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ABSTRACTS 

PAN-derived carbon as a model of coal char has been heated in high purity He, and the catalysis 
of N2 formation by precipitated iron has been investigated by means of TEM, XPS and XRD. 
Nanoscale iron particles are very active for this reaction at 600 - lOO0"c. The XPS and XRD 
analyses after heat treatment reveal that nitrogen fbnctionality does not change significantly but 
carbon crystallization takes place via the dissolution of iron into the carbon substrate. The in 
situ XRD measurements during heating show the formation of solid solution of iron and nitrogen 
(and carbon). The iron-catalyzedconversion of heterocyclic nitrogen to N, probably proceeds 
through formation of the solid solution and subsequent decomposition into Nz. 

INTRODUCTION 

The nitrogen present in coal (coal-N) is emitted as NO, and N,O during combustion. The NO. 
has been implicated in acid rain and photochemical smog. In conventional pulverized coal- 
fired plants, 75 - 95 % of the NO. emitted originates from coal-N. The N,O is known to be 
involved in the green house effect and the ozone layer depletion. The concentration of N,O is 
much higher in fluidized bed combustion that can be operated at lower temperatures (< 1000°C) 
than in pulverized coal-fired boilers. When coal is fed 
into a combustion chamber, the devolatilization (pyrolysis) first takes place. In this process, 
part of coal-N is released as tar-N, and the remainder is retained as char-N, some of the tar-N 
being subsequently decomposed into HCN and NH, [1,2]. All these nitrogen species are the 
precursors of NO, and N,O. If coal-N can be converted efficiently to N, upon devolatilization, 
the emissions of NO, and N,O can greatly be reduced during subsequent cornbustion. 

The N,O arises from coal-N alone. 

The present authors' group has found that FeOOH precipitated on low rank coals can drastically 
catalyze conversion of coal-N to N, in the fluidized bed pyrolysis at 2750°C [3,4]. We have 
also shown that Fe-containing minerals in low rank coals, probably as ion-exchanged forms, can 
also promote N, formation in the fixed bed pyrolysis at almost the same temperature range as 
above [5,6]. Since N, formation occurs dominantly after complete release of volatile-N (tar-N, 
HCN, and NH,), it is strongly suggested that the iron derived from Fe-containing minerals as 
well as FeOOH catalyzes conversion of char-N to N,. However, the detailed mechanism is not 
clear. The present work therefore focuses on making clear the Fe-catalyzed formation process 
of N, at solid phase by using PAN-derived carbon as a model of coal char. 

EXPERIMENTAL 

Pure carbon without any minerals was used in place of coal char in order to avoid their 
influences on N, formation. The carbon was prepared by carbonization of PAN for 30 min at 
IOOO"C, followed by activation in 20 vol% 0, at 500'C. The C, H and N contents in the carbon 
with size fraction of 44 - 74 cc m were 79.3, 0.4 and 6.8 wt%%, respectively, the BET surface area 
determined by N, adsorption being 480 m'/g. Fine particles of FeOOH were precipitated onto 
the carbon from an aqueous solution of FeCI, by using Ca(OH), [7]. 

The carbon (180 mg) with or without 1.9 wt% Fe was heated with a fixed-bed quartz reactor in a 
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stream of high purity He (> 99.9999 %) at 10°C /min up to 100O"C, and .N2 evolved was. 
determined on line at 5 min intervals with a high speed micro GC. Detailed procedures have 
been described elsewhere [5 ] .  The samples before and after heat treatment were characterized 
by TEN XPS and XRD. The in situ XRD measurements were also made with Mn-filtered Fe- 
K a radiation during heating the Fe-loaded carbon under the same conditions as above. 

RESULTS AND DISCUSSION 

Formation of N,. Figure 1 shows the temperature-programmed profiles for N, formation. 
The iron remarkably promoted conversion to N, at 600 - 1 O0OoC. The catalytic effect appeared 
at a lower temperature of around 6OOOC than observed with low rank coals [3,4], probably 
because of a lower heating rate in the present work. The rate of N, formation reached the 
maximal value at 80OOC and then decreased. The rate at 8OOOC with 1.9 wt% Fe was about 10 
times that without catalyst. The presence of the iron almost doubled N2 yield after 60 min 
soaking at 1000°C, the yield being 32 and 63 %without and with 1.9 wt% Fe, respectively. 

XPS spectra. The N Is XPS spectra were measured to examine the change in nitrogen 
functionality upon heat treatment, and least-squares curve fitting of the spectra was performed 
using Gaussian peak shapes [8]. Pyrrolic-N (398.7k0.1 eV).and pyridinic-N (400.3fO.l ev) 
were the main nitrogen forms in the original carbon before heat treatment. The ratio was 
almost unity, which was much lower than that observed for brown coal char after pyrolysis at 
900°C [8]. When the carbon with 1.9 wt% Fe was heated at 600 - 1000°C, the distribution of 
pyrrolic-N, pyridinic-N and quaternary-N (401.4+0.1 ev) was significantly unchanged. This 
suggests that N, evolves from these species at almost the same rate. On the other hand, the iron 
precipitated on brown coal is effective for preferential formation of N, from pyrrolic-N [8]. 
The difference may be related with a larger ratio of pyrrolic-N/pyridinic-N in the latter case. 

TEM observations, The average size of iron particles at 600°C. that is, before the start of N, 
formation, was as fine as 15 nm. When the iron was precipitated onto PAN-derived carbon 
without 0,-activation in the same manner as above, the average particle size was much larger (70 
nm), and the iron was less active. The activation increased not only the surface area but also 
the amount of oxygen fimctional groups, which lead to the formation of the more highly 
dispersed iron on the activated carbon. The average size increased from the initial I5 nm to 23 
nm after heat treatment at 1000°C. In the size distribution, most of iron particles were initially 
1 2 0  nm in size, whereas more than half ofthem were 2 2 0  nm at lOOO"C, and the iron with the 
size of 40 - 60 nm was also observed. These observations show that iron particles move within 
the carbon matrix, catalyze N, formation, and agglomerate in this process. 

XRD measurements. Figure 2 shows the XRD profiles for Fe-bearing samples cooled to room 
temperature after heat treatment. At 6OO0C, the small peaks of magnetite (Fe,04) and wustite 
@e,.,O) were observed, which means the transformation of the initial form of FeOOH to these 
oxide forms. At IOOOT, the oxide species disappeared, and instead the XRD lines of metallic 
iron (a -Fe) and cementite @e$) appeared. Not only the reduction to metallic iron but also the 
reaction of the iron with the carbon substrate took place between 600 and 1000°C. Figure 2 
also provides information about carbon structures due to C(002) lines, which can be separated 
into amorphous and turbostratic carbon, denoted as A- and T-carbon respectively, by 
deconvolution. As the temperature increased, the proportion of T-ca$on increased from 14 to 
18 %. On the other hand, no significant change in C(002) lines was observed in the absence of 
the iron. The formation of cementite and T-carbon indicates that the iron first dissolves in the 
carbon substrate and subsequently catalyzes crystallization reactions [9]. It can readily be 
expected that the iron reacts with heterocyclic nitrogen forms in the carbon matrix. 

Figure 3 shows the in situ XRD profiles during heating the carbon with 1.9 wt% Fe. At 655°C. 
metallic iron ((I -Fe) was the dominant species, though the small peaks of wustite were also 
observed. Interestingly. the XRD lines of austenite, solid solution of y -Fe and nitrogen 
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(andor arbon), existed as well. When the temperature was raised to 815 and 1025°C. the 

metallic iron, and austenite was the predominant form in this temperature region. When the 
sample heated at 102S°C was quenched to mom temperature, metallic iron and cementite were 
formed, in harmony with the XRD profile given in Figure 2. 

b intensities of this species increased with a corresponding decrease in the intensity of 

, 

- Mechanism. It should be noted that the catalysis of conversion to N, by iron (Figure 1) and the 
formation of austenite (Figure 3) occur at almost the same temperature range. According to 
phase diagrams of Fe-N and Fe-C [IO], nitrogen can dissolve rapidly into iron at a lower 
temperature of about 590°C. compared with that (740°C) for carbon. The former temperature 
corresponded well to the onset of the Fe-catalyzed formation of NT It is thus likely that the 
austenite observed at < 74OOC is the solid solution of Fe and N, and that N, formation in this 
temperature range p r o d s  through the intermediate. The austenite may be transformed to iron 
nitrides (Fe,N), which can readily be decomposed into N, because of thermal instability [8]. 
The austenite formed at 8740'C may be composed of Fe, N and C, and converted to FqNyC as 
well as FqN, The decomposition of FqNyC into N, may involve carbon crystallization, that is, 
the formation of turbostratic carbon (Figure 2). The presence of such crystallized carbon might 
prevent iron particles from moving within the carbon matrix. As mentioned above, the TEM 
observations revealed that catalyst agglomeration took place in the process of N, formation. 
The lowering in both mobility and activity of iron particles may be responsible for the decreased 
rate ofN, formation observed after 800°C (Figure 1). 

CONCLUSIONS 

Fine iron particles with the average size of I5 nm promote remarkably N, formation from PAN- 
derived carbon during heating in an inert gas at 600 - 1000°C. Catalyst agglomeration occurs 
in this process. The XPS spectra show that pyrrolic-N and pyridinic-N are the main forms, and 
that such nitrogen functionality is significantly unchanged upon heat treatment. The XRD 
analyses reveal the transformation of amorphous to turbostratic carbon, meaning the dissolution 
of the iron into the carbon substrate. Furthermore, the in sift4 XRD measurements during 
heating show the formation of austenite that is solid solution of iron and nitrogen (and carbon). 
It is likely that iron nanoparticles move in the carbon matrix and react with heterocyclic nitrogen 
to form the solid solution, which is subsequently decomposed intoN,. 
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N2 formation during temperature programmed heat treatment of PAN-derived carbon. Figure 1 
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Figure 2 XRD results for Fe-bearing samples cooled to room temperature after heat treatment. 
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Figure 3 In situ XRD profiles during heating of Fe-bearing carbons. 
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X-ray photoelectron spectroscopy (XPS), X-ray absorption near edge structure (XANES) 
spectroscopy and solid state CP MAS "C NMR spectroscopy have proven to be viable non- 
destructive techniques for quantifying heteroatom functionalities in complex carbonaceous 
systems. Coals and kerogens have been examined extensively by these techniques. However, 
much less attention has been given to diagenetic stage precursors of these fossil materials. In 
this work, a set 'of eight well-defined peat samples has been examined by X-ray and NMR 
methods. Oxygen is by far the most abundant heteroatom species in peat derived from lignin and 
cellulose materials. A combination of XPS and Nh4R methods has been examined for 
quantifying organic oxygen species in peat. Total organic oxygen determined by XPS was 
significantly less than the amount obtained from oxygen determined by difference. XPS and 
NMR results confirm that carbon bonded to a single oxygen species are the predominant form in 
all peat samples studied and that multiply bonded carbon oxygen species make up only 25% of 
the oxygen population in these peat samples. The advantages of a multiple technique approach 
for quantifying organic oxygen forms in carbonaceous solids is discussed. 

