Figure 2 is the direction of deviations
from Raoult’s Law. If two phases behave independently of one
another, their combined vapor pressure is
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Figure 2. Vapor pressure behavior of a mixture of 25 mol %
anthracene and 75mol % bezofluorene.

essentially the summation of the individual vapor pressures. Keeping
this in mind, the contrasting results of Figure 3, for a mixture of 1-
hydroxypyrene and phenanthridine are considered. In this instance,
the mixture deviates in a direction of lower vapor pressure than the
Raoult’s Law prediction. This behavior cannot be explained by the
possibility of phase separation. Rather, there is here strong evidence
of a molecular interaction between the mixture partners. This could
have perhaps been anticipated in light of the nitrogen base character
of the phenanthridine and the acid (phenolic) nature of the 1-

hydroxypyrene.
* Mixture
Raoult's Law ! ! y
""" 1-hydroxypyrene
—--Phenanthridine ’% ]
6 | T~ ]
'8 r . °
-10 | o ot
A2 -
-15 . . . .
.75 2.8 2.85 29 2.95 3 3.05
1000/T[K]

Figure 3. Vapor pressure behavior of a mixture of 54 mol% 1-
hydroxypyrene and 46 mol% phenanthridine.

With these pure component and mixture results as a guide, the phase
behavior of mixtures of PAC with coal tars was examined. A fraction
of Illinois coal tar with a number average molecular weight of 270
daltons was mixed with pure compounds of similar molecular weight.
It was estimated from elemental analysis that each “average”
molecule of the tar contained about two hydroxyl groups, and the
hydroxyl-rich character of this fraction was supported by its elution
behavior in the GPC (its elution time was consistent with that of OH-
rich species). The elemental analysis of this fraction showed that, by
comparison, only every fifth tar molecule could contain nitrogen.

Figure 4 displays the VLE behavior of a mixture of the Illinois coal
tar and 1-hydroxypyrene.

1-Hydroxypyrene

—Raoult's Law
""" Tar alone

Mixture 1-hydroxy+tar

In P [torr]
=

-14 * ’ * *
2.6 2.7 2.8

1000/T[K]
Figure 4. Vapor pressure behavior of 50 mol% 1-hydroxypyrene
with 50 mol% Illinois No. 6 coal tar.

29 3

It is observed that the mixture of a phenolic compound with the coal
tar produces what is very close to ideal mixture behavior. This is
because the chemical nature of both components of the mixture is
quite similar. On the other hand, addition of phenanthridine to the
coal tar produces a mixture (Figure 5) that shows a significantly
lower vapor pressure than predicted by Raoult’s Law, and consistent
with the behavior observed in Figure 3. This shows that the behavior
of nitrogen compounds in the coal tar mixtures cannot be assumed to
necessarily follow ideal mixture rules.

0 . . . r e Mixture
----- Phenanthridine
—~— Tar alone
[ Teel Raoult's Law
‘-‘-\__.‘-‘“."
4 ]
T
2 1 J
o gt 1
£
A2 | ]
2.6 2.7 2.8 29 3
1000/T[K]

Figure 5. Vapor pressure behavior of phenanthridine (35 mol %),

and Illinois coal tar (65 mol%).
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Introduction

Heavy and extra-heavy crude are found in vast abundance in
different places, thus, for instance the heavy oil and tar sands
bitumen in Alberta Providence of Canada and in the Orinoco Belt of
Venezuela are each as large as the oil deposits in Saudi Arabia[l].
However, there are tremendous disadvantages in the recovery,
transportation and refining of heavy crude oils because their densities
and viscosities are much higher than the conventional ones. The use
of downhole upgrading has been proposed in order to enhance heavy
crude oil recovery. Several methods, as deasphalting[2-5],
visbreaking[6-9] underground hydrogen[10-17] or in situ
combustion[18-20], as well as hydrogen donor solvents[21-23] have
been proposed as possible enhanced recovery technologies. Also, the
injection of hydrogen precursors downhole has been reported as a
way of in situ partially upgrading heavy crude oils. In fact, a 1992
patent[24] claims that in situ hydrogenation in a subterranean
formation is readily performed by introducing a non gaseous
hydrogen precursor into the oil bearing subterrancan formation to
enhance oil recovery. Formic acid and its organic and inorganic salts
are among the hydrogen precursors proposed in the patent. It is
reported that after treating a crude oil in a batch reactor with formic
acid and MoS, (as catalysts), at 573 K and 1600 psig, API gravity of
the upgraded oil is increased and asphaltene content is reduced,
however, a detailed characterization of the upgraded product is not
given.

In this work, a detailed study of the effect of formic acid in the
upgrading of Hamaca extra-heavy oil, under steam injection
conditions, was carried out. Laboratory physical simulations, using a
batch reactor, at 553 K and 1500-1600 psig will be presented. The
reactor was fed with a mixture of crude oil and sand (99 w % SiO,)
having 10 wt % crude oil, together with formic acid, and water. We
believe that this conditions more closely represent the actual situation
found during crude oil recovery by steam stimulation processes.

Experimental

Upgrading reactions were performed in a stainless-steel 300
cm?® batch reactor (Parr), without stirring. In a typical test, the reactor
was fed with 55 g. of Hamaca crude oil and sand (silboca, 99 w%
Si0,, specific area < 1 m* g") containing 10 % by weight of oil, 5 g.
of formic acid and 5g. of distilled water. Experiments with no water
added were also carried out. The reactor was heated at 4.2 K min™, to
553 K. Prior to heating the system was purged with nitrogen and
pressurized up to 500 psig. Final pressure, after heating, was around
1300 psig (for experiments without Formic Acid) and 1600 psig (for
experiments with Formic Acid). All the reactions were carried out for
24 hours. The reactor was then allowed to cool down to room
temperature and the upgraded oil was removed from sand by solvent
extraction with dichloromethane.

Original Hamaca and Extracted oils were analyzed for sulfur,
using an ANTEK sulpfur analyzer. Saturated, Aromatics Resins and
Asphaltene (SARA) separation and quantification were done in a

Iatroscan MK-5 on samples separated on thin layer chromatography
and detected by a hydrogen flame ionization system.

Results and Discussion

SARA analysis are presented in Table 1. It is found that
treating the Hamaca crude oil in presence of water (W) produces a
decrease in the Asphalthene and Resins (13.9 and 355 %
conversions respectively), with the corresponding increase in the
Aromatics and Saturates fractions. This is in agreement with previous
reports[25] in which a reduction of the Asphaltenes and Resins
fractions, and the corresponding increase of Aromatics and Saturates
ones is found after treating heavy crude oils in the presence of steam.

When the crude oil is treated in presence of formic acid (FA), a
slightly higher degree of Asphaltene conversion is obtained (23.1 %),
while resins are converted to a lesser extend (22.2%). Again
Aromatics increase, but in this case, Saturates are close to its content
in the original oil. When formic acid was used in conjunction with
water (FA+W) best results are obtained. Thus, Asphaltenes are
reduced in 29.2 % and Resins in 44.5 %. Obviously, formic acid is
more efficient in upgrading the oil when used together with water.

Table 1. SARA Fractions for Untreated and Upgraded Hamaca

Crude Oil.”
Saturates/ | Aromatics/ | Resins/ Asphaltenes/
wt % wt % wt % wt %
HAMACA | (80+ | (34+4) | (45+2) (13+1)
0,8)
W (119+ | 48%2) | (29+1) | (11.2+0.6)
0,6)
FA (7x1) | (51x1) | (32+£1) (10 1)
FA+W (104+ | (355+3) | (25+1) | (92+05)
0,5)

* Reactions carried bachwise, no stirring, at 1600 psi and 553 K for
24 h. Ratio solid: crude oil: formic acid: water = 10:1:1:1.

Sulfur content on the Hamaca crude oil, before a after
upgrading was also measured, and the results are presented in Table
2. For the crude oil treated in presence of water a sulfur reduction of
20 %, is observed, which is due to thermal desulfurization[25]. When
formic acid alone is used, the percentage of desulfurization is less
(only 12%), but when formic acid and water are used together, the
desulfurization is increased to 38 %, which is an important amount if
we take into account that this is intended to be a downhole process.

All the results (SARA and sulfur content) presented show that
an important degree of upgrading is obtained when Hamaca crude oil
is treated in very mild conditions, i.e. conditions that are normally
used in the reservoir during steam injection, using formic acid to
generate hydrogen in the reaction media. The upgrading is more
important when formic acid is used together with water.

Formic acid thermal decomposition have been proposed to
proceed by two different basic mechanisms [26,27]

HCOOH ——» CO + H,0 1)
HCOOH — % CO, + H, 2)

It has been found that major products are CO, and H,, for
conversions between 38 to 100 %, temperatures of 593-773 K and
pressures in the range of 2600-4500 psia. These conditions are
similar to the ones used in this work, so it can be assumed that in the
upgrading reactions conditions used in this work the main
decomposition path way is the decarboxilation (reaction 2). In fact,
molecular H, an CO, were observed in high proportions in the
gaseous products, with only small amounts of CO. On the other hand,
thermodynamic calculations[23] have shown that during the
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hydrothermal decomposition of formic acid water acts as a catalyst,
by forming an intermediate between a water dimmer and formic acid.
It is suggested that Formic Acid and the water dimmer are bound
with two hydrogen bodings and that the water dimmer acts
simultaneously as a proton donor and acceptor. This configuration
greatly reduces activation energy of the decomposition process.

Table 2. Sulfur content for original and upgraded oil. *

(S£0.06)/ % Desulfurization/ %
HAMACA 3.79 -
W 3.02 20
FA 3.34 12
FA+W 2.36 38

# Same conditions as for Table 1.

The results here presented show the potential of formic acid
when used together with water, for giving up H, in steam injection
conditions. H, produced in this way is effectively used for upgrading
Hamaca crude oil disperse in sand. In the process water acts as a
catalysts for the thermal decomposition of the formic acid.

Conclusions

H, produced by decomposition of formic acid can be effectively
used for upgrading Hamaca crude oil disperse in sand at mild
conditions (553 K, 1500 to 1600 psig of N,). When formic acid is
used in conjunction with water, water acts as a catalysts for the
thermal decomposition of the formic acid, and the oil is upgraded to a
higher extend. Thus, for Hamaca oil upgraded in the presence of
formic acid and water, a 29 % conversion of asphaltene, and 38 % of
desulfurization are obtained.
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Introduction

Asphaltenes are very complex mixtures containing more than
tens of thousands of compounds with different functionalities and a
wide molecular weight distribution. To date, characterization for
asphaltenes was almost focused on the chemical structural
parameters, compositions, or aggregates sizes' . For some processes,
however, in addition to such knowledge of the chemical structure and
composition, information of thermal properties can be needed. The
latter may be more helpful for understanding the thermodynamic
behavior of asphaltenes in various reactions.

Asphaltene molecules are known to form aggregates through
various nonconvalent interactions in crude oils or vacuum residues
(VR), which can be responsible for the formation of coke-precursor
as well as the deactivation to catalytic reactions in upgrading and
refining processes. Our recent results suggested that coke formation
can be decreased by dissociation of asphaltene aggregates in organic
solvents.> In order to control the relaxation of the aggregated
structure in solvents more effectively, it is important to acquire the
knowledge about the thermal properties of asphaltenes, and the
interactions between asphaltene and solvent molecules.

In the present study, the thermal properties of asphaltenes, and
their heats of solution in organic solvents were measured using
differential scanning calorimetry (DSC) and microcalorimetry,
respectively. By combination of the two techniques, the contribution
of the thermal properties to the heat of solution, and the interaction
between asphaltene and solvent molecules were investigated.

Experimental

Samples. Asphaltenes (AS) fractionated from Iranian Light (IL)
and Maya (MY) vacuum residues (VR, after 500 °C vacuum
distillation of the crude oils). A resin fraction (Re) from Maya VR
was also used for comparison. Both asphaltenes and resin are solid
powders at room temperature.

Differential scanning calorimetry measurements. Thermal
properties of the samples were measured with a Seiko DSC 120
calorimeter. Temperature and enthalpy were calibrated with high
purity indium, tin, lead and zinc, and the heat capacity was calibrated
with synthetic saphhire. In a typical run, 6-10 mg of sample was
heated at a heating rate of 10 °C/min from 8 to 300 °C under 50
mL/min nitrogen flow. For a repeated scan, after the first scan the
sample was quickly quenched to 8 °C and heated again in the same
way.

Microcalorimetry measurements. Heats of solution of the
samples were measured by using a micro-twin-calorimeter (MPC-11,
Tokyo Riko Co., Ltd.). Quinoline was used as a solvent. The detailed
procedures have been reported in a previous paper”.

Results and Discussion

It is known that the enthalpy change during mixing of a nonpolar
liquid solute with a nonpolar solvent arises from interactions between
the solute and solvent. If the mixing process is assumed to occur at a
constant volume, the heat of mixing follows Van Laar-Hildebrand
equation’:

AHpi = kT 1y ¢ D

where n; is the mole of solvent; ¢ is the volume fraction of
solute; 7 is the interaction parameter between the solute and solvent.
However, when a solid-state solute dissolves in a solvent, there will
be an exothermic effect due to the dissolution of the glass®’, and/or
an endothermic effect due to the fusion of crystalline structure®. In
this case, the heat of solution (AHM ) should be the sum of the heat of
mixing and the enthalpy change due to the phase transition (AH,, ) :

AHM = AHtran + AHmix (2)
where
AHyay =A+ACp (T-T,) 3)

here A is the heat of fusion; ACp is the difference of heat capacity
between solid and liquid states, and T,, is the melting temperature.
The AH" can be directly determined by the microcalorimeter, and
AHy,, can be estimated by using DSC. Thus, the heat of mixing
AH,,ix can be estimated based on the values of /IH" and AHy,,, which
reflects the essential interactions when mixing a liquid solute with a
solvent.
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Figure 1. Heat of solution of N,N-dimethylnaphthylamine in
quinoline (a) and its DSC thermogram(b).

As an example, Figure 1 shows the heat of solution of N,N-
dimethylnaphthylamine (DMNA) in quinoline (Figure la) and its
DSC thermogram (Figure 1b). According to DSC thermogram, the
melting point and heat of fusion (1) are determined as 41 °C and 61.4
J/g, respectively. Because no baseline shift was observed on the DSC
diagram before and after melting (ACp = 0 J/g °C), the second term in
equation (3) could be neglected. Thus, the enthalpy change (AHi,,)
during the phase transition was approximately equal to the heat of
fusion (A). On the other hand, as shown in Figure 1a, in quinoline the
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heat of solution below the melting temperature T,, was endothermic,
while that above T, was exothermic. At 25 °C, DMNA was
completely solid, and the heat of solution was 58 J/g. Based on
equation (2) and (3), the /JHy can be calculated as — 3.4 J/g
(exothermic). This value was nearly the same to the measured AH
above T,,, -3.7 J/g at 45°C and -2.9 J/g at 50 °C (Figure la). Thus,
AH,;x can be directly measured above the melting point of solute by
using the microcalorimetry. However, for other solutes having their
melting temperatures beyond the limit of operating temperature of
the microcalorimeter, the value of AH,;, can not be measured. Thus,
by the combination of DSC and microcalorimetry, for various kinds
of solutes AH,,,;, can be estimated.

0 50 100 150 200 250 300
-80 . . , , . ~T(°0)

-100 f

-110 f

Heat flow (

-120 F
2ndrun A7

-130

Figure 2. DSC thermogram of ASMY.
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Figure3. DSC thermogram of ReMY .

Figure 2 shows the DSC thermogram of ASMY. Three
endothermic peaks were observed on the 1% scan. While on the 2™
scan, all the peaks disappeared and only baseline shift was observed
in the temperature range from 100 to 180 °C. The similar behaviors
were also observed for ASIL. The disappearance of three peaks on
the 2" scan indicates that all changes occurring during the first
heating run were irreversible. On the other hand, the reversible
baseline shift on the 2™ scan may provide evidence that asphaltenes
have glass transition property.

Figure 3 shows the DSC thermogram of ReMY. Different from
the thermal behavior of asphaltenes, the changes started from very
low temperature near 42 °C (the 1* scan), and ReMY didn’t seem to
show such a glass transition in the temperature range studied as
shown on the 2™ scan.

Table 1. Thermal Properties and Heats of Solution for
Asphaltenes and Resin.

4 HM Tg A 4 Cp 4 Hyan 4 Hyix
J/g oC Vg Ig°’C g /g
ASIL ~ 202* 136 91 0.127 -14.1 -15.2
ASMY -22.1* 139 7.8 0.115  -133  -16.2
ReMY  61° - 46 0129 g 33(440)

*Measured at 25°Cin quinoline. °Measured at 50°Cin quinoline.

Table 1 summarizes the thermal properties of asphaltenes and
resin determined by DSC, and their heats of solution in quinoline
measured by microcalorimeter. It should be noted that heat of fusion
(4.6 J/g) for ReMY determined by DSC, was close to the heat of
solution in quinoline at 25 °C (6.1 J/g). By considering the difference
of heat capacity (ACp=0.129 J/g °C) between solid and liquid ReMY,
the calculated AH,,;, (3.3 J/g) is nearly in accordance with the
measured one (4.4 J/g at 50 °C). The endothermic nature of AH,;, for
ReMY suggests that resin molecules are solvophobic to quinoline.

Table 1 also shows that for asphaltenes their glass transition
energy (AHy,,) makes a large contribution to the heat of solution.
According to other thermal properties determined by DSC and the
heat of solution in quinoline at 25 °C, AH,,;, were estimated as —15.2
and -16.2 J/g for ASIL and ASMY, respectively. These values reflect
the enthalpy change due to the favorable interaction between
asphaltenes and quinoline. Thus, the exothermic nature of AH
suggests that asphaltenes are strongly solvophilic to quinoline.
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Introduction

Fourier transform ion cyclotron resonance (FT-ICR) mass
spectrometry provides ultrahigh resolution spectra with exact mass of
more than 6 orders magnitudes. Such novel performance causes us to
investigate potential application of FT-ICR mass spectrometry to
determine molecular formula of constituents in vacuum residues
directly without any pre-separation procedures. Electrospray
ionization (ESI) is promising technique to ionize non-volatile
compounds without fragmentation. In our previous report, we have
demonstrated effectiveness of ESI FT-ICR mass spectrometry to
estimate molecular formulas of constituents in Arabian vacuum
residues.’ Recent our results suggest that aromatic compounds with
more than 4 condensed rings are ionized under adopted ESI
conditions. On the other hand, electro ionization (EI) proved to
jonize aliphatic compounds in vacuum residues.” Therefore, selection
of ionization is very important to analyze specific types as well as
variety of compounds in vacuum residues.

In the present study, liquid secondary ionization (LSI) is applied
to analyze vacuum residues, which is known to have extensive
ionization ability irrespective of polar and apolar compounds. The
results obtained by three different ionization systems are discussed to
characterize features of respective ionization methods.

Experimental

Vacuum Residue Samples. The sample used in this study is
Arabian vacuum residue with elemental composition (wt%) of C 84.3,
H9.9,S52,N04, and O 0.2 (diff.) . The ESI and LSI were applied
to whole the sample without any separation procedures, while the
fraction eluted by n-heptane was used for EL'? HPLC grade
methanol and chloroform were used without further purification. All
the other solvents and reagents were at least guaranteed reagent grade
obtained from Wako Pure Chemical Industries, Ltd.

Ionization Conditions. For LSIMS measurement, the vacuum
residue sample was mixed with 3-nitrobenzylalchol used as a liquid
matrix. Approximately 1 pl of the liquid slurry was directly loaded
on the probe tip. The primary ion (Cs") gun was operated at anode
potential of 10 kV. The extraction voltage in the source was 10 V and
the ionization pulse length was set to 600 ms.

For EI measurement, the sample dissolved in methylene
chloride was loaded on the In-beam EI probe tip. The optimum
conditions of probe temperature and ionization energy were
estimated to be 300 °C and 30 ¢V, respectively in a previous study’
and adopted in the present study.

The sample dissolved in methanol/chloroform (0.8/0.2, v/v)
were infused into the ESI source in a positive ion mode and were
desolvated by countercurrent nitrogen gas heated at 250°C. Nitrogen
needle-gas was flowed from the grounded needle to metal-capped
glass capillary (~ —3.5 kV). Ions were accumulated in the hexapole
for 3s before transporting to the FT-ICR cell. Detailed procedures
were described previously.'

Mass Spectrometry. All spectra were accumulated by

BioAPEX 70e with an external ion source. A broad band chirp
excitation was used for all the experiments. Molecular formulas
(possible combination of atomic masses which give the least
deviation from the measured mass) were obtained by using mass
analysis module. EST and SIMS FT-ICR mass spectra were internally
calibrated by wusing (poly)-ethylene glycol with the average
molecular weight of 300 and/or 600. EI FT-ICR mass spectra were
internally calibrated by using perfluorotributhylamine. Detailed
conditions are similar to those reported previously.'

Results and Discussion

FT-ICR mass spectra obtained by using LSI (a), EI (b), and ESI
(c) are shown in Figure 1. Over 500 distinguishable peaks
originating from components of Arabian vacuum residues were
observed for every spectrum. An order of ionization methods to
detect higher masses were as follows: ESI (~800 Da) > EI (~600 Da)
> LSI (~450 Da). It should be mentioned that heavier fraction in
vacuum residue is eliminated for EI sample. The low acceleration
voltage of primary ion (10 kV) adopted for LSI may be responsible
for the low upper mass limit. The peaks with small masses detected
by LSI should originate from molecular ions because LSI is known to
be one of the soft ionization techniques by the aid of matrix and the
low acceleration voltage was adopted in the present study. On the
other hand, such peaks with low molecules are mostly olefins,
resulting from fragmented ions of alkyl side-chains.?> Adoption of the
higher acceleration voltage is expected to detect molecules with the
higher masses by LSI.

The expanded mass spectra show significant difference in peak
positions and patterns depending on ionization methods (Figure 1
insets). The difference in peak positions should be caused by the
detection of compounds with different kinds of hetero-atoms, number
of double bonds, or number of rings. When focused on patterns of a
sequence of adjacent peaks appeared in ESI spectrum, abundance of
peaks with even masses was observed compared to those with odd
masses, compatible with the detection of compounds with
monoisotopic and *C isotopic ions, respectively. On the other hand,

LSK(a)

El(b)
m/z
ESI(c)
m/z
200 400 600 800 1000

m/z
Figure 1. FT-ICR mass spectra of Arabian vacuum residue in each
ionization technique; LSI(a), EI(b), and ESI(c). Insets show mass
scale expansion from 400 to 404 Da.
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Table 1. Estimated Molecular Formulas for the Peaks m/z
271.1503, 272.1426, 274.1588, 275.0900 and 275.1796 in Fig. 1(a)

Measd. mass Molecular formula Formula mass / Da 7
/Da olecular formu (Difference / mDa)
271.1503 [CisHp,S+H] 271.1515 (0.8) -14
272.1426 [CyoH;N+H]" 272.1434 (-0.8) -23
274.1588 [CooH oN+H]" 274.1590 (0.2) -21
275.0900 [C1oHsS+H] 275.0889 (1.1) -23
275.1796 [CyHyp+H] 275.1794 (0.2) -20

*Hydrogen deficiency index: [C,HapizNmSc+H]"

adjacent peak intensities were random for EI spectrum, due to
existence of the molecular ions (even mass) and fragment ions (odd
mass) simultaneously.” LSI showed similar peak patterns to those of
EI. Odd-mass ions detected in LSI may correspond to the compounds
with zero or even-numbers of nitrogens based on soft ionization
conditions. In every mass spectrum, a clear periodicity appears with
similar peak intensities repeating at every 14 nominal mass unit. This
periodicity predicts the presence of a series of compounds with
different methylene chains. These homologues were detected
irrespective of compound species, since the detected components
changed by ionization. The chemical formulas of compounds
detected by LSI were characterized on the basis of accurate mass
measurements. The most plausible molecular formulas estimated for
the measured peaks of 271 < m/z < 275 are shown in Table 1,
together with hydrogen deficiency index denoted by C,H,,zX. The
deviation between measured and calculated masses is very small; less
than 1.1 mDa. Hydrocarbons, S-containing compounds, and N-
containing compounds  ([CyHpniz+H]", [CyHanzS+H]', and

S-cantaining compounds (a)

N-containing campounds (¢)

107

rios)

Figure 2. The Compounds distribution detected in LSI mass
spectrum; (a) S-containing compounds, (b) Hydrocarbons, and N-
containing compounds(c).

[CaHanZN+H]', respectively) are detected as major peaks in the LSI
mass spectrum (230 < m/z < 330), whose distributions are
summarized in Figure 2.

The most abundant constituents were S-containing compounds
with carbon and Z number of 17~18 and —18~—22, respectively.
Considerable difference in compound type distribution was observed
for hydrocarbons, S-containing and N-containing compounds.
Furthermore, we observe significant difference in peak intensities for
kinds and types of compounds among three ionization techniques.
For example, hydrocarbons and S-containing compounds were
detected in similar intensities by EI, whereas N-containing
compounds were detected preferentially by ESI.

The ranges of detected carbon numbers and hydrogen deficiency
indexes for each ionization technique were summarized for
comparison in Table 2. Hydrocarbons and S-containing compounds
with similar carbon numbers are detected by EI and LSI, while
whose hydrogen deficiency indexes by LSI is smaller than those by
EL.  Thus, it is anticipated that paraffinic and highly aromatic
compounds are preferentially ionized by EI and LSI, respectively. N-
containing compounds were detected both by ESI and LSI. Therefore,
it is demonstrated that the detectable compounds vary depending on
an ionization technique; each of them complements the analysis of
complex mixture.

Table 2. Detectable Constituents of Arabian Vacuum Residue in
EIL, ESI, and LSI Mass Spectrometry.

EI ESI LSIMS
7~30 12~22
(CnH2n+Z) (CnH2n+Z)
C- 8~27 11~30
number (C H,,,,S) (CaH2,:28)
27~59 12~33
(CaHanizN) (CaHanizN)
-16~2 24 ~-12
(CoHaniz) (CoHapiz)
z- -14~-4 26~-14
number (C H,,,,S) (CoHapizS)
-46 ~ -8 32~-14
(CaHanizN) (CaHanizN)
References

(1) Miyabayashi, K.; Suzuki, K.; Teranishi, T.; Naito, Y.; Tsujimoto, K.;
and Miyake, M. Chem. Lett., 2000,172.

(2) Miyabayashi, K.; Naito, Y.; Tsujimoto, K.; and Miyake, M. Int. J. Mass.
Spectrom. 2002, 221, 93.

Fuel Chemistry Division Preprints 2003, 48(1), 49



ESTIMATION OF THE STRUCTURAL PARAMETER
DISTRIBUTION OF ASPHALTENE USING
PREPARATIVE GPC TECHNIQUE

Shinya Sato and Toshimasa Takanohashi

Institute for Energy Utilization
National Institute of Advanced Industrial
Science and Technology
16-1 Onogawa, Tsukuba,
Ibaraki, 305-8569, JAPAN

Ryuzo Tanaka

Central Research Laboratory
Idemitsu Kosan Co. Ltd.
1280 Kami-izumi, Sodegaura
Chiba, 299-0393, JAPAN

Introduction

In the investigation of the reactivity of heavy hydrocarbons, the
structure of asphaltene is an important factor. Although asphaltene
shows a wide variety of properties because it is a complex mixture of
molecules with a wide range of molecular weights, most of the
discussions have conventionally been based on the average molecular
structure. Even though some researchers have been trying to reflect
structural distributions into structural parameters, most of them are
expressions of parameters such as molecular weight with an
assumption of a mathematical distribution functionl) and not an
expression of distribution based on the results of analyses.

In a previous study, we found a tendency of the asphaltene
properties to be that the aromaticity is high when the average
molecular weight is low, whereas the aromaticity is low when the
average molecular weight is high. Thus, in the present study,
asphaltene was fractionated according to the molecular weight using
Gel Permeation Chromatography (GPC), average structural analyses
were carried out on each fraction, and the molecular weight
dependency of the structural parameters was investigated.

Experimental

The asphaltenes used in this study were recovered from the
vacuum residue distillation of
Maya crude oil (AS-MY) from
Mexico (Table 1). Two series of
runs were carried out for AS-
MY. In the first run, AS-MY

Table 1 Properties of Asphaltene
Content in VR % 249
Elemental analysis, wt%

was separated into 50 GPC C 82.0
fractions around the peak area H 7.5
through a Shodex KF-2003 N 13
GPC column using chloroform

as solvent. This process was S 7.1
repeated 50 times and 500 mg Ni, ppm 390
of asphaltene was separated. V, ppm 1800

Then the collected fractions H/C 1.11
were put together into 5 ’
consolidated fractions so that
the recovery rate of each
fraction was about the same.
Subsequently, average structure
analyses” were carried out
using the results from the GPC
molecular weight measurement
using Shodex K403F column,

Carbon aromaticity 0.50
Molecular weight
Number averaged 873
Weight averaged 2148
by LD/MS 1221

VR : Vaccuum residue

elemental analysis, and 'H- and '*C-NMR analysis” in order to
investigate the molecular weight dependency of the representative
parameters of the average structure.

In the second run, AS-MY was separated into 50 fractions by
GPC. Then the 50 fractions were analysed as the same manner as
those in the first experiment except C-NMR. The results were
compared with those for the consolidated fractions.

Results and Discussion

GPC separation The recovery rate of asphaltene was calculated
using the sum of the recovery amounts in the 30 fractions and the
residual amount in the waste as 100 wt% value. The recovery rate
from AS-MY in the 30 fractions was 69 wt%. For the second
experiments, similar results were observed indicating a good
reproducibility in the GPC separations.

Based on this value, the fractions were put together into 5
consolidated aliquot of the fractions so that each fraction consists of
approximately 14 wt%. The physical properties of each fraction for
AS-MY, summarized in Table 2, show that the properties were
constant in fractions 1 to 3, but in fractions 4 and 5, the H/C values
seem to be decreasing and the fa value increasing.

Table 2. Properties of fractionated asphaltenes for AS-N
Fraction | 1 2 3 4 5
Recovery, wt%

18 13 13 16 10
Elemental analysis, wt%

C 794 815 816 832 8l.6

H 7.88 791 7.67 747 698
N 1.18 120 139 163 1.60

S 7.17 752 690 534 6.70
H/C .18 1.16 1.12 1.07 1.02

"H-NMR

Ha 7.5 8.7 72 100 11.7
Hq 13.6 147 205 18.0 238
Hg 59.3 573 563 544 507
Hy 19.7 193 159 17.6 138
fa 042 047 045 046 0.55
MW 6984 3318 1677 674 145

MW: number averaged molecular weight by GPC

Structural parameter distribution Average structural analysis
utilizes a number of structural parameters for the consolidated 5
fractions. Among them, we have especially focused on H/C, N/C, S/C,
terminal methyl group carbon (Cy/C), fa (Ca/C), total ring numbers
(Rt), and aromatic ring numbers (Ra) that are closely related to the
structure of condensed rings which contain aromatic ring(s).
However, there is no established consensus on the significance of
molecular weight in GPC, so the average structural parameters
obtained from the molecular weight in GPC were converted into
values for a single carbon atom for this study. The parameters
including H/C, N/C, S/C, and fa values were calculated directly from
the analytical values. Cy/C was calculated using H/C and the results
of '"H-NMR. Since Rt itself is dependent on the number of carbons,
the Rt” value obtained by the equation 1 was used in the evaluation as
the parameter of the total ring number.

Rt" = (Rt -1)/C = I- (H/C + fa) /2 (1)

The structural parameters obtained in the above-mentioned way
are summarised in Table 3.
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Table 3. Structural parameters of fractions from AS:

Fractions 1 2 3 4 5
MW 6984 3318 1677 674 145
H/C 1.18 1.16 1.18 1.12 1.02
N/C 0.013 0.013 0.012 0.015 0.017
S/C 0.034 0.035 0.033 0.032 0.031

fa 045 046 046 048 0.58
Cr/C 0.077 0.074 0.058 0.062 0.046
Rt'/C 0.186 0.190 0.175 0.198 0.202
Ra/C 0.124 0.136 0.126 0.143 0.143

Among these parameters, H/C and fa varied through fractions 3
to 5, whereas other parameters did not vary as much. Indeed, Rt’/C
values, which are a function of H/C+fa, showed as almost constant;
the results suggest that the variations of H/C and fa were
complementary.

When asphaltene is fractionated, H/C values can readily be
obtained by elemental analysis, while the actual measurement of the
fa value is relatively difficult due to the sample amount. Therefore,
the relationship between them is thought to be very useful. Fig.1
shows that on the low molecular weight side with the boundary at
around MW 1000 to 1500, the aromaticity decreases as molecular
weight increases, whereas on the high molecular weight side, the
parameters become constant.

1.2 1.0
1.0 r HIC 1 0.8
©
00.8 - fa _.0 06 o©
< R _ . O’ - S
Tos O @ 104 =
Rt &
04 Fo--0--0---0------ o402
oA s O = -0
0.2 8 0.0
10000 1000 100
Molecular Weight
Fig. 1 Correlations of H/C and fa on MW
determined by GPC
From the observed parameter variations, the following

assumptions on the condensed rings of AS-MY were obtained: As
molecular weight increases, (1) the lower the molecular weight is, the
higher the aromaticity is; (2) up to MW 1000 to 1500, the molecular
unit grows and the rate of having a side chain increases, therefore
H/C increases and the fa value decreases; (3) over MW 1500,
condensation or agglomeration of the fused ringsystem becomes
predominant instead of the growth of the fused ring system.

For the fractions in the second experiments, the only the No.10-
24 fractions can be analysed. The others were recovered too small
amounts for the analyses. The trends for H/C and O/C, the content of
O was the differential, are shown in Fig. 2. N/C and S/C are not
varied. H/C curve had two boundaries. The higher boundary is
around MW 1500, wich is almost the same as MW in the first
experiment. Fig. 2 also shows that low MW molecule contains more
oxygen, indicating that small asphaltene molecule is significantly
polar. The average molecular structurer would be analysed from

1.2 0.10
- “’% 0.08
o 08 | L 006 o
T o6 - i . "7 004 O

0.00.00 % o
04 | *® UT° * 002
0.2 0.00
10000 1000 100
MW

—+—H/C - O/C

Fig. 2 H/C and O/C for 30 fractions
separated by GPC

those data by estimating the fa using the correation H/C + fa is
constant.

Conclusion

AS-MY was separated into 5 and 30 fractions by two runs of
preparative GPC, respectively. Average structural parameters were
estimated by structure analyses for those fractions, and the trends of
structural parameters per carbon were discussed.

H/C for both runs increased with increase in the molecular
weight up to the molecular weight of 1000-1500, while fa was
decreased with increase in the molecular weight in the same range.
For the higher molecular weight, all parameters mentioned above,
including H/C and fa, are almost constant. In the case of the first run,
the sum of H/C and fa, which is related to the number of total rings,
was almost constant in a wide range of molecular weight observed as
well as the parameter for the number of aromatic rings. N/C and S/C
were also constant for both runs.

It is thought that asphaltene molecule was monomer and the
growth of core structure mainly occurred up to the molecular weight
of 1000 - 1500, and the polymerisation or agglomeration of monomer
was predominant for the higher molecular weight.
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Introduction

Activated carbon has been prepared from coals of various ranks
and types, but the highly reactive Fort Union lignites have not been
utilized commercially for preparing adsorbent carbons or other useful
carbons. We recently reported that the high-sodium Fort Union
lignites can be utilized as the precursor for preparing superior
powdered activated carbon (PAC) adsorbents for removal of very-
high-molecular-weight-humate molecules from water (1). Activation
conditions were relatively mild (750°C, 30 min) in order to limit
excessive burnout during steam activation; consequently, the surface
areas obtained for these carbons were relatively low (240 m%/g for
the Freedom lignite) and varied considerably depending on the
lignite seam. Yet the intercept of the modified Freundlich plot (1)
representing the K value for sorption of humate on the high-sodium
carbon was much larger than that for the Calgon F400 carbon. The
success in removing macromolecules was attributed to the larger pore
structure in these carbons. Because of the high activity and low
production and transportation cost, there is considerable potential for
application of these low-area PACs to water treatment in the northern
tier states with surface waters draining peatlands. Tests with actual
surface waters from this region showed improved removal with the
high-sodium carbons. Removal of these humate precursors of the
disinfection by-products will enable water treatment facilities to meet
newly promulgated federal drinking water regulations.

The Fort Union activated carbons were less effective, however,
for adsorption of small molecules, such as hydrocarbons or
chlorinated hydrocarbons, owing to the low surface areas or low
number of micropores (1). Thus methods for achieving activation to
larger micropore dimensions were desired to expand the potential
market for the Fort Union carbons as granulated carbon. The effects
of demineralizing coals on the resulting carbon properties were
reported by several investigators (2—5). Since the inorganic cations in
chars catalyze the gasification reaction, removal of the inorganic
species resulted in slower rates and development of higher
microporosity during activation. Consistent with this deactivation
behavior, exchange of ammonium for sodium in the Freedom lignite
prior to carbonization (under identical conditions) resulted in
activated carbons with somewhat higher surface areas (BET = 350—
370 rnz/g) compared to the low values of the carbon from the as-
received lignite. Humate removal was less effective than with the
high-sodium carbons. Toluene isotherms showed improved
adsorption but were not as effective as Calgon F400.

The objective of these studies was to determine if low-cost
cation removal methods evaluated earlier by Baria (6) could give
lower-activity chars from the Fort Union lignites and whether more
severe activation conditions could then be applied to the exchanged
lignites without excessive loss of mass and loss of microporosity.
The demineralization method chosen was a sulfurous acid wash that
would be the most cost-effective with these lignites in removing
cations.

Experimental

Preparation of Activated Carbons. Activated carbons were
prepared from a high-sodium Dakota Gasification Company Freedom
mine coal, ground, and sieved to 8 x 20-mesh particle size. lon
exchange was carried out by stirring the coal in 6% sulfurous acid
solution overnight. The ion-exchanged coal was filtered, washed with
deionized water, and air dried at 110°C. For carbonization, 50 g of
the granular coal was placed in a stainless steel tube reactor and
heated to 400°C in a gentle flow of nitrogen. The reactor was held at
this temperature until tarry material ceased to evolve. The
carbonization yield for the exchanged coal at 400°C (30 min) was
65%. For steam activation, the char was added to a quartz reactor,
which was heated to the desired activation temperature in a gentle
flow of nitrogen. A steam—nitrogen mixture was passed through the
reactor for the desired time at the reaction temperature. The activated
carbon was cooled under nitrogen and removed from the reactor,
weighed, and stored under nitrogen for further use.

Carbon Properties. The steam-activated carbon was ground to
—200-mesh size prior to using for water treatment. lodine numbers
were determined to investigate the effect of conditions used for
generating the activated carbons on the surface area of the carbons.
Isotherms were determined for solutions of trichloroethylene (TCE)
(10.2 pg/mL) and toluene (10.2 pg/mL) in water by adding known
weights of the carbons (1.00 to 20.00 mg) to 50 mL of the solution
and stirring for 2 hr. Concentrations were determined in the
equilibrated solution supernatants by extraction into minimal
dichloromethane containing the internal standard fluorobenzene and
gas chromatography analysis on a 3-u DB5 phase column.

Results

Cation Removal. Lignites typically have a large content of
inorganic cations (especially sodium) associated with the weak acid
carboxylate groups of the organic structure. The sodium content of
the Fort Union lignite ash amounts to 4%—12% as Na,O where the
ash represents 10% of the as-received weight. These cations are
responsible for ash fouling during combustion and, as mentioned
above, have a large effect on the gasification rate and consequently
on the development of the metaplast and subsequent formation of the
micropore structure. Thus dramatic effects on carbon properties and
behavior are obtained by removal of these ions. The ions are
removed by an exchange process, with sodium being the most easily
exchanged ion. Although ammonium exchange is effective and used
in analytical procedures, the use of acid is less expensive (Baria).
Impure dilute sulfurous acid potentially available from flue gas
represents the least costly alternative.

