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All the major nitrogen chemical.structures, present in coals of vaTng ranks have been 
uantitativel determrned usin nitro en X ray Absorption Near-Edge pectrosco y XANES) 
h S  s c&a of these pppTes exfibit ,ever,! distinguishable resonances w%ic6 can & 
correlaterwth charactenstic resonances of articular nitrogen chemical structures thereby 
facilitating analysis of these complicated sysgms. Aromatic nitrogen compounds abound in 
the coals. no evidence of saturated amine is found. Pyrroles, pyridines, pyridones, and 
aromatic 'amines are found in coal. of these, pyrrolic structures are the most prevalent. The 
low rank (high oxy en coals have large quantities of yridone pnd smaller quantities of 
pyridine. this sug s% h a t  with increasing maturabon o!coal pyndone loses ita oxy en and 
is transformed in% pyridine. Aromatic v i n e s  q e  resent at'low levels in coals of 31 .rank. 
Preliminary stud~es on kerogens and bitumens intcate the presence of yrrole p done 
pyridine, and Fmatic.amine structures; some saturated amine may .also %e preAenyOthe; 
models contamng multi le oxygen and mtrogen sites have been investigated and they may be 
present in bitumens an8low rank coals in small quantities. 
INTRODUCTION 

Coal is a valuable natural resource. The origin of the organic art of coal stems from 
glant materials, which over geological time, become compacte8, and mature into coal 

eds due to severe physical conditions such as heat and pressure. Heteroatoms such as 
nitrogen and sulfur present in fossil fuels pose major roblems in the effective usage of 
the resource. Heteroatoms in  coals often act as catafyst poisons; upon combustion of 
coal, heteroatoms evolve gases which are harmful to the environment. Heteroatoms 
also help in the determination of solubility and chemical properties of coal. 
Heteroatoms also provide markers to  follow evolution of the chemistry of coal with 
maturation. 

The rank of coal by definition is a measure of the degree of metamorphism of coal beds, 
higher rank indicating greater maturation. During the process of maturation, 
moisture and chemically bound. oxygen are  expelled from coal beds, and consequently, 
higher rank coals have lower oxygen and moisture content than lower rank coals. 
Aromaticity increases with maturation; carbon aromaticit can range from 90% in a 
high rank coal to 40% in a low rank coal. Oxygen, whict is the major heteroatom 
gesent  in coals, occur as furan analogues, phenolic analogues, and etheric groups. 

ulfur is present in coals both in  aromatic and saturated forms. X-ray Absorption 
Near-Edge Structure (XANES) spectroscopy has been used for the last ten years to 
successfully determine the major sulfur chemical forms present in  coals( 1-4). 
Thiophenic (aromatic) sulfur is the dominant t e, followed by sulfidic (saturated) type 
of sulfur. Oxygen containing sulfur forms su% as sulfoxides, sulfones and sulfates 
are also found in coals, as well as mineral pyritic sulfur(2,4). 

Kerogens are the organic insoluble, and bitumens are the organic soluble fractions of 
oil shales. The maturation process is  somewhat similar to coal maturation; however, 
the maturation process of kero en results in the production of crude oil. The H:C ratio 
of both immature kerogens ancfbitumens is typically -1.5. Most of the carbon exists in 
aliphatic forms, and nitrogen and oxygen are present in greater amounts than sulfur. 

Nitrogen has been difficult to study in fossil fuels; the high molecular weight of coals 
hinder chromatographic measurements, and the low concentrations of nitrogen in  
coal make spectroscopic measurements difficult. X-ray photoelectron studies in coal 
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have been informative, but the limited energy resolution hinders determination of all 
major forms of nitrogen(5,g). Nitrogen studies have also been difficult in kerogens and 
bitumens; insolubility of kerogens and complex structures of both kerogens and 
bitumens exacerbate the analysis of their nitrogen chemistry. XANES methodology is 
direct and nondestructive and has already been successful in determining the different 
nitrogen chemical functionalities in coal (7,8) and petroleum asphaltenes(9). 

The present study determines all princi a1 nitrogen structures of coals of v a r g  
ranks; this study has also been extende! to provide preliminary information a out 
immature kerogens and bitumens. Pyrrole and pyridine are found in these samples; 
in addition, presence of pyridones and aromatic amines, and very small amounts of 
saturated amines are also found. In the low rank coals, there is  less or no pyndine but 
considerable amounts of pyridone; in the high rank coals the pyridones lose the oxygen 
and become converted into pyridines. Aromatic amines, and very small amounts of 
saturated amines are found in  both the immature kero ens and bitumens. The 
XANES spectra of the kerogens and bitumens suggest &e presence of pyrroles, 
pyridones, pyridines, and aromatic amines, and perhaps small amounts of saturated 
amines. During the maturation process of oil shales while some biomarkers remain 
unaltered, several starting chemical functionalities in immature oil shales alter 
significantly in  the production of crude oil. Our present data on the immature 
kerogens and bitumens suggest that there may be considerable quantities of yridone 
present in them; in  that case, these structures disintegrate upon reaching t l e  crude 
oil stage, as ourgrevious studies on petroleum asphaltenes(9) did not show any 
occurrence of pyri one structures. 
m N T A L  SECTION 

Our nitrogen XANES data have been collected a t  beamline U4B a t  National 
Synchrotron Light Source at Brookhaven National Lab; this beamline has been 
constructed by AT&T Bell Labs(l0). We used a monochromator consisting of a grating 
of 600 Iinedmm, and a multi-element fluorescent Ge detector(l1). The pressure inside 
the beampipe leadin to the sample chamber, as well as the sample chamber was on 

maintain such high vacuum conditions. Samples were placed on nitrogen-free Scotch 
tape and were positioned inside the chamber by means of a load-lock system. 