I. Introduction 

X-ray and NMR are viable non-destructive techniques for quantification of organic nitrogen, 
sulfur and oxygen species in complex carbonaceous systems. For cod and kerogen, chemistry of 
heteroatom transformations is important for understanding both geological and utilization 
processes. Next to carbon and hydrogen, oxygen is usually the most abundant atom in organic 
sedimentary material. Nevertheless, determining the amount and kinds of organic oxygen 
species remains a formidable analytical challenge for these materials. Total organic oxygen is 
usually determined by difference [I]. Other methods involve fast neutron activation analysis for 
oxygen corrected for inorganic forms or pyrolysis followed by coulometry [I] .  Infrared 
spectroscopy [2-41, solid-state (SS) I3C NMR analysis [5] and X-ray Photoelectron 
Spectroscopy (XPS) [6-81 have been used to directly gain information about the kinds of organic 
oxygen species in coal. 

Peat is a sedimentary deposit composed primarily of plant derived material and is a 
precursor of coal. The organic oxygen content exceeds that of coal. The physical and chemical 
make-up of peat varies widely and differences in organic oxygen functional group distributions 
are expected [9]. The present work uses a combination of XPS and S S  "C NMR to quantify 
oxygen species in a set of eight well-defined peat samples. 

11. Experimental 

A) Samples 

The peat samples were obtained from the peat sample bank of the University of South Carolina [9]. 
The elemental data for the peat samples are shown in Table 1. These peats differ significantly in 
composition due to the variety of source plants and depositional settings. The fresh starting coal samples 
were obtained in sealed ampoules from the Argonne Premium Coal Sample Program [IO]. Other coal 
samples were obtained from the Penn State coal sample bank [I  I]. The elemental data for these coals 
are included in Table 1. 

\ 

B) X-ray Photoelectron Spectroscopy 

The XPS spectra were obtained with a Vacuum Generators (VG) ESCA Lab system using Al K 
alpha non-monochromatic radiation and a five channel detection arrangement. The samples were 
evacuated to remove moisture and ground into fine powders. The powders were mounted on a metallic 
nub via non-conducting double-sided tape. An energy correction was made to account for sample 
charging based on the carbon (IS) peak at 284.8 eV. The elemental concentrations are reported relative 
to carbon on an atomic basis, calculated from XPS spectra based on the area of the characteristic 

339 



photoelectron peaks after correcting for atomic sensitivity. The amount of organic oxygen was derived 
from the total oxygen (Is) signal by taking into account inorganic contributions [8]. The main inorganic 
elements observed via XPS are found in Table 2. For coal, the amount of each inorganic element 
determined by XPS may differ from the bulk inorganic elemental composition due to particle size 
effects and organic encapsulation [81. 

The nature of the organic oxygen species present in lignite and lignin were determined by analyzing 
oxygen's effect on the XPS carbon (Is) signdof adjacent carbon atoms [8]. The level of carboxyl and 
carbonyl is derived from the curve resolved carbon (Is) spectrum. The amount of oxygen associated 
with carbon-oxygen single bond species is determined by subtracting the carboxyl and carbonyl oxygen 
levels from the total amount of organic oxygen. The relative amount of aromatic carhon was determined 
by the method of II to n* signal intensity [12]. A complete list of XPS data for samples contained in 
this report is found in Table 2. 

Five peaks were used to curve resolve the XPS carbon (1s) signal for peat. These occur at 
284.8,285.3.286.3,287.5, and 289.0 (M.l) eV. The 284.8 eV peak represents contributions 
from both aromatic and aliphatic carbon. The 286.3 eV peak (Type I) represents carbon bound 
to one oxygen by a single bond (e.g., C-0, C-OH etc.). The 287.5 eV peak (Type 11) 
corresponds to carbon hound to oxygen by two oxygen bonds ( G O ,  0-C-0). The 289.0 eV 
peak (Type III) corresponds mainly to carbon bound to oxygen by three bonds (O=C-0). The 
285.3 peak will have contributions mainly from carbon adjacent to carboxyl carbon (beta peak) 
and carbon bound to nitrogen (is.  pyrrole, pyridinic). The 285.3 eV peak is therefore fixed to 
the sum of the intensity of the 289.0 e V  peak and the intensity of carbon adjacent to nitrogen (Le. 
twice the nitrogen level). The results shown in Table 3 assume 1) that two oxygens are 
associated with the Type III carbon (1s) signal and 2) that one oxygen is associated with the 
Type 11 carbon (Is) signal. The amount of oxygen associated with the Type I carbon (Is) signal 
is obtained by subtracting the oxygen associated with the Type II and the In carbon (Is) signal 
from the amount of total organic oxygen. 

C) Solid State 13C NMR Spectroscopy 

High-resolution solid-state "C NMR measurements of peat samples, were performed using a 
ChemagneticsCMX-200 spectrometer operating at a static magnetic field of 4.7 T (50.2 MHz 
I3C). Peat samples were packed into a 5-mm diameter zirconia rotor and spun at 8-kHz using dry 
nitrogen gas. Cross-polarization magic-angle spinning (CPMAS) NMR was used to characterize 
the peat samples. The CPMAS experiments were performed at a 'H-l3C CP contact time of 3 ms 
and a pulse repetition delay of 2 seconds. The 'Hand I3C radio-frequency fields for cross- 
polarization and the proton high power decoupling during data acquisition were at 62.5 kHz. The 
definition of I3C NMR structural parameters and chemical shift ranges are shown in Table 4. A 
complete list of structural parameters obtained by solid-state I3C NMR for samples contained in 
this report is found in Table 5. 

HI. Results and Discussion 

The atomic WC and O/C ratios are plotted for peat, lignite and coal in Figure 1 (called a Van 
Krevelan Diagram [13]). The O/C values were obtained from XPS data. All peat samples have 
higher WC and O/C values than coal and lignite. These results are in good general agreement 
with established ordering for these materials [131. The range of organic oxygen determined by 
XPS for peat is roughly between 2Q and 30 oxygen per 100 carbons, (Table 3). These results are 
significantly lower than the amount of oxygen determined by difference, (Table 1). 

A combination of XPS and SS "C NMR was used to characterize the peat samples. Figure 
'2 shows excellent agreement between the percent aromatic carbon determined by XPS and NMR 
methods. Previously published results for coal and lignite are included for comparison [ 121. Not 
surprisingly, peat has significantly lower levels of aromatic carbon. The close correspondence 
between the X P S  and NMR values for peat indicate that the aromatic carbon level at the surface 
of finely ground peat is comparable to the bulk. 

XI'S was used to distinguish the kinds of organic oxygen species present in peat. Table 3 
shows the results based on the methodology described in the experimental section. Carhoxyl 
oxygen accounts for roughly 113 of the oxygen present in peat. Carbon oxygen single bond 
species account for roughly half of the oxygen species. For coal, carbonyl is the predominant 
Type I1 oxygen form. This situation may be different for peat. Species such as 0-12-0 (present 
in cellulose) would contribute to the Type IIcarbon (1s) signal. The presence of a significant 
amount of 0-C-0 species in peat would complicate the interpretation for the amount of oxygen 
associated with Type I1 carbon (Is) signal. The C=O values listed in Table 3 therefore represent 
upper limits. 
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Table 4 provides the definition of "C NMR structural parameters based on the carbon 
species and chemical shift ranges. Table 5 shows results obtained for the different structural 
Parameters as a fraction of the total "C signal. S S  I3C NMR parameters fa'. (carboxyl, carbonyl, 
amide), fap (phenolic, phenoxy) and falo (alcohol, ether) have oxygen associated with them. The 
fan& for the percentage of carbon associated with oxygen (fac + fap +falo) in peat is 32 to 49. It 
I S  not possible to determine the total amount of oxygen relative to carbon from the sum of 
oxygen related "C NMR signals (fa', fap, falo) because it is uncertain what oxygen 
stoichometryto assign to each oxygen related "C NMR signal. Nevertheless, a conservative 
estimate of the amount of oxygen associated with fac is 1.0 (i.e. carbonyl, amide etc.) and 0.5 for 
fap and falo (i.e., aliphatic ether, methoxy etc.). Undoubtedly other species will have a combined 
impact on fac, fap and falo. A comparison of the XPS derived total organic oxygen signal and 
the NMR estimate based on fac + 0.5(fap + fal? is shown in Figure 3. The NMR parameter fac 
is expected to be related to the amount of oxygen with 0-C=O (Type III) determined by XPS. 
Figure 3 shows a close correspondence for these X P S  and NMR parameters with all peat 
samples. Figure 3 also shows that the amount of oxygen found with Type I plus Type II XPS 
species is closely related to 0.5(fap + fal?. We would expect'this correspondence if most of the 
oxygen species associated with the X P S  Type II carbon (Is) signal are 0-C-0  species and if 
ether species predominate in fap and falo. 

