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Introduction

As part of the U.S. Department of Energy’s project called “High
Pressure Coal Combustion Kinetics,” SRI has performed a series of
experiments on pulverized coal that are characteristic of the near
burner flame zone (NBFZ). The objectives of these experiments are
(@) to provide new data for pressurized coal combustion that
benchmark kinetic models for pyrolysis, gaseous and solid product
production and burnout, and pollutant formation, and (b) to generate
samples of solid combustion products for analyses to fill crucial gaps
in knowledge of char morphology, formation of inorganic fumes and
fly ash, and fly ash utilization potential for combustion at high
pressure. In pursuit of these objectives, we determine all solid,
aerosol, and gaseous product formation during the transition from
secondary pyrolysis, through vapor phase and soot burnout, to partial
char burnout. In another phase of this project, the data from these
experiments are being used to develop chemistry submodels that
could be plugged into full-scale CFD simulators.

Tests in the NBFZ test configuration simulate near-burner p.f.
flame conditions without the complications of turbulent, rotational,
swirling flow fields. For tests with a particular fuel-type, particle
size, and pressure, the furnace temperature, suspension loading, and
nominal residence time are fixed while the inlet O, concentration is
varied from 0 to 50 %, to progressively increase the S. R. values. A
case without O, determines the total volatiles yield and distributions
of so-called secondary volatiles pyrolysis products, which are the
volatiles and soot remaining after the primary volatiles from the coal
are pyrolyzed further in hot gases. They consist of soot, oils, CH,,
C,H,, CO, CO,, H,0, H,, H,S and N-species. As the inlet O, level is
progressively increased in succeeding tests, the process chemistry
moves through oxidative pyrolysis, volatiles combustion, soot
oxidation, and char oxidation. Of course, these stages exhibit
considerable overlap, depending on the relative burning rates of the
various fuels in the reaction system. They are resolved by depletion
of the available O,; i.e., flows with higher inlet O, levels progress
deeper into the sequence of chemical reaction stages before the
flames are extinguished by the consumption of O,.

Experimental

The Experimental Facility. The experiments were performed
in a slightly modified version of our pressurized-radiant coal flow
reactor shown schematically in Figure 1. The pulverized coal path
begins in the pressure vessel on the left, in which a positive
displacement feeder releases coal into the drop tube where it is
entrained by gases fed into the pressure vessel from below. The
entrained coal passes through a U-tube and is fed into the central tube
of the injector. A sheath flow of the same gas composition is fed into
an annulus that surrounds the core flow; the areas, and therefore the
flow rates of the entrainment and sheath flows are equal. The sheath
flow was designed to keep coal particles from impinging on the
flowtube walls in the hot zone, but modeling studies show that at the
high pressures of these experiments turbulence rapidly mixes the
particles throughout the tube cross section, and, in fact, tends to
concentrate them near the walls (Liu and Niksa 2003).

3% of exhaust flow to
analytical instruments

7% of exhaust flow out

Char trap

Soot filters

Tar and fine particle
filters

90% of exhaust
flow out

Coal reservoir

Transpiration
gas in
Quench gas in

Coal entrainment L o — ;nduclively heated
-l Tube urnace
Water cooled
RF power leads
E |_+— Sheath flow in

Entrainment flow and
coal suspension in

Entrainment gas in

Stepper motor drive input

Figure 1. SRI’s short-residence-time radiant-coal-flow reactor (SRT-
RCFR).

The flow tube in these experiments was made of mullite, and
was 16 mm OD x 12 mm ID. This tube passes through a furnace
consisting of an RF-induction heated graphite sleeve of 10 cm
diameter and 15 cm length. The graphite temperature is maintained
in the range of 1560 — 1620 °C during the experiments, resulting in a
radiant flux on the mullite tube of approximately 60 W/cm? The
mullite tube is in near radiative equilibrium with the graphite, leading
to a comparable mullite wall temperature as well as a comparable
radiative flux on the particles within the tube.

The entrainment gas was argon with a varying percentage of
oxygen. Because these gases are transparent to infrared radiation, the
gas within the furnace is heated by a combination of conduction from
the walls and convection from the radiatively superheated particles.
In the absence of combustion, the gas temperature at the end of the
furnace is calculated to be approximately 450 K while particle
temperatures are approximately 1050 K.

At 5 cm downstream of the furnace, cold N, gas is injected into
the flow stream at a rate of approximately 75% of the combined
entrainment and sheath flow rate in order to drop the gas temperature
to below 1,000 °C and thus to “freeze” the chemistry. The mixed
flow is then transported through a sintered wall “transpiration” tube
where another 25% of N, flow is added to reduce deposition on the
tube walls. The flow is finally accelerated through a slightly
converging nozzle into a virtual impactor called a centripeter.
Particles with sufficient mass and momentum penetrate the quasi-
stagnation flow at the tip of the char trap and are collected as “char.”
Lighter particles, characterized as tar and soot, follow the gas
streamlines and are trapped on a series of quartz paper filters.
Calculations indicate that the division between “heavy” and “light”
particles occurs at around 15 — 20 pm. Since partially burned char
particles are always larger than this and tar or soot particles are much
smaller, the division between types of solid products is well defined.

After passing through the fine particle filters, the majority of the
exhaust stream passes through a throttling valve that drops the
pressure to atmospheric. A small fraction of gases is bled off through
the char trap to assist in char capture, and additional gas is drawn
from the same area for product analysis by a battery of instruments as
shown in Table 1. Major products (CO, CO,, H,0) as well as O, are
characterized to the 0.01% level, while hydrocarbons and nitrogen-
containing species are measured to the ppm level. The analytical gas
line is heated to minimize condensation of H,O and oils.
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Table 1. Analytical Equipment for Determining Various Gases

Analytical Equipment Gases

Gas Chromatograph CH,, C,H,, C;H,, oils, H,
FTIR CO*, CO,*, HCN*, NH;, NO
Non-dispersive IR CO, CO,, H,O

Paramagnetic Resonance 0,

Wet Chemistry HCN, NH;

* Redundant determination

Solid product yields are determined gravimetrically. Tar
samples are extracted from the filters by solution in THF followed by
evaporative drying, and char, tar, and soot samples are submitted to
an outside laboratory for elemental analysis. The coal feed rate is
determined by calibration, and consistency of the measurements is
confirmed by determining that the mass balance between coal fed
and solid + gaseous products produced closes to within 5%.
Furthermore, the elemental balance on C, H, and O typically also
closes to 5%, with some excursions to 10%. Elemental nitrogen does
not balance because we do not measure N, production, although at
low oxygen levels N, is not a major product, and other species then
close the N balance to about 20%.

Test Conditions. Three coals were tested, including two high
volatile bituminous (Pittsburgh No. 8 and Illinois No. 6) and one
western sub-bituminous (Powder River Basin). The coal samples
were obtained from the Penn State coal bank; their specific
identifications and properties are given in Table 2. Pitt #8 coal was
tested at 1, 2, and 3 MPa (10, 20, and 30 bar), Illinois #6 was tested
at 1 and 2 MPa, and PRB was tested at 1 MPa. The coal was ground,
pre-classified by aerodynamic vortexing, and sieved to the double cut
range of —140 + 200 (75 — 105 um). Test samples were dried at 90°C
overnight to moisture levels < 1% before being placed in the coal
feeder reservoir.

Table 2. Composition of Coals Studied

Proximate Analysis, ad wt.% Ultimate Analysis, daf wt.%
M Ash VM FC C H o N S
Pit. #8 07 123 379 49.1 | 808 54 5.8 17 6.3

Coal Name

DECS 23

1. #6 0.2 173 358 467 | 741 55 8.2 14 10.8
DECS 24

PRB 0.1 5.0 394 555 | 737 56 19.0 11 0.6
DECS 26

The entrainment and sheath flow rates were adjusted to give an
average velocity at the inlet to the furnace of 30 cm/s at all pressures.
The nominal residence time in the furnace was then 500 ms, while
actual residence times were substantially less because of expansion
of the gas due to heating. The nominal coal feed rate was 1.5 g/min,
resulting in suspension loadings of approximately 0.05 Qcoa/0gas at 1
MPa, 0.025 gcoa/ggas at 2 MPa, and 0.017 geoa/0gas at 3 MPa. Higher
coal feed rates led to problems of clogging or of overheating the flow
tube. Oxygen concentrations in the entrainment and sheath flows
ranged from zero to approximately stoichiometric. Absence of feed
oxygen gave secondary pyrolysis conditions, while stoichiometric
levels of oxygen were sufficient to convert tars and aerosols to soot
within the available residence time. Seven to ten ratios of
oxygen/coal were tested for each coal and pressure condition in order
to map the transition from secondary pyrolysis through tar

Results and Discussion
Figures. 2-6 give an example of the results of measurements for
Pittsburgh #8 coal at 1 MPa. Figure 2 shows that secondary

pyrolysis gives a char yield of 53% (char product/coal fed = 0.53 on
a DAF basis), while the tar + soot yield was 23% (all product yields
are given on a DAF basis). For this coal, an O,/coal ratio of 2.1
corresponds to a stoichiometric ratio (S.R.) of 1. AtS.R. =1, 60% of
the char and 90% of the soot have been consumed. Hydrogen is 95%
consumed (Figure 6), while the volatile hydrocarbon products are
essentially totally consumed at oxygen levels well below
stoichiometric (Figure 4). The volatile nitrogen species HCN and
NH; decrease by >99% and 90%, respectively, as the oxygen level
increases, while NO increases (Figure 5). These opposing trends
result in @ minimum in the nitrogen pollutants at an S.R. = 0.75.
Note that the experiments are conducted in Ar/O, mixtures rather
than N,/O, mixtures, so that the thermal NOx mechanism is not
operative. Analogous sets of data were collected at other pressures
and for the other coals to study the effect of pressure and coal type
on the combustion.

The effects of pressure on pyrolysis and combustion of
Pittsburgh #8 coal are summarized in Figures 7-9. In these figures,
the burnout histories of char, soot, and hydrocarbons with increasing
oxygen are presented in the form of percent burnout of the initial
quantity of each species produced by secondary pyrolysis. The
increasing thermal capacity of the entrainment gas with increasing
pressure results in lower gas temperatures, and thus delayed flame
ignition, and it is this effect that dominates the reduced char burnout
with increasing pressure seen in Figure 7. However, the same effect
is not apparent in the soot and hydrocarbon burnout histories.

The effect of coal type at a pressure of 1 MPa is summarized in
Figures 10-12. Figure 10 shows that char burnout is much more
extensive for the sub-bituminous PRB coal than for the bituminous
Illinois #6 or Pittsburgh #8 coals, consistent with expectations based
on coal rank. Similar trends hold for soot burnout shown in Figure
11, although this may be a thermal effect (i.e., somewhat higher
flame temperatures and more extensive flames because of enhanced
char burnout) since the soot compositions were found to be nearly
independent of coal type.

Conclusions

In spite of the challenges of measuring complete gaseous and
solid product yields at elevated pressures and temperatures, we were
able to cover the entire NBFZ operating domain by running the SRT-
RCFR facility at a fixed coal feedrate with variable inlet O,
concentrations to impose the same range of S.R. at all test pressures.
This strategy yielded datasets for three coals at 1.0, 2.0 and 3.0 MPa.
These data represent a major advance in the fundamental
characterization of near-burner p.f. combustion at elevated pressures.

The measurements are of such quality that only relatively small
adjustments to the raw data were needed to close the balances on
mass and C/H/N within + 5 % in individual runs. The adjusted
datasets show the expected tendency in the burnout of gaseous and
solid fuels to increase steadily for progressively more oxidizing
conditions. They also show that formation of NOXx increases rapidly
at S.R. values above 0.5. These data are well suited to serve as
benchmarks for development of kinetic models for pyrolysis, gaseous
and solid product production and burnout, and pollutant formation, as
well as for characterizing char and ash properties. The data are also
being used to tune chemical submodels that describe evolution of the
different species in a manner that can be incorporated into full-scale
CFD process simulators.
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Introduction

In recent years more concerns have arisen about CO, emission
due to global warming. Among available or proposed technologies,
chemical looping combustion! (CLC) is the most promising
technology to combine fuel combustion and CO, purification. It
uses a solid oxygen carrier to transfer the oxygen from the air to
fuel in a reducer and oxidizer. Thus, air is never mixed with the
fuel, and the CO, does not become diluted by the nitrogen of the
flue gas. NO, formation can be largely eliminated. A number of
metals have been discussed in the literature,? such as oxides of Fe,
Ni, Co, Cu, Mn.

Solid fuels such as coal and biomass have been ignored in
CLC process due to technical problems, including the separation of
oxygen carrier from fuel and ash, the possible interaction between
the fuel ash and oxygen carriers and the combustion of unburned
carbon particles in the oxidizer due to the circulation of solid fuel
particles. The adaptation of the CLC to the combustion of solid
fuels presents many challenges.

In this paper, an innovative concept — application of a CFB
combined with a moving bed on the chemical looping combustion
of solid fuels is introduced.

Technical Approach

Is it possible to add solid fuel into a reducer directly? There
exist several technical difficulties. The reaction rate between solid
fuel and the oxygen carrier is slow for a solid fuel due to low solid-
solid contact efficiency and reactivity. The solid fuel gasification
rate is always 1000 times slower compared to combustion at the
same evaluated temperature.

In order to overcome the technical difficulties mentioned, it is
proposed that a CFB coupled with a moving bed be used for the
chemical looping combustion of solid fuels. In this approach, the
facility will consist of three major components — a high-velocity
riser acting as an oxidizer, a down-flow moving bed acting as a
gasifier and a low-velocity bubbling bed acting as a deep reduction
reactor and separation device for the oxygen carrier from fuel ash
as well as unburned carbon. The whole system uses two loop seals
for oxygen carrier circulation.

Kinetic Analysis. The CLC process is governed by the
prevailing chemical thermodynamics and kinetics. The gasification
rate could be fast enough to match the rate of oxygen carrier
reduction in the down-flow moving bed.

All reactions related to the pyrolysis and gasification of fossil
fuel are endothermic, as illustrated by Equations (1), (2) and (3). In
the proposed CLC system, the gasification process for solid fuel is
combined with a reduction process for the oxygen carrier in the
reducer where no oxygen exists. The only way to supply heat for
the fossil fuel gasification process is the reduction reaction of
oxygen carrier with the syngas produced.

C,HmOp — (p-n)CO; + (2n-p)CO + (2/m)H,, 5 Kcal/mol (1)
C +H,0 —» CO + Hjy, 28.3 Kcal/mol (2)
C + C0O, - 2CO, 38.4 Kcal/mol (3)

Just a few metal oxides that have been developed as oxygen
carriers for the CLC process show exothermic properties when
reacted with carbon. The possible reactions related to oxygen
carrier candidates and carbon in the reducer are shown in Table 1.
Thus, the enthalpy of solid fuel combustion in the chemical looping
process is equal to the sum of the enthalpies of the two steps.
Copper oxide shows an exothermic property due to the smaller
enthalpy of its oxidizing step than those of solid fuel direct
combustion.

Table 1. Reaction Enthalpies at 1000°C and 1 atm?

C+ 0O, » CO,, -392.75 KJ/mol

Endothermic

2NiO +C — 2 Ni + CO,, 75.21KJ/mol

2 MnO + C — 2 Mn + CO,, 378.98 KJ/mol,

2 Mnz;O4 + C — 6 MnO + CO,, 56.7 KJ/mol

2/3 Fe;O3 + C — 4/3 Fe + CO,, 146.37 KJ/mol

2PbO +C — Pb+ CO,, 32.82 KJ/mol

Exothermic

2 CuO + C —» Cu + CO,, -96.51 KJ/mol

2Cu,0+C —>4Cu+CO, -61.04

2 Mn,0O3 + C — 4 MnO + CO,, -33KJ/mol

Lead is a hazardous element and not used. Manganese oxides
could produce non-reactive compounds. Also, there is a
thermodynamic limitation in the reduction reaction of manganese.
Most of oxygen in copper oxide is active for reaction with methane,
and the highest efficiency could be achieved. Thus, it is selected as
the preliminary candidates for oxygen carriers for the CLC for solid
fuel combustion.

Thermodynamics  Analysis. Chemical  reaction
thermodynamics phase diagram for the reduction reactions by CO
produced in solid fuel gasification process are shown in Figures 1.

Log(PCO,/PCO)

T T T T T T T T T T T T
600 800 1000 1200 1400 1600
T,°C

Figure 1. Variation of the thermodynamics equilibrium
factor for MeO-CO as a function of temperature®

Figure 1 shows that the ratio varies from approximately 10° for
the reduction of Cu,O to values on the order of 10 or less for the
reduction of MnO to Mn. For the reduction of a metal oxide with
CO in the absence of solid carbon, the oxides of copper, lead and
nickel will be reduced to elemental form at gas ratios between 10°
and 102 Therefore, the completeness of the reaction could be
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achieved and a concentrated CO, stream will be obtained in the
proposed CLC system. The reduction of manganese requires a
CO,-free environment, which is practically impossible for the CLC
of solid fuel to achieve. Because carbon is also present in the
reaction mixture in the proposed reducer, the reduction of metal
oxide and carbon gasification to CO, occurs simultaneously. As
shown in Figure 1, above the simultaneous equilibrium temperature
where two curves for the reduction of metal oxides and the
Boudouard reaction intersect, MnO needs to be above 1600°C,
which is impossible in the CLC due to high temperature. In
contrast, the curves for NiO, Cu,0, PbO and Fe,O; do not have
intersection with the carbon curve even at low temperatures. The
simultaneous reactions are not limited by thermodynamics, they are
determined entirely by kinetics, which typically are fast in the
CLC. Thus, using NiO, Cu,0, CuO and PbO as oxygen carriers
could result in higher ratios of Pco,/Pco.

Similarly, analysis of the reduction of metal oxides with H,
shows that it is less exothermic than its corresponding reaction with
CO. Moreover, equilibrium of the water-gas reaction will occur and
shift to the right at lower temperatures. This shows H, at high
temperature is a better reducing agent than CO for oxygen carriers.

Process Analysis. The volume of the gas flow in the air
reactor is much larger than that in a reducing reactor because a
large amount of nitrogen in the air is carried in. Moreover, the
oxidizing rate of the oxygen carrier is much faster than the rate of
the reducing reaction. Thus, a high gas velocity is chosen in the
oxidizing reactor to keep a reasonable size reactor and to reduce the
capital cost. In the reducer, long residence times, on the order of
minutes, is needed for solid fuel gasification and oxygen carrier
reduction due to slow reaction rates. Meanwhile, only a small
amount of gas is needed for fossil fuel gasification, so a down-flow
moving bed was selected. In accordance with the huge density and
size differences between ash and the oxygen carrier, a low-velocity
bubbling bed was chosen to separate the oxygen carrier from fuel
ash as well as unburned carbon. The whole system uses two loop
seals for oxygen carrier circulation.

Conclusions

Purifying CO, in an efficient and energy-saving way is the
first and most important step for its sequestration. Chemical
looping combustion could achieve this goal when it is applied to
solid fuel in a highly practical way. An innovative concept was
proposed to apply a CFB combined with a moving bed in the CLC
of solid fuels. A coal gasification process which occurs in the
moving bed in a loop seal, will be combined with a reduction
process of metal oxide to achieve direct utilization of solid fuel.
Thermodynamics Analysis showed that using Cu,O, CuO as
oxygen carriers could result in higher ratios of Pco,/Pco in solid
fuel CLC process,
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Introduction

Removal of sulfur containing species becomes nowadays a
strategic issue [1, 2]. It is due to strict environmental regulations
combined with searching for new clean sources of energy such as
fuel cell. For fuel cell application gaseous fuel has to be almost free
of sulfides or mercaptans. Those species poison the reforming
catalysts thus causing shortening of the life-time of a cell and an
increase in the costs of energy. Since sulfur containing gases are
toxic and they have very low odor threshold all efforts are made to
filter air form facilities where anaerobic digestion can occur such as,
for instance form municipal waste water treatment plants [3-6].

Among various methods used to remove hydrogen sulfide,
adsorption on activated carbons is considered as a very efficient and
cost effective approach. This is the result of unique surface properties
of carbonaceous adsorbents [7-10] such as high surface area, and
pore volume, along with surface chemistry, which promotes catalytic
oxidation of H,S in the presence of even small amounts of air and
moisture [11-23]. As a result of surface reaction, hydrogen sulfide is
oxidized either to sulfur or sulfur dioxide. The latter process, in order
to retain a significant amount of sulfur species on the surface, has to
proceed further and SO, is oxidized to sulfuric acid. Due to the
reactions mentioned occur at room temperature and under
atmospheric pressure the physical adsorption of hydrogen sulfide is
negligible at these conditions [15].

To enhance the catalytic properties of activated carbon various
methods have been used [2] from which the most common is
impregnation of activated carbon with sodium or potassium
hydroxide or salts containing potassium such as potassium carbonate
[3, 5, 23-27]. Doing this only slightly increases the cost of materials
leading to the much better performance [6]. But since an ideal
solution never exists the application of caustic impregnated carbons
carries certain drawbacks. The most significant is a low ignition
temperature. In the presence of caustic a strong exothermic reaction
occurs and a carbon bed can easily self-ignite resulting in enormous
cost of extinguishing and a widely spread environmental damage.
Another issue is related to safety of working with hazardous
materials, as is a caustic solution present on the surface of carbons.

All of these resulted in a search for better adsorbents that, with
sustained efficiency, would be much safer to work with. The window
of opportunity opened in surface chemistry of carbons. This is an
important factor governing their catalytic properties [10, 28, 29]. One
method of modification, usually applied during production of
adsorbent, is introduction of nitrogen containing groups [30-32]. Like
in the case of caustic materials, such carbons are basic and the high
dispersion of catalytic sites in the pore system provides efficient
oxidation. The catalytic action is so pronounced that a surface of
such carbons not only converts hydrogen sulfide to sulfur as in the
case of caustic impregnated materials, but oxidation proceeds even
further to sulfuric acid. The presence of sulfuric acid was seen as
another “plus” in application of nitrogen enriched adsorbents. They
can be washed out with water and thus they regeneration is
inexpensive. The Calgon patent describing the performance of
Centaur® claims that after loosing 20% the initial capacity as a result
of the first run, the carbons maintain their performance on 80% level

practically forever [31]. Taking into account that the capacity of such
carbon is about half of the capacity of the caustic impregnated
materials the situation looked almost ideal. But, as mentioned above
an ideal solution does not exit. Additional step in the preparation of
carbon (impregnation with urea of low temperature chars) increases
the cost of materials. Although the smaller capacity than that of
caustic impregnated carbon can be compensated by many steps of
inexpensive regeneration, once again the practical and safety reasons
limit the applications of such carbons. Concentrated sulfuric acid
present on the surface can lead to health hazard (skin burning) and
many facilities do not feel comfortable with regeneration system
where strong acid is generated.

The mentioned above factors directed the attention of scientists
and engineers to virgin materials. During the last few years the
performance and suitability for hydrogen sulfide removal of many
types of unmodified carbon have been described in the literature [6,
13-16, 33]. When the concentration of hydrogen sulfide in air is less
then 100 ppb virgin carbons can provide the sufficient protection for
few years [6]. It was shown that the capacity and the degree of
hydrogen sulfide oxidation depend on the porosity and the surface
chemistry [13-16]. Moreover, the content of inorganic matter in ash
has proven to be important [34]. This concept led to the development
of new, sewage sludge adsorbents [35-38]. Although their content of
carbon is only about 20 %, their capacity is much better than that of
virgin, coconut shell based activated carbon. An important advantage
of those materials is conversion of hydrogen sulfide to sulfur and low
costs of production.

An objective of this paper is to demonstrate the importance of
surface heterogeneity and its effect on the amount of hydrogen
sulfide adsorbed on carbonaceous materials and on the products of
surface reactions. Very often the choice of adsorbent is governed not
only by its cost and removal capacity but also by the other factors
such as, for instance, the possibility of regeneration or the level of
toxicity of the spent materials. The results presented here summarize
the effects of surfaced features on the capacity and chemistry of the
processes occurring during adsorption of H,S on carbonaceous
materials.

Experimental

Materials. Five carbonaceous materials were investigated in
this research. They are as follows: STIX (cautic impregnated
bituminous cola based- Watrelink Barnabey and Sutcliffe) Midas
OCM™ (US Filters) [39], Centaur® (Calgon), S-208 (coconut shell
based- Waterlink Barnabey and Sutcliffe), and laboratory made
sewage sludge derived adsorbent, referred here as SC carbon. After
exhaustion in H,S breakthrough capacity test the letter E is added to
the name of the samples.

Methods
H>S breakthrough capacity. The standard dynamic test

(ASTM D 6646-01) [40] was used to evaluate the performance of
carbons for HS adsorption. Humidified air (relative humidity 80%

at 293K) containing 1% (10,000ppm) of H2S was passed through a

column of carbon (diameter 1", bed height 9"). The test was stopped
at breakthrough concentrations of 50 ppm. Then the breakthrough
capacity for HpS adsorption was calculated using concentration of

adsorbat, flow rate, breakthrough time and volume of carbon.
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pH of carbon surface. A pH of the carbon surface was
evaluated according to ASTM D 3838 standard procedure. Briefly,
10 g of activated carbon was placed in 100 mL of hot water and
boiled gently for 900 s. Then the flask content was filtered, filtrate
was cooled, and pH was measured.