Washing the 16% ash (mf basis) Freedom lignite with sulfurous
acid gave an ash content of 8.57% (mf basis) after drying. Thus, not
only sodium, but other cations and minerals such as carbonate were
removed.

Activation at Various Temperatures. The 400°C char was
activated using a matrix of temperatures and activation times. The
carbon yields are given in Table 1. The longer reaction times and
higher temperatures gave lower carbon yields, as expected.

Activated Carbon Properties. Surface areas of the activated
carbons from the exchanged lignite char are reported in Table 1.
Increasing the activation temperature from 650° to 750°C resulted in
increases in surface area, but further increase to 800°C gave a lower
iodine number. This temperature behavior parallels that of the as-
received coal, but at higher values. At 750°C, the surface areas
decreased dramatically with increasing activation time. Thus
optimum surface areas are obtained at 750°C for 30 min, the same
conditions as with the as-received coal.

Adsorption Isotherms. To evaluate the potential for the
exchanged lignite-activated carbons in PAC applications in treating
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Table 1. Effect of Reaction Temperature and Time on the
Carbon Yield and Surface Area
(exchanged lignite char = 50 g)

Activation Conditions Carbon Yield, % lodine #
Char Carbonized @400°C 179
Steam Activation @ 650°C/90 min 87 310
Steam Activation @ 700°C/90 min 83 330
Steam Activation @ 750°C/90 min 60 439
Steam Activation @ 750°C/30 min 68 483
Steam Activation @ 800°C/30 min 60 467
Steam Activation @ 750°C/60 min 64 448
Steam Activation @ 750°C/120 min 40 350
Steam Activation @ 750°C/90 min* 30 368

* = yolume of steam was doubled.

halocarbon- or hydrocarbon-contaminated water, adsorption isotherms
were determined for the 750° and 800°C activated carbons from the
sulfurous acid-exchanged lignite in solutions of toluene and TCE in
water. The isotherm data were plotted using the conventional
Freundlich method (log pg removed/g sorbent versus log C.q in
pg/mL). The results of these plots are given in Table 2. Results from
earlier tests performed with the carbons from as-received lignite and
ammonium acetate-exchanged lignite (1) are also shown in Table 2.
The intercepts for the isotherms of the carbons from the exchanged
lignite show significant increases over those obtained for the carbon
from the as-received lignite. The lower-surface-area 800°C carbon
exhibits lower intercept values for toluene and TCE. Thus these
intercepts, which represent the log K values for the systems, are
consistent with the surface areas determined for the carbons. The
750°C conditions optimize both the surface area and adsorption
potential. The intercept for the 750°C carbon from sulfurous acid-
washed lignite was also improved over that observed earlier for the
750°C carbon from ammonium acetate-exchanged lignite.

Table 2. Isotherm Data for Activated Carbons from Lignite

Activated Carbon Toluene TCE
Lignite Act. Temp.  Intercept Slope Intercept  Slope
Freedom — 750°C 4.69 0.25 4.66 0.29
H,S0;

Freedom — 800°C 4.09 0.48 3.27 1.47
H,S0;

Freedom — 750°C 4.30 0.59

NH," Ac

Freedom — 750°C 3.00 1.17

a.r.

Conclusions

The sulfurous acid wash appears to be more effective than the
ammonium exchange in removing organically associated cations that
can catalyze excessive burnout during activation and perhaps other
minerals, such as calcium carbonate, that may plug pores. Activation
of the sulfurous acid-exchanged lignite resulted in higher surface
areas, owing to development of microporosity in the carbon. Higher
activation temperatures resulted in lower surface area, which may be
attributed to the very high reactivity of the char, even in the absence
of the cations. Thus surface areas are lower than those attainable
from bituminous coals. Removal of toluene and TCE representing
small hydrocarbon and halocarbon molecules was improved by the
exchange procedure.
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1. Introduction

Due to the widely application of low-NO, burner technologies,
fly ashes of high unburned carbon content derived from coal-fired
combustors are an increasing problem for the utility industry '. High
carbon content fly ashes cannot be marketed as a cement extender?,
and therefore, have to be disposed. In 1999, over 60 million tons of
fly ash and around 6 million tons of fly ash carbon were generated by
the utility coal industry . The authors have previously conducted
extensive studies on the characterization of unburned carbon and
showed the potential to produce activated carbons from unburned
carbon by a one-step steam activation process *°. However, the
unburned carbon in fly ash has gone through a devolatilization
process while in the combustor at temperatures above 1200°C that
are much higher than those conventionally used for devolatilization
or carbonization of precursors of activated carbons. Therefore, the
reactivity of fly ash carbons during the activation process is
relatively low and the activated carbons produced from fly ash
carbon by one-step activation have a high content of mesopores®.
Accordingly, the present study focuses on the modification of the
one-step activation process in order to promote the development of
microporosity, which is highly desired in commercial activated
carbon. Nitric acid and hot air are widely used to modify the surface
of carbon solids™. Accordingly, in this study nitric acid and hot air
were selected to pre-oxidize the fly ash carbon prior to activation in
order to produce activated carbon with comparable properties to
those reported for commercial activated carbons.

2. Experimental

2.1 Samples. The parent study sample, FA-1, was collected at
Penn State University from a 2 MM Btu/hour pulverized coal-fired
suspension firing research boiler that uses a high volatile bituminous
coal from the Middle Kittanning seam. Two pretreatment methods
were developed, where the first one involves oxidizing the fly ash
carbon in boiling nitric acid. Prior to the nitric treatment, the
unburned carbon was enriched by flotation/sink and acid
(HCI/HNOs/HF) digestion at 65°C. The carbon content of the sample
after demineralization is higher than 97%. The resulting samples
after nitric acid oxidation were named as FA1-NX, with X
representing the nitric acid oxidation time (in hours). The activation
of the pretreated samples was carried out in a fixed bed reactor that
was placed inside a horizontal furnace. The resulting activated
carbons were designated as FA1-NX-851, with X representing the
hours of nitric acid pretreatment and 851 representing activation at
850°C for 1 hour. For the second pretreatment method, the fly ash
sample was oxidized in air for different time periods. The resultant
activated carbons were designated as FA1-GPX-851, with X
representing the number of hours pretreated in air. The activation
experiments for the air pretreated samples were carried out in a
fluidized bed reactor that was placed inside a vertical furnace, as
previously described °. For the purpose of comparison, the untreated
samples were also activated under the same conditions.

2.2 Characterization. A Kratos Analytical Axis Ultra XPS was
used to study the surface chemistry of the samples. XPS

quantification was performed by applying the appropriate relative
sensitivity factors (RSFs) for the Kratos instrument to the integrated
peak areas. The approximate sampling depth under these conditions
is 25A. The porosity of the samples was characterized by conducting
standard N, adsorption isotherms at 77K using a Quantachrome
adsorption apparatus, Autosorb-1 Model ASIT. The pore sizes 2nm
and 50nm were taken as the limits between micro- and mesopores,
and meso- and macropores, respectively, following the IUPAC
nomenclature '°.

3. Results and Discussion

3.1 Nitric acid pretreatment. As expected, nitric acid
pretreatment successfully introduced oxygen surface groups on the
fly ash carbon, as showed by the XPS data presented in Table 1. The
sample FA1 prior to nitric acid treatment already contains 10.5%
oxygen on the surface, probably due to oxygen introduced by the
acid digestion process (HC/HNOs/HF). With increasing oxidation
time, the oxygen content on the surface of the fly ash carbon
increases, and when the pretreatment time is extended to 5 hours, the
surface oxygen content of the fly ash carbon is as high as 16.7%.
Species observed on the surface of the samples include C-C, C-(O,
N) and COO". All the pretreated samples contain distinct COO’
bands at 288.5eV. A smaller, unresolved C-(O, N) peak might also
have been present. A curve fit to the experimental carbon s spectra
showed that the nitric acid pretreatment created a large amount of
carboxylic COO- groups on the surface of the fly ash carbon, as
previously reported for oxidation of anthracites °.

Table 1. Summary of Elements Detected by XPS (Rel. Atom %)

Sample C (6] Others*
FAl 81.3 10.5 8.2
FA1-N1 84.8 14.6 0.6
FA1-N3 84.5 14.0 1.5
FA1-N5 82.5 16.7 0.8

* Includes halogen, nitrogen, and earth mineral elements.

The porous texture properties, as determined from the 77K N,-
isotherms, of the parent sample and its counterparts oxidized with
nitric acid are presented in Table 2. It can be seen that the nitric acid
pretreatment increased the porosity of the fly ash carbon. For
example, the surface area of the fly ash carbon increases to 278m?/g
for 5 hours pretreatment compared to 125m?/g for the parent sample.
The average pore size decreases to 2.21 nm from 2.46 nm, which
indicates that the pores developed during pretreatment are mainly
micropores.

Table 2. Porous texture characteristics of the parent sample and its
counterparts oxidized with nitric acid.

Sample BET surface Pore volume,  Average pore
area, m>/g ml/g diameter, nm
FA1 125 0.077 2.46
FA1-N3 179 0.104 2.34
FA1-N5 278 0.153 2.21

3.2 Activation of nitric acid pretreated samples. The samples
pretreated with nitric acid were then activated by steam at 850°C for
1 hour. The N,-77K isotherms of the resultant activated samples
(FA1-N1-851, FA1-N3-851, and FA1-N5-851) are shown in Figure
1, and Table 3 lists the surface area and pore volumes calculated
from the isotherms. For the purpose of comparison, the sample
without pretreatment (FA1-851B) is also included in Figure 1 and
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Table 3. The isotherms of all the pretreated samples have higher
adsorbed volumes than the sample without pretreatment (Figure 1).
For the 1 hour pretreatment sample (FA1-N1-851), the isotherm has
similar shape to the sample without pretreatment, but it has a larger
adsorbed volume for the micropore filling. For the 3 and 5 hours
pretreatment samples (FA1-N3-851 and FA1-N5-851), the micropore
filling at low relative pressure has not changed significantly, except
than the isotherms present a more open knee, indicating a wider
micropore size distribution.

550

450

0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure, P/Po

Figure 1. N,-77K isotherms of the activated parent sample and the
samples activated after nitric acid pretreatment.

Table 3 shows that after 1 hour pretreatment, the surface area of
the resultant activated carbon is as high as 1139m*g, compared to
890m?%/g for the sample without pretreatment. Similarly, the
pretreated sample has a smaller average pore size, 2.16nm, compared
to 2.27nm for the sample without pretreatment. This activated
sample also has a micropore surface area of 1053m?/g. With longer
pretreatment time, the surface area decreases together with a larger
average pore size. Therefore, for the nitric pretreatment, the optimal
pretreatment time is 1 hour.

Table 3. Porous Texture Characteristics of the Activated Parent
Sample and the Samples Activated after Nitric Acid pretreatment.

Sample BET surface  Pore volume,  Average pore
area, mz/g ml/g diameter, nm
FA1-851B 890 0.505 227
FAI-N1-851 1139 0.615 2.16
FA1-N3-851 1131 0.666 2.36
FA1-N5-851 969 0.558 2.30

3.3 Activation of air treated samples. The samples were
pretreated for 1-3 hours in hot air and then steam activated at 850°C
for 1 hour. Table 4 presents the porous texture characteristics of the
samples activated after air pretreatment (FA1-GP-1, FA1-GP-2, and
FA1-GP-3) and the parent sample (FA1-851).

Table 4. Porous Texture Characteristics of the Parent Sample (FA1-
851) and Samples Activated After Air Pretreatment (FA1-GP-1,
FA1-GP-2, and FA1-GP-3).

Sample BET surface Pore volume, Average pore
area, m’/g ml/g diameter, nm
FA1-851 585 0.326 2.23
FA1-GP-1 732 0.434 2.37
FA1-GP-2 931 0.526 2.26
FA1-GP-3 892 0.546 2.45
When comparing the two samples activated without

pretreatment (FA1-851 and FA1-851B), FA1-851 has a much smaller
surface area, 585m%/g (Table 4) than that reported for FA1-851B,
890m*/g (Table 3). Although both samples were activated at the

same temperature and for the same period of time, FA1-851B was
obtained from the FA1l fly ash carbon after acid digestion under
65°C, while FA1-851 was obtained directly from FA1 without the
acid digestion step. As discussed in Section 3.1, the acid digestion
process introduced some oxygen, which will probably improve the
reactivity of the sample during activation. Furthermore, for FA1-851
and FA1-851B different reactor designs and operation conditions
were used, where FA1-851 was activated under fixed bed conditions,
while FA1-851B was activated in a fluidized bed. The data in Table
4 show that the pretreated samples present surface areas up to 59%
larger than their untreated counterpart (931 m%*g with 2 hour
pretreatment compared to 585m%g without pretreatment). When
extending the pretreatment time to 2 hours, the surface area and pore
volume for the resultant activated carbon increase to 931m%g and
0.526ml/g, respectively, together with an average pore size of
2.26nm. However, extending the pretreatment time to 3 hours
resulted in a decrease of the surface area and pore volume.

4. CONCLUSIONS

The two pretreatment methods used here have increased the
surface area and pore volume compared to the samples without
pretreatment. The results reported here show that both methods are
effective to increase the surface area of the resultant activated
carbon, especially the micropore volume. The resultant activated
carbons have a surface area up to 1139m?g (including micropore
surface area 1053m?/g), and pore volume 0.615ml/g (including
micropore volume 0.518ml/g). The properties of the produced
activated samples will be compared to commercial activated carbons.
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Abstract

In this study, activated carbons were produced from raw, HCI
treated and HCI/HF treated (demineralized) Elbistan lignites under
various experimental conditions. In carbonization experiments, coals
were heated to four different temperatures 700°C, 800°C, 900°C, and
1000°C with a heating rate of 10°C/min, under a nitrogen flow of 100
ml/min for two hours. In activation experiments, coals were first
carbonized as described and then activated in carbon dioxide
atmosphere at the final carbonization temperature for an additional
two hour. The flow rate of pure carbon dioxide was held at 100
ml/min. The BET surface area of the lignite was measured as 3.7 m’.
The highest surface area was measured for the HCI-HF treated
sample activated at 1000°C as 1177.6 m*. Scanning tunnelling
microscopy was used to analyze surfaces of carbonized and activated
coal samples. X-ray diffractograms indicated the presence of some
crystalline carbon structures in the products of carbonization and
activation reactions.

Introduction

The problem of environmental protection is continually increasing
the importance of treatment of wastewater and gas emissions in order
to remove toxic substances. This has renewed interest in the
production of activated carbons. Continous increase in demand
makes it necessary to make use of different basic materials. Among
these, coal is the most widely used so that about 60% of the activated
carbon production is obtained from this source [1]. Both high and low
rank coals are used for the production of activated carbons [2]. At the
same time, activated carbon is manufactured from various raw
materials such as peat, polymeric resins, wood and coconut shells [3-
6]. The effecting factors for the production of activated carbons are:
initial material (used for manufacturing), the heat treatment
conditions, reagent gas, residence time, inorganic impurities [7-9].

The total porous structure of an activated carbon is formed by a
wide range of pore sizes. The macropores of an activated carbon act
as transport pores, enabling the molecules of the adsorptive to reach
the smaller pores situated in the interior of the carbon particle. Thus,
the macropores are not important from the point of view of the
amount adsorbed in them, since their surface area is very low, but
they affect the rate of diffusion into the meso and micropores. The
micropores constitue the largest part of the internal surface and
consequently, most of the adsorption takes places within them; at
least 90% of the total surface area of an activated carbon corresponds
to the micropores. The mesopores, which branch off from the
macropores, serve as passages to the micropores for the adsorptive
besides acting as pores where capillary condensation can take place.

The two main steps in the production of the activated carbon are
carbonization and activation. The first step is carbonization and is
usually performed in an inert atmosphere to remove volatile matter.

The coal structure decomposes by the breakage of the least stable
bonds within the structure which are methylene , oxygen, and sulfur-
bridges between the aromatic building blocks [10]. The char is
enriched in carbon and more aromatic in comparison with the raw
coal particle. The latter step of activation consist of mild oxidation
with such oxidizing gases as steam, CO, and air to develop an
appropriate pore structure [11].

The aim of this study was the preparation of activated carbons
from a low rank lignite. Effect of carbonization and activation
temperatures, influence of the mineral matter content of the coal used
on the properties os carbons produced were investigated. Changes in
surface area, surface structures and crystal structures developed
during carbonization and activation were also investigated.

Experimental

Materials

Elbistan lignite was used in this study. Lignite samples were
ground and sieved to a particle size less than 100 um. Proximate and
ultimate analyses of the materials are shown in Tablel. There are
three main steps as demineralization, carbonization and activation of
samples at different temperatures during production of activated
carbons from materials. To compare the effect of mineral matter on
carbonization and activation experiments, the acid treatment was
carried out by washing the coal with HCI followed by HF. 18.0 g coal
sample was mixtured for 1 hour in 120 ml 5 N HCI solution. Then the
treated coal washed in water with warm distilled water. Washed coal
was mixtured with 120 ml 22 N HF for 1 hour. The coal was filtered
off and washed. Treated (HCI and HF) coals dried at 100°C in an
inert atmosphere.

Carbonization Experiments

Raw, HCI and HCI-HF treated coal samples were dried at 100°C
an inert atmosphere. 8.00 g sample was placed into a porcelain
crucible and then dropped into a furnace purged with ultra high pure
nitrogen. Coal samples were heated to four different temperatures
700, 800, 900 and 1000°C with a heating rate of 10°C/min, under a
nitrogen flow of 100 ml/min for two hours. After the carbonization
experiments, system was cooled to room temperature under the
nitrogen flow. Chars were taken out from the system.

Activation Experiments

Carbonized coals were activated under a CO, flow of 100 ml/min
at the final carbonization temperature for an additional two hours.
System was cooled to room temperature under the nitrogen flow.
After that, chars were taken out from the system. Chars obtained
from carbonization and activation experiments stored for physical
characterization tests.

Surface Analysis

Surface areas of activated carbons were determined by ASAP2000
Accelerated Surface Area and Porosimetry system manufactured by
Micromeritics Co., USA. Surface area of the samples were
determined by using BET equation in the relative pressure range of
between 0.05 to 0.25, over five adsorption points.

Scanning Tunnelling Microscopy Studies

A scanning tunnelling microscope which was designed and
constructed in our laboratories was used to obtain the images of the
coal surfaces. All STM measurements were performed in air at room
temperature. The STM was operated at a variable current mode with
Pt/Ir sharp tip, with an average tunneling current of 0.5 nA and with a
bias voltage in the range of 250-500 mV. Median and Lowpass Filters
were used to reduce the noise from the environment and recover the
background.

X-Ray Diffraction Measurements

X-ray diffractograms of the samples of carbonized and activated
products were measured with a Bruker axs advance powder
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diffractometer fitted with a Siemens X-ray gun and equipped with
Bruker axs Diffrac PLUS software. The sample was rotated (15 rpm)
and swept from 2q = 10° through to 90° using default parameters of
the program. The X-ray generator was set to 40kV at 40 mA.

Results and Discussion

The aim of this study was to investigate the effects of acid
treatments and temperature on the pore structure of the coal char after
the carbonization and activation processes. Nitrogen gas adsorption
measurements of raw Elbistan lignite, carbonized and activated
lignite were given in Table 2. The BET surface area for raw Elbistan
lignite was found as 3.7 m%g. Surface areas of HCI and HCI-HF
treated lignite samples were measured as 3.8 m?%/g and 2.5 m%/g,
respectively. Treatment with HCl dissolved minerals which were
soluble in HCI such as carbonates, silicates, etc. and treatment with
HCI-HF eliminated all mineral matters except pyrite. The changes in
BET surface areas were due to the removal of inorganic matter which
generated high surface area and developed micropores. When the raw
and demineralized lignites were carbonized at 700°C, surface areas of
chars obtained from carbonization processes increased enormously.
The rapid increase in the surface area was attributed to the widening
of existing pores or the creation of new pores. As shown in Table 2,
surface area of carbonized char (340.4 m*/g) produced from HCI-HF
demineralized lignite greater than those produced from raw and HCl
treated lignite (147.6 m*/g and 243.6 m?/g). The char obtained from
HCI-HF treated lignite at 700°C possessed the higher adsorption
capacity than raw and HCI treated chars. It showed that more micro
or macropores developed in this sample at 700°C than for the raw
and HCl treated lignite and HCI-HF treatment increased the
accessible micropores. The similar trends were found at 800°C,
900°C and 1000°C. Surface areas of carbonized chars obtained from
HCI-HF treated samples were found to be much higher than those
obtained from untreated and HCI treated lignite samples. Surface
areas of chars prepared under carbonization at 800°C for raw, HCl
and HCI-HF treated samples were 170.8 mz/g, 254.0 mz/g and 395.9
m2/g. The further activation with CO,, after carbonization, increased
the surface area of these samples and changed the surface area of
activated chars to 201.3 m?%g, 283.5 m%g and 494.0 m?g,
respectively.

The variation of carbonization and activation temperature affected
the surface area of chars obtained after these processes. Surface areas
of carbonized samples obtained at 800°C were greater than that of at
700°C. The increase of the surface areas from 147.6 to 170.8, from
243.6 m*g to 254.0 m%g, from 340.4 m%g to 3959 m%g by
increasing the temperature of carbonization from 700°C to 800°C
was explained with the loss of volatile matter which leads to
development of porosity. So surface areas of chars increased as the
carbonization temperature increased. Similar trends were determined
in the activated chars. The surface characteristics of the activated
carbons were influenced by the activation temperature. The char
obtained from activation at 1000°C from HCI-HF treated lignites has
the biggest area.

X-ray diffractograms indicated the presence of crystalline carbon
structures in the products of carbonization and activation reactions.

Table 1. Proximate and Ultimate Analysis of Elbistan Lignite

Proximate analysis %, dry
Volatiles 44.8
Fixed Carbon 20.9
Ash 34.3
Ultimate Analysis %, dmmf
C 53.0

H 5.8

N 1.8

S 3.6

O (by difference) 35.8

Table 2. BET Surface Areas of Carbonized and Activated

Lignite Samples

Sample BET Area (m%/g)
Raw 3.7
HCI treated 3.8
HCI-HF treated 2.5
Raw- 700°C carbonized 147.6
HCI tre.ated- 700°C 2436
carbonized
HCl-HF treated- 700°C 340.4
carbonized
Raw- 700°C activated 213.8
HC_I treated- 700°C 2572
activated
HQI-HF treated- 700°C 440.5
activated
Raw- 800°C carbonized 170.8
HCl tre?ated- 800°C 254.0
carbonized
HCl-HE treated- 800°C 395.9
carbonized
Raw- 800°C activated 201.3
HQI treated- 800°C 2835
activated
HC_l-HF treated- 800°C 494.0
activated
Raw- 900°C carbonized 182.5
HCI trqated- 900°C 3288
carbonized
HCl-Hf treated- 900°C 5279
carbonized
Raw- 900°C activated 71.5
HQI treated- 900°C 3777
activated
HQI-HF treated- 900°C 675.0
activated
Raw- 1.000 C 135.0
carbonized
HCI trctated- 1000°C 413.9
carbonized
HCl-HE treated- 1000°C 5624
carbonized
Raw- 1000°C activated 20.9
HQI treated- 1000°C 4372
activated
HQI-HF treated- 1000°C 1177.6
activated
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Introduction

In future high-Mach jet aircraft the jet fuel is expected to
experience temperatures as high as 480°C (900°F) or above due to its
dual role as a coolant for the mechanical and electrical parts of the
aircraft (1). Coal-based liquids that are rich in naphthalenes have
shown great potential to be transferred into additives for advanced jet
fuels that meet the more stringent thermal stability requirements
under pyrolytic conditions (2). An additional problem with jet fuels
is the presence of dissolved oxygen (from air), which reacts with the
fuel in the autoxidative regime (150-250°C) before the fuel and its
oxygenated reaction products enter the pyrolytic regime (400-500°C)
(3, 4). Oxygen substituted antioxidants are added to the fuel to
prevent gum formations in the autoxidative regime while hydrogen
donors can be used to prevent thermal degradation of the jet fuel by
capturing free radicals generated by pyrolytic cracking of the
paraffinic compounds (5, 6). However, traditional antioxidants may
not prevent hydrogen donors from interacting with oxygen in the
pyrolytic regime thus reducing the thermal stability of the jet fuel by
prohibiting the hydrogen donors from stopping the free radical
propagation reactions leading to solid deposits (7).

Oxygen substituted hydrogen donors that can be derived from coal
liquids, including a-tetralone and o-tetralol, could increased thermal
performance of jet fuels both in the pyrolytic and oxidative regime.
Scheme 1 outlines one such route and suggests that the utilization of
coal derived chemicals can be the key in reaching the thermal
stability requirements for future high-Mach jet aircrafts.

(I) Thermal stabile jet fuel precursor
Coal —» > Hydrogen donor for
N increased thermal stability
N

\ OH N oH
— CO
Hydrogen donors for
\ increased thermal stability

o under oxidative conditions

O

Scheme 1. Possible utilization of coal derived chemicals as a key
element in reaching the thermal stability requirements for future
high-Mach jet aircrafts.

Firstly, naphthalene is readily obtained from coal. It can then either
be fully hydro-treated to decahydronaphthalene and serve as a
precursor for thermal stabile jet fuel in itself, or be partially hydro-

treated over to hydrogen donors, i.e. tetralin. Further, coal-derived
naphthols can be partially hydrogenated to o-tetralone or o-tetralol
(8), which may improve the oxidation-resistance both of the fuels and
the hydrogen donors derived from coal. Accordingly, this study has
investigated the above coal-derived chemicals as benign thermal
stabilizers for jet fuels using flow-reactor tests, where the thermal
stressing of the high performance liquids was closely related to the
actual operational conditions under both non-oxidative and oxidative
conditions. Significant improvements in the ability of these modified
hydrogen donors to withstand interaction with oxygen dissolved in
the jet fuel were observed.

Experimental

The jet fuel studied was JP-8 that is similar to the commercial
jet fuel Jet-A. The hydrogen donors tested were o-tetralone (Aldrich,
98%) and o-tetralol (Acros, 97%). For the flow reactor studies the
charge tank was purged with high purity O, (99.5%) for the
autoxidative studies and high purity N, (99.995) for the pyrolytic
experiments. A liquid hourly space velocity (LHSV) of 450 was
used. A silcosteel tubing was used to avoid secondary surface
reactions and the maximum bulk liquid fuel temperature at the exit of
the furnace was measured by a stripped thermocouple inserted into
the tube. The GC/MS traces were reported according to this exit
temperature. The GC/MS analysis was conducted on the liquid
products using a Shimadzu GC-174 coupled with a Shimadzu QP-
5000 MS detector. The column used was a Restek XTIS column
with a coating phase of 5% diphenyl / 95% dimethyl polysiloxane
and was heated from 40 to 290°C with a heating rate of 6°C min™.
The carbon deposit analyses were carried out using a LECO RC 142
multiphase carbon analyzer on 2 cm pieces of the flow reactor
tubing.

Results and Discussion

Figure 1 shows the GC/MS traces of JP-8 prior to stressing
(bottom), stressed under O, at 772°C for 3 hr without addition of
hydrogen donors (middle), and with addition of candidates for coal-
derived hydrogen donors (top). When stressed without hydrogen
donors there is a significant production of aromatic compounds and a
tremendous reduction in the paraffinic content for the JP-8.
Accordingly there is a significant boost in the thermal stability of the
jet fuel JP-8 when a mixture of the hydrogen donors o-tetralone and
tetralin was added to the jet fuel as shown from the GC/MS traces in
Figure 1. The addition of o-tetralone seems to reduce the impact of
oxygen on the JP-8 and also to enhance the overall performance of
the tetralin added.

Further, the hydrogen donors inhibit the formation of 3 and 4 ring
aromatic compounds that are clearly present for the JP-8 stressed
alone (Figure 1). These compounds are mainly associated with the
formation of solid deposit (3). This is also illustrated in Figure 2
where the solid deposit along the fuel line is compared. The initial
length at 8 cm corresponds to the inlet temperature around 25°C.
The first peak at 25 cm indicates autoxidative deposition while the
deposit above 50 cm derives from pyrolytic deposit. Clearly for the
JP-8 stressed alone there is a significant formation of deposit in both
the autoxidative and pyrolytic regimes. The combination of o-
tetralone and tetralin clearly helped preventing both deposition of
oxygenated compounds as well as solid deposit at higher
temperatures.
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Figure 1. Comparison of GC/MS traces for JP-8 prior to stressing
(bottom), stressed under O, at 772°C for 3 hr without addition of
hydrogen donors (middle), and with addition of candidates for coal-
derived hydrogen donors (top).
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Figure 2. Comparison of the solid deposit along the fuel line for JP8
with and without hybrid donor stressed at 772C for 3 hrs in a flow
reactor under oxygen.

Conclusions

The use of oxygenated hydrogen donors, such as «-tetralone,
significantly increased the thermal stability of the jet fuel JP-8 under
oxidative conditions. Further, the mixture of the hydrogen donors -
tetralone and tetralin suppressed the formation of aromatic
compounds during stressing of the jet fuel JP-8, especially 3 and 4
ring aromatics. In addition, the use of o-tetralone and tetralin
reduced both the autoxidative and pyrolytic solid deposition from the
JP-8 jet fuel in the fuel lines studied.
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Introduction
Coal has several positive attributes when considered as a
feedstock for aromatic chemicals, specialty chemicals, and
carbon-based materials. Substantial progress in advanced polymer
materials, incorporating aromatic and polyaromatic units in their
main chains, has created new opportunities for developing
value-added or specialty organic chemicals from coal.

Coal oxidation in alkaline solution can directly obtain a mixture
so-called coal acid (CA), aromatic carboxylic acid are mainly
contained. Among them the major part is benzene ploycarboxylic
acids, which are quite useful. But the mixtures are too complex to be
completely separated. The recent researches indicated that selective
decarboxylation and isomerization can extend the utilization of coal
acid by converting them into value-added chemicals such as
terephthalic acid, benzene tetracarboxylic acid and simple mixture of
benzene dicarboxylic acid ect.

Based on this point of view a new method including oxidation of
bituminous coal followed by coal acids isomerization to producing
Terephthalic acid. The work was focused on the influence of fatty
acid on coal oxidation by oxygen and alkaline solution. Based on it,
other reaction conditions are also investigated.

Experimental
Two coals (DT coal and CT coal), which have great different in
coalification, had been used in this work. Table 1 shows the analysis
result.
Table 1. Analysis of Samples

Proximate analytical %  Ultimate analytical % (daf)

Sample \r4  Aad  Vdaf C H N S

DT COAL

3.52 3.29 30.61 84.06 4.65 0.78 0.41

CTCOAL 1775 1065 1309 9056 3.99 139 137

Coal is oxidized by oxygen and alkaline solution in an autoclave
by adding fatty acid as promoter. Discharge materiel after cooling,
separate coal cinder (unreacted coal and mineral matter) by filtration.
Filter liquor is acidized to PH=3 by concentrated sulphuric acid,
separate deposition (humic acids) by another filtration. Then the filter
liquor is acidized to PH=1.5, thus water soluble acids dissociated.
Coal acid can be obtained after except the solution by butanone and
desiccate butanone by vacuum drying. The colors of coal acids are
from yellow to brown.

Coal acids were analyzed both qualitatively and quantificationally
by gas chromatograph after esterification by diazomethane.

Results and discussion

Promoter. The activity of acetic acid and propanoic acid are
appraised under fixed oxidation conditions of temperature 270 °C,
reaction time 2h, ratio of alkali to coal 3 to 1, CO,initial pressure
6.0Mpa, water to coal ratio 6 to 1, in K,COs; solution, aiming at the
yield of CA. Results are shown in Figure 1.

30 35
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s .47“/\ 5]
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Amount of acid (%) Amount of acid (%)
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Figure 1. Yield of CA from different amount of
promoter by coal oxidation in K,CO; solution

The result indicates that both acetic acid and propanoic acid can
promote coal oxidation a lot but the activities of the two promoter
and the influences on different coal are a little difference. The
optimum amount of the is about 12%, and the yield of CA for DT
coal increased from 21.3% to 23.1% with acetic acid, and to 23.3%
with propanoic acid, compared to that without promoter.

For CT coal, the yield of CA increased from 27.0% to 32.95% by
adding acetic acid, and to 32.8% by propanoic acid, which is a 22%
increase relatively.

For compare the activities in different alkaline solution, an
oxidation experiment has done with DT coal and CT coal adding
acetic acid as promoter in KOH solution. The conditions are similar
except for ratio of alkali to coal (2 to 1) and ratio of water to coal (5
to 1). Figure 2 shows the results.
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Figure 2. Yield of CA from different amount of acetic acid by
coal oxidation in KOH solution

As shown in Figure 2.the influences of amount of acetic acid to the
yield of CA are similar to those in K,CO3. The optimum amounts of
the promoter for two coals are also about 12%. For DT coal oxidation
under optimum conditions, the yield of CA grew from 30.5% (daf) to
36.1% (daf), which is a 18.5% increase relatively. For CT coal
oxidation, the yield of CA grew from 36.5% (daf) to 40.0% (daf) ,
which is a 9.9% increase relatively.

Reaction temperature. Since the activities of the two
promoters are about the same, only acetic acid used as the promoter
here.

Figure 3 shows the influences of reaction temperature to the
yield of CA under the conditions motioned above, except that the
ratio of alkali to coal is 4 to 1 and the amount of acetic acid is 12%.
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The yield of CA rose sharply with temperature grew from 250°C
to 260°C, and then declined. The optimum temperatures are 260°C.
Under optimum temperatures, the yield of CA grew from 23.33%
(daf) without acetic acid to 28.6% (daf) with 12% acetic acid as
promoter, which is an 18% increase relatively. The yields of CA with
promoter are higher in the range 250~290°C.

Ratio of alkali to coal .Figure 4 shows the influences of ratio
of alkali to coal to the yield of CA under the conditions motioned
above, in K,COj solution.
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Figure 4. Change in yield of CA through the ratio of
alkali to coal

Yield of CA through the ratio of alkali to coal first rose, via
maximum, and then declined. With or without promoter, the optimum
ratios of alkali to coal are 3~4. The yields of CA with promoter
added are higher than those blank one in the whole range.

Reaction time. Figure 5 shows the influences of reaction time to
the yield of CA under the conditions motioned above, except that the
ratio of alkali to coal is 4 to 1 and the amount of acetic acid is 12%.
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Figure 5. Change in yield of CA through the reaction time

The yield of CA grew sharply before half an hour, and then
fixed as time goes through. With or without promoter the maximum
yield of CA are similar. The yield of CA declined after Sh without
promoter and declined after 3h with promoter, this shows promoter
can promote the oxidation.

Composition of coal acids. This paper merely analyzed

composition of coal acids with chromatogram under optimum amount
of acetic acid as promoter. BPCA in coal acids are qualitatively and
quantitatively analyzed, which are the calculations of composition of
coal acids and yields of BPCA based on, as shown in table 2.

Table 2. Composition of Coal Acids

DT COAL (added CT COAL(added
compositition in acetic acid) in acetic acid)
0% 12% 0% 12%
Yield of CA %(daf) 2433 28.67 36.54 40.14
Benzoic acid 0.48 0.73 0.14 1.16
Benzene 12 5.79 944 1193 1734
dicarboxylic 1.4 — — 1.32 1.81
acid 13 _ — 0.38 2.11
Benzene 1,2,3 4.56 6.79 6.13 10.96
tricarboxylic 1,2,4 6.28 8.71 10.56 12.66
acid 13,5 0.69 5.28 0.30 0.26
Benzene 1,2,3,4 8.03 14.23 11.09 17.85
tetracarboxylic 1,245 4.77 6.52 6.18 7.42
acid 1235 3.10 4.63 3.67 4.40
Benzene pentacarboxylic acid — — 7.39 9.93
Benzene hexacarboxylic acid — — 1.54 1.53
Total 33.7 56.89 60.62 87.68
Yield of BPCA % (daf) 8.20 16.31 22.13 35.18

* in K,CO; medium **in KOH medium

Table 2 shows composition of coal acids and yields of BPCA from
DT COAL oxidation in K,CO; medium and CT COAL oxidation in
KOH medium. DT COAL oxidation compared with no promoter, the
BPCA content of CA increased enormously by adding 12% acetic
acid in rose from 33.7% to 56.89%, which is a 68.8% increase
relatively. The yields of BPCA to coals grew from 8.2% to 16.31%,
which is a 98.8% increase relatively. CT COAL oxidation compared
with no promoter, the BPCA content of CA increased also
enormously by adding 12% acetic acid in rose from 60.6% to 87.8%,
which is a 44.7% increase relatively. The yields of BPCA to coals
grew from 22.1% to 35.2%, which is about 60% increase relatively.

The effect of adding acetic acid at the amount of 12% on coal
oxidation is not only it can improve the yield of CA but also it can
improve the content of BPCA in CA sharply, which lead to the yields
of BPCA to coal increased. This further evidenced that the promoter
has directional function to coal oxidation.
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Introduction

Coal may become more important both as an energy source and
as the source of organic chemical feedstock in the 21st century. Coal
has several positive attributes when considered as a feedstock for
aromatic chemicals, specialty chemicals, and carbon-based materials.
Substantial progress in advanced polymer materials, incorporating
aromatic and polyaromatic units in their main chains, has created new
opportunities for developing value-added or specialty organic
chemicals from coal.

Coal oxidation in alkaline solution can directly obtain a mixture
so-called coal acid (CA), aromatic carboxylic acid are mainly
contained. Among them the major part is benzene ploycarboxylic
acids, which are quite useful. But the mixtures are too complex to be
completely separated. The recent researches indicated that selective
decarboxylation and isomerization can extend the utilization of coal
acid by converting them into value-added chemicals such as
terephthalic acid, benzene tetracarboxylic acid and simple mixture of
benzene dicarboxylic acid ect.

Based on this point of view this paper provides a new method
of non-fuel uses of coal that is Oxidation of Bituminous Coal and
Preparation of Terephthalic Acid by Coal Acids Isomerization. Based
on it, other reaction conditions are also investigated. The influences
of temperature, initial pressure of CO,, reaction time and amount of
catalyst to the yield of TPA are mainly investigated in iosmerization.
And the optimum conditions are found out. High-activated cadmium
salt is used as catalyst. Coal acids are prepared into kali salt before
isomerization.

Experimental

Coal acids for isomerization were the mixture of oxidation product
obtained. Using KOH to prepare kali salt of CA and using CdCO; as
catalyst. Table 1 shows the analyses of mixed coal acids by
chromatogram.

Table 1. Analyses of Mixed Coal acids by Chromatogram

Composition

Benzoic acid -

Benzene 1,2 9.11
dicarboxylic 1,4 -
acid 1,3 0.8
Benzene 1,2,3 0.98
tricarboxylic 1,2,4 7.16
acid 13,5 9.45
Benzene 1,2,3,4 13.00
tetracarboxylic 1,2,4,5 6.75
acid 1235 398
Benzene pentacarboxylic 1.64
acid ’
Benzene hex.acarboxyhc 1086
acid
Total 63.73

Use a micro reactor (25ml) isomerizate kali salt of CA, with CdCO,
as catalyst and in CO,. The product is so-called black powder. Crude
TPA can be obtained after dissolve by water, filtration and
acidification.

Put the micro reactor in after sand bath stove was adjusted into an
appropriate temperature. The temperature of reactor would reach the
reaction temperature with in 10 min.

Figure 1 shows the equipment.
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Figure 1. The equipment for isomerizatiom

Coal acids and TPA were analyzed by gas chromatogram after
esterification by diazomethane. The purity of TPA was analyses by
titration at same time.