Iv. summary 

A self-consistent interpretation of oxygen derived XPS and "C NMR signals provides 
insight into the kinds of oxygen species present in peat. Multiply bonded carbon oxygen species 
make up only 25% of the oxygen population in these peat samples. XPS and NMR results 
indicate that carbon oxygen single bonded species are the predominant form in all peat samples 
studied. It is likely 0-C-0  species and, in general, ether species makeup a large part of the 
carbon oxygen single bond population. 
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Table 2 

Sample I I I I I I I 
Aromatic 
Carbon Nitrogen Sulfur Si AI Ca 

Minn.Hem.(Peat)SCSB 1 26 I 0.2 I 0.5 I 0.3 I .- 
&g 

Table 3 

Parameter 
fa 
fa' 

faC 
fap 
fas 
faB 

falH 

falo 

fal 

fal* 

Table 4 - Definition of 13C NMR Structural Parameters 

Chemical Shift 
Ranee (DDm) Carbon Tvw 

90-240 AromaticlCarboxyYCarbonyYAmide 
90- 165 Aromatic 
165-240 CarhoxyllCarbonyllAmide 
150-165 PhenoxyPhenolic 
135-150 Alkyl-Substituted Aromatic 
90-135 Bridgehead Aromatic 
. 0-90 Aliphatic 
22-50 MethylenelMethine 

0-22 & 50-60 Methyl/Methoxy 
50-90 AlcohoVEther 

Table 5 
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Figure 1 - WC vs. O/C diagram for peat, and lignite. The O/C values were obtained from XPS 
data. WC values are from elemental data. Previously reported results from Argonne Premium 
Coal are included for reference. 
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Figure 2 - Comparison of XPS and I3C NMR results for aromatic carbon from peat, coal and 
lignite. Previously reported results for Argonne Premium Coal [12] are included for reference. 
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peat. 
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INTRODUCTION 
Coal is abundant and low-cost energy resource and deserves increasing use in developing 

countries. Efficient precleaning technology must be developed for the utilization of high-sulfur 
and low-@e coals. Sulfur is a key component not only for the environmental conservation but 
also for the development of new coal utilization processes. Incomplete understanding of the 
behavior of organic sulfur during heat treatment has &en rise to a misbelief that organic sulfur 
in coal cannot be removed by the pretreatments. 

Development of surface analyses enables us to know the actual forms of orgmic sulfur in 
coal. XANES and XPS have been demonstrated as strong tools to elucidate orgmic sulfur forms 
in coal and heavy hydrocarbons.14 

We have demonstrated the dynamic behavior.of sulfur forms duringpyrolysis in a series of 
studies on chemical coal cleaning p r o c e s s e ~ . ~ ~ ~  These studies showed that rapid pyrolysis 
removed organic sulfur effectively in some types of ccal. The release rate as well as the esent 
oforgbnic sulfur removal increased with the contents of exhite and vitrinite. Part of the orgbnic 
sulfur exist in a thermally stable form which is difficult to remove from coal by pyrolysis. 
Thermally stable organic sulfur remaining in the solid should be changed to decomposable forms 
to achieve efficient desulfurization in the pretreatment process. 

In the present study, behavior of sulfur forms has been followed for lignite, subbituminous 
and bituminous coals in rapid pyrolysis. Chemical pretreatments were carried out to transfer 
the thermally stable form of reactive species before pyrolysis. O r p i c  sulfur forms were 
determined by using XANES for coal before and after rapid pyrolysis with chemical 
pretreatments. Sulfur capture experiment was also conducted for rapid pyrolysis char in a 
nitrogen stream containing hydrogen sulfide to seek a new application to porous carbon. 

EXPERIMENTAL 
Table 1 shows proimate, ultimate and sulfur-form analyses for the sample coals, Spanish 

lignite Mequinenza, Australian subbituminous Muswellbrook, Chinese bituminous Nantong 
and Montana subbituminous Rosebud coals. Average particle size of the sample was 0.35 mm. 

Two kinds ofchemical pretreatments were carried out as follows. The coal samples were 
immersed in a saturated aqueous solution of potassium hydroxide for 24 h with agitation at 
room temperature. The wet alkali immersed samples were then heated at 523 K for 4 h in a 
nitrogen atmosphere after filtration from potassium hydroxide solution. The alkali-treated 
samples were washed repeatedly with distilled water to reduce the basicity and then dried out 
at 380 K.8 

Table 1 Analyses of sample coals 

Proximate Sulfur form 
"ltimate [wo/,* &fl [wt%, db] [wt% of total sulfur] Sample 

r 

C H N S Diff. VM Ash Pyritic Sulfate Organic 

Mequinenza 69.3 5.5 1.0 13.6 10.6 48.8 21.4 7 0 93 
Muswellbrook 77.5 6.0 2.1 0.8 13.6 41.1 8.3 1 1  3 86 
Nantong 88.9 4.9 0.6 5.0 0.6 17.0 17.3 34 1 65 
Rosebud 73.0 4.5 0.9 0.9 20.7 39.8 10.2 32 3 65 
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Fig.1 Change in organic sulfur content with various pretreatments 

( a, before pyrolysis; m, after pyrolysis) 

2 

Nitric acid pretreatment was also carried out. The sample coals were immersed in nitric acid 
aqueous solution at a boilig temperature. After filtration and drying. rapid pyrolysis was 
conducted for the pretreated coals by using a free-fall pyrolyzer. This apparatus enables coal 
particles to be heated in a nitrogen stream at rates from IO' to IO4 K/s depending on particle 
density and diameter. The temperature was 1253 K at the isothermal section of the reactor. The 
details of the apparatus were described elsewhere! 

To investigate the effect of macerals on sulfur-form and distribution, the samples were 
fractionated into three density goups by sink-float in zinc chloride aqueous solution. The 
separated samples were repeatedly washed to remove zinc chloride, which might catalyze tar 
decomposition. The absence of zinc chloride in the sample was confirmed by extraction with 
hydrochloric acid solution? 

Sulfur capture behavior was investigated for rapid pyrolysis char in hydrogen 
sulfide/nitrogen gas mixture at 1073 K in a fixed bed. 

Some improvements to ASTM(D2492) were applied to analyzing sulfur forms (pyrite, 
ferrous sulfide, sulfate and organic sulfur) in parent and chemically pretreated coals, and in 
rapidly pyrolyzed char. The details of the analytical method were reported previously .lo 

Sulfur K-edge XANES was applied to specifying the forms of organic sulfur." XANES 
measurements were carried out at beam line 2A of Photon Factory in the High Energy 
Accelerator Research Organization. Si(lI1) monochromators were used to vary the incident X- 
ray energy. The beam irradiated the samples fixed on a nickel plate under Pa in a vacuum 
chamber. Data were recorded in the fluorescence mode in the region of the sulfur K-edge at 
room temperature. The fluorescence spectra were collected using a scintillation counter. The 
absolute photon energy was calibrated with the assumption that the giant resonance of K2S04 
appears at 2481.7 eV. The thud derivatives of XANES spectra from model compounds were 
used as fmgerprints for interpreting sulfur forms in the sample. Pyrite, ferrous sulfide, 
crystalline sulfur, DL-cystine, thiome-9-one, s-methly-L-cysteine, DL-methionone s u l f o ~ d e  
and potassium sulfate were selected as the model compounds. 

RESULTS AND DISCUSSION 
Figure 1 shows change in organic sulfur content in rapid pyrolysis with the chemical 

pretreatments. A considerable decrease in organic sulfur was observed for rapid pyrolysis chars 
of nitric acid or potassium hydroide pretreated Muswellbrook. Rapid pyrolysis of parent coal 
did not show appreciable change in organic sulfur. The effect of chemical pretreatments can also 
be found in the rapid pyrolysis of Illinois No.6 coal. The organic sulfur content decreased to 
one thud of parent coal. While Mequinenza is well known as a lignite containing more than 
I O  % of organic sulfur, the rapid pyrolysis of this sample shows that about half of organic 
sulfur decomposes during the treatment. XANES spectra indicate large amount of disulfide in 
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Fig.2 Sulfur K-edge XANES spectra of 
HNO, treated coal before and after 
pyrolysis. 

I Muswellbrook coal 

Parent KOH treated Parent KOH treated 
coal sample coal sample 

Fig.3 Effect of KOH pretretament on organic 
sulfur content before and after pyrolysis for 
density separated samples. 
( 0 ,  before pyrolysis; Ll , after pyrolysis) 

Mequinenza coal which caused the high extent of organic sulfur removal duringrapid pyrolysis. 
Efficient removal of organic sulfur was obtained for the combined process of rapid pyrolysis 
with nitric acid pretreatment. Potassium hydroxide pretreatment could not be carried out 
because lignite was dissolved with alkali solution. 

Figure 2 shows third differential curves of XANES spectra for the nitric acid treated Illinois 
No.6 coal before and after rapid pyrolysis. Strong peaks are observed around 2472 eV for the 
coal before pyrolysis, which are attributable to disulfide, thiophene and sulfide. A strong peak 
at 2474.5 eV results from sulfoxide. This peak is larger than that of parent coal. After the rapid 
pyrolysis of nitric acid treated coal, the peaks of disulfide and sulfide disappear and the 
sulfoxide peak becomes small. 

To investigdte the effect of change in the forms and content of organic sulfur with maceral 
concentration on desulfurization behavior, potassium hydroxide pretreatment and rapid 
pyrolysis were conducted for the density separated coals of Muswellbrook and Nantong The 
samples were separated into three groups (low, medium and heavy density groups): <1.26 
&m3; 1.26-1.40 &m3; >1.40 s/cm3 for Muswellbrook, and <1.32 &m3; 1.32-1.42 &m3; 

>1.42 &m3 for Nantongcoals, respectively. Figure 3 indicates change in organic sulfur content 
with potassium hydroxide pretreatment and rapid pyrolysis for the density separated coals. 

The clean char less than 0.02 % of organic sulfur was obtained for the potassium hydroxide 
treated sample of Muswellbrook low density group. While change in organic sulfur content was 
not appreciable after rapid pyrolysis of heavy density group, potassium hydroxide 
pretreatment was effective for change of  the thermally stable organic sulfur to decomposable 
forms. For Nantonglow density group, some extent of organic sulfur decreased with potassium 
hydroxide pretreatment and rapid pyrolysis, Organic sulfur content increased after rapid 
pyrolysis for heavy density group. 

