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NEW APPLICATIONS OF ANALYTICAL TECHNIQUES TO FOSSIL FUELS
Introduction to the Symposium

H.L. Retcofsky and M.B. Perry

U.S. Department of Energy
Pittsburgh Energy Technology Center
P.0. Box 10940
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The "New Applications of Analytical Techniques to Fossil Fuels" symposium
was envisioned as a forum for researchers to describe (1) new twists to
established techniques, (2) techniques only recently applied to fossil
fuels, and (3) potentially useful techniques that have not as yet been
applied to such materials. The response to our call for papers was over-
whelming, the result being a four-day symposium consisting of thirty-six
technical presentations. The podium will be shared by speakers from indus-

trial, government, and university laboratories. We are pleased to
acknowledge participation by three countries -- Canada, United Kingdom, and
the United States -- all of which have well-established, on-going fossil

fuel programs.
ORGANIZATION OF THE SYMPOSIUM

We resisted the urge to organize the papers into sessions according to
analytical technique by structuring the symposium so as to place primary
focus on the materials examined and the type of information obtained. Thus,
one session is devoted to coal or coal macerals as total (unseparated)
materials, while other sessions emphasize analyses for particular functional
groups. Another session deals with compound identification, while others
address process-oriented analysis and measurements of dynamic processes.
Logistical consideration dictated that the three invited magnetic resonance
papers be organized into a single session,

Most of the symposium papers deal with instrumental methods of analysis.
This was not unexpected because applications of modern instrumental tech-
niques have experienced phenomenal growth since their introduction in the
mid- and late-1940's. Figure 1 depicts historically the introduction of a
few such techniques into the coal research programs at the Pittsburgh Energy
Technology Center; the timetable of Figure 1 closely parallels that for
other fossil fuels research organizations located throughout the world. The
large number of techniques that will be described during this symposium
suggests that periodic updates of such plots are appropriate at relatively
short intervals. Among the many techniques included in the symposium are
laser induced fluorescence, inverse gas chromatography, wultraviolet
resonance Raman spectroscopy, and zero field nuclear magnetic resonance, as
well as many of the hyphenated techniques, such as TGA-FTIR, GC-FTIR, and
LC-MS. Classical wet methods, nonetheless, are not ignored.



SOME THOUGHTS FOR THE FOSSIL FUEL ANALYST

The current role of the fossil fuel analyst in the research environment is
one in which he functions as an integral member of the research planning
team. The analyst faces a number of technical challenges that require a
very broad scientific knowledge covering a number of different disciplines.
The lack of such knowledge may very well leave the fossil fuel analyst
vulnerable to a variety of "perils and pitfalls" that in some cases are
unique to the fossil fuel area. The following thoughts are given (with per-
haps a degree of "tongue in cheek") to draw attention to several of these.

Perils and Pitfalls

Thou shalt have many samples before thee, and no one shall be considered sacred is,
for example, good advice for the coal analyst. In a study of sixty-four
vitrains from coals originating from nine countries, a quite viable explana-
tion for the electron spin resonance (ESR) characteristics of the samples
was presented (1,2). Despite the large number of samples and the wide geo-
graphical distribution, a more recent study revealed "unusual" coals that do
not adhere to the correlations established during the earlier study (3).
Needless to say, such findings often lead to new research opportunities and
improved understanding of coal structure.

In a similar vein, Thou shalt have a variety of analytical methods before thee, and
again, no one shall be considered sacred. This statement is motivated by results
from an extensive laboratory study of five methods that are commonly used
for the determination of asphaltenes (4,5). In their initial study, which
was confined to a coal-derived 1liquid, Schultz and Mima found (not
unexpectedly) that the results were dependent on the method that was
used (4). The method dependency was further confirmed (again, not
unexpectedly) in their second study, which extended the testing of the
methods to a coal-derived solid (5). Subsequent analysis of the data for
both samples (Figure 2) revealed a sample dependency in addition to the
method dependency, thus precluding the use of a constant factor to compare
the results of analyses performed by the different procedures (6).

With respeet to the coal analyst's need for a broad knowledge of a variety
of scientifie diseiplines, it is well that Thou shalt remember thy physics and
honor its relevance. Drawing again from the ESR literature, it has been shown
that misleading g values and spectral intensities may result from the lack
of attention given to the physical bases that underlie both the ESR
phenomena and the microwave techniques employed to observe the
resonances (7).

Fossil fuel analysts should no longer permit themselves to be viewed as con-
veyers of data, and they must Recognize that "data, however fascinating, is not
insight” (8). The present authors feel that coinage of the phrase "data base"
is unfortunate in that it fails to communicate that it is the storage of
information or the translation of data into useful information that should
be emphasized.

Analysts, in general, strive to achieve results of high precision. It is
our feeling that a more appropriate goal is to strive for that precision
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necessary to solve the problem at hand. It is important that analysts Know
thy data and thy precision, and use both wisely. Some recent work undertaken in
our laboratory to respond to a challenge of the doublet state free radical
interpretation of the ESR behavior of coals (9) serves to illustrate this
point. Careful reanalysis of the data from reference 9, the results of
which are summarized in Table 1, showed no reason to choose a model that
includes both doublet and triplet states over the Curie law model, which
is, in  part, the basis for the doublet state free radical
interpretation (10).

Fossil fuel analysts often face the problem of long-term storage instability
of samples. Although the problem has been well documented (11-13), it is
appropriate to remind analysts that they should Honor thy sample, for its
integrity (or lack thereof) may very well reflect upon their own. Long-term sample
stability is but one of many concerns. Certainly, analytical results on
second-hand samples are suspect, and those on samples of questionable origin
should be rejected outright. Additionally, short-term sample stability has
received little attention despite a study that showed measurable changes in
spectral properties of coal within a few hours after removal from the mine
atmosphere (14). The lack or improper use of sampling protocols is yet
another problem that often confronts the fossil fuel analyst. Unless he
asserts himself as a member of the research team, the problems associated
with improper sampling are likely to be ignored.

A Closing Thought

The final thought that we would leave with the audience is that analytical
methods that have been applied successfully to other materials frequently
are not directly transferable to the analysis of fossil fuels. Rare is the
coal analyst who has not on occasion identified with Figure 3. We offer
this closing thought for consideration by the speakers as we open this sym-
posium.
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Table 1. ESR Intensity-Temperature (IT) Behavior for a Single Coal

Temperature Range, K 126 to 264
IT (Measured), Arbitrary Units 23.4 to 28.95
IT (Measured) - IT (Predicted) -0.45 to 0.25

(CURIE LAW MODEL)

IT (Measured) - IT (Predicted) -0.47 to 0.37
(CHARGE TRANSFER MODEL)
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LASER-INDUCED FLUORESCENCE MICROSCOPY OF COAL MACERALS
AND DISPERSED ORGANIC MATERIAL

W.L. Borst, M.W, Pleil,
and G.W. Sullivan
Department of Physies
Texas Tech University
Lubbock, Texas T9409

and

J.C. Crelling and C.R. Landis
Department of Geology
Southern Illinois University
Carbondale, Illinois 62901

INTRODUCTION

Fluorescence microscopy has been a useful analytical tool for characterizing
organic material in various coals and rocks (1=9). Teichmuller and Wolf (3,7)
discovered new fluorescing coal macerals, which also were found by Spackman (6) in
U.S. coals. Ottenjahn et al. (9) related the fluorescence properties of macerals to
technological properties of coal. Van Gijzel (8) has organized spectral
fluorescence properties for comparison. Since 1983, we have extended fluorescence
microphotometry from the spectral to the time domain by using a pulsed laser for
fluorescence excitation. Fluorescence decay times are measured as the new
characterizing parameters for the dispersed organic material. Simultaneously,
individual spectra of the various fluorescing components in the material are
obtained. This paper describes the new time-resolved fluorescence microscopy and
its application to coal and shale characterization.

SYSTEM DESCRIPTION

The laser fluorescence microscopy system is represented schematically in
Figure 1, Further specifications are given in Table 1. A pulsed laser and three
sources of continuous wave (c.w.) illumination are interfaced with a Leitz MPV3
microscope. The tungsten lamp is used for spectral calibration and surveying the
sample under white light., The mercury and xenon arc lamps are used for fluorescence
excltation and are coupled to the excitation monochromator. The EG&G nitrogen
pumped dye laser with a BDBP dye provides intense near-ultraviolet light pulses.
The laser is coupled to the microscope via a liquid light guide. The modular
construction of the microscope allows various optical components to be readily
interchanged. The emitted fluorescence is detected by a fast two-stage multichannel
plate (MCP) photomultiplier tube (Hamamatsu R1564U~01) with an enhanced red
response, The output of the MCP is directed either to a picoammeter when acquiring
conventional c.Ww. spectra or a Tektronics 7912AD fast waveform digitizer when
acquiring time-resolved spectra. The digitizer sums a number of MCP output pulses
and passes the average . to the 4052A Tektronics desk top computer, The extensive
software, developed in~house, constitutes a large portion of the development time,