Results and discussion

Catalyst. The results obtained with fiffrent amount of catalyst
(CdCOs; ) are shown in Figure 2, 470°C, 2h, and CO, initial pressure
1Mpa, has investigated.
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Figure 2. Influence of amount of catalyst to the yield of TPA

As shown in Figure 2, the yield of TPA is 20.79% without
catalyst CdCO; at 470°C. As the amount of CdCO; grows, the yields
of TPA grew and reached the maximum yield at 4%. This expresses
the beneficial function of isomerization with catalyst. The yield of
TPA declined when the amount of catalyst exceeded 4%, which
indicates large amount of catalyst would restrain isomerization.
Therefore the optimum amount of catalyst is 4%, the optimum yield
of TPA is 23.5%.
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Initial pressure of CO,. Figure 3 shows the influence of initial
pressure of CO, to the yield of TPA with CdCO; as catalyst(7%), 470

C,2h.
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Figure 3. Influence of initial pressure of CO, to the yield of TPA

As shown in Figure 3, the yield of TPA grew sharply before
3.0MPa,then grew slowly during 3.0-4.0MPa, and then fixed after
4.0MPa. Increase of initial pressure of CO, not only added the
opportunities of CO, molecule impact, but also benefit to
carboxylation reaction. Therefore the appropriate pressure of CO,; is
necessary, 4.0MPa is properly.

Temperature. Temperature is the most important factor.
Isomerizations proceeded within the scope 410-470°C. To compare
the experiment, isomerizations with benzoic acid adding in proceeded
at the same time. Figure 4 shows the result.
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Figure 4 Influence of temperature to the yield of TPA

Figure 4 shows that without adding benzoic acid the yield of TPA
grew as temperature rose, maximum yield of TPA occurs at 430°C
-450°C, and then declined. Isomerization is incomplete at low
temperature. When temperature is higher than 450°C, polymerization
and carbonization occur seriously, the color of production darken,
then led to the declination of yield. The optimum temperature(about
450°C) of isomerizating by kali salt of coal acid and kali salt of
benzoic acid are similar to that of kali salt of coal acid isomerization
only, except that the yield of TPA is much higher. The yield of crude
TPA rose from 34.10% to 68.58% by adding kali salt of benzoic acid.
The yield of TPA to CA is up to 70% deducting the theoretical yield
of BA dispropornation, which is two times of CA isomerization only.
It is advisable to add benzoic acid in when the coal acid contains too
much high-level benzene polycarboxylic acids.

Reaction time. Figure 4 shows the influence of reaction time to the
yield of TPA with CdCOs as catalyst(7%), 470°C, 2h .
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Figure S Influence of reaction time to the yield of TPA

The yield of TPA grew as reaction time less than 1.5h and
increased a little after 1.5h, as Figure 5 shows. Isomerizitions of kali
salt CA are fundamentally completed therefore the yield of TPA no
longer increased. It is confirmed that 2h is the optimum reaction time.
The yield of crude TPA also rose more than 100% by adding kali salt
of benzoic acid.

Product purification

Crude TPA which purity is about 90% can be obtained after
dissolve by water, filtration and acidification. The purity can be
further improved by hot water scrubbing and activated carbon
discoloring, reaching 99.37% after once and 99.71 after twice.

Conclusion

1.The better conditions of kali salt of coal acid isomerizating are
temperature 430-450°C, initial pressure of CO,, 4.0Mpa, content of
catalyst 4%, reaction time 2h. The optimum conditions of
isomerizating by kali salt of coal acid and kali salt of benzoic acid are
similar to that of kali salt of coal acid isomerization only.

2.The yield of crude TPA to CA is about 34% in case of coal acid
isomerizating. It equals to 75% of the theoretical yield to BPCA.

3.The yield of crude TPA is up to 68% when kali salt of coal acid
and salt of benzoic acid isomerizating under the best conditions. The
yield of TPA to CA is up to 70% deducting the theoretical yield of
BA dispropornation, which is two times of CA isomerization only. It
is advisable to add benzoic acid in when the coal acid contains too
much high-level benzene polycarboxylic acids.

4.The TPA purity can be further improved by refining crude TPA,
reaching 99%.
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Abstract

The utilization of fossil fuels is going through drastic changes
due to growing transportation fuel consumption and stricter
environmental regulations. Both will result in an increase in the
proportion of diesel fuel produced from synthetic crude oils, which in
turn will lead to the expanding of existing and the development of
new processing technologies. Most of the crude oils used for fuel
production consist predominantly of hydrocarbons and contain only
relatively small amounts of sulphur, oxygen, and nitrogen. Shale oils,
in contrast, can contain large amounts of organic sulphur and /or
oxygen compounds. Therefore, during processing of shale oils, in
addition to making fuels, there may be an opportunity to extract
valuable chemicals. Knowledge of the physical and chemical
properties of these hydrocarbon materials is very important for the
development of technologies necessary to fully utilize these
materials.

In this paper we discuss the possibility of increasing the
utilization of Estonian shale oil by application of the fluid catalytic
cracking (FCC) process to the atmospheric residue fraction boiling
between 320 and 750°C. FCC, being the most common conversion
process in the oil refining industry, uses micro-activity testing
(MAT) as its research tool to test various feedstocks and catalysts.
The main emphasis in this paper is on the development of
characterization methodology to analyze mono- and di-hydric
phenols in MAT products that are inherently produced in very small
amounts (<2mL) and have a wide boiling range.

Introduction

Over the past 50 years, fluid catalytic cracking (FCC) has been
the most important heavy gas oil conversion process. FCC generates
products ranging from gases and light olefins, through naphtha to
light cycle oil, and heavy cycle oil. In this paper we discuss the
possibility of applying the FCC process (through the micro activity
test - MAT) to the atmospheric residue derived from an Estonian
shale oil. This oil is the source of fuel oils and synthetic gas, but it
could also be a source of a number of chemicals such as antiseptic oil
for wood impregnation, electrode coke, rubber softeners, casting
binders, etc. The shale oil phenols are used as feedstocks for epoxy
and other resins, and as glueing compounds, rubber modifiers,
synthetic tanning agents, etc. The most valuable phenols are in the
200-360°C boiling range. Therefore, there is an interest in exploring
the behavior of heavy residue in the cracking environment,
particularly in terms of the production of phenols in the useful
boiling range.

A characterization procedure described by Cherny et al. (1) was
adopted as the basis of the new separation procedure developed here
for quantification and identification of various fractions from the
total liquid product from catalytic cracking of residue from an
Estonian shale oil. The extrography procedure was replaced with
open column chromatography, and the elution solvents were used in
the order reported earlier (2). A different way of calculating the
material balance was proposed for the full boiling-range material.

Experimental

The residual material derived from an Estonian shale oil was
used as the feed for the macro-activity testing. Some properties of the
feed and the total liquid product (TLP) are presented in Table 1.
Simulated distillation curves are shown in Figure 1.

Table 1. Properties of feed and TLP from MAT testing of
residue from Estonian shale oil

Feed Product
BP, °C %OFF BP, °C %OFF
IBP (301.2°C) 0.5 IBP (84.5°C) 0.5
FBP (750.0°C) 99.5 FBP (587.5°C) 99.5
IBP-360°C 4.16 IBP-200°C 13.81
360-525°C 60.91 200-360°C 36.69
Density, g/mL 1.0660 Density, g/mL 1.0106
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Figure 1. Simulated distillation of feed and TLP

The total liquid product (TLP) from the MAT was separated using
the modified liquid chromatography method. This method was based on the
extrography method described in the literature (1). The extrography
column that was equipped with plunger pump and filled with basic
alumina and silica in the original method was replaced with an open glass
column (13.5-mm I.D. and a 450-mm length) filled with silica gel. Silica gel
from Fisher Scientific (28-200 mesh) was activated for 12 h at 140°C. Its
activity was adjusted by the addition of 4wt% water.

While in the original method, the analyzed sample was evenly
distributed throughout the whole surface of the silica gel prior to
extraction; in our modified method the total amount of TLP (0.7286
g) was applied on top of the column. The elution solvents were used
in order of increasing polarity (2). Since TLP contained some of the
material boiling below 200°C (13.81wt%), the calculation of material
balance using gravimetric determination would not be suitable.
Removal of solvents on vacuum rotary evaporator and vacuum dryer
would result in the loss of light ends. In our case, the solution of each
fraction was reduced to a known volume by using a mild rotary
evaporation and a nitrogen gas sweep. The fractions were further
analyzed by gas chromatograph-flame ionization detector (GC-FID).
Quantification of fractions in the specified temperature intervals was
performed by wusing the calibration standards prepared from
previously separated fractions. All fractions were quantified only
from 200°C, therefore the slight loss of the light ends encountered
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during the nitrogen purge did not affect the results. The retention
time calibration was performed by analyzing the normal paraffin
standards at the identical conditions.

Results and Discussion

Micro activity testing of the material derived from an Estonian
shale oil with IBP 301.2°C and FBP 750.0°C, yielded a product with
IBP 84.5°C and FBP 587.5°C. From the simulated distillation data it
was calculated that 13.81wt% of the material boiled below 200°C in
the product. The yield of the material boiling between 200-360°C
was 36.69wt%, while there was only 4.1wt% below 360°C in the
feed. This temperature interval was important since it represented
the fraction that might contain the phenolic compounds of interest,
produced by cracking of heavy material.

The results of LC separation of TLP are presented in Table 2.
The retention times for 200°C and 360°C were 5.727 min and 17.482
min respectively. The chromatograms of each fraction were
integrated between these two points and the results were balanced
with the results from the simulated distillation data.

According to the original method, the phenolic fractions are
represented by fraction 4 (monohydric phenols) and fraction 5
(dihydric phenols). The GC-FID chromatograms of these fractions
are shown in Figures 2 and 3.

Table 2. Results of LC separation of TLP from MAT testing of

residue from Estonian shale oil
200 200 IBP [360°C| IBP

360°C | 360°C | 200°C | FBP | FBP

GC-FID |SimDist|SimDist| Sum | Sum
Fr. [Recovery,
No Solvent Designation | wt% wt% | wt% | wt% | wt%

Fr.1 [Hexane Saturates 2.3
Fr.2 [Toluene |Aromatics 24.6
Fr.3 [Chloroform Esters+ 0.6

(Chlor./Dieth.Ethe [Monophenol

Frd4 |r s 5.2
Fr.5 [THF/Methanol _ [Diphenol 3.3
Fr.6 [Methanol Polars 0.7
Total 36.7 36.7 13.8 49.5 | 100.0
FID2 B, (020028\ESOFR4.D)
counts
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0000 4
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Figure2. GC-FID chromatogram of Fraction 4
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Figure 3. GC-FID chromatogram of Fraction 5

The combined phenolic fraction was the second largest
(8.5wt%) after the aromatic fraction (24.6wt%). Both were analyzed
by gas chromatography-mass spectrometry (GC-MS-equipped with
mass selective detector from HP) with the library search option. Most
of the peaks in Fraction 4 were designated as phenols with the largest
peaks being cresols and 2,5-dimethyl phenol at 6.78 min, 6.86,min,
7.10,min, and 7.57, min. The rest of the chromatogram represents the
variety of di- and tri-methyl phenols. There were no acids found in
this fraction. Apparently, they decomposed during cracking. No clear
assignments for peaks were given by the GC-MS in Fraction 5 due to
a very low concentration of individual compounds. The largest
outstanding peak was designated as phenol, 2,5-bis(1,1-dimethyl)-4-
methyl.

Conclusions

Cracking of the residual material derived from an Estonian shale
oil with a density 1.066 g/mL resulted in the production of a lighter
liquid product with the density 1.0106 g/mL, and also resulted in
quite a significant shift in the boiling point range. The starting
material boiling between 301.20C and 7500C was converted to a
lighter material boiling between 84.50C and 587.50C.

The usefulness of this material in terms of the presence of
phenolic compounds was verified by applying the separation
technique, which was adapted from the original extrography method
and modified into a simplified open column chromatography
procedure. The new procedure was developed for analyzing the
samples having a full boiling range.

The results of separation showed that useful phenols were
produced as the result of catalytic cracking.

The project is ongoing and the full extend of catalytic cracking
on the production of phenols and other streams at different conditions
will be investigated, and the results will be published in future
publications
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Table 3. Peak assignments for Fraction 4 of TLP from MAT of
Estonian shale oil

Peak RT,min Assignation
5.70 phenol
6.78 phenol,2-methyl
6.86 phenol,2-methyl
7.10 phenol,3-methyl
7.57 phenol,2,5-dimethyl
8.03 phenol,2-ethyl
8.18 phenol,3,5-dimethyl
8.47 phenol,3-ethyl
8.60 phenol,2,3-dimethyl
8.84 phenol,2,4-dimethyl
8.99 phenol,2,3,6-trimethyl
9.32 phenol,2-ethyl-5-methyl
9.39 phenol,2-ethyl-6-methyl
9.47 phenol,3-(1-methylethyl)-
9.53 phenol,3-ethyl-5-methyl
9.77 phenol,2-(1-methylethyl)-
9.88 phenol,3,4,5-trimethyl
9.94 phenol,2,4,6-trimethyl
10.58 4-allylphenol
10.95 phenol, 3,5-diethyl
11.90 6-methyl-4-indanol
12.44 phenol, 4-(3-methyl-2-butenyl)-
13.06 1-naphthalenol
13.18 2-naphthalenol
14.33 1-naphthalenol,2-methyl
14.39 1-naphthalenol,3-methyl
14.64 1-naphthalenol,4-methyl
15.30 benzaldahyde, 2-chloro-6-fluoro-
15.48 1-naphthol, 5,7-dimethyl
16.37 2-hydroxy-1-naphthalenepropanol
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Introduction

The development of a downhole upgrading process has always
attracted the attention of the oil industry, mainly because of its
advantages compared with aboveground counterparts. Lower lifting
and transportation costs from the reservoir to the refining centers
could be achieved. A volumetric well production increase can easily
be achieved. A decrease in the consumption of costly light and
medium petroleum oils used as diluents for heavy and extra-heavy
crude oil production could be also obtained. Finally, higher value
products (reduced viscosity and asphaltene, sulfur and heavy-metal
content), with the concomitant reduction of refining severity would
generate additional benefits.'”

However, technical challenges involve in the developing of an
underground upgrading process are enormous. First at all, downhole
processes are difficult to control and monitor under reservoir
conditions. This is probably the main reason why these technologies
are not widely used at the present time. Also, each well and reservoir
requires individual treatment. This will increase the complexity of
the field operations.’

Recently, a new concept was developed involving the
underground addition of a hydrogen donor additive (tetralin), which
in the presence of steam, natural formation (catalyst) and methane
(natural gas) leads to extra-heavy crude oil upgrading.™® This process
can be coupled to a steam stimulation process with 70-80% hydrogen
donor recycling.™® In this work, the characterization of the
asphaltenes by pyrolisis GC/MS is presented in order to gain insight
into the mechanisms occurring during the extra heavy crude oil
upgrading process. Also, the effect of a radical initiator on the
properties of the upgraded products is also studied.

Experimental

The extra-heavy crude oil from the Orinoco Belt (Hamaca) used
has the following properties: 9.1°API Gravity, 22.0% asphaltenes
(heptane), 14.2% Carbon Conradson, viscosity (80°C) = 1810 + 150
cP, 500°C" residue = 71%, 7500 ppm nitrogen, 3.75% sulfur, 450
ppm of vanadium and 102 ppm of nickel. All percentages are
reported by weight. A mixture of 1:1.7 tert-amyl-methyl ether
(TAME) and methyl-tert-butyl ether (MTBE) was evaluated as
radical initiator. The above mixture was used in a 1:1 ratio with
hydrogen donor (tetralin).

Upgrading reactions were carried out in a stainless-steel 300-ml
batch Parr reactor equipped with a heating mantle and a temperature
controller. In a typical experiment, the reactor was loaded with sand
(containing 10% of crude oil), water, and tetralin at a weight ratio of
10:1:1, respectively. The reactor was heated at 5°C/min to 315°C,
generating a final pressure of approximately 1600 psi for 24 h (850
psi initial CH, pressure). After completing the experiment, water and
tetralin were separated from the oil sand by vacuum distillation at
280°C. The residual tetralin was less than 0.05%, as revealed by H'
NMR of the distillated fraction. The reactor was then cooled to room

temperature, and the remained oil was removed from the sand by
solvent extraction with dichloromethane.

Crude oil mass balances were in the 93-99% w/w range.
Percentages of recovery of tetralin were in the 92-105% range due to
distillation of light fractions from the upgraded crude oils. Each
experiment was repeated at least three times, the results presented
herein correspond to an average of at least two different reactions
with 90% confident using t-Student’s value.

The asphaltene samples were isolated by precipitation with 50:1
v/v heptane:crude ratio followed by drying at 80°C for 1 h. The Py-
GC/MS analyses were carried out in a RUSKA analyzer, model
Thermachrom, coupled to a mass selective detector Hewlet-Packard,
model HP5971B. Weighed samples were heated in a porous fused
quartz crucible with continuous gas (helium) flowing through it. The
asphaltene samples were heated from 70 to 600°C. Species evolved
during the heating process were entrained in the flow and delivered
to cryogenically cooled gas chromatograph (GC). Once sample
heating is complete, the capillary column (DB-5, 30 m x 0,25 mm,
0,25 pum film thickness) is heated and trapped species were eluted
into the mass analyser. The temperature program was 11 min at -35
°C, followed by a 10°C /min ramp rate to a final temperature of
300°C, the column was held at this temperature for 30 min. The mass
spectrometer was operated at 70 eV in the electron impact mode. The
mass range was from 50 to 650 amu. The pyrograms were analyzed
by using the algorithms reported by Robinson’ and Piemonti.®

Results and Discussion

Table 1 shows the effect that radical initiator has on the extra-
heavy crude oil upgrading process. A mixture of 1:1.7 TAME/MTBE
was chosen because of its low cost (being refining stream) and the
known ability to generate free radicals under low severity
conditions.” These additives were evaluated in conjunction with
tetralin or by themselves.

Table 1. Effects of a Radical Initiator on the Upgrading of
Extra-Heavy Crude Oil in the presence of tetralin under Steam
Injection Conditions (315°C)*

Additive (Reaction time) °API | % Asphalt.b Visc.® (cP)
(+0.5°) (£0.3%) at 80°C
Hamaca Crude Oil 9.1 22.0 1810 £ 50
Tetralin-Control Exp. (0 h) 10.2 20.7 (6%) 1770 + 160
Tetralin (24 h) 14.7 18.0 (18%) 110 £ 40
Tetralin + TAME/MTBE* 15.0 18.2 (17%) 800 + 140
(24 h)
TAME/MTBES (24 h) 11.8 19.5 (11%) 1100 + 300

*Experiments were carried out under batchwise conditions, no stirring, at
different reaction times. See experimental for details. Results are the average of
at least two different reactions. "Weight percentages of asphaltenes. Numbers
in brackets indicate conversions with respect to the original crude oil.
“Viscosity of the upgraded crude oil in cP measured at 80°C. Results presented
with 90% confident using Student’s value. “Mixture of 1:1.7 tert-amyl-methyl
ether (TAME) and methyl-tert-butyl ether (MTBE) was used in a 1:1 ratio with
respect to tetralin. “Same radical initiator as before but no tetralin was used.

Firstly, control experiment (0 h) was carried in order to
determine the effects of sample handling procedure (Table 1). The
results showed an increase of only 1°API, 6% reduction of
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asphaltenes, and slight decrease on viscosity (measured at 80°C).
This is mainly due to the time needed to reach the distillation
temperature (280°C). This time was approximately 30-45 min.

As observed in Table 1, the upgraded crude oil obtained from a
mixture of hydrogen donor/TAME/MTBE has similar API gravities
(ca. 15°) and asphaltene conversion (17-18%) and somehow a higher
viscosity (800 vs 110 cP) than the one from the experiment with
tetralin. In contrast, the upgraded crude oil generated by the use of
the radical initiator alone present lower API gravity (12°API) and
percentage of asphaltenes conversion (11%) with the concomitant
higher viscosity (1100 cP) than the previous experiments. The latter
experiment indicates that the presence of a hydrogen donor is
necessary in order to maximize the properties of the upgraded crude
oils, as reported in the literature.*’

The best results were obtained when tetralin was used, as seen
on Table 1. These indicate a general trend, i.e. effective crude oil
upgrading can be achieved downhole at steam injection conditions,
despite the intrinsic experimental error.

Table 2. Characterization by Pyrolysis GC-MS of the Asphaltenes
Isolated from the Upgrading of Extra-Heavy Crude Using
Hydrogen Donor under Steam Injection Conditions (315°C)*

Types of Hydrocarbons® | Control |[Tetralin® Tetralin + TAME/
Exp.° TAME/MTBE®| MTBE'
Total Saturates 46.9 47.2 48.9 47.8
Paraffins 9.0 9.8 10.6 9.9
Monocycloparaffins 9.1 9.7 10.3 9.8
Dicycloparaffins 8.1 9.1 9.3 9.4
Tricycloparaffins 20.6 18.6 18.6 18.7
Total Aromatics 53.1 52.8 51.1 52.2
Monoaromatics 21.5 20.8 20.6 213
Benzenes 6.8 6.7 7.0 6.8
Naphtenebenzenes 6.1 5.9 5.6 59
Dinaphtenebenzenes 8.6 8.2 8.0 8.6
Diaromatics 11.2 10.7 10.2 10.5
Naphtalenes 3.0 3.1 3.0 34
Acenaphtenes
/Dibenzofuranes 3.0 2.7 2.4 2.5
Fluorenes 53 4.9 4.8 4.7
Triaromatics 2.6 3.2 3.0 33
Phenantrenes 1.0 1.4 1.5 1.5
Napthenephenantrenes 1.6 1.8 1.5 1.8
Tetraromatics 4.2 4.4 4.2 4.2
Pyrene 2.9 2.9 2.9 2.9
Crysene 1.3 1.5 1.3 1.2
Pentaromatics 0.3 0.3 0.1 0.2
Aromatic tiophenes 12.0 12.0 11.6 11.5
Non identified 1.3 1.4 1.3 1.2

*Same experimental conditions as Table 1. "Weight percentage as determined by
INT101 algorithm. “Control experiment with 0 h at 315°C. “Exp. were carried
out using tetralin as hydrogen donor at 315°C for 24h. “Exp. were carried out
using a 1:1 tetralin:TAME/MTBE as hydrogen donors at 315°C for 24 h. Exp.
were carried out using TAME/MTBE as hydrogen donors at 315°C for 24 h.

In order to get more detailed information about the composition
of asphaltenes, the samples were further investigated by Py-GC/MS
technique. In all cases, GC/MS analysis of pyrolisates yielded a
complex trace containing an unresolved hump that was more or less
pronounced depending on the asphaltene samples. Due to their
complexities, the INT101 norm algorithm was applied.”® This norm
is useful to check the quality of feeding streams and petroleum
products. INT101 gives the hydrocarbon distribution in terms of
weight and/or volume percentage of aliphatic and aromatic
compounds. The results of this characterization are shown in Table 2.
For the case of tetralin, the results show that the percentage of total
saturates increase slightly and the aromatics decrease when compared
with the control experiment. A more complete analysis of the

hydrocarbons detected in the control experiment and the one with
tetralin indicates that the total aromatic fraction, mono- and di-
aromatics decrease whereas mono- and dicycloparaffins increase.
After hydrogen donor removal by vacuum distillation, naphthalene
was detected in the distillated residue by gas chromatography. These
results are consistent with a hydrogen transfer mechanism from the
tetralin to the asphaltenes (eq. 1) at the low severity conditions
(315°C).!o!

24h
315°C
Asphaltenes + Upgraded W
Asphaltenes
CH,, H,0

In the case of the asphaltenes isolated from the crude oil treated
with mixture tetralin/TAME:MTBE, there is an agreement with
above results (Table 2). It was observed an increase in the total
percentage of saturates with a decrease in the total percentage of
aromatics in comparison with the control experiment. Also, lower
percentages of mono- and diaromatics were found in the upgraded
asphaltenes. These data are also similar to the experiment with
tetralin. This result gives evidences to a hydrogen transfer
mechanism (eq. 1) from the tetralin to the asphaltenes.'®"!

Using TAME/MTBE mixture alone, a slight reduction of the
percentages of aromatic compound with the concomitant increase in
the total saturates was observed (see Table 2). Therefore, the relative
order of hydrogen transfer from donor to the extra heavy crude oil
can be inferred as shown in eq. 2:

Tetralin/ TAME:MTBE 2 Tetralin > TAME:MTBE 2

Conclusions

The characterization by pyrolysis GC-MS of the asphaltenes
isolated from the upgraded crude oil under steam injection conditions
gives evidence of a hydrogen transfer mechanism from the hydrogen
donor (tetralin) to the hydrocarbon fractions.

The presence of a radical initiator (TAME:MTBE) has little
effect on the properties of the upgraded crude oil steam injection
conditions.
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Introduction

Pesticide plays an important role in agriculture. It was reported
that the loss made by insect, plant disease and weed occupied 10% ~
15% of the total agricultural product but the pesticide can save
15%~30% of the loss. However, the application of the pesticide
brought about many serious side effects such as environmental
pollution and harmfulness to human and animal. Nowadays, research
on the pesticide is focused on exploring the method decreasing the
usage and harm of pesticide.

Many studies have proved that the pesticides in soil and water
may interact with humic substances (HS), the most widespread and
ubiquitous natural non-living organic materials occurring in all
terrestrial and aquatic environments from the end products of
chemical and biological degradation of plant residues'”. The
interaction affected degradation and detoxication of the pesticides,
residue persistence and monitoring, mobilization and transport,
bioavailability and phytotoxicity, and bioaccumulation®**°. In
general, the modes of interaction include adsorption, partitioning and
solubilization, catalysis and dealkylation, and photosensitization’. HS
is well recognized and widely applied as fertilizer and growth plant
regulator. Patents reported that humic acid was used as adjuvants for
slow-release pesticide compositions when pesticides were added into
fertilizer with humic substances®. Our patents showed that coal-
based acid enhanced the bioactivity of fungicide and insecticide'®"".

Tribenuron-methyl is Sulfonylurea herbicide against two-leaf
weed with the advantage of the best bioactivity as yet. But it is clear
that the Sulfonylurea led to resistance to pesticide when the herbicide
was used continuously. The surface adjuvant can improve the
bioactivity of tribenuron-methyl.

Coal-based acid (CA) is the humic substance resulted from coal.

There are two kinds of water-soluble coal-based acid (WSCA): (1)
originally existed in coal, and (2) newly formed through oxidation-
degradation of coal. This work studied the adjuvant effect of the two
kinds of WSCA on the bioactivity of tribenuron-methyl.

Experimental

Preparation of WSCA. W-WSCA was prepared by the
following procedures. Wuchuan weathered lignite was oxidized and
dissociated by HNO; with Zn as catalyst for 2h, in which the ratio of
solid and liquid was adjusted to 1:2~1:4 by water. After the first
product was alkalized by NaOH for 2h at 80~100°C, the degradation
was performed using H,SO,, and pH value of the product was further
adjusted to 4~6 by HNOs;. Finally, the liquid of the product was
separated by precipitation and dried with infrared lamp at 70°C to get
W-WSCA. H-WSCA was prepared using Huolinhe lignite by the
same procedure as that of W-WSCA. Jincheng weathered coal mixed
with 10 times water was stirred and the mud was poured, the residue
was precipitated for 0.5~1 h. The residue was added with 10 times
water again and its pH value was adjusted to 1.2~1.5 by H,SO,, and
then extracted for 1~2 h in water bath at 60~70°C. Finally, the liquid

was separated and dried with infrared lamp at 70°C. The product was
purified further with acetone to get J-WSCA.
The content and functional groups of WSCA were determined
with the method described by Schnitzer and Khan'%.
Tribenuron-methyl. The commercial formulation of
tribenuron-methyl (content: 75% DF) produced by E. I. du Pont de
Nemours and Company.

S0,—NH—

COOCH ;
L e
c‘,“—N%N Ny
| N=—=<
CH3

Figure 1 The chemical structure of tribenuron-methyl (T)

Instrumentation. An EA1108 elemental analyzer (Carlo
Erba) was used for determining elemental composition.

Bioassay of tribenuron-methyl against.eed. Firstly, maize
plumule was used for comparing the effect of W-WSCA, H-WSCA
and J-WSCA on bioactivity of tribenuron-methyl (T). Maize seeds
were sown in agriperlite, watered and allowed to germinate in the
dark at 26 ‘C for 2 days. The germinated seeds were laid in glass
beaker with sterilized sand in 3cm high and covered by the sand in
3cm high again. Then the beakers were saturated with 1 1 g/ml of T
without or with 5 1 g/ml of W-WSCA, H-WSCA and J-WSCA. Each
treatment was repeated for three beakers. The weeds were grown in a
greenhouse with a photoperiod of 16 h (22-25 C in the light, 16-
18 C in the dark). After a week, the length of plumules was measure.
Secondly, Brassia campestri was planted with pot culture in
greenhouse in order to dose-response assays and index of relative
toxicity. When the weed developed one leaf, herbicides were applied
with spraying. Based on the prepared test, the tribenuron-methyl
concentrations of 0.30, 0.90, 2.70, 8.40, 24.30, 72.90 g a.i/hm? were
used. The concentrations of W-WSCA and J-WSCA were 10 g/h hm”.
The fresh weight of plant above land was measured at 14 days after
herbicides were applied three replications. The fresh weight loss ratio
indicated the activity of T, T-W-WSCA and T-J-WSCA.

Field trials of T against weed in field of wheat. The field
trials of T, T-W-WSCA and T-J-WSCA against weed in field of
wheat were carried out in Taiyuan, Shanxi province on Apr. 23, 2000.
The concentration of T was 2 g/lhm” in all tests. The concentration of
WSCA were 18.7 and 187g/hm?, and the The test area was 30 m” in
replication for 4 times with random arrangement. The fresh weight of
weed was surveyed after 20th day. Duncan’s test was used for
statistical analysis.

Results and discussion

The elemental analysis and properties of WSCA were listed in
Table 1 and Table 2. The highest content of phenolic hydroxyl was
found in W-WSCA among the three kinds of WSCA, while the most
carboxyl and HA in J-WSCA. WSCA can bond with Fe**, Ca® and
Mg because of its good metal complexer and prevent coagulation
emerged. Coag. value means the capacity of WSCA against
electrolyte. The capacity of WSCA obtained by oxidized degradation
(W-and H-WSCA) is about 60 times as large as that existing in coal
(J-WSCA).

Maize plumule was used for comparing the adjuvant effect of
W-WSCA, H-WSCA and J-WSCA on bioactivity of tribenuron-
methyl (T). The shorter the length of plumule was, the stronger the
bioactivity of herbicide was. The result was shown in Fig 2. WSCA
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can enhance the bioactivity of T. And WSCAs newly formed
through oxidation-degradation of coal were better than that
existed in coal. W-WSCA was the best.

Table 3 listed the parameter of dose-response assays of T, T-W-
WSCA and T-J-WSCA. The results of bioassay on Brassia
campestri showed that W-WSCA and J-WSCA can enhance the
inhibitory action of T on plant growth. EDjs, (the concentration of

Tablel Elemental analysis of W-WSCA and J-WSCA

Elemental analysis /W % daf Functional
Samples Groupgas
C H O N S OHy COOH

W-WSCA 60.15 3.65 28.52 238 338 296 3.46
H-WSCA 6091 3.62 29.87 3.04 0.59 1.92 4.25

herbicide when the death ratio of weed is 50%) of T, T-W-WSCA
and T-J-WSCA was 1.20, 0.90 and 1.05 g a.i/hm’ Using T as
standard, index of relative toxicity of T-W-WSCA and T-J-WSCA
was 133.3 and 115.4, respectively. From Table 4 it was seen that the
index of relative toxicity was increased with increasing effective dose
of T in the mixtures. The index of relative toxicity of the mixture of
WSCA with T is more remarkable at ED;, than that EDs, which
further indicates the adjuvant effect of WSCA on T.

The field trials of T, T-W-WSCA and T-J-WSCA against weed
in field wheat also proved the adjuvant effect of WSCA on T. The
results were listed in Table 5. The effectiveness differed with
different weeds. For Lepiaium and Amaranthus retroflexus L, the
effectiveness of T with WSCAs were 2 times than that of T without
WSCA. For other weed, WSCASs can raise 20% of T effectiveness.

Table 3 Parameters of T, T—W-WSCA and T—J-WSCA

J-WSCA 50.01 3.14 4457 091 0.87 1.52 8.96 Regression D Index of
herbicide line h h” 2 T relative
Table2 Properties of W-WSCA and J-WSCA y=atbx g/ him toxicity
Mg Ay HAg¢ Coag. value T y=5.61+0.56x 1.2 0.9958 100
Samples Y . pH _ W _
% % % mmoll T—W-WSCA  y=5.88+0.72x 0.9 0.9942 1333
W-WSCA 871 3333 5812 70 36 T—J-WSCA y=5.77+0.65x 1.05 0.9975 115.4
H-WSCA  9.56 4126  39.25 3.5 <36 .
J-WSCA 132 5 50 94 50 1.0 06 Table 4 Effective Flose of T, T—W-WSCA and T—J-WSCA
in dose-response assays
20 ED Effective dose g/hm2
: T T—W-WSCA  T—J-WSCA
_ EDs 0.15 0.15 0.15
E 15}
E EDs, 1.20 0.90 1.05
2 ED; 10.20 4.82 6.30
g
3 10p
fé Conclusion
= 5l WSCA can enhance the biological activity of glyphosate, and
§ the adjuvant effect was significant. The action of newly formed W-
and H-WSCA was better than that of J-WSCA originally existed in
0 = WwseA  Thowsen mween coal. Moreover, the cost was reduced because W-WSCA and H-

Figure 2 Effect of WSCA on the restraint of T on maize plumule

WSCA were the raw product, while J-WSCA was the purified
product.

Table 5 Adjuvant effect of WSCA on G against weed in orchard with class

Effectiveness at 20th day after herbicide applied

herbicide .. Chenopoaium Bothirospeimum .. Amaranthus Convolvulus
Aretisia . . Lepiaium .
Serotinium chinense bge retroflexus L. arvensis
T 69.7 b B 547 a AB 684 b B 449 b B 430 b B 739 ¢ B
T—W-WSCA, 864 a A 717 a A 820 a A 889 a A 833 ab A 922 ab A
T—W-WSCA, 946 a A 879 a A 857 a A 958 a A 927 a A 969 a A
T—J-WSCA, 882 a A 688 a A 808 a A 91.8 a A 879 a A 895 b A
T—J-WSCA, 954 a A 806 a A 889 a A 953 a A 953 a A 984 a A
W-WSCA, and W-WSCA, means the content of WSCA were 18.7, 187 g/hm”, J-WSCA and J-WSCA, 18.7 and 187 g/hm™.
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Introduction

The production of ever cleaner fuels by hydrotreating processes
can vastly be improved if a rational understanding of the nano-
structure of y-alumina supported Co(Ni)MoS catalysts is established.
Modern density functional simulation techniques have been proven
to be well suited for providing new clues to challenging issues such
as active sites characterization, role of promoters, morphology
effects, influence of sulfo-reductive conditions, poisoning effects of
inhibitors, role of the support. The goal of the present paper is to give
an overview of recent IFP’s achievements obtained through ab initio
molecular modeling: we show that it provided rational interpretations
for many experimental results. Moreover, we outline how molecular
modeling may open exploratory routes for the pre-screening of new
potential active phases.

Methods

The results presented here are the outcome of simulations based
on density functional theory (DFT) within the generalized gradient
approximation, and employing a plane wave basis set together with
periodic boundary conditions. To solve the Kohn-Sham equations,
we used the Vienna A4b initio Simulation Package (VASP) (1). For all
details on calculation hypothesis (electronic convergence criteria,
energy cut-off...), the reader may refer to the papers cited herein.

Results and Discussion

Nano-structures of Co(Ni)MoS. As well-established by TEM
and XPS, the active phase of HDT catalysts consists of nano-sized
MoS, layers promoted by Co or Ni. Under HDT conditions, this
highly active mixed phase exhibits two competing edges : the (10-10)
metal edge and the (-1010) sulfur edge. DFT simulations revealed the
electronic and structural properties of these edges in vacuum (2), and
in typical sulfo-reductive conditions (3,4,5). Using a simple
thermodynamic model to describe the equilibrium state of the
Co(Ni)MoS nano-phase in contact with the gas phase, the edge
energy, O,qq., can be expressed as a function of the H,S and H, partial
pressures, and temperature:

Oedge = 00 — Ofls (1]
where S0 = Eqpyger = Epu [2]
and s = g17,5(T) — gy, (1) + RTInlpyy s [ prr, ) [3]
Hs stands for the chemical potential of sulfur and « for a constant
depending on the cluster’s stoichiometry. o is calculated using the
size dependent energies of model triangular clusters, E.j.» per
surface unit, S.

By injecting the 0,4, values in the Gibbs-Curie-Wulff law, the
morphologies of nano-particles were deduced, as depicted in Figure
1. The calculated morphology varies from a triangle to an hexagon
via a deformed hexagon, which is compatible with the geometrical
model of Kasztelan (6). At the same time, the edge structures (Figure
2a) were consistent with EXAFS distances (dcoi-10=2.75-2.90 A
and dconi-s =2.10-2.20 A), and revealed typical electronic properties
(Figures 2b and c). Thus, total energy calculations demonstrated
unambiguously the stable localization of Co and Ni in substitution
for Mo at the edges.

Mo-edge 50% S
Hl Mo-edge 100%:S
S-edge 5078

[ S-edge 10045

& [ Co(Ni)S-edge 50%8
: B CoiNi)S-edge 100%S
| NiMoS  H [T Ni-edge 0%S

| m [ Co{Nij-edge 10095

B P : "
2 T 1 am o s a1 om0 -1 .1 .aa @

Chemical potential of sulfur, ps (eV)

Figure 1. Equilibrium morphologies (thick broken lines) and edge
compositions of the nano-particles as a function of us. The ordinate
represents the percentage of (10-10) metal edge exposed for the
corresponding equilibrium morphology.

Moreover, as shown by the thick lines in Figure 1, and
according to the preferential affinity of Co or Ni for one type of
edge, the promoter acts as a morphology modifier (5). The sulfiding
conditions have an impact on the stable shape of the nano-particles
(4,5), whereas for very high reductive conditions (us < -1.1 eV), the
mixed phase becomes unstable, leading to the catalyst’s deactivation.

%) Madge(]ﬂ]ﬂ}

".......’."
".'.' \ '.'."
.\\’..o'o'o’o'-'o'/.
'....'.' '..."
o'o'.'o'o’o?'

Figure 2. a) Ball and stick representations of the local structures of a
Co(Ni)MoS cluster and simulated STM images of b) a MoS; triangle
(4) and ¢) a CoMoS cluster with Co on the sulfur edge (5).

Prediction of new active phases. The former modeling aims at
two main objectives: improving industrially used active phases, and
establishing robust basis for exploring new phases. Indeed, DFT
calculations of relevant energy descriptors are well suited for
providing a predictive approach. For HDT reactions, it was shown
that the sulfur-metal bond energy, Es, as defined in (7,8,9),
correlates well with the activity via a volcano master curve.

Actually,  combining  adapted  Bronsted-Evans-Polanyi
relationships with fitted Langmuir-Hinshelwood rate expressions,
allows to recover HDS activity pattern exhibiting a volcano, when
plotted against the Eys descriptor (Figure 3). Since this approach also
correctly predicted HDS activity of mixed sulfides, we are convinced
that micro-kinetic modeling is improved when integrating ab initio
descriptors. This approach, has been recently extended to various
reactions by calculating carbon-metal bond energy descriptors in
carbides (11).
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Figure 3. Pattern of experimental activity (particle size
corrected) for the HDS of DBT ((10) e) plotted against the computed
Eys. : theoretical relationship that best fits the data. Predictions
for mixed M’Mo(W)S sulfides (o) are superimposed. The “bulk”

averages of Ej computed for binaries are used to locate mixed
sulfides.