Sorption of nitrogen. Nitrogen isotherms were measured using
a ASAP 2010 (Micromeritics) at —196 °C. Before the experiment the
samples were heated at 120 °C and then outgassed at this

temperature under a vacuum of 107 Torr to constant pressure. The
isotherms were used to calculate the specific surface area, micropore
volume (DR method), Vmic, mesopore volume, V., total pore
volume, V,, and pore size distributions [41-42].

Thermal analysis. Thermal analysis was carried out using TA
Instruments Thermal Analyzer. The instrument settings were: heating
rate 10 deg/min and either air or nitrogen atmosphere with 100
mL/min flow rate. The residues after heating in nitrogen and air (ash

content) at 1000°C are reported. From the experiments run in air the
ignition temperature was determined [6]. Experiment carried out in
nitrogen provided information about the speciation of surface
oxidation products.

Apparent density. Apparent density of carbons was evaluated
using ASTM Method D 2854 [43]. It is determined on a granular
sample be measuring the volume packed by a free fall from a
vibrating feeder into an approximately sized graduated cylinder and
determining the mass of the known volume.

Moisture. Content of moisture was evaluated using ASTM
Method D 2867 [43]. A sample of carbon is put into a dry, closed
weighting dish and weighted accurately. Then the dish is opened and
placed with the lid in a preheated oven. The sample is dried to
constant weight and cooled in dessicator. The weight loss is
expressed as a percentage of the weight of the original sample.

Results and Discussion

From the measurement of the hydrogen sulfide breakthrough
curves, taking into account the density of materials, the breakthrough
capacity was calculated. The results are summarized in Table 1 along
with the pH values of the carbon surfaces. Analyzing the data it is
seen that Midas® outperforms other materials. Its capacity per unit
volume bed is twice higher than that of Centaur® whereas the
capacity the sewage sludge derived material is twice higher than that
of STIX. The carbons also behave differently when water adsorption
is considered. As shown previously [34], presence of water is a
crucial factor enhancing hydrogen sulfide adsorption. It enables
dissociation of to HS™ ions [13], when the pH allows it. It is well
known that activated carbon surface is considered as hydrophobic.
Adsorption of water usually occurs as a result of the presence of
oxygen or nitrogen containing functional groups and inorganic matter
[44]. High adsorption of water on Midas® and Centaur® is the result
of long exposure to humidified air (longest breakthrough time) and
also affinity of surfaces to retain water. In the case of Centaur® this
is linked to the nitrogen containing groups whereas in the case of
Midas® hydration of inorganic matter likely plays a role.

In order to discuss the performance of materials as removal
media in the process where catalytic action is expected to enhance
their performance, the structural and chemical features of surfaces
have to be described. The simplest estimation of carbon surface
chemistry is the measurement of the pH of its water suspension [13].
As listed in Table 1 all materials are basic and the pH of Midas and
SC is over 10. That pH is the result of the presence of inorganic
matter (basic oxides). In the case of Centaur® the closest to neutral
pH value is caused by protonation of the nitrogen containing groups
[45]. High pH of STIX is caused by the presence of potassium
hydroxide.

Table 1. H,S Breakthough Capacity, Amount of Water Adsorbed
and pH Values of the Carbon Surfaces.

Sample  H,S H,S Water
breakthrou  breakthro  adsorbed  pH pH
gh capacity  ugh [ma/a] initial  exhaus
[o/g of  capacity ted
carbon] [g/cm?® of
carbon]
S208 0.036 0.02 0.04 9.8 8.82
(CR)entaur 0.130 0.060 0.41 8.30 147
Midas®  0.608 0.251 012 1085 1038
STIX 0.230 0.140 0.06 102 79
SC 0.079 0.052 0.03 1058  9.63

The amount of ash in each material may indicate the importance
of the presence of catalytic inorganic phase (Table 2). In the case of
SC and Midas® the ash content is the highest. In SC it comes as a
natural component of the sewage sludge precursor [35-38] whereas,
in the case of Midas it was added as a part of the material preparation
procedure [39]. It is important to mention that the ash content of
Midas® twice exceeds the content of basic metals oxides described
in the patent [39]. Relatively high amount of ash in Centaur® is
linked to its bituminous coal origin. In the case of STIX about 13%
of ash has its main origin in potassium hydroxide used for
impregnation along with ash coming from a bituminous coal
precursor.

Table 2. Density, Ash Content, Ignition Temperature and the
Initial Moisture Content.

Sample Bulk density ~ Ash content ~ Moisture  Tig,

[g/em’] [%] [%] [C]
5208 0.55 19 5.2 425
Centaur® 0.48 55 6.6 510
Midas® 0.41 26.8 12.2 524
STIX 0.60 12.9 8 320
SC 0.66 76.9 2.5 426

From the nitrogen adsorption isotherms the structural

parameters were calculated. They are collected in Table 3. The data
clearly shows that Midas® has the highest surface area and pore
volume whereas SC- the lowest. Also, either for the latter carbon or
Midas® a significant contribution of mesoporosity is found. On the
other had, S-208, Centaur®, and STIX, are very homogenously
microporous. The highest nitrogen uptake noticed for Midas®, the
lowest for SC, which is related to the differences in the chemical
composition of materials. Midas® contains 70% of carbonaceous
phase, SC- only 20.

Not only porosity but also the density of materials is liked to
their content of inorganic matter. The densest is SC, then Midas,
Centaur and S-208. This has an effect on the capacity calculated per
gram (Table 1) and thus affects the cost of materials in real life
operations.

The evaluation of the materials’ performance is more valid
when the products of surface reaction are discussed. The pH values
of exhausted carbons listed in Table 1 clearly indicate the differences
in the surface reaction products. Highly acidic pH of Centaur® and a
noticeable decrease in the pH for S-208 and STIX suggest a
significant degree of sulfuric acid formation. For SC and Midas® the
pH, however slightly decreases, is still on a very high level. Such a
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decrease can be caused by formation of sulfides and sulfates from
oxides. Those species and sulfur, should not cause dramatic decrease
in the pH value.

Table 3. Structural Parameters Calculated from Sorption of

Nitrogen.
Sample Sz Vg Vi Vil Vi
[m%g] [cm*g]  [em®/g]
S208 877 043 0.46 0.96
S208E 800 0.40 0.42 0.95
Centaur® 987 044 0.56 0.79
Centaur®E 443 0.18 0.26 0.69
Midas® 1110 0.43 0.81 0.53
Midas®E oo 0.03 0.14 0.21
STIX 620 0.30 0.35 0.85
STIXE 340 0.18 0.26 0.69
sC 08 0.04 0.16 0.25
SCE 28 0.01 0.10 0.10

Comparison of the DTG results obtained on exhausted samples
(the low temperature peak, < 250 °C for pure carbon materials
represents removal of SO, from reduction of sulfuric acid [13-16]
and the peaks between 300- 500 °C are linked to removal of sulfur
from various pore sizes (from larger to smaller) [13-16]) revealed
that indeed in the case of Centaur® almost only SO, is released, for
-S208 and STIX there is a mixture of SO, and elemental sulfur . In
the case of Midas® a huge peak representing removal of sulfur from
pores of various sizes was found. For sewage sludge derived
adsorbent a broad peak present between 200-400 °C represents sulfur
[36-38]. Although its position is close to that for sulfuric acid ion
S208 that shift is caused by removal of sulfur from large pores,
which are present in this material. This process requires much less
energy (lower temperature) than evaporation of sulfur polymers
from the microporous structure as that in S-208.

Those significant amounts of sulfur adsorbed on the materials
studied are stored in their pore system. As shown from Table 1 for all
carbons the volumes of pores, micropores in particular, significantly
decreases. This is of course linked to the decrease in the surface
areas. An exact location of oxidation products is seen from the
analysis of pore size distributions for carbons after exhaustion.
Whereas for S-208 and Centaur® mainly volumes in pores smaller
than 20 A are affected for SC and Midas® sulfur is deposited in all
pore sizes and smaller micropores are completely filled. It looks like
the capacity lasts until that volume is exhausted and more pore
volume would provide more capacity as expected when the catalytic
actions is involved.

Another important factor which should be evaluated here is the
ignition temperature of adsorbents ( Table 3). The evaluation of
temperature of self-ignition based shows high ignition temperature of
catalytic carbons. The ignition temperatures of S-208 and SC are
almost identical and about 100 °C lower that that for Centaur® and
Midas®. Since manufacturing of those carbons requires additional
steps some additive may work as fire retardants. Low ignition of
caustic impregnated carbon is the result of the presence of highly
reactive potassium hydroxide.

Based on the comparison presented above, and the results
published elsewhere where the mechanisms of adsorption/oxidation
are discussed [13, 26, 33, 36-38], the materials containing a

catalytically active inorganic phase mixed with the activated carbon
seem to be the best performing adsorbents. On their surface, thanks
to the presence of catalytic oxides, hydrogen sulfide is oxidized to
sulfur. The catalytic action is complex and consists of two different
mechanisms: one on pure activated carbon surface and one on the
catalytic phase. It is likley that the reaction of H,S oxidation occurs
on the carbon and oxides surfaces simultaneously with formation of
elemental sulfur, metal sulfides and sulfuric acid which later reacts
with carbonates.

As indicated above, the presence of water on activated carbons
contributes to the dissociation of hydrogen sulfide and facilitates to
its oxidation to sulfur and sulfur dioxide [33] The proposed
mechanism involves 1) H,S adsorption on the carbon surface, 2) its
dissolution in a water film, 3) dissociation of H,S in an adsorbed
state in the water film , 4) surface reaction with adsorbed oxygen
with formation of elemental sulfur 4a) or sulfur dioxide 4b), and 5)
further oxidation of SO, to H,SO, in the presence of water :

Ky
HZS gas 7T > HZS ads (l)
Ks
HSags ==->  HjS agsiig )
Ka
HZS ads-lig ==7°" > HS_ads + H+ (3)
Krt
Hs_ads + O*ads """ >S5 ads T OH (4a)
KRZ
HS_ads +3 O*ads """ >SOZ ads T OH (4b)
Krs

SOZads + O*ads + HZO ads™™ """ >HZSO4 ads (5)
H* + OH -----> H,0 (6)

where H;Sgas, HaS ags.iig, and HyS,q correspond to H,S in gas, liquid
and adsorbed phases, respectively; Ky, Ks, Ky and Kg; , Kg, , Kgrz are
equilibrium constants for related processes (adsorption, gas
solubility, dissociation, and surface reaction constants); O*.y is
dissociatively adsorbed oxygen, Sags , SOzags » HaSOy4 ags represent
sulfur, SO, and H,SO, as the end products of the surface oxidation
reactions.

It is known that oxides of iron, zinc and copper are used in
industry as absorbents and /or catalysts of H,S removal from
different gaseous media at low (20-200°C) and high (300-800°C)
temperatures  [2]. The H,S removal at low temperatures mainly
occurs due to gas-solid reactions in a thin hydrated lattice of metal
oxides. This process leads to sulfides formation:

ZNnO + H,S > ZnS + H,0 @)
CuO + H,S ----> CuS + H,0 (8)

Fe,O3 + 3H,S ---->FeS + FeS, + 3H,0 9)
Fe,O; + 3H,S ----> Fe,S; + 3H,0 (10)

2Fe,S; + 30, ----> 2Fe,03 + 6S (112)

Carbonates of calcium and magnesium are also supposed to have
high affinity for H,S adsoption in wet condition due to neutralization
reactions ([7]

CaCO; + H,S ----> Ca(HCO3), + Ca(HS), (12)

Moreover, transition metal ions can catalyze the H,S oxidation
in aqueous solutions by molecular oxygen due to the redox process

Prepr. Pap.-Am. Chem. Soc., Div. Fuel Chem. 2004, 49(2), 819



[2]. For example, in the case of iron the following reactions may
occure:

2Fe® + HS ---->2Fe” + S + H* (13)
4Fe® + O, + 2H' > 4Fe® + 20H (14)

On the surface of caustic impregnated carbon the following
reaction path have been proposed in addition to those occurring on
the surface of pure carbon [21]s:

NaOH + H,S ---->NaHS + H,0 (15)
2NaOH + H,S ---->Na,S + H,0 (16)
NaHS + 0.50, ---->S + NaOH a7

Na,S + 0.50; + H,O ---->S + 2 NaOH (18)
2 NaOH + H,SO, ---->Na,S0O, + 2H,0 (19)

And side reactions:

NaOH + CO, ---->NaHCO; (20)
2NaOH + CO; + H,0 ---->Na,CO3 + 2 H,0 (21)
Na,COj3; + H,S ---->NaHCO3; + NaHS (22)

The presence of NaOH and strongly basic environment
enhances the dissociation of hydrogen sulfide. Moreover, according
to the reactions 17-18, NaOH and basic environment is regenerated
in the system enabling more H,S to be dissociated and, as a final
product, oxidized to elemental sulfur following reaction 17. The
results published elsewhere [28] showed that on one mole of NaOH
3 to 4 moles of H,S are adsorbed which clearly indicates the catalytic
effect of the carbon surface. A question raises what causes that the
reaction stops and it stops when almost the same capacities are
reached on all materials. The possible reason for this is "inactivation”
of sodium hydroxide. This may happen as a result of reactions 19-20
where carbonates and sulfates are formed on the surface. Although
the pH remains basic in most cases, this can be due to the presence of
carbonates not hydroxide. It makes the formation of sodium sulfides,
sodium hydrogen sulfides, sodium sulfates, and sulfuric acid the most
important reactions in this system. When all NaOH is used sulfuric
acid is formed which was observed as very low pH of exhausted
samples used in sewage treatment plants [6]. On the other hand,
following reactions 1-11, and 17, sulfur must be formed in the system
and it does not affect the surface pH.

Slightly different pattern than that on the virgin carbon surface
is proposed to occur on the surface of catalytic carbon , Centaur®.
This is a very microporous carbon enriched with nitrogen [32]. That
nitrogen is likely in the form of pyridinic-like groups. As in the case
of sodium, their basicity enhances the dissociation of hydrogen
sulfide to HS- ions. Owing to high microprosity of this carbon, that
process occurs in the confined space where big sulfur polymers
cannot be formed following reaction 4. Thus small sulfur radicals are
readily oxidized to sulfur dioxide and further to sulfuric acid.
Reaction likely proceeds from small pores to larger until low pH of
sulfuric acid suppresses the dissociation of H,S, which results in the
observed breakthrough.

Conclusion

The results presented here show the differences in the
performance of various materials as hydrogen sulfide adsorbents. For
comparison, only the best commercial materials are used. As
demonstrated, the variety of the oxidation products can be found on
the surface and the speciation depends on textural and chemical
heterogeneity of their surfaces. However, the desired speciation
depends on the final application and options of disposal, a good
carbonaceous material for H,S removal should be basic in its nature
and have available pore space to store oxidation products.
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Introduction

Carbon gasification is an alternative process to the combustion of
coal since it produces less pollution and is more efficient. Basically,
carbon gasification is the reaction of carbon with an oxidant agent
such as oxygen, steam and/or carbon dioxide. Steam gasification is a
process that has been widely studied by experimental techniques.
Several mechanisms have been proposed for this reaction.'’
However, it is still not clear which of the proposed mechanisms is
correct.  Furthermore, these mechanisms do not provide any
molecular-level details due to the complexity of the system.

In a recent theoretical study of the carbon-H,O reaction a novel
mechanism for the formation of molecular hydrogen was proposed
which does not imply dissociation of the water molecule on the
surface rather than a rearrangement of the hydrogen atoms.'® This
shows that molecular modeling is a powerful tool for improving our
understanding of the gasification process.

The goal of this study is to carry out a Density Functional Theory
study of thermodynamics of selected reactions that can take place
during the steam gasification process. Particularly, we studied the
interaction of the H,O molecule with the active sites of clean
carbonaceous models and possible pathways for the evolution of
molecular hydrogen during the carbon-H,O reaction.

Computational Details

Carbonaceous materials are macrostructures formed mainly by
aromatic clusters. For char, it is known from solid-state '*C-NMR
experiments that it has structures of randomly connected graphene
clusters consisting of 12-25 aromatic carbon atoms (3-7 benzene
rings)."!  Since the gasification reactions take place at high
temperatures, the active sites are simulated as edge carbon atoms of a
graphene layer that have lost a hydrogen atom. In the carbonaceous
model used for the calculations the other edge carbon atoms are
terminated with hydrogen atoms. It has been reported previously that
the use of H to terminate the boundaries of finite graphite models is a
good choice.'? The models shown as the reactants in Figures 1 and 2
are reasonable representations of the active sites environment in
zigzag and armchair edges, respectively. Note that the w-bond
network is implied in these figures. It is important to note that
although the char has a highly condensed aromatic ring structure
where the graphene units may have different sizes and orientations,
the size of the carbonaceous models used in this study correspond to
those suggested from NMR experimental data. In previous
investigations it was also shown that the reactivity of a carbon
material depends more strongly on the local structure of the active site
rather than on the size of the graphene layer.'>'*

In order to investigate the reaction of steam with the
carbonaceous models we fully optimized each structure and some of
the complexes that can be formed. All calculations (energies,
optimizations, and frequencies) were done at B3LYP Density
Functional Theory level (DFT), using the 6-31G(d) basis set for all
atoms except for the hydrogen atoms in the water molecule where the
6-31G(d,p) basis set was used. In a previous study it was shown that

spin contamination in unrestricted wave function at B3LYP level of
theory is small for carbonaceous models.” Each model was
optimized in its electronic ground state. Question on the roles of the
excited states in these reactions is deferred to a separate study. This
was done by performing single-point energy calculations at the same
level of theory for several electronic states using geometries that were
optimized at the AM1 semiempircal method for a given species, the
ground state was taken as the one with the lowest energy.
Furthermore, frequency calculations were done in order to confirm the
stability of the optimized structures. All calculations were done using
the Gaussian 98 program.'®

Results and Discussion

Reaction of Steam with Clean Surfaces. The reaction of steam
with the active sites of the carbonaceous models is a highly
exothermic reaction either on zigzag or armchair configuration as can
be seen in Figures 1 and 2. These reactions involve the production of
a hydroxyl group after the dissociative chemisorption of the water
molecule. If there is an active site next to the hydroxyl group, the
hydrogen atom of this group would potentially further react with that
active site to form a semiquinone group, in a reaction that is
exothermic on both zigzag and armchair configurations.

H OH
H H
AE =-100.4 H
keal/mol H
H H H
+ H,0 AE =-63.0
H H kcal/mol
H H
H H H H O H
AE =-163.4
kcal/mol

Figure 1. Reaction of the H,O molecule on the active sites of the
clean zigzag model and thermodynamic data.

H
/
H O
H H
H
=-524
kcal/mol H
H H
+ H,0 AE=-423
H H kcal/mol
H H
i . AE =947 HO H
kcal/mol
H
H H
H H
H H

Figure 2. Reaction of the H;O molecule on the active sites of the
clean armchair model and thermodynamic data.
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The reactions shown in Figures 1 and 2 are in agreement with the
published experimental results where it was reported that after
adsorption of water on graphite at low temperatures (25°C) the water
molecule is chemisorbed and phenol and carbonyl (semiquinone)
groups would be formed.!” From the data shown, the dissociation of
the water molecule at the active sites of carbonaceous materials is a
thermodynamically favorable process.

Hydrogen Evolution. We studied several possibilities for the
production of molecular hydrogen during the carbon-H,O reaction on
zigzag and armchair configurations. One possible pathway for the
evolution of hydrogen is shown in Figure 3.

OH H (6]
H H H H
H H H H*H
AE =53.8
H H kcal/mol H H
H H H H H H
H
O H O
H H H H
—— + H,
H H AE =46.0 H H
kcal/mol
H H H H
H H H H

Figure 3. Possible pathways for molecular hydrogen evolution after
chemisorption of one water molecule on the carbon surface.

Another route for the evolution of molecular hydrogen is found
when two water molecules react on consecutive active sites as shown
in Figure 4. From a thermodynamic point of view, the reactions
shown in Figure 4 are more favorable ways to produce hydrogen from
zigzag and armchair edges.

H OH OH H H O O H
H H H H
H H H H*H
AE =30.2
H H kcal/mol H H
H H H H H H
H H
H O 0 H H O O H
H H H H
+ H,
H H AE =36.8 H H
kcal/mol
H H H H
H H H H

Figure 4. Molecular hydrogen evolution after carbon reaction with
two water molecules and thermodynamic data.

The reactions shown in Figure 4 involve the dissociative
chemisorption of two water molecules in such a way that two
neighbor hydroxyl groups are obtained. These groups are precursors
for subsequent hydrogen evolution leaving two semiquinone groups
on the surface that could desorb as carbon monoxide or carbon
dioxide as the gasification reaction proceeds.'®"’

Conclusions

The reaction of steam with the active sites of the carbonaceous
models is a highly exothermic reaction either on zigzag or armchair
configuration. This reaction produces a hydroxyl group after the
dissociative chemisorption of the water molecule. We propose an
alternative pathway for hydrogen evolution that involves two neighbor
hydroxyl groups that are precursors for molecular hydrogen
production leaving two semiquinone groups.
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Introduction

Oxides of nitrogen (NO,) are a major pollutant evolving from
combustion processes. Federal emissions regulations are become
increasingly stringent, in order to abate harmful NO, emissions.
Some of the proposed NO, reduction strategies for stationary
combustion systems are:

= Combustion modifications
Reduction technologies (both catalytic and non-catalytic)
Fuel additives and alternative fuels
Reburning technologies
Low-NO, burners
Feedback control & monitoring technologies.

Computational Fluid Dynamics (CFD) has been used to
simulate combustion for decades. Simulations have been employed
to assist in the design of improved burner geometries, the analysis
of alternative fuels and reburning conditions, and various other
applications. While studies have shown simulated results for NOy
emissions, temperature profiles and flow fields, for given planes
within the boiler, no numerical relationships between such data
have been determined.

The desire to implement a temperature measurement-based
monitoring and feedback control system for improved NO, control
necessitates the discovery of a functional correlation between boiler
temperature distributions, boiler operating parameters, and NOy
formation. This numerical simulation effort has the objective of
determining how best to implement the temperature profile
information that can be obtained with a new fiber optic temperature
sensor under development at Penn State University, which can
provide a measurement of the temperature distribution along a line-
of-site across the interior of a boiler.

The work herein is focused on modeling the “demonstration
boiler” at the Energy Institute at PSU. The grid was generated in
Gambit 2.1, and a commercial CFD code, FLUENT 6.1, was used
for simulation. Tests were designed and data was collected for
typical and low-NO, conditions. Data was collected at several
planes within the boiler.

Numerical Modeling Approach

Two different cases were modeled based upon the
configuration of the demonstration boiler: a normal case, where
primary, secondary and tertiary air flow rates were set at
conventional operating conditions; and a low-NOXx case, where the
secondary air flow rate is decreased and that air flow is redirected
to become a tertiary air flow.

Demonstration Boiler. The demonstration boiler, located at
Penn State’s Energy Institute, is a D-type design watertube boiler,
manufactured by Tampella Power Corporation [1].The boiler has
approximate dimensions (in meters) of 2.65x1.83x2.59. It is rated
for 15,000 Ib/h steam (@300 psig), and was initially designed for
fuel oil-firing, but has since been modified for coal-based fuels.

The three-dimensional, nonuniform grid of the demonstration
boiler is shown in Figure 1. The grid was meshed at a spacing of 3,
and comprises nearly 273,000 nodes.

Numerical Model. The solutions were obtained using an
implicit, segregated solver, for non-premixed, steady state
combustion. The k-¢ model was employed as the turbulence model
for this work, which is widely used combustion modeling [2].

Figure 1. Three-dimensional demonstration boiler grid

The turbulent intensity is a function of the upstream flow
conditions. The mixture fraction/PDF formulation, which was
developed specifically to model turbulent diffusion flames [3], was
used to model the combusting flow, along with the P-1 radiation
model and NO, postprocessor. Chemical equilibrium relates
instantaneous mass fractions and temperature with the mixture
fraction. The P-1 radiation model is advantageous due to its simple
diffusion equation, which allows particulate scattering [4] and
requires low CPU demand. The mixture fraction method permits
intermediates, dissociation effects, and coupling between
turbulence and chemistry to be accurately accounted for. A
probability density function (PDF) accounts for the interaction of
turbulence and chemistry [3], simulating realistic finite chemistry
in turbulent flames. The density-weighted time-averaged Navier
Stokes equations are solved for temperature, velocity, species
concentrations and variance, from which the time-averaged NO
formation rate is computed at each point, using the averaged flow-
field information [3, 5]. Since the rate of NO, formation is
sensitive to temperature, the combustion solution must be highly
accurate to attain reasonable results.

A Rosin-Rammler distribution was assumed for the coal
particle size distribution. The particles were injected at four
positions, for a total mass flow rate of coal of 0.37 kg/s. The air
was injected according to Table 1.