TABLE I ~ Instrument Paraumeters and Fluorescence Signals

Size of coal maceral 10-50 um
Diameter of analyzed area 5 um
Tuning range of emission monochromator 220-800 nm
Range used 380-800 nm
Monochromator bLandwidth ?-7 nm
Continuous Fluorescence Excitation
Tuning range of excitation monochromator 220-800 nm
Typical excitation wavelength 365 nm
Monochromator bandwidth 1=7 an
Fluorescence Excitation by Pulsed Lascr :
Dye laser pulse duration (FWHM) Q.7 ns
Pulse energy (BDBP dye, 373nm, 10Hz) 10 wJ
Peak power 10 kW
Laser bandwidth (FWIM) 0.04 nm
Dye laser tuning range 360~800 nm
Excitation wavelength used 373 nm
Pulse repetition rate 1-100 ?z
Number of photons emitted per pulse (BDDP dye) 2x10)3
Photons onto sample x‘lO13
Photons onto measured region of sample (A5 um) 10119012
Typical fluorescence yield 0.001
Photons reachlng MCP photomultiplier alter passing

emlssion monochromator 10"
Typical number of photoelectrons per pulse 102—103
Instrument function rlsetime (laser pulse + photomultiplier +

digltizer preamplifier) 0.7 ns
FWHM of instrument function 1.1 ns
Single pulse digitizatlon rate 10~-100 GHz
Number of pulses signal averaged, typical 6U

METHOD

Time-resolved fluorescence emission spectra are obtalned In 10 nm steps by
scanning the ewmission monochromator of the MPV3 from 400 to 700 nm and acqulrlng the
fluorescence decay at each wavelength. This takes about 10 seconds at each
wavelength or 5 minutes total, 'fhe data reduction yields the multiple decay times,
component spectra, and relative intenslties and takes about 4 minutes at ‘one
wavelength or 1-2 hours total. Conventlonal spectra are obtainmed with c.w.
illumination and continuously scanning the emission monochromator.. Thls takes about
60 seconds, including correction for optical system response and smoothing. Very
simllar spectra, as expected, are obtained by integrating the time-resolved results

For routine data collection, a tungsten lamp is used to determine the spectral
response of the systewm. The lamp is cross calibrated with a standard lamp of a
known spectral output. This 1is done by measuring the raw spectrum, which includes
the system response of both the tungsten and standard lamps. The ratio of the raw
tungsten spectrum T.(A ) Lo the raw standard lamp spectrum E. (A ) is independent of
the system rGSponse and, when multiplied with the known standard lamp speotrum
E(A), results in the true tungsten spectrum T(A)

ey
) = ( oL 1)
K 8

R




B

The determination of the relative spectral response S(i) of a chosen optical
configuration (objective, dichroic filter, apertures) is done routinely by measuring
the raw tungsten spectrum Tr(x) and dividing by the true tungsten spectrum T (A):

L]

)

SO =T 2)

The corrected fluorescence emission spectrum R(A) from a sample 1s then determined
by taking the ratio

R_(})

R(A) = Sr(A) 3)

vhere R,(A) 1s the raw fluorescence spectrum. The above calibration procedures are
bullt into the software. In this way, normalized fluorescence spectra are obtained
independently of the particular optical companents chosen.

The acquisition and reduction of the pulsed fluorescence data require much
care. The individual anode pulses from the MCP PMT contain the fluorescence decay
F(t) and the temporal instrument response I(t). The measured signal M(t)is glven by
the convolution integral

L
M(e) = [ I(r) F(e-t)de 4)

The task 1is to obtain the fluorescence decay function F(t) and, from this, the
various decay times and percentage contributions from the individual fluorescing
components. This 1s done with an iterative reconvolution technique and least
squares fitting (see below), First, the ilnstrument function has to be determined.
Ir F(t-1) in the above integral is a delta-functlon 8 (t-1), then the measured
signal M(t) is I(t). Experimentally, a mirror is used in place of the sample, which
corresponds to replacing F(t-t) with &(t-t). Thus the instrument response is
obtalned and contains the contributions from the laser pulse, photomultiplier
response and preamplifier bandwidth (1GHz) of the waveforu digitizer.

Various deconvolution techniques have been examined by other investligators
(15,16,17). We have looked into three such techniques. The software developed
allowed us to mathematically model the fluorescence experiments by convoluting a
synthesized instrument response, including random Gaussian noise, with an assumed
multi-exponential fluorescence decay. The syntheslzed signal M(t) was then
deconvoluted using the different techniques to see how the calculated parameters
(decay times and pre-exponential coefflcients) compared with the known parameters
set at the beginning. We found that the Fourier transform method requires intensive
operator lnteraction and its ability to discern a sum of two or more exponentials
was guestionable. The method of moments could resolve single and double exponential
fluorescence decays. However, extension to three exponential waveforms has
proved to be difficult. The technique we found to give the best results 1s the
lterative reconvolution method, which was also found to be most satisfactory by
O'Conner et al. (15). We are able to successfully deconvolute data containing up to
three different fluorescence decays.

The iterative reconvolution method assumes that the fluorescence decay F(t)
from the sample 18 a sum of exponential terms corresponding to emission from n
individual fluorophores:

n
Fe) =}

4 A; exp (-t/Ti) 5)




Combining this with Equation 4 gives the flttlng function

n t
M= J A, [ 1) exp [-(t=1)/7] dt 6)
i=l -

where Ay and T; are the parameters to be adjusted untll a best fit to the measured
signal M(t) is found.

This best fit 1s obtained when the error sum x2 is minimized, where

N
2 _y 1 o .2
ol S e - ) 7)

and N is the total number of channels (128 or 512) used.

The welght o 12 1s the square of the uncertainty in the measurement of the ith
channel and is given by

0‘2 =a 2 + CM(L,) + [
i 0 i

M2 2
at] agé +{

%M ar? 8)
A S N

3!:2 2 ’

where 002 is the baseline nolse (0.01mV2), CM(ti) 1s the counting error (1mV2), gy
1s the tlme axis jitter caused by small fluctuations Iin the trigger pulse
(o vi0ps) and A4t (~0.25 channels) is the fractional channel shift in our time
axls lineup routine. Typical values for the last two terms in Equation 8 are 2mV
and 0.25mvV“, respectively.

Minimizing the x 2 error sum Is an iterative process, which inyolves
incrementing the parameters A, and t; and thus successively reducing x“. The
method employed (20) is a combination of a gradient search along the X2
hypersurface and linearlzation of the fitting function. When far from the surface
minimum, the gradient plays the dominant role in determining the increment changes ,
As the search closes in on the minimum, the linearization of the ‘fitting ‘function do-
minates. The parameter increments are given by

2n -1
6B, =] 8 a, 9)
=L

where Bj - (Aiv T,), and Bk and u,jk are given by the relatlons:

(o]
N aM” (t.)
\ 1 o e i
B, =) —= [M(t,) - M (t,)] —5— 10)
k i=10.2 i e i BBk
1
N wm’ (e e ¢
1 e i e i
a, = ) = (3+26,,)  11)
ik g4 oi2 aej 3B, ik

Mg(tl) is the best fit from the preceding iterations, A is a weighting factor and
6, 1s the Kronecker delta. The weighting factor determines the relative
contribution to the increments from the gradient search on the hypersurface to
the linearization of the fitting function.

10

- e




— — e

——

APPLICATION TO COAL MACERAL ANALYSIS

An example for time-resolved fluorescence analysis is given in Figure 2 for a
sporinite coal maceral (SIU sample 1444). The top part shows a signal-averaged
fluorescence pulse (solid line) and the best 2-exponential fit (dashed 1line). The
emission monochromator was set at 500 nm., The fit yields the pre-exponential
coefficients A; and decay times Ti. The component percentages are given by

Ai T

BT TEx
L 11
1

(here i=1,2) 12)

2 The accuracy of the fit can be assessed from the residuals and the reduced
Xv (20), where X\% <1 indicates a good fit, Ideally, the resliduals should be
random. They are not because of a finte number of channels, interpola%tion between
channels, small time axis Jitter, and small pulse shape variations. A 2-component
decay fits the present data well, and the assumption of a 3-component decay would
show redundance in the third component. The quantity T . 1is the mean decay time as
defined by Ta = LPyg Ti/‘lOO and has proved useful for comparisons.

The bottom of Figure 2 shows a complete time-resolved spectral analyslis,
where the parameters A;, T;, and Pj are plotted versus emitted wavelength. The
coefficients Ai()\) are the individual component spectra. The indivlidual decay times
T; often remain nearly constant over the spectral range, as would be expected for

pure substances,

In order to determine the usefulness of time-domain fluorescence analysis as an
extension of conventional fluorescence analysis of organic materials, two sets of
samples were studled. One set was a series of kerogen-rich shale samples at
different levels of maturation from the New Albany Formation from the Illinois
Basin., In these samples Type I kerogen is abundant as alginite Tasmanites, and all
measurements were taken on this material. While the maturation trends of this
material in the Illinois Basin have been studied using vitrinite reflectance and
qualitative and quantitative fluorescence techniques (21,22,23), nothing previously
was known of the time-resolved fluorescence properties of these (or any) samples.
The other set was a series of samples from the lower Kittanning seam from
Pennsylvania and Ohio, which range in rank from high~volatile bituminous C to
medium-volatile bituminous,

One obvious advantage of the time-resolved analysis is illustrated in
Figure 3. The continuous-type fluorescence spectrum for a sample of the alginite
Tasmanites (upper diagram) can be time-resolved into two separate spectra (lower
diagram). The time-resolved analysls indicates that the continuous spectrum derived
from standard fluorescence contains in this case the combined contributions from (at
least) two fluorescing components with their own distinct spectra.

The fluorescence decay times of organic materials in both sets of samples
showed some surprising similarities, First, in all material studled, Tasmanites in
the New Albany shale, and fluorinite, sporinite, resinite, and cutinite macerals in
the Lower Kittanning seam, the time~resolved data showed good agreement with a two-
component decay model. Thus, the fluorescence of all of these materials appears to
be composed of two fluorescing components with lifetimes in the subnanosecond and
nanosecond ranges. In addition, the fast lifetime component (about 200 ps) seems to
be constant in all samples and maceral types. Although these results are
preliminary, a working hypothesis is that the two fluorescence lifetimes are
from two different fluorophores, one of which is common to all the materlals studied
(alginite, fluoronite, resinite, cutinite and sporinite).