Inhibitors effects. HDT feedstocks contain nitrogen
compounds, that may compete with sulfur or aromatic compounds for
the active sites. Using a similar approach as for the thiophene
adsorption on MoS, (12,13), we calculated adsorption energies of
various nitrogen compounds on the (10-10) edge of a NiMoS model
catalyst, supposed to contain 50% of Ni atoms in substitution for Mo
at the edge. The adsorption energy is defined as:

E .4 = E(catalyst + molecule) — E(catalyst) — E(molecule) [4]

For a given species, we first observe a clear dependency of the
adsorption energy with the type of adsorption site. Almost all
compounds exhibit higher adsorption energies on Mo-CUS sites than
on Ni-CUS, due to the stronger Lewis acidity of the Mo-CUS.
Azaarenes are also adsorbed on Mo-SH sites with an intermediate
adsorption level. Furthermore, as shown in Figure 4, nitrogen
compounds (including ammonia) are more strongly bonded than
sulfur compounds and aromatics. Thus, by displacing sulfur and
aromatic compounds on the CUS, and by poisoning SH groups
required for HDS reaction, nitrogen compounds inhibit HDS and
HYD reactions. Moreover, our simulations reveal that azaarenes are
more strongly adsorbed on CUS than pyrrole and derivatives,
pointing out crucial differences between the two nitrogen compound
families regarding the NiMo active site.
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Figure 4. Adsorption energies as a function of the molecular
size: azaarenes (A ), pyrrole derivatives (o), sulfur compounds (m),
aromatics (X), ammonia (A).

Role of the support. DFT simulations on the active phase
cannot overlook support effects. Significant progresses have been
made in the description of relevant aluminum oxide surfaces
(14,15,16). In particular, a recent work on y-alumina models (16)
investigated the variations of surface hydroxylation rate as a function
of temperature and a subsequent vibrational analysis led to a precise
assignment of bands in the high frequency IR spectrum to surface
hydroxyl groups (Table 1). This revisited interpretation of
Knoézinger’s assignments establishes a fresh and robust basis for
further DFT investigations on active phase-support interactions.

Table 1. Calculated Vibrational Stretching Frequencies
of y-Alumina Surface Hydroxyl Groups

Site Surface Ogale (cm™) Deyp (em™)
HO-p;-Aly (110) 3842 3785-3800
HO-p;-Aly; (100) 3777 3760-3780
HO-p;-Aly (110) 3736 3730-3735
HO-p,-Aly (110) 3707 3690-3710
HO-u;-Aly; (100) 3589 3590-3650

Conclusions

Ab initio modeling asserted itself as a versatile tool to
investigate complex issues raised by HDT catalysis. In line with the
long story of experimentation on sulfides, it may go beyond when
traditional techniques are reaching their limits. Finally, in the spirit
of high throughput screening, ab initio bond energy activity
descriptors such as volcano curves are very promising as a first
screening tool.
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INTRODUCTION

NOx, SOx and particulate matters exhausted from diesel engine
which combusts gas oil as fuel has provided a sincere social problem
all over the world. The drastic reduction of sulfur in gas oil is
expected to reduce those environmental pollutants and burden for
diesel engines. Removing sulfur species deeply from gas oil has two
difficulties; the first one is very low reactivity of some refractory
sulfur species in gas oil such as 4,6-dimethyldibenzothiophene (4,6-
DMDBT), 4,6,x-trimethyldibenzothiophene (4,6,x-TMDBT) having
methyl group at 4 and 6 positions, the second is the strong inhibitors
in feed oil and the products such as H,S, NHj, nitrogen species and
aromatic compounds'?. Hence deep HDS of these refractory sulfur
species in gas oil can be achieved rather easily by the first and second
stages of the catalysts when H,S removal is performed between
stages. Another approach is to develop catalysts of higher activity.
Larger amount or better dispersion of sulfides have potential
possibility for higher activity. Nevertheless severe condition appeared
necessary.

In this present study, several NiMo and CoMo sulfide catalysts
were examined in first and second layers with or without H,S and
NH; reduction between the layers. The functions of the catalysts in
the two layers are defined as follows. 1st layer : complete removal of
reactive sulfur species and 95% removal of refractory sulfur species.
2nd layers : remaining refractory sulfur species (around 400-500ppm)
must be removed to less than 10ppm in the presence of H,S and NH;.

EXPERIMENTALS
a, Gas oil samples

Straight Run Gas Oil (SRGO) and Hydrodesulfurized Straight
Run Gas Oil (HSRGO) were used as typical feedstocks for the first
and second layer catalysts, respectively in this study. The SRGO
contains 11780ppm while the HSRGO contains 340ppm of sulfur.
Furthermore, the SRGO contains 155ppm while the HSRGO contains
20ppm of nitrogen.

b, Catalysts

The catalysts used in this study were CoMo and NiMo supported
on alumina(-A), silica-alumina(-SA) and alumina-zeolite composite(-
AZ), which were manufactured by a commercial catalyst vendor.
Table 1 shows their surface area, average pore size measured by BET
and NH; desorbed amount measured by NH3-TPD. Figure 1 shows
the pore size distribution of the several catalysts.

¢, Hydrotreatment

SRGO and HSRGO were hydrotreated over the catalyst at
340°C under 50kg/cm? of H, for first layer, 50 kg/cm® H, with H,S
(1.67%) and 50 kg/cm® H, with H,S (1.67%) added ethylenediamine
(15ul) for second layer in a 100ml autoclave.

The ratio of catalyst to feed was 1g/10g. Catalyst was
presulfided at 360°C under the stream of H,S(5%)/H, mixture for 2hr
before the catalytic reaction.

Table 1. Catalysts properties
Surface area

Pore volume NH;-Desorbed

(m?/g) (cm’/g) area (Arb. Unit)
CoMoA 191 0.41 0.48
NiMoA 175 0.34 0.62
CoMoSA 221 0.41 0.56
NiMoSA 242 0.39 0.49
CoMoAZ 265 0.34 0.81
NiMoAZ 262 0.30 0.66
—a— CoMoA
CoMoSA
—a— CoMoAZ
r —a— NiMoA
o . NiMoSA
8 11\ —s— NiMoAZ
> N
= 2 ) 1t
10 100 1000

Radius

Figure 1. pore size distribution of several catalysts

RESULTS
a, HDS of SRGO

Figure 2 shows remaining sulfur chromatograms of SRGO after
HDS over NiMo- and CoMo-A, NiMo- and CoMo-SA NiMo- and
CoMo-AZ catalysts at 340°C under 50 kg/cm® H,. NiMo-AZ shows
the highest activity among six catalysts, and its remaining sulfur
content is less than 300ppmS. Zeolite containing catalysts tend to
show higher activity than SA- and A-series catalysts for HDS of
SRGO that contained major reactive sulfur species. The HDS at this
stage removed all reactive sulfur species and about 95% of refractory
sulfur species to achieve sulfur level of 500ppm.

Remaining nitrogen compounds of SRGO after HDS over six
catalysts were as follows. Three of NiMo catalysts showed higher
activity than themselves couples of CoMo. NiMo-A, NiMo-SA,
NiMo-AZ and CoMo-AZ achieved less than 20ppm of nitrogen
content. From this result and the last time, NiMo-SA, NiMo-AZ and
CoMo-AZ catalyst were the suitable catalyst for the first layer.
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450 1 .

400 NiMoA(2229ppmS)
e

350 4

300 CoMoA(1118ppmS)
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Figure 2. HDS of SRGO over several NiMo and CoMo catalysts
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b, HDS of HSRGO without H,S and NH;

Hydrodesulfurization of H-SRGO without H,S or NH;3 over
several NiMo or CoMo catalysts was assumed to simulate the two
stage with separation of produced inhibitors (see Figure 5). Many of
the catalysts achieved sulfur level less than 10ppm.

¢, HDS of HSRGO in the presence of H,S

Figure 3 shows GC-AED sulfur chromatograms on HDS of H-
SRGO with H,S. For HDS of refractory species, H,S has been
believed as the major inhibitor®. In directly connected two layer HDS,
the second layer catalyst must stand with H,S.

CoMo-AZ, NiMo-AZ, and NiMo-A of more acidic sites showed
higher activity than any other catalysts. In contrast, CoMo-A or
NiMo-SA which was less acidic showed lower activity. The acidity
of the catalyst provides the tolerance to H,S to show high HDS
activity. HDS product oil over CoMo-AZ contains not 4,6-DMDBT
but unidentifical peak was observed near 4,6-DMDBT.

4,6-DMDBT

HSRGO (340ppmS)

CoMoA (41.5ppmS)
NiMoSA (27.4ppmS)
CoMoSA (21.2ppmS)
N NiMoAZ (6.3ppmS)
NiMoA (5.0ppmS)
0 CoMoAZ (4.5ppmS)

AED Responds (area)
!

Retention Time (min.)

Figure 3. GC-AED sulfur chromatograms on HDS of H-SRGO in the
presence of H,S

d, HDS of HSRGO in the presence of H,S and NH;

Figure 4 shows HDS of H-SRGO in the presence of both H,S
and NH;. Figure 5 summarizes the inhibition effects of H,S and NHj
on the HDS of H-SRGO. NiMo-A of large pore was found very
active for HDS of refractory sulfur species in the presence of H,S and
NH; to achieve less than 6ppmS. In contrast, CoMo-A, NiMo-SA and
CoMoSA were less active. NiMo-AZ and CoMo-AZ were much
inhibited by addition NH;.
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304 4-MDBT

g 254
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€ 204 L)
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Figure 4. GC-AED sulfur chromatograms on HDS of H-SRGO in the
presence of H,S and NH;3

AZ and NiMo-A with a number of acidic sites received little
inhibition of H,S. In contrast, SA and CoMo-A with less acidity
received much inhibition of H,S. NiMo-A and CoMo-A suffers little
inhibition effects of NH; while NiMo-AZ and CoMo-AZ suffers
marked inhibitions of both inhibitors.
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Figure 5. Inhibition effect of H,S and NH; on HDS of HSRGO

DISCUSSIONS

The present study revealed that the two layers of the best HDS
catalysts with appropriate activity under respective conditions can be
a logical approach to achieve deep HDS of gas oil.

The first layer catalyst must eliminate 100% of reactive sulfur
species, first of all. Hence, the catalyst must have larger surface area,
slightly smaller pore being allowed for the larger surface area.
Acidity helps higher activity. 95% of refractory sulfur species must
be also eliminated. Its content is still in relatively large range, being
less influenced by inhibitors. Moderate acidity is helpful for the
hydrogenative HDS. Another important function of the first layer
catalyst appears the activity for HDN to send less nitrogen inhibitor
for the second layer.

The second layer catalyst eliminates the refractory sulfur species
of 100-500ppm to less than 10ppm in the presence of H,S and NHj.
Least nitrogen species is required. The present HSRGO contains
20ppmN. The catalyst must have larger pores to accept the refractory
sulfur species of tri aromatic rings with methyl groups more than di
aromatic rings. Acidity is important to enhance HDS of the refractory
sulfur species in the hydrogenation route by moderate H,S inhibition.
However too strong acid may suffer inhibition of NH; which is more
basic than carbazoles. Zeolite containing CoMo and NiMo showed
higher activity in SRGO, HSRGO and HSRGO+H,S. On the other
hand, as you know, zeolite having strong acidity is easily deactivated.
Hence, AZ catalyst need larger the life time. Appropriate sets of two
catalysts with successive layers are very active to achieve regulated
Sulfur level of gas oil. It is always discussed whether CoMo or NiMo
is better catalyst for the first and second layers. The support and
supporting procedure appear very influential and hence we can not
tell which is better at this stage. Nevertheless high dispersion in
designed shape of the sulfides must be practiced in any supports.
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Introduction

Recently, computational chemistry made great impacts on
catalysts design. First-principles method is mainly employed in order
to elucidate the catalytic reaction mechanism, catalyst activity,
catalyst selectivity, and other important information. However, since
the first-principles calculation can investigate only the static states at
0 K, this approach is not enough for theoretical catalyst design and
research. For example, catalytic reaction dynamics depending on
temperatures cannot be investigated by the first-principles calculation.
Moreover, many reaction paths should be assumed in order to clarify
the catalytic reaction mechanism and a lot of experimental
information is essential to assume the reaction paths. Since a lot of
experimental information is essential before the first-principles
calculation, the present first-principles approach cannot contribute to
the proposal of completely new catalysts. In addition to the
understanding of the well-known catalytic properties at atomic and
electronic levels, computational chemistry is expected to have an
important role to predict new catalysts, which have high activity,
selectivity, and tolerance to poisons.

In order to solve the above problem, the simulation on the
catalytic reaction dynamics at reaction temperatures is strongly
demanded. The products can be proposed directory from the
reactants and catalysts by the reaction dynamics simulation, and any
assumption of the reaction paths is not needed. Moreover, by-
products and selectivity depending on the temperature can be
clarified. First-principles molecular dynamics method is one of the
most promising methodologies to realize the reaction dynamics
simulation. However, it requests large computational costs, and then
only a small model can be employed by the first-principles molecular
dynamics method. Hence, the realistic catalysts model including
active metals, supports and additives cannot be simulated by the first-
principles molecular dynamics method.

Recently, we have succeeded in the development of an
accelerated quantum chemical molecular dynamics program "Colors",
which is more than 5,000 times faster than the regular first-principles
molecular dynamics method [1,2]. This program was developed
based on our original tight-binding theory, which enables us to
simulate the catalytic reaction dynamics on large catalyst model at
reaction temperatures. We have already applied the above tight-
binding quantum chemical molecular dynamics simulator to various
systems, such as Si semiconductor, GaN light emitting materials,
ionics materials, and so on [1-5]. We have confirmed that the above
tight-binding quantum chemical molecular dynamics simulator is
very effective to simulate the chemical reactions and electron transfer
dynamics at finite temperatures.

On the other hand, recently the synthesis of the high-quality
transportation fuels is strongly demanded in terms of high-efficient
utilization of energy and low environmental impact. In order to
advance the synthesis of high-quality transportation fuels, the
development of highly active and highly selective methanol synthesis
catalysts with high-tolerance to the sulfur is essential and expected.
Cu/ZnO is a most famous catalyst for the methanol synthesis reaction,
and a large amount of experimental results for the Cu/ZnO catalyst
were accumulated [6-8]. Moreover, recently Pd/SiO, gained much
attention as a new methanol synthesis catalyst.

Hence, in the present study, we applied our original tight-
binding quantum chemical molecular dynamics program to the
methanol synthesis reaction on various catalysts and the applicability
of our new simulator was demonstrated.

Methods

Our accelerated quantum chemical molecular dynamics
program was based on our original tight-binding theory. The
equations to be solved in this simulator are shown in Egs. (1) and (2).

HC = SC¢ (1
c'sc=1 2)

where, H is the Hamiltonian matrix, S is the overlap matrix, C is the
eigenvector matrix, € is the eigenvalue matrix, and C' is the
transformation matrix of C. The total energy in the system is
calculated employing Egs. (3) and (4).

n occ n n 2 n n
1 5 7.7¢
E= E —m;vi" + E g + E E %+ E E Ei'jepm(Rij) 3)
i=

i=l joitl i=l jmitl
R. —a.
Eirjepul (R;j) = by x exp[—%] )
ij

In this formula, m; is the atomic weight, v; is the atomic velocity, e is
the elementary electric charge, and Rj; is the interatomic distance.
The parameters a;; and by represent the size and stiffness of each
atom, respectively. Z; is the atomic charge obtained by the tight-
binding electronic states calculation. Here, Mulliken analysis is
employed to evaluate the above atomic charge. The first term refers
to the kinetic energy of the atoms, the second term is the summation
of the eigenvalues of all the occupied orbitals calculated by the tight-
binding electronic states calculation, and the third term represents the
Coulombic interaction. The last term corresponds to the short-range
exchange repulsion energy.

Results and Discussion

In addition to the acceleration of the calculation speed,
the realization of high accuracy, similarly to the first-principles
molecular dynamics method, is essential. In order to accelerate the
calculation speed, we employed some parameters in the Hamiltonian.
If the parameters are determined as to fit the experimental results, our
simulator will be lack of the predictability. Hence, in our program all
the parameters were determined by the first-principles calculation
results. In order to realize it, we developed a new parameter-fitting
program. Here, we demonstrate the applicability and effectiveness of
our new parameterization procedure.

Fig. 1 shows the CO adsorption structure on the Pd;
cluster. Some distances and atomic charges calculated by our new
simulator were compared with those obtained by the static first-
principles calculation (Table 1). Our simulator results are in good
agreement with the first-principles results. It indicates that our
simulator has high accuracy, similarly to the first-principles
calculation. After the validity of our parameterization procedure was
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confirmed, we performed a quantum chemical molecular dynamics
simulation of the CO adsorption on Pd surface model (Fig.2). Here,
Pd(111) surface was employed as the catalyst, and the calculation
was performed under three-dimensional periodic boundary condition.
Vibrational frequency of CO molecule adsorbed on the Pd surface
was calculated (Table 2). Here, we compared the simulation results
with the experimental results. As shown in Table 2, our simulation
results are in significantly good agreement with the experimental
results. Moreover, we applied our quantum chemical molecular
dynamics simulation to the H, adsorption and the methanol synthesis
reaction dynamics on the large Pd catalyst model.

We also applied our tight-binding quantum chemical
molecular dynamics simulator to the Cu/ZnO methanol synthesis
catalyst. We constructed a significantly large Cu/ZnO catalyst model
for the reaction dynamics simulation as shown in Fig. 3. Fig. 3
includes more than 1,000 atoms and some Al additives are
incorporated in the ZnO support in order to clarify the effect of the
additives. Moreover, formate intermediate is also placed on the Cu
particle. Calculation results show that the average charge of the Cu
atoms on the ZnO support is +0.1, which indicates that the ZnO
support strongly influences the electronic states of the Cu ultrafine
particle. The regular first-principles molecular dynamics simulator
cannot obtain the above information, since it requests large
computational costs and cannot be applied to the huge catalyst model
as shown in Fig. 3. After we constructed an appropriate model for
Cu/ZnO catalyst, we simulated a catalytic reaction dynamics of the
methanol synthesis process on the above huge Cu/ZnO model.

Conclusions

In the present study, we confirmed that our tight-binding
quantum chemical molecular dynamics simulator is very effective to
simulate the catalytic reaction dynamics on large catalyst model at
reaction temperatures, which cannot be performed by the regular
first-principles molecular dynamics.

Fig. 1 CO adsorption structure on Pd; cluster

Table 1 Bond distances and atomic charges of Pd; cluster
with CO molecule

Bond Distances [A]

C-O Pd-Pd Pd-C
First-principles 1.19 2.64 2.01
Our program 120 267 2.00

Atomic Charges

Pd C 0]
First-principles 0.11 -0.01  -0.32
Our program 0.11  -0.02 -0.31
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Figure 2 Adsorption structure of CO molecule on Pd(111) surface

Table 2 Vibrational frequency of CO molecule on Pd(111) surface

CO Molecule in Vapor Phase
Frequency [cm'] Bond Distance [A]

Experiments 2143 1.13

Our Program 2163 1.13

CO Molecule on Pd 111) Surface

Frequency [cm''] Bond Distance [A]

Experiments 1825 1.15
Our Program 1836 1.15
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Figure 3 Structure of huge Cu/ZnO catalyst model including
Al additives and formate intermediate
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Introduction

The production of clean transport fuels by hydrotreating and
especially hydrodesulfurization (HDS) has recently attracted
increased attention due to the introduction of new environmental
legislation regarding fuel specifications and technological
requirements of high-purity fuels . In order to meet the new stringent
demands there is a need to understand and improve HDS catalysts. It
is generally accepted, that the HDS activity is related to the presence
of so-called Co-Mo-S structures which consist of small MoS,
nanoclusters with promoter atoms located near the edges'.
Controversy prevails, however, since the traditional spectroscopy-
based techniques for catalyst characterization provide no conclusive
information regarding the cluster morphology, catalytically relevant
edge structures, active sites or the promotional effect of Co.

To aid the understanding of the industrial catalyst, new insight
has been gained from studies of catalyst model systems by applying
surface science techniques. In a series of studies, we have
successfully used high-resolution Scanning Tunneling Microscopy
(STM) to study the real space atomic structure of single-layer MoS,
nanoclusters synthesized on an inert Au(111) substrate as a model
system for the HDS catalysts. The insight gained from the STM
studies gives a hitherto unprecedented view of the atomic details of
the Mo$S, nanoclusters'.

Experimental

The experiments are performed in an ultra-high vacuum
chamber equipped with the unique home-built high-resolution
Aarhus STM, which has demonstrated the capability of providing
atom-resolved images of a large variety of systems on a routine
basis®. The Au(111) surface is chosen as a model substrate for two
reasons. Gold is chemically rather inert, and furthermore gold
belongs to the class of metal the surface of which reconstructs in its
clean state. Specifically the Au(l111) has a characteristic
“herringbone” reconstruction pattern, which is ideal for providing
nucleation sites for the deposited metal atoms and thereby dispersing
submonolayer amounts of material into Mo or Co nanoclusters™®. En
ensemble of ~30 A wide crystalline MoS, nanoclusters were formed

by initially depositing Mo (10% coverage) in an background H,S (10
% mbar) followed by high-temperature annealing (673K) for 15 min
while maintaining the sulfiding atmosphere.

1=1.28nAV=5.2mV

Figure 1: Atom-resolved (41x42A%) STM image of an unpromoted
single-layer MoS, nanocluster synthesized on a Au(111) template®.

Results and Discussion

High resolution STM images reveal new insight into the atomic
details of the MoS, nanostructures (Figure 1). Contrary to our
expectations based on the structure of bulk MoS,, the majority of the
nanoclusters are found to exhibit a pronounced triangular
morphology. The shape of a single-layer MoS, cluster is in principle
governed by the relative stability of two low-index types of edge
terminations, an S-edge and a Mo-edge. Equal stability between
these would produce a perfectly hexagonal cluster. The observed
triangular morphology implies, however, that one type of edge
termination is considerably more stable than the other.

It is important to point out that STM to a first approximation
measures contours of constant local density of states (LDOS) in the
surface projected onto the apex of the STM tip, and that STM images
therefore reflect a rather complicated convolution of both geometric
and electronic structure. This is especially true for adsorbates on
surfaces, oxide or sulfide materials and in the STM images of the
MoS; nanoclusters we indeed observe two examples of this. First of
all, we observed the protrusions at the edge of the MoS, triangle to
be out of registry with the basal plane S atoms. Second, a pronounced
bright brim extending all the way around the perimeter of the
triangular MoS, nanoclusters is identified in the STM image. Rather
than geometrical effects pertaining to the triangular MoS, cluster
(Figure 1), these features reflect subtle electronic changes at the
edges, and are therefore attributed to distinct electronic features
existing only near the edges, i.e. one-dimensional electronic edge
states. The brim is seen in the STM image to be highly localized in
the direction perpendicular to the edge and furthermore exhibits a
very high electronic conductivity. It can thus be associated with a
one-dimensional nanosized, metallic wire?.

In density functional theory (DFT) calculations of the band
structure of the MoS, edges we indeed find the existence of several
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localized electronic edge states pertaining to the Mo edge. By
comparing the detailed atomic-scale structure observed in the
experimental images with STM simulations resulting from the DFT
calculations (Figure 2) we have confirmed that electronic edge states
are responsible for the features observed at the edges of the MoS,
triangles and we have identified the edge termination as the Mo edge
fully saturated with S dimers™*.

{ Protrusions out
— of registry
(Edge state /)

i Basalplane
S atoms

|=1.28nA V=5.2mV

Figure 2: Left: Experimental STM image. White dots denote the
position of protrusions on the MoS, nanocluster. Right: STM
simulation (Tersoff-Hamann) of part of the Mo edge fully saturated
with S dimers.

By means of the STM we have recently investigated the
interaction of the MoS,; clusters with thiophene (C4H4S) - a typical
sulfur containing molecule widely used to test HDS reactivity. Upon
adsorption of thiophene molecules we find in STM images that
relatively inert molecules like thiophene preferentially interact with
unusual sites located near the edges. Interestingly, we find that this
interaction is modified by the presence of hydrogen species, and that
the adsorption serves as an initial activation of thiophene molecules
during catalytic hydrotreating reactions. This is followed by
extrusion of sulfur at, for instance, edge vacancies, provided by
reaction with gaseous hydrogen. We have exploited the capability of
the STM to image in real-space these active sites on the atomic-scale
with STM and investigated the energetics of the reaction with DFT
calculations. The results thus provide new detailed insight into the
reaction mechanism resulting in the extrusion of sulfur in the HDS
process’.

The industrial MoS,-based HDS catalysts are typically
promoted with Co which enhances the catalytic activity by more than
an order of magnitude. By applying an approach similar to the
unpromoted MoS, experiments described above we have also
obtained the first atomic-scale images of the structure of Co-Mo-S
nanocrystals®. The idea behind our synthesis of Co-Mo-S is first to
form MoS, embryos on the Au(111) surface followed by capping of
these nanoclusters to facilitate the addition of Co to the edges of
MoS, nanocrystals.

High resolution STM images of the resulting CoMoS
structures reveal that the presence of the Co atoms has a dramatic
influence on the morphology of the single-layer MoS, clusters
(Figure 3). This surprising morphological transition, from triangular
to hexagonally truncated, appears to be driven by a preference for Co
to be located at only one type of MoS; edges - the S edge. The STM
results also provide direct information on changes in the local
electronic environment neighboring the Co edge atoms. This novel
insight into the atomic and electronic structure may be important for
understanding the promoting role of Co.

48A x 53A
I =1.95nA V= -430mV

Figure 3: Atom-resolved STM image (48x53A?) of a promoted Co-
Mo-S nanocluster® supported on Au(111).
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Introduction

To meet the severe regulation for reductions of SOx, NOx, and
SPM contained in the exhaust gases from diesel vehicles, the
improvement of catalyst performances especially for hydro-
desulfurization (HDS) is one of the most important subjects. van
Veen et al.' reported that CoMo catalysts modified with nitric tri-
acetic acid (NTA) show higher activities for HDS of thiophene at
atmospheric pressure. We have investigated effects of other chelating
reagents such as ethylenediamine-N, N, N', N'-tetra-acetic acid
(EDTA) and trans-1, 2-Cyclohexanediamine-N, N, N', N'-tetraacetic
acid (CyDTA) and found that CyDTA improves the activity of
CoMo/AlL,O5 catalyst for HDS of dibenzothiophene (DBT) at high
pressure more more effectively than NTA.? Besides, CyDTA is found
to be effective for hydrogenation of o-xylene® and tetralin over
NiW/Al, O3 catalyst. Since CyDTA forms stable complexes with Co
or Ni in the impregnating solution, it is suggested that CyDTA
retards the sulfidation of Ni species, leading to the effective
formation of active phases, namely Co(Ni)-Mo-S or Ni-W-S phases.

On the other hand, the addition of boric acid to NiMo/Al,O3
catalyst has been reported to improve the activities for HDS of DBT?.
From EXAFS analysis of NiMo/B,03/Al,0; catalyst, the addition of
boric acid improves the sulfidation degree of Mo sulfide species.
Since Decanio ef al.’ showed that the addition of boric acid to v -
Al,Oj5 affects the distribution of hydroxyl groups on vy -Al,O; surface
by means of IR spectroscopy, it is suggested that boria weakens the
interaction between Mo sulfide species and y -Al,O;.

Since the additions of CyDTA and boric acid affects the
structure of sulfide phases in different ways, it is expected that the
simultaneous addition of both CyDTA and boric acid improves the
HDS activities of hydrotreating catalysts than CyDTA and boric acid
alone. Thus, in the present study, we have prepared the catalysts
modified with both CyDTA and boric acid and investigated their
activities for HDS of 4, 6-dimethyldibenzothiophene (4,6-DMDBT)
and their surface fine structures.

Experimental

Catalyst Preparation. Catalysts were prepared by an incipient
wetness method. v -Al,O; was impregnated with an aqueous H;BO;
solutions followed by drying and calcination. B,Os/Al,O; thus
prepared was then impregnated with an aqueous solution containing
ammonium heptamolybdate (or ammonium metatungstate), cobalt
nitrate (or nickel nitrate) and CyDTA followed by the drying at 393
K. MoO; (WO3) loading of the prepared catalyst was 10 (or 14)
mass% with Co(Ni)/Mo(W) molar ratio of 0.32.

Activity Measurement. The catalyst was packed in a fixed bed
flow reactor and sulfided in-situ in a stream of 5% H,S/H, at 673 K
and 1.1 MPa. After the sulfidation, the catalyst was cooled down to
573 K and the feed composed of 0.3 mass% 4, 6-DMDBT and
decalin. was flown into the catalyst bed under the flow of H, at 5.1
MPa.

Characterization. SO, Uptake Measurement. The catalyst was
pretreated in a stream of He 673 K and 0.1 MPa. Then, SO, was
introduced into the catalyst bed by pulse method. SO, uptake was

determined with GC-TCD. NO Uptake Measurement. The catalyst
was sulfided in the same manner as employed for the activity
measurements, and then NO was introduced into the catalyst bed by
pulse method. NO uptake was detected with GC-TCD. EXAFS
Measurement. The catalyst was pressed into a self-supporting wafer
and set in the high-pressure EXAFS cell. The catalyst wafer was
sulfided in the same manner as employed for the activity
measurements. X-ray absorption spectra near W Lj; edge were
measured in a transmittance mode at room temperature using EXAFS
2000 spectrometer (RIGAKU).

Results and Discussion

The effect of CyDTA and boria on HDS activities for 4,6-
DMDBT. In HDS of 4,6-DMDBT, dimethylbicyclohexane
(DMBICH) , bimethylcyclohexylbenzene (DMCHB) and dimethyl-
biphenyl (DMBiPh) and their isomers were observed to be produced.
We have investigated the effects of CyDTA and boria on HDS
activity for 4,6-DMDBT. Here, HDS activity is defined by the sum
of product yields per the loading amount of Co(Ni) and Mo(W).

CoMo/AIZO3
CoMo/B,0,(10)/Al,O,
CyDTA-CoMo/AL O,
CyDTA-CoMo/B,0,(10)/Al, O,

NiMo/ALO,
NiMo/B,0,(5)-AL,0,
CyDTA-NiMo/ALO,
CyDTA-NiMo/B,0,(5)-AL,0,
CyDTA-NiMo/B,0,(10)-ALO,

NiW/ALO,
NiW/B,0,(5)/ALO,
CyDTA-NiW/ALO,

CyDTA-NiW/B,0,(5)-AL,0,

CyDTA-NiW/B,0,(10)-AL0,

0 05 1 15 2 25
Product yield/metal / mol%!/pmol
Figure 1. Effect of CyDTA and boria on HDS activities of
Co(Ni)Mo/Al,O;3 and NiW/AL,O; for 4,6-DMDBT. ([H); DMBIiCH,
(O); DMCHB, (  ); DMBIPh, ( £ ); iso-DMBICH or iso-DMCHB.
Numbers in parentheses indicate boria loading.

Figure 1 shows HDS activities of Co(Ni)Mo/Al,0; and
NiW/Al,O3. The main product is DMCHB over every catalysts.
Comparing HDS activities of the catalysts without additives, the
order of HDS activity is as follows: CoMo/AL,O3; < NiW/ALLO; <
NiMo/Al,0Os. By the addition of CyDTA, no positive effects appears
on HDS activities for 4,6-DMDBT while HDS activity of CyDTA-
NiW/Al,0; for DBT was about 1.6 times higher than NiW/Al,O; 2,
From this result, it is suggested that the active phase which is
selectively formed by CyDTA isn’t efficient for HDS of 4,6-
DMDBT. As with CyDTA, HDS activities were not improved by the
addition of boria. Contrary to these results, catalysts modified with
both CyDTA and boria shows much higher HDS activity than non-
modified catalysts. In other word, we found the synergetic effect
between CyDTA and boria on HDS activity of 4,6-DMDBT. The
effect of both CyDTA and boria on HDS activity of NiW catalyst is
more remarkable than those of Co(Ni)Mo/Al,O;. Perhaps, it is
related to the fact that sulfidation of W species is more difficult than
that of Mo species.

The effect of CyDTA and boria on the surface structure of
NiW/ALO;. Sulfur dioxide (SO,) is known to adsorb on the basic
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OH groups on Al,O3 surface. Therefore it is expected to investigate
the effect of boria on Al,O3 surface by using SO, as probe molecules.
Figure 2 shows SO, uptake on B,0;/Al,0;. As B,0; loading
increases, SO, uptake sharply decreases and it reaches almost zero at
above 60 * 10" B atoms/cm*-AL,O5 (10 mass% B,05). This indicates
that boria interacts with basic OH groups of Al,O;. Considering the
fact that WO; species interact with basic OH groups of Al,Os, it is
expected that boria induces the change of the structure of WS, after
sulfidation.
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Figure 2. SO, uptake on B,0;3/Al,0;.

It is well-known that nitric oxide (NO) adsorbs on the
coordinatively unsaturated sites (CUS) on active metals, where the
reaction is considered to take place. We have measured NO uptake
on (CyDTA-)NiW/B,0;/Al,0; (Figure 3). Regardless of whether
CyDTA is present or not, NO uptake decreases with the increase in
boria loading. This is due to the relaxation of the interaction between
W and ALO;. The change of NO uptake on CyDTA-
NiW/B,0;3/Al,0; is more notable rather than that on
NiW/B,05/Al1,03. This result indicates that the number of CUS
decreases while HDS activity is improved by the addition of CyDTA
and boria. Therefore, the effect of CyDTA and boria can’t be
explained in terms of the number of CUS. Therefore, it is assumed
that boria improves the HDS activity of CUS and it causes the higher
HDS activity for 4,6-DMDBT.
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Figure 3.
catalysts. (

We have investigated that the effect of CyDTA and boria on the
structure of WS, on CyDTA-NiW/B,0,/A1,0; by EXAFS analysis
(Table 1). Table 1 presents W-W and W-S coordination numbers of
CyDTA-NiW/B,05/Al,03 which contained different amount of boria.
It is found that the W-W coordination number hardly changes by the
addition of boria to CyDTA-NiW/Al,O;. The dispersion of WS, is

considered to be almost constant on each catalyst. This is the
opposite result to that obtained from NO uptake measurements (see
Figure 3). In contrast to this, W-S coordination number increases
with the increase in boria loading. This result suggests that the
sulfidation degree of WS, is improved by the addition of boria.
Therefore, the decrease of the number of CUS by the addition of
boria is due to the increase in the crystallinity of WS,. Since there is
a good correlation between HDS activity and the sulfidation degree
of WS,, the improvement of HDS activity by the addition of boria to
CyDTA-NiW/Al,O; is explained in terms of the sulfidation degree of
WS,. This means that boria induces the improvement of the quality
of CUS. To sum up, the addition of boria causes the opposite effects
on the surface structure of CyDTA-NiW/AlL,O3, in other words, the
improvement of the HDS activity of CUS and the decrease in the
number of CUS.

Table 1. Structural Parameter of W-S, W-W Coordination

W-S W-w
sample?
Nb) R (nm)® N R (nm)
WS, powder 6.09 0.24 6.09 0.32
CyDTA-NiW/ALO, 49 0.24 35 0.32
CyDTA-NiW/B,05(1)/AL,O; 5.0 0.24 2.9 0.32
CyDTA-NiW/B,0,(2)/Al,0; 5.3 0.24 3.0 0.32
CyDTA-NiW/B,0,(5)/A1,0; 5.7 0.24 3.0 0.32
CyDTA-NiW/B,0,(10)/A1,0, 5.7 0.24 2.9 0.32

a) Numbers in parentheses indicate boria loading.
b) Coordination number. ¢) Interatmic distance.
d) Both coordination numbers are fixed for 6.

Conclusion

It is considered that the addition of boria enhances the formation
of highly sulfided and highly crystallized WS,. It causes the two
opposite effects, in other words, the improvement of the HDS
activity of CUS and the decrease in the number of CUS. Moreover, it
is considered that CyDTA enhances the coordination of Ni to the
edge sites of the WS, and it promotes the positive effect of boria.
Consequently, it is suggested that highly active site is selectively
formed by the simultaneous addition of both CyDTA and boria, and
it leads to the improvement of HDS activity for 4,6-DMDBT.
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Introduction

It is widely accepted that specific activity of titania (TiO,)
catalyst is superior to alumina catalyst. But, TiO, supported metal
catalyst has not been employed, so far, for industrial use in
hydrodesulfurization (HDS) or hydrotreating processes, because TiO,
is regarded having a small specific surface area less than 50-60m*/g
and poor thermal stability.

In this study, a novel synthesis method of multi-gelation of TiO,
as catalyst carriers or catalysts has been proposed [1]. The physical
properties of TiO, can be controlled to enhance some catalytic
activity. Since the physical properties of well controlled TiO, have
superior characteristics to the conventional TiO,, we tried to apply
TiO, as the catalytic materials to the fields of petroleum refining for
ultra-deep HDS of diesel oil.

Multi-Gelation Method

Multi-gelation method, originally developed for Alumina [2],
is the procedure to produce the inorganic oxides gel by swinging of
pH of solution dexterously several times. This method can be
employed in preparation of hydrous titanium. It can control a
particle size of TiO, uniformly with a designed pore size.

Experimental

Preparation Method of TiO, Support

Figure 1 shows the principle of the multi-gelation method to
synthesize TiO,. The raw materials are acidic TiCl,; and basic
ammonia solutions. Hydroxyl gel of TiO, was synthesized by
swinging pH from TiCl; and ammonia solutions. TiCl; and
ammonia solutions were supplied to the gelation vessel alternately,
and hydrous titanium was synthesized. Particles of hydrous
titanium were controlled in desirable particle size by alternately
supplying TiCl, or ammonia solution. And hydrous titanium was
washed by water to remove ammonium chloride. After filtration,
TiO, as a catalyst or a catalyst carrier was molded to cylindrical
shapes by the extruder, for example. And it was dried at 120 °C and
is calcined at 500 °C in the standard procedure.

Catalyst

TiO, supports properties used in this study are as follows:
Specific surface area is 162m%g, average pore diameter is 9nm
whose pH swing number is 3 times. The CoMo/TiO, catalysts were
prepared by gel impregnation method: TiO, gel was impregnated
with ammonium heptamolybdate and Cobalt nitride as required. This
was followed by drying at 120°C for 3h and calcination in air at
500°C for 3h.

alkali side acid side

E o o‘ o 'H);dr‘o;srTitanium Oxide
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)
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E n+t1 |
=
Z
alkali solution
Figure 1  Principle of Multi-Gelation Method

Measurement of HDS activity
The HDS experiments were carried out with a fixed-bed reactor.
The catalyst was presulfided with the feed oil spiked by DMDS.
Typical reaction conditions were as follows: H,/Oil ratio 250, LHSV
2 h'l, reaction pressure 5 MPa, Reaction temperature 330 - 350°C.
The Middle-East straight run gas oil with 1.3wt% sulfur was used as
feed stock.

Results and Discussion
Specific surface area, particle size and crystal form are
summarized in Table 1.