Figure 4 shows change in sulfur wntent of char exposed to a nitrogen stream containing 
hydrogen sulfide in a fured bed at 1073 K. The sample char was obtained by rapid pyrolysis of 
Rosebud coal in a nitrogen stream at 1253 K. Sulfur content increased with hydrogen sulfide 
concentration and attained to 12 % in nitrogen gas containing 2.91 % of  hydrogen sulfide. 
XANES analysis indicates that adsorbed sulfur formed organic sulfur in the solid phase. 
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Fig. 4 Sulfur capture by Rosebud char in H2S/N2 stream at 1073 K. 
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ABSTRACT 
Various kinds of coal, having the same average diameter and 89% C daf, were pyrolyzed 
rapidly in a free-fall reactor at atmospheric pressure under a nitrogen stream at a terminal 
temperature of 1253 K. The extent of organic sulfur removal in the rapid pyrolysis were 
different. Sulfur K-edge X-ray absorption near edge structure indicated that the organic 
sulfur species removed from coals were elemental, disulfide, sulfide and sulfoxide sulfur. 
The extent of organic sulfur removal in the rapid pyrolysis depended on the coals, because 
the amount and fraction of the volatile organic sulfur species were different even when the 
coals have the same carbon content 

1. INTRODUCTION 
Although, present only in 

low concentrations, sulfur causes problems in every process that uses coal. When released 
into the atmosphere as SO, through combustion, it produces so-called acid rain. Certainly, 
a better understanding of the nature and distribution of sulfur-bearing minerals, organic 
sulfur-containing functional groups and their concomitant chemistry is necessary for 
improving advanced coal preparation processes and the environmental acceptability of 
coal-derived energy. Sulfur takes on several forms in coal including elemental, mineral 
and organic. Conventional coal cleaning technologies are grouped into physical and 
chemical methods. Because physical processes are limited to removal of inorganic 
constituents, development of an efficient p m e s s  of organic sulfur removal is an urgent 
issue for sustainable resource development and environmental conservation. I 

Development of a chemical desulfurization process requires a detailed understanding of 
organic sulfur forms in coal.' X-ray absorption near edge structure (XANES) 
spectroscopy has been shown to be a powerful method for the direct, nondestructive, and 
quantitative determination of organic sulfur-containing functional groups forms in coal?4 

In the present study, dynamic behaviors of sulfur forms for several coals were followed 
in rapid pyrolysis. These coals were first served as a lumped sample which had the same 
average parbcle diameter without density separation. Then, the same samples were 
separated into three groups by a sink-float method to investigate effects of particle-density 
distribution on sulfur forms and their desulfurization behavior in rapid pyrolysis. Organic 
sulfur forms were determined by using XANES for the density-separated coals before and 
after pyrolysis. 

Sulfur is one of the most troublesome contaminants in coal. 

c 

F ' 

r 

2. EXPERIMENTAL 

size of the'sample was 0.35 mm. The samples were separated into three density groups by 
a sink-float method in zinc chloride aqueous solution. The absence of zinc chloride in the 
density-separated sample was confirmed by extraction with 5 M HCI for 2 h. 

Rapid pyrolysis experiment was conducted by using a free-fall pyrolyzer. This 
apparatus enables coal particles to be heated in a nitrogen stream at rates from lo' IO lo4 
Kls depending on particle density and diameter. Particle residence time is varied by 
changing the length of the heating section. The temperature was 1253 K at the isothermal 
section of the reactor. 

Sulfur K-edge X-ray absorption near edge structure spectroscopy was applied to 
specifying the forms of organic sulfur in raw and char. XANFS measurements were 
carried out at beam line 2A of Photon Factory in the National Laboratory for High Energy 
Physics. Si( l l1)  monochromator was used to vary the incident Xyray energy. The 
beam irradiated the samples fixed on a nickel plate under Pa in a vacuum chamber. 
Data were recorded in the fluorescence and electron yield modes in the region of the S K- 
edge at room temperature. The absolute photon energy was calibrated with the 

The coal samples were used in the experiment as soon as received. Average partlcle 
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assumption that the giant resonance of KzS@ (S 1s + tz) appears at 2481.7 eV. The 
third derivatives of XANES spectra from model compounds were used as fingerprints for 
interpreting sulfur forms in the sample. Ferrous sulfide, pyrite, crystalline sulfur, DL- 
cystine, thioxane-9-one. S-methyl-Lcysteine, DL-methionine sulfoxide, and potassium 
sulfate were selected as the model compounds. 
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3. RESULTS AND DISCUSSION 
Table 1 shows proximate, ultimate, and sulfur-form analyses for the sample coals. 

Figure 1 shows a correlation between extent of organic sulfur removal and carbon content 
for Nantong, Yanzhou, and Furong coals being studied in the present work, and for other 13 
coals, carbon content ranging from 65 to 90% daf. The extent of organic sulfur removal is 
defined by 

{I-(organic sulfur in char)/ (organic sulfur in raw coal)} X 100 (a) 
where ultimate content of organic sulfur in the rapid pyrolyzed char based on coal basis 
was used as organ+ sulfur in char in this equation. By considering the thermal stability of 
thiophenic, and sulfide sulfur, it is plausible that the extent of organic sulfur removal 
decreases linearly with the increase of carbon content due to the increase of thiophenic 
sulfur content. 

1 

- 

- 
" 

0 

Table 1. Analyses of Sample Coals 
ultimate proximate sulfur form 

(wt 8, daf) (wt%, db) (wt % of total sulfur) 
sample C H N S diff VM ash pyritic sulfate organic 

NantonR 88.9 4.9 0.6 5.0 0.6 17.0 17.3 34 1 65 
Yanzhoi 89.1 5.5 1.1 3.2 1.1 43.2 9.1 38 1 61 
Furong 88.9 3.1 0.9 6.6 0.5 10.5 21.6 n 0 2 3  

a. Fushun 

'c. Fudn 
d. Obed Mountain 
e. Ermelo 
1. Rosebud 
9. Sheerness 
h. Smoky River 
i. PSOC-1493 
1. PSOC-592 
k. Muswellbrook 
I. Furong 
m. Yanzhou 
n. Nanlong 
0. Zhong Liang Shan 
p. Mequinenza 

b. PSOC-830 

Figure 1. Change in extent of organic sulfur 
removal from solid phase with carbon content. 

An apparent linear correlation, however, cannot be obtained between the extent of 
organic sulfur removal in rapid pyrolysis and carbon content of raw coals as demonstrated 
in Figure 1. The large difference from 19% to 89% of the extent of organic sulfur removal 
was noted for five kinds of high-rank coals containing more than 87% carbon. High-rank 
Furong coal was desulfurized to 8970, the second highest extent of desulfurization in 16 
Coals. 

Figure 2 shows a relation between yield and density obtained by the sink-float method 
in zinc chloride aqueous solution. The density distribution differs from coal to coal even 
through carbon content is the same. The samples were separated into three groups with 
expected differential concentration of macerals.' The range of each group was altered in 
three kinds of coal to obtain enough amount of fractionated samples to be supplied for rapid 
pyrolysis experiments. 
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Figure 2. Yield distribution in density separation. 

The raw and separated samples, group I, 11, and 111, were rapid pyrolyzed in a nitrogen 
stream with the free-fall reactor. Figure 3 represents a relation between the extent of 
organic sulfur removal and average density. Nantong and Yanzhou coals show linear 
relationship between the extent of organic sulfur removal and average density of the groups 
in each coal. This result implies that thermally stable organic sulfur increases with the 
increase on density. The existence of thermally stable organic sulfur is expected in the 
group 111 of Nantong and group 11 of Furong coals because of smaller extent of organic 
sulfur removal than volatile yield. Group I of Furong coal showed larger extent of organic 
sulfur removal than group I1 as the same tendency as the other coals though volatile yield 
was independent of average density. Exceptionally, more than 90% of the extent of 
organic sulfur removal was observed for group I11 of Furong coal, although the low extent 
of organic sulfur removal was expected because of high rank coal. 

Nantong 

Furong 

Yanzhou 

I 
1.2 1.3 1 4  1 5  1.6 

Average specific gravity (-1 
Change in organic sulfur removal with average density. Figure 3. 

Figure 4 shows third differential curves of XANES spectra for groups I and I11 of 
Nantong coal. Strong peak is  observed around 2472 eV for group I, which are attributable 
to thiophene and sulfide. A strong peak at 2474.5 eV results from sulfoxide. Through 
group I11 shows the similar distinct peaks of thiophene and sulfoxide to group I, the sulfide 
peak dose not appear for group 111. It could be estimated that efficient desulfurization in a 
smaller density group such as group I is related to the presence of sulfide though the 
absolute amount of each sulfur form should be determined. 

Third differential curves of XANES spectra for groups I and 111 of Furong coal are 
shown in Figure 5. Thiophene, sulfoxide, and pyritic sulfur are observed for group I as 
the same as the curves of Nantong, group I. On the other hand, the curves for group I11 of 
Furong are very different from that of group I. In addition to the peaks resulting from 
thiophene, sulfoxide, and sulfate, intensive peaks are observed at  2470.4-2470.8 eV, which 
are combined peaks attributable to pyritic sulfur and elemental sulfur. Figure 6 represents 
third differential curves of XANES spectra of rapid pyrolysis chars for group I and 111 of 
Furong coal. The curve of char for group I indicates that the sulfoxide peak becomes 
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smaller after pyrolysis while the peak of thiophenic sulfur remained. A peak at 2468.7 eV 
resulted from ferrous sulfide produced by reduction of pyrite. The peaks of pyritic sulfur 
and elemental sulfur disappeared and a large peak of femous sulfide at 2468.7 eV newly 
appeared after pyrolysis for group 111. Furong coal has distinguishing characteristics as 
high organic sulfur content and removal extent of organic sulfur in larger density group 111. 
XANES analysis, however, indicated that efficient extent of organic sulfur removal might 
be caused by releasing of elemental sulfur rather than organic sulfur. 

I 

= c - s - c = 

2460 2470 2480 2490 
Photon energy (ev) 

Figure 4. Sulfur K-edge XANES spectra of group I and I11 for Nantong coal. 

;o 2470 2480 2490 
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1 

Photon energy (ev) 

Figure 5. Sulfur K-edge X A W  spectra Figure 6. Sulfur K-edge X A W  spectra 
of group I and 111 for Furong coal. of char for Furong coal. 

4. Conclusion 
In a serious on chemical coal cleaning, the desulfurization behavior in rapid pyrolysis 

was investigated for raw coals and their density-separated samples. The extent of organic 
sulfur removal shows linear decreasing tendency with the increase of density for each 
sample coal though the extent of organic sulfur removal was different from coal to coal 
even with the same carbon content. The high extent of desulfurization was estimated to be 
caused by elemental sulfur in the large density group of high-rank Furong coal. 
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ABSTRACT 
Blind Canyon coal was swollen by deuterated pyridine and was subjected to small 

angle neutron scattering (SANS) and 'H NMR relaxation measurements. Based on the 
transverse relaxation characteristics, it was found that there exist a t  least two distinct 
structural regions in the swollen coals. However the measured longitudinal relaxation was 
best characterized by a single component as spin diffusion is rapid in the swollen coals. The 
dynamics of spin diffusion were revealed using a partially modified Goldman-Shen pulse 
sequence and analyzed by a simple mathematical model of a two phase system. The 
interdomain spacing, d,, was estimated based on the diffusive path length for each spatial 
dimension. The di value evaluated under one-dimension was 15 nm and agreed with d, 
determined by SANS, suggesting that the domain shape is sheet. 