11




When the fluorescence decay times were plotted against rank (as defined by
vitrinite reflectance), the alginites and sporinites showed the clearest trends as
seen in Figures 4 and 5. The decay times do not seem to change much with increase
in thermal maturation or rank, However, the percentage contribution of each
component to the overall spectra do show a systematic change as illustrated in the
same figures. In the case of the alginite, the fast component increases with rank,
the slow component decreases, and the trends are reversed for the sporinites,
Although these data are preliminary, the hypothesis (being investigated further) is,
that in the maturation process one fluorophore is transforming into another.

To further test our experimental procedures, model compounds (e.g. POPOP,
anthracene) in solution and their mixtures were studied. We found that two
compounds can be distinguished in a mixture and the correct fluorescence decay times
and spectra are obtained.

CONCLUSIONS

1. Time-domain analysis is a powerful extension of continuous fluorescence
analysis.,

2. Characteristic lifetimes, percentages, and intensitiescan be determined.

3. The spectra of a variety of organic materlals can be resoclved into two distinct
components, one in the subnanosecond range and one in the nanosecond range.

g, Within the resolution limits of the system (100 ps), it appears that the ‘fast
lifetime component is the same in a variety of organic materials,

5. With the new technique, mixtures of short and long lifetime model compounds can
be resolved into their original component spectra and fluorescence decay times.

6. In alginites and sporinites, fluorescence lifetimes appear to be nearly
constant with changes in rank.

T. In alginites and sporinites, the percentage contribution from each component
changes with rank.

Time-resolved laser spectroscopy improves the specificity of conventional
fluorescence microphotometry of coals and oil shales. We have been using the new
vechnique in studies of dispersed organic matter in shales and expect to understand
better the maturation of the organic material in source rocks (24).
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KITTANNING SPORINITE —— LIFETIME :COMPONENTS

Figure 5a.
sporinite coal macerals from the lower Kittaning seam
(Pennsylvania and Ohio) as a function of rank.

(See also caption to Figure 4a.)
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Figure 5b.
from the two major fluorescing components in sporinite
as a function of vitrinite reflectance. (See also
caption to Figure 4b.)
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MECHANICAL CHARACTERIZATION OF COALS IN THEIR RUBBERY STATE
Douglas Brenner

Corporate Research Science Laboratories
Exxon Research and Engineering Company
Annandale, N.J. 08801

INTRODUCTION
The macromolecular structure of a material affects a range of

physical characteristics. It affects whether the material is a hard
solid or a soft rubber, or whether it is a viscoelastic fluid or a low
viscosity liquid. The macromolecular structure affects such
properties as solubility, penetration by liquids and gases, and the
ease of breaking down the structure. For coals, the macromolecular
structures play a significant part in a number of processes. By
understanding the macromolecular structure better we may hope to more
effectively utilize coals,

Mechanical measurements on a material above its glass transition
is one of the most effective means of probing its macromolecular
structure (1,2). However, for undegraded coals above their glass
transition in their rubbery state, no information has been available.
Virtually all of the numerous mechanical measurements on undegraded
coals have been below the glass transition temperature where the coals
are in a glassy or semicrystalline state. This is to be expected
since this is the natural state of coals under ambient conditions. On
the other hand, the macromolecular chain segments have very limited
mobility below the glass transition temperature, so they can not be
probed very effectively. It is desirable to make measurements on
coals in their rubbery state where the macromolecules can move and
respond to stimuli., Measurements of the degree of swelling (3,4) have
given some information on solvent-swollen coal, but the information
that can be obtained is limited. Also the interpretation of those
results depends on solution thermodynamics, and the need to determine
the interaction parameter is a particular problem.

Previously we had been able to demonstrate that high volatile
bituminous coals could attain a rubbery state when immersed in an
appropriate solvent (5,6). Having established this, it became highly
desirable to characterize macromolecular parameters of the rubbery
coals using mechanical measurements. Unfortunately, though,
satisfactory samples of rubbery coals had never been prepared. The
problem which prevented the preparation of adequate samples of rubbery
coals was the tendency of the coal to decrepitate when it is immersed
in a good swelling solvent (7). In fact, solvent-swelling has been
proposed as a beneficiation process to break down coal into particles
(8)., However, in our earlier work we had shown that coals in the form
of thin sections could be swollen without much damage occurring. But
such thin samples are not amenable to mechanical measurements. For
this reason a program was undertaken to determine whether it was
possible to develop new techniques for preparing adequate samples.
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EXPERIMENTAL

R procedure has now been developed which for many coals enables
the preparation of samples in the rubbery state which are satisfactory
for mechanical measurements. The technique involves selecting
relatively homogeneous regions of vitrinite which have low mineral
matter content. The selected region of the sample is isolated by
cutting on a wafering saw or by grinding away the unwanted material
using a coarse grit. The isolated region is further ground to remove
microcracked or weakened parts. The samples are ground dry on a
revolving horizontal grinder using a SiC disk. Prior to swelling,
typical samples are from 0.5 to 2.0 mm thick with top and bottom
surfaces roughly 20 sqg. mm in area. In the final grinding of the
samples the top and bottom surfaces are ground parallel on a 600 grit
SiC disk.

Sometimes samples can be swollen in the liquid form of the
swelling agent without appreciable crack formation; but there has been
better success by more slowly swelling the sample in the vapor of the
solvent wherein its vapor pressure is well below its saturation value.
Usually conditions have been used in which the swelling occurs over
about one day. Although after swelling the top and bottom surfaces
may no longer be precisely parallel, they are generally sufficiently
parallel to be satisfactory for measurements. The effect of the
deviation from parallelity can be observed in stress-strain curves as
a “foot" or as a lower modulus region at the start of the curve. Once
they are swollen, the samples are not allowed to dry. Drying usually
causes many more cracks than the swelling does. The fully swollen
samples have excellent retention of the original shape, and contain
few, if any, cracks.

With the coherent specimens of solvent-swollen coals, physical
qualities could be readily observed. The highly solvent-swollen
specimens of coal have a distinct rubbery feel when pressed between
the fingers -- somewhat firmer than a typical rubber band. However,
the coals are poor quality rubbers. They split easily when stretching
forces are applied to them so they have low tensile strength. The
splits tend to have relatively smooth sides, and once a small split
forms only a small force is needed to lengthen the crack. On the
other hand, under compression the rubbery coals can generally undergo
compressions of 15% or even more without splitting occurring.

The coals used in this study were Illinois No. 6, which is of
high volatile C rank, and Pittsburgh No. 8, which is of high volatile
A rank. The samples were extracted in pyridine prior to the
measurements. The measurements were made at room temperature. The
apparatus utilized was an Instron mechanical tester Model No. 1122.
The measurements were made in the compression mode. Measurements in
the tensile mode are disadvantageous because of the difficulty in
clamping the rubbery coal and because it is very weak under tensile
stresses. The samples were fully immersed in pyridine during testing.
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RESULTS and DISCUSSION

Stress-Strain Measurements

Stress~strain measurements involve compressing the sample at a
constant rate until the desired degree of deformation is obtained.
Then instantaneously the direction of movement of the crosshead is
reversed and the sample undergoes decompression. When more than one
cycle was taken, there was a one minute waiting period between the end
of the previous cycle and the start of the next cycle. This allows
for some recovery of the sample between cycles.

Stress-strain results for pyridine-immersed, rubbery Illinois
No. & coal are shown in Figure 1. The curve actually consists of two
compression/expansion cycles. The closeness of the two cycles
demonstrates excellent reproducibility. At the maximum strain the
compression was about 10%. The stress-strain behavior of the
pyridine-swollen coal is characteristic of a rubbery material. The
modulus is in the range of conventional rubbers, there is rapid
rebound during the decompression, and the curves exhibit good
reproducibility over successive cycles.

The stress-strain curve for pyridine-immersed rubbery Pittsburgh
No. 8 coal is shown in Figure 2. Two stress-strain cycles are shown.
The heavy curves are the first cycle and the light lines are the
second cycle. It is seen that the first and second cycles are very
close to the same shape, but there is a slight displacement of the
second cycle with respect to the first. The displacement is caused by
incomplete recovery of the rubbery coal after the first cycle; a
slight deformation or "set" was retained in the sample. Some of this
"“set" relaxes if a longer waiting time between cycles is used.

The shape of the decompression curve in the region of low force
for the Pittsburgh No. B coal is considerably different from the
Illinois No. 6 coal shown in Figure 1. The curve for the Pittsburgh
No. B8 rcoal actually reaches zero force well before the crosshead
returns to its initjal position. This is a manifestation of
incomplete recovery of the Pittsburgh coal at the test rate used. The
macromolecular chains in the coal are not able to reorient fast enough
to keep up with the crosshead. The point at which the force becomes
non zero near the start of the second cycle for the Pittsburgh coal is
at a considerably lower stain than where the force became zero during
the decompression of the first cycle., This demonstrates that during
the one minute waiting period before starting the second cycle, the
coal has recovered to near its original height.

The slope of the stress-strain curve gives the dynamic Young's
modulus. The dynamic moduli of the Illinois No. 6 and Pittsburgh No.
8 coals determined near the top of the compressional part of their
stress~strain curves are given in Figure 3. Both elastic and viscous
effects contribute to the dynamic Young's modulus. The elastic
component is caused by the instantaneous effective cross-link density
in the coal including temporary entanglements. The viscous drag
results from the resistance of the macromolecular chain segments
sliding past each other. The dynamic Young's modulus of the coals is
influenced by how fast the macromolecular chain segments are able to
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reorient in response to the applied stresses. If the reorientation is
fast compared to the imposed strain rate, then the modulus should show
relatively little dependence on the strain rate; whereas, if the
reorientation rate is comparable to the strain rate, a large
dependence on strain rate would be expected. The dynamic modulus is
also affected by some of the solvent being squeezed out of or absorbed
into the rubbery coal during portions of the cycle.