Table 1 Properties of TiO,
Preparation M ethod |[No. of G eration| Surface Area [Crystallite S ze |Crystallne Form
©) @2/g) by BET| @m) by XRD by XRD
1 175 5.9 anatase
Multi-geration 2 170 6.3 anatase
3 162 6.7 anatase
4 151 7.1 anatase
5 138 8.5 anatase
6 133 9 anatase
ConvensbnalC S-300) - 61 19 anatase

Particle Size, Pore Distributions and Crystal Structures

Photo 1 shows TEM image of the primary particles of TiO,
obtained by multi-gelation method. It was found that the particle
size varies according to the number of gelation times. Namely as
shown in Table 1, for example, two times of gelation gives ca. 6.3 nm,
while five times of gelation gives ca.8.5 nm size of the particle. In
addition, it was observed that each particle size becomes more
uniform with times of gelation.
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5th Times Gelation

Photo 1 TEM Image of Multi-gelation TiO,

The multi-gelation method has a good performance for
controlling pore structures, i.e., pore size distributions as shown in
Figure 2. The figure shows the pore diameter versus differential
value of pore volume on various numbers of gelation times. This
method gives well controlled nano-porous structures of TiO,. The
pore size distribution, which can be controlled sharply in accordance
with numbers of gelation times, reflects that of particle size. In
other words, it shows that this synthesis method can materialize the
TiO, of arbitrary and uniform particles. This is an important point
to evaluate the catalytic performance in relation to the physical
properties, especially the particle size, of TiO,.

Calcining temperature: 500°C

AV /AlogD

Number of
Gelation times

0.1
0 : .
1 10 100
Pore Diameter (nm )
Figure 2  Pore Distributions of TiO, Controlled by

Multi-gelation Method

Specific Surface Area
TiO, obtained by this method has higher specific surface area
even after the calcinations at 500 °C than the conventional TiO,,
shown in Table 1. It decreases from 175m%g to 133m%*g by
increasing gelation times from one to six times. This may be due to
the growth of crystal particle with gelation times.
Hydrodesulfurization Activity

The activity of the proprietary TiO, catalyst compared with the
conventional CoMo/alumina catalyst for 500 ppm HDS are shown in
Figure 3. This Figure also shows the reactivity of CoMo/TiO,
catalyst prepared using conventional TiO, carrier with 60 mz/g of
surface area. It is important to mention that the catalytic activity of
the TiO, supported prepared by multi-gelation method with high
surface area and good pore distribution is much higher than that of
the catalyst using conventional TiO, support with low surface area.
Furthermore, it also shows that the new TiO, catalyst has 2 times
higher hydrodesulfurization activity than that of the commercial
alumina catalyst.

lCatalyst using conventional TiO, carrieﬂ

‘ Conventional alumina catalyst ‘
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Figure 3 HDS Performance of Proprietary TiO, Catalyst

Conclusions

It was confirmed that TiO, with high specific surface area by the
novel multi-gelation method showed good performance of catalytic
activity in ultra-deep HDS reaction.  Since the multi-gelation
method can control the physical properties of TiO,, it expected to be
widely employed in various application fields. The proprietary TiO,
catalyst prepared by the multi-gelation method is good candidates for
the hydrodesulfurization or hydrotreating processes.
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Introduction

The need for more active catalysts for hydrotreatment reactions
has lead researchers to work on non conventional systems capable of
meet the continuously increasing demands of the environmental
national agencies for cleaner fuels. An alternative for the afore
mentioned non conventional systems could well be Pillared
Interlayer Clays (PILC) as catalysts, supports or precursors of highly
disperse catalysts. The synthesis of PILC has been carried out for
many research groups and many applications have been found for
these type of materials. However, their use in a commercial scale is
not yet a reality mainly because, on their synthesis, a great amount of
water has to be used. In the past five years some efforts has been
done to overcome this problem and good advances has been achieved
(1-4). Besides, Chianelli et al. (5) reported on the
hydrodesulphurization of dibenzotiophene (DBT) on a series of
transition metal sulfide catalysts and found that ruthenium shows the
best catalytic performance, even better than Ni, Mo or Co sulfides.
The synthesis of a ruthenium based PILC was reported by Lenarda et
al.(6) who used two different preparation procedures and tested the
resulting catalysts in the hydrogenation and isomerization of 1-
butene. The aim of the present work was to synthesize and study the
behavior of the Ru-Al-PILC system in the hydrodesulphurization of
tiophene.

Experimental

Ru-Al-PILC catalyst was prepared following the method
reported by Lenarda et al.(6) but using ultrasound radiation on the
exchange step in order to diminish exchange time. A Ru/Al-PILC
catalyst was also prepared as a reference by conventional wet
impregnation of an aqueous solution of RuCl;.xH,0O (Aldrich) on an
Al-PILC. The preparation method of the AI-PILC was reported
elsewhere (3).

Ru-Al-PILC Synthesis. A commercial montmorillonite,
KWK-200 from American Colloid Company, without further
purification, was used during the study. The precursor solution of
aluminium and ruthenium was prepared by adding, under continuous
stirring, NaOH drop wise to a mix solution of AlCl;.6H,0 (Riedel-
DeHaén) and RuCl;.xH,O (Al/Ru ratio of 20). The resultant solution
had a OH / (Al+Ru) ratio of 2.4 and was left to stand for 24 hours at
room temperature. After this time, the solution was added to a 50%
suspension of clay in acetone and the mixture was divided in 3
portions and placed immediately into the ultrasonic bath which was
kept at 44 °C. The portions were retired from the bath at various
times (60, 75, 90 min). Once the exchange process was completed,
the solids were centrifuged, washed 5 times with double distillated
water and dried at 60 °C overnight. This series of catalysts was
named Al-Ru-PILC, where x represent the time of exchange. In some
cases the samples were calcined in flowing air at 400 °C for 4 hours.
The catalysts were characterized by XRD (Philips, PW1830),
Textural properties (MICROMERITICS, ASAP-2400) and Chemical
analyses (GBC AVANTA).

HDS reaction. Prior to reaction, the catalysts were suphided
with a 5:1 mixture of H,/H,S or N,/H,S at 400 °C for 4 hours in an

atmospheric flow system and using a specially designed reactor able
to be transported sealed. The sample was then transferred to the
catalytic system were the reaction was conducted at 280 °C and
atmospheric pressure. The flow of hydrogen was 0.1 cc/s and a
solution of 10% tiophene in hexane was fed to the system through a
syringe pump at a rate of 1 cc/h.

Results and Discussion
Synthesis results. Table 1 shows the Chemical Analyses,
Specific Surface Area and the Basal Spacing of the studied samples.

Table 1. Chemical Analyses, Specific Surface Area and Basal

Spacing results
Solid % Ru SSA (m%/g) d (001)
Originalclay | = --—-- 33 13
Al-Ru-PILC¢y | ----- 207 18
Al-Ru-PILC5 1.02 229 18
Al-Ru-PILCyy | ----—- 228 18
Ru/Al-PILC 3.00* 175 | -
* Nominal

The pillaring process on the mix pillared clay was evidenced as
the specific surface area and basal space increased substantially. The
use of ultrasonic radiation resulted in an excellent tool to reduce time
of exchange, as the optimal time of exchange was 75 minutes which
represent a decrease of = 90% in time, as compared with the
conventional synthesis reported by Lenarda et al. (6). As reported by
these authors, only around 1% ruthenium was incorporated on the
Ru-Al-PILC.

A complete textural characterization was conducted on the Ru-
Al-PILC catalysts and on the Al-PILC support. Both solids shown a
type II isotherm (following BET classification) with a type B
hysteresis, characteristic of laminar solids. Detailed results are shown
in table 2.

Figure 1 shows the pore distribution plot.
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Figure 1. BJH average pore diameter of Ru-Al-PILC
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A narrow pore distribution at around 40 A is observed
providing evidence of a great homogeneity of the Ru-Al-PILC
sample

Table 2. Textural properties

SSA [ D, | Vp | vu [ SSAu
Solid m’/g) | &) | (celg | (celg | (mg)
) )
Al-Ru-PILC,s | 229 [ 46 [ 0.123 [ 0.077 | 195
AI-PILC 300 | 50 [ 0.180 [ 0.097 | 255

As expected, ruthenium impregnation leads to a decrease on
surface area, porous volume and pore diameter.

Catalytic results. The catalytic results are shown in table 3.

Table 3. Catalytic results on the HDS of tiophene

Catalyst Sulphiding mixture | Conv. Activity * 107
(%) (mol/s*g)
Ru/Al-PILC H,/H,S 4 0.42
Ru-Al-PILC H,/H,S 14 1.42
Ru-Al-PILC N,/H,S 21 2.10
Ru-Al-PILC* N,/H,S 3 0.33
* Calcined

It is expected that ruthenium on a PILC structure could be
better dispersed as it would take defined positions in the pillar. Our
results show that the Ru-Al-PILC catalyst is almost three times more
active than the impregnated catalyst. This result seems to indicate
that indeed the PILC structure lead to a better disperse ruthenium
catalyst which in turn is more active. Further measurements are in
progress in order to confirm this statement.

When the sulphiding mixture was changed from H,/H,S to
N,/H,S, an increase in activity was observed. This result seems to
point out that a high hydrogen concentration could lead to a loss of S
atoms from the RuS, formed and, as a consequence, the active phase
would be replaced by ruthenium completely reduced. A similar
result was reported by De los Reyes et al.(7) and more recently by
Castillo and Ramirez(8) in a 7% Ru/Al,O; catalyst. These authors
attributed the lost of activity to the fact that a high concentration of
hydrogen in the sulphiding mixture, do not allow ruthenium atoms to
complete its coordination sphere with S atoms but rather favors that
part of ruthenium reduces completely to Ru® possibly segregated.
These ruthenium atoms do not participate in the active phase RuS,.
Castillo and Ramirez(8) also reported that when the catalysts was
pretreated with the Hy/H,S mixture, the stability of the catalysts was
very poor as compare with that of the No/H,S pretreated catalysts. In
their case, however, the lost of activity was more important. While
their result show a lost of activity of up to 80% when the suphiding
mixture was Hy/H,S, we only observe a 33% lost of activity. This
result seems to give evidence that ruthenium in our catalyst is more
stable probably because it is in the PILC structure and as a
consequence, its reduction is more difficult.

When the catalyst is calcined before sulphurization, the activity
is lost probably because ruthenium is stabilized on the PILC structure
hindering the formation of RuS, at the activation conditions.

Conclusions
By using ultrasonic radiation in the synthesis of a ruthenium
based PILC, the time of exchange can be reduced in more than 90%.

The Ru-Al-PILC was a good precursor of a highly dispersed
catalyst which showed higher hydrodesulphurization activity than
ruthenium impregnated on Al-PILC.

The sulphiding mixture showed to have an important effect on
the catalytic performance of the Ru-Al-PILC studied, the stability of
the ruthenium species generated by the PILC structure minimized the
reducibility of ruthenium when the sulphiding mixture was Hy/H,S.
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Introduction

The refinery of petroleum residues is more and more focussed
on the removal of sulfur compounds from fuel oils. This low sulfur
fuel oil (LSFO) is essentially used in power plant for electricity
production that enables to reduce SOx emissions. Moreover
desulfurized fuel oil is necessary to have a suitable feed for Resid
Catalytic Cracking (RCC) unit. Atmospheric residues (AR) and
above all vacuum residues (VR) are the most difficult feeds to
process catalytically as they contain and concentrate most of the
crude impurities. Among them, asphaltenes, metals and heavy sulfur
compounds affect the process performances.

These residues are generally hydrotreated in a fixed bed unit
using high pressure of hydrogen and specific catalysts. The process
consists of two complementary sections installed in series: the
demetallization (HDM) section and the refining section (HDS). The
main objective of the HDM section is to disaggregate asphaltenes
and to remove most of the metals. However in this section a partial
hydrodesulfurization (HDS) also occurs. In the HDS section the
deeply transformed feed is refined to remove most of the sulfur
content from the effluent and to reduce Conradson Carbon to product
a RCC feed. Depending on case, an intermediate section could be
included with a specific catalyst, which is able to continue the
demetallization and to begin the desulfurization step (1,2). For each
section, specific catalysts were developed in order to achieve high
severity levels and high duration cycle lengths. The IFP Hyvahl
residue upgrading process developed in 1982 (1) has a well adapted
graded catalyst system that is able to cope with a wide range of feeds
and to associate high severity levels together with constant product
quality and increased cycle lengths. Since a few years, the demand
for very low sulfur fuel oil (until 0.5 - 0.3 weight %) during long
cycle has been increased on the worldwide market. This objective is
difficult to achieve and requires increasing knowledge of heavy
refractory sulfur compounds and kinetic information on the sulfur
compound reactivity. But the characterization of sulfur compounds in
fuel oil is complex due to the high boiling range of these products
and the unavailability of detailed analytical technique as sulfur
speciation for diesel.

The main purpose of this work is to characterize the refractory
sulfur compounds in heavy oils using standard analyses in order to
have a first approach of their location. In this study, the evolution of
heavy sulfur compounds during hydrotreating process was followed
along reactors.

Experimental

Feed and hydrotreatment experiments. A first set of
experiments was performed on Middle East resid in order to locate
sulfur compounds. Several feedstocks (AR, VR) were hydrotreated in
a fixed bed reactor unit under the same standard operating conditions
to achieve the target of 0.3%wt sulfur. Experiments were conducted
using industrial residue hydrotreatment catalysts (HDM and HDS
sections). The characteristics of these feedstocks are given in Table
1.

A second set of experiments was carried out only on HDM
catalyst with varying residence time in order to study precisely the
HDS performance.

Analytical techniques. Liquid products were distillated in
three cuts (PI-375, 375-520°C and 520°C+). The heaviest cut is
subjected for separation to asphaltenes (Asph) and maltenes fractions
using n-heptane. The maltenes fraction and 375-520°C cut were
further fractionated by liquid column chromatography into saturates
(Sat), aromatics (Aro) and resins (Res). On each SARA fractions,
elemental analysis (Carbon, Hydrogen, Nitrogen, Sulfur, Oxygen)
was performed. Metal (Nickel and Vanadium) concentrations in
asphaltenes and resins were measured by ICP method.

Size exclusion chromatography (SEC) was performed on the
different fractions using a refractive index detector. Calibration was
carried out using polystyrene standards (3).

Table 1. Main characteristics of Middle East feedstocks

Arabian Arabian Light Arabian
Medium AR VR Heavy VR

Total S (%wt) 3.7 4.5 5.3
Total Ni+V (ppm) 80 125 218
Asph (% wt) 6.3 9.9 16.2
S (Yowt) 7.16 6.76 7.6
Res 520°C+ 20 34.8 343
S (Y%wt) 5.66 5.4 6.4
Aro 520°C+ 20 44.5 40.7
S(%wt) 3.82 4.0 4.5
Sat 520°C+ 4.3 8.0 4.2
S(%owt) 0.1 0.9 -

520°C- cut 49.4 2.8 4.6
S(%wt) 2.6 35 39

Results and Discussion

Sulfur evolution during hydrotreatment. In atmospheric or
vacuum residua, sulfur is initially concentrated in the heaviest
fraction (cut 520°C+) and specifically in asphaltenes, which are
described as the most refractory class to hydrodesulfurization (4).
During hydrotreatment, the total sulfur content decreases all along
reactors and can reach 0.3%wt at the outlet of the unit using
appropriate operating conditions (temperature, residence time). In the
same time, residue conversion occurs and heavy fraction as
asphaltenes, resins and aromatics decrease to product lighter
fractions. Figure 1 shows the evolution of the sulfur content inside
the SARAs fraction versus residence time for the HDM and HDS
section, in the case of arabian medium AR hydrotreatment. All
fractions are continuously desulfurized along reactors but at different
rate. Thus for HDM section, we observe an important decrease of
sulfur content for all the fractions. The HDM catalyst is able not only
to disaggregate the asphaltenes but also to eliminate a great part of
sulfur compounds.

In the HDS section, the desulfurization rate seems lower for
each fraction but the removal of ultimate sulfur is much more
difficult. The sulfur content in resins and aromatics fractions reach a
low level due to the use of a specific catalyst whereas it still remains
at a high level in asphaltenes. This indicates that the sulfur is located
in high molecular weight and doesn’t access to the active site in the
porosity of the HDS catalyst. However, this specific porosity is
necessary for efficient removal of sulfur in lower molecular weight
fractions.

After HDM and HDS section, the residual sulfur (0.3%wt) is
still concentrated in 520°C+ fraction. The sulfur distribution is about
15% in asphaltenes, 40% in resins and aromatics fraction, 5% in light
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compounds (520°C-). Therefore the sulfur is concentrated in heavy
aromatics and resins fractions. The sulfur compounds in the
asphaltenes fraction cannot be eliminated even at high residence time
in HDS section. Consequently the desulfurization of asphaltenes is
essentially done in the HDM section. The same observation has been
done for VR hydrotreatment.

i
\ HDM sectioill
]

®AsphC7 |+
B Res 520+ | |
A Aros 520+

o

HDS section

Sulfur content(%wt)

relative residence time

Figure 1. Arabian Medium AR hydrotreatment
Sulfur content evolution in 520°C+ cut

In fact, it seems very important to study the evolution of sulfur
compounds in the HDM section for different relative residence time.
Experiments are carried out on Arabian heavy VR for the HDM
section. We can observe an apparent slowing down of resin and
aromatics desulfurization (see figure 2). The same experiments were
conducted with desasphalted oil (DAO/C7) obtained from n-heptane
precipitation of the same vacuum residue. The decrease of sulfur
content in resins and aromatics fractions after DAO/C7
hydrotreatment is more important than for vacuum residue (see
Figure 2). This shows the inhibitor effect of asphaltenes for HDS
reaction. However aromatics and resins produced by hydrocracking
of the asphaltenes may be also more refractory than the initial
fractions that could explain the difference between DAO and VR (5).

8.0
70
2607
§5-0 ® Asph VR
£40 M Res 520+ VR
; 3.0 Aaros 520+ VR
";:') 20 ORes 520+ DAO

A Aros 520+ DAO

1.0
0.0 + T T

relative residence time

Figure 2. Arabian Heavy VR and DAO hydrotreatment in HDM
section. Evolution of sulfur content in 520°C+ fractions

In conclusion, asphaltenes appear like the most difficult class to
desulfurize and also have strong inhibitor effect on desulfurization
reactions. Moreover, the presence of asphaltenes on the catalytic
surface probably slowdown the desulfurization rate of resins and
aromatics fractions.

SEC analyses. In order to obtain more information about
evolution of heavy compounds, Size Exclusion Chromatography
(SEC) has been performed on asphaltenes fraction in Arabian
medium AR before and after hydrotreatment. Profiles of relative
distribution size are reported in Figure 3.

Results show that the structure of high molecular weight
molecules is not affected in the HDM section, but an increase of the
low to high molecular weight peaks ratio is observed. During this
step smaller molecules can be formed. After the second step of the
process (HDS), chromatogram profiles show however a significant
decrease of the low molecular weight peak. Interpretations of such
results may be a preferential conversion of small asphaltene
molecules into resins and aromatics due the high level of
hydrogenation of HDS catalyst. Besides, high molecular weight
population seems to be equivalent after the first and the second step
of the process. In conclusion, the highest molecular weight
asphaltenes that are not eliminated on HDM catalyst are still
remaining at the outlet process after HDS. This confirms the kinetic
evolution of asphaltenes sulfur.

high MW low MW

After HDM

Feed os

After HDS

dlogM/dXi’

LogM
Figure 3. Arabian medium AR hydrotreatment
SEC chromatograms of non converted and converted asphaltenes
after HDM and HDS section of the Hyvahl process.

Conclusion

The increasing severity of sulfur specifications for fuel oil
involves the need of more knowledge about the heaviest sulfur
compounds. Deep desulfurization can be achieved with appropriate
catalytic system and operating conditions. Usual analyses like liquid
chromatography separation and elemental analysis give a first
approach of the location of refractory compounds and can be a help
to well-understand the specific role of each catalyst for HDS
reactions. So, this study demonstrates that after deep hydrotreatment
sulfur is essentially concentrated in heavy aromatics and resins
fractions (cut 520°C+). The desulfurization of asphaltenes is difficult
and occurs mainly in the HDM section. Moreover the presence of
asphaltens on the catalytic surface slowdowns the desulfurization rate
of others fractions.

The development of new appropriate analytical method seems to
be required to isolate and characterize heavy sulfur compounds. This
analysis should involve a better understanding of kinetic HDS
reactions and should be a real help to define the best catalyst layout
depending on the feed composition and origin.

References

(1) Billon, A.; Peries, J.P.; Espeillac,M.; Des Courrieres,T. NPRA 8o
Annual Meeting, San Antonio, 1991

(2) Kressmann, S.; Harlé, V; Kasztelan, S.; Guibard, I.; Tromeur, P.; Morel,
F. Prepr. Pap - Am chem Soc., Div Fuel chem, 1999

(3) Merdrignac, I.; Truchy, C.; Robert, E.; Desmazieres, B.; Guibard, I.;
Haulle, F.X.; Kressmann, S. Heavy Organics Deposition Conference
(HOD), Puerta Vallarta, 2002

(4) Speight, J.G. In The Desulfurization of heavy oils and residua 2" edition;

Dekker, M.,Inc : New York, 2000; pp. 127-167.
(5) Haulle, F.X; Kressmann, S. AICHE Spring Meeting, New Orleans, 2002

Fuel Chemistry Division Preprints 2003, 48(1), 93



CHARACTERIZATION OF SOLUBLE Mo COMPLEX
DURING TRANSFORMATION TO Mo SULFIDE

Lzumi Watanabel), Kinya Sakanishi *2), Isao Mochida”, and Masao
Yoshimoto”

1) Institute of Advanced Material Study, Kyushu University, Kasuga,
Fukuoka 816-8580, Japan

2) National Institute of Advanced Industrial Science and Technology
(AIST), Tsukuba West, Ibaraki 305-8569, Japan

3) Japan Cooperation Center, Petroleum(JCCP), 3-2-1 Sakado,
Takatsu-ku, Kawasaki, Kanagawa 213-0012, Japan

Introduction

Highly dispersed Mo sulfide catalysts with fine particles have
been reported very active for the hydrotreatment of heavy
hydrocarbons such as vacuum residue(VR) and coal.'® Several oil-
soluble Mo complexes can be one of the most promising candidates
for the application to slurry phase catalytic upgrading of vacuum
residues, because they form very fine MoS, particles during their
heating upto around 350 °C.7 1t is reported that the difference in the
catalytic activities of Mo-DTC(dithiocarbamate) and Mo-DTP(dithio-
phosphate) can be ascribed to the different extent of MoS, formation
from the complexes under the hydrotreatment conditions. It is also
noted that MoS, or solid Mo compounds derived from the two
complexes are fine particles of very low crystallinity that can be
highly dispersed in vacuum residue or asphaltene, because such solid
particles are allowed to stay in asphaltene micelle which is dissolved
or dispersed in toluene or maltene during the heating. Thermal
decomposition of Mo-DTC stoichiometrically gave MoS,, whereas
Mo-DTP appears to provide MoS species in the presence of
remaining phosphorous ligands. It seems that the remaining
phosphorous ligands may retard the conversion of MoS to MoS, in
VR, however, no clear evidence is not found by XRD, TGA, far-IR
or TEM measurements.

In the present study, Raman spectroscopy is applied to the

identification of MoS species formed from the soluble Mo complexes,

since it can distinguish the layered graphite and amorphous-like
carbon species. Because of the similarity in the layered structure of
MoS, and graphite-like carbon, Raman spectroscopy is expected to
give a clue to the difference in the structures of MoS species
produced from the two Mo complexes.

Experimental

Materials. Mo-DTC and Mo-DTP used as MoS catalyst
precursors in the present study are commercially available in the
forms of crystal and solution, respectively. Their structures are
illustrated in Fig.1. Commercially available MoS, powder is used as
a reference compound. An Arabian heavy vacuum residue(AH-VR)
is used for the hydrotreatment with Mo-complexes.

Mo-DTC Mo-DTP

[Molybdenum dithiocarbamate] [Molybdenum dithiophosphate]

R s0sOg R RO 50sOs OR
N ZRPNEY z AN AU 4
N-GC Mo Mo C-— P Mo Mg P

S N/ N/ N/ N SONS N/ N/ N
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(S=29.0%, Mo=27.5%) (S=13.0%, M0=8.8%, P=5.5%)

Fig.1 Structures of Mo-DTC and Mo-DTP

Heat-treatment.  The mixture of Mo complex with VR was
heated at 110 °C for 1 h for well dispersion, and then hydrotreated at
380 °C over the decomposition temperature of the complexes in a
mini-autoclave under 10 MPa H,. The heated mixture was extracted
with n-hexane to separate the maltene and asphaltene fractions.

Analysses. The thermal behavior of the Mo complexes was
examined using TGA(Seiko, SSC/5200) by their weight changes. The
complexes and their decomposed products in the residue were
analyzed by FT-Far IR(Jasco-620), XRD, and Raman spectroscopy.

Results and Discussion

According to TG/DTA profiles of Mo-DTC, three endothermic
peaks were observed, and the first two of them were derived from the
structural change in the ligands with a small weight change. The last
peak around 300 °C was ascribed to the formation of MoS, with a
large weight loss. This was in good agreement with the formation of
Mo-S bond observed by far IR spectroscopy in Fig.2.
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Fig.2 Far IR spectra of Mo-DTC before and after heat-treatment
(a: non-treated, b: 200°C, c: 250°C, d: 260°C, e: 300°C, f: 400°C)

The decomposition of Mo-DTP was started from 200 °C based on
the TG/DTA, reaching to 26 wt% at around 300°C, however, no clear
peak of Mo-S was observed in the far IR as shown in Fig.3.
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Fig.3 Far IR spectra of Mo-DTP before and after the heat-
treatment (a:non-treated, b:350°C, ¢:400°C, d:500°C)
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When Mo-DTP was heat-treated under the atmosphere of 10%
H,S in H,, the formation of Mo-S species was observed by Raman
spectroscopy as shown in Fig.4.
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Fig.4 Raman spectra of Mo-DTP before and after the
heat-treatment (a: under N,, 1h; b: 10%H,S/H,, 1h)

It is revealed that MoS; should be produced from Mo-DTP over
its decomposition temperature under the sufficient sulfiding
conditions. It is pointed out that Mo-DTC produced MoS, at around
300°C even under the N, atmosphere as illustrated in Fig.5.

The difference in the properties and crystallinity of MoS2
between Mo-DTC and Mo-DTP may reflect in the Raman
spectroscopy. Further details on the transformation of MoS2
morphology and crystallinity during the hydrotreatment are now on
investigation
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Fig.5 Raman spectra of Mo-DTC before and after the
heat-treatment
(a: MoS,; b: heat-treated Mo-DTC under N )

Fig. 6 shows TEM micrograph of Mo-DTC heat-treated with
asphaltene at 370°C. A clear formation of lamella-like MoS,
crystalline structure was observed on the asphaltene matrix.

Fig.7 illustrates TOF-MAS spectra of asphaltene after the
hydrotreatment with or without Mo-DTC or Mo-DTP. Compared to
the spectra without catalyst, both of the Mo complexes hydrocracked
the asphaltene farction significantly, the cracking extent being a little
higher with Mo-DTP. The yield of the asphaltene was lower with
Mo-DTC than that with Mo-DTP, reflecting the higher hydrogenation
activity of Mo-DTC.
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Fig.6 TEM of Mo-DTC treated at 370°C with asphaltene

60000
40000 |
[2]
£
>
[=]
© 20000 |
0
100 1000 10000
Mass [m/z]

Fig.7 TOF-MAS of asphaltene after the hydrotreatment with or
without Mo complex catalysts
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Introduction

Heat-Induced Deposition The problem of fouling due to
deposition occurs when heavy oil materials are heated, blended, or
pyrolyzed in visbreaking or vacuum distillation processes. This type
of deposition can result from the formation of asphaltene flocs when
a residuum is heated above a temperature at which the intermediate
polarity material no longer protects the polar asphaltene cores'?, but
below temperatures at which pyrolysis occurs (340 °C, 644 °F). This
flocculation is not the same as asphaltene precipitation due to weak
solvent addition. The temperature-induced asphaltene flocculation
appears to be reversible when the material is cooled, as long as the
material has not been heated to temperatures above which pyrolytic
reactions occur. The polar asphaltene flocs can result in deposition
and fouling problems in both upstream and downstream operations.

Residua are considered to be suspensions of polar
asphaltene materials dispersed in a solvent phase.® Pal and Rhodes
developed a model for emulsions that has been applied to petroleum
residua.’ The model features resins and solvent layers around an
asphaltene core and solvated cores interacting with one another in an
ordered system. Additional solvent is trapped between the asphaltene
structures. Pal and Rhodes* considered a solvation shell magnitude
term K (K=KS<KF), representing the amount of solvent adsorbed
around a particle (KS) and the solvent trapped in a group of particles
in the ordered system (KF). When a residuum is heated, the value for
K decreases with increasing temperature, and less material is
associated with the asphaltene structures, resulting in a flocculation
of the polar asphaltenic-type core material.'*

Using an apparatus constructed to quantify relative heat-
induced deposition tendencies for petroleum residua, deposition
density measurements were made for five residua materials.’ The
results suggested that the heat-induced deposition process is not
significant at 100 °C (212 °F). It begins at 175 °C (347 °F), and is
very evident at 250 °C (482 °F). At the latter temperature, the
deposition density correlates with the free solvent volume, which is
calculated from weight percent heptane asphaltenes and the Heithaus
p. parameter. The deposits were found to be enriched in porphyrins,
and in nickel and vanadium. Activation energies of the reversible
removal of the protective shell surrounding asphaltene cores were
calculated from relative viscosity measurements at several
temperatures. The energies were 470, 750, 940, 1,100, and 1,600
cal/mol for Vistar, CA Coastal, Boscan, MaxCL, and Redwater, B.C.
residua, respectively.

Experimental

Additive Spiking Two commercially available anti-fouling
additives designated A and B were added to a Lloydminster vacuum
residuum at a level of 0.20 wt.% (2,000 ppm). Portions of 150g
residua heated to 100 °C were poured into four round bottom flasks.
A fifth round bottom flask for the control Lloydminster residuum
with no additive was similarly prepared. A volume of 225 mL of
cyclohexane was added to the residua in the round bottom flasks. The
flasks containing the residua and solvent were attached to a rotary
evaporator, which was used as a mixing device to spin the contents in

a warm water bath at 65°C for about 30 minutes until the residuum
was completely dissolved. The round bottom flask was removed and
the contents were charged with a precise weight of additive. The flask
was placed back on the rotary evaporator, and the cyclohexane was
removed.

Heat-Induced Deposition Heat-induced deposition studies
were conducted for the control Lloydminster residuum, the 0.2% A
sample, and the 0.2% B sample using an apparatus described
previously.5 This apparatus consists of a pivoting aluminum chamber
that is continuously purged with flowing argon (Figure 1). A 1.75”
diameter pre-washed aluminum pan containing 5 g of sample was

Figure 1. Heat-Induced Deposition Apparatus

placed inside the chamber in horizontal configuration. The chamber
containing the sample was heated to 250 °C (482 °F) inside a
convection oven, and at a predetermined

timeframe, a trigger was released and the apparatus was rotated to
position the sample pan in a vertical configuration (Figure 2). After a
suitable timeframe to allow for the complete pouring of the sample
from the sample pan into a collection pan, the oven was cooled, the
chamber disassembled, and the sample pan examined for deposition
phenomena. Deposition profiles were obtained at using a Kodak DC
265 zoom digital camera with a 37mm +10 macro lens.

Figure 2. Use of the Deposition Apparatus
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Results and Discussion

Deposition experiments were performed with three portions
of whole Lloydminster residuum at 250 °/C with no additives. Single
runs were made with the residuum containing 0.2 wt.% of each of the
two additives A and B. The deposition patterns showed the presence
of agglomerated deposition spots from the residuum without additive.
The materials with the additives showed some spots, but overall
smoother deposition profiles were evident. This effect was difficult to
visualize, but it appears to be real. Close-up images of the deposition
patterns with and without additives are presented in Figure 3.

MNo Additive |

Ruler

No Additive 2 No Additive 3

0.2 wi.% Additive A

0.2 wi.% Additive B

Figure 3. Heat-Induced Deposition Patterns

These show exaggerated detail of the deposition spots. The additives
appear to suppress agglomerization and cause a smoother dispersion
of the deposition pattern than when they are not present.

Conclusions

Non-pyrolytic heat-induced deposition experiments were
performed at 250 "C with Lloydminster vacuum residuum with and
without the presence of anti fouling additives. The results showed
that both of the additives appear to cause a smoother, more well
dispersed deposition pattern than was observed with the residuum
without additives. The effect was somewhat difficult to visualize but
it appears to be real. Thus, the additives could be causing an
enhanced dispersion of the asphaltene cores which are exposed when
the residuum is heated, depressing association and agglomerization of
the polar cores.
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Introduction

Petroleum asphaltene is the heaviest portion of the oil fractions
and may cause coking or plugging troubles in the refinery or in the
transportation lines. Asphaltene is defined operationally by its
solvent solubility, and it is an extremely complex organic mixture.

It is supposed that the cracking and coke formation reactivities
of asphaltenes are dominated not only by their molecular structure
but also by their aggregation tendency, because the size of asphaltene
molecule is large and asphaltenes have various functional groups.
The driving forces or the kinds of interaction contributing to the
asphaltene aggregations have not yet completely clarified, because of
the complexity of the phenomenon. Although, there must be some
rigorously chemical relationships among the molecular structure, the
aggregating tendency, and the coke making reactivity of asphaltenes.

Recently, some fundamental studies about molecular structure
and aggregation phenomena of three petroleum asphaltenes, Maya,
Khafji, and Iranian Light, with 13C-NMR", Molecular dynamics
simulation?, SANS®, and SAXSY were carried out. In this paper,
coke-making reactivities of those asphaltenes on thermal cracking
were investigated with some set of autoclave experiments. The main
concern of the paper is whether the braking up of the asphaltene
aggregates contribute to the coke suppression of the reactions.

Experimental

Sample Preparation. The residua (> 500 °C) was obtained by
vacuum distillation of three crude oils. Asphaltenes were isolated by
addition of a 20:1 excess of n-heptane to each of the residua at 25 °C.
The suspension was stirred 1 h at 100 °C in the autoclave. After
cooling down and leaving at 25 °C overnight, the suspension was
filterated. The precipitate was washed with n-heptane twice and
dried. The yields of asphaltenes (precipitates) of Maya, Khafji, and
Iranian Light are 24.9, 14.2, and 6.3wt%, respectively. Table 1
shows the elemental analysis data of the asphaltenes.

Table 1. Elemental analysis data of asphaltenes.
Maya Khafji  Iranian Light

elemental, wt %

carbon 82.0 82.2 83.2

hydrogen 7.5 7.6 6.8

sulfur 7.1 7.6 59

nitrogen 1.3 0.9 1.4

oxygen 1.2 1.1 1.5
H/C 1.10 1.11 0.98
metals, wtppm

Ni 390 200 390

v 1800 550 1200
density, g/cm’ 1.1767 1.1683 1.1669

Asphaltene of Maya (As-MY) is the heaviest and contains the
most amount of metals among the three asphaltenes. As-KF is
medium heavy and contains the least amount of metals. H/C atomic
ratio of As-KF is the highest, and this could be interpreted as the
lowest aromaticity. As-IL is the lightest, but contains much nitrogen
and metals. It has the lowest H/C atomic ratio, meaning the highest
aromaticity. These properties are considered to affect aggregation
phenomena and coking reactivities of asphaltene molecules much.

Asphaltene cracking. All reaction experiments were carried
out batch wise in a 30 mL micro reactor. In a typical experiment, 2g
of asphaltene and 8 g of solvent were loaded into the reactor. A
stainless ball was also loaded for stirring. The reactor was then
pressurized with nitrogen of 5 MPa at room temperature and was
immersed in a preheated tin bath at 300 °C. In the case with the
relaxation of asphaltene aggregates, tin bath temperature was hold at
the temperature for 60 min. Then the temperature of tin bath was
rose with the heating rate of 2 °C/min until the temperature reached
440 °C, the nitrogen pressure becomes ca. 8 MPa at the temperature.
The reactor was oscillated all the time in tin bath. After the reaction
was completed, the reactor was cooled in air. In the case without the
relaxation of asphaltene aggregates, the temperature of tin bath start
rising just after the reactor was immersed in it. 1-methylnaphthalene
(IMN), quinoline (Qui), decalin (Dec), and the mixture of Qui and
Dec (50/50) were used as the solvent.

Separation. Gas yields were calculated from the weight
decrease of the reactor with releasing gas pressure after reaction.
Liquid product and coke were washed out of the reactor with
tetrahydrofuran (THF), then THF was evaporated. The product were
separated with n-heptane and toluene into three fractions, heptane-
soluble (HS), heptane-insolubleand toluene-soluble (HI-TS), and
toluene-insoluble (TI).

Results and Discussion

The yields of the asphaltene cracking without solvent are shown
in Figure 2 (NS: No Solvent, /R: with relaxation of aggregates). TI
(Coke) yields are around 50% in these experiments. The order of the
TI yields of three asphaltenes is MY > IL > KF. In the case of As-KF,
the relaxation of asphaltene aggregates by stirring for one hour shows
no effect for coke suppression.

As-MY As-KF AsIL |0 Gas
OHS
8.3 2.0 2.0
100 08 EHI-TS
— : OTI
w | 205 28.0 27.3 164
13.3
? 60 | 21.9 237 24
g ]
2
= a0 |
57.9
48.0 47.0 50.5
20 F
0
NS/R NS NS/R NS/R

Figure 2. Yields of asphaltene cracking without solvent.
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Figure 3 shows the yields of the asphaltene cracking with quinoline.
The yields of TI from the asphaltene cracking decrease about 10 wt%
and the order of TI yields from three asphaltene is the same with the
case of without solvent (MY > IL > KF). With quinoline, the
relaxation of asphaltene aggregates by stirring at 300 °C for one hour
suppress the TI yields with ca. 5 wt% of all asphaltenes cracking.

As-MY As-KF As-IL 0 Gas
2.9 . 1.7 .
100 2.0 25 1.8 |OHS
11.6 O HI-TS
314
31| (BT
g0 | [309 32.8 35.0
24.2
60 -
> 186 26
3 272 332 30.5
5 26.7
>" 40 -
47.6
20 r 425 36.0 0 39.4 36.6
0
Qui Qui/R Qui Qui/R Qui Qui/R

Figure 3. Yields of asphaltene cracking with quinoline.

Figure 4 shows the yields from As-KF. The order of TI yields with
three solvents are IMN > Qui > Q+D (quinoline and decalin mixture)
>> Dec. Decalin shows the largest effect to suppress the coking and
the TI yields of Q + D is almost average of Qui and Dec. In some
literature, Dec is not a hydrogen donor at all. Although in this case,
Dec seems to show the hydrogen donor ability. Indeed, the recovered
solvent after reaction experiments contained the tetralin (tetralin
content is 1.1 mol% of feed dcalin).
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: 39
100 1.8 1.9  |OHs
1.6 D HI-TS
35| @
27.3 27.1
%0 | 26.2
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S60 237
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Figure 4. Yields of As-KF cracking without and with some solvents.

The yields of As-IL cracking have higher TI yields with each
solvent than As-KF and show the same tendency depending on the
solvent with As-KF. On the other hand, As-MY shows the different
TI yields order with the solvents. The yields of As-MY craking is
shown in Figure 5. Different from As-KF or As-IL, As-MY is

converted into the least amount of TI with decalin and quinoline
mixture solvent among four solvents.
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Figure 5. Yields of As-MY cracking without and with some solvents.

It may be interpreted that both aggregates of As-KF and As-IL
brake up even in decalin at around reaction temperature and hydrogen
is easily donated to the asphaltenes, but As-MY remains some
aggregates in the decalin at around reaction temperature. In other
word, quinoline assists the braking up of As-MY aggregates in the
decalin and hydrogen donation to the asphaltene become easier.
Results of SANS experiment indicate the large aggregates (fractal
network) of Maya asphaltene exist in decalin solvent up to 350 °C.
The feature of As-MY thermal cracking that higher coke yields than
As-KF or As-IL and a multiplier effect to suppress the coke yields
with Dec and Qui could be attributed to the fractal network.
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Abstract

The use of atmospheric resids as feedstocks for FCC units
allows profitable conversion of heavy fractions. PETROBRAS has
developed its own RFCC technology after a complete study of
properties of the possible feedstocks for the 2 industrial units that are
now operating in Brazil. A very important point in this
characterization is the Ramsbottom carbon residue (RCR).
Asphaltenes are well-known to be the main carbon residue
percursors. However, no correlation could be found with the regular
IP-143 asphaltene content. This paper describes considerations on the
precipitation procedure and the necessity to eliminate aliphatic long-
chained hydrocarbons (paraffin waxes) that co-precipitate with
asphaltenes. This elimination had to be done by supercritical
extraction, the only way found to achieve selectivity. The work
yielded a linear correlation between asphaltene contents and RCR.