1 

INTRODUCTION 
The most convincing model of coal structure is that of a cross-linked macromolecular 

network. The swelling of coal in various solvents has been studied to evaluate the 
molecular weight between cross-link points. '' The Flow-Rehner theory ' has been 
frequently employed to relate the macromolecular network parameters to the degree of 
swelling in a good solvent. The theory assumes that the deformation is affine, i.e., the 
primitive chain is deformed in the same way as  the macroscopic deformation (swelling) of 
the sample. Accordingly, the coal must swell uniformly in the segmental scale when we 
relate the macroscopic swelling to molecular characteristics such as the cross-link density. 
Based on the 'H NMR transverse relaxation characteristics, however, it was found that the 
coal hydrogen in the pyridine-swollen state could be divided into two groups: those with 
relaxation characteristic of solids and those with relaxation characteristic of liquids. 1017 

Barton e t  al. reported that up to 60 .% of coal's macromolecular structure becomes mobile 
when immersed in deuteropyridine, while the remaining 40 % remains rigid as detected 
through 'H NMR transverse relaxation measurements. Base on this finding, they first 
established that the swollen coal has a phase separated structure involving a solvent rich 
phase and an apparently solvent impervious phase. 

Recently, Norinaga et  al. Is reported that the scale of the heterogeneity in the 
swollen coals. They characterized the phase separated structure of solvent swollen coal 
using its proton spin diffusion property. Five coals of different ranks were swollen by 
saturation with deuterate pyridine and were subjected to 'H NMR relaxation measurements. 
The dynamics of spin diffusion were revealed using a partially modified Goldman-Shen 
pulse sequence and analyzed by a simple mathematical model of a two phase system. 
These calculations indicated that the solvent rich phase domains in the swollen coals range 
in size from several up to 20 nm. These results highlight the current limits in our 
understanding of the macromolecular structure of coals and place into question the use of 
affine models of strain for the interpretation of macroscopic swelling measurements. However 
the results depend on the spatial dimension of domains, i.e., the degree of freedom of the 
spin diffusion. Hence the information regarding the morphology of the domains is required 
to evaluate the domain size more precisely, 

In the present study, the phase structure of a bituminous coal swollen by deuterate 
pyridine was characterized. In order to evaluate the morphology of the domains, we employ 
two different techniques. One is proton spin diffusion and the other is small angle neutron 
Scattering(SANS). SANS gives an information on the average periodicity of the microphase 
structure, that is, the average distance between the centers of adjacent solvent-impervious- 
domains. I t  is possible to convert the size of the solvent rich phase into an interdomain 
spacing using an appropriate domain model. Thus the morphology of the domains can be 
evaluated by comparing the results of the spin diffusion with those of SANS. 

EXPERIMENTAL 
Samples. Blind Canyon coal supplied from Argonne Premium Coal Sample suite was used. 
The elemental composition of the dried Blind Canyon coal (hereafter referred to as BL) was 
C=80.7 wt lo, H=5.8 wt %, N=1.6 wt I, S=0.4 wt %, and 0=11.6 wt % on a dry-ash-free 
basis. lo Their particle sizes were liner than 150 pm. 0.3 g of BL was weighed and 
transferred to an NMR tube with a 10 mm 0.d. This tube was charged with per-deutero 
pjridine (Aldrich, 99.99% atom D), py-d6, and sealed under a pressure of less than 2 Pa 
while frozen in liquid nitrogen. Solvent to coal mass ratio (SIC) ranged from 0.36 to 4.12. 
BL was exhaustively extracted in pyridine prior to SANS experiments. 0.15 g of sample 

. 
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was loaded into a suprasil cyrindrical cell with 2 mm path length (vel = 0.7 mL). 0.6 mL of 
deuterated solvent (benzene / pyridine mixed solvent) was introduced to the cell. 
SANS. SANS data were measured at the Intense Pulsed Neutron Source of Argonne 
National Laboratory, using the Small Angle Diffractometer (SAD). This instrument uses 
pulsed neutrons derived from spaIlation with wavelengths in the range of 0.1 - 1.4 nm and a 
fixed sample-to-detector distance of 1.54 m. The scattered neutrons are measurea using a 
64 x 64 array of position sensitive, gas filled, 20 x 20 cm2, proportional counters with the 
wavelengths measured by time offlight by binning the pulse to 67 constant At/t = 0.05 time 
channels. The size range in a SANS experiment is constrained by both the geometry of the 
instrument and the wavelength of the neutrons which determine the working range of 
momentum transfer Q. 

Qdnh'lsine (1) 

where 0 is half the Bragg scattering angle and h is the wavelength of the neutrons. Given 
the characteristics of the SAD a t  the Intense Pulsed Neutron Source (IPNS), useful SANS 
data in the Q range of 0.0006-0.025 nm" can be obtained in a single measurement. The 
reduced data for each sample is corrected for the backgrounds from the instrument, the 
suprasil cell, and the solvent as  well as for detector nonlinearity. Data are presented on an 
absolute scale by using the known scattering cross-section of a silica gel sample. 
'H NMR. NMR measurements were carried out a t  303 K using a JEOL Mu-25 NMR 
spectrometer equipped with a spin locking unit operating a t  a proton resonance frequency 
of 25 MHz. The solid-echo pulse sequence, a, 9O0,-s-9O", (90' phase shift) provided an 
approximation to the complete free induction decay (FID). Typical values for the pulse 
width, pulse spacing, repetition time and number of scans were 2.0 ps ,  8.0 ps,  6 s, and 32, 
respectively. The saturation recovery pulse sequence, 90",-~-90", , was used to monitor the 
recovery of the magnetization with the pulse se aration time, t and provided T I .  TIP was 
measured using a spin-locking pulse sequence, that includes a go", pulse followed by a 
reduced amplitude pulse, phase shifted go', and sustained for a variable time, t. The 
magnetization remaining at  time t is monitored by observation of the free induction decay 
signal. The rotating frame measurements were made in a 6 G radiofrequency field. The 
spin diffusion was monitored with the Goldman-Shen pulse sequence. In order to avoid 
the dead-time effect after the pulse, the original pulse sequence was modified as 90"x-to-90". 
,+90"x-t,-900y , according to Tanaka and Nishi. zI 

RESULTS AND DISCUSSION 
SANS results. The SANS data for a number of solutions of varying benzene to pyridine 
are presented in Figure 1. These data are presented as the log of the coherent scattering 
intensity, I@) ,  against the log of the momentum vector, 8. I t  is clear that there are 
significant changes in coherent scattering with increasing swelling ratio. These changes 
are relatively large scale. For example in the intermediate Q range around 0.02, Z(Q) 
increases by a factor of five with increased swelling (pyridine concentration in solution). I t  
should be noted that 6-0.02 corresponds to a real space length of -16 nm. It is noteworthy 
that a t  low 8, the effects of swelling are considerably less, thus the changes in coherent 
scattering "peak in the intermediate Q range. Cody et  al. ZA observed that similar creation 
of scattering intensity in the intermediate Q range with swelling of the Upper Freeport 
coal. In that work, they argued that the scattering at  low Q was independent of scattering 
a t  intermediate Q. Thus, we concluded that the intermediate scattering was the results of 
an interparticle scattering phenomena as opposed to primary scattering of individual particles. 
The same interpretation can be applied here since the swelling of this coal is inhomogeneous, 
Le., there exist solvent rich and solvent impervious domains as will be demonstrated by the 
'H NMR relaxation characteristics. 
'H NMR results. The FID curves for the swollen BL coal are drawn as a function of decay 
time in Figure 2. Although the solvent swelling enhances the fraction of slowly decaying 
components, a portion of the coal hydrogen remains rigid. For a dipole coupled rigid 
systems such as dry coal, the time decay of the nuclear magnetization can be characterized 
by a Gaussian function. On the other hand, in a liquid or a liquid-like environment, the 
magnetization decay is approximately an exponential function. Therefore the observed FID 
was assumed to be expressed hy the following equation and was analyzed numerically by 
the nonlinear least squares method. 

IO) = IJo) exp [ - t 2 / 2 ~ 2 , 2 ]  + I,,@) exp [-t/T,,,]'+ IJO) exp [-t/~,,] (2) 

where I ( t )  and I , @ )  are the observed intensity a t  time t, and that attributed to component i , 
respectively, and T,, is the transverse relaxation time of the i th component. The fractions 
of hydrogen producing exponential decays, fm,  are plotted against SIC in Figure 3. f m  was 
increased up to 0.5 with increase in S/C. However, fm kept almost constant value above 
SlC~2.24, indicating that there exist the solvent impenetrable regions in the swollen coal 
even a t  S/C=4.72. For the swollen coal samples, it is clear that there are domains which do 
not swell and are not penetrated by solvent as shown schematically in Figure 4. The phase 
structures of the swollen coal are separated into a t  least two phase, i.e., solvent rich (SR) 
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and solvent impervious phase (SI). 
To examine whether the spin diffusion process is active or not in the swollen coal 

samples, proton longitudinal relaxation was measured both in the laboratory and rotating 
frame. Table 1 lists the result of T, and TI, measurement for the swollen UF coal. T, is 
composed of one component while TI,, can be analyzed by the sum of two exponential 
functions, From these results, one can clearly understand the effect of spin diffusion. T, 
signals are composed of three components without the effect of spin diffusion while T,, and 
T, measurements are affected strongly by spin diffusion and the number of the components 
decreases from T,, to Ti. The existence of a t  least two time constants for a rotating frame 
longitudinal relaxation process Le., Ti,, in a system means that spin-diffusion processes 
cannot effectively average the different dynamical properties of protons in different spatial 
domains on the relevant time scale of the specific relaxation process. On the other hand, in 
the time scale of T, measurements, the distinctly separated spin systems were sufficiently 
averaged by the spin diffusion. The scale of spatial heterogeneities of the swollen coals can 
be estimated by evaluating the diffusive path length, Le., the maximum linear scale over 
which diffusion is effective. The Goldman-Shen pulse sequence was thus employed to 
monitor the spin diffusion process. The advantage of the Goldman-Shen experiment is that 
the time for spin diffusion can be arbitrarily varied, and if this time is much less than T,, 
the analysis is straightforward. The Goldman-Shen experiment is a technique to put the 
separate spin systems a t  different spin temperatures and then sample them as a function of 
time so that their approach to equilibrium can be followed. In Figure 5, the recovery factor 
of the magnetization of SI phase, R(t), is plotted versus square root of time, "for the 
solvent-swollen EL coals. SIC has almost no effects on the observed RW. The time evolution 
of R( t )  is analyzed by the diffusion equation solved by Cheung and Gerstein 25 to get 
information on the diffusive path length, 1. The solid curves in Figure 5 represent the 
nonlinear least squares fits to the data by using the diffusion equation. The analytical tits 
give 1 to be 7, 16, and 25 nm for one, two, and three dimensions, respectively. 
Comparison of SANS and 'H NMR results. To compare the NMR results with SANS, 
we must convert the spin diffusion path length into an interdomain spacing. The spheres of 
SI phase are assumed to be covered with a uniform layer of SR phase of thickness 1 as 
shown in Figure 6. This model allowed to produce the following two equations, 