Our sample suite consisted of several coals, kerogens, bitumens, and nitrogen model 
com ounds. The coals were obtained from Argonne National Laboratory Coal Sample 
Ban&, IL(12), the kerogens and the bitumens were obtained from Western Research 
Institute, WY, and the model compounds from Aldrich Chemical Company. The 
models were used as received, without any further purification. 
RESULTS AND DL~CUSSIONS 

Figure 1 plots the nitrogen XANES of several coals of va ng ranks; the plots are in 
the order of increasing rank from the bottom to the top o z h e  figure. Three principal 
regions are noticed, at -400 eV, 402-405 eV, and 408 eV; the second region can be 
decomposed into three regions, at 402 eV, 403.3 eV, and 405 eV. The first resonance 
region at 400 eV varies considerably in intensity among the different coals, the 
intensity gradually increases as we move from a lower rank coal to a higher rank coal. 
The resonance feature a t  402 eV, on the other hand, grows in intensity as we move 
from a higher rank to a lower rank coal. This suggests that as coal matures, the 
nitrogen structure identifiable with the 402 eV resonance feature transforms into a 
structure whose characteristic resonance is at 400 eV. The resonance feature at 403.3 
eV in all the spectra varies less dramatically within different samples, and the 405 eV 
resonance intensity is rather small for all the plots. 

the order of 10-9-10- Ei 0 torr; a cryopump and a turbo-molecular pump were used to 
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Figure 2 shows the XANES plots of several kern ens and bitumens. Here we notice the 
three distinct resonance regions also observedin the coal plots, where the second 
region can be decomposed into three features. The peaks a t  400 eV and -403 eV are well 
pronounced in all the kerogen and bitumen spectra. the feature slightly shifted from 
402 eV is very well pronounced in  the bitumens, and the exact origin of such a peak is 
still under investigation. 

XANES plots of a high rank coal, a low rank coal, a kerogen, a bitumen and analogues 
of five different nitrogen structures are shown in figure 3. The first resonance in the 
fossil-fuel spectra match well with the A* resonance of pyridine, su gestin the 
presence of pyridine in these samples. The second resonance feature in  &e fossi-fuel 
spectra matches well with A* resonance energy of the pyridone molecule. This 
suggests the presence of such structures in the fossil-fuel samples. The spectrum of a 
high rank coal has an intense pyridine peak, but a barely discernible shoulder for the 
pyridone signature; the opposite situation exists in the spectrum of the low rank coal, 
where the pyridine peak is absent, and a strong pyridone peak is present. This leads to 
the argument that as coals mature, oxygen is driven away, and the pyridone in a low 
rank coal loses its ox gen when it reaches a high rank stage and is transformed into 
pyridine@). Among tce kerogen and bitumen, the peak around 402 eV is relatively 
strong; this may be partly due to the presence of pyridone structures, as well as other 
oxygen nitrogen structures, and the issue is still under investigation. The kerogen and 
bitumen samples are immature, and considerable amounts of pyridone, as well as 
other oxy en containing molecules are not unexpected to be present in these samples. 
The thircf resonance in the fossil-fuel spectra corresponds in  energy with the A* 
resonance of the pyrrole molecule. The four fossil-fuel samples show intense pyrrole 
resonances, and the intensity is more or  less uniform in all the four spectra. The 
smaller resonance feature at 405 eV in the fossil-fuel spectra can be attributed to the 
presence of aromatic amines, since the spectrum of an amine has a broad resonance 
in this region. The saturated amine spectrum shows an absence of a A* resonance, but 
the presence of a u* resonance, which occurs a t  408 eV. All the four types of fossil-fuel 
samples show resonances at this energy, which suggests that there may be some 
amount of saturated amine structures present in them. 

Different nitrogen structures show A* (or a*) resonances at well separated energies, as 
shown in figure 3. Several analogues of different structures of nitrogen have been 
studied previously(8,9), and i t  is found that all analogues belonging to the same 
structure exhibit x* resonances at energies close to each other (AE-0.5eV), but well 
separated from the x* resonances of the spectra of other structures (AE-2eV). This has 
been explained by means of the behavior of the lone pair of electrons at  the nitrogen site 
in  the molecule. When the electrons are involved in the x-cloud of the six-membered 
aromatic ring, as in pyrroles and pyridones, the nitrogen site is left slightly positive, 
and these structures show hi her energy x* resonances. In contrast, in pyridines, the 
lone pair of electrons are invofved in the sp2 orbital and the nitrogen site is keft slightly 
negative; these structures show lower energy A* resonances than pyrroles and 
pyridones. 