Figure 4 shows the effect of deformation rate on the dynamic
Young's modulus of the coals. For a change in deformation rate of a
factor of 25, the Pittsburgh No. 8 coal shows relatively litctle change
in modulus. For the Illinois No. 6 coal the change in modulus is
slightly larger even though the difference in rate is a factor of 10
rather than 25. It is not clear whether this change is related to the
higher deformation rates used with the Illinois No. 6 coal (which
would suggest that more of the macromolecular relaxation occurs at
higher rates) or whether the change is indicative of structural
differences between the Illinois No. 6 and Pittsburgh No. 8 coals.

The area enclosed by the stress-strain curve is the integral of
force times distance over the cycle, so it is the net work done by the
apparatus on the rubbery coal. This enerqgy is dissipated in the
sample as heat. The energy dissipation arises from the viscous
movements of the macromolecular chain segments and also from some
solvent being released from or absorbed by the rubbery sample during
the cycle. The ratio of the net energy dissipated over the cycle to
the maximum enerqy stored in the sample during the cycle is commonly
used as a figure of merit to quantify the energy dissipation of a
rubbery substance. A table showing the energy dissipations of the
Illinois No. 6 and Pittsburgh No. 8 coals is given in Figure 5. The
Pittsburgh c¢oal exhibits a particularly high energy dissipation. Both
coals show high energy dissipation as compared to most conventional
rubbers, such as the rubber band.

Stress—Relaxation Measurements

The stress-relaxation behavior of macromolecular materials is an
important probe of the rates of segmental motion of the substance. In
a stress-relaxation measurement the sample is rapidly compressed by a
selected amount, after which the deformation is held fixed. The
stress on the sample is then measured as a function of time.

A stress-relaxation curve for Illinois No. 6 coal in its
pyridine-swollen rubbery state is shown in Figure 6. The observed
behavior can be explained as follows. As the sample is rapidly
compressed, the structure deforms and the stress increases. When the
sample first attains the selected deformation after the rapid
compression, the macromolecular chains have not yet reached their
equilibrium state. With time the macromolecular chain segments
rearrange (within the constraints of the cross-links) to more probable
configurations. As the macromolecular chain segments move past each
other and the reorganization proceeds to a more entropically favorable
state, the stress exerted by the rubber on the fixed constraining
plates decreases. This is seen as a downward slope in a plot of
stress versus time, such as is seen in Figure 6. Some degree of
stress relaxation is characteristic of most rubbery materials. Slow
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stress-relaxation indicates low mobility of some of the macromolecular
chain segments, or high internal viscosity.

For liquid-saturated rubbers some of the liquid is squeezed out
under compressive stress. This loss of liquid contributes to the
stress-relaxation, though, it is a diffusional process involving small
solvent molecules as contrasted to the segmental rearrangement of the
macromolecular structure. For most swollen polymers this loss of
fluid is small. For the pyridine-immersed cocal samples there will
also be loss of some liquid as a result of compression and it will
contribute to the stress-relaxation. The extent of fluid loss under
compression for coals has not been established. It is thought that
the slower relaxation at longer times is caused primarily by this
diffusion of solvent out of the rubbery coal.

SUMMARY
The first mechanical measurements on satisfactory samples of
rubbery coals have been made. The rubbery character of highly
solvent-swollen coals has now been substantiated by direct mechanical
measurements. The techniques developed allow us to apply many of the
methods and approaches of polymer science to the understanding and
characterization of macromolecular properties of coals.
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Fig. 1. Stress-strain curve for pyridine-immersed rubbery Illinois No.6 coal
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Fig. 2. Stress-strain curve for pyridine-immersed rubbery Pittsburgh No.8 coal
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Fig. 3. RUBBERY MODULI OF COALS FROM STRESS—-STRAIN CURVES

MODULUS
COAL. %C_(dmmf). _ipsi)
Illinois No. 6 80 600
Pittsburgh No. 8 85 300

Fig. 4. EFFECT OF DEFORMATION RATE ON MODULUS

HIGH LOw Ratio of Moduli
Deformation Rate Deformation Rate Low Rate
COAL %C _(inch/min. ) _(inch/min_.) High_Rate
ILLINOIS No. & 30 .2 .02 .7
PITTSBURGH No. 8 85 .05 .002 .8
Fig. 5. ENERGY DISSIPATION BY_COQALS IN THEIR RUBBERY STATE

RATIO OF ENERGY DISSIPATED PER CYCLE

COAL _ 5C TO MAXIMUM_WORK OF DEFORMATION -
ILLINOIS No. 6 80 .30
PITTSBURGH No. 8 85 .50
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Fig. 6, Stress relaxation of pyridine-immersed rutbery Illinois No.6 coal
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THE APPLICATION OF INVERSE GAS CHROMATOGRAPHY TO COALS AND OXIDIZED COALS*

P. H. Neill and R. E. Winans
Chemistry Division, Argonne National Laboratory
9700 South Cass Avenue, Argonne Illinois 60439

Introduction

In a previous paper (1) we reported the preliminary results concerning the
application of Inverse Gas Chromatography (IGC) to coals. This paper will cover the
extension of the technique to coals of various ranks and degrees of air oxidation.

The objective of this study 1is to provide detailed information on possible
changes in the chemical and physical structures of the Argonne Premium Coal Samples
during storage. In meeting this objective, new fundamental data will be obtained on
this unique set of coal samples. The use of a broad range of experiments is planned
in this study, but only one approach will be described here. While it is known that
subtle changes in the physical and chemical structure of bituminous coals can effect
changes in the plasticity upon heating, the techniques traditionally used to measure
plasticity do not yield information which can be used to understand these changes.

A new approach, inverse gas chromatography (IGC), a technique widely used for
studying polymers, is being used to study phase transitions in coals upon heating.
Inverse GC has been applied to polymers to measure the glass transition temperature,
the degree of crystallinity, melting point, thermodynamics of solution, and chemical
composition (2-4). In contrast to classical GC, inverse chromatography probes the
stationary phase, a coal, by determining the retention time of known compounds on
it. This transposition of known and unknown in the GC experiment gives rise to the
term “"inverse chromatography”. The coal samples will be chosen to examine varia-
tions with rank and to investigate structural changes in ground coals, both in air
and in the absence of air, as a function of time. These approaches show promise for
providing chemical information on subtle variations in coal structure.

Experimental

The coals used in this study included an Illinois No. 2 hvC bituminous, an
Upper Freeport mv bituminous which 1s, an Argonne Premium Coal Sample, and a
Bruceton hvA bituminous. The elemental compositions are shown in Table 1. The
I1linois No. 2 was was ground to -100 mesh and soxhlet extracted with an azeotropic
mixture of benzene and ethanol, and dried under vacuum at 110°C. The other two
fresh coals were used as received. The oxidized Upper Freeport was exposed to air
in an oven at 100°C for 90 hrs. The coals were thoroughly mixed with non-porous
glass beads (-40 to —-60 mesh) to give a mixture approximately 10Z coal on a weight
basis. The six foot by 1/4” glass columns were packed with ca. 30 grams of the
mixture.

*Work performed under the auspices of the Office of Basic Energy Sciences, Division
of Chemical Sciences, U.S. Department of Energy, under contract number W-31-109-
ENG~38.

The submitte¢ menuscript has besn suthored
by o contractor of the U.S. Government
undar contrect No. W-31-109-ENG-38.
Accordingly, the U. S Government retsins o
nonexclusive, royaity-free licemsa to publish
or rproduce the published form of this
contribution, or aillow others t do %, for
U. S. Government purposes.
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The GC equipped with a single FID could be controlled, within one degree C,
from an external computer. The injector was a computer controlled Carle gas
sampling valve in a thermostated box. Flow control was provided by two flow
controllers one with a 0-5 ml/min. element and the second with a 0-60 wml/min.
element. The 0-60 ml/min. controller was connected to the injector though a
computer controlled solenoid. The experiment was controlled and the data analyzed
by a IBM PC computer. The probe, methane, was injected onto the column and it's
retention time at the specific temperature was determined. In the experiment
chromatograms were obtained in three degree increments between 50 and 450°C. The
injector was held at 100°C and the detector at 400°C.

Results and Discussion

The retention volume may be related, through the partition coefficient, to the
free energy or enthalpy of adsorption, and a plot of 1ln Crep Y8+ 1/T gives a slope
proportional to AH_. Changes 1in the thermodynamics og retention result in
discontinuities or c?mnges in the slope of the plot. Plots of the three unoxidized
coals are presented in Figure 1, with temperatures of significant transitions given
in Table 2. They do not appear to vary greatly in an overall gross sense. Each has
what appears to be a transition at relatively low temperatures as illustrated by TA
in the figure. This transition is most likely due to the loss of water from the
surface and from the pores of the coal. The second region of interest is at TB'
This dip in the otherwise smooth portion of the curves can be attributed to the loss
of chemical water. This transition varies in temperature with the coal, however
there does not appear to be a rank dependence. The Bruceton coal seems to loose
it's water at the lowest temperature while the Upper Freeport at the highest.