Solutions are calculated based on the conservation equations.
The continuity equation is:

op O
—~—+—(pu;)=0 ey
8t+6x<(p i)

j

The turbulent flow conservation equations for momentum and
energy are as follows, respectively:

0 0 op Oty

—(pu)+—(puu;) =———+—L

ot OX; ox, OX,

J

@

Prepr. Pap.-Am. Chem. Soc., Div. Fuel Chem. 2004, 49(2), 824



9 9 _® L0 a0
P (Pht)"'axj (pu;h) ot +6Xj (Uz; — ;)

Table 1. Inlet and Outlet Conditions for Both Cases

Low-
Normal NOy

Inlet Conditions

Primary Air Flow Rate (kg/s) 0.2 0.20
Secondary Air Flow Rate (kg/s) 0.53 0.76
Tertiary Air Flow Rate (kg/s) 1.23 1.00
Fuel Flow Rate (kg/s) 0.37 0.37
Outlet Conditions

Area Weighted Ave. T (K) 1712.72 | 1456.16

Area weighted Ave. NOx (ppm) | 397.31 283.81

Results & Discussion

Calculations were performed for the conventional and low-
NOx cases, from which temperature and NOx distributions were
generated.

Figure 2 and Figure 3 portray various temperature gradients
over the specified surfaces. At conventional operating conditions,
the elevated temperatures are indicative of coal particles trapped in
recirculating flow regions, depleting available oxygen, and hence
yielding significant NOx formation with adequate residence time.
In the low-NOx case with air-staging, high temperature zones are
fuel-rich and therefore lead to higher CO production. Though the
temperature and residence time may be conducive to NOXx
formation, the depleted oxygen reduces net NOx formation.
Successful air staging provides significant stratification of the
combustion process, and thermal non-uniformity, as shown in the
low-NOx case temperature profile, which indicates the extent of
stratification.

Statistical Analysis. Data, in the form of 1D “lines” of
information (simulating the data to be collected from the fiber-optic
sensor, spanning the boiler), resulting from CFD calculations will
be analyzed statistically in order to determine a correlation.
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Figure 2. Low-NOx case temperature profile (axial surface)

Regression studies will be employed for the conventional and
low-NOx cases. A series of regressions will be performed for each
scenario, with NOx concentration held as the response variable,
while predictor variables comprise T, velocities and other
stoichiometric parameters in various combinations. The
combination providing the best (highest) R-squared value for each
case will be accepted and used in a regression study comparing the
two cases.
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Figure 3. Conventional case temperature profile (axial surface)

Conclusions

Two separate calculations were performed with secondary and
tertiary air flow rates as the only variables. The temperature
profiles presented for each case provide evidence that data from a
one dimensional sensor spanning a boiler in strategic locations may
provide pertinent information to allow real-time NOXx control.

Temperature, NOx concentrations and velocity profiles were
collected for specified planes within the boiler. These parameters
will be compared against one another via statistical analysis, in
order to determine an algorithm for implementation in a NOXx
control system, in conjunction with a fiberoptic, in-situ temperature
Sensor.

Acknowledgements. This paper was written with support of
the University Coal Research program of the U.S. Department of
Energy, National Energy Technology Laboratory under contract no.
DE-FG26-02NT41532. The Government reserves for itself and
others acting on its behalf a royalty-free, nonexclusive, irrevocable,
worldwide license for Governmental purposes to publish,
distribute, translate, duplicate, exhibit, and perform this
copyrighted paper.

References

1. The Energy Institute., Demonstration Boiler Fact Sheet,
www.energy.psu.edu.

2. Launder, B.E et al, The Numerical Computation of Turbulent
Flows. Computer Methods in Applied Mechanics and
Engineering, 1974. 3: p. 269-289.

3. Fluent Inc., User's Guide. 1996, Fluent Incorporated:
Lebanon. p. 19-43.

4. S.S. Sazhin et al., Modelling of the Gas to Fuel Droplets. Fuel,
2000. 79(14): p. 1843-1852.

5.  Fluent Inc., Fluent 6.1 Documentation. 2003, Fluent
Incorporated: Lebanon.

Prepr. Pap.-Am. Chem. Soc., Div. Fuel Chem. 2004, 49(2), 825



DIMETHYL ETHER OXIDATION AT ELEVATED
TEMPERATURES

Claudette M. Rosado-Reyes, and Joseph S. Francisco

Department of Chemistry and
Department of Earth and Atmospheric Sciences
Purdue University
West Lafayette, IN 47907

Joseph J. Szente, and M. Matti Maricq

Research Laboratory
Ford Motor Company, P.O. Box 2053, Drop 3083
Dearborn, MI 48121

Introduction

The fact that current diesel engine emissions will not meet
future standards, has spurred research into alternative fuels in order to
reduce emissions without compromising fuel economy. Oxygenated
hydrocarbons such as ethers have been proposed for use as alternative
fuels or as additives in diesel engines'. The chemical and
thermodynamic properties of dimethyl ether (DME) make it ideal for
this purpose: higher cetane number of 55-60%, lower self ignition
temperatures, NO, emissions and engine noise’, and no soot
formation. The determination of alternative fuels emissions under
operating conditions (high pressure and temperature) is required to
assess the impact of these materials on the atmospheric reactivity of
tailpipe emissions®.

The use of DME as a fuel for solid oxide fuel cells
(SOFCs) has also been under consideration®. There are potential
applications for its use in vehicle based fuel cells. Direct oxidation of
hydrocarbons eliminates the need for fuel reformers and can reduce
the cost and weight of SOFC systems. The temperature dependence
of DME thermal decomposition is important in determining the
power output of SOFCs and their contamination by coking.

Under laboratory conditions, chlorine atoms - produced by
the photolysis of Cl, - initiate the chemistry. Methoxymethyl radicals
(CH;0CH,) are produced as a result of the abstraction of a methyl
hydrogen from DME. Under high O, concentrations, methoxymethyl
radicals combine with oxygen to produce methoxymethyl peroxy
radicals (CH;0CH,0,). Previous product studies of chlorine initiated
chemistry at low temperature showed a dependence on total pressure,
where production of formaldehyde and methyl formate compete
against each other®. This pressure dependence was explained by
proposing and showing that the oxidation of dimethyl ether proceeds
via two different competitive pathways: a pressure dependent and a
pressure independent pathway.

In the pressure dependent pathway, the energetically
excited peroxy (RO,*) is collisionally deactivated into a stabilized
peroxy radical that can continue reacting by usual peroxy radical
reactions. From these methoxymethyl peroxy radical reactions,
methyl formate (CH;0OC(O)H) is formed as a main by-product. Also
a significant yield of formic acid (HC(O)OH) has been previously
reported’, although it is not clear how the proposed mechanism can
account for it. The pressure independent pathway takes place via the
intramolecular rearrangement of peroxy radical followed by
dissociation into two molecules of formaldehyde and one molecule of
hydroxyl radicals (2 HC(O)H + OH). This pressure independent
pathway is of particular interest with respect to combustion because
OH radicals are an important reactive intermediate in combustion
processes. The production of hydroxyl radicals can initiate and
sustain a chain reaction between DME and OH. The original study of

the dimethyl ether photoinitiated chemistry intended to determine the
branching ratio of CH;OCH, + O, reaction with respect to pressure®.
Time-resolved UV/IR spectroscopy was utilized to perform real time
kinetic measurements of this reaction at temperatures between 230
and 350 K, pressures between 10 and 200 Torr, and a time regime of
up to 60 microseconds. At room temperature, the peroxy radical
stabilization becomes more significant as pressure increases, but the
dissociation pathway becomes insignificant to sustain combustion
chain reactions. As the temperature increases the reaction shifts to
the formaldehyde production, but this change is not as significant as
the one dependent on pressure. The investigation of the kinetics of
the photo-initiated CH;OCH, + O, chemistry at -elevated
temperatures above 295 K revealed thermally induced reactions
taking place independent of photolysis. Also these results raised the
possibility that at even higher temperatures >350K, the dissociation
channel might become significant enough to sustain DME + OH
chain reaction, and be even more significant near or at combustion
temperatures. This study intends to determine the branching for the
CH;0CH, + O, reaction pathways at pressures of 20-200 Torr and
temperatures of 295-700 K, and the importance of dimethyl ether
degradation in the presence of O, over the temperature range of 295-
700 K.

Experimental

To investigate the temperature dependence on the
degradation of dimethyl ether and consequently on the CH;0CH, +
O, branching ratio, the kinetics of the reaction of CH;0CHj; + Cl, in
the presence of O, is being studied at elevated temperatures. Flash
Photolysis/Transient Infrared Spectroscopy is used to evaluate the
yield and kinetics of Formaldehyde, Methyl Formate, and Formic
Acid, at the 1709 cm”, 1742 cm”, 1791 cm’ vibrational lines
respectively. The measurements include the direct probing of
product concentration for the first 900 usec after Cl, photolysis, and
in the absence of Cl, at three different dimethyl ether concentrations
(6, 12, 20 x 10'6 molecules/cm3). These experiments were carried
out at three different total pressures (60, 250, 600 X 10"
molecules/cm’) and eight different temperatures between 295 and
700 K (increments of 50K).

The Flash Photolysis/Time-Resolved IR Spectroscopy
experimental apparatus is described as follows. A reagent gas
mixture is inserted into a quartz cylindrical reaction cell. The gas
mixtures for these experiments consisted of dimethyl ether (1-7 Torr),
4.8% chlorine/N, (2-11 Torr), O, (11-38 Torr), and N, to make up the
balance. The reaction cell is wrapped with electrical heaters and
insulated for thermal stability. Temperature is monitored and
controlled by thermocouples positioned along the outside of the cell.
The gases are pre-heated prior to entering the cell.  Photo-
dissociation of Cl, is initiated by 351 nm light from a Lambda Physik
model LPX 301 excimer laser. Two dichroic beam-steering mirrors,
placed at opposite ends of the reaction cell, reflect the UV laser light
into the reaction cell while allowing the transmission of IR light.
Conditions were such that the reaction cell was well evacuated and
the gas mixture replenished between laser pulses. A high-resolution,
cryogenically cooled, Pb-salt diode laser is used as the infrared light
source to probe the ro-vibrational carbonyl stretch mode of by-
products at frequencies between 1700 and 1800 cm™. After passing
though a mode selecting monochromator, it is directed through the
reaction cell where it counterpropagates relative to the excimer laser.
The IR light is focused to a LN, cooled HgCdTe detector with a
response time of 0.3 usec. Frequency drift is prevented by
frequency locking the laser radiation to the ro-vibrational absorption
line being monitored. The IR light intensity is measured for several
milliseconds following the laser photolysis pulse to obtain time
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dependent absorbances. In order to quantify the concentrations of the
by-products, their IR absorption cross sections (o) at the respective
IR absorbance lines are determined by introducing a known amount
of by-product into the reaction cell of pathlength /. The concentration
is then calculated by Beer’s Law via,
1
c(t) = 1 In| 2
lo 1
The initial halogen radical concentration from photolysis is
calculated indirectly by substituting methanol for DME and
measuring the formaldehyde yield from the photoinitiated oxidation
reaction.

Results and Discussion

For the thermally induced chemistry measurements, the gas
mixture of DME/O,/N, was allowed to equilibrate to the selected
temperature while flowing through the cell. Residence time in the
cell was between 2 and 4 seconds. Figure 1 shows the formaldehyde
yield, in the absence of chlorine, relative to dimethyl ether initial
concentrations at temperatures between 295K and 700K. At
temperatures between 450K and 500K, dimethyl ether thermally-
induced oxidation is starting to take place. Above these
temperatures, main by-products are being produced reaching
maximum concentrations between 600K and 650K, starting then to
decline. At low pressure conditions, formaldehyde yield is lower
compared to medium and high pressure conditions. The change in
formaldehyde yield is not significant going from 250 x 10'®/cm’ to
650 x 10'"%/cm’ total pressure. Methyl formate and formic acid yields
follow a similar trend, although formaldehyde yield is greater by a
factor of 2 and 10 respectively. Figure 1 clearly shows a total
pressure dependency as a function of temperature in the
methoxymethyl peroxy radical chemistry, but also shows that the
formaldehyde yield is independent of DME initial concentration.

25 Fractional yield relative to [DME],
T T T T T

— 70x10"%cm’
—— 250x10"%cm’
— 650%10'*/cm’

— — [
1S W S

[HC(O)HJ/[DME], (%)

w

300 400 500 600 700 800

Temperature (K)

Figure 1. Formaldehyde yield relative to dimethyl ether initial
concentration in the temperature regime of 295-700K at three
different total pressure conditions.

Figures 2 and 3 show the pressure dependent yields of the
three main by-products from photo-initiated DME oxidation
experiments at 295K and 500K respectively. Due to the high initial
radical concentrations, > 1014/cm3, for these measurements, the
products are monitored for only a few milliseconds after the
chemistry is initiated by chlorine atoms. At a given temperature, the

formation of formaldehyde shows pressure dependence due to the
change in the fraction of peroxy radicals that undergo dissociation.
In contrast, methyl formate yield remains essentially the same over
this pressure range. No detectable levels of formic acid are measured
during the first few milliseconds of the reaction.

Product yields: CH,OCH, + O,
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Figure 2. Formaldehyde, methyl formate, and formic acid
concentration vs time profile from Cl,-initiated DME degradation at
room temperature as a function of pressure.
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Figure 3. Formaldehyde, methyl formate, and formic acid
concentration vs time profile from Cl,-initiated DME degradation at
503K as a function of pressure.

As the temperature is raised from 295K to 503K, the
formaldehyde yield increases, by as much as a factor of 3, with the
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greatest increase occuring at low pressures, and becoming less at the
higher pressure. As total pressure is increased, IR detection of the
products becomes increasingly difficult due to both the smaller
product concentrations and the pressure broadening effect on
absorbance cross section. While the methyl formate yield reaches
similar levels at both temperatures, the rate of formation is slower as
temperature increases.

A reaction mechanism for the oxidation of DME is being
used to predict the temperature and pressure dependence of the
methoxymethyl peroxy stabilization vs. dissociation branching ratio
as well as the peroxy radical self reaction rate constant. The
methoxymethyl peroxy radical chemistry will be further described by
Lindemann and Arrhenius analysis of these parameters.
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Introduction

In accordance with the Kyoto Protocol and consecutive several
international agreements, Korea must prepare for the duty of the
reduction of CO, emission. Most of the CO, absorption/separation
processes are energy—consuming so that optimum arrangement of
CO, absorption system should be acquired through the simulation. In
the present investigation, membrane separation process with hollow
fiber is simulated to find an optimum design/operation parameter for
low energy-consuming one.

The membrane separation of CO, requires relative low energy
consumption comparing to absorption or distillation type. It can be
operated easily and inexpensively since its physical separation
mechanism. Also it is suitable to apply in a small-to-medium scale of
CO, separation process. Therefore, system models for the CO,
separation process is set up by using the membrane separator then the
CO, separation process is simulated with changing the parameter of
operation condition, separation characteristics by changing the shape
of mixed membrane, and etc. The optimum conditions for the CO,
separation process are obtained by analyzing the design and
operation parameters when energy requirement is the lowest.

Methods

Simulation of 1 membrane module is initially made by using the
FORTRAN program. After that using these results, 4 bundles of
membrane module connected with cascade type is also simulated.
During the simulation, operation/design parameters are calculated
such as required membrane area, number of modules, permeated CO,
concentration and the amount of permeated gas with no recycle
streams. Finally, recycle mode of membrane simulation is proceeded
by using the FORTRAN.

Simulation for 1 module. Simulation of 1 membrane module
is conducted with the overall material balance equation is below:

1 x(a-1) ax

(a—l)yf+(l—a—ﬁ— R in+?:0 (1)

PR I W)
(JA)Out QA(PIX_ szi)ave
MYou

" Permeate flux x (x—Ry,)

—(2)

ave

« :selectivity

x : Feed composition

y;: Permeate composition
: Feed Pressure

P,: Permeate Pressure

: Pressure ratio( P, /P,)
V : Permeate rate

o)

Flow diagram of 1 membrane module simulation is illustrated in
Figure.1l. Several parameters such as operating pressure are varied
during the simulation as in Table. 1. Different methods of simulation
are utilized in the current study. One method is fixing x; for 0.01, in
which x; represents the retentate composition of CO,. Then it is
calculated that required membrane area, number of required modules,
flow rate, and CO, concentration of permeate. Another method is
fixing number of total modules as 50, then flow rate, CO,
concentration of permeate, and x; are calculated.

Table 1. Input Parameters

parameter amount parameter amount
No of HF per
Py 6 atm module 5000
P, 0.1atm | Feed rate 1000 m*/day
Selectivity 20 Length of HF 50 cm
Sermeabmt 20 Pressure ratio P,/ Py
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Figure 1. Overall Flow diagram

Simulation for 4 bundles of membrane without recycles.
Flow diagram of 4 bundles of membrane module is composed like a
cascade in Figure. 2. From the simulation, calculated results are
illustrated as required membrane area, number of required modules
for each bundles, total required membrane area, flow rate and CO,
concentration of permeate with no recycle streams.

mg__,
&7

Figure 2. 4 bundles of membrane

Simulation for 4 bundles of membrane with recycles.
Simulation with recycle streams is conducted as below. Since the
simulation is 4 bundles of membrane module with recycles,
calculation is iterated 10 times. It is calculated that required
membrane area, number of required modules for each bundle, total
required membrane area, number of total required module, flow rate,
and CO, concentration of permeate.

Results and Discussion
Simulation for 1 module
1. Fixing x; for 0.01
The result is below in Table. 2:

Table 2. Result at fixing x; for 0.01

parameter amount
Required membrane area 241.016 m*
No of required modules 76.720 77
Flow rate of permeate 10.144 m/hr
CO, concentration of permeate | 37.967 %

It is simulated during changing the pressure.
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Flow rate & concentration change Required membrane area & No of
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Figure 3. Flow rate & CO, Figure 4. Required
concentration change membrane area & No of

required modules

2. Fixing No of modules for 50
The result is below in Table. 3:

Table 3. Result at fixing No of modules for 50

parameter amount
Flow rate of permeate 6.202 m°/hr
CO, concentration of permeate | 48.467 %
Xt 0.0327
It is simulated during changing the No of modules.
flow rate Pemeat fbw rae change Concentration change at entrance and
(m3ihy) Conc() exit Come(t)
70 9.00E+00
1 0 8.00E+00
10 +
B . e
40 5.00E+00
6 30 4,00E+00
: 2 e
Y o L00E+00
0 0.00E+00
0 20 30 4 5 6 7 & % 100 10 20 30 4 5 60 70 8 9% 100
No of modles Nocof motes
Figure 5. Permeate flow rate  Figure 6. Concentration
change change at entrance & exit

Simulation for 4 bundles of membrane without recycles. It is
calculated that required membrane area & No required of modules
for each bundle, total required membrane area & No of required
module and flow rate & CO, concentration of permeate with no
recycles.

Table 3. Result of 4 bundles of membrane without recycles

Parameter amount
Required membrane area(lstage) | 237.016 m?
No of required modules(1stage) 7549076
Required membrane area(2stage) | 53.795 m’
No of required modules(2stage) 1712018
Required membrane area(3stage) | 22.884 m’
No of required modules(3stage) 72808
Required membrane area(4stage) | 16.018 m’
No of required modules(4stage) 51006

Required membrane area(total) 329.857 m?
No of required modules(total) 108

No of required HF(total) 540000

Feed flow rate 41.667 m*/hr
Flow rate of permeate 2.4718 m*/hr
CO, concentration of permeate 93.329 %

Simulation for 4 bundles of membrane with recycles. It is
calculated that required membrane area & No required of modules
for each bundle, total required membrane area & No of required
module and flow rate & CO, concentration of permeate with recycles.

Parameter amount
Required membrane area(lstage) | 275.448 m?
No of required modules(1stage) 87.68 L] 88
Required membrane area(2stage) | 50.111 m’
No of required modules(2stage) 1595016
Required membrane area(3stage) | 17.660 m’
No of required modules(3stage) 56206
Required membrane area(4stage) | 10.107 m’
No of required modules(4stage) 32204

Required membrane area(total) 353.326 m’
No of required modules(total) 114

No of required HF(total) 570000

Feed flow rate 41.667 m°/hr
Flow rate of permeate 2.8708 m*/hr
CO, concentration of permeate 93.866 %

Table 4. Result of 4 bundles of membrane with recycles

Calculation is iterated 10 times. The result is below in Figure. 7
& Figure. 8.

membrane Required membrane area membrane
area(m?) aea(m2)

280

275 e e o e e e e 90 20
25 45 & 15
260 /
255 / 8 10

%0 £ f %

5 F | ' 5

240 | I 15

25

230 5

12 3 45 6 7 8 9 101 001 23 45678910
No of iteration No of teration

No of module No of required modules No of moduld

‘+Lstage+2$lgae 3stgae - dstage ‘+1slage+25lage 3stage 4stage‘

Figure 7. Required Figure 8. No of modules
membrane area

Conclusions

When there are recycles, flow rate & CO, concentration of
permeate are increased about 0.4m*hr and 0.53%. Required
membrane area & No of required modules at 1% stage are increased.
But, required membrane area & No of required modules at other
stage are decreased. Total required membrane area & total No of
required modules is increased. Total No of required modules is
increased about 6 modules.

These results indicate that we can remove more CO, and get the
high CO, concentration. If more bundles are attached, the separation
units by using the hollow fiber membrane remove more CO, and get
the high CO, concentration. Therefore, it is very useful that CO,
separation process by using the hollow fiber membrane.
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1. Introduction

Micronized coal reburning is an effective and promising
technology in NOx emission control of coal-fired utility boilers. NOx
is reduced in two routes with coal reburning: one is the homogenous
reaction between NOx and volatiles under fuel-rich conditions, and
the other is the heterogenous reaction between NOx and char which
formed after coal pyrolysis. More NOx can be reduced if more
volatiles release from coal pyrolysis'' !, and the corresponding char
has higher reactivity also™ .

Coal is composed of various functional groups. In the heating
process, with the increase of temperature, various bonds between coal
molecules destroy and produce volatiles through complex reactions,
the volatiles release into gas phase through char pores'®. Volatiles
mainly include CH,, C,H,, C3Hg, H,, CO, CO, and tar, in which
C,H,,, HCN, NHj3, H, and CO can react with NO. Heating rate has
important influence on volatiles release during coal pyrolysis, and
volatiles especially hydrocarbons release and the release rate directly
affect NO reduction. Further, heating rate have effects on char
structures and inner face activity points, as well as various reactions
rates.

Mathematical simulation is one of the important ways to study
coal pyrolysis. Volatiles release under reburning conditions in an
entrained flow reactor (EFR) was mathematically simulated, in which
coal less than 100 mesh and 320 mesh were used as reburning fuels,
respectively. The total volatiles release and various volatiles release

rates were calculated, also the effects on NO reduction were analyzed.

2. Mathematical models
2.1 Energy conversation equations
The flow in EFR is laminar. In this study, heterogenous energy
transfer is determined by heat exchange and radiate heat transfer,
while energy transfer between reaction system and furnace wall is
determined by convective and radiate heat transfer. Pulverized coals
flux is relatively smaller (about 20% of total fuel) under reburning
conditions, excess air coefficient is less than 1, coal particles can not
combust completely in reburning zone, the dispatch between heat
absorbed and emitted--total reactive caloric is far less than other heat
transfers. Therefore, reactive caloric, as well as the gas productions is
omitted.
Gas phase energy conversation equation is expressed as follows:
7d(Q”C"”TQ):NA£T—T +e,0T -T.Yam,’ (D
" g [r,m-(" Ve, o, =T, Y,
+le, o, -T. Y+ h (T, - T)laD
While, solids phase energy conversation equation is:
% = NVA[ﬁ T, -T)+eo0T,' -1, @
s

+e,0(T," -1,

For using time differential equation, the following equation:

3
P &

can be used to convert energy conversation equations to time
differential format. Therefore, with the above energy conversation

equations, temperature fields in furnace as well as volatiles release
can be calculated.
2.2 Volatiles release chemical mechanism models

According to chemical kinetic theory, in the reaction chains of
one species, reactions with lower activation energies have higher
reaction rate; while reactions with higher activation energies have
lower reaction rate. Elementary reactions that have higher activation
energy are controlling steps on the whole chain. In this study, coal
pyrolysis models developed by Suubergand Solomon is simplified,
and N pyrolysis models are complemented, then coal rapid pyrolysis
models under reburning conditions is deduced(detail omitted for
length limitation).

2.3 Volatiles release kinetics models

Coal pyrolysis productions mainly include CH,, C,Hy, C,Hg, Ho,
CO, CO,, tar, HCN, and NH;. In order to simplify the models, it is
supposed secondary devolatilization take place after tar formed, and
part of the species converts to gas volatiles, the remain is char.
Volatiles release models of David Merrick!”! are adopted in
calculations. Hydrocarbons higher than ethane are dealt with ‘ethane
equivalent’, while gaseous nitrogen is dealt with ‘ammonia
equivalent’. Double-C hydrocarbons consist of C,H, and C,Hg, and
ammonia equivalent are consist of NH; and HCN. According to the
experiential data, C,Hy: Co,Hg is 1:7, and NH3: HCN is 1:1.

The approach adopted to predict the final yields of the volatile
matters is to establish a set of 9 simultaneous linear equations with
the final masses of tar and eight volatiles as variables. These
equations can be expressed as followings:

9

Y Ajm, =b, i=1--9 “

j=0

i = 0;
Where: A;; is a matrix of constants; ;; are the final yields (as mass
J

fractions of coal 4,5) of CHy4, C,Hg, CO, CO,, H,, H,O, NH;3, HCN and
tar; b; is a vector of constants. Therefore, the final yields of volatiles
can be figured out with these equations.