1 

1 = rc - rs, (3) 

where b,,k, and d are volume fractions of SI domains, volume fraction of coal in the 
swollen coal gel, and spatial dimension of the domain, respectively. In eq 4, we assumed 
that the hydrogen ratio is identical to the volume ratio. Twice rc is taken to be equal to the 
interdomain spacing, dj .  d, was estimated for each spatial dimension. The d, evaluated 
under one-dimension a t  S/C=4 was approximately 15 nm and agreed with di determined by 
SANS, suggesting that the domain shape is sheet. 
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Table 1 Resulta of Proton Longitudinal Relaxation Measurements for Blind Canyon Coal 
Swollen in Deuterated Pyridine. 

SIC a 

0 
0.36 
0.68 
1.03 
1.33 
1.67 
2.24 
2.57 
3.52 
4.72 

T,,Jmsl 
TI,: _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _-_ ..-. _-_._ .--- _. 

0.7(0.52) 4.8(0.48) 

l.O(O.52) 5.70.48) 
1.3(0.59) 7.3(0.41) 
0.8(0.67) 5.3(0.33) 
1.7(0.62) 12.1(0.38) 
1.7(0.54) ' 12.9(0.46) 
lB(0.55) 15.8(0.45) 
1.X0.54) 16.1(0.46) 
1.8(0.52) 20Z0.48) 

T,[msl 

66(1.00) 
65(1.00) 

108(1.00) 
104(1.00) 
112(1.00) 
128(1.00) 
141(1.00) 
145(1.00) 
130(1.00) 
144(1.00) 

Values in parentheses: fraction of each component, ' Mass ratio of solvent to coal Fast. 'Slow. 

I(0) vs 6enzene:Pyridine Ratio 

0:lO Benz:Pyr 
5:5 Benz:Pyr 
7:3 0enz:Pyr 
9:l Benz:Pyr 

I 

0 - 

0 01 0.1 

Q (k')  

Figure 1 Coherent scattering intensity vs momentum vector for variably swollen BL 
residues in binary solvent of benzene-pyridine 

\ 
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Fig2 Transverse relaxation signals for pyridine swollen BL coal. 
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Fig.3 Change infMH with SIC. 

Fig. 4 Conceptual model for microdomain structure of solvent-swollen coal. 
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Fig.5 Recovery of proton magnetization in SI phase as a function of tuz for the solvent-swollen BL coal. Solid lines 
represent the best fit to the data using a diffusion model. 

g 

Fig.6 A 3-D domain model used to calculate the interdomain spacing from the spin diffusion distance. 
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ABSTRACT 

The objective of this study is to examine, by small angle X-ray scattering (SAXS), the formation of 
soot from individual coal particle combustion in a methane flat flame burner. The SAXS instrument 
at the Basic Energy Sciences Synchrotron Radiation Center (BESSRC) at the Advanced Photon 
Source (APS) can be used to observe both the formation of spherules and clusters since it can access 
length scales of 6-6000 A. The high X-ray flux enables rapid acquisition of scattering data of 
various regions of the flame. SAXS data reveal particle size, shape, surface areas, and surface 
roughness. 

INTRODUCTION 

Particulate formation in many types of combustion, such as in diesel engines and coal combustion, 
is a significant problem. For example, in coal combustion, soot formation control is important 
because of radiation heat transfer effects. The objective of this study is to observe in situ the 
formation of particles in flames using small angle X-ray scattering (SAXS). As a result of a DOE- 
BES Facilities Initiative (I), we have developed a high resolution SAXS instrument in the BESSRC- 
CAT at the Advanced Photon Source (AF'S). The SAXS facility offers new capabilities for 
measuring atomic order within disordered media, including combustion particulates, on a length 
scale of 6-6000 A. A small research, flat flame burner has been constructed (2). The flux of photons 
from an undulator at the APS is needed to be able to observe the small number of soot particles in 
combustion of single coal particles. 

We propose to look at the problem of particulate formation in coal combustion from the early growth 
stages to particulate agglomerate formation, all using SAXS. In an early in situ stud (3) using 
SAXS to probe flames, the author noted that optical techniques had a lower limit of 600 f while his 
instrument had an upper limit of 1000 A. Typically, individual soot particles cluster to sizes starting 
at -1000 A. Optical methods can readily observe the clusters, but not the smaller spherules as they 
are formed. Our instrument can observe both the formation of spherules and clusters since it can 
access length scales of 6-6000 A. SAXS data can reveal particle size, shape, surface areas, surface 
roughness and can provide information on the internal structure. This method provides 
complementary data to that obtained by optical methods. 

Presently, a number of optical techniques are used to study soot in flames. Recently, Kiiylil (4) 
observed that there were large errors in determining soot particle size from light scattering. Also, 
the determination of properties were suspect due to uncertainties in soot refractive indices. However, 
thermophoretic sampling compiled with transmission electron spectroscopy (an ex situ method) has 
provided reliable size and shape information on the soot aggregates (4.5). These data can be used 
to help interpret the in situ SAXS results. Other optical techniques, such as laser induced 
fluorescence (6). have been used to analyze the pyrolysis process and especially to look at the 
polycyclic aromatic hydrocarbons, which are the probable precursors to soot. 

A classic paper by Freltoft, Kjems, and Sinha (7) describes how power law correlations of small 
angle scattering can be used to describe clusters of small particles. A parameter called the fractal 
dimension (do) can be derived from this correlation. This value, do, relates how the mass of a cluster 
changes with a linear dimension. We have used this approach to examine coal derived molecules 
in pyridine with small angle neutron scattering data (8). 

The experiments were conducted using a smaller version of a Hencken flat flame burner using a 
methane-air flame as the heat source. The coal particles are introduced individually through the 
center of the burner (5). It can be run fuel rich to observe pyrolysis or fuel lean to combust the coal 
particles. Other fuels, such as hydrocarbons, have been used with this burner. The burner is 
mounted on vertical and horizontal translation stages so that different parts of the flame can be 
probed. 

' 
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EXPERIMENTAL 

The S A X S  instrument was constructed at ANL and used on the Basic Energy Sciences Synchrotron 
Radiation Center CAT undulator beamline ID-I2 at the Advanced Photon Source 
(http://www.bessrc.aps.anV). The S M S  instrument has been designed to minimize parasitic 
scattering which would interfere with scattering from dilute samples such as soots in flames. An 
important key to this feature of the instrument is that the beam is defined 20 m from the sample 
which reduces the problem of scattering from the defining slits. A schematic of the instrument is 
shown in Scheme 1. 

Monochromatic X-rays (8.5 - 23.0 keV) are scattered off the sample and collected on a 9-element 
mosaic CCD detector (15 x 15 cm) with maximum of 3000 x 3000 pixel resolution with 10 sec 
exposure times (9). The scattered intensity has been corrected for absorption, the air scattering, and 
instrument background. The differential scattering cross section has been expressed as a function 
of the scattering vector Q, which is defined as Q = (4Wh) sin 8, where h is the wavelength of the 
X-rays and 8 is the scattering half angle. The value of Q is proportional to the inverse of the length 
scale (A'). The instrument was operated with two different sample-to-detector distances, 68.5 cm 
to obtain data at 0.04 < Q < 0.7 kl and 3740 cm to measure at 0.006 < Q < 0.1 k. 
The Argonne Premium Coal Samples (IO) used in this study were sized to the range of 45-75 pm. 
The bumer used for these studies was a 1" x 1" axial symmetric flat flame burner produced by 
Research Technologies. The coal and liquids were fed through a tube centered in the burner and, 
a 0.25" nitrogen and helium co-flow around the perimeter was used to stabilize the 
methanemydrogen flame. The individual coal particles were fed to the flame using a technique 
which that has previously been described (5). Liquid samples were introduced into the flame via a 
0.25 pm fused silica tube which protruded 2 mm above the surface of the burner. Samples such as 
toluene and heptane were flowed into the flame at 0.1 ml using an automated syringe. 

The burner was mounted on a x-y translational stage such that the flame could be moved through the 
X-ray beam both vertically and horizontally. 

Small Angle X-ray Scattering 

A typical plot of the scattering data for soot formation as a function of distance from the top of the 
burner of the Illinois No. 6 bituminous coal (APCS 3) is shown in Figure 1. These curves can be 
analyzed to determine size of features, topology, and changes in total scattering. Power law slope 
from the data, such as is shown in Figure 1, are used to describe the topology of the system. Finally, 
the invariant Qo is calculated and is proportional to the fluctuation of the electron density in the 
system. Changes in the invariant are. useful in monitoring topological changes in the 

sample, Q = jFI( Q ) Q * d Q  . For example, the invariant goes to zero for a homogeneous system 

I 

4 
I 

' 

, 

that does not have any concentration fluctuation. 

RESULTS AND DISCUSSION 

The scattering data were obtained as the burner was moved in 1 mm steps, such that the X-ray beam 
passed through the flame vertically from the bottom (0 mm) to 40 mm above the bottom. In 
addition, vertical sets of data were collected as the beam was positioned on center, where the coal 
particles emerged, and 1 ml increments from the center. The Illinois No. 6 (APCS 3) data from a 
vertical set at the center of the burner is shown in Figure 1. An initial Guinier analysis of this data 
suggests that the particle sizes arepolydispersed over the section of the flame where soot is observed. 
Also. there are no systematic changes in the invariant. However, as can be seen in Figure 2, the 
power law slope is increasing. This suggests that there is a roughening in the soot particle surface. 
Note the large amount of scatter in the data. This may mean that a wide range of soot particles are 
observed, or else that there is merely a lot of scatter in the data. With combustion of the coal 
particles, the scattering decreased rapidly as the X-ray beam is moved away from the center (not 
shown) and becomes difficult to measure at 3 mm from the center. 