At T, a number of small transitions begin to occur for each of the coals. This
is also the region where relatively large amounts of volatile material is beginning
to be releaseds Due to the small thermodynamic changes in the interaction between
the probe and the coal it is difficult to assign a starting temperature for this
region, however it does appear to begin at a higher temperature for the Upper
Freeport mv coal than the Bruceton hvA coal. Comparisons between the Illinois No. 2
hvC coal and the others would be speculative since this coal was pre-extracted.
Thus, a large percentage of the volatile matter has been removed.

The primary transition in the plots occurs at Tg. In each case there 1is a
marked increase in the retention time followed by a rapld decrease. This transition
correlates well with the onset of plasticity in each of the coals, occurring 10 to
15°C before the initial softening temperature. The temperature at which the major
transition occurs 1s also correlated with rank., The Illinois No. 2 exhibits the
transition at a lower temperature, followed by the Bruceton and the Upper
Freeport. The Bruceton hvC coal is the only one that appeared to have a leveling
off of the slope of the curve by Tp. The Glesler plasticity measurement shows that
this coal resolidifies just above the maximum temperature of this experiment. Thus,
it appears that some of the post fluid pore structure has appeared and is showing up
in the IGC data.

Figure 2 illustrates the effect of oxidation on the IGC pattern. There does
not seem to be to much effect on the lowest temperature transition although it may
occur at a alightly higher temperature. The loss of water seems to occur at a
significantly lower temperature. This is not surprising since the oxidized coal was
heated in air at 100°C for 90 hrs. A vast majority of the water in this sample
should be loosely held since it probably adhered to the surface of the coal after it
was cooled. The major difference between the two coals 1is in the transition that
should occur at higher temperatures. In the heavily oxidized sample there is almost
no change in slope in this region indicating that the coal has probably not gone
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fluid. There does appear to be some change occurring, which is a transient at
approximately 330°C.

Overall IGC appears to be a very sensitive method for following the chemical
and physical changes that occur when coals are heated in an inert atmosphere.
Differences between coals of various ranks can be seen easily, as can the drastic
effects of air oxidation.
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TABLE 1. Composition of the Three Coals Studied.

Coal % C (dumf) Empirical Formula
Upper Freeport mv Bituminous 89.0 C100H70Nl.580.502.5
Bruceton hvA Bituminous 82.3 C100H78N1.6SO.309.3
Illinois No. 2 hvC Bituminous 73.4 Cy00H871, 350. 8%18

TABLE 2. Transition Temperatures for IGC Data Shown in Figure 1.

Temperature °C

Sample TA TB TC TD TE Tp
Illinois No. 2 hvC 111 138 240 326 352 398
Bruceton hvA 110 130 230 341 368 429
Upper Freeport MV 115 158 248 360 370 430
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ELECTRON MICROPROBE TECHNIQUE FOR QUANTITATIVE
ANALYSIS OF COAL AND COAL MACERALS

Frank R. Karner, Jean L. Hoff, Tim P. Huber, and Harold H. Schobert

University of North Dakota Energy Research Center
Box 8213, University Station
Grand Forks, North Dakota 58202

Electron microprobe analysis is a powerful tool for analyzing the chemical
composition of component grains and whole samples when sample quantities are too
small for other analytical techniques. A quantitative procedure for microanalysis
of elements such as Na, Mg, Al, Si, P, S, C1, K, Ca, Ti, Mn, Fe, Sr, Ba in coal and
coal macerals is highly desirable but development of quantitative techniques for
microanalysis of organic materials has lagged behind progress in the material
sciences. The heterogeneous character, low density, and light element composition
of organic materials present special problems not accounted for in the usual
microanalytical methods employing standard ZAF correction procedures applicable to
mineralogy and metallurgy.

Alternative procedures developed by workers in the biological sciences, which
minimize the problems specific to work with organic materials, might be better
suited for analysis of coal than standard ZAF techniques. Quantitative methods have
been most extensively developed for thin-sectioned specimens. Those techniques,
which include Hall's (1968) peak-to-continuum and Russ's (1974) elemental ratio
methods, rely on the assumption that absorption and fluorescence effects may be
neglected because of the extremely short path length for exiting x-rays. For thick
specimens these assumptions must be modified. Techniques include the standard ZAF
correction procedures for material with light element matrices (Love and Scott,
1980) and peak-to-background methods (Miller and Corbet, 1972). Other techniques
closely related to our approach are the peak-to-continuum (P/C) methods used for the
analysis of particles by Statham and Pawley (1978) and Small and others (1980).

Most of the P/C methods rely on the hypothesis that, as an initial
approximation, continuum and characteristic radiation are similarly affected by
changes in particle-size, density, or specimen thickness. Thus the ratio of peak
intensity to continuum intensity is approximately constant for a given elemental
concentration. The P/C method should thus solve the major problems with
microanalysis of organic materials: a dominantly 1ight elemental composition which
is not directly measurable by microprobe techniques, inhomogeneity, and variable
density. Even though the analyzed elements have a low concentration in a light-
element matrix the question remains as to whether the assumption of negligible
absorption and fluorescence effects is valid for this method.

Methods

A set of organic reference standards has been analyzed as the first step in
establishing a P/C procedure for electron microanalysis of minor and trace elemental
concentrations in organic materials such as coal macerals. The one-to-one linearity
of published to observed elemental concentrations is used as a test of the validity
of the P/C method and its internal assumptions. Programmed correction factors
relating peak intensity to concentration are obtained from best fit procedures and
are then used for analysis of unknowns of similar composition.

Nine National Bureau of Standards (NBS) reference standards of selected organic
materials were chosen for this evaluation of the P/C method. The standards consist
of four bituminous and two subbituminous coals, citrus and tomato leaves, and pine
needles. Samples were ground to a fine powder, vacuum-dried, and compressed under
10 tons pressure to form two flat pellets for each standard. The pellets were then
carbon-coated for electron microprobe analysis.
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Microprobe operating conditions during acquisition of chemical analyses were 15
keV accelerating voltage and 920 picoamperes beam current. The probed area was
approximately one square millimeter. Fifty-three 400 second analyses were obtained
during May and June 1985. Five analyses of incompletely ground and/or improperly
coated samples were removed from the data set.

Between four and ten analyses were combined to obtain a single averaged spectrum
for each reference standard. The region 2.00-5.00 keV was chosen for measurement of
continuum intensity. A reference library of pure element and oxide standard spectra
was used with the Tracor-Northern XML least squares fitting routine to generate
peak-to-continuum elemental ratios for each averaged spectrum. This ratio was
computed by the relationship: correction factor x (peak intensity)/(continuum
intensity).

The peak-to-continuum ratio, assumed in the P/C method to be proportional to
absolute elemental concentration, was plotted against reported concentration for
each element of interest (Na, Mg, Al, Si, P, S, C1, K, Ca, Ti, Fe). The amount of
deviation of the best-fit line through the origin from the hypothetical one-to-one
relationship between observed P/C and reported concentrations was used to change the
reference 1ibrary stored correction factors. The peak-to-continuum ratios were then
computed with the adjusted correction factors and final plots for each element were
made.

Results

Results are summarized in Table 1 and Figures 1 and 2. Some questions to be
considered while evaluating the peak-to-continuum results include: whether the data
show the linear one-to-one relationship between reported element concentration and
P/C ratios that would indicate the method and its assumptions are valid for the
elements examined; whether scatter in the data indicate possible additional effects
on x-ray intensities or analytic or sample preparation problems; and what trends are
specific to certain elements or appear to affect all elements. Examination of the
data for each element of observed versus literature-reported concentrations yield
the following observations:

1. Silicon, phosphorus, and chlorine were not present in both observed and reported
analyses of enough standards to generate a significant number of data points.
Although the three data points graphed for each of these elements appear to show
the desired linearity, they are too few to permit conclusive interpretation of
the results.

2. Magnesium and titanium were only present in very low concentrations, mostly as
less than 0.2 wt%. The data points thus cluster near the origin. Mg does show
linearity with two points at slightly higher concentrations, but the clustered
data points of both elements show some scatter from the linear relationship. In
part, this may be accounted for by the detectability 1limits of the EDS
microprobe system and by the relatively higher error of 5%-10% reported in
microanalysis of organic materials as compared to work in the material sciences.

3. Aluminum (Figure 1), calcium, sulfur, and potassium show a linear relationship
between observed and literature values. Data points are spread over a range of
concentration values of up to 7% and show a low degree of scatter. These
elements appear to be behaving in conformity with the assumptions of the peak-
to-continuum method and might be expected to yield valid results for unknowns.