Introduction

It has been mentioned in literature!! that, though heavy
petroleum fractions were limited to less economically attractive
destinations, the increase in information about their constituents had
been propitiating novel uses. About one of the most attractive ones,
the conversion to light fuels, it has been recognized™™ that the key to
improvement of conversion is the development of better
understanding of coke formation (normally referred to by carbon
residue) chemistry mainly through the main precursors, asphaltenes.
Carbon residue is one of the most important variables to be
controlled in catalytical cracking and hydroprocessing™®!, and it limits
the feedstock to be processed. Good predictions of carbon residua
from asphaltene contents are not reached, however. This paper shows
some reasons for that by the evaluation of asphaltene precipitation
experiments and their products, and proposes a novel and efficient
correlation.

Challenges in Correlation of Asphaltene Contents and Carbon
Residue Values

There are clear descriptions in literature about asphaltenes of
the chemical structure expected for these heavy petroleum fractions:
large-sized aromatic nuclei, with aliphatic and naphthenic
branches™!. However, it is not possible to reach an analytical method
for selective separation of such materials. So, operational definitions
are employed in this case. The most accepted one is the fact that
asphaltenes are n-heptane insoluble, toluene soluble constituents of
petroleum, which is the basis of the well-known IP-143 method®’.
This definition has proved to be useful in many situations; literature
cites for instance that a vaccum residue freed of n-heptane insoluble
components does not show sludge in hydroprocessing, while the
same residue does when it is integrally processed™®.

Nevertheless, this criterium has shown to fail in being useful by
itself in several situations. Sometimes this is not related to the
precipitation approach employed, but to the very complex chemistry
involved in conversion'?. But in the development of PETROBRAS’s
technologies for catalytical cracking of atmospheric residua(ARs)!”,
some of the inconsistencies of the criterium were made clear, and
those were basically related to prediction of carbon residua. So,

efforts were developed to understand the reasons for that. Since
asphaltenes are coke precursors, asphaltene contents should be
strongly correlated to amounts of carbon residue. However, the first
results of correlation obtained by the author, seen in figure 1, show
that less than 50% of carbon residue formation is explained by the
amounts of asphaltenes.

= Conventional IP-143 asphaltenes

K104
£ . v = 1.1634x + 4.5004
g+ R’ =0.4347

4 .

0 1 2 3 4 5 6 7 8
Asphaltenes (weight %)

Figure 1. Plot of initial set of data for Ramsbottom carbon residue
and conventional IP-143 asphaltene contents for various ARs, with
very poor correlation

The reason to seek this understanding was not only the exact
quantitative determination of carbon residue values from given
characterizations of feedstocks, since Ramsbottom carbon residue
values can be easily measured in refinery labs. The most important
aim considered was the possibility to make clear this aspect related to
the chemistry of carbon residue generation and its precursors, in such
a way that information brought by this study could be useful for
description of the phenomena involved and allow novel
developments in conversion chemistry.

Asphaltene Precipitation

Investigation of asphaltene precipitation was the first step.
Literature recommendations were developed for petroleum!, and
that is an initial medium for asphaltene precipitation very distinct
from ARs. The basis is that asphaltenes are not supposed to be
dissolved in petroleum or its fractions; it has been assumed for a long
time®™” that they constitute micelles of aromatic materials
maintained in suspension by other components, generically called
resins, with similar characteristics but smaller molecular weights.
Precipitation of asphaltenes depends on the ability of the precipitant
to remove these resins around the asphaltenes and on the conditions it
has to. That is why, in the comparison of § standardized methods for
asphaltene precipitation from petroleum, different amounts of
asphaltenes and kinds of materials can be found depending on the
extraction procedure!'”; since the precipitation efficiency is not a
process dictated by equilibrium. In the case of ARs, the action of the
precipitant, due to the differences in diffusivities and viscosities, very
important parameters for the precipitation mechanism described, is
much more difficult than it is in precipitation from petroleum.

So, a novel procedure was proposed with increased contact
times of precipitant with the ARs. Due to the possibility of oxidation
in the long precipitation periods studied, experiments were not
performed under reflux; room temperature was preferred. The ratio
of precipitant (n-heptane) to oil was 40:1, according to limiting
values from the literature!' . Table 1 shows selected results.
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Table 1. Results for asphaltene contents of a AR from a
mixture of the petroleum productions of Brazilian fields with
varied contact time with precipitant

Precipitation time Asphaltenes precipitated
(h) (weight %)
2 4.20
60 5.57
240 5.81

Contact times of sixty hours were chosen, because after that the
amount of further precipitated material is negligible. It can be seen
that 2 hours, as recommended by IP-143 (though conditions
mentioned there employ reflux), are not enough for precipitation of
all of the asphaltene content by this novel approach. The correlation
with carbon residue values was sought again. Figure 2 shows that
correlation for the same set of data in figure 1. It can be seen that
better explanation of RCR is obtained, and that supports very much
the hypothesis of being asphaltenes important coke precursors.

< % asphaltenes by long contact time with precipitant

y =0.9477x + 3.0855
R*=0.9178 B¢

RCR (weight %)
o

0 2 4 6 8 10 12 14
Asphaltenes (weight %)

Figure 2. Plot of initial set of data of various ARs for RCR and
asphaltene contents by the proposed method, considering only long
contact time with precipitant, with very good correlation

The long contact time with precipitant could bring to the
asphaltenes precipitated the possibility to explain more than 90% of
the variations of carbon residue formation. The correlation indicates
that about 3.1% of carbon residue would be expected if no asphaltene
were present. The correlation is poor at low RCR values, but those
are not the most worrisome cases. So, these first results were
considered very promising ones.

The conditions of this precipitation method are not to be
employed in refinery labs, of course, because precipitation times are
prohibitive for operational needs. However, a databank could be
made with this methodology for the most representative oils
processed at PETROBRAS, since the approach showed to be useful.
That was the next step in this research; about 20 ARs were chosen to
compose that databank.

However, when twice as many ARs as we had in the initial set
of data were analyzed, a new correlation showed that something had
been missed when only the first set was considered, since the
correlation was not as good as it was. That can be seen in figure 3.
So, another aspect to explain these results was sought. Due to
previous experiences with co-precipitation of asphaltenes and
paraffin waxes in production facilities!'™, the possibility of
interference by co-precipitation was studied.

< % asphaltenes by long contact time with precipitant

y = 0.9744x + 3.3536
R*=0.8358 o

RCR (weight %)

0 2 4 6 8 10 12 14
Asphaltenes (weight %)

Figure 3. Plot of complete set of data of various ARs for RCR and
asphaltene contents by the proposed method, considering only long
contact time with precipitant

Correlation with Asphaltenes Precipitated by the Proposed
Method after Extraction of Paraffinic Material

The possibility of co-precipitation had been considered since
the first precipitation experiments, because the washing under reflux
(that does not happen in this case, because of the preference for
manipulation at room temperature) proposed by the conventional
method should have as a major role the elimination of co-precipitated
material. However, since good correlations were achieved, this
problem was firstly assumed to be a minor one, if it existed. With
the results in figure, they had to be considered.

The first approach was the comparison by the use of
differential scanning calorimetry (DSC) measurements as it had been
done in a previous work!'?. Paraffinic materials show melting
transitions upon heating. If they are co-precipitated with asphaltenes,
DSC analysis data can identify their presence. That was detected in
several samples.

Quantitative results from these data are possible if an average
heat of fusion is known. If the values were consistent, the subtraction
of the total amount of paraffins from the asphaltene contents
measured by the proposed procedure should improve the correlation.
That was tried with a value from literature!">), but the correlation was
even worst. Measurements for conventionally precipitated
asphaltenes showed results in a similar order of magnitude as the
ones found for the asphaltenes precipitated by the proposed method,
indicating that co-precipitation does not happen only in the procedure
discussed in the present work. This fact also indicates that even hot
n-heptane is unable to dissolve these very long-chained aliphatic
hydrocarbons.

For really quantitative results, a recently developed
procedure"! for selective extraction of paraffins by supercritical
fluid extraction with pure CO, was employed. This technique allows
selective extractions and improved solvation capacity. The selectivity
is necessary since asphaltenes are constituted by thousands, maybe
millions of components, and some of them could be inadequately
extracted if selective extractions were not achieved. Solvation
capacity is necessary because heavy paraffins have insolubility as
their most remarkable characteristic, as it is well known from oil
transportation pipeline plugging problems, for example.

Asphaltenes precipitated by the method proposed here were
extracted. Absence of paraffins in the final material was checked by
DSC. The selectivity of the extraction was proved by analysis of the
extracts by a recently proposed thermogravimetric approach!'®, in
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which the distinct thermal behaviors of asphaltenes and paraffinic
materials in coke generation are employed for characterization. Since
the extracts can be weighed, gravimetric evaluation of paraffin-free
asphaltenes was possible. Figure 4 shows the correlation obtained
with this procedure. More than 90% of the variation in RCR is now
explained by the amounts of asphaltenes. The slope is practically the
unit, as expected. The linear coefficient shows that in the absence of
asphaltenes, about 3.7% of carbon residue would be formed.

# % asphaltenes by proposed method, after supercritical extraction of paraffins

y = 0.9892x + 3.6549
R*=0.907

RCR (weight %)

0 2 4 6 3 10 12
Asphaltenes (weight %)

Figure 4. Plot of complete set of data of various ARs for RCR and
asphaltene contents by the proposed method, considering long
contact time with precipitant and supercritical extraction of paraffinic
materials, with very good correlation

Conclusions

The work showed that asphaltenes yield amounts of coke
equivalent to their contents in petroleum fractions. Those amounts
can be predicted if paraffin-free asphaltenes are analysed after
complete precipitation of asphaltenes. The precipitation is more
difficult from heavy fractions, and long cantact time with the
precipitant should be employed. Selective and quantitative extraction
of heavy paraffins can be achieved with supercritical extraction with
pure CO,. However, RCR values are not completely explained by
asphaltenes by themselves; other components also yield carbon
residua. Though these coke precursors were not identified in this
work, the conclusion by the analysis of a universe of 20 atmospheric
residua of several different origins is that a fixed contribution of
3.7% can account for that.
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Abstract

Petroleum feedstocks are stable in nature, but if the fine balance
in their chemical composition changes because of physical or thermal
treatment, there is a possibility of solid formation due to asphaltenes
precipitation. Formation of asphaltenes and high molecular weight
components usually lead to coke and this has severe implications for
refinery processing. For instance, significant coke formation can
occur in heat exchangers, furnaces and fractionators during
petroleum processing. It is important, then, to be able to predict the
coking onset of different process streams and advise the operators to
avoid process conditions (temperatures and space velocity) resulting
in coke formation.

In the present work the coking onset of Athabasca bitumen was
determined using a batch autoclave. Using the solubility parameters
of the total liquid products, the onset of coke formation was
determined. It was shown that coke formation was negligible up to a
pitch conversion (conversion of resid to distillate) of 34wt%.
Properties of the total liquid products as a function of severity are
discussed.

Introduction

In refineries, in order to convert heavy oils and bitumen, it is
necessary to subject these materials to thermal treatment to various
degrees. In processes where relatively high temperatures are
required, solid deposits may be formed as coke that significantly
reduces the efficiency of the processing unit. For instance, in the
delayed coking operation for processing Athabasca bitumen, the
material is heated to temperatures in the range of 350-500°C (1). At
these temperatures and in the absence of hydrogen, significant coke
deposits can be formed on the walls of furnaces. These deposits
currently can be removed by a pigging technique (1). It is believed
that petroleum is a colloidal system consisting of asphaltenes cores
dispersed in solution by a polar fraction, namely resins. During
thermal reaction this protective resin layer is destroyed and the
asphaltenes become exposed. They are no longer soluble in the
media, resulting in precipitation and, finally, coke is formed. There
are a number of methods and techniques that have been used to
measure the stability and fouling tendency of petroleum feedstocks
and products:

spot test (ASTM-D-4740-95);

total sediment (ASTM-4870-96);

solubility parameters, optical microscope (2);
light scattering (PORLA) (3)

peptization value (P-value) (4)

colloidal instability index (CII) (5-6);

. coking index (7).

If the coking onset of petroleum materials can be predicted
during thermal processing, it would then be possible to avoid
processing severities at which coke formation occurs. Data on the
coking onset are also necessary for the design of different processing
units. In the present work we adapted solubility parameters, through

Nk LN—

an optical microscopy method that was developed by Wiehe (2) to
determine the coking onset of Athabasca bitumen.
Experimental

Thermal reactions were performed using a 300 mL autoclave
equipped with an insert (sleeve) for ease of removal and transfer of
the products after the reaction. Feedstock used in this work was
Athabasca bitumen obtained from Newalta, and originating from
“Dover SAGD project” (previously UTF) operated by Devon
Canada. To perform thermal cracking, about 100 grams of the
bitumen was warmed to 40°C and transferred to the autoclave sleeve.
The sleeve was inserted into the 300 mL autoclave and the head
tightened down using a torque wrench. The autoclave was then
purged with nitrogen three times and pressure tested to 550 psi.

The excess pressure was reduced down to 100 psi. The
autoclave was then insulated and its content was soaked to 150°C for
one hour while stirring. The reactor was heated at 2.5-5°C/min to the
final reaction temperature of 370-430°C. The severity index (SI) of
the reaction was calculated according to the following equation:

SI = t*exp(-(Ea/R)*(1/T-1/700))

[where t = reaction time, seconds; Ea = activation energy, taken
as 50.1 kcal/mole; R = gas constant, 0.001987 kcal/(mole °K); and T
= reaction temperature, °K]

Upon achieving the pre-determined severity, the furnace was
shut down and the insulation was removed. A cooling purge was
directed to the head of the autoclave. The maximum internal
temperature, the maximum pressure and the final severity index were
recorded.

The autoclave was allowed to cool to room temperature and the
gaseous products were collected into a gasbag (Calibrated
Instruments Inc.) through a condenser. The condenser was cooled
using dry ice to collect the light ends. The volume of the gas in the
gasbag was determined by a gasometer with the barometric pressure
and temperature recorded at that time. The contents of the gasbag
was then analyzed for its components using a gas chromatograph
(MTI Quad-series refinery gas analyzer).

The liquid products in the sleeve as well as the small amount of
liquid collected in the reactor (as a result of overflow or
condensation) were mixed. The light ends that were collected in the
condenser were added to this mixture to produce total liquid products
(TLP). The material balance (gas and TLP) and pitch conversion are
shown in Table 1. The properties of TLP, including solubility
numbers and stability index as defined by P-values, are shown in
Table 2.

Results and discussion

During thermal treatment of petroleum in the refinery units, a
solid deposit or coke is often formed. It has been shown that the
coking onset coincides with the insolubility of converted asphaltenes
(8) due in part to the conversion of resins that protect the asphaltenes
(7). There is also an induction period for coke formation, which
depends on the feedstock and the severity of the process (9). In order
to determine the coking onset of Athabasca bitumen, this material
was subjected to different severities shown in Table 1. Using high
temperature simulated distillation, conversion of +524°C to distillate
(pitch conversion) was calculated (Table 1). Up to a severity of
almost 5000 seconds, there was no coke (toluene insolubles) formed.
At this severity, the pitch conversion was about 34wt%. These results
are consistent with our previous data on the visbreaking of Athabasca
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bitumen in a continuous bench-scale unit where no coke was formed
at a pitch conversion of around 33wt% (10).

The properties of the TLP are shown in Table 2. Although there
is some scatter in the data, in general, as the severity of the process
increased the heptane asphaltenes (not corrected for the small amount
of toluene insolubles) increased. Toluene insolubles (coke) did not
increase with severity up to 5000 seconds and examination of TLP
under a microscope showed the presence of no solid particles or
coke. Again, as expected and accepting the scatter in the data, both
MCR and aromaticity increased with severity. A significant
reduction in viscosity was observed as the severity increased. The
solubility numbers including Sgy (solubility blending number) and Iy
(insolubility number) as determined by Wiehe’s method are shown in
Table 2. The P-values, which are indicative of the stability of total
liquid products, are calculated from the ratio of Sgy/ Iy and are also
shown in Table 2. As the severity of the process increased the
stability of products decreased because the converted asphaltenes
became less soluble (higher Iy) and because the solvent quality
became slightly poorer (lower Spy). In a previous study (11) it was
suggested that by using solubility numbers, it might be possible to
predict the onset of coke formation for petroleum feedstocks. In
Figure 1, Spy and Iy are plotted against the severity of the process.
From the least square straight-line equations obtained for Sgy and Iy,
it is possible to predict that at a severity index of 7576 seconds
asphaltenes will become insoluble (Spy = Iy) and start forming coke.
To verify, a series of autoclave runs were performed at a relatively
high severity, as shown at the bottom of Table 2. Unfortunately, the
data from experiments at 6000 and 7000 seconds are not available
and will be carried out shortly to better define the coke induction
period. Nevertheless, as predicted, all runs of severities higher than
7576 seconds did produce coke. For example, thermal cracking of
Athabasca bitumen at a severity of about 8500 produced 4.5wt%
coke, and the C7 asphaltenes (not corrected) also increased
significantly. It is expected that at the end of the coke induction
period (i.e., at the severity where coke starts forming) the asphaltenes
concentration will be reduced (8). For this reason the percentage of
C7 asphaltenes, after correcting for toluene insolubles, should have
been lower than what is reported in Table 2. For the last three runs, at
high severities beyond the coke induction period, it was necessary to
filter out the solid particles (coke) in order to determine the solubility
numbers (Sgy and Iy). These solubility numbers do not follow the
linear behavior of those within the coke induction period because the
least soluble asphaltenes precipitated to form coke.

Conclusions

Thermal reaction of Athabasca bitumen was carried out in a
batch autoclave at SI ranging from approximately 500-9500 seconds.
It was shown that up to a severity index of around 5000 seconds there
was no solid or coke formed. At this severity, pitch conversion was
estimated to be about 34wt%. From the solubility numbers of the
total liquid products versus the severity, it was possible to predict the
onset of coke formation for Athabasca bitumen.
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Table 2. Properties of total liquid products

Table 1. Products yields as function of severity Severity |Heptane*[Toluene| Aromatic
Index, s | Insol Insol |[MCRT| ity Viscosity
SI, second Liquid Gas Pitch Conv * wt% wt% | wt% fa [cP@25°C| In | Spn V;ue
wt% wt% wt% Bitumen 11.3 0.03 13.7 0.33 174000 | 33.2 (101.5] 3.1
591.97 98.1 0.20 5.4 592 12.4 0.06 13.4 0.43 54800 37.3 [111.0] 3.0
599.86 98.9 0.04 5.4 600 12.4 0.07 13.0 0.41 57100 37.3 [111.0]| 3.0
708.28 99.2 0.26 5.4 708 12.6 0.04 13.2 0.40 46300 38.2 [101.5] 2.7
795.31 99.2 0.31 ND 795 ND ND ND ND ND 38.6 [104.3] 2.7
897.92 99.0 0.31 73 898 12.4 0.04 12.3 0.38 22000 40.7 1106.6] 2.6
986.82 99.7 0.3 ND 987 ND ND ND ND ND 40.7 |106.6| 2.6
1095.60 99.1 0.10 9.1 1096 12.7 0.02 13.1 0.39 19700 40.7 [106.6| 2.6
1163.00 98.0 0.3 ND 1163 ND ND ND ND ND 41.2 [104.6| 2.5
1445.25 98.1 0.43 14.5 1445 11.5 0.03 14.2 0.40 11566 41.4 [108.5| 2.6
1652.64 98.1 0.47 16.3 1653 12.4 0.11 14.0 0.42 9713 42.1 |1054| 2.5
1740.50 99.2 0.5 ND 1741 ND ND ND ND ND 45.3 [104.1] 2.3
1858.48 99.6 0.51 15.4 1858 12.5 0.00 13.2 0.45 5810 47.1 1102.7| 2.2
2240.71 98.0 0.7 ND 2241 ND ND ND ND ND 49.4 1103.7| 2.1
2406.15 98.3 0.52 18.2 2406 11.6 0.04 13.9 0.38 3540 51.3 {102.5] 2.0
2999.42 99.2 0.87 24.5 2999 12.9 0.04 14.9 0.39 2860 56.8 [103.4] 1.8
4319.59 97.4 1.37 32.7 4320 13.6 0.04 15.1 0.40 984 69.4 [101.3] 1.5
4602.50 98.4 1.29 34.5 4603 14.0 0.10 15.1 0.42 1686 72.1 {102.3] 1.4
5037.33 97.4 1.53 34.5 5037 13.5 0.13 15.4 0.46 750 75.6 [101.4| 1.3
* Conversion of +524°C to distillate determined by GC
simulated distillation 8564 | 1895 | 4.55 102.5/114.8] 1.12
ND = not determined
9454 16.42 4.58 89.4 [109.1]1.22
9692 17.61 5.94 102.2(112.2| 1.1

* Including Toluene insolubles

ND = not determined

Figure 1- Solubility parameters as function of severity
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Introduction

FCC (Fluidized Catalytic Cracking) decant oils are the
primary feedstock to the delayed coker to produce highly
graphitizable precursor—the needle coke. The quality of needle coke
is determined, in essence, by the development of mesophase
formation in the early stages of liquid-phase carbonization that, in
turn, closely relates to the chemical composition, carbonization
reactivity of coker feedstock, sulfur content and coking conditions
[1,2.,3].

The objective of this study was to investigate the effects of
molecular composition and the reactivity of blending streams in
coker feedstock on the mesophase development and needle coke
texture.

Experimental

Coker Feedstocks. The samples used in this study come from a
commercial needle coke plant. They include virgin decant oil, gas
oils, hydrotreated decant oil stream and coker charge.

Carbonization Experiment. Carbonization experiments were
conducted in tubing bomb reactors (15 mL) at 500°C for 3 hours
under autogenous pressure. The reactors were heated in a fluidized-
sand bath. After reaction, the reactors were quenched in cold water.
The semi-coke product was recovered as whole piece for microscopic
examination. For the study of reactivity of sample effects on the
mesophase development, the sample was heated at 450°C from 20
minutes up to 5 hours in the same isothermal sand bath. The yields of
semi-coke (defined as dichloromethane insoluble) and asphaltene
(pentane soluble and dichloromethane insoluble) were determined by
sequential solvent extraction.

Coker feedstock molecular analyses. Gas Chromatography
with Mass Spectrometer (GC/MS, Shimadzu GC-17A, MS-OP-
5000), High Performance Liquid Chromatography with Photodiode
Array detector (HPLC/PDA), Laser Desorption with Mass
Spectrometer (MALDI-TOF-MS) and Liquid Chromatography with
dual mass spectrometers (LC/MS/MS) were used to characterize the
samples.

Semi-coke optical texture. The extent of mesophase
development in the liquid-phase carbonization of samples was
measured quantitatively in terms of Optical Texture Index (OTI).
Each semi-coke sample was mounted in a pellet of epoxy resin, then
cut into two sections. The polished pellets were examined under a
polarized light microscope (Nikon-Microphoto FXAII). We used a
1.1 mm X 1.1 mm mask and 10X object lens to acquire the surface
images. At least 250 images were examined for a pellet. The OTI of
semi-coke was determined according to following equation [4]:

OTI=Xf; * OTI; where f;is the numerical fraction of individual
texture types from microscopic analysis and OT]I; is the index value
assigned to each texture type, as defined in Table 1.

Table 1. Index Assignments for OTI definition to characterize optical
textures of semi-coke samples.

Type Size/Shape Index (OTI)
Mosaic <10 um 1

Small Domain 10-60 pm 5

Domain >60 pm 50

Flow Domain >60 um long,>10 pm wide 100

Results and Discussion

OTIs of semi-coke samples produced at 500°C for 3 hours are
listed in Table 2. We see a significant variation among the degree of
mesophase development in the sets of coker feedstock samples.
DO02-1 produced a semi-coke with much lower extent of mesophase
development while DO02-4 produced more anisotropic coke with
high proportion of flow domain texture. Coker charges of both decant
oils give a better mesophase development than their parent decant
oils, the heavy stream (VTB) of DO02-4 produced even more
anisotropic coke (88 of OTI).

Table 2. OTI of semi-coke samples from coker feedstocks.

Flow Domain | Domain | Small Domain | OTI
CF02-1 54 58 5 71
CF02-4 74 31 0 85
DO02-1 68 89 7 69
D002-4 77 38 0 83
VTB 02-4 105 35 0 88

Decant oil 02-1 and 02-4 have different major hydrocarbon
distributions: as GC/MS quantitative results show (Figurel and
Figure 2), there is much less pyrene and alkylated pyrenes present in
DO02-1 than in DO02-4; normal alkanes concentration in DO02-1 is
about two times higher than in DO02-4. Both Coker feeds have
higher concentration of phenanthrenes and pyrenes, and lower
concentration of normal alkanes than their parent decant oils. The
variations in hydrocarbon compositions show similar trends as those
noted for the corresponding decant oil samples.
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Figure 1. Aromatic compound distribution in feedstock samples.
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Figure 2. Aliphatic compound distribution in feedstocks.
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Figure 3. LC/MS/MS chromatograms of CF02-1 (Top), CF02-4
(Middle) and VTB02-4 (Bottom).

Differences in heavier hydrocarbon compound constitution are
clearly seen on the TIC of LC/MS/MS chromatograms. We see the
higher aliphatic contribution to the TIC in the initial region (retention
time from 3 to 8 minutes) in sample CF02-1. In the five- to six- ring
aromatic region (about 13min to 17min), the molecular constitution
in CF02-4 is much simpler than in CF02-1. Major aromatic
compounds include the trimethyl-, tetramethyl and pentamethyl-
benzopyrene and benzoperylenes. Note the relatively high intensity
peaks in the longer retention time region (20min to 25min) in CF02-
1. These are the alkylated (up to C3) benzocarbazoles. In VTB
sample, the heavy aromatic compounds almost exclusively consist of
C1 to C4 benzopyrene and benzoperylenes (Figure 3, bottom).
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Figure 4. Coke and asphaltene yields of coker feeds

Intermediate (asphaltenes) and solid coke product yields from
coking experiments (450°C) are presented in Figure 4. By comparing
sample CF02-1 with CF02-4, the rapid build-up (within 180 minutes)
in asphaltenes in CF02-1 indicated the high reactivity of compounds
in this coker feed. The short time window in the case of CF02-1 for
the mesogens to stack and grow into large mesophase sphere and
form elongated flow domain may explain the lower anisotropy of the
semi-coke produced. The difference of reactivity between these two
samples is consistent with their molecular composition difference:
CF02-1 contains a higher concentration of normal-alkanes than
CF02-4. Alkanes are the least thermally stable compounds in the
carbonization environment that easily crack to form free radicals to
serve as polymerization initiators. Higher concentration of alkanes in
coker feed would result in a higher rate of carbonization that would
lead to a lower degree of anisotropy in the semi-coke texture.

Conclusions

Differences in molecular composition of FCC decant oils and
coker feeds derived from decant oils can be related to the differences
obtained in the degree of mesophase development obtained upon
carbonization of these materials. Concentration of n-alkanes, ad the
distribution of PAH in the coker feeds affect the rate of coke
formation and, thus, the extent mesophase development.
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Introduction

The content of polyaromatic hydrocarbons (PAH’s) in the diesel
fuels contribute to low cetane numbers and particle emissions from
combustion.

The present paper focuses on the use of a continuous bioreactor
system for upgrading of the LGO as a potential industrial process.
This is done by biocatalytic ring opening of the PAH’s to generate a
more paraffinnic diesel fuel.

Two different bacterial strains, Sphingomonas yanoikuyae
DSMZ 6900 N2 and Pseudomonas. fluorescence LP6a 21-41(donated
by Dr. Julia Foght, University of Edmonton Canada), were compared
for biocatalysis of the PAH’s in the LGO feed stock from the
refinery.

S. yanoikuyae was found to have the all the enzymes necessary
for the desired bioconversion. The PAH degradation pathway was
genetically engineered in order to obtain a recombinant strain
accumulating one of the precursors, 2-hydroxychromene-2-
carboxylate. This could be achieved by eliminating the enzyme
activity for the specific hydratase-aldolase (NahE) responsible for
further degradation of 2-hydroxychromene-2-carboxylate. Thus, the
degradation of PAH would terminate after the ring opening, which is
important for keeping the octane number of the hydrocarbon fraction.
The strategy chosen was to inactivate the gene encoding NahE by
gene disruption. Five mutants with an inactive nahE gene have been
constructed, and the N2 mutant was chosen for further investigation.

P. fluorescence LP6a has been obtained by transposon
mutagenesis, and its genetic background remained unknown.

Results & Discussion

A toxicity test of LGO on both N2 and LP6a 21-41 was
performed. Figure 1 shows the growth curves of both strains in a
yeast extract (YE) based medium and medium with 50 % LGO. No
inhibitory effects were observed. However, color change of the
suspensions containing LGO strongly indicated conversion of LGO
components. In addition, the color of the N2 suspension turned red
while the LP6a developed a yellow color indicating a difference in
the composition of converted LGO-components. These observations
suggested that the two strains had different affinities for different
hydrocarbons and that there may be a substrate competition for the
active sites of the enzyme systems.

Since the LGO did not inhibit growth of either of the strains, a
continuous feed of 20 vol % was used in the experiments on
bioconversion. However, LP6a and N2 cells clearly differed in their
ability to degrade PAH, since different colored intermediates were
produced upon incubation of their suspensions with LGO.

Toxicity test of LGO on N2 and LP6a 21-41
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Figure 1. Toxicity testing of LGO on the N2 and LP6a strains

LP6a and N2 were also compared in a PAH degradation assay
utilizing dibenzothiophene (DBT) as a main substrate with selective
addition of naphthalene, benzene and toluene. Both strains were
grown in YE-medium and induced with salicylic acid before
harvesting. Equal amount of cells were then transferred to shaker
flasks containing 100 ml mineral medium and 0.05 dibenzothiophene
(DBT) dissolved in 10 ml hexadecane. The end product of DBT
creates a red color absorbing at 475 nm. After two hours benzene,
toluene, and naphthalene was added to separate flasks. Figure 2
shows the bioconversion of DBT by the two strains and the effect of
adding different aromates. All the added aromates seemed to
compete with DBT for the enzyme system of LP6a 21-41. The N2
strain had evidently a higher affinity for naphthalene than DBT,
whilst benzene and toluene seemed less attractive.

The results of these experiments confirmed that substrate
competition observed for the two cell suspension differed
significantly, suggesting different preferences of the two strains for
certain PAHs.
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Figure 2. Substrate competition differences between the N2 and
LP6a strains

Figure 3 shows the degree of bioconversion of LGO
components from a bioreactor run in batch mode with N2. Cells were
grown in YE-medium and induced with salicylic acid. Harvested
cells were transferred to the bioreactor containing mineral medium
and 20% LGO. The results shown in figure 3 indicate that the N2
strain has the highest bioconversion of the least substituted aromates
and optimal residence time for the cells in the bioreactor at around 8

hours.
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Figure 3. Bioconversion of light gas oil components

In an expanded reactor system the N2 strain will also be grown
in a continuous feed bioreactor on oil. Our data suggest, that instead
of energy-expensive distillation processes, bioreactor systems have
the potential for upgrading of hydrocarbon refinery fractions.
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Introduction.

When CO, is adsorbed on the surface of a coal, two
equilibria are established. One is between adsorbed CO, and gas
phase CO,. The other is between adsorbed CO, and CO, dissolved in
the coal. Pressure has a significant effect on both equilibria. In this
paper, the sorption of CO, by coals will be considered in the light of
these simultaneous equilibria. When the coal-CO, system is at
equilibrium, CO, in the gas phase, on the coal surface, and dissolved
in the coal will all have the same activity. The time required to
dissolve CO, in coals and establish equilibrium may be long.

Results and Discussion.
Adsorption thermodynamics. It is difficult to measure the
thermodynamics of adsorption of CO, on a coal. The problem is
separating the two equilibria. Static techniques, such as those
routinely used for BET surface area measurements, measure total
CO, uptake by the coal, both surface CO, and dissolved CO,. The
resulting thermodynamic quantities are for some mixture of the two
equilibria, the mixture depending on the pressure and the diffusion
rate of the CO, into the coal.

Gas chromatography using coal packed columns (inverse
GC) has been used to measure the isosteric heads of adsorption of
CO, and other gasses on Illinois No. 6 coal.'"? This is a transient
technique that does not allow time for the CO, to diffuse into the coal
so only one equilibrium is established.' The isosteric enthalpy of CO,
adsorption on Illinois No. 6 coal is —6.6 kcal/mole. Of this, London
dispersion interactions are responsible for -2.5 kcal/mole and polar
interactions are responsible for the rest. This enthalpy is greater than
the corresponding value for methane (-3.1 kcal/mole) and about the
same as for ethane (-6.4 kcal/mole)’.

Coal surface areas measured by CO, adsorption. With two equilibria
involved in static measurements, are the numerous coal surface areas
that have been measured using CO, adsorption correct? I believe
that they are approximately correct and still very useful. This belief
is based in part on the agreement between surface areas measured by
CO, adsorption and other techniques, such as X-Ray scattering.’
Also, as pointed out by Walker and Mahajan, surface areas are
measured by using very low CO, pressures and the amount of CO,
dissolved under these conditions is usually too small to vitiate the
surface area measurements.* As will be seen, the results for
bituminous coals are more reliable than those for low rank coals.
Table 1 contains the surface areas of the Argonne Premium
Coals measured by CO, and ethane (C,Hg) using the standard static
BET technique at —78 °C°. Ethane and CO, have similar cross
sectional areas, 25.3 A% and 25.1 A? respectively. The surface areas
measured using CO, are much larger, as much as 25 times larger,
despite the gasses being of similar size and shape and the
measurements being made at the same temperature. There are three
possible explanations. 1) The pore structure of all of these coals is so
finely tuned that it allows passage of CO, while not allowing ethane
to pass. 2) The CO, is dissolving in the coals while ethane is not. 3)
CO, diffuses rapidly through the coals while ethane diffusion is slow.
Explanation 1 is not reasonable. The molecules are of such
similar size and shape that the necessary level of discrimination by a

rigid pore system is most unlikely. That 8 pore systems should be so
finely discriminatory is unreasonable. The only problem with
explanation two is that CO, adsorption does give coal surface areas
in agreement with other techniques. If this is generally correct (and it
deserves more testing), then the CO, is not dissolving in the coal in
large amounts. Explanation three is preferred. Stated again in more
detail: CO, , because it interacts with coals in ways that ethane
cannot, has some solubility in coals and diffuses rapidly through
them to reach all of the pore surfaces where it is adsorbed. If this is
the correct explanation, then ethane diffusivity through coals must be
slow. It has been measured only for Illinois No. 6 coal. Ethane
uptake was not complete in 131 hr. While I prefer explanation 3,
uncertainty remains. The diffusivities of gasses through coals and
diffusion mechanisms deserve more study.

Table 1. BET Surface Areas (m%g) of the Argonne Coals
Measured at —78 °C Using CO, or Ethane (data from ref. 5)

Coal (%C, dmmf) CO, Ethane
Pocahontas (92) 202 69
Upper Freeport (88) 166 72
Stockton (85) 175 34
Pittsburgh No. 8 (85) 177 37
Blind Canyon (81) 239 122
Illinois No. 6 (81) 132 38
Wyodak (76) 330 106
Beulah Zap (74) 274 11

Dissolution of CO, in coals. In order to understand the dissolution of
CO, in coals, some background on the physical structure of coals is
needed. Coals are strained glassy materials prevented from
rearranging into their most stable physical structure by non-covalent
interactions too strong to be overcome by thermal energy.® When
substances dissolve in coals, the glass to rubber transition
temperature (Tg) is lowered. Even small amounts of material, for
example toluene adsorbed from the vapor state, suffice to enable the
coal structure rearrangment.” The rearrangement has been
characterized and proceeds to a more highly associated structure in
which fluids are significantly less soluble.® Organic molecules
dissolved in coals can be efficient plasticizers that enable physical
structure rearrangements. They also lower the softening temperature
of coals and can lead to flexible rubbery systems.®

It was known as early as the 1930s that CO, dissolved in
coals, swelling them.’ But it was not until 50 years later that it was
suggested that CO, dissolution had an invidious effect on surface
areas measured by CO, adsorption.'®'! The pressure of CO, used, the
volumetric swelling of the coal, and the % of the CO, that is
dissolved are given in Table 2.
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Table 2. Carbon Dioxide Adsorption and Dissolution (data from
ref. 11)

Coal (% C, daf)  Pressure Swellling % CO, Dissolved
(atm) Vol. %

KCER 7259 (84) 5 0.75 14
10 0.85 16
15 1.33 24

KCER 7122 (78) 5 1.24 23
10 2.23 41
15 3.11 58

KCER 7463 (66) 5 2.16 24
10 3.00 33
15 4.18 47

As expected, the amount of CO, absorbed by the coals
increases with pressure as does the % of CO, that is dissolved. This
is the expected effect of increases in CO, fugacity and further
pressure increases will lead to greater CO, dissolution and increased
swelling. The amount of CO, dissolved increases with decreasing
coal rank as expected if polar interactions are important. With
increasing pressure, the rates of coal swelling increase. For example,
the time to reach half of the maximum swelling of the 84% C coal
decreases from about 40 hr at 1 atm to about 10 hr at 15 atm. It is
clear from these data that CO, readily dissolves in coals, swelling
them. The initial swelling by CO, is anisotropic, just as it is with
organic liquids.'® © It is expected to act as a plasticizer enabling the
coals to rearrange at some (probably slow) rate and lowering their
softening temperatures. A crucial question for CO, sequestration in
coals is “how good a plasticizer is CO, ?”.

There are very few data that bear on this question. Figure 1
shows the effects of CO, and He at elevated pressures on the
softening temperature of a high rank Lower Kitanning coal (PSOC
1197, 91 %C, dmmf)."> '* As expected, He has no effect on the
coal’s softening temperature. The data for CO, are stunning. The
coal softening temperature begins to drop sharply at a CO, pressure
of 30 atm and has dropped to about 300 ‘K at 55 atm CO, pressure.
This is a 373°C decrease in softening temperature. In this coal, CO,
is a very effective plasticizer. It will efficiently enable coal structure
rearrangements; these rearrangements are known to decrease the
solubility of organic liquids in coals and I expect the rearrangement
will have the same effect on CO, solubility and strongly decrease it.
If these results are general, pumping high pressure CO, into coal
seams will readily dissolve the CO, in the coals. This may enable
structure rearrangements that will decrease CO, solubility forcing
some of the dissolved CO, back out of the coal. Pressure will
increase Tg and tend to keep the coal from rearranging. The rates of
the possible coal rearrangement as a function of CO, pressure,
temperature, and lithostatic pressure on the coal are not known. The
effect of structure rearrangements on CO, solubility in coals is not
known. This information is crucial to understanding and evaluating
the possibility of sequestering CO, in coal seams for geological time
periods.
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In any new area of science it is often beneficial to formulate
hypotheses and then work toward proving, disproving and
refining them. Such is the case with sequestration of CO, in coal
seams with concomitant recovery of methane. This is a new
technology that has been practiced in a few places but is not well
developed. Off-the-shelf technology is available to perform CO,-
enhanced coalbed methane recovery/sequestration
(CO,-ECBM/sequestration). Burlington Resources performed
CO,-ECBM in deep unmineable coal seams in the San Juan Basin
in New Mexico in 1996." Very little information has entered the
public domain from this or similar projects. There is a very
incomplete understanding of what happens when CO, is injected
into a coal seam. During the preparation of a review article on
CO,-ECBM/sequestration we formulated a number of hypotheses
concerning the chemical and physical phenomena that occur
when CO, is injected into a coal seam. Information gathered from
the literature was combined with our knowledge of both the
chemical and physical properties of coal and supercritical CO, to
yield a set of working hypotheses that begin to describe the
process.