Volatiles release rates can be figured with the following
equation:

av, .
KW v)

®

Where: V; is the final yield of species j at time # (as mass fractions of

coal g,p); Vi is the V; at the time of +—oo, and these have been figured
out through the above matrix; K is the reaction rate constant and
comply with Arrhenius law.

K; =A;exp(-E;/RT) (6)
A; and E; of different reactions for creating CH,, C,Hg, CO, CO,, H,,
H,0 and NH; are showed in Table 2. With equation (6), volatiles
release rates and volatiles yields at different times can be calculated.
3. Calculating parameters
Mathematical models are developed on the basis of an experimental
EFR with standard 1600x@60mm. Flue gas temperature in furnace is
1300°C. Inlet flue gas temperature is 20°C, and flux is 1.83m*/h.
pulverized coal flux is 1.457g/min0the relative reburning fuel
fraction is 25%.

Table 1 Physical parameters adopted in calculation

Physical parameters Formulations References

Gas phase specific heat, C, (0.9986+9.3E-5%(T,-273))*29 [8]

0.222+2.18x10™XT, 9

9741.666/T;2 9]

0.91 0.149 [10]
[

STX10K[(T,+T,)/1600] X075 [11]

Solid phase specific heat, Cp

Solid darkness, Gas darkness
Gas heat transfer coefficient

kWm™'K™)

Temperature of inlet flue gas 20°C Measured
and coal

Tube wall temperature L flue 1300°C., 10.1736m*/h Measured
gas flux
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The entrained flow is divided into some time differential segments
with 0.001s. Physical parameters used in calculation are showed in
Table 1 and Table 2, respectively.

Table 2 Results of coal and char analysis

Coal less Coal less Char less Char less

Items than 100 than 320 than 100 than 320
mesh mesh mesh mesh
Caa 66.01 65.11 76.76 75.53
Ultimate Hag 4.361 4.056 0.618 0.223
analysis O 17.3 17.44 8.701 8.137
(%) N 0.824 0.71 0.796 0.745
S 0.552 0.59 0.964 0.717
Proximate Au 12.7 13.9 19.33 21.36

analysis Waa 52 53 1.76 0.5

(%) Va 29.2 27.8 3.53 0.72

4. Results and discussion

Using the above models and parameters, the heating rate and
volatiles release of coal particles that less than 100 mesh and 320
mesh, are calculated under the conditions of NO reduction with 25%
reburning fuel fraction in 1300°C EFR.
4.1 Simulation of coal particles heating rate

Fig.1 shows the simulation results of the heating rate of two
sizes of coal particles during coal reburning.

« LAE+05
% 1.2E+05 —— coal less than
S 1.0E+05 320 mesh
3 —— coal less than
= BOE+04 100 moch
S 6.0E+04
S 4.0E+04
T 208404 | ‘
0 5 10 15 20 25
Residence time, ms
Fig.1 Simulation results of coal particles heating rate

As can be seen from Fig.1, the heating rates of two sizes of coal
are all higher than 105K/s, and the heating rate of coal less than 320
mesh is obviously higher than that of coal less than 100 mesh. This
implies that finer coals has higher heating rate under the same
conditions, and finer coal can attain higher temperature in shorter
time. At the same time, finer coal has better burning and burnout
capability, which is in favor of boiler economically operation.
4.2 Simulation results of volatiles final yields

Total various volatiles final yields are showed in Fig. 2.

w
=
S

coal less than
320 mesh
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Total volatiles final yields
[ [
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Fig. 2  Total volatiles yields of two sizes of micronized coals

It can be seen that the total volatiles final yields of coals less
than 320 mesh is higher than that of coals less than 100 mesh.

Simulation results of coals heating rate show that finer coal has
higher heating rate, and coal pyrolysis is more completely, also more
volatiles are released. On one hand, C,H,, HCN and NH; are the
main species to realize NO homogeneous reduction. More volatiles
can reduce more NO. On the other hand, because finer coal achieves

higher temperature in the same time, the corresponding char can also
attain higher temperature and higher reaction rate to reduce NO.
4.3 Simulation results of volatiles release

Nine volatiles yields at different time are calculated. As an
example, volatiles yields of CiH; and HCN at different time are
showed in Fig. 3 and 4, respectively.

2.0E-03
= 15E-03 o
)
sy | 0B.03 Al coal less than
. .OE-!
E A 100 mesh
O 5.0E-04 A+ | Acoallessthan
. A 320 mesh
.
0.0E+00 o~
0 10 20 30 40 50
Time, ms

Fig.3 CiH; yield at different time

1.4E-04
@ coal less than
1.2B-04 | 100 mesh f K3
% 1.OE-04 | Acoallessthan | 4 N
‘S, 8.0E-05 {| 320 mesh A,
A,
% 6.0E-05 | A
X 4.0E-05 - A:O
2.0B-05 | é’.
0.0E+00
0 10 20 30 40 50)
Time, ms

Fig.4  HCN yield at different time

Fig.3 and Fig.4 show that volatiles release earlier from finer coal,
and Fig.1 show that finer coal has higher heating rate. Finer coal
attained higher temperature in the same time, so finer coal starts to
devolatilize earlier, and coal devolatilize more acutely and
completely.

Various volatiles almost release completely in 50ms. CO, has
the highest release rate, and almost release completely in 18ms, then
CH, in 28ms, and C,H,, CO, HCN, H, NH; in 40ms, C,Hg has the
lowest release rate, and almost release completely in 47ms. This is
because that the destruction of bonds that produce CO, needs less
activation energy than that produce C,Hg.

5. Conclusions

1-demension mathematical models based on an EFR laminar flow
are developed. Then, the heating rate and volatiles release for
different size of coals during NO reduction with coal reburning in an
EFR are simulated and analyzed in detail. It is demonstrated that finer
coal has higher heating rate and begin to devolatilize earlier, coal
pyrolysis is more completely, and more volatiles are released.

With finer coal as reburning fuel, NO emission can be reduced
and coal particles burning and burnout capabilities are improved.
This benefits boilers economically operation. Therefore, micronized
coal is better as reburning fuel than conventional pulverized coal.
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Introduction

The DOE prefers the retrofitting of dry sorbent injection
upstream of either an ESP or an fabric filter baghouse to further
control mercury emission in coal-fired power plants.! This
promising technology has the widest potential application for
controlling mercury emissions in plants that are not equipped with
FGD scrubbers, which includes 75% of all U.S. plants. However,
unlike the successful carbon injection for mercury control in waste
incinerators, which produces one or two orders of magnitude lower
mercury emissions, sorbent injection used in coal-fired utility boiler
faces many challenges. Large quantities of PAC must be injected,
leading to high costs if high removal efficiency is required.? In this
study, two new highly effective, low-cost mercury sorbents
including IGCC char and woodceramic will be used to inject in the
simulated duct in a lab-scale facility with a low pressure drop
turbulence mixer to enhance the mass transfer of mercury capture
process.

Experimental

At ICSET of WKU, a lab-scale demonstration facility on
sorbent injection was setup to evaluate the some promising sorbents
behavior on Hg capture efficiency. The lab-scale facility was
designed and attempted to simulate real injection and reaction
process inside the duct under the power plant conditions, the brief
diagram is presented in Figure 1. It consists of a reactor pipe, ash
free probe, Venture flow meter and educator. The educator was
used to generator a vacuum at the end of system and intake flue gas
into the system. A venture flow meter was used to measure the flow
rate of gas inside the reactor. The concentrated Hg generated by
Cavkit as well as sorbent were injected in the front of reactor. Two
ash free probes were used to make sure no sorbent was sucked out
of the system which might buildup a filter cake in the gas sampling
process and adversely affecting the mercury reading on semi-
continuous mercury monitor (SCMM). Mercury concentration
changes through the system were monitored by SCEM. At system
exit, a cotton trap was used for capture of used sorbent. The system
was fully insulated to maintain the desired temperature range which
is about 120-150 °C.

Telfon

Compressed Air
Pressure drop

]

14 25 =z
oo o om merer T

Gas Recirculation
Ash free probe #1

uone|nsu| JeeH

7
8
¢

Heat Insulation

Hg injection
AC inj etion $
Hot Flue i o

i} I

Gas —» 1 e —
L Ca-
B Aasorgflon reacior L Sampling port #1
Heat Insulation Temperature Controlle
e o

Figure 1. The Lab-Scale Testing Facility for Sorbent Injection
Testing

Results and Discussion

The preliminary testing results using ceramics sorbents from
chicken waste were shown in Figure 2. The testing was conducted
at stack locations with two utility boilers with capacity of 165 and
450MWe, respectively. It was found that the mercury concentration
in the flue gas at the outlet of the sorbent trap decreased
dramatically when the sorbent was deployed.
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Figure 2. The Primary Merclit§/™fésting Results of Woodceramics
Prepared by WKU

The testing results of four sorbent injections showed that the
maximum Hg removal efficiency of Eastern IGCC char could be as
high as 78% using the S/Hg injection ratio of 12000 at a lower
temperature (20 °C) and shorter residence time (0.13 s) as shown in
Figure 3. The Hg removal efficiency of Eastern IGCC char
decreases greatly (27%) after removal of the fine constitutes (< 45
um). To simulate the flue gas and ash under turbulent conditions
inside the adsorption reactor, sorbent mixed with baked ash was
used in the following tests. Eastern IGCC with medium sized
particle diameter (100<dp<250um) was used, vyielding 30%
mercury removal efficiency at a lower carbon injection ratio (S/Hg:
1200). For Polk IGCC char with a similar particle size
(100<dp<250um), about 60% mercury removal efficiency was
reached at a higher carbon injection ratio (S/Hg: 12000) and a
shorter residence time (0.13 s). For Woodcermics, less mercury
removal efficiency was found at lower injection ratios, using a
longer sorbent residence time. Increasing the injection ratio to
37000, an 80% mercury removal efficiency was found at 50 °C.
Increasing the temperature to 104 °C and decreasing the injection
ratio to 12000, greatly decreased the woodceramics mercury
removal efficiency. The mercury removal efficiency decrease for all
sorbents in the lab-scale demonstration testing was due to the lower
gas velocity used (3m/s) which was far smaller than the actual flue
gas velocity in a power plant. A smaller gas velocity decreases the
turbulent gas flow rate and thus decreases the contact efficiency of
sorbent and mercury in the flue gas.
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Figure 3. Mercury Removal Behavior Using IGCC Char.

Inserting an obstacle inside the adsorption reactor increased
the mercury removal efficiency in the lab-scale demonstration
testing. Considering the fact that the sorbent absorption rate is
largely dependent on the contact efficiency of sorbent and mercury
in the flue gas, a new designed Turbulence Generator was designed
and used in the sorbent injection tests to strengthen gas-solid
contacting efficiency. As shown in Figure 4., the elemental
mercury removal efficiency by Polk IGCC char could reach 46%
with Turbulence Generator adding in compared with 20% without
the Turbulence Generator, a net increase of 26% at conditions of
sorbent injection ratio of 3000, temperature of 120 °C and residence
time of 3.5 s. As Eastern IGCC char injected in at same conditions,
the elemental mercury removal efficiency increased only 5%. That
means the Turbulence Generator does work on mercury removal,
however, is also dependent on absorption capability of sorbent.
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Figure 4. The effect of Turbulence Generator on mercury
removal efficiency

Conclusions

At ICSET of WKU, a lab-scale demonstration facility on
sorbent injection was setup to evaluate the some promising sorbents
behavior on Hg capture efficiency including two type woodceramic
sorbents and two types of IGCC chars. The mercury removal
efficiency decrease for all sorbents in the lab-scale demonstration
testing was due to the lower gas velocity used (3m/s) which was far
smaller than the actual flue gas velocity in a power plant. A smaller
gas velocity decreases the turbulent gas flow rate and thus
decreases the contact efficiency of sorbent and mercury in the flue
gas. After using turbulence mixer, even at a lower sorbent injection
ratio (S/Hg: 3000) and a shorter residence time (1.3s), 69%
mercury removal efficiency was achieved for Eastern IGCC char.
Inserting an obstacle inside the adsorption reactor increased the
mercury removal efficiency in the lab-scale demonstration testing.
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Introduction

Activated carbons (ACs) are widely used as adsorbents and
catalysts in desulfurization technologies. Among AC applications in
desulfurization are air purification from hydrogen sulfide and methyl
mercaptan from waste water treatment plants [1-2], sulfur dioxide
removal from flue gases [3-6], and deep desulfurization of gaseous
fuel in fuel cell power plants [7]. Desulfurization efficiency is
significantly improved when AC works not only as adsorbent of
sulfur containing species, but also as a catalyst for selective oxidation
of these compounds to less volatile ones which are then strongly
adsorbed on a carbon surface. The catalytic properties can be
improved by incorporation of nitrogen into the carbon matrix. This
process results in an increase in the carbon basicity and polarity.
Moreover, dramatic changes in catalytic properties of AC in electron
transfer reactions take place.

The objective of this paper is to investigate the ability of
nitrogen-containing AC for working as an oxidation catalyst and
adsorbent for deep air purification from H,S, CH;SH and SO..

Experimental

Materials. Nitrogen enriched activated carbons were prepared
by impregnation of carbons of different origins with melamine or
urea followed by high-temperature treatment (HTT) in inert
atmosphere at 850-950°C. Among the precursors for nitrogen
immobilization the following carbons were used: bituminous coal
based carbons SBC (INCAR, Spain) and BPL (Calgon), wood based
commercial carbon BAX-1500 (Westvaco) and experimental EBC
(INCAR), as well as experimental fruit stone based carbon KAU
(ISPE, Ukraine). Other series of ACs were prepared by pyrolysis of
ion-exchange resin containing methylpyridinium and pyridinic
nitrogen groups (SCN) and a porous styrene-divinylbenzene
copolymer containing no hetero-elements (SCS). The nitrogen
modification procedures were described in details elsewhere [8-11].
For comparison the results obtained on commercial catalytic carbon
containing nitrogen, Centaur (Calgon), are also discussed. After
nitrogen modification the additional letter U (urea) or M (melamine)
are added to the names of the carbons. The exhausted carbons after
the breakthrough tests are referred to with an additional letter, E.

Methods. The dynamic tests were carried out at room
temperature to evaluate the capacity of the ACs for H,S, CH;SH and
SO, removal [8-11]. Moist air (relative humidity 80% at 25°C)
containing 3000 ppm of H,S, CH3;SH or SO, was passed through a
column with 6 ml of adsorbent at 500 ml/min. The outlet
concentrations of gases were monitored with electrochemical
sensors. The tests were stopped at the breakthrough concentrations of
500 ppm for H,S, 50 ppm for CH;SH and 350 ppm for SO,. The
adsorption capacities of each carbon were calculated by integration
of the area above the breakthrough curve (from the inlet

concentration of gas, flow rate, breakthrough time), and carbon
weight.

Sorption of nitrogen was used to characterize the porosity of
adsorbents. Nitrogen isotherms were measured using an ASAP 2010
(Micromeritics) at -196 °C. Before experiments the samples were
outgassed overnight at 120°C under the vacuum of 10° Torr to a
constant pressure. The isotherms were used to calculate the total
specific surface areas (S;), micropore volumes (Vy), total pore
volumes (V,), average micropore sizes (L) and pore size
distributions using Density Functional Theory (DFT).

pH of carbon surface for initial and exhausted samples was
estimated by placing 0.4g of carbon powder in 20 ml of water. The
suspension was equilibrated during night and then its pH was
measured. The amount of acidic and basic surface groups was
determined by titration, with either 0.05SN NaOH or 0.05N HCL.

In order to evaluate either the species present on the initial
carbon surface or surface reaction products, thermal analysis was
carried out using TA Instruments Thermal Analyzer. The instrument
settings were: a heating rate of 10°C/min in a nitrogen atmosphere,
100 ml/min flow rate. The products of CH;SH oxidation were studied
by GC/MS on Shimadzu GAS Chromatograph/Mass Spectrometer
model QP5050 with XTI-5 column. The samples for GC/MS analysis
were extracted from exhausted carbon samples using methanol.

The content of carbon, hydrogen, nitrogen, sulfur and oxygen
was analyzed by LECO CNHS-932 and VTF900 instruments. In
some cases XRF and EDX methods were used to determine the
amount of sulfur adsorbed and the presence of metal impurities. The
surface chemistry of nitrogen containing carbons was studied by XPS
method (LEYBOLD LHS 11). The values of binding energy were
calibrated with respect to Cls peak at 285.0 eV. The N1s envelopes
were used to characterize different forms of nitrogen [12].

Results and Discussion

Modification of ACs with melamine and urea resulted in a
significant increase in the nitrogen content (Table 1). Introduction of
nitrogen also leads to changes in the surface chemistry of carbons.
Indeed, after nitrogen doping all carbons became more basic than the
initial counterparts, which is reflected as a rise of surface pH,
absolute amount of basic functional groups and a relative carbon
basicity expressed as a ratio of the number of basic groups to the
total number of groups present on the surface.

Table 1. Nitrogen Content, pH of Carbon and Amount of Basic
and Acidic Goups

Sample N content pH Amount of groups, mmol/g
Y%wt. basic acidic basic/tota
1
SBC 1.0 9.1 0.05 0.5 0.09
SBC-M 54 9.2 0.72 0.11 0.87
BPL 0.4 7.4 0.40 0.50 0.44
BPL-U 1.1 8.5 0.60 0.35 0.63
BPL-M 6.8 8.0 0.68 0.24 0.74
BAX 0.2 7.2 0.35 0.90 0.28
BAX-U 3.1 7.4 0.65 0.70 0.48
SCS 0 8.1 0.62 0.12 0.84
SCN 24 9.1 0.56 0.25 0.69

The development of nitrogen functionality for different types of
nitrogen enriched carbon was extensively studied by X-ray
photoelectron spectroscopy (XPS) [12-15]. It was found that the type
of a carbon precursor and nitrogen modification agent result in the
same surface functionalities when the treatment is done at
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temperatures higher then 850°C [4,6,12-15]. During HTT of
nitrogen-containing precursors, nitrogen atoms are incorporated into
carbon rings and located at the edges of graphene layers as pyridinic
(BE = 398.7 ev), pyrrolic (BE = 400.3 ev) and pyridone (BE = 400.5
eV), or in the interior as “quaternary” nitrogen ( BE = 401.3 eV).
When carbons are exposed to oxygen containing atmosphere the
pyridine—N-oxides (BE= 403-405 eV) are formed. It is interesting to
note that the energy state of “quaternary” nitrogen observed in N-
carbons is very close to the state of real quaternary nitrogen in
methylpyridinium group (>N'-CH;) of vinylpyridine resin -
precursor used for preparation of polymeric carbon SCN type [12].
The pyridinic nitrogen contributes to one p,-electron to the graphitic
n-system, while pyrrolic and “quaternary“nitrogen contributes to two
pr¢lectrons to the graphitic n-system. These extra electrons
delocalized over graphene layers can dramatically change catalytic
properties of a carbon matrix in reactions involving electron transfer.

Modifications with nitrogen-containing species may also result
in changes in the porous structure. For all initial and N-modified
carbon samples the nitrogen adsorption isotherms were measured and
then structural parameters were calculated [8-11]. All adsorbents
have highly developed micro- and mesopore structure. The examples
of the results are presented in Table 2. For majority of the samples
after N-modification and HTT a 10 to 25% decrease in textural
parameters is observed (Table 2). An exemption is the BAX-U
sample whose precursor carbon (BAX) was prepared by chemical
activation at 550 °C.

Table 2. Structural Parameters of Carbons Calculated from
Nitrogen Adsorption Isotherms

Sample St Vt Vmic Lmic
m%/g cm’/g cm’/g nm
BPL 1000 0.71 0.40 1.16
BPL-U 883 0.67 0.34 1.17
BPL-M 811 0.70 0.31 1.19
BAX 1350 1.29 0.50 1.32
BAX-U 1087 0.80 0.40 1.15
SCN 973 0.83 0.43 1.07

The ability of N-containing ACs to work as oxidation catalyst
and adsorbents for deep air purification from H,S, CH3SH and SO,
was investigated in dynamic conditions. From the breakthrough
curves the capacities for removal of sulfur-containing gases were
calculated [8-11]. Examples of data for selected samples are
collected in Table 3. In all cases a significant increase in the capacity
is found for N-containing carbons compared to the initial ones, which
suggests the feasibility of application of N-enriched ACs in
desulfurization technologies [8-11].

Table 3.Amount of Gases Adsorbed and the pH of the Carbons

Sample  H,S ads/pHE CH;SH ads/pHE SO, ads/pHE
mmol/g mmol/g mmol/g
SBC 0.74/4.4 6.17/4.7 -
SBC-M  7.44/2.0 7.92/3.5 -
BPL 0.12/7.9 2.50/6.9 -
BPL-M  10.1/1.8 9.19/3.7 -
BAX 0.26/4.2 0.58/6.8 0.53/2.2
BAX-U 7.94/2.0 6.25/4.9 1.09/1.9
SCS 0.76/3.9 - 0.84/2.3
SCN 5.88/1.4 9.38/2.9 4.95/1.3
Centaur  3.06 1.5 2.56

The process of SO, adsorption/oxidation has been studied
extensively and such parameters as the porosity, surface chemistry,

ash content and gas phase composition were taken into consideration
[2-5,10,14-15]. It was found that in oxygen atmosphere and in the
presence of water, SO, is adsorbed on the surface of AC, then
oxidized to SO; by oxygen radicals and after hydration with adsorbed
water it is condensed in pores as H,SO, [2-5,10]. The presence of
nitrogen-containing functional groups significantly enhances the
adsorption capacity due to activation of molecular oxygen and
creation additional basic sites for adsorption of oxidation products in
molecular or ionic form. Figure 1 demonstrates the dependence of
SO, adsorption measured in wet, dry and dry anaerobic conditions on
the incremental basicity of surface in pores with sizes between 6.8
and 8.6 A. The graph indicates that both the pore structure and
surface chemistry are very important factors which should be taken
into account in designing highly effective SO, adsorbents.
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Figure 1. Dependence of SO, adsorption on the incremental basicity
of surface in pores with sizes 6.8 and 8.6 A. Lines show the trend in
the data.

Caustic impregnated and virgin activated carbons are among
most effective adsorbents for H,S removal from different gas media
at low temperatures [1-2]. It was found that presence of water and
basic environment on ACs contributes to the dissociation of H,S and
facilitates its oxidation to sulfur and sulfur dioxide [1-2,8]. The
proposed mechanism involves H,S adsorption on the carbon surface,
its dissolution in a water film, dissociation of adsorbed H,S in the
water film, surface reaction with adsorbed oxygen with formation of
elemental sulfur or SO,, and further oxidation of SO, to H,SO, [1-2].
It was proposed that two types of active sites are probably
responsible for catalytic action: one is the carbon active sites where
molecular oxygen is adsorbed and activated, and the second ones are
the small sulfur clusters or polysulfides where oxygen can also be
chemisorbed. The oxidation products are adsorbed in carbon
micropores. The reaction proceeds until all micropores or carbon
active sites are filled with adsorbed sulfur or until low pH of
oxidation products suppresses dissociation of H,S.

The main feature of H,S adsorption on N-containing ACs is its
deeper oxidation (low pH of exhausted carbon) and higher removal
capacity then on carbons without nitrogen (Table 3) [8,9]. To identify
the products of H,S adsorption/oxidation, thermal analysis in
nitrogen was performed on the exhausted carbons. The results are
presented as DTG curves with three main peaks (Fig. 2). First peak
at 100°C represents desorption of water, second peak at 250°C is
assigned to desorption of SO, and decomposition of H,SOy, and the
third one at 400-450°C is related to the removal of elemental sulfur.
From these data the selectivity for SO, oxidation was calculated as
the molar ratio of SO, formed to total amount of sulfur adsorbed.
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Figure 2. DTG curves in nitrogen for the samples after H,S
adsorption

To see the effect of nitrogen incorporation, the normalized
capacity (with respect to the surface area of adsorbents) and
selectivity for SO, oxidation was plotted versus the ratio of atomic
content of nitrogen to carbon determined from elemental analysis
(Fig. 3). Four series of N-modified carbons were chosen for this
analysis. The results follow, in general, the same tend. While the
specific capacity increases until the plateau is formed (saturation),
the selectivity changes in the opposite direction. This is likely due to
a limited accessibility of oxygen to sulfur active sites in the bulky
crystals.

Adsorption/catalytic removal of methyl mercaptan on N-
enriched activated carbons follows in general the same trend as the
adsorption of hydrogen sulfide. The process is pH dependent and
enhanced in the presence of water and oxidation proceeds due to the
surface reaction between adsorbed CH3;SH and active oxygen
radicals. N-dopping improves the catalytic activity. The oxidation
products are adsorbed in carbon micropores [11,16]. In spite of these
similarities CH3SH adsorption has specific peculiarities: due to less
water solubility and smaller dissociation constant the oxidation
requires more basic conditions. Owing to higher bond energy in S-C
then in S-H the reaction proceeds to dimethyl disulfide and methyl
methanethiosulfonate formation at room temperature. Water and
dimethyl disulfide compete for adsorption sites on the carbon
surface. The dependence of the normalized CH;SH breakthrough
capacity on the N/C atomic ratio has the maximum in the capacity at
N/C content of about 2% [11,16].
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Figure 3. Dependence of the normalized H,S breakthrough capacity
(A) and the selectivity for SO, oxidation (B) on the N/C atomic ratio
in the carbon matrices.