4. Sodium, known to be subject to elemental mass loss problems during sample
preparation and microprobe analysis, is only present in concentrations of <0.3
wt®. Most data points cluster near the origin but do not show as much scatter
as would be expected if mass loss had occurred.
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Table 1.
Comparing Observed and Reported Weight Percentages

ResuTts of Microprobe Analysis of NBS Coal and Botanical

REF _ Na Mg
s K¢ N 0 TmT ®s RT 0
1 1632 3.85 66.00 1.23 18.80 0.08 0.07 0.12 0.13
2 1635 4.07 62.60 1.26 24.60 0.24 0.19 0.10 0.10
3 2682 4.70 75.00 0.80 0.10 0.08 0.20 0.19
4 2683 5.00 79.00 1.60 0.05 0.05 0.05 0.06
5 2684 4.80 68.00 1.60 0.03 0.05 0.08 0.12
6 2685 4.60 66.00 1.10 0.08 0.11 0.10 0.16
7 1572 0.58 0.57
8 1573 5.08 37.80 4.97 0.06 0.10 0.69 0.62
9 1575 6.48 51.40 1.20 0.01 0.13 0.13
REF Al Si P S c1
S0 RPT 085 RPT 085 RPT OB RPT 0BS5S RPT  OBS
1 1632 3.01 2.79 6.01 5.65 0.03 1.58 1.46 0.08 0.08
2 1635 0.31 0.29 0.54 0.61 0.01 0.33 0.42 0.00
3 2682 0.46 0.41 0.60 0.47 0.58 0.09
4 2683 0.8 0.75 1.27 1.85 1.93 0.19
5 268 1.10 1.21 2.73 3.00 3.12 0.09
6 2685 1.70 1.93 3.95 4,62 4.16 0.06
7 1572 0.01 0.02 0.21 0.13 0.14 0.41 0.52 0.10
8 1573 0.09 0.09 0.55 0.34 0.28 0.62 1.07 1.07
9 1575 0.05 0.06 0.03 0.20 0.12 0.14 -0.10 0.19 0.01 0.04
REF K Ca Ti Fe
s ®T 08  RPT 085 RPT DOk RPT 085
1 1632 0.42 .35 0.24 0.23 0.17 0.11 1.12 1.04
2 1635 0.01 0.55 0.66 0.02 0.23 0.37
3 2682 0.01 1.10 1.35 0.05 0.05 0.24 0.40
4 2683 0.08 0.09 0.20 0.18 0.04 0.05 0.76 0.47
5 2684 0.20 0.27 0.44 0.33 0.06 0.06 1.50 0.90
6 2685 0.26 0.38 0.52 0.53 0.09 0.10 2.90 1.23
7 1572 1.82 1.72 3.15 2.95 0.01 0.07
8 1573 4.42 4,17 2.92 2.69 0.01 0.02 0.10
9 1575 0.37 0.37 0.42 0.43 0.02 0.10
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5. Iron data (Figure 2) shows the least linearity and greatest scatter of the
analyzed elements. Observed values of samples with the least iron are too
large; measured values for samples with higher iron content are too low. There
does not appear to be a consistent trend to these variations. [Iron is the
heaviest element analyzed in the organic standards and the assumption of
negligible fluorescence and absorption effects may not be valid. However, such
effects would be expected to cause data points to be consistently offset in one
direction and cannot fully explain what is observed.

The peak-to-continuum method has performed well for certain elements - Al, Ca,
S, K. Evaluation of standards with a greater range in concentration is required to
confim that the method works as well for elements such as Mg, Ti, and Na. Problems
with evaluating Fe content might be elucidated by analysis of additional reference
standards or a set of standards created using standard additions of know quantities
of Fe.

Application

Initial studies using the peak-to-continuum method for microprobe analyses of
organic materials (Karner and others, 1984, Karner and others, 1985) show excellent
potential for obtaining valuable geochemical data for coal 1lithotypes and
macerals, The first survey of lithotypes in lignite of the Beulah-Zap bed of the
Sentinel Butte Formation (Paleocene} in North Dakota examined vitrain, fusain and
attritus at several locations within the seam (Karner and others, 1984). Common
inorganic elements associated with these lithotypes included Na, Mg, Al, Si, S, K,
Ca, and Fe. Samples of vitrain from a single vitrain layer in the seam have quite
uniform elemental compositions while vitrain from different levels in the seam have
significantly different concentrations of elements particularly Mg, S, and Ca.
Fusain and attritus were quite different from vitrain in chemical composition,
generally containing higher Ca, Mg, and Si, and lower A1, S, and Fe.

A survey (Karner and others, 1985) of the inorganic chemistry of huminite group
macerals in four low-rank coals included analyses of ulminite representative of the
Beulah-Zap (BZ) and Hagel (HG) lignites, ND, the Martin Lake (ML) lignite, TX, and
vitrinite of the Rosebud (RB) subbituminous coal, MT. Major differences in maceral
chemistry between coals and compositionally distinct maceral types within coals are
shown by characteristic analyses given in Table 2.

Table 2. Characteristic Compositions Determined by Microprobe Analyses of Huminite
Group Macerals in Four United States Low-Rank Coals Given in Weight Percent.

& W AL & 3 G Ffe S W
Beulah-Zap (BZ) Ulminite 1 0.32 0.11 0.22 0.10 0.45 0.49 0.51 0.04 2.24
Beulah-Zap (BZ) Ulminite 2 0.54 0.38 0.18 0.12 0.43 1.54 0.79 0.06 4.04
Hagel (HG) Ulminite 1 0.06 0.15 0.16 0.08 0.59 1.03 0.24 0.01 2.32
Hagel (HG) Ulminite 2 0.07 0.42 0.24 0.17 0.51 2.40 0.68 - 4.49
Martin Lake (ML) Ulminite 1 0.15 0.38 0.32 0.28 1.25 1.69 0.45 0.05 4.57
Martin Lake (ML) Ulminite 2 0.06 0.42 0.16 0.07 1.16 1.67 0.36 0.06 3.96
Rosebud ERB) Vitrinite 1 0.06 0.20 0.33 0.05 0.76 0.71 0.08 0.03 2.22
Rosebud RB) Vitrinite 2 0.12 0.32 0.18 0.11 0.73 0.86 0.06 0.04 2.42

Comparing the four coals: BZ ulminites have high Na and Fe and low S and total
constituents; HG ulminites have high Ca and low Na and S; ML ulminites have low Na
and high Mg, S and total constituents; while RB vitrinite has moderate to low values
for all elements. Within the coals BZ and HG ulminites tend to occur as either Tow
or high NatMg+Ca types; ML ulminite as a low or high Al+Si type and RB vitrinite
types vary fram low to high Mg/Al. The chemistry of the huminite group macerals and
the bulk compositions of the four coals have striking similarities, including the
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high Na and low S for BZ, high Ca and low Na and S for HG, and low Na and high S for
ML. Ulminite chemical variation between coals and within seams suggests the
importance of hydrogeochemical processes during diagenesis.

The results of these studies show important patterns of concentrations and
variability of numerous inorganic elements. These geochemical characteristics may
hav$ great significance for development of our understanding of coal formation and
utilization.

References

Hall, T.A., 1968, Some Aspects of the Microprobe Analysis of Biological Specimens:
in Heinrich, K.F.J., ed., Quantitative Electron Probe Microanalysis; N.B.S. Spec.
Pub. 298, p 269-299.

Karner, F.R., D.R. Kleesattel, S.A. Benson, and H.H. Schobert, 1984, Optical and
Microbeam Investigation of Lithotypes of Beulah-Zap Lignite, North Dakota.
Geological Society of America Abstracts with Programs, v. 16, p. 555.

Karner, F.R., D.R. Kleesattel, H.H. Schobert, and T.P. Huber, Inorganic Chemistry of
Huminite Group Macerals 1in Four Low-Rank Coals of the Western United States.
Geological Society of America Abstracts with Programs 1985 Annual Meeting, p. 623.

Love, G. and V.D. Scott, 1980, New Developments in EMPA Correction Procedures: in
Brederroo, P., and V.E. Cosslett, Electron Microscopy 1980, v. 3, Analysis, 7th Eur.
Congr. Electron Microsc. Found. (Leiden), p. 146-147.

Millner, R., and U. Cobet, 1972, Quantitative Electron Beam Analysis of Thick
Biological Tissue Samples: Phys. Med. Biol., v. 17, p. 736.

Russ, J.C., 1974, The Direct Element Ratio Model for Quantitative Analysis of Thin
Sections: in Hall, T.A., P. Echlin, and R. Kaufmann, Microprobe Analysis as Applied
to Cells and Tissues, Academic Press (London), p. 269-276.

Small, J.A., K.F.J. Heinrich, D.E. Newburg, R.L. Myklebust, and C.E. Fiori, 1980,
Procedure for the Quantitative Analysis of Single Particles with the Electron Probe,
in Heinrich, K..F.J., ed., Characterization of Particles, N.B.S. Spc. Pub. 533, p.
29-38.

Statham, P.J., and J.B. Pawley, 1978. A New Method for Particle X-ray Microanalysis

Based on Peak to Background Measurements: Scanning Electron Microscopy/1978/1; SEM
Inc., AMF O'Hare (Chicago), p. 469-478,

33




3.2

2.8
2.6
2.4
2.2

1.8
1.6
1.4
1.2

14
0.8
0.6
0.4

LITERATURE WEIGHT %

01

Os

Os5

On

0.21,8

Figure 1.

T T T T T T

T T
1.2 1.6 2 2.4 2.8
OBSERVED WEIGHT %

T T T T T

0.8

Aluminum calibration curve. Peak to continuum method.

3.2

1.2

1.14

0.9+
0.84
0.7
0.6+
0.5

0.4

LITERATURE WEIGHT %

0.31
0.2+
0.14

014

04

D
2073

)

oés I ,9

0

Figure 2.

0.2

0.4

T
0.6

T
0.8

OBSERVED WEIGHT %

Iron calibration curve. Peak to continuum method.

34




PIXE - A NEW ANALYTICAL TECHNIQUE FOR THE
ANALYSIS OF COAL AND COAL DERIVED FUELS

Swadesh S. Raj
Department of Chemistry, William Paterson College, Wayne, N.J. 07470
ABSTRACT

A new technique, PIXE - particle induced x-ray emission scanning, for analyzing con-
centrations of sodium through uranium with detection limits in the order of ppb and
pem is explained in this paper. The accuracy of scan is 1 ym and the target can be
moved over a distance of 8 inches in any direction for surface or depth analysis.
PIXE is performed by scanning the target, in increments ranging fram 1 to 8 mm
adjustable diameter of proton beam, line by line, using a camputer controlled Deadal
motor driven linear translation stage in the needed directions.