A least-squares fitting program has been used in order to analyze the coal spectra. All 
the spectra of models and the coal samples were first normalized with respect to the 
res ective step heights, and were then fit to a sum of several different Lorentzian peaks 
a n i  an arc-tangent step. The peaks represent bound to bound electronic transitions, 
and the ste represents transition to the continuum. Figure 4(a) shows a typical fitted 
spectrum o r a  nitrogen model compound (Bvinylcarbazole), and figure 4(b) shows the 
fitted spectrum of a coal (PIT"). The first seven resonance features of the fossil-fuel 
spectra were identified to  five different types of nitrogen; in order to  maintain 
consistency, all the model and fossil-fuel spectra were fit with the same set of 
parameters. The relevant peaks were: 399.8 eV, Av=0.8 eV ( yridine), 401.9 eV, AkO.97 
eV (pyridone), 402.6 eV, Av=1.3 eV and 403.7 eV, Aw1.9 eV &yrrole), 405.0 eV, 
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Av4.0 eV (aromatic amine), and 406.2 eV, Av=1.4 eV and 407.9 eV, Av=2.9 eV (all 
models including saturated amines). A continuum resonance was included to produce 
better fits to the data but were not used in  our analysis procedure; its location was 412.8 
eV, Av=3.2 eV. The step was positioned at 408 eV, with a width of 1.5 eV. Average area 
values of the normalized peaks in  the spectra of all analogues belonging to the same 
nitrogen structure were determined; these values were then used to analyze the coal 
spectra. For instance, the resonance a t  400 eV in the fossil-fuel spectra was attnbuted 
to pyridine structure, and the pyridine contribution in  the coal spectra was 
determined; in a likewise manner, other nitrogen contributions were also determined. 
Care was taken to subtract from the fossil-fuel spectra any secondary contribution 
arising from a different structure at the same energy as  the R* resonance of the 
primary structure in consideration. After determinin secondary contributions from 
pyridines, pyridones, and p y o l e s  a t  405 eV, the vafley at this energy in  the coal 
spectra was assumed to be 'filled in" due to the presence of aromatic amine, and the 
aromatic amine contribution was determined. The 408 eV resonance was attributed as 
due to the presence of saturated amines. 

Table 1 lists the percentages of the different nitrogen structures present in the coals. 
All the nitrogen in coals are aromatic in nature, with pyrrolic type being the most 
dominant. Substantial quantities of pyridinic structures are also found in  the high 
rank coals. The low rank coals have smaller amounts of pyridine and larger amounts 
of pyridone, as o posed to the high rank coals; this leads to the argument that as coal 
matures from afow rank sta e to a high rank stage, pyridone loses its oxygen and 
become transformed into pyrigne structures. Small quantities of aromatic amine are 
found in all the coals. 

We estimate the errors in the percentages listed in the above tables to be within 12%; 
there are several sources for such errors. First of all, the ratio of the intensity to the 
step hei ht of different a n a l o y  of the same structure can vary significant1 as seen 
previous?y, and an average va ue for the R* area may introduce some errors. Ifecondly, 
the aromatic amine determination is not unique, since the aromatic amine analogues 
exhibit spectra with broad R* resonances, and we have assumed that the valley at 405 
eV in the fossil-fuel spectra is "filled up" due to the presence of aromatic amine in the 
fossil-fuel samples. Furthermore, the assignment of peaks in  the fossil-fuel spectra to 
different nitrogen structures is somewhat arbitrary, and a slightly different position 
would perhaps generate a slightly different set of numbers. However, the trends would 
remain the same in the percentage values noted above. 
CONCLUSIONS 

Five different nitro en structures have been determined ,by ?CANES methodology. in 
sever 1 coals of di&rent ranks. Coals have only aromatic mtrogen structures w t h  
pyrrobc types bein the most dominant. Low rank coals have significant amounts of 
Dvridone and smaser (or no) auantities of Dvndine: as these coals mature over ."---~ eological time to a higher radi'stage the pyiiaone stiucturesIose-ChGir-ox-gen -and 
gecome transformed to @dine types: Aromatic amine is the other form oflnitrogen 
found in these oals Tge immature kerogens an bitumens have spectra similar to 
those of coals afthoGh trends in the intensities ofne different resonances among the 
different kerb en and b!tumen spectra are not ewdent. The peak -402 eV in the 
bitumen sampfes ma anse from pyndone, as well as some other mtrogen structures; 
the matter is sbll unier investigation 
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Table 1. Percentages of different nitrogen structures found 
in coals of different ranks. 

WY I 76.04 I 5.42 I 16.90 I 1.13 I 10 I ae I 51 10 

ND 74.05 4.9 19.19 1.17 a 4s 60 6 

Maas fraction fmm K 5. V m s ,  Umrs Handbook for the h n n e  h m i u m  coal Sample *am, 
Argonne National Lab. 
W Normalized by nitrogen eontent 
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