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1.0 introduction

(oals contain inorganic sulfur compounds, like iron pyrite and gypsum and
organic sulfur, which is bound to thc organic matrix. Detailed reviews of sul-

fur functional groups in coal werc recently published by Attar (1977)(1) and Attar

and Corcoran (1977) (2). The chemistry, the kinetics and the thermodynamics of
recactions of the sulfur were described by Attar (1978) and therefore will not
be reviewed here in detail.

This work had two objectives:

1.

2.

The

to identify and quantify the organic sulfur group functionalities
in different coals, and

to cxamine the implications of these functionalities on potential
desulfurization processes.

main results.are:

The majority of the organic sulfur in high ranked coals, i.e., LVB is
thiophenic while in low ranked coals, i.e. lignites, most of the
organic sulfur is thiolic or sulfidic.

18-25% of the organic sulfur is in the form of aliphatic sulfides in
all coals. ,

Part of the organic thiols are present in the form of ionic thiolates,
presumalily of calcium.

Coals containing mainly thiolic groups can be easily desulfurized.

2.0 Principle of the Mcthod of Analysis

Detailed description of the principle of the method of analysis was pub-
lished by Attar and Dupuis (1978)(4). Therefore only the main points will be
described here.

1.

2.

All the organic sulfur functional groups can be reduced to H,S if a
sutficiently strong reducing agent is used.

Each sulfur group is rcduced at a rate which can be characterlzed by
a unique activation energy and a frequency constant.

If a sample which contains mary sulfur groups is reduced and the tem-
perature is gradually increased, each sulfur group will release H,S
at a different tempcrature given by:
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where T, is the temperature of the maximum E; and A; are the activation

energy and the frequency factor, and o is thc 11ncdr rate of temperature

incrcase. The rate of cvolution of H,S from the reduction of the i-th
group can be described by:
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where [I,S];, is the total amount of H,S that reduction of the i-th
group would releasc. The detailed derivation of the previous equations
was done by Jﬁntgcn (1964) (5), and Juntgen and Van Heek (1968)(6) .

4. The value of Ty; is a characteristic unique to the sulfur functionality
reduced and the area of cach peak is.proportional to the quality of sul-
fur present in the form of the group reduced.

The implication of these discussions is that the area of the peak whose maxi-
mum is at T.; is proportional to the concentration, of sulfur present in the sample
in the ‘form of the i-th group. Therefore, quantitative determinations of the i-th
sulfur group can be accomplished by determining the area of each peak.

3.0 Eerrimental
The experimental system consists of six parts:

1 a reduction cell,

2. a gas fecd and monitoring system,

3. a hydrogen sulfide detector,

4, a rccorder,

5. an integrator, and

6. a temperature programmer.

Figure 1 is a schematic diagram of the experimental system. The coal sample is

placed in the reduction cell with a mixture of solvents catalyst and a reducing

agent. The gas flow rate is then adjusted and the temperature is programmed up.
The ratc of cvolution of H,S is recorded vs. the cell temperature and the signal
of cuach peak is 1ntg5ruted using the integrator. A morc detailed description of
this system was recently published by Attar and Dupu1§ (1978) (4) .

The data described in this paper were derived using an improved version of
the samc experimental system. The following modifications were made:

1. stronger reducing conditions were used in order to obtain more complete
reductions of the organic sulfur,

the sensitivity of the detector was 1mproved and

the cell design was changed and now it is possible to obtain detailed
analysis on a routine basis. '

wo

Figurc 2 shows a typical kinctogram.

4.0 Results and Discussion

The distributions of sulfur functional groups. (DSFG) in four types of solids
are described:

1. sulfur contuining polymers with well characterized sulfur functional
groups,

2. raw coals,

3. treated coals, and

4. iron pyrite.
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The analysis of the DSFG consists of two parts:

1. the qualitative assignment of a peak of a kinetogram to a given chemical
structure, and

2. the determination of the quantity of each sulfur group in the (coal)
sample.

4.1 Qualitative Identification of the Sulfur Groups

Tests of polymers with a known structure were used to identify the tempera-
turc at which each sulfur group releases its sulfur. Four polymers were tested:

1. polyphenelene sulfide (7) as a representative of aromatic sulfides,

2. polythiophene as a representative of thiophenic sul fur,

3. a copolymer produced from cyclohexene and 1,2 cthylene dithiol (7), as
a representative of aliphatic and alicyclic sulfides, and -

4. volcanized natural rubber as a representative of aliphatic sulfides and
disulfides.

All the polymers contained some thiolic sul fur.