The experimental results obtained fram anumber of coal and ash samples, using PIXE
technique are presented. The degree of accuracy of the PIXE technique relative to
other techniques is also discussed. The technique is very useful for coal and ash
analyses, deposit analysis, and analyses of corroded and eroded surfaces using coal
and coal derived fuels. PIXE is a unique technique which provides quantitative data
on concentration of inorganic constituents, its oxidation state and depth simultan-
eously. Total analyses time in this technique, including sample preparation, varies
from 8 - 10 minutes per sample.

INTRODUCTION

Coal is a heterogeneous assembly of macerals and minerals schematically shown in

Fig. 1 {1}. This figure is similar to Schlosberg of Exxon. A number of investi-
gators; Given {2}, Wiser {3} and Larsen {4} etc. have. attempted to formulate a model
for the organic camponents of coal (Figures 2,3 & 4) based upon the cumlative exper-
imental results. The experimental results were obtained through different exper-
mental techniques and using wide variety of analytical tools. In this regard a
substantial understanding of coal structure has been obtained. However, these struc-
tures still do not provide clues to the solution of many engineering problems exper-
ienced due to coal utilization. Some of these problems may be attributed towards
the poor understanding of chemical, thermodynamic and kinetic reactivity of coal

in the process of cambustion or conversion. The resolution to the engineering
problems; deposits, corrosion, erosion, slag formation, NOy, SOx, and particulate
emission, with the use of coal in industry can be achieved if multidimensional pro-
perties of coal are studied simultanecusly. Industrial experience with coal {5}
indicates that coal can be best analyzed for its structure (organic, inorganic,

trace elements, porous and petrographic structure) under two main methods of

study: Direct and Indirect.

In the: Direct method, coal can be analyzed for its gross characteristic such as
elemental camposition, petrographic camposition, Btu value, calorific value, etc.
using conventional analytical tools. The results obtained through the Direct
methods do not provide reasons for two coals exhibiting different chemical behavior
although possessing similar gross characteristics and vice versa. Indirect methods,
on the other hand, provide the core information most essential to the understanding
of reaction mechanism and cause of many industrial problems {5}. Under Indirect
methods controlled conditions may be used to obtain the recognizable chemical units
of coal (representative of whole coal) without altering the chemical nature of coal.
It is only through the Indirect methods that the camposition of inorganic and organic
constituents can be established {6,7}.
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Inorganic constituents of coal and coal products are analyzed by a number of tech-
niques. These techniques are reviewed in references {8 & 9} by Weaver and Fuller.
The analytical techniques used are AAS, NAA, ICP, DCP, XRF, SEM, etc. Some of the
techniques used are time consuming, same possess lower detection limits and same do
not provide multi-elemental detections with depth profile. The PIXE (particle
induced x-ray emission) technique overcames the above mentioned difficulties. {
This technique even differentiates between the oxidation state of ions. According
to Khan and Crumpton {10}, the PIXE technique is reliable and repeatable. PIXE {
technique has been widely used in the study of biological tissue {11}, meteoritic
samples {12}, rain and snow {13 & 14}, and envirormental samples {15} to analyze con-
centrations of trace elements sodium through uranium in ppb. In this paper, PIXE
technique is reviewed and preliminary results on coal and coal ash using PIXE are '
presented. |

EXPERTMENTAL THEORY

PIXE (particle induced x-ray emission) in general involves bambardment of elements J
with any particles: alpha, beta, gamma, electron, proton, etc. In the present study, |
however, the instrument generated a proton beam to excite electrons of K and/or L .
shells of atoms. The spectra of K and K x-rays and L and L x-rays are sufficient

to detect even heavy elements. Proton beam with the energy strength of 4 Mev

bambards K and L shells of electrons of an element {15,16}. The electrons after

absorbing the proton energy migrate to higher energy levels and leave the vacant

spots in K and L orbits, The transition of electrons fram higher energy "allowed"

orbitals takes place to fill the vacant spot in the K and L orbits. The transition

of electrons fram higher energy to lower energy orbits accampanies with the emission

of electromagnetic radiations. The emitted radiation carries an amount of energy

equivalent to the energy difference between two shells of the electron transition.

These emissions correspond to K and L x-ray radiations. The wave length of the pro-

duced radiations are characteristic of the elements and varies fram element to

element., The corresponding K and L x-ray intensities are recorded in the form of a

spectrum. Since these x-rays are characteristic for each element, the fingerprints

of the x-ray emission attributes to the elemental identification. The area covered

under a peak in the spectrum directly relates to the concentration of individual

elements. The principle of PIXE and the development of PIXE is explained in great

detail by Johansson and Johansson {17}.

EXPERIMENTAL METHOD

The experimental program was conducted in three steps. The first step was involved

with the generation of the homogeneous beam of protons with a given intensity. The

second step dealt with the preparation of samples and exposing the samples to the

beam of protons. The third step was carried out to obtain the elemental X-ray spec-

tra and compare it with that of standard elements. ~

Homogeneous beam of protons, with the energy of the order of 4 MeV, is generated
using Tandem/Van de Graff accelerators. This energy is sufficient to detect heavy
metals, The beam of protons travels along way before it hits the coal sample.
The proton beam passes through a diffuser foil, several collimators and finally
through a 25 pm diameter Kapton window. The purpose to pass the beam through a
number of obstacles was to scatter the beam to obtain uniformity and subsequently
to refocus it to obtain hamogeneity. The homogeneity of the beam was checked by
using known standard element. The test section where the sample was introduced
was filled with helium. The beam when projected on a sample covered an estimated
diameter of 8 mm. The Kapton window in the set up was changed every 12 hours so
as to avoid pick up of any interaction effects in the final spectra. The Faraday
cup was used to integrate the charge, This cup was mounted downstream of the
sample, The detection was done by the Ge Princeton Gamma Tech. detector. This
detector possessed energy resolution of 150 ev at the Mn 5.9 KeV K line. '
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Several other protective measures were taken in the PIXE set-up to maintain the sen-
sitivity of the experiment. The sample slides were mounted in a slide projector.
The insertion and the removal of the slides was controlled automatically.

Coal and ash samples were analyzed as a thin slide on kimfol film. Samples were
mixed with an appropriate binding agent and the mixture was then transferred on to
kimfol film slides. Binding agent used for coal was cellulose acetate (Polystyrene)
in toluene where as ash samples were mixed with 6F HNO3 doped with 100 ppm yttrium.
Coal and ash samples were mixed with their appropriate binding agent in the ratio of
300 mg to 300 ul of this mixture were deposited on the kimfol film slides and
irradiated directly. Kimfol is a polyvinyl very thin material, easy to handle, re-
sistant to chemical attack and can withstand high proton beam currents.

The concentration of an element in a sample was determined by camparing the area of
the K (or L) peak of the element of interest with that of a reference element that
contained Argon, Rhodium or yttrium as the internal standard. The standard refer-
ence spectra were obtained from bambarding high purity atomic absorption standards
in a matrix of boric, perchloric, nitric, and hydrofluoric acid under the same con-
ditions (i.e. target thickness, type of backing and its thickness, integrated charge,
and current) as the samples. This normalization procedure removed uncertainties due
to x-ray absorption and x-ray production cross sections. The data acquisition
system and the slide projector are autamatically controlled by a PDP 11/44 camputer
{16}. The thickness profile is obtained by bombarding the sample with variable pro-
ton energies that can pass through the sample. The stopping power of proton (depth
penetration) is a function of its energy and the thickness of the sample under study.

EXPERIMENTAL RESULTS, DISCUSSION AND OONCLUSIONS

The characteristics of coal samples analyzed by PIXE methods are shown in Table 1.
TABLE 1

CQOAL AND ASH SAMPLES

Sample # Origin Rank % _C dmmf % MM Dry
1. Coal - PSCO 95 (Washington) HVA 84.39 23.75
2. Coal - PSOC 124 (W. Virginia) HVA 83.48 9.71
3. Coal - PSOC 245 (No. Dakota) Lignite 73.39 15.38
4. Coal - PSOC 251 (Kansas) HVA 83.73 19.99
5. Coal - Low Temp. Ash Fram coal sample #1
6. Coal - Low Temp. Ash Fram Coal sample #3

Inorganic constituents in coals are detrital and authigenic. Minerals which are
fomed as a result of coalification process consists of montmorillonite, chlorite,
kaolite, pyrite, gypsum, hemalite, siderite and calcite. The detrital constituents
include mormorillonite, quartz, plagioclose, alkali feldspar, biolite, chlorite,
volcanic glass ard rock fragments. Na, Mg, Al, K, Ca, Ti, Fe, Sc, V, Cr, Mn, Co,
Ni, 2n, as, Se,Ru, Ag, C4, Sb, Cs, Ba, Sm, La, Ce, Eu, Yb, Th, U etc. are the inor-
ganic elements responsible for the formation of the mineral matter in coals. Major
mineral matter which is not bonded with the organic structure of coal is widely
known and can be taken out in the cleaning processes by physical or chemical means.
However, this is cumbersame, expensive and time consuming process and changes the
chemistry of whole coal. These are same of the reasons why direct use of coal is
encouraged.,

In the present investigation, powder form of coal samples was used. Therefore, the
PIXE analysis of coal samples presented contain elemental concentration of total
mineral contents. Fig., {5} through {10} illustrates the concentration distri-
bution of various major elements in the sample. Some of the peaks are not seen on
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" the order of one ppm,

These hidden peaks represent the elemental concentration
In between the adjoining pekas, there are also elements

+ than 1 ppm which have not been identified due to presence of one of the elements
rar excess coampared to others and which controlled the vertical scale. Detection
the elements below 1 ppm concentration may be possible in future work. Since it
a preliminary investigation, it provided us an input to set yp scales for future
k on the coal mineral and ash investigation. Nevertheless, it was the first

ort to analyze coal using the PIXE technique.

plots due to scaling.