The observed improvement of adsorption-catalytic properties of
nitrogen containing carbons in desulfurization reactions can be
explained from the point of view of the electronic theory of catalysis.
The extra n-clectrons of pyrollic and quaternary nitrogen occupy the
high-energy states in the conduction band. It is likely that from there
they can be transferred to the adsorbed oxygen and superoxide ions

O, can be formed. Those superoxide ions can easily trigger the
formation of OH* and HO,* radicals in reaction with water. All of
these species are much more reactive then molecular oxygen and
may oxidize described above sulfur compounds, when they are
adsorbed on carbon surface.

Conclusions

Nitrogen enriched activated carbons can be successfully used in
desulfurization technologies to remove hydrogen sulfide, sulfur
dioxide and methyl mercaptan from wet air at ambient temperatures.
Nitrogen incorporation has a positive effect on adsorption capacities
for all gases studied. Unique surface chemistry of these materials can
dramatically change catalytic properties of a carbon matrix in

reactions involving electron transfer.
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Introduction

The maceral is the original vegetable matter laid down to form
coal. Maceral content is measured under the optical microscope using
reflectance and structure to identify the macerals and surface area
(converted to volume) to quantify the maceral groups. Figure 1.
shows the maceral groups for hard coals (as opposed to brown,
younger coals). Macerals have been used for a long time to
characterize the performance of coking coals.

The major maceral groups are vitrinite composed of woody
structures, exinite (also called liptinite) composed of resins, and
inertinite composed of highly altered charcoal. The maceral groups
are further divided into maceral subgroups (2). Falcon and Snyman
(3) show micrographs of the different submacerals.

Pohl (1) correlated most of the physical and chemical properties
of coal with the maceral groups and the carbon content on a dry ash-
free basis (C(daf)). The correlations included chemical content gross
chacateristics such as volatile matter content of brown and black
coals, chemical structure, and most physical properties. The nitrogen
content, porosity, and surface area of the coal did not correlate well
with the maceral groups and C(daf). In general, the maceral group
accounts for the original vegetable matter and the carbon content
accounts for geological alternation of the material. Figure 2. shows
an example of the correlation for volatile matter of hard (black) coal.
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Figure 1. Maceral groups in coal. Heap, et al (1).

Pohl made attempts to correlate the maceral compositions of
coals (1983-1986) with burnout of the coals measured in the Energy
and Environmental Research Corp (EER) pilot scale furnace.
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Figure 2. Correlation of volatile matter with carbon content for hard
coals.(1).

The correlation used the amount of exinite plus ineritinite with a
reflectance greater than 0.96. The correlation worked reasonably
well, but had some problems. All maceral groups should be included.
However, exinite was considered to rapidly volatilize (see Figure 2.)
and burn quickly, and it was not considered necessary to include
exinite in the correlation. The percent of vitrinite with reflectance
greater than 0.96 worked reasonably well for USA coals where the
major maceral group is vitrinite, but the correlation had to be done
with percent of vitrinite and inernite with reflectance greater than
0.96 for Australian coals, where a majority of the maceral groups can
be inertinite. Finally, the correlation could not differentiate between
the burnout of different coals that had either 0 or 100 percent of the
maceral material with reflectance greater that 0.96.

Chen, et al. (4) have recently made weight loss measurements
during devolatilization and burning of single 100 um particles from
pure vitrinite and some inertinite macerals groups. Chen identified
the maceral groups under the optical microscope and dug out low ash
100 um pieces. The particles were suspended on a fine vibrating
needle whose amplitude and frequency response were previously
calibrated with glass spheres of known weight. A laser beam was
spilt and used to heat the particle from two sides. We measured the
particle temperature using two-color pyrometry and measured the
change in amplitude and frequency continually through several
hundred milliseconds until the particle completely burned. Five
particles from each maceral were burned to statistically achieve an
accuracy less than a factor of two for the rate of burning. Figure 3.
shows the rate of weight loss in time for 5 particles each of coals
with different rank (reflectance) dug from Australian Coals. Figure 3.
indicates that at 80 percent burnout the rate of burning depends on
the reflectance (rank) of the coal. Coals with low reflectance can
have high rates of burning, while bituminous coals with reflectance
near 1 can have low rates of burning. Preliminary data indicates
different macerals of the same reflectance have the same burning rate
and that the minimum in burning rate is a result of loss of surface
area for bituminous coals.

Finally Su (6) used combinations of maceral concentrations to
correlate the flame stability of pure and blends of Australian coals
burned in the EER and Australia Coal Industry Research Laboratry
(ACIRL) pilot scale furnaces.
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Figure 4. Correlation of Maceral Index (MI) with observed flame
stability in two pilot scale furnaces. Su et a. (6)

The Maceral Index (M) is:

MI=(L+V/R¥1+2%)*(HV/30)
Where

MIl=maceral index

L=volume percent of liptinite (exinite)
V=volume percent of vitrinite

R= vitrinite reflectance

I= volume percent inertinite

HV= high heating value in kcal/kg

Figure 5. shows the correlation of the maceral index with burnout.
The correlation is excellent at high and low burnouts, but there is
some scatter at burnouts around 99.5 percent and a few (5) points
were not used to develop the empirical equation.
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Figure 5. Correlation of Maceral Index (MI) with pilot scale burnout.
A few points around 99 percent burnout were not included in
developing the equation.

Conclusions

Maceral content appears to be a promising parameter to
correlate coal properties and coal performance.
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Introduction

The properties of petroleum and its fractions are usually
determined experimentally in the laboratory. Several methods are
available in the literature to predict these properties for petroleum
fuels from their bulk properties such as the boiling point and the
specific gravity for example. Although accurate enough, these
methods are not suitable for incorporation into the molecularly
explicit models for simulating the Kkinetics and dynamics of
petroleum refining processes.

In previous work! we have developed a molecularly explicit
characterization model (MECM) that allows for the simulation of the
molecular composition of petroleum fractions using a pre-selected set
of pure components. What is lacking, however, is the ability to
predict the properties of the various streams as the molecular
composition changes during processing by physical separation or
chemical reaction. This work focuses on the development of such a
property estimation method from the molecular composition of
complex, multicomponent mixtures such as petroleum.

Technical Development

In our previous work on the simulation of light petroleum
fractions® we have found that not all the properties of the petroleum
fuel are required to be optimized against those from the pure
components. In fact only the ASTM D86 Distillation, the PNA
content and the RVP were sufficient to provide a feasible solution.
All the other properties calculated form the bulk properties of the
petroleum fraction and those from the pure components in them were
almost alike. This lead us to believe that the properties of a petroleum
fraction can be estimated from the above three properties alone.

The concept of the proposed model is that the global properties
of a petroleum fraction such as the boiling point, the vapor pressure
and the paraffins, naphthenes, and aromatics content must be equal to
those calculated from the pure components contained in that
petroleum fraction. When both bulk and pure component properties
are available, the composition of the petroleum fraction may be
predicted using optimization algorithms as simplified in Figure 1.
The predicted composition of a limited set of pure components may
then be used to predict the other properties of the petroleum fuel
using appropriate mixing rules.

RVP - — | Detailed o
ASTMDSSor | MECM = | coppostton Mixing [ Rl
TBP Distillation Model E predefined Rules | Viscosity

PNA sl —> . molecules —> Surface Tension

Other properties

Figure 1. Simplified schematic representation of the proposed
model.

Experimental values of the RVP and PNA are always desirable
as inputs. However, when these are not available they may be
predicted using methods available in the literature*® making the
ASTM D86 distillation or the true boiling point (TBP) the minimum
model input required.

The internally calculated properties are the molecular weight,
the Reid vapor pressure (RVP), the true vapor pressure at 100°F, the
specific (API) gravity, the cubic average boiling point (CABP), the
mean average boiling point (MeABP), the volumetric average boiling
point (VABP), the weight average boiling point (WABP), the molar
average boiling point (MABP), the Watson characterization factor
(Ky), the refractive index, the carbon to hydrogen ratio (C/H), the
kinematic viscosity at 100 and 210°F, the surface tension, the aniline
point, the true and pseudo critical temperatures and pressures, the
critical compressibility factor, the acentric factor, the freezing point,
the heat of vaporization at the normal boiling point, the net heat of
combustion at 77°F, the isobaric liquid heat capacity at 60°F, the
isobaric vapor heat capacity at 60°F, the liquid thermal conductivity
at 77 °F, and the paraffins, naphthenes, and aromatics content. These
properties are calculated for the petroleum fraction using well
established methods in the literature or were developed specifically
for this project’.

The same properties are calculated from the pure component
composition using the appropriate mixing rules from the literature.
When the pure component properties are not available in databases
they were estimated using group contribution methods available in
the literature or were developed specifically for this project™.

The difference between the values obtained from the two
different methods for the true boiling point and the PNA content are
minimized in the objective function the purpose of which is to
calculate the values of x; which is the mole fraction of the pure
components in the petroleum fraction. This is shown in Equation 1
where both PNA and T, of the pure components are a function of x;.
The composition of the light ends was determined using the RVP
which is converted to the true vapor pressure at 100 °F and then using
simple bubble point calculations.

The First line in the objective function represents the sum of
errors in the boiling points of the pure components and the
corresponding value on the true boiling point (TBP) curve. The pure
component concentrations are determined by minimizing the
following modified objective function,

s = Z ((To, Th) « ws 100/ Th,)’ @)

/=1
+((PNA -PNA') x W, X100/PNA )2

where /is the index number of the molecule and s the total number
of molecules. PNA; and PNA'; refer respectively to the actual and
predicted paraffin, naphthene, and aromatic content of the petroleum
fraction. Ty; and T'y; refer respectively to the boiling point of the pure
component j and the corresponding value on TBP curve. W; and W,
are weighting factors and S is the objective function to be minimized.

An optimization algorithm based on the least square method was
used to minimize the objective function while calculating the
concentration of the pure components. The nonlinear regression
algorithm minimizes the sum of the difference between the fuels bulk
properties and those estimated from pure components. Using the
Microsoft Excel Solver tool and the global optimization algorithm,
convergence was achieved in less than one minute for all cases on a
Pentium IV-1.7 GHz PC.

Discussion

The model was tested to predict the properties of 30 petroleum
naphtha samples ranging in API from 35 to 91, IBP from 62 to 267
°F and FBP from 152 to 312 °F. Some of these results are shown in
Table 1 and Figures 2 to 4. The MECM model proves to be a
powerful tool for simulating the properties of petroleum fuels.
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This work demonstrates that the complex nature of petroleum
fuels may be modeled by a limited set of representative pure
components using non-linear-regression optimization models.
Considering the difficulty and limitations in predicting the properties
of petroleum fuels in the currently used pseudo component
techniques, the proposed method can be an effective alternative. The
clear advantage of the model is its ability to compliment the
molecularly explicit models for petroleum refining processing.

120

R?=0.99

100 4

80 -

60

40 -

API Gravity calculated from pure components
*

20 T T T T
20 40 60 80 100 120

API gravity determined experimentally
Figure 2. Bar plot for the predicted API gravity from pure
components for 30 petroleum naphtha samples versus that calculated
from global properties using published methods.
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Figure 3. Bar plot for the predicted molecular weight from pure
components for 30 petroleum naphtha samples versus that calculated
from global properties using published methods.
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Figure 4. Bar plot for the predicted surface tension from pure
components for 30 petroleum naphtha samples versus that calculated
from global properties using published methods.

Table 1. Error analysis for some of the properties investigated

No. Property Av. % error  Corr. Coef.
1. API gravity 2.67 0.995
2 Cubic average boiling point 1.34 0.995
3 Mean average boiling point 0.99 0.995
4. Volume average boiling point 1.34 0.995
5. Molar average boiling point 0.83 0.995
6 Mass average boiling point 1.07 0.996
7 Watson characterization factor 0.80 0.970
8. Molecular weight 2.06 0.990
9. Refractive index 0.21 0.993
10.  Hydrogen content 2.57 0.965
11.  Viscosity at 210 °F 4.04 0.960
12.  Viscosity at 100 °F 541 0.972
13.  Surface Tension 2.67 0.995
14.  Aniline Point 4.27 0.830
15.  Critical temperature 0.93 0.991
16.  Pseudocritical temperature 0.80 0.989
17.  Pseudocritical pressure 2.22 0.890
18.  Heat of vaporization 2.07 0.948
19.  Heat of combustion 0.80 -
20.  Freezing 5.38 -
21.  Acentric factor 3.13 0.946
22.  Critical compressibility factor 0.25 0.832
23.  Flash point 5.16 0.924
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Introduction

Coal is the main consumption energy in China, meanwhile it is
also the main pollution contributor. Sulfur is a major factor in
inhibiting the effective and extensive utilization of coal. So
desulfurization is very necessary for improving coal quality and for
protecting environment. Although many methods have been
developed for coal desulfurization, an effective and economic
process remains to be found.

Pyrolysis as an important intermediate stage in coal gasification,
combustion and liquefaction etc, and a simple and effective method
for clean conversion of coal has received many attentions. By
pyrolysis both inorganic sulfur and organic sulfur can be removed,
and most sulfur goes into gas phase in the form of sulfur containing
gases (H,S, COS, CH3SH, CS; and SO,, etc.) which is relatively easy
to be recovered as sulfur. Thus knowledge of evolution of sulfur
containing gases during pyrolysis is essential in finding optimum
desulfurization method.

Numerous factors, including coal properties and pyrolysis
conditions affect sulfur removal during the pyrolysis of coall'?.
Many studies about those have been done and some useful results
have been obtained. Although gases derived from coal pyrolysis,
such as N,, H,, CHy, CO, CO, and so on, play important roles on the
formation of sulfur containing gases, little effort has been done. The
aim of this study was to investigate the effect of those gas
components on the evolution of sulfur containing gases during coal

pyrolysis.

Experimental

Coal Samples. Two Chinese coals, Yanzhou (YZ) and Datong
(DT) coal, were used in the study. Air-dried samples were ground to
-100 mesh before use. The proximate, ultimate and sulfur form
analyses of two coals are listed in Table 1.

Table 1 Analyses of coals

Coal Proximate (wt%) Ultimate (wt%, daf) Sulfur (wt%, db)

3

My As Ve C H N __ S S S S

YZ 59 277 448 814 5.7 13 36 17 01 18
DT 29 137 327 769 4.l 0.5 1.6 12 01 03

Si: total sulfur; S,: pyritic sulfur; Sg: sulfatic sulfur; S.: organic sulfur. ¥ By
difference.

Pyrolysis. Pyrolysis was performed in an ambient pressure,
vertical quartz micro-fixed bed reactor with inner diameter of Smm,;
approximate 50mg sample placed in the reactor was heated from 25
to 1000°C with a heating rate of 5K/min under different pyrolysis
atmospheres (90% N, mixed with 10% other selected gases, i.e. H,,
CO, CO, and CHy). Air was removed from system by purging with
pyrolysis atmospheres before each run. Gaseous products were all led
to a gas chromatograph (GC) which was equipped with a 3m long
glass column packed with 25% 1,2,3-tris(2-cyanoethoxy)propane and
a flame photometric detector (FPD) to analyze sulfur-containing
gases. To avoid the condensation of tar in the heating zone in the
reactor, a high gas flow rate, 200cm’min', was used. Tar was trapped
by quartz wool at outlet of the reactor. To avoid adsorption of sulfur

containing gases by system, glass tube (i.d.=1mm) was used as
conduit to connect reactor with GC. Total sulfur in coal was
determined by Coulomb method (Testing Standard of China: GB214-
77) and pyrite sulfur content was determined by ASTM D2492-80.

Results and Discussion

H,S evolution. Figure 1 shows H,S evolution during coal
pyrolysis as function of temperature in different atmospheres. It can
be seen that the evolution of H,S during coal pyrolysis is affected by
coal properties and pyrolysis conditions.

For DT coal, only one peak at about 525°C on H,S evolution
curve with two shoulders can be observed when pyrolyzed in N,.
According to the literatures®, the peak is attributed to the
decomposition of pyrite. The shoulder at lower temperature
corresponds to the decomposition of aliphatic sulfur, and the
shoulder at higher temperature is related to the decomposition of
aromatic sulfurs. When YZ coal was pyrolyzed in N,, two peaks, at
about 425°C and 550°C, on H,S evolution curve can be observed. As
stated above, the first peak is related to the decomposition of
aliphatic sulfur, and the second one is attributed to the decomposition
of pyrite. Above 650°C, because of fixation of H,S in mineral
matter™, almost no H,S releases for both coals.

Compared with H,S evolution in N,, more H,S evolves and more
H,S peaks are observed as coals were pyrolyzed in H,. For DT coal,
four H,S peaks, at about 300, 525, 650 and 750°C, respectively, can
be observed. According to the literature!®), the first peak results from
decomposition of aliphatic sulfur, the second from decomposition of
pyrite, the third and the last from decomposition of pyrrhotite and
organic sulfur, such as thiophenes. The H,S evolution of YZ coal is
similar to that of DT coal, except the first peak shifts to higher
temperature, which indicates the organic sulfur in thermally labile
structures is mainly in the form of disulfides in YZ coal. And the
effect of H, on the peak from pyrite decomposition is more
pronounced, which results in a great difference between the peak in
N, and that in H,. This may be explained from the good swelling
property of YZ coal which may trapped more sulfur from
decomposition of pyrite, successively this trapped sulfur may
transform into organic sulfur in N,, thus less sulfur releases as H,S.
And the peaks of H,S derived from decomposition of both pyrrhotite
and thiophenes are integrated into a broad peak at about 725°C.

0002s.
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DT-10%CO,
——DT-10%CO
00036: DT-10%CH,

il
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d(mgy/g, ,,)/dt
d(Mgy/g,,,)/dt

0.0008:

00004
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Figure 1. Effect of atmospheres on evolution of H,S during coal
pyrolysis

Compared with the effect of N, on H,S evolution, CO prohibits
H,S evolution for DT coal, and has little effect for YZ coal at
temperature below 650°C. Above 650°C, CO promotes H,S evolution
for both coals. This may be caused by the following reactions:

CO + FeS —»COS [
COS + H, —»CO + H,S (AG=-16.3kJ/mol™)

In CO,, less H,S releases below 500°C and more H,S evolves at
temperature region of 500 to 600°C than that in N,. CO, reacts with
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C (coal) to form CO at high temperature, so the evolution of H,S in
CO, is similar to that in CO.

In CH,, less H,S evolves than that in N, at temperature below
650°C; above this temperature, more H,S evolves and the rate
increases with increasing temperature. This may be resulted from the
decomposition of CH; to form H,"!, which promotes the
decomposition of pyrrhotite and/or thiophenes to form H,S.

COS evolution. It is known that COS derives from pyrite and
organic sulfurt®”), The profiles of COS evolution during pyrolysis of
two coals as a function of temperature in different atmospheres are
presented in Figure 2.

oTadwn, oo
00020 DT-10%CO, 0000

——DT-10%CO

00015 DT-10%CH,

d(Mgy/g,,,)/dt
d(mg/g,,,)/dt

20 400 S0 60 70 80 90 10

Temperature (°C) Temperature (°C)

Figure 2. Effect of atmospheres on evolution of COS during coal
pyrolysis

From Figure 2 it can be seen that when coal was pyrolyzed in
N,, only a little COS evolved and mainly occurs in the temperature
range of 450 to 600°C. Compared with the COS evolution in N,, CHy
and H, prohibits the formation of COS. This is because that H, may
react with oxygen contained in coal to form water and consequently
causes less CO formation, and that CO promotes the formation of
COS, which will be discussed latter; meanwhile both H, and water
can react with COS to form H,S, all lead to less formation of COS.
CH,4 may decompose to H; at relative low temperature in presence of
coal, then it has similar effect as H,.

Compared with the effect of N, on COS evolution, CO promotes
the formation of COS and a COS evolution peak is observed at about
500°C, i.e. the pyrite decomposition temperature, for both coals, this
shows that CO competes with H, to react with sulfur derived from
the decomposition of pyrite. Above 650°C, the rate of COS evolution
increases with increasing temperature. CO, also promotes the
formation of COS, but at temperature below 575°C, the extent is not
notable; above this temperature, more COS is formed than that in
CO. This result indicates that the formation of COS is mainly related
to CO in system and the effect of CO, is owing to the formation of
CO by reaction of CO, with C (coal) at high temperature.

CH3SH evolution. CH3SH is mainly derived from the
decomposition of organic sulfur in coal?, so the evolution of CH;SH
also reflects the knowledge of decomposition of organic sulfur in
coal. Figure 3 shows the CH;SH evolution rate profiles of the select
coals in different pyrolysis atmospheres. From Figure 3 it can be
seen that the CH3;SH evolution during coal pyrolysis, just as H,S
evolution, is affected by not only pyrolysis conditions, but also coal
properties. The evolution of CH3SH mainly occurs in temperature
range of 200 to 650°C, which indicates that the CH3SH is mainly
derived from the decomposition of organic sulfurs in the form as
thiols, polysulfides, disulfides, dialkyl sulfides and alkyl-aryl sulfides
etc.

As coal was pyrolyzed in N,, two peaks, at around 275°C and
475°C, for DT coal and one peak, at around 475°C, for YZ coal can
be observed. From the temperature of CH;SH evolution peak, it can
be concluded that there is some thiols, polysulfides and disulfides in
DT coal, and some disulfides in YZ, respectively.

Compared with the evolution of CH3;SH in N,, less CH3SH
evolves in H,, which is caused by the promotion of H, on the

decomposition of organic sulfur into H,S. The other two atmospheres
make CH;SH peak shifts to high temperature.

o000 0000
—DTN, —vzN,

——DT-10%H, OFS L ——vZ10%H,
o6 DT-10%CO, oo YZ-10%CO,
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Figure 3. Effect of atmospheres on evolution of CH;SH during coal
pyrolysis

CS, evolution. The formation of CS, was also observed, but the
effect of atmospheres on the formation of CS,; is somewhat irregular.
Some researchers assumed that CS, is derived from the reaction
between pyrite and CH,"'%, no evidence proves CHy is essential for
the formation of CS, in this study, but the evolution of CS, occurs in
the temperature region of pyrite decomposition, which indicates that
the decomposition of pyrite attributes to the formation of CS,.

Little SO, was observed during pyrolysis of two coals in five
atmospheres.

Conclusions

Compared with the evolution of sulfur containing gases in N,,
CO promotes the formation of COS; CO, prohibits the evolution H,S
at temperature below 500°C and shows similar effect on sulfur
containing gases as CO does at above 500°C; CH, prohibits the
evolution of H,S more intensely than CO, at temperature below
650°C, but at higher temperature, more H,S is formed; H, promotes
the formation of H,S and prohibits the formation of other sulfur
containing gases.
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Introduction

Desulfurization of coal is very necessary for improving coal
quality and for protecting environment. Although many methods
have been developed for coal desulfurization, an effective and
economic process remains to be found.

Hydropyrolysis (HyPy), as an effective desfurfurization method,
has received many attentions, but it’s unprofitable to undertake
industrial HyPy with pure hydrogen in the present energy market.
Thus, it is necessary to use cheaper hydrogen-rich gas instead of pure
hydrogen gas.

Some researchers have used coke-oven gas as hydrogen resource
to study the sulfur removal and observed satisfying resultst.
However, little effort on the influence of pure components of coke-
oven gas on sulfur transformation during coal pyrolysis has been
done. The aim of this study was to study the effect of four main pure
components of coke-oven gas, i.e. H,, N,, CH, and CO, on the
behavior of sulfur during fixed-bed pyrolysis of Yima coal.

Experimental

Coal sample. A high sulfur Chinese coal, Yima coal (YM),
ground to -100mesh, and dried in a vacuum oven at 100°C for 24hrs
was used in the study. The analytical data are given in Table 1.

Table 1. Analyses of YM coal

Proximate Ultimate Sulfur form
(Wt%) (Wt%, daf) (Wt%, db)

Mas  Ag V dat C H N S S, S S
59 277 413 801 53 12 24 15 01 08

S;: total sulfur; S,: pyritic sulfur; Sg: sulfatic sulfur; S,: organic sulfur. ~ By
difference.

Pyrolysis. Pyrolysis of coal was carried out in an ambient
pressure, horizontal fixed-bed reactor (i.d. 18mm) under isothermal
conditions at carried gas flow rate 400ml/min, residence time 20min
and temperature from 350 to 900°C. About 2g coal samples were
placed in a stainless steel boat and heated in furnace, preheated
carried gas flowed through fixed-bed and carried out the volatilized
matter. The heating time from ambient temperature to the desired is
in about 2 minutes. After reaching the determined time, the boat was
moved away from the furnace and let it cool down to the ambient
temperature. To minimize the problem of the weight lose of char, the
weight of char was calculated from the weight difference of boat and
sample before and after pyrolysis of coal. The air was removed from
the system by purging with nitrogen at the beginning of each run.

Analysis. The Coulomb method (Testing Standard of China
GB214-77) was used to determine the total sulfur content in coal and
residual chars, the sulfur form content was determined by the
Gladfelter method. The removal of total sulfur was calculated by
the following expressions:

% = (Smual(d) = St enar 0) XV,
sncoai(d)

Where S coaia) Stcnar() iS total sulfur content (dry base) of coal and

char, respectively; Ycnarq is the yield of char (dry base) during

pyrolysis.