The usc of sulfur containing polymers can be used to identify the temperature
region where cach sulfur group is reduced only if two conditions are fulfilled:

1. the rate of the chemical reaction controls the rate of releasc of 11,8
when both coal samples and polymer samples are examined, '

the rate of the reduction of cach sulfur functional group depends only
on the hydrocarbon structurc in its immediate vicinity.

[N}

Table 1 shows the results of tests of the various polymers and thc maximum tempera-
ture for each group.

4.2 Quantitative Analysis of the Concentrations of Sulfur Groups

4.2.1 Recovery of Organic Sulfur

Quantitative analysis can be accomplished provided that all the sulfur present
in the form of cach group is reduced to H,S. It is also assumed that the distribu-
tion does not change during the analysis and that all the H,S released is detected
and determined.

Lach mole of sulfur, when reduced, produces one mole of H,S. Thercfore, the
nunber of moles of H,S formed during the reduction of cach group is proportional
or cqual to the number of moles sulfur present in the sample in that form.

The rccovery of sulfur from model compounds containing aliphatic thiols,
thiophencs and aryl sulfides was 94-99%.

Table 2 shows the results of the quantitation of thc kinetogram of three
samples of 11linois #6 coal with different particle sizes. The two most important
conclusions from thesc tests arc that the rccovery of thiophenes and aromatic sul-
fides depends on the coal particle size used and that to a first order approxima-
tion, the rccovery of other groups is independent of the coal particle size. It
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is conceivable that during the analysis, in the interior of large coal particles,
the sulfur groups can condense and form (graphitized) compounds which are less
amenable to reduction. The strong reducing agent used can penctrate into smaller
coal particles and inhibit the rate of condensation. While aliphatic thiols and
sulfides are reduced at low tcemperature, before condensation commences, the reduc-
tion of thiophenes occur simulteneously with the condensation and therefore in a
large particle thiophenic group could form condensed thiophenes which are less
amenable to reduction.

4.2.2 Recovery of Pyritic Sulfur

Table '3 shows that a very small fraction of the pyritic sulfur is recover-
able when pure crystalline iron pyrite is tested. In all the cases tested, the
recovery never exceeded 1-2%. Somewhat larger recovery is obtained when slow
heating rates or reducing agents with smaller reducing potential are used. When
strong reducing agents are used, a layer of metallic iron is believed to be formed
on the surface of the iron sulfide which prevents diffusion of the reducing species.

Small iron pyrite particles, of the order of 1-10 microns are often reduced
morc effectively than larger particles because they are less crystalline and
often contain more impurities than larger particles.

4.3 Resolution

The evolution of H,S from aliphatic sulfides and from iron pyrits coincides
to the extent that it is almost impossible to resolve the two peaks. However,
since iron pyrite can be determined independently using ASTM D3131, it was pos-
sible to estimate the relative contribution of pyritic sulfur and sulfidic sul fur
to the unresolved pcaks. Somecwhat better resolution was obtainable at slow rates
of heating, however in these cases the overall recovery and the signal to noise
ratio were reduced.

4.4 The Sulfur Distribution in Raw Coals

Table 4 shows the distribution of the various classes of sulfur in five coals
and table 5 shows the distribution of the organic sulfur groups in the .same five
coals. The results shows that the content of thiols is substantially larger in
lignites and HVB coals than in LVB coals. The fraction of aliphatic sulfides is
approximately the same in coals with different ranks and vary around 20% of the
organic sulfur. If it is accepted that all the unrecovered organic sulfur is due
to thiophenes (and aromatic sulfides), then the data indicate clearly that larger
fractions of the organic sulfur is present as thiophenic sulfur in higher rankead
coals than in lower ranked coals. The accepted theory on the hydrocarbon structure
of coal is that higher ranked coals arc more condensed than lower ranked coals. It
should not, thercfore, be surprising that the sulfur groups are also more condensed,
more thiophenic, in higher ranked coals than in lower ranked coals.

The data on the relative amounts of -SH, R-S-R and thiophenic sul fur can be
explained as follows: suppose that most of the organic sulfur is initially
trapped by the organic matrix in the form of thiolic sulfur. Typical "trapping
reactions' are:
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ROH + H,S = RSH + H,0

and
RHC = CHR' + HZS -+ RHzC - CH(SH)R'

buring the coalification, thiols can condense to form sulfides and eventually
aromatic sulfides and thiophenes:

RSH + R'H -+ RS-R' + H,

nSw@

The scquence of the condensation reactions is therefore:

11,5 + RH » RSH - RSR——>L |

S

In other words, the sulfides are an intermediate form which, the sulfur may have
before it is converted to the thiophenic form. Thus, it should not be surprising
that the fractions of sulfidic sulfur is approximately constant since during the
coalification, sulfidic groups are formed from thiolic groups and are consumed

to produce thiophenes. These processes are condensation processes which are
belicved to occur in the structure of coal during coalification.