Hypotheses

1) The glass-to-rubber transition temperature (T,) of the coal will
be dramatically reduced by imbibition of CO,. The coal will
become plasticized. 2

2) The cleat system within the coalbed will begin to close and
become restricted, slowing Darcy flow within that area of the
seam due to swelling.

3) There will be a substantial increase in the self diffusivity of
CO; in coal once it has become plasticized and is above its Tg.2
4) The diffusivity of CO, in coal swollen by high pressure CO,
can be described by free volume theory.

5) Both liquid and supercritical CO, will extract small molecules
trapped within the coal macromolecular network. As the network
relaxes, these molecules will be released and move with the CO,
as long as the pressure is above their threshold pressure.

6) Some of the minerals commonly found in coal will dissolve in
the acidic, carbonated water during those times when both water
and CO, are present together in the coal.

7) The Ca and Mg content of the coal will decrease due to
dissolution of carbonate minerals by carbonic acid and to due Ca
and Mg being displaced from carboxylic acids in low rank coal.
8) Injection of CO, will dry the coal, particularly in those areas
where the flow rate of CO, is highest.

9) There will be a CO, pressure gradient across the coalbed.
When dissolved minerals and organics reach areas of the seam
with lower pressure they will precipitate causing the seam to
begin to clog the coal’s pores.

Discussion

Effect on Diffusivity The plasticization effects of CO, on
coal (hypotheses 1 and 4) are discussed elsewhere.”
Hypothesis 4 is an extension of one proposed by Larsen to
include the self diffusion of CO, in plasticized coal. Mass
transport through coal is a controlling function in the
sequestration of CO, in coal. If the cleat fracture system in
a coal becomes restricted due to swelling, then Darcy flow
will be restricted and transport through the coal will be
primarily Fickian and possibly Knudsen.
A substantial increase in molecular diffusivity of guest
molecules in macromolecular systems in contact with
supercritical CO, has been documented recently. For
example, the diffusivity of ethylbenzene in CO, swollen
polystyrene shows a 10° fold increase when superecritical
CO, is present.’ Experimental information that defines
factors that impact and control transport properties in CO,
swollen macromolecular systems is limited for polymeric
systems and to our knowledge, unknown for coals. The
transport properties of Co(II) complexes in polymeric
systems in contact with supercritical CO, are dependent
upon the degree of CO, swelling and the degree of
plasticization.* These are plasticization induced changes in
the transport properties of guest molecules in the swollen
macromolecular network. =~ We hypothesize that the
substantial increases in diffusivity of guest molecules in
polymeric systems applies to the self diffusion of CO, in
CO, swollen macromolecular systems such as coal. As such,
we expect diffusion of CO, in coal swollen by high pressure
supercritical CO, will be much more rapid than in the same
coal before plasticization.
What is the diffusivity of CO, in coal swollen by high
pressure supercritical CO,? Lee et al.* recently showed that
in a polymeric system swollen by CO,, the effect of CO,
swelling on mass transport is related to free volume theory.
They estimated the fractional free volume (FFV) of swollen
polymeric system from the following relationship:

FFV=Vm-Vw

Vm

where Vm=M/d is the molar volume of the swollen polymer,
M and d are the molecular weight and density of the swollen
polymer, and Vw is the estimated van der Waals volume.
CO, diffusivity should decrease exponentially with the
reciprocal free volume, 1/FFV. As swelling increases, free
volume increases and diffusivity increases. We strongly
suspect that the same theoretical approach will explain CO,
diffusion in supercritical CO, swollen coals, and allow
estimation of the CO, diffusivity under a variety of
conditions in swollen coal matrices.

Effect Of CO, Adsorption On Organic Matter When
CO, interacts with coal, multiple processes occur. CH,
sorbed onto coal is displaced by CO,. CH, desorption
occurs simultaneously with CO, adsorption. CH, is
displaced into the cleat system of the coal where it begins to
move toward an area of lower pressure, the production well.
CH,; desorption causes coal to shrink, whereas CO,
adsorption causes the coal to swell. In general, coal
swelling due to CO, sorption is greater than shrinkage
caused by CH, desorption. The net effect is coal swelling.
As CO, is imbibed by coal, the coal swells causing the
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macromolecular structure to relax” Weak intermolecular
interactions such as van der Waals interactions, hydrogen bonds
and charge transfer interactions between one part of the
macromolecule and another or between two macromolecules are
broken and replaced by interactions between the macromolecule
and CO, molecules. This allows the small molecules trapped
within the interwoven macromolecular network to be released, so
that they are free to move. Liquid and dense gaseous CO, are
excellent solvents. As the trapped molecules are released, they
become solvated and extracted by the CO,, and migrate with CO,
throughout the coalbed. The extraction process and movement of
formerly trapped molecules begins with the lower molecular
weight compounds first. Movement of compounds is a function
of each compound’s threshold pressure. The threshold pressure
of a substance was originally defined by Giddings as the lowest
supercritical pressure that will cause a substance to just begin
migrating in a flowing stream of supercritical fluid.” Among
hydrocarbons the threshold pressure is an approximate function
of their molecular weight. Generally, the amount extracted from
coal is quite small, about 2.5 weight percent or less.

Effect Of CO, Adsorption On Mineral Matter The presence
of high pressure CO, and water can also have a profound effect on
the mineral matter present in coal. Many minerals present in coal
are soluble in acidic aqueous solutions. The solubility of CO, in
water is substantial at high pressures. According to simulations
we performed, the pH of aqueous CO, solutions at 300 atm and
45°C is less than 3.0. The alkaline earth metals are removed from
coal by treatment with acidic aqueous solutions. Calcite,
dolomite, and other carbonate minerals are removed from coal at
room temperature by extraction under acidic conditions with
aqueous CO, solutions. Hayashi et al. studied the removal of Ca
and Mg from several low rank coals by batch extraction with CO,
dissolved in water at 600 kPa and 25°C at various extraction
times.’ They showed that the Ca removal yield is affected by the
total Ca content of the coal and the total carboxyl content. Ca
removal is also affected by the coal:water ratio in that Ca removal
decreases as the amount of water decreases. During CO,
sequestration in coal, it is expected that the water content of the
coal will initially decrease with time. The coal will most
probably be dewatered before CO, injection begins. This process
will remove some of the bulk water in the cleat system. When
CO, injection begins, we expect that the remaining water in the
cleat system will be reduced further and the water present in the
pores will also be reduced. The rate and extent of these processes
are unknown. Thus, we expect that initially the Ca and Mg
content of the coal will be reduced when both water and CO, are
present. The dissolved minerals will be transported through the
coal seam and eventually recovered in the produced water when
the process is taken to completion. As the water content
decreases, the amount of Ca and Mg removed will decrease. If
water migrates back into the seam, then Ca and Mg removal could
increase. The solubility of carbonate minerals in acidic aqueous
solutions is dependent upon both H,O and CO, being present.

Drying of Coal by Flowing CO, Iwai et al. report the use of
supercritical CO, to dry coal.” Water could be removed by either
becoming solubilized by the CO, or by being displced by it.
Water is only sparingly soluble in supercritical CO,. Under some
conditions water is almost quantitatively removed from low rank
coals. They showed that drying of ground and sieved coal (8

grams, 18-30 mesh) with CO, (1.5 moles/hour for 20 hours)
at either 9.8 or 14.7 MPa and 40°C resulted in removal of
water and increased both the surface area and the pore
volume of the coal. The degree of coal drying that will
occur during CO,-ECBM/sequestration is unknown, but
will probably not be quantitative except near the injection
well. Water that is removed during the dewatering process
and that removed by CO, can be continually replaced by
recharge of water from the aquifers.

Precipitation Due to the Pressure Drop There will be both
a pressure drop and a CO, partial pressure drop from the
point of injection to the production well. The injected CO,
follows the path of least resistance, moving from areas of
high pressure near the injection well to those of lower
pressure (toward the production well) through the areas of
the coalbed that have the highest permeability. As injection
continues, the areas of highest permeability become less
permeable with time because the swelling process begins to
close the cleat system which initially controls gas transport
within the coalbed. The extracted compounds that are
moving with the flowing CO, will begin to clog or plug the
coal’s pores.® The effect of this pore clogging on
permeability is unknown. The back pressure increases due
to closing of the cleat system caused by swelling. The CO,
begins to flow into other areas of the coalbed that now
represent areas of higher permeability. Eventually, many
areas of the cleat system begin to swell. When this happens,
the pressure across the coalbed begins to rise, increasing the
density and solvating power of the CO,. The precipitated
components then begin to redissolve according to their
threshold pressure. As the redissolution process occurs,
flow begins again from areas of high pressure toward the
production well. The CO, will move through the coal as a
front, similar to frontal chromatography. The partial
pressure of CO, will be high in areas behind the front and at
the front, but low ahead of the moving CO, front. When
dissolved carbonate minerals migrate to areas of lower CO,
partial pressure and/or decreased amounts of water they will
precipitate out of solution.

Eventually, the flowing CO, finds its way to the area of
lowest pressure at the production well. The pressure
decreases as CO, nears the production well, causing the CO,
density and solvent strength to decrease. This in turn will
cause the organic molecules extracted by the CO, and the
dissolved minerals to precipitate again when the pressure
becomes less than their threshold pressure, clogging the coal
matrix adjacent to the production well. Eventually, these
molecules will be re-extracted as the CO, pressure builds
up behind them, redissolving them and moving them into
the production well. These are only initial hypotheses that
await additional experimental confirmation from the lab and
field.
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Introduction

Heavy oils contain significant amounts of asphaltenes, which
are frequently responsible for catalyst deactivation in the upgrading
processes. To produce lighter distillates efficiently from heavy oils,
it may be necessary to better understand the chemistry of asphaltene
cracking in the reaction space suitable for the molecules.

Since the molecular size of asphaltene aggregates is known to
range more than 2 nm", the present authors have been working on
the utilization of mesoporous silica materials with pore diameters of
2 — 30 nm as catalyst supports for asphaltene cracking. When iron
catalysts are loaded on mesoporous silica (SBA-15%) supports with
different pore diameters, asphaltene conversion during cracking at
573 K increases with increasing average pore diameter up to 12 nm
but levels off beyond this value, regardless of the absence and
presence of pressurized H,”. 1In this work, therefore, SBA-15
support with the pore diameter of 12 nm is used as a catalyst support,
and the effects of metal type, loading and kind of asphaltene on the
cracking performance in pressurized H, are examined.

Experimental

SBA-15 was synthesized by heating an acidic aqueous mixture
of triblock copolymer (EO,,PO7oEO,), trimethylbenzene, and TEOS
at 308 K for 24 h, followed by post-synthesis heat treatment at 370
K?*¥. The material recovered after filtration and subsequent dryness
at room temperature was calcined in air at 773 K for 6 h. Fe or Ni
catalyst was loaded on SBA-15 support by the impregnation method
using an ethanol solution of Fe(NOs); or Ni(NOs),, respectively, and
the resulting sample was again air-calcined at 773 K, metal loading
being 10 wt%, unless otherwise stated. All of catalysts were
subjected to N, adsorption and X-ray diffraction (XRD)
measurements. The pore size distribution and specific surface area
were determined by the BJH and BET methods, respectively.

Asphaltene (soluble in toluene but insoluble in n-heptane),
separated from vacuum residue of crude oil from the Middle East,
was mainly used in this study. The elemental analysis is: C, 84.0; H,
7.8; N 0.9; S, 5.3, O (by difference) 2.0 wt%. Other asphaltenes from
difference sources were also used. A toluene solution of asphaltene
with a concentration of 100 mg/l was mixed with catalyst under
ultrasonic irradiation, weight ratio of asphaltene and catalyst being
1.0. The resulting mixture was then evacuated at room temperature
with a rotary evaporator to remove toluene, followed by dryness at
363 K under vacuum.

Cracking runs in pressurized H, at 5.0 MPa were carried out at
573 K for 1 h with a stirred autoclave. Solid products were separated
by the Soxhlet method using n-heptane and toluene into maltene
(heptane-soluble), recovered asphaltene (toluene-soluble), and coke
plus catalyst (toluene-insoluble). The temperature programmed
oxidation (TPO) of the latter mixture recovered was performed, and
SO, evolved was on line determined.

Results and Discussion
Catalyst Properties and Structures. Figure 1 shows typical
examples for the pore size distribution of SBA-15 support and fresh

Fe/SBA-15 catalysts after air calcination. All of the materials used
provided the narrow distribution with a sharp peak at pore diameter
of about 10 nm. When the Fe was added to the support, the peak
height decreased with increasing Fe loading, which means that Fe
oxide particles are held inside the mesopores. Pore properties and
XRD results are summarized in Table 1. The SBA-15 support had
the average pore diameter of 12 nm, pore volume of 2.6 cm’/g and
BET surface area of 790 m?/g. Catalyst addition did not change the
pore diameter, irrespective of metal type and loading, but lowered the
pore volume and surface area, as is expectable. The extent of the
lowering was larger at a higher loading.

SBA-15 support

)
A
= 10 % Fe/SBA-15
30 % Fe/SBA-15
1 10 100

Pore diameter, nm

Figure 1. Pore size distribution of SBA-15 support and Fe/SBA-15
catalysts after air calcination.

Table 1. Properties of Metal Catalysts Supported on SBA-15

Metal D," v,” Sger” XRD species
(nm) (cm’/g) (m%/g)
None 12 2.6 790 -
10 wt% Fe 12 23 680 nd”
30 wt% Fe 12 1.5 520 n.d?
10 wt% Ni 12 2.1 620 NiO

1)Average pore diameter (D,) and pore volume (V,,).
PBET surface area.

No species detectable.

As is seen in Table 1, the XRD measurements of the fresh
catalysts revealed that no significant diffraction lines of Fe oxides
were detectable, independently of Fe loading, whereas NiO peaks
appeared with 10 % Ni/SBA-15. The average crystalline size of NiO
determined by the Debye-Scherrer method was estimated to 8.0 nm,
which was smaller than the average pore diameter (12 nm) of the
Ni/SBA-15. These observations suggest that Fe species are more
finely dispersed inside the mesopores than Ni species.

Hydrocracking Performances and Catalyst Forms. The
results for hydrocracking at 573 K are shown in Figure 2, where
asphaltene conversion and maltene yield are calculated by using the
amounts of asphaltene and maltene recovered, respectively. With Fe
catalysts, interestingly, the conversion was the highest at 4 % Fe and
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decreased with increasing Fe loading, whereas maltene yield was the
largest at 10 % Fe. It is evident that the optimum Fe loading exists
for maltene formation. The 10 % Ni catalyst showed the lower
conversion but the higher yield than the 10 % Fe catalyst. The latter
may originate from higher hydrogenation ability of the Ni.

100
® O Fe
= m O Ni
Z 80|
=
) Conversion
]
© |
§ 60
g ]
E 40 F Maltene yield
2
o
=
3 20
0 | | |
0 10 20 30

Metal loading, wt%

Figure 2. Asphaltene conversion and maltene yield in hydrocracking
with Fe/SBA-15 and Ni/SBA-15 catalysts.

The XRD profiles after reaction showed that any Fe species
could not be detected with 4 — 10 % Fe catalysts, but very small
peaks of Fe;O4 were observed at 30 % Fe. The NiO observed with
the fresh Ni/SBA-15 was reduced partly to metallic Ni after reaction.

Coke + SBA-15

SOz evolved

Coke + Fe/SBA-15

300 600 900 1200

Temperature, K

Figure 3. TPO profiles for the mixture of coke and SBA-15 support
or 10 % Fe/SBA-15 catalyst recovered after reaction.

To examine the surface state of the 10 % Fe catalyst used, the
TPO runs were carried out. The results are shown in Figure 3. When
the profiles without and with the Fe catalyst were compared, SO,
evolved newly at 900 K in the presence of the Fe. The SO, can be
ascribed to the decomposition of FeSO,”, which arises probably

from the oxidation of surface iron sulfides during the TPO. The
elemental analysis revealed that most of the sulfur evolved during
asphaltene cracking was retained in the mixture of coke and Fe/SBA-
15 or Ni/SBA-15 catalyst. It is likely that Fe and Ni catalysts are
present in the sulfided forms at the outermost layers.

From these observations, following speculations are possible for
the optimum Fe loading for maltene formation observed in Figure 2.
The sulfide species at 4 % Fe are the most highly dispersed and thus
show the largest catalytic activity, which results in the highest coke
yield. At 10 % Fe, on the other hand, fine particles with the larger
size than that at 4 % Fe exist and show the medium activity and
largest hydrogenation ability for maltene formation.

When two kinds of asphaltenes derived from different vacuum
residues from the above-mentioned were cracked with the 10 %
Fe/SBA-15, asphaltene conversion and maltene yield depended on its
type, and the highest conversion reached about 80 %, which was
larger than the value in Figure 2. Although atomic H/C ratios in all
of feed asphaltenes used were almost the same, the XRD
measurements revealed the different compositions of aliphatic and
aromatic fractions observed at 26(Cu Ka) of 20 — 22 and 25 degrees®,
respectively. The proportion of the latter fraction seems to relate
with the extent of coke formation.

Conclusions

Mesoporous silica (SBA-15) with narrow pore size distribution
and average pore diameter of 12 nm is synthesized and used as a
support of Fe or Ni catalyst in hydrocracking of asphaltenes at 573 K
and under 5.0 MPa H,. When Fe loading is changed in the range of 4
— 30 wt%, asphaltene conversion is higher at a smaller loading, and
maltene yield is the largest at 10 % Fe. The 10 % Ni/SBA-15 shows
the lower conversion but the higher yield than the 10 % Fe catalyst.
The elemental analysis and temperature programmed oxidation show
that most of sulfur evolved during hydrocracking is retained in the
mixture of coke and catalyst, and the catalyst surface exists in the
sulfided species, which are probably active for asphaltene cracking.
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Introduction

Sequestration of carbon dioxide (CO,) in coal seams is being
considered as a strategy for mitigating green house gas emissions.
The adsorption of CO, onto a solid, immobile matrix that will be
stable over geologic times is considered an important advantage of
coal seam sequestration. However, the adsorption capacity and the
stability of the adsorbed CO, are affected by the nature of the coal
and the environment in which it is placed. Pressure, temperature, coal
rank, coal moisture content, and changes in the pH of the coalbed
water are factors that may limit the extent of adsorption.' Because it
is well recognized that the methane adsorption capacity of coal
decreases with increasing moisture content, the effect of moisture on
the CO, adsorption capacity is of special interest>® To our
knowledge, there is no systematic study of the effect of moisture on
the adsorption isotherm and adsorption capacity of CO, on coals.

The adsorption mechanism in microporous adsorbents has been
interpreted in terms of both a pore filling process, using the Dubinin
pore filling equation, and a surface adsorption, using the Langmuir or
BET equation.* Martinez et al.’ studied the mechanism of adsorption
of CO, on activated anthracite and concluded that the adsorption
mechanism was dependent on the shape and size of the pores. They
suggested that the adsorption was a pore filling process in narrow
micropores of molecular dimensions and gave rise to the curvature
seen at lower pressures in the adsorption isotherm. Adsorption in
wider pores was dominated by surface adsorption that produced an
isotherm with a rectilinear shape. Levy et al® showed that the
adsorption capacity of CHy4 on coals increased linearly from 12 ml/g
to 26 ml/g as moisture decreased from 4% to 0.5%. While it is
tempting to interpret some of the isotherm data as a simple
competition between moisture and adsorbing gas (CH4 or CO,), it is
recognized that moisture can play a role in the 3-dimensional
structure of the organic coal matrix. Suuberg et al.” showed that coals
shrink when dried. A plot comparing the volumetric shrinkage to the
percent moisture loss was linear for a dozen coals of different ranks.
For the lower rank coals, the volumetric shrinkage amounted to 25-
30%. They pointed out that the measurement of the surface areas of
dried coals might provide an erroneous estimate of the true
accessibility of the coal structure.

Experimental

Moisture content. In order to obtain coal samples with various
moisture contents, as-received samples of Argonne coals® were dried
in-situ in the adsorption apparatus. Each of the samples was vacuum-
dried individually at 22, 22, 45, 80, or 97°C for 4, 20, 10, 16, or 5 hrs,
respectively. After drying, the coals were allowed to equilibrate at the
temperature and pressure of the initial isotherm experiment for 2-3
hrs before beginning the adsorption isotherm measurements. After
the adsorption experiments, the moisture content of each of the
samples was determined using Thermal Gravimetric Analysis (TGA).
TGA drying experiments were conducted on 23 mg samples, at 105
°C for 60 min.

Evaluation of adsorption isotherm data. Gaseous CO,
adsorption isotherms were obtained by the volumetric method using a
low-sample-volume apparatus described elsewhere.” The isotherms
were evaluated using an equation derived previously (Eq.1) that
attempts to account for the volumetric swelling of the coal.’

nex_nahs_i_(gjtﬁj 1
- RT\ z 0

The absolute amount adsorbed, n*”*, can be represented by the
Langmuir or Dubinin-Astakhov equations which assume surface
coverage or pore filling mechanisms, respectively. In the case of the
pore filling mechanism, Eq.1 becomes Eq.2, which accounts for the
volume of the adsorbed phase:

n® = (1 _7”)”06_D[ln(13%)]j - pAV, @
P

where n® is the experimentally determined adsorption (Gibbs
adsorption), p is the density of the adsorbing gas, p” is the density of
the adsorbed phase, n, is the adsorption capacity, P; is the saturation
pressure, A4V, is the change in the accessible pore volume, ; is the
Dubinin exponent related to the pore size distribution, and D is
Dubinin constant defined as

p= kT
PEy

where R is the universal gas constant, 7" is temperature, f is the
affinity coefficient, and E, is the characteristic heat of adsorption.

3)

Results and Discussion

Figure 1 shows the adsorption isotherms of CO, on four of the
eight Argonne Premium coals. These are representative of the
different ranks and moisture contents of the coals. Pocahontas No.3
was the highest rank coal and contained the least moisture (0.63%).
Pittsburgh No.8, Blind Canyon, and Wyodak coals decrease in rank
and increase in moisture content, successively. Drying the coals at 80
°C for 20 hrs under vacuum removed a smaller fraction of the total
moisture content for the higher rank coals and a progressively larger
fraction for the lower rank coals. For instance, the moisture content
decreased from 0.63% to 0.54% (14% of the initial moisture was
removed) for Pocahontas No.3, a high rank coal, but decreased from
20.72% to 3.40% (84% removed) for the low rank Wyodak coal.

The effect of moisture removal was smaller for the higher rank
coals than for the lower rank coals. The CO, adsorption isotherm for
the high rank Pocahontas No.3 changed little, but the original
moisture content was small. On the other hand, significant increases
in adsorption were seen for the dried low-rank coals.

The amount of CO, adsorbed on a particular coal was
determined from the adsorption isotherm and was found to be directly
related to the moisture content of the coal. Figure 2 shows the
adsorption isotherms of CO, on the Argonne Premium Illinois No.6
coal dried to different moisture contents. The apparent amount of
CO, adsorbed (n®) increased as more and more moisture was
removed from the as-received coal. The shapes of the adsorption
isotherms for the as-received (moist) coals were Langmuir-like
whereas the adsorption isotherms for the dried coals were more
rectilinear.

Figure 3 shows the adsorption capacity of the eight Argonne
Premium coals dried to different moisture contents. The adsorption
capacity is linearly related to the moisture content of each coal,
regardless of rank. This trend is similar to that observed by Suuberg’
for volumetric shrinkage (vide supra) and we believe the two are
related. The adsorption capacities of the dried coals calculated from
the intercepts in Figure 3 were found to be rank dependent. Thus, the
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extent of adsorption of CO, on a given coal is dependent on its rank

and moisture content.
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Figure 1. Excess adsorption of CO, on as-received and dried (at 80°C
under vacuum for 20 hrs) Argonne coals. Open symbols: Adsorption,
closed symbols: Desorption
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Figure 2. Adsorption isotherms of CO, on Argonne Premium Illinois
No.6 coals having different moisture content

Discussion

The adsorption capacities of the wet coals are lower than the
dried coals and display an isotherm that becomes almost linear for
low-rank coals. Using the modified adsorption equation (Eq.l) to
interpret this data leads to the conclusion that the nearly linear
portion of the isotherm results from a volumetric change that may be
related to the swelling properties of the coals. The surface (or pore-
filling) adsorption is reflected in the curved, Langmuir-like portion of
the isotherm which is more pronounced for higher rank coals and
lower pressures.

If the CO, adsorption capacities are calculated by substituting an
appropriate adsorption expression for the n°* into Eq.1, e.g. as n in
Eq.2, the dependence of the adsorption on the moisture content
appears to be linear as seen in Figure 3. The slopes of the lines are
indicative of the importance of water to the adsorption of CO,.
Conversion of g water per 100 g coal (% moisture) to millimoles of
water lost gives a slope of 1.1 moles of water lost per mole of CO,
adsorbed for the higher rank coals. Thus, for the higher rank coals, it
appears that the effect of moisture on the adsorption may be simply
one of competition of H,O and CO, for the same binding sites.

However, the slopes become progressively smaller as one moves
through the mid-rank to the low-rank coals. The slopes of the
Wyodak and Beulah Zap coals are closer to 8 moles of water lost per
mole of CO, adsorbed. Thus, in the case of low-rank coals, either
many adsorption sites that are active for H,O adsorption are
unfavorable for CO, adsorption, perhaps because they are too polar,
or, possibly, clusters of water molecules block each CO, binding site.
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Figure 3. Adsorption of CO, on Argonne Premium coals as a
function of moisture content.

Conclusions

The presence of moisture significantly decreases the CO,
adsorption capacities of coals, regardless of rank. Therefore, CO,
adsorption isotherms of dried coals may not provide the information
needed to interpret or model CO,.
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Introduction

CO, is the major gas contributor to global warming [1]. Many
techniques to capture and store CO, are currently being investigated.
CO, injection into saline aquifer formations is one of the promising
geologic CO, sequestration options. It is attractive, because there are
regionally extensive aquifers capable of accepting large volumes of
CO, (500 Gt. of CO,) from power plants without the need for long
transport pipelines. Upon injection of CO, into saline aquifers, CO,
may be stored by hydrodynamic and/or mineral trapping. The most
critical concern of hydrodynamic trapping is the potential for CO,
leakage through imperfect confinement. In mineral trapping, CO, is
converted into carbonate minerals by a series of reactions with
aqueous ions found in the saline aquifer. Various carbonates such as
calcite, magnesite, dolomite, and siderite can be formed in the brine
aquifer by mineral trapping [1,2]. However, conversion of CO, to
stable carbonate minerals is expected to be slow. Researchers from
the Alberta Research Council in Canada [2] calculated times for
precipitation of the various carbonates to occur on the order of
hundreds of years. These results suggest that mineral trapping may
contribute significantly to CO, sequestration within saline aquifers
but only in the long term.

Sass et al., [3] studied CO, and brine reactions with mineral
rocks for 7 days at a pressure of 5.44 MPa and 110 °C. They found
increased levels of Ca, Mg, and carbonate in solution, which were
due to the dissolution of dolomite. Lebro’n and Suarez [4] reported
the precipitation rate of calcite increased as the partial pressure of
CO, increased (0.035 to 10 kPa). However, no extensive laboratory
studies directed at the sequestration of CO, in brine aquifers have
been conducted. As such, brine from the Oriskany Sandstone aquifer
of the Appalachian Basin is examined to assess its ability to
sequester CO, in the near term via the mineral trapping pathway
upon reaction with CO,. This study attempts to evaluate the ability
of such brines alone to serve as a mineral trapping medium. It is
prudent to investigate the variables that effect mineral carbonates
formation in brines in the absence of complication factors introduced
by the presence of formation rocks. Specifically the effects of pH,
CO, pressure, and temperature on the reaction between CO, and
brine samples to form carbonate minerals were investigated. The
optimum reaction conditions that favor the formation of mineral
carbonates were investigated with autoclave experiments and
geochemical modeling.

Experimental

To examine the mineral trapping under controlled temperature
and pressure conditions in an autoclave reactor, brine samples were
collected from the Oriskany Sandstone in Indiana County, PA., at a
depth of 2,550 m. No effort was made to prevent oxygen from
contacting the brine. The brine was tested as received without
further filtration. Brine carbonation experiments were carried out in
a ' liter autoclave. The details of the experimental setup are shown
elsewhere [5]. The brine was used either as received, or the pH was
adjusted before reaction by adding KOH. The effects of pH (3.6 to
11), reaction time (1 to 6 hours), CO, pressure (0.34 to 7.63 MPa),
and temperature (50 to 170°C) on brine carbonation were

investigated. The brine carbonation reactions were also modeled
with the computer program PHREEQC version 2. The simulation
results were used as a guide in determining specific experimental
conditions to investigate with the autoclave reactor.

Results and Discussion

The mineral dolomite was not allowed to precipitate in the
simulation even though the saturation index for it was positive. The
kinetics for dolomite precipitation is relatively slow and it is likely
that this mineral may not precipitate out of solution [6]. In addition,
XRD analysis of the solid precipitate from the autoclave reactions
did not detect dolomite.

The autoclave experiments and simulations were conducted to
study the reaction of CO, with brine samples as a function of pH at
constant temperature (155°C) and CO, pressure (6.87 MPa) (Fig. 1).
After reaction, the pH of the solution was measured and found to be
lower than the starting pH (Fig.1a — solid circles). A similar trend
between the pH before reaction and the pH after reaction with CO, is
observed in the simulation results (Fig. 1a — dashed line). The pH of
the brine decreases following reaction with CO, because CO,
dissolves in solution to form carbonic acid, H,COs3, thus decreasing
the pH. In addition, CO, not present after reaction due to the reactor
was depressurized. As Ca and other metals are removed from
solution by precipitation, the remaining solution become more acidic.

As the initial pH of the raw aqueous brine was increased from 3.6
to 11 by adding KOH, the concentration of the aqueous ion Ca in the
reacted brine decreased by 25 %. The total grams of precipitate
increased from 0.08 to 7.5 g/L (Fig. 1b — solid circles). The
simulation results indicate a similar trend as pH increases, the total
grams of solid precipitate increases from 0.1 grams at pH 2.7 to 30.5
grams at pH 11 (Fig. 1b — dashed line). However, the total grams of
precipitate predicted by the model deviates significantly from
experimental observations in that the model predicts almost four
times as much solid precipitate than what is observed experimentally.
This may be due to the fact the simulation is predicting total grams of
precipitate under equilibrium conditions, while the total grams of
solid precipitate from the autoclave experiments is measured after six
hours of reaction followed by degasing CO, and cooling down to 25
°C. Although the experimental and model results differ on the
amount of solid precipitate formed as pH is increased, both results
follow the same general trend in that the total mass of solid
precipitate increases as the pH increases (Fig. 1b). Only 0.09 g of Ca
per gram of precipitate was observed at the initial brine pH of 7.2.
Significantly more Ca precipitate was observed after the initial brine
pH was increased to 9 and higher. The concentration of solid Ca
precipitate increased by one order of magnitude (Fig. 1c). Both XRD
analyses of the solid precipitate from the autoclave reactions and
simulation results identified CaCO; and Fe,O; to be the main
components of the solid samples at pH values greater than 9. Thus, as
the pH is increased from 9 to 11, the grams of CaCOj; per total grams
of precipitate (g Ca/g ppt) (Fig. 1c).

Next, a series of autoclave experiments and simulations were
conducted to study the reaction of CO, with brine samples as a
function of pressure at constant pH (pH = 11.0) and temperature (155
°C). The CO, pressure was varied from 0.34 to 7.64 MPa. The pH
after reaction, concentration of the aqueous components, total grams
of precipitate, and grams of Ca per total grams of precipitate versus
pressure did not change significantly as pressure was increased.
From these results, pressure does not seem to play a large role in the
formation of carbonate minerals as long as a minimum CO, pressure
is maintained in the reactor. Therefore, high CO, pressures are not
required for the precipitation of carbonate minerals.

Finally, a series of autoclave experiments and simulations were
conducted to study the reaction of CO, with brine samples as a
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function of temperature at constant pH (pH = 11.0) and CO, (0.34
MPa) pressure (Fig. 2a-c). The temperature was varied from 50 to
170 °C. The pH after reaction, concentration of the aqueous
components, total grams of precipitate, and grams of Ca per total
grams of precipitate versus temperature changed very little for the
autoclave experiments (Fig.2a-c). However, the simulation results
predict a general increase in total grams of precipitate and grams of
Ca per total grams of precipitate versus temperature. This may be
due to the fact the simulation is predicting total grams of precipitate
under equilibrium conditions, while the total grams of solid
precipitate from the autoclave experiments is measured after six
hours of reaction followed by degasing CO, and cooling down from
reaction temperature to ambient condition. From these results, the
experimental data suggest that temperatures above 50°C do not play a
large role in the formation of carbonate minerals.

Mineral trapping occurs via reactions (1-5) shown below. CO,
gas dissolves into solution (1). Carbonic acid is formed (2), which
then dissociates into bicarbonate (3) and carbonate ions (4). Thus,
pH of an aqueous solution decreases with the addition of CO, [4,7].
Then ions such as Ca, Mg, and Fe react with the carbonate ions to
form minerals such as calcite, dolomite, siderite, and magnesite (5a-
5d), respectively. 1) CO, (gas) -> CO, (aq);2) CO, (aq) + H,O >
H,CO; ;3) H,CO; > H' + HCO;5 ; 4) HCOs- -> H+ + CO; ~
;5a)Ca’™ + CO; 7 <--> CaCOs (calcite) ;5b)Ca™ + Mg™ + CO; >
<--> CaMg(CO;), (dolomite) ;5c)Fe'™™ + CO; > <--> FeCO,
(siderite) ;5d)Mg"" + CO; ¥ <--> MgCOj; (magnesite)

The pH of the brine affects the reaction rate and species
precipitated. In a closed system dissolved carbon dioxide, CO,(aq)
and H,CO; (carbonic acid) predominate at low pH, HCOj
(bicarbonate) dominates at mid pH, and CO; > (carbonate) rules at
high pH. The solubility of carbonate also increases as the pH
decreases. Thus, aqueous-phase equilibrium with CO,(g) promotes
carbonate precipitation under basic conditions, while acidic
conditions favor carbonate dissolution. Therefore, to favor the
precipitation of mineral carbonates, the pH must be basic. As
demonstrated here, brine pH affects whether carbonate minerals will
precipitate from solution (Fig. 1c).

Mineral trapping is also controlled by CO, pressure and
temperature but by a lesser extent when compared to pH.
Temperature and pressure also play an important role in determining
the solubility of CO, in solution [8]. However, experimental results
suggest that temperature does not play a major role in brine
carbonation above 50°C (Fig. 2). The CO, pressure affects the CO,-
brine reaction, but it is very dependent upon pH. Dreybodt et al [9]
conducted the study of the precipitation kinetics of calcite in the
system CaCO3-H,O-CO,. They concluded that the rate limiting step
is equation 3. If the same rate-limiting step applied to the CO,-brine
system, then the pH of the system is dominated. Basic environments
,pH=11, favors the formation of HCO7 and C02'3 and finally the
formation of CaCOs. The formation of calcite would ease, once the
basic conditions changed. Therefore, pH as more impact on the
carbonation reaction than temperature and pressure. The overall
equilibrium equation for calcite formation can be described by
equations 6 and 7:

6) Ca® +CO,(g)+ H,0 < CaCO,(s)+2H"
7 (o LT
[Ca™ 1Peo,

According to equation 7, the calcite formation is dependent
upon the hydrogen ion concentration, CO, pressure, and Ca ion
concentration. When the CO, pressure increases at the constant

initial pH, the amount of calcite precipitate remains the same. As the
CO, pressure is increased, the pH decreases because carbonic acid is
formed. As CO, pressure continues to increase, the pH drops from
11 to 4.5. At low pH values, calcite not longer precipitates from
solution. As discussed earlier, calcite precipitation is favored at high
pH, while calcite dissolution is favored at low pH. Thus the amount
of Ca precipitate is limited by the pH not the CO, pressure as long as
a minimum pressure is maintained. In order to increase the amount
of CaCO; precipitation with increasing CO, pressure, the pH will
need to be buffered at values higher than 9.0.

Conclusions

The reactions between CO, and brine samples collected from the
Oriskany Formation in Indiana County, PA were investigated
experimentally using a }; liter autoclave under various conditions and
theoretically using the geochemical code PHREEQC. The results
indicate that the amount of calcite precipitate depends primarily on
the pH of the brine. The CO, pressure and temperature have lesser
impact on the formation of carbonates.
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Introduction

Several scenarios of CO, disposal into the ocean have been
proposed for a long-term sequestration as a counteraction measure
for global warming. In the disposal process of liquid CO,, especially,
liquid CO, would be released from a pipeline through a nozzle to the
ocean at the depth deeper than 500 m". Since the density of liquid
CO, is smaller than that of seawater at the depth shallower than 3000
m, the released CO, droplets would ascend to the ocean surface.
During the droplet ascending process, the CO, would be dissolved
into the seawater from the droplets, and the ascending speed would
decrease by the reducing size of the droplets. The dissolution process
should be completed before reaching the sea surface. Since the
ascending and dissolution behavior depends on the size of the
released CO, droplets, the releasing size of the droplet should
carefully designed and controlled on the injection. On the other hand,
the effect of CO, hydrate should be considered in the disposal
process of liquid CO,, because the thermodynamic condition of CO,
hydrate formation would normally be satisfied in the ocean at depths
greater than 500 m (7 < 283 K and p > 44.5 bar?). The nozzle of the
CO, pipeline could be blocked by the formation of solid CO, hydrate
upon injection and sequent the agglomeration of the hydrates, and the
blockage should be prevented for a continuous and stable injection
process.

In this research, a novel injection process of liquid CO; into the
ocean by utilization a static mixer was proposed as a possible
solution for the above difficulties, and the hydrodynamic behavior of
the liquid CO, in water was studied through laboratory-scale
experiments for obtaining basic knowledge for the disposal process
design.

QOutline of utilization of static mixer on CO, disposal process

Figure 1 shows a conceptual drawing for the outline of the new
disposal of CO, in the ocean. Liquid CO, is sent to the depths about
500m in the ocean through a pipeline, then disposed of through a
static mixer in which liquid CO, was mixed with the ambient
seawater.

The structure of a typical static mixer is shown in Figure 2. In
the static mixer, elements are arranged and fixed inside a straight
tube. The element could make the incoming fluid to be turbulent. The
flow in the static mixer is close to a piston flow, and uniform radial
mixing could be realized. The energy consumption for the mixing is
only pressure droplet consumed by flowing through the static mixer,
which is much lower than the power consumption by the stirring
process with a stirred-tank type mixer.

The advantages of utilizing a static mixer in the disposal process
of liquid CO, in the ocean would be the following: (1) droplet size
control, (2) blockage control, and (3) energy saving process. With a
proper design of the static mixer, continuous formation and disposal
process of CO, hydrate could be realized as an extended version of
the present process. Since no literature data are found for the
behavior of liquid CO, in the static mixer, the hydrodynamic
behavior of liquid CO, and water in a static mixer was examined in a
laboratory scale experimental apparatus in this study.