Desulfuriz ation e (@) y x 100 @

Results and Discussion

Total sulfur. The total sulfur content in residual chars is shown
in Figure 1. When Yima coal is pyrolyzed in H,, the total sulfur
content in residual char decreases with increasing temperature. The
decrease mainly occurs in 350-450°C and 650-900°C regions, reaches
0.4 and 0.7wt%, respectively. In the region of 550-650°C, only
0.03wt% total sulfur decrease is occurred.

In N, the total sulfur content in chars increases from 2.25wt% at
350°C to 2.57wt% at 450°C firstly, and then decreases with
increasing temperature at the range of 450 to 550°C. Above 550°C,
the total sulfur content increases slowly from 2wt% to 2.17wt% at

900°C
g /' 16
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2 = —e—N
E u, o % 12
g 20 age——=—" H
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Figure 2. Pyrite sulfur contents
vs temperature in chars

Figure 1. Total sulfur contents
Vs temperature in chars

CO shows similar effect on total sulfur content change as H, does
at temperatures below 450°C. Above this temperature, the total sulfur
content continues to increase monotonously with increasing
temperature, reaching 2.05wt% at 750°C, and then remains almost
constant with increasing temperature.

The trend of total sulfur content change in residual chars obtained
in CH, is similar as that in N, until temperatures up to 650°C. Above
this temperature, the total sulfur content does not markedly change
and becomes constant at about 2wt%.

Sulfate sulfur. Because the sulfate sulfur is only 3.78% of total
sulfur in raw coal, it is not discussed in this study.

Pyritic sulfur. Figure 2 shows the effects of atmospheres on
changes of pyritic sulfur content in residual chars during pyrolysis. It
can be seen that H, and CO show similar effectiveness on
decomposition of pyrite, while CH,4 shows similar effect as N, does.

The decomposition of pyrite mainly occurs at temperature region
of below 550°C in atmospheres of H, and CO. In this region, the
pyritic sulfur content decreases from 1.50% in raw coal to 0.21 at
550°C in H,, and 0.19% in CO, respectively. At lower temperatures,
H, shows more positive effect on the pyrite decomposition than that
CO does.

Pyrite is more stable in the other two atmospheres, especially in
CH,. The mainly decomposition takes place in the temperature of
450 to 550°C for both atmospheres, and the decrease reaches 0.85
and 1.03wt% in N, and CHy, respectively. At temperatures below
450°C, the content decreases slowly in N, and almost remains
constant in CH,4 with increasing temperature.

Above 750°C, the pyritic sulfur in residual char is mainly
affected by temperature, and only a little (<0.1wt%) remains in chars
in all atmospheres at 900°C.

Organic sulfur. The influence of atmospheres on the organic
sulfur content in residual chars during pyrolysis is given in Figure 3.
It can clearly be seen that both temperature and atmospheres have
significant effects on the decomposition of organic sulfur and
transformation of inorganic sulfur into organic sulfur.

When coal pyrolysis in H, and temperature rise to 450°C, the
organic sulfur content in residual char decreases from 0.76wt% in the
raw coal to 0.57wt%, then increases with increasing temperature and
reaches 0.66wt% at 650°C. Above this temperature, the content of
organic sulfur in residual char decreases again and reaches 0.34wt%
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at 900°C. The first decrease is caused by the decomposition of
organic sulfur groups with low thermal stability, such as thiols and
Polysulfides®. The considerable increase in organic sulfur is
accompanied by the intensive decomposition of pyrite, which
indicates the increase is from the transformation of inorganic sulfur.
Other researchers also observed the increase of organic sulfur in char
in hydrogen atmosphere . The new-formed organic sulfur may have
high thermal stability and is very difficult to decompose. The second
decrease is caused by the decomposition of aromatic sulfurs®. The
organic sulfur remains in residual char (0.34wt%) at 900°C may exist
in condensed thiophenic species.

Raw coal

07
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—e—N,
CH,
04 —vy—Co

Organic sulfur in char (wt%,d)
Sulfide sulfur content (W%, d)

0.0 s L s s s s
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Figure 4. Sulfide sulfur content
vs temperature in chars

Figure 3. Organic sulfur content
vs temperature in chars

The change of organic sulfur content in N, is similar to that in H,
below 650°C, but the content is notable higher in N, than that in H,
except at 350°C. At higher temperatures, the organic sulfur content
remains almost constant in N,. As mentioned above, the
decomposition of pyrite in coal mainly occurs at 450 to 500°C in N,
while in H, rich environment, this reaction starts at a relatively low
temperature ).

More organic sulfur persists in residual char in CH, than that in
N, at temperatures below 450°C. Above 650°C, less organic sulfur
remains in residual char in CH, than that in N,. At high temperature
CH, may decompose to H,® and more ethene will be formed in the
presence of CH, during coal pyrolysist”). Except for the promotion of
H, on decomposition of organic sulfur, ethene also can react with
H,S or nascent sulfur derived in pyrolysis to form small molecule
sulfur containing organic species and releasest®®; Meanwhile, ethene
can react with organic matrix in residual char, which will decrease
the coal conversion, all those lead to low sulfur content in chars.

At studied temperature range, the change of organic sulfur
content in chars in CO is similar to that in N,, but it seems that CO
prohibits the transformation of pyrite sulfur to organic sulfur. CO
promotes the decomposition of pyrite™, while has little effect on coal
pyrolysis, thus the relative ratio of organic free radical to nascent
sulfur is lower in CO than that in N,, so less nascent sulfur is trapped
by free radical to form new stable organic sulfur in CO.

Sulfide sulfur. Figure 4 represents the sulfide sulfur content of
residual chars obtained in different atmospheres. The sulfide sulfur
content in char increases steadily with the progressive decomposition
of the pyrite in H, up to 550°C, and then decreases with increasing
temperature because of the decomposition of sulfide sulfur. At 900°C,
only 0.21wt% sulfide sulfur persists in residual char.

The change of sulfide sulfur content in char obtained in other
three atmospheres is similitude with each other, i.e. it increases with
increasing temperature. By comparing Figure 2 with Figure 4, it can
be seen that the increase of the quantity of sulfide sulfur is
corresponding to the extent of the decomposition of pyrite at
temperatures below 650°C. Above this temperature, although the
conversion of pyrite to ferrous sulfur is nearly complete, a further
increase in sulfide sulfur is observed, which is caused by the reaction
of hydrogen sulfide with alkali mineral !,

Sulfur removal. The sulfur removal during coal pyrolysis is

shown in Figure 5. It can be seen that the most effective temperature
for sulfur removal of Yima coal in H,, N,, CH, and CO is 900, 550,
550 and 450°C, respectively. And the desulfurization reaches 75.5,
39.1, 38.4 and 44.0%, respectively.

In the early pyrolysis stage, below 550°C, in H,, the
desulfurization yield increases rapidly with increasing temperature
from 17.1wt% at 350°C to 49.1wt% at 550°C, and then increases
slowly with increasing temperature up to 750°C (59.0wt%), above
750°C, increases rapidly again, reaching 75.5wt% at 900°C. The
rapid increase at temperature below 550°C is mainly caused by the
decomposition of pyrite and organic sulfur groups of low thermal
stability, see Figure 2 and Figure 3, at temperature above 750°C is
caused by the decomposition of organic sulfur and sulfide sulfur, see
Figure 3 and Figure 4, the slowly increase at middle temperature
results from the transformation of inorganic sulfur into organic sulfur.
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Figure 5. Effect of atmospheres on desulfurization

The desulfurization in other atmospheres are mainly caused by
the decomposition of pyrite, so desulfurization mainly occurs at
temperature 450-550°C for N, and CH,, and 350-450°C for CO,
respectively, which corresponds the temperature region of pyrite
decomposition.

Conclusions
By analysis the sulfur form content changes in residual chars

obtained in different atmospheres, the following conclusion can be
drawn. The decomposition of pyrite mainly occurs at temperature
region of below 550°C in atmospheres of H, and CO; in other two
atmospheres, especially in CH,, pyrite is more stable and the mainly
decomposition temperature region is 450-550°C. The organic sulfur
content in the residual char is the net effect of decomposition of
organic sulfur species with low thermal stability and formation of
new ones with high thermal stability by the reaction of hydrogen
sulfide and/or nascent sulfur with organic matrix. Above 750°C, CH,
can promote the decomposition of organic sulfur.
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1. Introduction

With the continuously rapid economy growth, coal-dominated
energy consumption in China has caused very serious SO, and acid
rain pollution. Northeastern Asia including China has become the
third acid rain areas in the world. In 2000, total coal burning by
utility boilers in China was about 600Mt, accounting for 60% of the
total coal consumption. Coal fired power plants emitted more than
8Mt SO,, contributing as high as 40% of the total SO, emissions in
China M. Therefore, equipping with desulphurization installations to
abate SO, emission from coal fired power plants is crucial for SO,
and acid rain control in China.

Among all kinds of desulphurization processes, wet limestone-
gypsum flue gas desulphurization (FGD) is the most popular process
in power plant for its high efficiency, mature technique, as well as
cheap and widely distributed limestone absorbent. In the early 2004,
Chinese government promulgated new version of air pollutants
emission standards for thermal power plant %, newly modified SO,
emission ceilings will lead to large amount of FGD installation.

Boiler operation conditions have a great impact on FGD
performance, such as coal characteristics, excess air coefficient,
boiler load, et al. In this paper, effects of these factors on FGD
efficiency were analyzed and discussed, and mathematical expression
of FGD efficiency was deduced. In addition, univariable and
multivariable regression between FGD efficiency and some factors
were carried out.

2. Factors influencing FGD performance

2.1 Coal characteristics. 2.1.1 Sulfur content

Coal sulfur content and the share of combustible components
have a great impact on flue gas SO, concentration and FGD
performance. High SO, concentration can improve Kinetic reactivity
velocity, but it is much less than the effects of SO, volume increase,
so the desulphurization efficiency declined.

2.1.2 Coal element components

Different coal element configuration not only has impact on flue
gas components and characteristics, also has effects on the flue gas
rate and SO, concentration.

2.1.3 Coal low heating value (LHV)

Coal low heating value determined coal burning rate and
produced flue gas rate. Thus, it can influence SO, concentration and
FGD efficiency.

2.2 Gas velocity. Below the flooding velocity, gas velocity
increase facilitate decreasing liquid diameter to increase the contact
area, it is advantage to the SO, absorption. But when the gas velocity
is above flooding velocity, it will make the contact of gas and liquid
overbalance, which will decrease the efficiency Bl

2.3 Excessive air coefficient and air leak coefficient. The
changes of excessive air coefficient of hearth exit and air leak
coefficient of boiler flue directly affect the gas amount and make the
SO, concentration and gas velocity change, and further affect the
desulphurization efficiency.

2.4 Boiler load. Boiler load affects flue gas volume, gas
velocity and SO, rate, which will make the desulphurization
efficiency change.

3. Mathematical models

3.1 Desulphurization efficiency of wet FGD system.
Desulphurization efficiency of wet flue gas desulphurization system
can be expressed by the following equation:

n=[1-C}, /Cy, |x100 (%) 1

Where, 7 is desulphurization efficiency (%), c, and Cy, is the outlet

and inlet SO, concentration of FGD (mg/Nm®), respectively.

Desulphurization efficiency of wet FGD system is determined by
liquid-gas ratio, pH value of slurry, inlet SO, concentration, etc. It is
difficult to reveal completely the relationship between the
desulphurization efficiency and the above factors, thus some
hypotheses were given as following:

Air flow in the desulphurization tower was turbulence, SO, mixed
completely by gas turbulence and diffusion, and SO, on any cross-
section was evenly distributed. Gas velocity in scrubber tower was
uniform distributed except at the boundary layer. SO, was absorbed
completely when it came into the equipment.

The wet desulphurization tower sketch map was showed in Fig. 1,
in which desulphurization tower diameter was 7, the height was H,
axes coordination was z, radial coordination was r, gas moved from

down to up, absorber was sprayed from up to down.
f

T

#d

¥
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Figure 1. Sketch map of the desulphurization tower

In the z direction, any micro-volume (dv) was selected, whose
section was F(F=rxr,’), length was dz, so dv=Fdz=mnr,’dz.

Where, F was tower cross-section area (m?), 7, was scrubber
tower diameter (m). Thus, SO, mass in the dv was:

M =Cy, dv=Cy, Fdz (@)

Where C,,, was SO, concentration in dv (mg/m®) . SO, mass
2

absorbed by liquid in df time in dv was:
dm = Cy, qodtdv (3)

Where g was absorbent spray rate in unit time (m*/s'm®), a was
absorbing velocity coefficient (value of SO, concentration increasing
amount in the liquid divided by flue gas SO, concentration).

As the SO, was absorbed by the absorbent liquid, its
concentration in the elemental volume cell would decrease, the
change was dCy, »
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dCy, =—dm/dv=-Cy, qadt )
dCy,, [Cyp, =—qodt ®)

The boundary conditions were as follows:
z=0, t=0, Cso, =Cy5 z=H, t=t, Cyo, =

Oout *

Then, (a1 o (6)
.[CW Csp, dCyo, = _.andt

Then, following expression can be obtained:

CUM[/CIVI = eiqm (7)

In which C,,, and C;, were the outlet and inlet SO, concentration
of desulphurization tower (mg/Nm”), respectively.

t=H/u (3)

Where, ¢ was flue gas settling time(s), u was gas velocity (m/s),
and H was tower height (m).
Introducing equation (3) into equation (2), we could get

COut/Cln = eian/“ (9)

In the expression of ¢?**/*, multiplying 7z7b> in denominator

and numerator, respectively, and considering 7zrb* u=0, wbh H =V,
thus:

n :l_COuI/CIn zl_eian/Q (10)

In which, O was flue gas rate (m’/s), V was the effective tower
volume (m®), ¥ = F.H . Thus, equation (10) changed into the
following form:

p=1-¢ oK (1)

In which, L was absorbent spraying rate (m’/s), while L/Q was
liquid-gas ratio.

3.2 Outlet SO, concentration of desulphurization equipment.
According to boiler combustion calculation, expression of the outlet
SO, concentration of FGD equipment was as follows: !

Cyo, =2x10* /S, /7, +(273+T)/273] (12)

In which, f'was the percent of coal sulfur which could burn (%),
while S, was coal sulfur content in air received basis. 7 was flue gas
temperature ([1), and V), was flue gas volume produced by a kilogram
of coal burning (m*/kg).

4. Calculation example and analysis
Element analysis of the calculated coal was shown in Tab. 1.

Table 1. Elemental composition of the calculated coals

Coal Element composition, % Quarnet
Mar | Aar | Caar | Haar | Odar | Naar | Saar | (kV/kg)
Xi-Shan 60 | 210|910 | 36 | 24 | 12 | 18 | 24720
Sub-bituminous
Xu-Zhou 100 | 150 | 823 | 54 | 88 | 1.9 | 1.6 | 24720
Bituminious
Huai-Nan 60 | 21.0 | 819 | 54 | 103 | 1.5 | 0.9 | 24300
Bituminious
Jin-Zhushan 70 | 240 | 925 | 32 | 2.6 | 08 | 09 | 22210
Anthracite

When =801, £=0.95, the produced SO, concentrations of
different coal under different excess air coefficient () were shown in
Tab. 2.

3

Table 2. SO, concentration under different a Unit: mg/m

o
coal s 1.4 15 1.6 1.7 1.8 1.9 2.0
Xi Shan 2014 | 1883 | 1767 | 1665 | 1574 | 1493 | 1419
sub-bituminous
Xu Zhou 1878 | 1757 | 1650 | 1556 | 1471 | 1396 | 1328
bituminious
Huai Nan 1076 | 1006 | 945 891 842 | 799 | 760
bituminious
Jin Zhushan 1010 | 944 | 886 | 834 | 789 | 748 711
anthracite

As can be seen from the above two tables, flue gas SO,
concentrations produced by different coal under different excessive
air coefficient differs to a fairly large extent.

By regressing with test data of wet liestone-gypsum flue gas
desulphurization system of Luo-huang power plant in Sichuan
province, relationship of SO, concentration, pH value, liquid-gas
ratio(L/Q) and desulphurization efficiency were carried out, which
was shown in equation (7)™

77 — 1 _ 81.069775.3544L/Q70.4983x+ky (13)
Where, x was the pH value, L/Q was liquid-gas ratio(m*/m’)
—c. —1100 (mgm®) ; k was concentration coefficient ,
y 50,

k=-2.8806x10"y+1.7811x107*.
When x=5.0 and y=2270, the relation between desulphurization
efficiency and liquid-gas ratio was shown in Fig. 2.

T ‘
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o —— regressing curve ]
o % . —
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= % ]
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L/Q ratio(10°m*/m®)

Figure 2. Relationship between FGD efficiency and L/Q
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When x=5.0, L/0=0.02, the relation between desulphurization
efficiency and SO, concentration was shown in Fig. 3.
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Figure 3. Relationship between FGD efficiency and SO,
concentration

Both of the curves were well agreement with the experimental
ones, and this implies that the equation could analyze and forecast the
effect of boiler operation on wet flue gas desulphurization system.

5. Conclusions

Effect of power boiler combustion and operation on the wet
limestone--gypsum desulphurization system was studied in this paper,
and the mathematic model of FGD efficiency was established. By
regression of the real FGD equipment experiment data, the relation
between some factors and desulphurization efficiency was deduced.
Simulation results demonstrated that these models will be very
helpful for forecasting effect of power boiler burning and operation
on FGD system, and supply instruction for wet desulphurization
system design and operation.
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Introduction

Acid leaching is an alternative to the conventional stabilization
of  ash by carbonatization or polymer induced
coagulation/flocculation [1-3]. It has also been suggested that ash can
replace limestone in biohydrometallurgical processing [4, 5].
Dissolved metals can be recovered from the effluent in the down-
stream stages of a bioleaching process. Metals extracted at
delocalized units, i.e., in separate acid leaching processes,
precipitated and shipped to the main biohydrometallurgical plant as
hydroxides or sulfides. The above scenario is threefold beneficial: (i)
it saves limestone in the hydrometallurgical processing of sulfidic
minerals, (ii) it recycles metals and (iii) it creates an inert solid ash
residue. All three come with economic as well as environmental
gains. The acid consumption in ash/water slurries (pH 1.0, initial S/L
ratio 1:10) starts at a modest 5 L 1 M H,SO4 per kg dry peat fly-ash
and reaches 15 L /kg for bottom-ash from the combustion of wood
chips and 18-24 L/kg for ash from lignites [4, 5]. Mn and Mg are
regularly leached to near unity, but the yields of other dominant
elements - K, Na, Al and Fe - vary, probably due to the presence of
stable oxides.

The current work shows the time dependencies of acid
consumption and elemental compositions in the aqueous phase for
four ashes and the kinetics of acid consumption of an additional 10
coal-ashes and whole coals. Time dependent studies can link acid
consumption to the dissolution of major ash components and
correlate trace element extraction to the destabilization of certain
major phases [6]. This is the topic of a subsequent paper [7]. The
current work forms a platform to discuss residence times and process
designs for an industrial process.

Experimental

Coals. 13 Turkish coals were selected [S]. The majority of the
coals were also included in the MTA project 'Tiirkiye Linyitlerinin
Teknolojik ve Kimyasal Ozellikleri Envanteri Projesi' (Eng. Project
for the inventory of technological and chemical properties of Turkish
lignites) [8, 9].

Untreated Ashes. Ash from the combustion of sawmill
residues was collected at the Frinsta plant
(http://www.angeenergi.se) and used as received [4]. Ashes from
lignite combustion of lignites were prepared from the untreated fuels
as described [5]. 'As prepared' ashes were analyzed by ICP-
AES/MS/SMS (Analytica AB, www.sgab.se, procedure MG-2 plus
additional elements). Our untreated ashes resemble, with respect to
the metal content, the primary fly-ash, rather than the secondary fly-
ash, used in a previous leaching study of ash from a waste
incineration unit [17].

Acid Consumption. Dry ash was mixed (solid : liquid 1 : 10,
by weight) with deionized water (Millipore Milli-Q, >18 MQcm) and
the slurry stirred overnight (> 12 h). pH was reduced to 1.0 by the
addition of 1 M H,SO, (VWR International, pro analysi). pH was
maintained by the subsequent additions of 1 M sulfuric acid. We
report the accumulated acid vs. time.

The results of akin experiments with whole coals are also
reported. The coals were dried in air for 24 h at 40 EC and ground in
a ball mill [5]. We selected the 250-1000 pm fraction for the present
experiments.

Time Dependence. A homogenized batch of ash was divided
into 8 or 16 samples, each weighing around 5.0 g. Some experiments
were also performed with batches of around 50 g ash. One sample, at
a time, was mixed with deionized water (S/L 1:10) and stirred as
described. Within minutes the pH was lowered to 1.0 and maintained
by the subsequent additions of 1 M H,SO,. Leaching was terminated
by the separation of effluent and solid residue after 30 min (Munktell
OOR filter paper). Filtration was completed within 30-40 s. The
volume of the effluent was measured and a sample taken aside for
ICP-AES/MS/SMS analysis (Analytica AB, www.sgab.se, procedure
V3a plus additional elements). The experiment was then repeated for
a new stopping time, with a fresh sample from the homogenized
batch. We report analyses of the aqueous phase after 30 min, 1 h, 2 h,
4 h, 8 h, 16 h and 32 h of leaching. The results are compared with the
results from our previous screening study of maximum extraction,
i.e., with the concentrations after 10 days of continuous leaching in
sulfuric acid at pH 1.0 [4, 5].

Results

Time Dependence of Acid Consumption. The accumulated
volume of 1 M H,SO; is needed to maintain pH 1.0 in coal and coal-
ash slurries at 25 EC. With initial solid / liquid ratios of 1:10, which
represent an upper limit. We have not varied this ratio, but assume
from literature that it can be reduced to ca. 1:5 without altering the
data [18]. The results for whole coals are displayed after division
with the fraction of non-combustible material. The 'ash' fractions
were taken from our small-scale preparations rather than averaged
bulk values [5]. The 'ash' fraction do carry some uncertainty and we
find it superficies to base discussion on changes in the inorganic
portion of coal during combustion solely on a comparison of absolute
acid consumption values. The time dependencies of whole coals and
coal-ashes are markedly different. Initially, the whole coals consume
acid very rapidly, but the consumption cease after less than 1/2 a day.
Coal-ashes are characterized by a smaller initial acid consumption,
followed by a second slower stage, extending over several days.

Initially, significant gas quantities evolved when acid was added
to the slurry with ash from Frénsta. This leads to enhanced agitation
and is an indication of strong carbonatization in the untreated ash.
Little gas evolved during the leaching of ash from Silopi, Yatallan
and Tungbilek.

Leaching of Elements. We have analyzed the behavior of four
ashes in detail: one wood-ash (Fréinsta), two lignite-ashes (MulJla-
Yatallan and Kiitahya-Tungbilek) and one asphaltite-ash (Silopi).
Table 1 gives the concentrations of dominant elements in the

Prepr. Pap.-Am. Chem. Soc., Div. Fuel Chem. 2004, 49(2), 978



untreated. Our analysis is based on the concentrations of ions in the
aqueous phase and anomalous values X > 1 stem from samples
variations and analysis uncertainties. We neglect silicon/silicic acid
in solution [4, 5, 19, 20].

Discussion

Acid is consumed when parts of the untreated ash are dissolved.
There is a time dependence during the first 32 h of leaching. We
derive the amounts of sulfuric acid and compare these with the
measured amounts of sulfur in solution. We also calculate the
corresponding amounts of consumed protons from the concentration
of Ca*', Fe*', K, Mg%, Na’, PO,>, A’" and Mn?" in solution. This
is a simplified model for the neutralizing capacity of ash [21], but it
works to illuminate the role of different ash components and some
anomalous behavior.

Sulfur in the solid residue is very well correlated to the
concentration of Ca, Ba and other elements forming insoluble
sulfates [4], but the consumption of acid is poorly explained solely
by the formation of sulfate residues. Frinsta has a high neutralizing
capacity, but a low concentration of sulfur in solution due to the
formation of gypsum - only 12 % of Ca is dissolved after extended
times. Frénsta has literally no sulfur in the untreated ash. Other
metals from major components - Fe, K, Mg, Na, P, Mn - are leached
to between 80 - 100 %. Aluminum alone is leached to a lesser degree
(68 %). This indicates the presence of stable, Al containing
(complex) ceramics, possibly the result of the combustion process.

Yatagan has a high sulfur concentration in the untreated ash, and
the concentration in the solid phase increases further by about 50 %,
following leaching in sulfuric acid. Ca appears to form insoluble
CaS0,, with only 18 % dissolved. Other elements, notably Fe, K and
Na, are leached to less than 50 %, again indicating stable oxides, and
we note that clays and other stable minerals are mined with the
organic phase. Mn and Mg are leached completely, as expected of
the carbonates and simple oxides.

Tungbilek is actually depleted of sulfur during leaching in
sulfuric acid. Ca, not very abundant in the untreated material, is
almost completely extracted during leaching. Significant portions of
other elements - Fe, K, Na, Al - remain in the solid phase, a strong
indication that stable minerals are mixed with combustible phases, in
the fuel. The current ashing temperature, 550 EC, is suitable for trace
element studies and does not promote the formation of mixed oxides
during combustion [5, 22]. Mg and Mn are again leached to near
completion.