Hydrocarbons, such as toluene, gave much better data in this system than coal particles. The flame 
conditions and the data acquisition parameters are the same in both cases, but apparently a much 
more stable soot cloud results from the direct infusion of the aromatic hydrocarbon. The power law 
slope data for the toluene (Q = 0.016 to 0.04) is shown in Figure 3. For the first 5-10 mm of the 
lower part of the flame, the value of do = 2.0, strongly suggests that larger polycyclic aromatic 
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expected, the scattering for the combustion of heptane (not shown) was much less than that for 
toluene. 

CONCLUSIONS 

Some of the initial results look promising, but we need a low tlame temperature in order to observe 
the intermediate sized particles. This approach may reduce the polydispersity. 
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Figure 1. Scattering from Illinois coal (APCS 3) taken at 1 mm intervals from 0 to 40 mm 
above the top of the bumer centered. 
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Figure 2. Power law slope from scattering of Illinois coal (APCS 3) soot taken along the 
centerline at 1 mm intervals from 0 to 40 mm above the top of the burner. 
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Figure 3. Power law slope from scattering of toluene soot taken at 1 mm intervals from 0 to 40 
mm above the top of the bumer at 1 mm intervals from the center. 
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For comparison, the nickel-impregnated coals were also prepared. About 1 g of raw cod 
was immersed in an aqueous solution containing about 6 or 12 wt % of nickel chloride and the 
water in this mixture was evaporated at 323 K under vacuum using rotary evaporator. The pH 
of the solution was controlled by using HCI or NH,. The impregnated samples are identified 
using an additional code indicating impregnation (Im) and the pH at the time of impregnation, 
e g ,  10.51Ni om, pH3) for the specimen impregnated with 10.51 wt?? nickel from solution of 
pH 3.  

2.2 C1 Gas Analysis. The pyrolysis experiment was carried out in a fixed-bed-type pyrolyzer 
under helium flow at a heating rate of 5 Wmia from 373 to 1173 K, and the evolved C1 gases 
were analyzed every 6 min by a gas chromatograph attached to the pyrolyzer. 

2.3 Infrared Spectroscopy. 
bromide. 
1600 Series FT-IR spectrometer. 

2.4 XAFS. The details of procedure were described previously.*” Briefly, data were collected 
at beam lines BL-7C, -10B, and -12C at the Photon Factory. Data were recorded in the 
transmission mode in the region of the Ni K edge (8331.7 ev) at room temperature. The 
transmission spectra were collected using ion chambers that were filled with nitrogen gas. 
EXAFS oscillation was extracted from the EXAFS raw data by using a cubic spline method and 
normalized with the edge height. The k3-weighted EXAFS spectra were Fourier transformed to 
R space. The inversely Fourier filtering data were analyzed by a curve-fitting technique on the 
basis of the single-scattering plane-wave theory. Experimentally determined phase shifts and 
backscattering amplitudes for Ni-Ni and Ni-0 were obtained fiom E M S  data for Ni foil 
(Ni-Ni; coordination number (N) = 12, distance (R) =2.488 A) and NiO (Ni-0; N = 6, R = 2.098 
A), respectively. 

Coal samples were diluted to 3 wt% by mixing of potassium 
Infrared spectra were obtained by diffuse reflectance method using a Perkin-Elmer 

3. RESULTS AND DISCUSSION 
3.1 C1 Gas Evolution. Obviously, the 
gas evolution was affected by the presence of nickel. The main features in the 
nickel-exchanged coals can be summarized as follows. The evolved CO gas shown in Figure 
1@) - (d) consisted of two peaks; one at 670 - 770 K and the other at around 920 K. When the 
nickel content was increased, the former peak shilled to lower temperature by 100 K but was 
almost the same in height. On the other hand, the latter peak height increased with the nickel 
contents, notably in the region below 3 wt%. For COz evolution, it was seen that main peak 
shifted to lower temperature by 20 - 30 K compared to AW coal. The COZ evolution in the 
higher temperature region, above 800 K, was negligibly small for nickel content below 3 wt%, 
whereas the COI in this region increased with the amount of nickel above 3 wt??. The CH4 
evolved profile had a small decrease in the middle temperature region between 720 and 870 K, 
possibly due to the nickel catalyzing secondary decomposition. 

When 
the pH of the solution was low (Fig. l(e)), C1 gas profile was similar to that of AW coal. On 
the contrary, C1 gas profile of sample prepared in the high pH of the solution (Fig. I(0) was 
similar to that prepared by ion exchange method. 

The total gas evolution versus metal loading is presented in Fig. 2. The filled marks in this 
figure indicate the gas evolution from the impregnated coal. The effects of metal observed here 
consist of those metal-catalyzed decomposition of functional groups and the secondary 
conversion of oxygen containing volatiles into CO and COz catalyzed by metal elements. From 
this figure, CO yields remarkably increased from 8% to 15% with increasing nickel loadings 
from 0 to about 3 %, whereas COz yields were almost constant at about 7% in the same region of 
nickel contents. Above 3wt% of nickel loadings, CO and CO2 yields gradually increased. It 
seems that the exchanged nickel below and above about 3 wt?? differ somewhat in the way it 
affects the decomposition, whereas the impregnated nickel behaved quite differently and yielded 
less gases than the exchanged nickel. 

These differences can be ascribed to a different state of nickel species. In the case of ion 
exchange, nickel ions are associated with carboxyl groups. On the other hand, most of nickel 
species loaded by impregnation method would form a cluster of the metal salt and, upon 
decomposition, distribute over the entire coal surface and not limited specifically to functional 
group sites. Therefore, it is likely that the exchanged nickel ions have a stronger influence than 
the impregnated species on the decomposition of functional groups in coal. 

3.2 States of nickel species after ion exchange. For the nickel-exchanged coals, it is very 
interesting to change the pyrolysis behavior below and above 3 wt% of nickel loadings. In 
order to examine the chemical state of the exchanged nickel ions in brown coal, FT-IR 
measurement was carried out. Figure 3 shows the IR spectra of brown coals with various 

Typical C1 gas evolution profiles are given in Fig. 1. 

For nickel-impregnated coals, C1 gas evolution profiles are also shown in Figure 1. 
I 
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exchanged nickel contents. The differences of IR spectra between AW and the 
nickel-exchanged coal are also shown in this figure. From this figure, it was found that the 
absorption band of carboxyl groups, which appeared at 1720 cm-', decreased with increasing 
nickel contents. On the contrary, the bands of OCO asymmetric stretching (va) at 1550 cm-' 
and OCO symmetric stretching (v.) at 1480 - 1410 cm'l of carboxylate groups increased. It 
should be noted that the peak osition of v, band depended on the amount of the exchanged 
nickel. The peak at 1480 cm-f in low nickel loaded sample was dominant, but in high nickel 
loaded sample the peak at 1410 cm-' was dominant. This suggests that the chemical state of 
nickel species differs by the nickel content. According to reference, it was found that this 
difference of peak position corresponded with the difference of the structure of carboxylate 
groups; the nickel ions in low loaded sample were associated with carboxyl groups in the form of 
bidentate-type, while those in high loaded sample were in the form of bridge-type. 

3.3 EXAFS. To examine how such differences in the chemical form of nickel species influence 
on the behavior of nickel species during pyrolysis, EXAFS experiments was carried out. Figure 
4 shows the Fourier transforms for EXAFS spectra of the 0.77Ni and 6.4Ni samples pyrolyzed 
from 373 to 853 K. From Fourier transformed EXAFS spectra of both nickel exchanged coals 
at 373 K, only Ni-0 bond appeared between 1 and 2 A was observed, indicating that the nickel 
species were highly dispersed on the brown coal surface independent of nickel loadings. The 
intensity of Ni-0 bond decreased with increasing heat treatment temperature, while new peak 
around 2.5 4 which was attributed to Ni-Ni bond, was appeared and its intensity increased. 
That is, the divalent nickel ions were reduced to the metallic state during pyrolysis. More 
interestingly, the transition temperature from divalent cations to metal particles depended on the 
nickel contents. Figure 5 shows the dependence of Ni-Ni coordination numbers on the 
pyrolysis temperatures. Nickel species in the low loaded sample aggregated to metal particles 
at 750 K. On the other hand, nickel species aggregated at 650 K in the high loaded sample. 
The transition temperature for the low loaded sample was 100 K higher than that of the high 
loaded sample. These transition temperatures corresponded with temperatures of the former 
CO peak described previously, which appeared at 770 K in the low loaded sample and at 670 K 
in the high loaded sample. The peak shift at about 100 K suggests that the states of nickel 
species in coal and their effects are different according to the nickel amounts. We suppose that 
the metallic nickel particle formation is related to the decomposition of carboxyl groups / CO 
evolution. 

4. CONCLUSIONS 
The following conclusions are obtained in this study. 
( I )  At the initial stage of pyrolysis, the exchanged nickel influenced on the decomposition of 
knctional groups. 
(2) The chemical structure of nickel carboxylate groups differs by the nickel content; the nickel 
ions in low loaded sample were associated with carboxyl groups in the form of bidentate-type, 
while those in high loaded sample were in the form of bridge-type. 
(3) By using XAFS technique, the aggregation temperature of nickel species, which was 750 K 
at low loaded sample, was observed to have shifted to lower temperature by IOOK at high loaded 
sample. 
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Figure 1 .  C1 gas evolution profiles of AW, nickel-exchanged coals, and nickel-impregnated 
coals. 
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Figure 2. Change of C1 gas yields with the amount of nickel loading. Filled marks indicates 
impregnated samples. 
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Figure 3. (a) IR spectra and @) difference spectra of the nickel exchanged coals. 