CO, tank :\ pipeline
(CO, source)

sea water
supply pump

the surface of the sea
y

floatation about
static mixer & dissolution v 500m

Q.0
°

oo
©o droplet

Figure 1. Concept drawing for utilization of static mixer on CO,

injection into the ocean
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Figure 2. Noritake static mixer (Type: 3/8-N10-522-N)
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Figure 3. Schematic drawing of the apparatus of hydrate

Experimental

The schematic flow diagram for the experimental apparatus is
shown in Figure 3. Liquid CO, with the highest purity (> 99.90%)
and deionized water were introduced to the static mixer by a high-
pressure pump (Nippon Seimitsu Co., Ltd., NP-AX-70, Fuji Pump
Co., Ltd., 2IN224-10V) after pre-cooling to a desired temperature.
The static mixer was specially designed and made for high-pressure
and low temperature conditions by Noritake Co., Ltd., Japan based
on the style: 3/8-N10-522-N. The behavior of the mixture was
observed in a transparent observation unit made of polycarbonate
tube (inner diameter 10.6 mm, length 300 mm) which was connected
downstream side of the static mixer. The temperature of the system
was controlled by the fluid flow in the jacket on the flow lines where
temperature-controlled coolant of a mixture of water and ethylene
glycol was circulated from a cooling unit. The behavior of the fluid
mixing was recorded through the observation part with a high-speed
video camera (Photron Ltd.; maximum 500 frame per second). Then,
the video data was captured and analyzed by a Power Macintosh G4
computer using the public domain Image] (ver.1.27) program
(developed at the U.S. National Institute of Health and available from
the Internet, http//rsb. info. nih. gov/nih-image/).
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Results and Discussion

Injection of CO, into Water Using Static Mixer. Figure 4
shows the CO, droplet formed in the static mixer. The pressure was
7.0 MPa, Note A) is out of hydrate formation condition and B) is
within it. For the higher temperature conditions without hydrate
formation, the CO, droplets could be formed in the static mixer, but
would be merged to form a larger droplet. On the other hand, the
merge of droplets would be prevented by the surface hydrate film for
the lower temperature conditions; instead, sometimes grape-like
agglomerates were formed through the contact of droplets.

it

A) 289K
Figure 4. Effect of hydrate formation on CO, droplet

B) 278K

W Hydrake
B non-Hydrate |

Ratio of rop Humber [-]

Diarnster [mm]

Figure S. Distribution of CO, droplet diameter

Figure 5 shows the measured size distribution of CO, droplets.
The droplet size for the lower temperature condition, the distribution
of the diameter was limited in a narrow range of 1 to 2.6 mm. Thus,
CO, droplets with relatively uniform size could be obtained for the
condition with hydrate formation. This would express significantly
the uniform distribution in an essential property of a static mixer.

Effect of water and CO, flow rate on droplet diameter.
Figure 6 shows the effect of the water flow rate on the liquid CO,
droplets formation in the static mixer with a constant CO, flow rate.
The temperature was 276 K, and the pressure was 7.0 MPa for all the
cases, which is in the hydrate formation region. The flow rate was
denoted by the Reynolds number based on the diameter of the static
mixer, and the viscosity and flow rate of pure water. For all the cases,
the hydrate formation on the surface was noticed. With an increase in
the flow rate, the average diameter decreased and the distribution
became narrower. The average diameter decreased rapidly under
lower Reynolds number conditions of laminar flow region. At higher
flow conditions, the average diameter change was less sensitive to
the flow conditions. Note the agglomeration of the droplets was
scarcely observed for the higher Reynolds number (> 3000). The
above results indicate that the mixing by the static mixer becomes
more vigorously and more uniformly under higher flow conditions.

Figure 6. Effect of Reynolds number on droplet diameter

Re = 4064

-

Figure 7. Effect of CO, flow rate on droplet diameter

Figure 7 shows the effect of CO, flow rate with a constant
water flow rate and temperature (276 K), pressure (7.0 MPa). At the
lower flow rate of water (Re=964), which is in the laminar flow
region, larger droplets of liquid CO, were observed, and the droplet
size decreased remarkably with an increase in the CO, flow rate. On
the other hand, smaller droplets were observed at higher Reynolds
number of 4064, and the size of the droplets seems independent of
the CO, flow rate. The above results indicate that the droplet size of
liquid CO,; could be significantly affected by the flow condition of
liquid CO, as well as that of water.

Fate of the CO, disposal through the static mixer. Assuming
the releasing depth of liquid CO, 500 m, the calculation showed the
initial diameter should be smaller than 9.1 mm to be dissolved
completely before reaching the sea surface. To avoid the vaporization,
the initial diameter of the droplet should be smaller than 4.0 mm.
When injected through the static mixer, the droplet size is under the
above critical value for the conditions studied in this research. As the
droplets with the average diameter 0.4 mm are formed through the
static mixer, the energy consumption per 1g of CO, is estimated to be
about 0.35 MJ/t-CO,. This vale is negligible when compared with the
energy consumption for the separation or liquefaction energy form
the flue gas (48.0 J/g-CO, for separation, 336.2 J/t-CO, for
liquefaction”). Thus, utilization of static mixer would be very
suitable for the liquid CO; injection disposal in the ocean.
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Introduction

Several carbon sequestration scenarios have been proposed as
counteraction measures to the global warming issue including ocean
sequestration and underground sequestration. In the sequestration
scenarios, CO, captured and separated from the flue gas of the
concentrated emission sources of anthropogenic CO, such as thermal
power plants and steel industries is targeted. The ocean sequestration
scenarios may have advantages over other scenarios from the
viewpoints of the capacity and the sequestration term. The forms of
CO, upon discharge for the ocean sequestration scenarios could be
gaseous, liquid, and clathrate hydrate. Albeit the difference in the
form of CO, upon disposal in the oceans, the discharged CO, will
eventually be dissolved into the ambient seawater, and sequestered
there for a certain period before releasing to the atmosphere. The
dissolution of CO, would cause a pH change of the ambient seawater
and consequently cause an impact to the marine ecosystem. In order
to obtain the public acceptance for the sequestration practice, such
environmental impact should be controlled and minimized. From the
viewpoint of the environmental impact, the disposal scenario of CO,
hydrate would be most appropriate because of the following reasons.

1. Since the density of CO, hydrate is greater than the seawater at
any depth of the ocean, the disposed hydrate particles should
descend toward the ocean bottom. This is in contrast with the
cases of disposal of liquid or gaseous CO,: liquid CO, is less
dense than the seawater unless the depth is greater than 3000 m,
and gaseous CO, is much less dense, the disposed CO, in such
fluid phases will ascend to the sea surface. Thus, to avoid the
risk of reemission of CO, to the atmosphere, the dissolution
should be completed before reaching the surface.

2. The CO, hydrate particles would release CO, into the seawater
due to its instability caused by the difference in the chemical
potential of CO, between in the seawater and the hydrate.
However, the releasing rate is known to be much smaller for
CO, hydrate than that for liquid CO, from laboratory
experiments simulating the deep ocean conditions.

The above-mentioned natures of CO, hydrate would lead us that
the environmental impact caused by the released CO, could be more
controllable for the CO, hydrate disposal by choosing a proper initial
diameter and the disposal depth of the hydrate particles.

Disadvantage of the hydrate disposal process might be its
energy consumption in the hydrate formation process because it
requires high pressure (> 4.5 MPa) and low temperature (< 283 K)
conditions. This difficulty by the thermodynamic constraint could be
resolved by the submerged reactor at the depth greater than 450 m.
However, to form hydrate particles with proper density, substantial
energy consumption might be necessary to realize the highly
turbulent condition to enhance the interfacial mass transfer in a
stirred tank type reactor, which is commonly used for the hydrate

formation process in a laboratory scale. Moreover, it is difficult to
control the particle size of the hydrate in such a reactor.

Although intensive studies have been conducted for the
formation process of CO, hydrate, no contribution could be found in
the literature from the viewpoint of effective formation process of
CO, hydrate particles with controlling the size. The authors have
proposed here a concept of a novel process of CO, hydrate formation
in a fluidized-bed type reactor. In this paper, the concept of the
proposed process has been examined by a laboratory scale
experiments.

Concept of hydrate formation process in a fluidized bed type
reactor

The conceptual drawing for the proposed process of hydrate
formation was shown in Fig. 1. The reactor is a three-phase fluidized
bed type reactor where a mixture of CO, hydrate particles (solid),
liquid CO, (liquid 1) and water (liquid 2) are in a circulated
fluidization. Initially seed crystals of CO, hydrate would be supplied
to the reactor with water saturated with CO, and liquid CO,. The
hydrate formation would be induced by the flow at the interface of
CO, hydrate particles and water. Due to the difference in the
solubility of CO, in water and the molar fraction of CO, in the
hydrate crystals, the hydrate formation would result in a decrease in
the concentration of CO, in water, which could be compensated from
the accompanied liquid CO, phase. The hydrate particles of which
the diameter is larger than the fluidization region would cease the
fluidization, and be taken out from the reactor. On the other hand, the
small particles that are too small to be fluidized would be released off
from the top of the reactor, and could be circulated to become seed
crystals after separation. The fluidization conditions would be so
designed that hydrate particles with a proper size for the disposal
process could be obtained at the bottom of the reactor. The main
target in this study is to investigate the growth process and
hydrodynamic behavior of CO, hydrate particles in the fluidized bed
reactor under various flow conditions.

¢ >
‘ ' w Separator
Fluidized
Bed
¢ Seed crystal
= Hydrate product
Water CcO,

Fig. 1 Conceptual drawing for hydrate formation process in a
fluidized bed type reactor

Experimental
Figure 2 shows a schematic drawing for the experimental
apparatus. The main fluidization part of the apparatus is a cylindrical
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tube of polycarbonate of which the inner diameter is 47 mm, and the
length is 470 mm. The tube is connected with the stirred tank type
reactor with a ball-valve, which could be utilized for the seed crystal
formation. The inner diameter of the stirred tank type reactor is 43
mm and the length is 150 mm. The stirring could be conducted by 3-
propeller stirrer at the rate of 0 ~ 760 rpm. The circulation of the
fluid could be carried out by a high-pressure pump of which the
maximum flow rate is 10 L/min, which corresponds to the liner fluid
velocity to be about 10 cm/s in the fluidization part. The temperature
of the experimental system was controlled by the circulation of
water/ethylene glycol mixture in the jacket. The temperature of the
coolant was controlled by the cooling unit and the system
temperature could be controlled within 0.5 °C of the fluctuations.
The pressure of the system was controlled via cylinder-type pressure
controller within £0.2 bar driven by nitrogen.

pre-cooling unit Pressure sensor

CO, cylinder

18]j]013u0D Bunssald

Fluidized
pump Pressure equalizer

N, cylinder

Fig.2 Schematic drawing for the experimental apparatus

Results and Discussions
Experimental procedure and preliminary results of hydrate formation

All the system (both the stirring vessel and the fluidization part)
was first filled with deionized water under the atmospheric pressure
and room temperature. Then a given amount of water was removed
from the system to make room for the CO, insert. Liquid CO, was
introduced to fill the system from the cylinder under stirring and flow
condition. The system was cooled down gradually to the temperature
for hydrate formation. At the same time, liquid CO, was added
gradually to the system to compensate the increase in the solubility
of CO, with decreasing temperature. Finally, the system was filled
with water saturated with CO,. Since the CO, solubility is much
smaller than the molar fraction of CO, in CO, hydrate, all the CO,
supplied should be dissolved in water at the beginning. Then, supply
of excess liquid CO, was started to realize a super saturation state.
Under such conditions, the excess amount of CO, should eventually
be converted to CO, hydrate via fluidization process. The conversion
rate should depend on the hydrodynamic conditions in the system,
i.e., flow rate.

Due to the non-uniform temperature and concentration profiles
in the system, crystals of CO, hydrate emerged even under the
conditions below the solubility of CO, as shown in Figure 3 (a). The
CO, hydrate crystal so formed had negative buoyancy in the water.
This is in contrast to the CO, hydrate crystals formed by the agitation

of 2-phase fluid of liquid CO, and water, which had negative
buoyancy at the initial stage of agitation (Fig.3 (b)). The difference in
the apparent density would be due to liquid CO, drops might be
remained in the hydrate particles for the case of agitation process.
These hydrate particles were used as seed crystals for the further
formation and growth of the CO, hydrate under the fluidization
conditions.

(b)

Fig.3 Hydrate crystals formed (a) without stirring, (b)with
stirring

Effect of the flow rate

The CO, hydrate particles were fluidized in water as shown in
Figure 4 (time course, from left to right, about 10 s). The water flow
rate was 5 L/min from the bottom to top, and the temperature was
275 K, the pressure was 6.4 MPa. During the fluidization, the
increase of the average particle size was observed with time. The
average size of the hydrate particles seemed smaller under higher
flow rate conditions.

Figure 4 Fluidization of hydrate particles

Conclusions

A new process of CO, hydrate formation was proposed by using a
fluidized bed reactor was proposed. The laboratory experimental
study indicated that CO, hydrate particles could be formed and grow
in fluidized bed under proper flow conditions.
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Introduction

Hydrates may play an important role in future carbon dioxide
sequestration systems because hydrates can be used for both purpose
of separation and sequestration. Sequestration of carbon dioxide in
the hydrates form has many merits like long term storage and less
environmental impact. In addition to that, if the hydrates technology
were adopted in the separation process of carbon dioxide from flue
gases, the total cast for the separation and the sequestration could be
dramatically decreased.

According to the purpose, whether the separation or the
sequestration, a coexisting phase with a hydrate phase is different. In
case of the separation, the hydrate phase mainly coexists with a gas
phase, but in the sequestration the hydrates phase is accompanied by
a liquid phase. Thus, to build the total system which can separate
carbon dioxide from flue gases by forming the carbon dioxide
hydrates and then send them to the deep sea floor it is necessary to
clarify behaviors of the hydrate phase in the whole phase space,
especially when the hydrate phase only coexists with the vapor phase
or the liquid phase.

In this paper, properties of carbon dioxide hydrates when
coexisting with the vapor phase or the liquid phase are studied.

Relationship between density, occupancy and mole fraction

One of the most important properties of hydrates relating to the
sequestration may be the density of carbon dioxide hydrates. It
determines whether hydrates can go downwards or upwards from the
releasing point. The density of hydrates alters in accordance with the
occupancy of carbon dioxide molecules in hydrate cages.

Big

Figure 1. Mole fraction of guest component in hydrate phase

Figure 1 explains this relationship. The larger the occupancy is,
the higher the density of hydrates and the mole fraction of carbon
dioxide in the hydrates phase become. If we know the mass of a
water molecule and a carbon dioxide molecule, we can calculate the
density from the occupancy or the mole fraction.

Behaviors of the hydrate phase on a phase diagram

To clarify the behaviors of a hydrates phase when coexisting
with a vapor phase or a liquid phase the location of the hydrate phase
on a phase diagram should be specified. Figure 2 illustrates possible
arrangements of hydrates phases on the phase diagrams. In Fig.2 (a)
the hydrates phase is represented by a line. If hydrates were the
stoichiometric compound the hydrates phase would be designated by
the line. In Fig.2 (b), (c) and (d) the hydrates phases are denoted by
areas, but the inclination of each line which forms the boundary
between other phases is different. In fig.2 (b) the hydrate line
opposed to the liquid line, which express the equilibrium properties
of hydrates coexisting with a liquid, has negative inclination, but the
hydrate line opposed to the vapor line, which express the equilibrium
properties of hydrates coexisting with a vapor, has positive
inclination. In Fig.2 (c) the inclination of the both lines is positive
and in Fig.2 (d) the inclination of the both lines is negative.

log p h T log p T
Vapor line \ Vapor line
Hydrate line Hydrate line
h-1,-v h-1 -v

AN AN

Liquid line

Liquid line

log p

Figure 2. (a)

T

Vapor line

.

Hydrate line

h-1,-v

"

Liquid line

X

Figure 2. (¢)

log p

Figure 2. (b)

T

Vapor line

I

Hydrate line

h-1,-v

N

Liquid line

Figure 2. (d)

Figure 2. Possible arrangement of hydrates phases
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Qualitative analysis of hydrates’ behaviors

Qualitative properties of the hydrates phase can be studied
based upon the van der Waals and Platteeuw'” equations. They
derived these equations by applying a grand canonical distribution to
guest molecules and a canonical distribution to water molecules. The
equations consist of three equations.

2
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The equation (1) denotes the difference of fugacity of water in
the hydrates phase and in the f lattice. The equation (2) represents
the occupancy of CO, molecules in small cages, that is, the
probability of finding a CO, molecule in a small cage, and equation
(3) that in large cages. For our purpose equation (2) and (3) are
useful.

It is obvious from the equation (2) and (3) that the value of the
occupancy approaches to unity with the fugacity in the hydrates
phase increasing. It means that the mole fraction of CO, in the
hydrates phase becomes large and that the density of hydrates also
becomes heavy.

If a hydrate phase coexists with a liquid phase, in equilibrium,
the fugacity of CO, in the hydrate phase becomes equal to that in the
liquid phase. Thus it is enough to clarify the dependence of the
fugacity of CO, in the liquid phase on the pressure.

fr=oixtp (4

According to the equation (4) the fugacity of CO, increases with
pressure, where the fugacity coefficient and the mole fraction of CO,
in the liquid phase can be regarded to be constant comparing with the
pressure change. So,

p—large £ >large 6,6, 51 x/' > large

When a hydrates phase coexists with a vapor phase, in
equilibrium, the fugacity of CO, in the hydrate phase should be equal
to that in the vapor phase. The derivative of the fugacity with respect
to the pressure is expressed as follows.

W _Kwoo )

op RT

Hence,

p—> large le — large

Summarizing the results of qualitative analysis, the inclination of
hydrates lines should be both positive.

Quantitative analysis of hydrates’ behaviors

To clarify the behaviors of hydrate lines in the two-phase
equilibrium such as liquid-hydrate or hydrate-vapor equilibrium
under a constant temperature mass balance equations and diffusion
stability equations were solved. Differing from the incipient
calculation, to achieve this purpose, both equations have to be solved
under constant temperature and pressure and mole fractions of water

and CO, in each phase must be sought simultaneously. Soave-
Redlich-Kwong equation was employed for the equation of state,
MHV?2 for the mixing rule, and van der Waals-Platteeuw equation for
the fugacity of water in the hydrates phase. Implicit expression of the
fugacity of each gas component in the hydrates phase as a function of
mole fractions had been given by Michelsen. Equations necessary for
the calculation are as follows.

Table 1. Behaviors of a liquid line and a hydrate line

Ten perature |Pressure M pal M. 0](? fractbn nMok fractbn n
liquid phase hydrate phase
2716 2.11 0.0145 0.1421
2776 4.11 0.0144 0.1423
2716 6.11 0.0143 0.1424
2776 8.11 0.0141 0.1425
2716 10.11 0.0140 0.1426
2776 12.11 0.0139 0.1427
277.6 14.11 0.0137 0.1428
2716 16.11 0.0136 0.1430
277.6 18.11 0.0135 0.1431

Table 2. Behaviors of a vapor line and a hydrate line

Ten perature |Pressure M pa] Mok fractbn n|Mok fractbn n
vapor phase hydrate phase
2716 2.11 0.99949 0.1424
2716 261 0.99957 0.1433
2716 3.11 0.99962 0.1438
2716 3.61 0.99965 0.1443
2716 4.11 0.99966 0.1446
2716 4.61 0.99966 0.1448

Behaviors of the liquid line, the hydrates lines and the vapor line
at the temperature of 277.6°K are listed in Table 1 and Table 2. In
case of the liquid-hydrate equilibrium, the mole fraction of CO, in
the hydrate phase altered from 0.1421 to 0.1431 as pressure increased
from 2.11MPa to 18.11MPa. In case of the vapor-hydrate equilibrium,
the mole fraction of CO, in the hydrate phase varied from 0.1424 to
0.1448 with increasing the pressure from 2.11MPa to 4.61MPa.

The results of the quantitative analysis also show that the
inclination of hydrates lines is both positive. Other thermodynamic
properties like the latent heat, the heat capacity, etc can easily
calculated from the phase equilibrium data.
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Introduction

The regulations on transportation fuels regarding sulfur content
in particular are more and more severe. This forces the refiners to
achieve what is commonly called deep desulfurization. One of the
consequences of this requirement is that the demand in the refinery
regarding hydrogen is increasing drastically. This is made all the
more crucial as at the same time the tendency is to reduce the amount
of aromatics in gasoline and consequently the capacity of the
reforming units which provide hydrogen in the refinery.

Another reason why it is essential to better understand hydrogen
activation on hydrotreating catalysts and the hydrogenation
properties of these catalysts is related to the HDS of FCC gasoline in
which the objective is to obtain high sulfur removal with a minimum
of olefin hydrogenation.

Twenty years ago, Barbour and Campbell [1] reported the
results of the hydrogenation of buta-1,3-diene on a D,S-treated MoS,
catalyst. They concluded that hydrogen present as SH groups on the
surface was involved in the hydrogenation of the diene, which could
suggest that the dissociation of H, was heterolytic. Later on, in their
theoretical approach of the homolytic and heterolytic dissociation of
H,, Anderson et al. [2] concluded that the most stable chemisorption
form of hydrogen was heterolytic at edges of MoS, crystals. Since
then the authors of numerous studies have assumed that the
dissociation of hydrogen on sulfides was heterolytic [3-8].

In a recent review, Furimsky et al. [9] examined in detail the
reaction of sulfide surfaces with hydrogen and in particular the
mechanism of creation of vacancies as well as the nature of the
species resulting from the chemisorption of hydrogen. The purpose
of this contribution is not to cover all the aspects of the interaction of
hydrogen with sulfides, it will focus mainly on the dissociation of H,.
We will review a number of experimental results which are in favor
of the heterolytic dissociation of hydrogen and show its relevance to
mechanisms and kinetics of hydrotreating reactions. We will also
report examples of promoter effects related to hydrogen activation
and to the hydrogenation of olefins.

Tracer experiments on the dissotiation of hydrogen on sulfides

To our knowledge no direct proof of the heterolytic dissociation
of H, over MoS,; catalysts has been reported yet. However quite a
number of experimental facts obtained by various authors are clearly
in favor of such a dissociation mode.

Isotopic exchange experiments between H, and D,S. The
experiments were carried out at 80°C on NiMo/Al,0O; catalyst
samples which were presulfided with a H,/H,S mixture (10 vol.% of
H,S ) at 400°C [10].

The formation of HD indicated that isotopic exchange occurred
between H, and D,S. Similar results were obtained by Hensen et al.
on carbon supported catalysts [11]. Hence,we can suppose that both
reactants dissociate in the same maner on the same kind of catalytic
centers. If we assume as it is generally accepted that the dissociation

of H,S (D,S) on sulfides is heterolytic [2,4,12-18], we can suppose
that the chimisorption of hydrogen also is heterolytic.

Involvement of support hydrogen in the isotopic exchange
between gas phase H, and D,. By carrying out H)-D, exchange
experiments on a H,/H,S presulfided NiMo/Al,O; catalyst or by
reacting D, on such a catalyst sample, it was shown through isotopic
delution that gaseous D, could incorporate H-atoms coming from the
support [10,19,20]. On a typical commercial catalyst, the amount of
support hydrogen which could be incorporated into the deuterium of
the gas phase varied depending on the pretreating conditions and
could be as high as 90% of the hydrogen held by the solid after
sulfidation. It was also shown that the latter resulted mostly from the
adsorption of H,S [20]. Since the isotope exchange between H, and
D, is extremely slow under the same conditions with the pure
alumina support, it was concluded that the hydrogen held by the
support could only exchange with gas phase hydrogen via the sulfide
through a spillover-like process. This was confirmed by FTIR
experiments [19,20] which showed that OD bands (2640 em™)
appeared readily on the alumina support of a presulfided NiMo/Al,04
catalyst during its exposure to D, while OH bands (3580 cm™)
desappeared. This process barely existed on the pure presulfided
support under the same conditions.

Since the H atoms of the hydroxyl groups of the alumina support
have undoubtedly an ionic character, this is also good evidence in
favor of the heterolytic splitting of D, (H,).

Incorporation of deuterium from D,S in propane via
propene hydrogenation. The hydrogenation of propene over a D,S-
treated NiMo/AL,O; catalyst showed that D-atoms from D,S were
involved in the reaction [21]. This is in accordance with the results
reported previously by Barbour and Campbell [1] regarding the
hydrogenation of buta-1,3-diene over a D,S-treated MoS, catalyst
although it is difficult at the moment for us to conclude, as these
authors did for butadiene, that D-atoms were incorporated directly
from D,S to propene.

Relevance of the heterolytic dissociation of hydrogen to reaction
mechanisms and kinetics

The heterolytic dissociation of H, on a catalytic center
composed of a sulfur vacancy located on a molybenum atom and of a
neighbouring sulfur anion leads to the H-atom having a hydride
character adsorbed on the metal ion and the H-atom with a protonic
character adsorbed on the sulfur anion [3-6]. However, as shown
recently by DFT calculations [22], the hydride bound to the metal
seems to be highly unstable with Molybdenum-based catalysts,
especially with nickel-molybdenum. Contrary to what was obtained
with ruthenium catalysts [18], metal-hydrogen species have not been
observed yet. H,S is supposed to dissociate in the same manner with
its proton adsorbed on a sulfide anion and the sulfhydril group on the
metal; this leads to two SH groups.

The first step of the hydrogenation of unsaturated substrates can
be either the addition of H" or of H". Kinetic modeling studies bring
some information on this point [6,7,23].

In their study of the effect of H,S on the hydrogenation of
toluene over a Mo/Al,O; catalyst, Kasztelan and Guillaume [6]
compared various kinetic models supposing molecular, homolytic
and heterolytic dissociative adsorption of H, and H,S. By computing
the rate laws according to the classical Langmuir-Hinshelwood-
Hougen-Watson method, they came to the conclusion that the model
which fitted at best the kinetic orders of the reaction with respect to
the various reactants, especially H,S, was the one supposing the
heterolytic dissociation of H, and H,S on a vacancy and a sulfur
anion. The hydrogenation was found to proceed via addition of a
hydride followed by the addition of a proton to the aromatic
molecule. The changes in kinetic order with respect to H,S was
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explained by supposing that the rate-limiting step of the reaction was
changing from one of these two elementary steps to the other as the
H,S partial pressure increased.

More recently, Blanchin et al. [23] have used the
Chemkin/Surface Chemkin II tool to investigate the effect of H,S and
of NH; on the same reaction catalysed by a NiMo/AL,O; catalyst.
They found also that the model involving the heterolytic dissociation
of H, and H,S on centers composed of an unsaturated molybdenum
ion and of a sulfur anion fitted at best with the experimental data.
They confirmed that the hydrogenation of the aromatic molecule
started with the addition of a hydride followed by the addition of a
proton, the latter being the rate-limiting step of the reaction in the
range of H,S partial pressures investigated. However the rate-limiting
character of this step depended very much on the partial pressure of
H,S which in addition to H, provides protons to the system.

Orozco and Vrinat used the same approach as Kasztelan and
Guillaume to investigate the effect of H,S on the
hydrodesulfurization of dibenzothiophene through kinetic modeling
[7]. Like Kasztelan and Guillaume, they concluded that the reaction
involved the heterolytic dissociation of H, and H,S and that
depending on the partial pressure the rate-limiting step of the
reaction could be the addition of a hydride ion to the adsorbed
substrate or the attack of a dihydrointermediate by a sulfur anion to
achieve carbon-sulfur bond cleavage.

Promoter effects in hydrogen activation and in the hydrogenation
of olefins.

The role of the promoters in the hydrogenation process on
sulfides was investigated by measuring the effect of cobalt and nickel
on the activities of MoS,-based catalysts in the isotopic exchange
between H, and D, and in the hydrogenation of cyclopentene in the
absence of H,S [24]. The catalyst samples containing the same
amount of molybdenum and various quantities of cobalt or nickel
were presulfided with a Hy/H,S mixture (10 vol.% of H,S ) at 400°C
then treated at 350°C under helium for 1 hour. Under these
conditions, the catalysts containing cobalt were much more active
than those containing nickel in the H,-D, isotopic exchange reaction
so that the experiments were carried out at 35°C with the former and
80°C with the latter [20]. It was verified that both series of catalysts
exhibited the expected synergy effect in the hydrodesulfurization of
dibenzothiophene at 340°C under 30 bar of hydrogen [25]. However
no sinergy effect was obtained with nickel in the isotopic exchange
between H, and D, while the catalyst containing cobalt with a
Co/Co+Mo atomic ratio of 0.3 was found five times more active than
the unpromoted catalyst. This is in accordance with other results
reported in the litterature [11,26,27] and was interpreted by Travert et
al. by a difference in the rate-limiting step of the process [22].
Surprisingly, the reverse was obtained regarding the promoting effect
in the hydrogenation of cyclopentene. The promoting effect of cobalt
(2 only for a Co/Co+Mo atomic ratio of 0.3) was much weaker than
the effect of nickel (about 10 for the same atomic ratio).

While both promoters have similar effects in hydrotreating
reactions as well as in the thioreduction of ketones [25], their effect
on hydrogen activation and on the hydrogenation of olefins seem to
be different. This might be a question of operating conditions but
also of kinetics [22] regarding hydrogen activation and
hydrogenation or of sulfur coverage connected to the intrinsic
properties of the solids.

Conclusions

Various observations (the isotopic exchange between H, and
D,S, the contribution of the support to the isotopic exchange between
H, and D,) as well as theoretical calculations are definitely in favour
of the heterolytic dissociation of hydrogen on sulfides.The best

fittings regarding the kinetic modeling of hydrotreating reactions is
also obtained when supposing such a dissociation process.

However certain observations like differences in promoting
effects with cobalt and nickel in hydrogen activation and
hydrogenation have to be rationalize and further experiments are
needed.
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Introduction

Because of increasing environmental constraints hydrotreating
becomes more and more important in refineries for the removal of
sulfur and nitrogen impurities from petroleum.

The catalysts have to be more and more efficient in
hydrodesulfurization whereas the consumption of hydrogen has to be
limited. Moreover, in the case of gasoline hydrotreating, the
selectivity in hydrodesulfurization in comparison with the
hydrogenation of olefins has to be controlled and has to be improved
in order to limit the octane loss.

In order to better understand the factors which influence this
selectivity, the hydrogenation of propene in parallel with the isotopic
exchange between H, and D, has been studied on sulfided
NiMo/Al,O; and the interaction of H, with H,S during the
hydrogenation reaction was also examined.

It was shown previously that an exchange of hydrogen atoms
between H, and D,S occurred on sulfided hydrotreating catalyst [1-
4]. The existence of this exchange reactions seems to indicate that
there is a common mode of dissociation, presumably heterolytic, for
both reactants on the same catalytic centers as described in Eqs (1)
and (2).

H, + *-V + oS *H + e SH )

H,S + *-V + -8 *-SH + o~SH™  (2)

FTIR studies have confirmed that hydrogen from the gas phase
can be exchanged with the hydrogen atoms of hydroxyl groups of the
support by the intermediate of the sulfide phase. Under our
experimental conditions the amount of exchangeable hydrogen
preadsorbed on the support was very significant compared to the
amount on the active phase, which represented less than 10% of the
total amount [2]. The hydrogen present on the support was
essentially due to adsorbed H,S [5].

The aim of this study is to examine the influence of H,S on the
hydrogenation of propene and to see if the hydrogen present at the
surface of the catalyst as preadsorbed H,S can be involved and
incorporated in propene during the hydrogenation.

Experimental

Catalysts. The NiMo/Al,0; commercial catalyst contained 2.9
wt% NiO and 12.5 wt% MoO; deposited on alumina (230 m2.g']).
The catalyst was presulfided in situ with a flow of H, (90%) and H,S
(10%) at 400°C for 15 hours. After sulfidation, and before the
hydrogenation reaction, the catalyst underwent two different
pretreatments : it was either cooled down to 80°C in the presence of
the sulfidation mixture and treated for 1h under He at 80°C
(pretreatment 1) or treated for 1h at 350°C and cooled down to 80°C
under He (pretreatment 2). After both pretreatments, the catalyst was
treated at 80°C for 1h under a flow of Ar. The treatment under Ar
was necessary to remove He which has the same mass as D,.

Hydrogenation of Propene. The hydrogenation of propene by
H, or D, was carried out at 80°C in a 72 cm’ recycling reactor. The
reactants (H, or D, plus propene ; 0.5 bar of each) were introduced

into the reactor and the recycling pump was started. The apparatus
which was described elsewhere [1], was fitted with a gas
chromatograph with a FID detector and with a mass spectrometer in
order to analyze H,, HD, D,, propene and propane, deuterated or not.

Preadsorption of D,S. After sulfidation and pretreatment 2,
D,S was introduced in the closed reactor and recycled at 80°C (0.5
bar with 1.5 bar of He) for 1h. The catalyst was then treated under a
flow of He at diverse temperatures for 1h, cooled down to 80°C, and
then treated under a flow of Ar. The hydrogenation of propene was
carried out in the presence of H, at 80°C.

Results and Discussion

The rate of the hydrogenation of propene hydrogenation in the
presence of sulfided NiMo/Al,O; after pretreatment 2 increased
when the partial pressure of H, and the partial pressure of propene
increased from 0.1 bar to 0.5 bar. The kinetic orders deduced from
these results are about 1 with respect to H, and propene.

In subsequent experiments , the partial pressures of H, (or D)
and of propene were of 0.5 bar each. Table 1 shows the influence of
the pretreatment procedure of the sulfided NiMo/Al,O; catalyst on
the initial rate of hydrogenation of propene by H, and by D,. The rate
of propene hydrogenation or deuteration was in the average 100
times greater after pretreatment 2 than after pretreatment 1. Indeed,
pretreatment 2 allows the desorption of a large amount of H,S
present on the catalyst after sulfidation. Table 2 shows the influence
of H,S in the gas phase on the hydrogenation of propene. The
reaction was carried out with 0.4 bar of each reactant in the absence
or in the presence (0.04 bar) of H,S. Helium was added to reach a
total pressure of 2 bar. H,S had an important inhibiting effect on the
hydrogenation of propene since in its presence the reaction was about
two orders of magnitude slower then in its absence.

Table 1. Effect of the Pretreatment Procedure on the Initial Rate
of Propene Hydrogenation.

Hydrogenation Deuteration

r°(107 mols™.g") r°(107 mols™.g™)
Pretreatment 1 0.20 0.12
Pretreatment 2 14.2 14.6

Table 2. Influence of the Presence of H,S on the Initial Rate of
Propene Hydrogenation.

Composition of the gas phase Hydrogenation
(plus He to reach a total pressure of 2 bar) r°(107 mol.s™.g™")

H, (0.4 bar) + propene (0.4 bar) 19.7
H, (0.4 bar) + propene (0.4 bar) + H,S (0.04 bar) 0.23

Table 1 shows also that there was no significant difference
between the hydrogenation by H, or by D, especially after
pretreatment 2. For the experiments with D,, the incorporation of
deuterium atoms in the different products was followed by mass
spectrometry. After pretreatment 1, the hydrogenation was very slow.
Nevertheless, HD was formed with an initial rate of 8.6 107
mol.s™.g”. Previous experiments, carried out on the same catalyst
treated under the same conditions, showed that D,, introduced alone,
was exchanged with hydrogen adsorbed on the catalyst to produce
HD with a rate of 8.4 107 mol.s'.g" [1]. The formation of HD
occurred with a very similar rate in these two experiments. Mono-
and di-deuterated propenes were also formed but since the reaction
was very slow (initial rate of about 0.2 107 mols™.g") we can
conclude that the formation of HD was essentially due to a direct
exchange between D, and the "H" preadsorbed on the catalyst.

After pretreatment 2, the major reaction was the deuteration of
propene to yield di-deuterated propane (d2) (Figure 1). The
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consumption of D, was greater than the consumption of propene,
which was a consequence of the H-D exchange of D, with the
hydrogen adsorbed on the catalyst. HD and H, formed by isotopic
exchange were added to propene to form mono-deuterated and non-
deuterated propane (d1 and d0). The existence of tri- and tetra-
deuterated propane (not reported in Figure 1) reveals the exchange
reaction between D, and propene prior to hydrogenation. Actually it
was shown that there was no exchange between propane and D,
under the same conditions.
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Figure 1. Products present in the gas phase during the reaction of
propene with D, on sulfided NiMo/Al,O3 catalyst after pretreatment
2. (d0 ; dl ; d2 : non-, mono- and di-deuterated propanes,
respectively).

As it was shown above, under our conditions, H,S inhibited the
hydrogenation reaction very much. In order to study the involvement
of hydrogen sulfide in the hydrogenation of propene, experiments
were carried out on a sulfided NiMo/Al,O5 catalyst which was
pretreated with D,S at 80°C then treated at various temperatures in
order to desorb part of the D,S. Table 4 shows the influence of the
temperature of D,S desorption on the initial rate of hydrogenation
and on the incorporation of deuterium atoms in propane and
hydrogen after 2 hours of reaction.

Table 4. Influence of the Temperature of D,S Desorption
on the Hydrogenation of Propene
Temperature of D,S desorption (°C) 200 280 350
Initial rate of formation of :
non-deuterated propane (10”7 mol.s™.g™) 43 152 25.6
mono-deuterated propane (107 mols'.g™") 0.7 0.8 1.4
Amount of incorporated deuterium atoms
into propane and hydrogen after 2 h :
total amount (10° mol) 13.2 9.5 7.4

The rate of hydrogenation increased when the temperature of
D,S desorption increased while the amount of incorporated
deuterium atoms decreased (Table 4). The formation of mono-
deuterated propane was not significantly influenced by the
temperature of D,S desorption and it was very slow compared to the
formation of the non-deuterated propane. This is the result of a
compensation phenomenon between, on the one hand the increase of
the overall rate of hydrogenation of propene following the
elimination of D,S as its desorption temperature increased and, on
the other hand, the decrease in concentration of D-atoms (as D,S)
present in the medium.

Nevertheless, it is clear that deuterium atoms adsorbed on the
catalyst as D,S were incorporated into propane via propene
hydrogenation. This is in accordance with the results reported by

Barbour and Campbell [4] who carried out similar experiment with
1,3-butadiene. However, contrary to what they did, it is difficult to
tell at the moment from our experiments whether D-atoms from D,S
are added to propene directly or not. Actually, if one excepts the
point at low conversion, the isotopic distribution in dihydrogen and
in propane were quite similar (Figure 2), which would not be the case
if D-atoms would add directly from D,S to propene. This means that
under our conditions D-atoms from D,S could exchange with H-
atoms of H, of the gas phase prior to the addition to propene.
Complementary experiments at very low conversion with higher
concentration of adsorbed D,S are necessary to make this point
clearer.
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Figure 2. Isotopic distribution in propane and in dihydrogen in the
gas phase during the hydrogenation of propene on sulfided
NiMo/Al,Oj5 catalyst treated with D,S desorbed at 200°C. (dO ; d1 ;
d2 : non-, mono- and di-deuterated propanes, respectively).

As was the case with the experiments of Barbour and Campbell
[4] the presence of H, in the gas phase was necessary for the
hydrogenation to proceed and for D-atoms to be incorporated in
propane. They concluded that hydrogen gas was necessary to
replenish the SH groups involved in the hydrogenation. However, if
we assume that the dissociation of H, and H,S is heterolytic, another
explanation is possible, i.e. that preadsorbed H,S (D,S) can only
provide H' (D) to the reaction and that hydrogen gas is necessary to
provide H via dissociation on the sulfide.

Conclusion

The hydrogenation of propene was very sensitive to the
presence of H,S in the gas phase or to H,S previously adsorbed on
sulfided NiMo/Al,O;. It was also shown that D-atoms from
preadsorbed D,S were incorporated in propane via propene
hydrogenation in the presence of gas phase hydrogen. This is in
agreement with the hypothesis that the dissociation of H, and H,S on
sulfide catalysts is heterolytic. The presence of gas phase hydrogen is
thought to be necessary to provide H to the reaction medium.
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