Finally, Silopi untreated ash is rich in sulfur, and the level
increases by 30 % during leaching. Ca is leached to 23 % and Mn
and Mg to near unity, but Fe, K, Na and Al are only dissolved
marginally. Again stable minerals (clays, feldspars etc.) [23], mined
together with the organic material, may explain the low figures.

Coals vs. Coal-ashes. Positively identified is a different time
dependence for the acid leaching of coals and coal-ashes. Initially,
coals consume acid at a very high rate. Within the first few minutes
60-87 % of the acid is spent, so we could not resolve details of the
time dependence for this portion of the experiments. We note that
Mg and Mn are leached to high percentages and there is no apparent
difference between coals and coal-ashes [5]. The remaining acid is
consumed during the next 3-9 h. No acid was added to the coal
slurries after 10 h. We interpret the above as the dissolution of
relatively small grains of inorganic material supported on a very
permeable organic matrix. This agrees with the dispersion of clay
minerals as finely dispersed inclusions in the coal [24].

The maximum extraction of aluminum is always higher after
ashing than in the ground whole coals [5]. We suggest the possibility
that the organic phase shields aluminum containing oxides from the
surrounding aqueous phase. It is known from catalysis that

carbonaceous residues readily form on such surfaces [25, 26]. This
translates to high surface energies and makes it plausible to suggest
that the organic phase in coals wets the surfaces of minerals with a
high aluminum or iron content.

Silopi asphaltites are different from lignites. Only 42 % of the
total acid is consumed within the first minutes and the following
slower period stretches over a much longer time than 10 h. The 'ash'
content - 36 % - is higher than for any of the lignites [5], which
makes it feasible that the leaching is influenced by ground minerals.
A different and lower permeability may also influence the time
dependence [27, 28]. Silopi asphaltites are known to be denser and
less fissured than Turkish lignites (MTA Geology Dept.).

The data motivates a residence time of 10 h for coals with
particle sizes in the 250-1000 pum range. 10 mm particles will
increase the necessary residence time with a factor 2-5, i.e., to 1-2
days [29], but current lumps for domestic use in Turkey, 18-50 mm,
may give inconveniently long leaching times.

Kinetics of Ash Leaching. The kinetics of acid consumption
for ashes indicated an initially fast process, followed by a slower
period, possibly extending longer than 10 days (14400 min). Below,
we analyze acid consumption as well as the concentration of ions
from dissolved major ash components - Ca, Fe, K, Mg, Na, P, Al and
Mn - in the two regimes.

The neutralizing capacity of the ashes, phrased as the total
charge of ions in solution can be seen as well as the parallel behavior
of acid consumption and the total charge of Ca*", Fe**, K*, Mg*,
Na’, PO,>, A’* and Mn*" ions. We choose to display values for 16 h
as well as 32 h. Note that neither set includes the initial 30 minutes. It
is clear that the dissolution of different solid components are
responsible for the neutralizing capacity during the initial contact (<
30 min) and the extended leaching (30 min - 16/32 h). It is likewise
clear that the ashes of wood and coals are different.

Fast Regime. The initial neutralizing capacity of ash from
sawmill residues (Frénsta) is dominated by Ca, K and Mg. This is a
general observation for biofuels: straw, hard- and softwood, and in
particular bark [30, 31], but the high neutralizing capacity is not
found in peat [4]. The observed gas evolution indicates a high
concentration of carbonates in the untreated ash. Time dependent
data for Ca, K and Mg shows that the concentration of these ions
quickly reach stable values, corresponding to the very rapid
dissolution of Ca, K and Mg compounds. Whereas K and Mg are
stable in solution, calcium and sulfate ions favor gypsum formation.
The atomic ratios for dissolved Frénsta ash in the initial period (< 30
min) were Fe/Al 1 : 6, K/Al 15 : 1 and Na/Al 2 : 3. This reflects the
ratio between simple oxides and carbonates rather than the
stoichiometry of complex ceramics. Complex ceramics with Al are
expected to form at combustion temperatures above 800 EC [32].

Yatagan and Tungbilek are similar with respect to major
components and represent ash from lignite combustion. The initial
neutralizing capacity comes from Ca, Mg and Al. Ca and Mg quickly
reach stable concentrations, at intermediate levels, but the Al fraction
in solution continues to increase. We suggest the possibility of a
mixture of Ca, Mg and Al compounds in the untreated ashes, but note
that particle size distributions as well as solubilities will effect the
profile [33-36]. The tentative second phase containing Ca and Mg is
hardly leached, but the second Al containing phase is dissolved at a
slow pace.

Silopi ash constitutes its own entity, separate from bio-ash or
ash from lignites. The initial neutralizing capacity comes from Ca
and Mg. Mg is almost completely dissolved after a short contact
time, but Ca reaches an intermediate level, suggesting the possibility
of two calcium containing phases in the untreated ash, one stable and
one easily dissolved.
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Slow Regime. As the initial phase passes, the center of
importance for the neutralizing capacity shifts to new compounds in
the ashes. Mg and K are still important for sawmill residues
(Frénsta), but many elements contribute with Mn dominating.
Momade and Momade observed a similar profile for Mn leaching
from manganese oxide ore, and extended the study to the positive
effects of methanol addition (< 40 %), stronger acids (< 0.3 M),
higher temperatures (< 170 EC) and smaller particles (< 32 um) [37].
Manganese carbonates are abundant in coals [38], but our data
suggests that other forms also are present in the ashes.

There is a time dependence for the fraction (X) of dissolved
magnesium and aluminum, interpreted by the (simplified) solution to
the Elovich equation [35, 37, 39]:

X=ae*In(t)+b (1

Lignite-ashes from Yatagan and Tungbilek constitute a separate
group. Al and Fe are dominant contributors in the 30 min - 32 h
regime and the time dependencies are well modelled by a SCM
process [7]. We use the expression for a product layer / diffusion
controlled process [34]:

1-3 ¢ (1-X)P+2 (1-X)=ce t )

in agreement with previous studies [37] and note that self-inhibition
by the precipitation of gypsum or MnSO, as diffusion barriers, have
been reported [39-41]. The above expression gives a better fit than
expressions for a surface controlled process [34]. We have not
exploited more elaborate idioms [36, 39], nor models for surface
reaction and diffusion controlled processes [34, 42].

We conclude that the neutralizing capacity of lignite-ash in the
30 min - 32 h regime is controlled by the dissolution of particles.
During the first few hours magnesium is still dissolved, but this
ceases, while iron and aluminum continue to be leached. Sodium and
potassium are leached, but it is unclear if the ratio of cations in a
tentative mineral with aluminum can be derived.

[36, 39], nor models for surface reaction and diffusion controlled
processes [34, 42].

We conclude that the neutralizing capacity of lignite-ash in the
30 min - 32 h regime is controlled by the dissolution of particles.
During the first few hours magnesium is still dissolved, but this
ceases, while iron and aluminum continue to be leached. Sodium and
potassium are leached, but it is unclear if the ratio of cations in a
tentative mineral with aluminum can be derived.

The Fe/Al atomic ratio for dissolved Yatagan lignite-ash was
1:7 in the initial period (< 30 min) as well as during the extended
leaching regime (30 min - 32 h). Only small amounts of potassium
(K/Al 3:100) and sodium (Na/Al 2:100) were leached after the first
30 min. The Fe/Al ratio for dissolved Tungbilek lignite-ash was 1:5
at all times, i.e., during the initial (< 30 min) as well as the extended
(30 min - 32 h) leaching period. The K/Al ratio was 10:100 (approx.)
and the Na/Al ratio 2:100 towards the end of the 'slow regime', down
from K/Al 20:100 (approx.) and Na/Al 10:100 in the initial period.
These values may be compared with the stoichiometries of common
minerals [43].

The fixed Fe/Al ratio suggests dissolution of a clay mineral
(illite) [24, 43-45]. We can not discern the presence of
montmorillonites, a class of iron containing clays, which swell in
water, due to their sheet-like structure. This makes them feasible as
inherent (liquefaction) catalysts, either by sulfidation of the metals in
the coal or by adsorbing metal ions from aqueous solutions, followed
by treatment in H,S [46].

The Fe/Al ratio of elements leached from Silopi asphaltite-ash
changed from 1:10 during the initial (< 30 min) period to 1:2 after 32

h. The altered ratio infers that more than one mineral is leached,
albeit with comparable yields. Mn and Mg follow similar profiles,
but the ratio to Al is not constant, nor to Fe. We suggest a
combination of clay and carbonate association [24, 43, 44]. The
initial K/Al and Na/Al ratios for Silopi were both 1:5, but diverged to
slightly higher potassium concentration and slightly lower sodium
concentration after 16 h or 32 h. Na occurs in several minerals [43],
but association is sometimes difficult to discern [45]. Potassium and
sodium containing clays are abundant, but feldspars have also been
observed [23].

Whereas carbonates are expected to contribute mainly in the
'fast regime’', clays and feldspars dissolve slowly. Complex oxides,
with well defined structures and stoichiometries, are formed at high
temperatures and observed as narrow areas in phase diagrams. These
structures have high resistance to leaching. The effect is well
illustrated by aluminum minerals. Aluminum was extracted to near
100 % from Bayerite / Al,O; * 3H,O in sulfuric acid [36]. More
complex aluminum/silicon oxides showed higher stability. Kaolinite /
Al,05 #2Si0, * 2H,0, one common clay mineral in coal [24], was
leached effectively after calcination at 500-600 EC, i.e., conditions
similar to the present ashing procedure [36]. Illite / K,O * 3A1,0;
6SiO0, * H,O was leached to a lower percentage, again after
calcination [36]. Finally, mullite / 3AL,0; < 2SiO,, the most stable
aluminum silicate and a typical product after high temperature
treatment, i.e., in ash residues from power plants, showed high
resistivity to sulfuric acid leaching [36, 47]. Feldspars - alkali, (K,
Na)AISi;Og, and plagioclase, NaAlSi;Og to CaAl;Si,Og, - constitute
additional, often stable minerals [43]. These minerals are observed as
minority phases in coal [24]. We note that crystallinity is a key factor
[48] and poor crystallinity/amorphous material [45] and prolonged
wetting [49] may significantly alter extraction yields.

Mg and P are major contributors to the neutralizing capacity of
Silopi asphaltite-ash and, together with manganese, dissolved to high
percentages. Other elements - Al, Na, Fe and K - contribute less to
the neutralizing capacity, but are still leached according to a SCM /
diffusion model, except during the initial hour [7]. It appears that the
initial regime extends to 1 h, compared with 30 min or less for the
lignite-ashes. A similar knee was observed in the graphical
representation of Al, Fe and Mg dissolution in sulfuric acid from
waste incineration fly-ash [17].

We note that acid consumption during leaching of Silopi 'whole
coal' was different than acid consumption during akin leaching of
lignite whole coals and we suggest that more original mineral matter
contribute for Silopi asphaltite-ash than for Yatagan and Tungbilek
lignite.

Whole Coal' Processing. Acid washing of whole coals is
motivated when no aftertreatment of flue gases or ash residues is
feasible, i.e., for domestic heating in less developed countries.
Improved design of stoves is important (http://www.laowan.com),
but the long lifetime of such units leaves no alternative to improved
fuel quality [50]. Catalytic gas conversion [51, 52] is not a realistic
option in the areas where low rank coals are the dominant fuel for
domestic heating.

Our results show that 10 h of leaching (1 M H,SO,, 25 EC) gave
a near complete removal of acid-consuming parts of 12 Turkish
lignites (whole coals). The results were obtained for 250-1000 um
size particles. Literature indicates 2-5 times longer time for 10 mm
particles [29]. Continued tests need to refine these claims in bench or
pilot plant operations of feasible process designs [5, 53]. Current
commercial lumps (in Turkey 18-50 mm) should be tested, but
indications are that the necessary combustion tests must address the
effects of an altered particle size distribution (to < 10 mm), as well as
heating values and the quality of flue gases and ash residues.
Simultaneous acid leaching and biodesulfurization of coal in the

Prepr. Pap.-Am. Chem. Soc., Div. Fuel Chem. 2004, 49(2), 980



bioleaching stage of a process for metal production from sulfidic
concentrates may be of interest.
Acid washing of whole coals is also of interest for preprocessing
before liquefaction. During coal liquefaction the coal structure is
thermally decomposed in the presence of hydrogen. Atomic
hydrogen terminate thermally broken carbon-carbon bonds. Atomic
hydrogen is produced on metalsulfide (Mo, Co, Ni, W, Fe) catalysts
and, pending the dispersion of the catalyst, either used directly or
carried by a transporting molecule to the organic part. Catalyst
precursors are commonly adsorbed as metal ions from aqueous
solutions, thus preferentially on polar sites, and then sulfided.
Removal of a large fraction of the 'ash' part, by acid leaching,
will remove many polar sites, apart from the organic structure, and
thus shorten the diffusion path of atomic hydrogen. Removal of non-
combustible phases will also enhance the permeability [54] during
the liquefaction process, and limit the volume of solid residues. Acid
preprocessing, followed by normal hydrotreatment, constitutes an
alternative to unconventional supercritical processing [28].

Conclusions

Extraction kinetics indicated that lignites are ideally suited for
direct acid leaching (H,SOy, pH 1.0, 25 EC). We estimate that 2 days
constitute a suitable time for the preparation of 'clean' coals (< 10
mm) for domestic use. Asphaltites require considerably longer
residence times.

Lignites are ideally suited for treatment in the biological
oxidation stage of a hydrometallurgical process for the production of
metals from sulfidic concentrates. The biocatalyzed oxidation of
sulfidic minerals is also one and the same reaction as
biodesulphurization of coals. Coals, washed in the bioleaching stage,
will emerge with lower sulfur, 'ash' and trace element contents. The
washed product is intended for domestic stoves. Two technical
obstacles remain and need to be addressed: (i) the low neutralizing
capacity of coal require 5-10 times larger masses compared with CaO
and (ii) readsorption and precipitation onto the washed coal must be
prevented.

Lignite- and asphaltite-ashes consume acid during ca. 10 days.
We discern a 'fast regime' ending after 30 min and dominated by the
release of Ca, Mg, K and Al ions, probably from carbonates and
simple oxides, but possibly also from small particles or poorly
crystalline complex minerals and oxides. A second, 'slow regime' for
ashes is well modelled by a diffusion limited shrinking core (SCM)
process. Several minerals contribute to the neutralizing capacity in
this regime and we observe the leaching of Fe, Al, K, Na and Mn.
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Introduction

Trace element extraction, followed by metal recovery, offers a
route to sustainable ash handling, and may become an alternative to
conventional stabilization and deposition. Direct acid leaching at low
pH is a most powerful first step, albeit additional steps, including
strong bases or chelating agents [1-4], may be needed, if the solid
residue should be cleaned of all environmentally harmful elements.
The trace elements; Cd, Cu, Co, Ni, Th, U, V and Zn, are leached to
high percentages in sulfuric acid (pH 1.0, initial S/L ratio 1:10 25
EC) [5, 6]. Biohydrometallurgical production of base metals, i.e., the
bacteriological oxidation of dominant mineral sulfides, offers
established procedures for the recovery of several metals and gives
directions for others.

Data for maximum extraction [5, 6] need to be amended with
the results of time dependent studies before residence times and
process designs can be discussed. Time dependent studies can also
correlate trace element extraction to the dissolution of dominant ions
[7] and the destabilization of major phases. It is not trivial to reveal
the chemical nature of trace elements in the untreated ash by direct
physical observation [8], but correlation studies, optionally using
several leachants [9], offer a feasible, albeit indirect, route.

Experimental

Ash from the combustion of sawmill residues was collected at
the Fréansta plant (http://www.angeenergi.se) and used as received
[5]. Ashes from the combustion of two lignites, Mu la-Yata an and
Kiitahya-Tungbilek, and one asphaltite, Silopi
(http://www.tki.gov.tr), were prepared from the untreated fuels as
described [6]. The untreated ashes were analyzed by ICP-
AES/MS/SMS (Analytica AB, www.sgab.se, procedure MG-2 plus
additional elements). Table 1 displays trace element data. Data for
dominant ions were reported in a previous communication [7].

Ash samples were divided, stirred in deionized water and
forcefully leached at pH 1.0 by the addition of 1 M sulfuric [7]. The
effluent was analyzed by ICP-AES/MS/SMS analysis (Analytica AB,
www.sgab.se, procedure V3a plus additional elements). We report
analyses of the aqueous phase after 30 min, 1 h, 2h, 4 h, 8 h, 16 h
and 32 h leaching. The results are compared with the results from our

previous screening study of maximum extraction, i.e., with the
concentrations after 10 days of continuous leaching in sulfuric acid at
pH 1.0 [5, 6].

Results

Table 1 gives trace element concentrations in the untreated
materials and the extracted fractions of the same ions during leaching
in sulfuric acid can also be seen (H,SO4, pH 1.0, 25EC, Initial
solid/liquid ratio 1:10). Akin data for dominant ions were disclosed
in a previous publication [7]. Our analysis is based on the
concentrations of ions in the aqueous phase and anomalous values X
> 1 stem from samples variations and analysis uncertainties.

We excuse the Frinsta ash. Table 1 reveals low levels of

literally all relevant trace elements and maximum extraction figures
have been presented [5]. Frénsta ash is contaminated by some
radioactive elements, particularly Cs-137 from softwood exposed to
long-range pollutants (Chernobyl), but also natural Ra-226. We have
investigated the possibility to leach these pollutants [11], albeit the
activity of our sample was below 5000 Bq/kg, the legal limit for the
use as forest fertilizer (http://www.ssi.se).
There is a time dependence of trace element extraction for lignite-ash
(Mu la-Yata an and Kiitahya-Tungbilek) and asphaltite-ash (Silopi).
We have deliberately chosen to display the data in the same SCM
model as for the major components. The purpose was to compare
profiles and identify patterns which will reveal the matrices
surrounding particular trace elements, i.e., occurrences. One
difference is that we include the values for 30 min leaching.

Discussion

Trace Element Leaching and Occurrences.

Arsenic. Maximum extraction yields between 27-81 % for
ground coal and 24-77 % for coal-ash have been reported [6]. We
note that only marginal quantities are leached from ash after the
initial period. It has been suggested that As is associated with CaSO,
[12] and our results do not contradict these findings.

Barium. Bariumsulfate is nearly insoluble and barium, dissolved
from phases in the untreated ash, is readily altered to barite in the
solid residue [5, 6]. We were able to observe the early stages of
leaching from Silopi ash, despite the stability of BaSO,. The plateau
corresponds to 26 pug / L or 1 % extraction. Ba forms carbonates, but
replaces also alkali metals or alkaline earths in Si/Al oxides [13]. The
traces of sodium and barium are two of a kin, albeit many elements
in show a similar increase during the first 4 h.

Cadmium. Silopi ash gave an approximate straight line in the
entire regime. Cd associated with mineral sulfides will be altered
during combustion. We note that cadmium is extracted to better than
90 % in most ashes, notably from waste incineration [5], but
significantly less in whole coals [6]. The present data give 94 % Cd
extraction for Silopi asphaltite-ash and 100 % for Frinsta / bio-ash,
but only 30-40 % for lignite-ashes. This is at the low-end of
compiled data for coal-ashes [6] and shows that dissolution
continuous after 32 h, for cadmium, as well as for aluminum and iron
[7], two possible host elements. Lignite combustion may also lead to
the formation of insoluble spinels, akin to the formation of ZnFe,O,
from the oxidation of (Fe, Z)S or reactions between zinc oxide and
hematite [14]. Association with iron or zinc containing oxides [9,
15], formed from FeS, or ZnS, may protrude as a similarity with Fe
or Zn leaching. In conclusion, we need extended process times to
deplete coal-ashes of cadmium. The rapid dissolution from waste-
ashes is probably a result of surface association [16].

Cobalt. It is unclear if cobalt leaching follows a SCM model.
Extraction reaches 29-44 % after 32 h, which is lower than 40-82 %
after 10 days [6]. No occurrence is universally favored in literature
[15], albeit association with clays has been suggested [9, 17].
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Chromium. All ashes show smooth profiles but only Silopi
approaches maximum extraction after 32 h i.e., the apparent plateau
for Tungbilek is artificial. The iron and aluminum profiles for Silopi
ash, as well as the degree of completion [6, 7], mimic the chromium
behavior, in all suggesting clay association, in agreement with
literature [17]. Organic occurrences in 'whole coals' [9] and the heat
during combustion, may lead to association with other oxides, apart
from clay minerals. The above analysis applied anew, for Yatalan
and Tuncbilek lignite-ashes, recognizes the close similarities between
Cr and Fe/Al kinetics of leaching as well as the proximity to
maximum extraction [6, 7]. During leaching (30 min - 16 h) the Cr/
Fe atomic ratios were 1:420 (Yata[Jan), 1:53 (Tungbilek) and 1:32
(Silopi). The Cr / Al ratios were 1:2900 (Y), 1:160 (T) and 1:380 (S),
respectively. These values serve to illuminate the degree of doping,
assuming solid solutions. In conclusion we suggest that Cr is found
as a dopant in iron and aluminum oxides, i.e., probably in illite clays.

Cesium. Low concentrations are an obstacle for trustworthy data
on Cs leaching of coal-ash, but measurements on radioactive Cs-137
in wood-ash indicated a very rapid process (< 30 min) with high
extraction yields (>90 %) [11].

Copper. Silopi ash dissolution is well modelled by a diffusion
controlled SCM process, but Yatallan and Tungbilek give more
scattered data. The common knee at 1 h is not obvious for Cu, but the
near linearity of Al, Fe and Mn (>1 h) connect well to the straight
line of Cu. Copper is most likely found as chalcopyrite in the whole
coals [6, 9, 15]. This makes it logical to suggest that Cu is associated
with Fe oxides in the ash. Copper forms very stable oxides with
aluminum, but this is less likely considering the low ashing
temperature, 550 EC [18, 19].

Mercury. Mercury is literally not dissolved in sulfuric acid, due
to the low solubility of HgSO,4 [5, 6]. Other leachants must be
amended to obtain mercury recovery.

Molybdenum. Molybdenum is present at unprecedented levels,
2290 mg/kg, in ash from Silopi asphaltites (Table 1). 79 % extraction
is reached in 32 h. This is near the maximum value 88-90 % [4, 6].
The Elovich equation gives a straight line for Mo extraction, but a
SCM model show the same steep onset as Fe and Al leaching. Al and
Fe, in ash from Silopi, also reach near maximum extraction after 32 h
[6, 7]. Mo is associated with organic material or sulfidic phases in
coal and thus altered by ashing. The element is commonly present in
solid solution with other sulfides, but high concentrations may also
lead to a separate molybdenite (MoS,) phase. Association with pyrite
or chalcopyrite in the fuel suggests that Mo is primarily present as a
dopant in ironoxides in the ash, but association with CaSOy in the ash
has also been suggested [12]. The extraction of Mo is not affected by
the combustion temperature (< 950 EC). Alternative leachants,
natural waters or strong bases gave yields ranging from 10-30 %, but
yields around 90 % can be obtained by pyrolysis followed by acid
leaching [4].

Nickel. Nickel dissolution shows similar shapes for the three
ashes. Silopi and Tungbilek reach 17 % and 20 % extraction in 32 h,
out of maximum yields of 31 % and 33 %, respectively. Surprisingly,
YatalJan ash, with 24 % extraction after 32 h, reach 84 % dissolved
nickel in 10 days [6]. 55 % extraction has been reported for Silopi
ash in sulfuric acid, but literally no dissolution in natural waters and
strong bases [4]. The shape of Ni extraction is also observed for Al
and Fe dissolution and suggests association with clays [9]. Some
differences persist regarding the ratio between initial leaching and
'slow phase' leaching, and we can not warrant that majority phases
contain the same dopants in the two regimes. Apart from clays, both
Al and Fe oxides may serve as matrices for Ni. Iron oxide
association is more likely, after ashing at low or moderate
temperatures, since bimetallic (bulk) oxides with aluminum require
high temperature oxidation [18, 19]. A significant drop in the nickel

extraction yield was observed after combustion of Silopi asphaltite at
850 EC, instead of 500 EC [4]. The lower yield was repeated for
pyrolysis at 950 EC [4]. At lower combustion temperatures we
merely observe alumina surface modifications and leaching of
surface associated metals do not follow a SCM model.

Lead. Due to the low solubility of PbSO, [6, 20], only limited
extraction of lead in sulfuric acid is observed, but reveals a smooth
profile, albeit not a straight line, for Silopi asphaltite-ash. We obtain
maximum extraction after 32 h treatment. Calcium alone of major
components demonstrates similar characteristics [7]. Calcium
dominates the neutralizing capacity for short contact times, but some
contributions linger during the 30 min - 32 h period. Lead is mainly
found as galena (PbS) in 'whole coals' [9]. We suggest the possibility
that Pb?" ions, after coal combustion, are substituted for Ca®" ions in
the untreated ash. This suggestion is well in line with the suggested
association of Pb to CaSO, [12].

Tin. Sn is not leached and we note that SnO, is stable in sulfuric
acid [5].

Thorium. The non-linear profile for Tuncgbilek translates to a
straight line in the Elovich model, but approximate linearity is also
found for a range of other metals when X is plotted vs. In(t) and the
implications of the Elovich model are not clear [21]. 8 h of treatment
almost completes the leaching process for all ashes and this mimics
Ca [7] more than Al/Fe. Thorium is extracted to high percentages
from YataJan (90 %) and Elbistan (78 %) ashes [6], but also to
modest levels in other lignite-ashes, notably Tungbilek (32 %).