4.5 The Sulfur Distribution in Treated Coals

Various treatments arc known to be selective to specific sulfur groups. It
was thercfore interesting to examine the kinetogram of treated coals. Three
treatments are described:

1. oxidation with H,0 or HNO,,
2. removal of the alkaline minerals with HCI, and
3. methylation of the coal with methyl iodide.

4.5.1 Oxidation

Mild oxidation of coal with acidic solutions of hydrogen peroxide or nitric
acid dissolves the iron pyrite and converts the thiols to sulfonic acids. Some
organic functional groups oxidize to the corresponding sulfides and sulfones (8).
However, in general, the latter process requires strong oxidizing conditions.

From the analytical point of vicw one might think that it is not important whether
the organic sulfur groups are oxidized or not, since the reducing agent uscd con-
verts them back very rapidly to the non-oxidized form. Thercfore, the results of
the analysis will not differentiate betwecen the rcduced and the oxidized form of

a sulfur group. In other words, oxidation could have been used to remove the inter-
ference from pyrite without much effect on the determination of the other sulfur
groups. However, oxidation appears to increase the rcsistance to masS transport

and thus to reduce the resolution. Figure 3 shows the kinetograms of two coal
samples analyzed for the U.S. Department of Energy. The first is the original

coal, the second is an oxidized sample. The results show that the oxidation did
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| not remove any organic sul fur although the pyritic sulfur was removed. The sig-
' nals are however much less resolved in the oxidized sample than in the raw coal.

Since the oxidation was conducted in an acidic inorganic solution, and because it
¢ is known that sulfonic acids can be hydrolyzed to hydrocarbons and sulfuric acid,
¢ some of the thiols seem to disappear as a rcsult of the oxidation.

i 4.5.2 HCLl Treatment

Dirlute HC1 dissolves the organic and carbonate salts of calcium, magncsium
and iron. Since some H,S can react with basic calcium and iron salts, it was
desired to cxamine the effect of HC1 treatment on the.kinetogram, ‘'Figure 4
shows the kinetograms of raw coal and HCl extracted coal. The most important
difference between the kinetograms is that the second peak due to thiophenols
disappeared and the thiols peak is increased. 1t is plausible that some of tlic
( sul fur which is determined as thiophenolic is indeed thiolic. Thiols can rcact
' with calcium to form calcium thiolates, reduction of which may require larger
activation encrgy than thiols. HCl treatment replaces the calcium with hydro-
gen and converts the thiolates into thiols:

(RSC,]" + HC1 > RSH + ca+2 + 17

4.5.3 Treatment with Methyl Iodide

! Samples of [llinois #6 were treated with methyl iodide, CH;I, and the
products were analyzed using two mcthods: The method of Postovski and Har-
lampovich (9) for thiols and aliphatic sulfides, and using our thermokinetic
method. The results of the analysis are described in table 6. The results show
that only a very small fraction of the organic sulfur is indeed accouvnted for by
the CH,I method and therefore the value of this method as an analytical tooel is
questionable.

The kinetograms of an untreated but demineralized sample and that of a
demineralized sample treated with CHsl are shown in figure 5. The data show
that the methyl iodide treatment results in lower recovery of organic sul fur
and in a change in its distribution. In particular, some of the sulfur which
is originally dectected as aromatic thiol is apparently alkylated and becomes
aromatic sulfide. However, the alkylation must also reduce the rate of mass
transport since the thiophenes and aromatic sulfides are not visible in the
kinetogram of the treated coal.

5.0 Implications to Coal Desulfurization

It is widely rccognized today that coal desulfurization efficiency depends
on the distribution of sulfur in the original coal to pyritic and organic sulfur.
Pyritic sulfur can be removed relatively easily while it is more difficult to re-
move organic sul fur.

Preliminary data show that part of the organic sulfur can be easily
desulfurized. [n particular, it seems that the thiolic sulfur and part of the
sul fidic sulfur can be casily removed. Therefore, the authors suggest coals
may be classified into two groups: coals which can be easily desulfurized, (most
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of their organic sulfur is thiolic) and coals which can not be easily desulfurized
(most sulfur is non-thiolic). Thus, thermokinetic tests can be used to screen
coals and to infer which are best used as feeds for precombustion desul furization.
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