Figure 4. Fourier transforms for EXAFS oscillations of (a) 0.77Ni and (b) 6.4Ni nickel-loaded 
brown coals treated at several temperatures. These distributions were obtained by the Fourier 
transforms of the k'-weighted EXAFS data. 
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Figure 5:  Coordination numbers of Ni-Ni bonds as a function of treatment temperature 
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I ABSTRACT 
Influence of ion-exchanged nickel on pyrolysis of Loy Yang brown coal was examined, partly 
using the X-ray absorption fine structure (XAFS) technique. Pyrolysis experiments were 
carried out up to 1173 K at 5 Wmin in helium flow. CO yields remarkably increased from 8% 
to 15% with increasing nickel loadings from 0 to about 3 %, whereas C02 yields were almost 
constant at about 7% in the same region of nickel contents. Above 3wt% of nickel loadings, 
CO and COt yields gradually increased. The peak of CO evolution in the acid-washed coal, 
without any nickel ions, was broad at 870K. On the contrary, the peak of CO was divided into 
two by the loading of nickel ions. First peak, which appeared at 670-770K, shifted to lower 
temperature with increasing ion-exchanged nickel, while second peak appeared at about 920K 
independent of the amount of nickel ions. Further, by using the XAFS technique; it was shown 
that the nickel species aggregated to metal particles at 750K in the case of low loaded sample 
and that the aggregation of nickel species shifted to lower temperature by IOOK at high loaded 
sample. 

1. INTRODUCTION 
The pyrolysis behavior of brown coals and lignites on heat treatment has been studied 
extensively. The initial stage of pyrolysis is thought to consist of decomposition of several 
hnctional groups. The thermal decomposition of hnctional groups affects significantly the 
initial stage of coal liquefaction, gasification, and pyrolysis, where several structural changes 
take place simultaneously. Particularly, it is very important to understand the effects of the 
ion-exchanged metal species, which are associated with mainly carboxyl groups, on the 
decomposition process, since these cations are well known to be good catalysts for coal 
conversion processes. Schafer investigated the relation between the decomposition of 
functional groups and the evolved gas during pyrolysis of acid-washed coal and alkali or alkaline 
earth metal exchanged  coal^.'^ He presented that CO and C02, which were evolved from the 
acid-washed coal during heat treatment, originated from phenolic hydroxyl groups and carboxyl 
groups, respectively. In the case of the cation-exchanged coals, other oxygen-containing groups 
associated with carboxyl groups yielded C02 before the carboxylate groups decomposed into 
C02, that is, the presence of metal cation stabilized carboxylate groups. However, the details of 
ihe decomposition process are still not understood. 

We reported previously that the temperature of the C1 gas evolution as well as the C1 gas 
yields during the pyrolysis of the nickel-exchanged coal changed by their loadings.6 This result 
suggests that the catalytic properties depend on the structure of active species during pyrolysis. 
The purpose of this study is to examine the influence of ion-exchanged nickel on pyrolysis of 
b y  Yang brown coal, partly using the X-ray absorption fine structure (XAFS) technique, which 
can provide information on local structure of highly dispersed catalytic species in coal. 

2. EXPERIMENATAL 
2.1 Sample Preparation. Loy Yang brown coal from Victoria, Australia, was used in this study. 
Raw coal was ground smaller than a 250 pm particle size, washed with deionized water, dried at 
323 K under vacuum, and stored in a desiccator. The analyses for this coal are as follows: C: 
67.6 % (daf), H: 5.2 % (daf), N: 0.8 % (daf), 0: 26.4 % (dim, and ash: 0.2 % (dry). 
Acid-washed coal (AW) was prepared by stirring the raw coal in 0.5 moVl of hydrochloric acid 
for 24 h. The concentration of carboxyl groups waS 3.7 mmoYg.' About 10 g of the coal 
sample in 500 ml of an aqueous solution of nickel chloride at a concentration of 0.1 mom was 
stirred, and the pH of the solution was adjusted by adding ammonia or hydrochloric acid. M e r  
the pH remained unchanged for 5 h, the exchange reaction was judged to be equilibrium. The 
extent of exchanged nickel cation was determined by extracting the cation from the sample by 
hydrochloric acid. The nickel cation-exchanged samples are identified by the amount of 
loading (wt %), e.g., 0.75Ni for 0.75 Wtoh nickel-exchanged coal (daf). 
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INTRODUCTION. Several manuscripts have appeared within the time frame ofthe Argonne 
Premium Coals Sample Program which have addressed the inorganic moieties contained in these 
coals. At the same time, numerous studies of the effects of liquids on the micro- and macro-level 
structuring in coals have been undertaken. This group, using x-ray diffraction, helped define the 
cqstalline moieties in the AF’C’s and, using x-ray scattering methods, has been studying the 
effect(s) ofthe additions of liquids on the average inter-layer distance for several of the coals. For 
many of these studies (including ours), pyridine has been of the liquids receiving primary focus - 
perhaps because of its polarity and its ability to form hydrogen-bonds. In addition, its aromaticity 
(and thus planarity) offers other possibilities for interactions with the organic moieties in coals. 
However, these same structural features cause pyridine to be an effective ligand towards metal 
ions - particularly the soft metal cations found in coals; and a extensive coordination chemistry 
exists using pyridine as either the solvent, and an inner-coordination sphere ligand, or both. 
In addition, pyridine has the capability to interact with both “inorganic” and “organic” sulfix. 
Consequently, the abundances of important inorganic species such as FeS, may be effected by the 
presence of excess pyridine. Presented below are the first results of a study of the gels produced 
by reacting pyridine with the APC’s. 

Experimental. 25 MIS of anhydrous pyridine (Aldrich) were added to a 5 grams (-100 mesh) 
sample of each ofthe Argonne Premium Coals. Each sample was allowed to equilibrate for 10-14 
days. At the end of this period, the gels formed from the coal-pyridine interactions was separated 
from the remaining liquid by filtration. Each gel was air-dried and then mounted onto a 
sampleholder. A wavelength dispersive x-ray fluorescence (WDXRF) spectrum was obtained by 
irradiating each gel with rhodium Xrays (from an end-centered x-ray tube). The secondary Xrays 
emitted by each gel were focussed onto a graphite monochromator (d = 3.342 A). The WDXRF 
spectrum was obtained by accumulating intensity data for 4 seconds at angular increments of A28 
= 0.05’ over the angular range from 28 = 8.00” to 140.00°. In terms of the wavelength and the 
energy of the secondary Xrays, this angular region corresponds to: 

28 I E 
8.00’ 0.47 26.4 keV 

140.00” 6.30 A 1.97 keV 
For comparison purposes the WDXRF spectrum of each of the AF’C’s was also obtained. 

RESULTS. Shown in Figure 1 are the superimposed WDXRF spectra of the eight Argonne 
Premium Coals. These spectra indicate the advantages of the wavelength dispersive method, 
good peak resolution and good signdnoise ratio. These spectra indicate that the eight APC’s 
contain many of the same inorganic atoms, but in considerably different proportions. Principal 
among these are iron, calcium, and s u l h  - which represent the major components. In addition, 
small peaks due to either titanium andor potassium also appear in at least two of the spectra. 
These spectra verify the existence of the inorganic moieties previously reported. 

The intensity of a specific peak in the WDXRF spectrum of a sample containing many 
components may be written as: 

(1) 
In eq 1, IA(l,J is the intensity, typically in counts or counts per second, measured in the WDXRF 
spectrum and due to ana abundance of qA of analyte A in the sample S. The efficiency of the 
spectrometer for detecting Xrays at wavelength LA is given by M. I*A(LJ is the absorption and 
enhancement-corrected intensity due to 100% analyte A and may frequently be determined by 
iterative methods. The exponential includes several factors and is typically referred to as the 
matrix absorption effect(s). Among these factors are the mass absorption coefficients of the 
sample for the incident Rh Xrays and the mass absorption coefficient for the secondary Xrays 

‘A(’A) = r)A M(AA) I * A ( I d  ’ exp(-tS { P S  ‘[pS(&d + p A ( I d 1 ) ) .  
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produced by analyte 4 the density ofthe sample (ps) and the thickness of the sample (Q. 
using mixtures of model compounds, the product of M.I* is being determined for a number ofthe 
important analytes in these coals. In addition, the sample thickness is controlled by the opening in 
the sampleholder. Consequently, for comparisons, several of the parameters noted in eq 1 may be 
eliminated from hrther considerations. 

WDXRF spectrum of the gel formed when that coal has been treated with pyridine. A summary 
ofthe analysis ofthe intensity under the iron K, peak, the calcium K, peak, and the sulfur K. peak 
is presented in Table 1. 

Shown below is the WDXRF spectrum of an Argonne Premium coal compared to the 

’> 

TABLE I. COMPARISON OF PEAK INTENSITIES 

COAL. PEAK INTENSITIES IN COUNTS PER SECOND 
Fe PEAK @ 1.94 A Ca PEAK @ 3.36 A s PEAK @ 5.37 A 

coal Gel coal Gel coal Gel 

APC 101 19,083 15,007 2,181 1,822 2,005 1,734 
-21% -16% - 14% 

APC 301 33,594 28,227 4,790 4,302 5,785 4,553 
-16% - 10% -21% 

APC401 16,008 10,451 2,026 1,388 4,089 2,621 
-35% -31% -36% 

\ Comparison show that the peaks intensities for these inorganics parallel their previously reported 
abundances, verifying the accuracies ofthe W D X R F  method used in these experiments -- at least 
at a semi-quantitative level. 
Peak intensity comparisons also show that in the transformation from the coal to the gel, the 
intensity of each peak is reduced -- by approximately the same amount. Each intensity reduction 
indicates that the abundance of each of these key inorganic moieties is also decreased. However, 
the causds) ofthe reductions in peak intensities has not been established unequivocally. This 
uncertainty in interpretation of the WDXRF spectra is because of the versatility of pyridine in its 
reaction(s) with coal Specifically, it is known that pyridine causes coals to swell, which at the 
molecular level, is consistent with a change in the density of a powdered sample. The inclusion of 
pyridine into the organic matrix of the coal to form the gel causes a reduction in the abundances 
of the inorganic moieties in the coal. Both the change in abundances and the density change will 
affect the intensity of the analyte in an exponential manner In addition, pyridine may complex 
with one (or more) of the inorganic analytes in the coal in such a manner as to be removed from 
the gel which is formed upon pyridine addition, thus causing a reduction in the abundance of that 
analyte. 

\ 

1 

\ 
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Figure 1. WDXRF spectra of the Argonne Premium Coals. 
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Figure 2. WDXRF spectra of APC 101 and its gel formed with pyridine. 
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figure 3. WDXRF spectra of APC 301 and its gel formed with pyridine. 
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Figure 4. WDXRF spectra of APC 401 and its gel formed with pyridine 
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