Uranium. The uranium concentration in untreated ash from
Silopi is very high (Table 1), but also the two lignite-ashes show
considerable radioactivity, from **U as well as ***Th [11]. The main
primary ore minerals are uraninite and pitchblende, often associated
with mineral sulfides [13]. Ashing boosts the extraction yield of
uranium dramatically and 79-94 % maximum dissolution is reported
[6]. This points at the formation of uranyl - ions (UO,%). Maximum
extraction is reached after 8 h except for one odd value for Yatallan
lignite-ash. This indicates association with calcium containing phases
in the untreated ash, although we may not exclude surface
association or even separate phases.

Vanadium. Vanadium is abundant in Silopi asphaltites and
asphaltite-ash [6]. Combustion brakes the stable chelate of vanadyl-
porphyrins and opens vanadium ions for extraction in acids. We do
not reach maximum extraction after 32 h, but we recognize the SCM
pattern of Al and/or Fe. Yields above 90 % were also observed after
pyrolysis at 950 EC, which suggests a disintegrated porhyrin [4].
Alternative leachants, natural waters and strong bases gave yields
below 10 %. We concede with literature [17] and suggest V
association with clays (illite) in the ash, or possibly, with a separate
phase of iron or aluminum oxide. Combustion temperatures below
950 EC have no effect on V extraction [4], which tells that no
complex oxides were formed.

Zinc. The profile of zinc leaching from Tungbilek is very
similar to the profile of cadmium leaching and we note that the main
occurrence of cadmium is as a substitutional defect in sphalerite [9,
15]. Extraction numbers between 70-90 % were reported for waste
incineration ashes, but zinc bound as a trace element in minerals
makes coal-ash a different material than ash from garbage
combustion [20]. We note the possibility of spinel formation,
ZnFe,O4, upon the combustion of lignites. The time dependence of
waste-ash leaching [20] indicates that Zn is bound at the surface of
fly ash particles, rather than as a dopant. It has been suggested that
Zn is bound to CaSQ, particulates [4].

Coal-Ash Treatment: Residence Times and Process Design.
The above data may serve as input to full-scale plant studies on acid
leaching [22-24]. Two additional concepts have been presented [5,
6]: (i) the use of ash for pH control in the biological oxidation of
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sulfidic concentrates and (ii) a separate acid leaching process
followed by metal recovery in the main bioleaching plant or a
separate metallurgical unit. Conditions utilized in the present study
(pH 1.0) mimic the biocatalyzed stage of a hydrometallurgical
process for metal production from sulfidic minerals, albeit commonly
used mesophilic organisms favor higher temperatures (40 EC).

The residence time of the biocatalyzed oxidation stage is 3-5 days,
i.e., we will complete the fast phase of ash leaching and start the slow
dissolution of more stable phases. This translates to 50-100 % lower
concentrations of, for instance; Cd, U, Th and V, in the solid residue
compared with the untreated ash. The issues that need to be
addressed are twofold: (i) will the extracted elements hamper the
biological activity and (ii) can the extracted elements be retrieved or
removed economically with maintained quality of the main product,
usually copper or zinc. We suggest that the recovery of Cd, Co, Cu,
Ni and Zn is technically feasible and of potential economic value [6,
25, 26]. Mn and V may be amended at a higher cost. U and Th
leaching are of interest to prevent the release of radioactive materials.
A complete scheme for the acid leaching and recovery of Mo, V, Ni
and U has been proposed [24]. In the present work we suggest that
the washed ash will be mixed and deposited with mineral residues or
the precipitates from the main biohydrometallurgical process [5, 6].

The residence times of intermediate (Fe/As) and final
precipitation stages in a bioleaching process are around 2 h [5, 6]. pH
is raised to 2.5 - 3.0 in the former and 7.0 in the latter. The usage of
ash for pH adjustment in these stages needs to be addressed in further
studies.

In a separate acid leaching plant we may choose the residence
times independently of the requirements of parallel processes. We
suggest the possibility to use acid leachate (excess sulfuric acid) from
the bioleaching plant, but local feeds, from roasting or
desulfurization units, coking plants or refineries, may determine the
source of sulfuric acid. Acid leaching is simple and can be
accommodated either at the power plant or the main
hydrometallurgial plant [5, 6]. Leached elements can be shipped as
precipitated hydroxides or sulfides to the main plant for metal
recovery. Residues will be literally inert since no natural habitat will
display a more acidic environment.

Further tests must be conducted with as received ash samples [6,
27]. Above we argued that the combustion temperature is critical,
with higher temperature favoring more stable ceramics [28], but
variations in fuel quality and additives from ash aftertreatment also
affect leaching properties. Moreover, chlorine is found in ash from
waste incineration both as a result of plastics in the fuel and as an
additive [29]. Finally, it can not be taken for granted that stabilization
by carbonatization or flocculation will reduce dissolution at low pH,
which means that even deposits of stabilized ashes are an
environmental hazard [6, 30].

Conclusions

Lignite- and asphaltite-ashes dissolve in sulfuric acid (initial S/L
ratio 1:10, pH 1.0, 25 EC). We discern a 'fast regime' ending after 30
min and a second, 'slow regime' extending 10 days or more. The
second stage is well modelled by a diffusion limited shrinking core
(SCM) process.

High extraction yields of Th and U are observed during the
initial 30 min of leaching. Ca, Ba and Pb readily precipitate as
sulfates, but low levels of Ba and Pb dissolution were noticed.
Extraction of the trace elements Cd, Co, Cr, Cu, Mo, Ni, V and Zn
were observed during the second stage and linked to the dissolution
of clays and other relatively stable complex minerals and oxides. 3-5
days of treatment may render an inert residue with 50-100 % lower
concentrations of Cd, U, Th and V.

The recovery of Cd, Co, Cu, Ni and Zn is technically feasible
using present hydrometallurgical processes. Additional measures are
necessary for the recovery of Mn, Mo, Th, U and V, but schemes
have been suggested and tested at bench or pilot scale. There is no
need for additional extraction steps if direct acid leaching give high
yields. Alternative acids, strong bases or complexing agents will be
motivated if targeted elements remain in the solid residue. This is the
case for Hg, Pb and Zr in the present study, due to the formation of
insoluble sulfates.
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Introduction

Deep hydrodesulfurization (HDS) of diesel oil has attracted
much attention recently as the more and more strict environmental
regulations. Among the sulfur compounds of diesel oil,
dibenzothiophenes (DBTs, such as dibenzothiophene (DBT), 4-
methyldibenzothiophene (4-MDBT), 4,6-dimethyldibenzothiophene
(4,6-DMDBT)) are found the refractory compounds to HDS [1-4].
However, even now scientists have different ideas on the adsorption
states of DBTs over the HDS catalysts and carriers [5-7], as a result,
they proposed different HDS mechanism of DBTs. On the other
hand, the reactive thermodynamics and kinetics of HDS of DBTs are
still studied inadequately. Therefore, the studies of HDS of DBTs are
the key subjects to the deep HDS of diesel oil.

The phosphorus-added hydrotreating catalysts were found have
promoting effects on the HDS activity of these catalysts [8,9]. The
reasons for that have various explanations. Kwak C. et al. [8]
concluded that phosphorus modifies catalytic behavior in two ways:
increase of active sites by enhanced metal dispersion and increase of
Bronsted acidity. In this paper, the HDS of 4,6-DMDBT on
phosphorus-added NiMo/y-Al,O5 sulfide catalyst (P-NiMo/y-Al,03)
was studied, moreover, the reaction network and mechanisms were
advanced on the basis of GC, and GC-MS analyses of the reaction
products.

Experimental

Material and Catalyst.  4,6-DMDBT was synthesized
according to an improved method of literature [10]. Its purity is
99.6%, and its melting point is 153.5-154.1°C.

CoMo/y-Al,O; catalyst was prepared in the following way. y-
A1,05(20-40 mesh) was impregnated with an aqueous solution of
ammonium heptamolybdate, followed by drying at 120°C for 5h,
and calcinations in air at 500°C for 5h. After that, it was
impregnated with an aqueous solution of cobalt nitrates, dried and
calcined as done above. The CoMo/y-Al,O; catalyst contains
16.1wt% MoO; and 3.4wt% CoO, CoO/(CoO+ Mo0s)
(mol/mol)=1:3.5.

Phosphorus-added NiMo/y-Al,O; catalyst was prepared in the
following way. The slurry of y-Al,O; mixed with P,Os5 was extruded
to form 1mm in diameter needle. Then it was dried in air at 120°C
for 5h, and then crushed and sieved to get 20-24 mesh granules. The
granules were calcined in air at 500°C for Sh. The phosphorus-added
y-ALLO; was then impregnated with an aqueous solution of
molybdenum oxide, nickel carbonate basic and phosphorus acid,
followed by drying at 120°C for 5h, and calcinations in air at 500°C
for 5h. The phosphorus-added NiMo/y-Al,O; catalyst contained
26wt.% MoO; and NiO, NiO /(NiO + MoO;) (mol/mol)=1:3.5. The
amount of phosphorus added to the catalyst was 3.5wt.%.

Reactor and Experimental Procedure. The HDS reaction
was carried out in a fixed-bed flow microreactor, consisting of a
17mm i.d. stainless steel tube. 2ml of catalyst particles were diluted

with quartz sand to 10ml, and then packed in the middle section of
the tube, and the other sections were filled by quartz sand. The
catalyst was presulfided before HDS reaction with 3wt%CS, in
cyclohexane for 6h at 2.0MPa, 300°C, LHSV, 3h! and Hy/feed ratio
(V/V), 200/1. After presulfidation, the reactant (1wt%4,6-DMDBT
in decalin) was pumped into the reactor. 6h later, sampling of
products was started at intervals of 30 min. the samples were
immediately analyzed by gas chromatograph. Reaction pressure and
temperature were then changed for studying the effects of them on
HDS of 4,6-DMDBT. The reaction pressures used were 2.0, 1.5,
1.0MPa, while the reaction temperatures used were 300°C, 280°C,
260°C.

Analysis.  The samples were analyzed by Varian 3800
Chromatograph. The products were identified by GC-MS (Finnigan
SSQ710).

Results and Discussion

The Analysis of Products of HDS and The Reaction
Network. The products from reactions of 4,6-DMDBT and their
yield at 300°C under 2.0MPa over P-NiMo/y-Al,0; were shown in
Table 1. The isomerization of 4,6-DMDBT to 3,6-DMDBT was
found over P-NiMo/y-Al,O; as well as HDS. From Table 1, the
speculated reaction network for HDS of 4,6-DMDBT is shown in
Scheme 1.

Table 1 also shows the products from HDS of 4,6-DMDBT and
their concentration at 300°C under 2.0Mpa over sulfided CoMo/y-
AlL)Os. It can be found that under the same reaction conditions, the
conversion of 4,6-DMDBT over sulfided CoMo/y-Al,O3 is much
lower than that over P-NiMo/y-Al,05;. That means the P-NiMo/y-
Al,O3 has higher 4,6-DMDBT-HDS activity than sulfided CoMo/y-
AlLO3;. On the other hand, the ratio between cyclohexylbenzenes
(CHBs) and biphenyls (BPs) in the products of HDS of 4,6-DMDBT
over P-NiMo/y-Al,03, which approximately reflects the ratio of the
rate of the desulfurization through hydrogenation (HYD) route to the
direct desulfurization (DDS) route, is 3.05. But over sulfided
CoMo/y-AL)0Os, it is 2.54, which means that P-NiMo/y-Al,O3 has
higher hydrogenation activity than CoMo/y-AlL,O;.

The concentrations of isomers such as 3,6-DMDBT, 3,4’-
DMBP in the products of HDS of 4,6-DMDBT over P-NiMo/y-
Al O; are very low, which replies the high HDS activity of P-
NiMo/y-Al,O; should not lie on its acidity, but on increase of active
sites by enhanced metal dispersion.
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Table 1. Concentration of HDS products of 4,6-
DMDBT

Concentration, wt.%
Product

P-NiMO/Ale3 COMO/A1203

O s O 0.23 0.20
O s O 25.66 64.26

CH, CH,
s
1.66 1.65

And its isomer

g

0.23 0.46
CH, CH,
0.10 0.04
17.10 9.18
CH, CH,
cH, CH, 52.44 2341
and its isomers
| ) 2.59 0.80

and its isomer

The Effect of Reaction Pressure And Reaction Temperature
on HDS of 4,6-DMDBT. The concentration of products for HDS of
4,6-DMDBT under different reaction pressures at 300°C is shown in
Fig.1. Fig.1 illustrates that the reaction velocity of HYD routes in
HDS of 4,6-DMDBT obviously decreases with the descending of
reaction pressure. But the effect on DDS pathway is much smaller
than that on HYD. As a result, the CHBs/BPs ratio descends greatly
with the reducing of reaction pressure (as shown in Fig.2). It can
also be found that the effect of reaction pressure on the
transformation of 4,6-DMDBT is very obvious for the high
selectivity of HYD route in the HDS reaction network of 4,6-
DMDBT.

The concentration of products of HDS of 4,6-DMDBT at
different reaction temperatures under 2.0MPa is shown in Fig.3.
From Fig.3 it can be found that the reaction velocity of the HDS of
4,6-DMDBT and the DDS route, HYD route inside all obviously
decrease with the descending of reaction temperature, which
suggests that the HDS is not reach the thermodynamic equilibrium
under the reaction conditions adopted in this experiment.

Conclusion

P-NiMo/y-Al,0O3 has higher 4,6-DMDBT-HDS activity and
hydrogenation activity than sulfided CoMo/y-Al,O5, which does not
lie on its acidity, but on increase of active sites by enhanced metal
dispersion. Effect of reaction pressure on the HYD route is higher
than that on the DDS route for HDS of 4,6-DMDBT. Reaction
temperature has obvious effect on all the HDS of 4,6-DMDBT and
the DDS route, HYD route inside

A

J o=

[

CH, CH,
and its isomers

Scheme 1. Reaction network for HDS of 4,6-DMDBT on
P—NiMO/’Y-Ale3.

:

Concentration, wt.%
S
o
‘

0.5 1.0 1.5 20 25
Pressure, MPa

Figure 1. Concentration of hydrodesulfurization products of 4,6-
DMDBT under different reaction pressure,
o4, 6-DMDBT, A  3,3’-dimethylbiphenyl and 3,4’-
dimethylbiphenyl, m 3,3’-dimethyldicyclohexyl
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Figure 2. Ratio of dimethylcyclohexylbenzene to dimethylbiphenyl
under different reaction pressure
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Figure 3. Concentration of HDS products of 4,6-DMDBT
under different reaction temperatures,
o4, 6-DMDBT, A 3,3’-dimethylbiphenyl and 3,4’-
dimethylbiphenyl, m 3,3’-dimethyldicyclohexyl
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Introduction

Deep hydrodesulfurization (HDS) of diesel oil has attracted
much attention recently as the more and more strict environmental
regulations. Among the sulfur compounds of diesel oil,
dibenzothiophenes (DBTs, such as dibenzothiophene (DBT), 4-
methyldibenzothiophene (4-MDBT), 4,6-dimethyldibenzothiophene
(4,6-DMDBT)) are found the refractory compounds to HDS -4,
However, even now scientists have different ideas on the adsorption
states of DBTs over the HDS catalysts and carriers [5-8], as a result,
they proposed different HDS mechanism of DBTs. On the other
hand, the reactive thermodynamics and kinetics of HDS of DBTs
are still studied inadequately. Therefore, the studies of HDS of
DBTs are the key subjects to the deep HDS of diesel oil.

Sulfided Mo/y-Al,O; catalyst has lower reactivity of catalysis
than sulfided CoMo/y-Al,O5 catalyst. But just because of this, most
of the partly hydrogenated DBTs remain in the products, which are
helpful to the studies of the HDS mechanism of DBT and 4-MDBT
over Sulfided Mo/y-Al,O5 catalyst.

Experimental

Material and Catalyst. DBT was synthesized by a modified
procedure of the literature (9). Its purity is 99.7%, and its melting
point is 98.2-98.4°C. 4-MDBT was synthesized according to an
improved method of literature (10). Its purity is 94.6%, and its
melting point is 63.6-63.7°C.

Mo/y-Al,O; catalyst was prepared in the following way. y-
Al,05(20-40 mesh) was impregnated with an aqueous solution of
ammonium heptamolybdate, followed by drying at 120°C for 5h,
and calcinations in air at 500°C for 5h. The Mo/y-Al,O; catalyst
contained 16.7wt%MoQOj.

Reactor and Experimental Procedure. The HDS reaction
was carried out in a fixed-bed flow microreactor, consisting of a
17mm i.d. stainless steel tube. Sml Mo/y-Al,O3 catalyst (20-40
mesh) was packed in the middle section of the tube, and the other
sections were filled by quartz sand. The catalyst was presulfided
before HDS reaction with 3wt%CS, in cyclohexane for 6h at
2.0MPa, 300°C, LHSV, 3h" and H,/feed ratio (V/V), 200/1. After
presulfidation, the reactant (2wt%DBT or 2wt% 4-MDBT in
toluene) was pumped into the reactor. 6h later, sampling of products
was started at intervals of 30 min, the samples were immediately
analyzed by gas chromatograph. Reaction pressure and temperature
were then changed for studying the effects of them on HDS of DBT
and 4-MDBT. The reaction pressures used were 2.0, 1.5, 1.0MPa,
while the reaction temperatures used were 300°C, 280°C, 260°C,
240°C.

Analysis.  The samples were analyzed by Varian 3800
Chromatograph. The products were identified by GC-MS (Finnigan
SSQ710).

Results and Discussion

The Analysis of Products of HDS and The Reaction
Network. The products from HDS of 4-MDBT and their yield at
300°C under 2.0MPa over Mo/y-Al,O; are shown in Table 1. From
that, the speculated reaction networks for HDS of 4-MDBT are
shown in Scheme 1.

Table 2 shows the products from HDS of DBT and their
concentration at 300°C under 2.0Mpa over Mo/y-Al,0O;. From Table
2 and Table 1, it can be found that under the same reaction
conditions, the conversion of 4-MDBT is slightly lower than that of
DBT, and the molar ratio between cyclohexylbenzenes (CHBs) and
biphenyls (BPs) in the products of HDS of 4-MDBT, which
approximately reflects the ratio of the rate of the desulfurization
through hydrogenation (HYD) route to the direct desulfurization
(DDS) route, is 2.40. But to DBT, it is 0.97, which means that the
HDS of 4-MDBT is essentially through the HYD route, while to
DBT, the contributions of both routes are comparable. The methyl
group in 4-MDBT molecule spatially hinds the “end on adsorption”
of sulfur atom on the active sites of the catalyst, which depresses the
DDS route and lead to the reduction of conversion of 4-MDBT. On
the other hand, because the HYD route is also important to the HDS
of DBT over Sulfided Mo/y-Al,O5 catalyst, the difference between
the conversion of DBT and 4-MDBT is not as obvious as that over
Sulfided CoMo/y-Al,O; catalyst. Over Sulfided CoMo/y-Al,O4
catalyst the HDS of DBT is essentially through the DDS route.

The Effect of Reaction Pressure on HDS of DBT and 4-
MDBT. The concentration of products for HDS of DBT and 4-
MDBT under different reaction pressures at 300°C are shown in
Fig.1 and Fig.2. The apparent kinetic orders of reaction pressure in
different reaction among the HDS reactions are summarized in
Table 3. Fig.1, Fig.2 and Table 3 illustrates that the reaction
velocity of HYD routes in HDS of DBT and 4-MDBT obviously
decreases with the descending of reaction pressure. But the effect on
DDS is much smaller than that on HYD. As a result, the BPs/CHBs
molar ratio increases greatly with the reducing of reaction pressure
(as shown in Fig.3). Although the obviously difference exists
between the transformation of DBT and that of 4-MDBT, it is found
from Table 3 that the apparent kinetic orders of reaction pressure in
HYD route in the HDS reaction network of DBT is similar with that
of 4-MDBT. All of these imply that the reaction mechanisms of
them may be similar.
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Table 1. Concentration of HDS products of 4-MDBT

Product Concentration, mol%
50.3649
CH,
5.9015
S
CH,
2.7141
S
CH,
O\—/Q 0.8139
S
CH,
©\—/Q 0.2748
S
CH,
10.2775
CH,
©_© 5.2329
CH,
©_© 19.2945
CH,
O_O 2.6525
CH,

The Effects of Reaction Temperature on HDS. The
concentration of products of HDS of DBT and 4-MDBTat different
reaction temperatures under 2.0MPa are shown in Fig.4 and Fig.5.
From them it can be found that the reaction velocity of the HDS of
DBT and 4-MDBT and the DDS routes, HYD routes inside all
obviously decrease with the descending of reaction temperature,
which suggests that the HDS is not reach the thermodynamic
equilibrium under the reaction conditions adopted in this
experiment. On the other hand, it is also found that the effects of
reaction temperature on the DDS routes of the HDS of DBT and 4-
MDBT are relatively weaker than that on the HYD routes, which
lead to the BPs/CHBs molar ratio increases with the reducing of
reaction temperature (as shown in Fig.6). This shows that the
activation energy of the DDS routes is smaller than that of the HYD
routes. At the same time, it can be found the effects of reaction
temperature on conversion of DBT and 4-MDBT are different. The
BPs/CHBs molar ratio in the products of HDS of 4-MDBT increases
more slowly with the descending of reaction temperature than that
of DBT. The reason speculated for that is the electron donor
induction of the methyl group in 4-MDBT could promote the
hydrogenation of the adjacent phenyl, leading to the reduction of
activation energy of that. But that enhances the activation energy of
the direct hydrogenolysis route for that’s spatial restraining for the
“end up adsorption”.
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Scheme 1. Reaction network for HDS of 4-MDBT on Mo/y-Al,Os,
Route 1: hydrogenation route 1; Route 2: hydrogenation route 2;
Route 3: hydrogenolysis route.

Table 2. Concentration of HDS products of DBT

Concentration,
Product mol%
48.3679
S
5.2465
S
@\—/O 1.071
S
22.0872
©_© 21.358
O—O 1.0265
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Figure 1. Concentration of HDS products of DBT under different
reaction pressures, ADBT, Hbiphenyl, ecyclohexylbenzene
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Figure 2. Concentration of HDS products of 4-MDBT under
different reaction pressures, 04-MDBT, o (3- methyl-cyclohexyl)-
benzene, A3- methyl-biphenyl,

e | -cyclohexyl-3-methyl-benzene
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Figure 3. Molar ratio of BPs to CHBs under different reaction
pressures, «DBT, A4-MDBT

Table 3. Apparent Kinetic Orders of Reaction Pressure in
Different Reactions

Reactant DBT 4-MDBT
Conversion 0.66 0.83
Direct desulfurization route 0.18 0.15
Desulfurization route through
. 1.51
hydrogenation
HYD Route 1* 1.47
HYD Route 2* 1.36

*HYD route 1: to 1-cyclohexyl-3-methyl-benzene;
HYD route 2: to (3- methyl-cyclohexyl)-benzene

Conclusion

Comparing with sulfided CoMo/y-Al,O; catalyst, Sulfided
Mol/y-Al,O5 catalyst has lower reactivity of catalysis. As a result,
most of the partly hydrogenated DBTs are detectable in the
products. From that, the detail HDS mechanisms of DBT and 4-

MDBT were proposed. over Sulfided Mo/y-Al,O; catalyst, the HDS
of 4-MDBT occurs mainly through the HYD route. But to DBT, the
contributions of both routes are comparable. The methyl group in 4-
MDBT molecule spatially hinds the “end on adsorption” of sulfur
atom on the active sites of the catalyst, which depresses the DDS
route and lead to the reduction of conversion of 4-MDBT. However,
the HYD route is also important to the HDS of DBT over Sulfided
Mo/y-Al,O5 catalyst, thus the difference between the conversion of
DBT and 4-MDBT is not as obvious as that over Sulfided CoMo/y-
Al,Os5 catalyst.

Descending reaction pressure evidently causes the descending
of reaction rate of the hydrogenation routes of HDS of 4-MDBT and
DBT. However, the reaction rate of the direct hydrogenolysis routes
slightly ascends with the descending of reaction pressure. The effect
of reaction pressure on the conversion of 4-MDBT is higher than
that on DBT.

Reaction temperature has obvious effect on both the direct
hydrogenolysis routes and the hydrogenation routes of HDS of 4-
MDBT and DBT. However, the electron donor induction of the
methyl group in 4-MDBT can promote the hydrogenation of the
adjacent phenyl, leading to the reduction of activation energy of
that. But that enhances the activation energy of the direct
hydrogenolysis route for that’s spatial restraining for the “end up
adsorption”.
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Figure 4. Concentration of HDS products of DBT under different
reaction temperatures, ADBT, Ebiphenyl,
ecyclohexylbenzene.
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Figure 5. Concentration of HDS products of 4-MDBT under
different reaction temperatures, ll4-MDBT, o (3- methyl-
cyclohexyl)-benzene, @3- methyl-biphenyl,
ol-cyclohexyl-3-methyl-benzene
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Figure 6. Molar ratio of BPs to CHBs under different reaction
temperatures, §DBT, A4-MDBT
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