2sence of Na, Al, Si, K in large quantities also interferred with the Ar - stan-
rd used to identify trace elements. Fe, Ca, Al, Na, Si, K, Mg, Ba, etc. are not
ace elements (concentration range is higher). These elements came from pyrite,
ays and quartz incorporated into coal during the coalification process. Mn,.Co,
, V, 2n, Sr, Cr, As, Se, Sm, Pb, Cu, Th, U etc. are the trace elements. Concen-
«tion of these elements vary from few ppm to below hundreds,

results of PIXE analysis are summarized in Table 2. The identified elements
their concentration levels match with the ones obtained fram other methods given
references 7, 9 and 18, which demonstrates the accuracy of the method.
TABLE 2
GENERAL TREND IN
OONCENTRATION OF ELEMENTS (PPM)

Coal Concentration of Elements Concentration of Eleaments
Sample Na, Ca, Mg, Fe, A1, Si, Ki, Se, vV, Ti, Co, Zn, Sc, Cr,
Ba As, Pb, Cu, C4, Sr, Sb,
Cs, Sm, Th, U

Washington
HVA Hundreds Under One
W. Virginia
HVA To To
Kansas
HVA
North Dakota Thousands
LIGNTTE Under Hundred

PP ppm
Coal Ash
Coal Ash
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Fig. 2: Hypothetical Chemical Structure of Coal Molecule by Given.

Fig. 3: Schematic Re; resentation of Chemical Structure of Coal

Wiser.

Fig. 4: Macrawlecular Structure of coal Larsen,
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DETECTION BY PHOTOACOUSTIC INFRARED FOURIER TRANSFORM SPECTROSCOPY
OF SURFACE PEROXIDE SPECIES IN CHEMICALLY AND THERMALLY MODIFIED COALS

Brian M. Lynch, Lai-Im Lancaster, and James T. Fahey

Coal Characterization Group
Department of Chemistry
St. Francis Xavier University
Antigonish, Nova Scotia B2G 1C0, Canada
(902)~867-3992

ABSTRACT

Work in our laboratories over the last three years has demonstrated that
PhotoAcoustic infrared Fourier Transform (PAIFT) spectroscopy provides unique
qualitative and quantitative information about the surface functionalities of
bituminous coals.

We now report evidence detected by PAIFT techniques of new carbonyl-type
oxygen functionality in such coals, which is generated both by base-promoted
and thermal decomposition of precursor peroxide species, which we propose are
ubiquitous constituents of the surfaces of all except the most freshly
prepared samples of powdered bituminous coals.

INTRODUCTION

Over the past three years, PhotoAcoustic Infrared Fourlier Transform
(PAIFT) spectra of coal samples have been acquired in our laboratory for a
data base now amounting to some 6000 spectra. Various preliminary reports of
our results have.been presented (1-5),

Among the manifold advantages of PAIFT spectroscopy in the study of coals
are minimal sample preparation, insensitivity of signal to degree of
subdivision, and the ability to observe surface infrared absorbing features
generated by chemical manipulation. Subtraction to yield difference spectra
revealing such introduced features 1s straightforward and avoids arbitrary
scaling procedures.

Although it is often stated that application of FTIR spectroscopy has
revitalized the applications of infrared spectroscopy to coals, the truly new
results reported as a consequence of this revitalization are very limited, and
the recent literature contains several examples of unwarranted and probably
incorrect conclusions arising from subjective applications of curve-resolving
techniques and calibrations of relative intensities of spectral features.

In this paper, we report detection by PAIFT spectroscopy of new oxygen
functionality produced by base-promoted decomposition of precursor peroxide
species ubiquitously present at the surface of all except the most freshly
prepared samples of powdered bituminous coals. The occurrence of this reaction
process has escaped detection previously since KBr-pellet transmission FTIR
and Diffuse Reflectance FTIR measurements involve randomization of the
superficial infrared-absorbing groups as a consequence of the grinding
procedures associated with sample preparation using these techniques.
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EXPERIMENTAL

PAIFT spectra were acquired using a Bruker IFS110 purge-type Infrared
Fourier System employing a Ge on KBr beamsplitter. The spectrometer was
interfaced to an E G & G Princeton Applied Research Model 6003 Photoacoustic
Accessory equipped with a zinc selenide window and the amplified photoacoustic
output was transmitted to the date acquisition system of the IFS110. The purge
flow was interrupted during scanning.

Coal samples were ground to finer than 60 mesh under liquid nitrogen using
Brinkmann Pulverizer, and dried at 100 degrees C under vacuum before transfer
to the sample cup of the photoacoustic accessory. For routine operatiom, 10-50
mg of dried coal were placed in the sample cup, and 128 photoacoustic
interferograms were collected at 8 cm resolution with a zero-filling factor
of 2, corresponding to a final transformed spectrum encoded every 4 cm .
Photoacoustic spectra were obtained by ratioing against the energy output
(black-body response) from a similarly prepared sample of Fisher Carbon
Lampblack C-198. -1
The interferometer mirror_.velocity was 0.08333 cm s
acquired from 400-4,000 cm

, and spectra were

DISCUSSION AND RESULTS

Bituminous coal samples may be methylated quantitatively using the
phase-transfer catalyzed process developed by Liotta and co-workers at Exxon
Research and Engineering Company (6,7). The procedure involves initial
formation of anionic centres and associated swelling of the coal by treatment
with tetrabutylammonium hydroxide in aqueous tetrahydrofuran under nitrogen,
followed by SNZ reaction with methyl iodide, that is:

COAL.OH + NBu4+ + OH  --> COAL.0 + NBu4+ + 0

COAL.O  + CH4I -=> COAL.0.CH,

PAIFT spectra for a typical sample of freshly ground, newly mined
bituminous coal (from Cape Breton Island, Nova Scotia) and of its
quantitatively methylated species are reproduced in the two spectra of Figure
1.

In previous work (1-4) we observed that many methquﬁgd coals exhibit
distinct carbonyl absorption in the region 1680-1705 cm ~, which 1is not
present in the starting coal. Although we thought at first that a
high-frequency shift of a pre-existing carbonyl species (occurring as a
consequence of the elimination of hydrogen-bonding interactions) accounted for
this phenomenon, further work shows that the new carbonyl is generated
irreversibly at the stage of formation of the coal anions (that is, before
methylation) (see the overlay spectrum of Figure 2), and is unchanged by
re-acidification of the reaction mixture; thus the new peak cannot involve
displacement of a carboxylate/carboxylic acid ratio, nor. a simple frequency
shift accompanying methylation.

We attribute the formation of the new absorbing entity to the
base-promoted decomposition of peroxide species, that is:
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COAL.CHR.0.0.R' + OH --> COAL.C:0.R + R'.0 + HZO

R = alkyl or aralkyl, R' = H, alkyl, or aralkyl

This is a well documented reaction (8-10) whose possible relevance to coal
transformations has not been recognized previously to our findings.

The difference spectrum between the sample of Figure 1 and the corresponding
reprotonated (re-acidified and washed) "coal anion", which was presented in
overlay_{orm in Figure 2, is reproduced as Figure 3, and exhibits a maximum at
1686 cm . We have been able to define the nature of the carbonyl feature as
ketonic, since it is quantitatively reduced to an alcohol species by
tetrabutylammonium borchydride in aqueous tetrahydrofuran.

Derivatization of the same coal through acetylation using the standard
procedure where the coal is heated to reflux with acetic anhydride dissolved
in pyridine does not produce added ketone-type carbonyl species
(see Figure 4). Under these conditions, we suggest that it is likely that
the peroxide species transfers oxygen directly to the pyridine solvent, and
the formed pyridine-l-oxide undergoes the known rearrangement/hydrolysis to
give 2-acetoxypyridine and thence 2-pyridone.

Although the overlay and difference spectra referred to above bear a

general resemblance to those observed for oxidation at higher temperatures
(see Figures 5 and 6) , the band shapes are different, with the carbonyl peaks
from the base-generated ketones obviously being simpler, and the carbonyls
shown in Figure 6 possessing multiple contributing components. Also we wish to
point out that the intensity of the ketone carbonyl peaks in the difference
spectra derived from base-treatment of coals stored in the laboratory at
around 20°C for six and for twelve months (Figures 7 and 8) increases
progressively: "fresh" coal, 0.020 intensity units, after six months, 0.059;
after 12 months, 0.089,
Finally, we find that thermal decompositions of these coal samples occur in
vacuo between 150 and 200 degrees C to generate carbonyl functions whose
origin we are confident lies with surface peroxides, although the course of
these reactions is more complex than for the base-promoted decompositions.

CONCLUSIONS

PAIFT spectroscopy of coals treated with phase-transfer base followed by
reacidifcation provides evidence that previously unquantified and undetected
peroxide species are significant features of coal surfaces exposed to air at
ambient temperatures; thermal decompositions at coal surfaces similarly
involve contributions from peroxide --> carbonyl conversions. The proportion
of peroxides on a coal surface is surely playing an important, hitherto
unguessed, role in determining the course of coal pyrolyses.
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THE RUTHENIUM(VIII)-CATALYZED OXIDATION OF ILLINOIS NO. 6 BITUMINOUS COAL. AN
APPLICATION OF GC-FTIR SPECTROSCOPY FOR STRUCTURAL ANALYSIS.

Leon M. Stock and Shih-Hsien Wang
Department of Chemistry, University of Chicago, Chicago, IL 60637 USA

INTRODUCTION

Sharpless and his coworkers pointed out that ruthenium tetroxide could be
used very effectively for the oxidation of aromatic compounds in the presence
of acetonitrile (1). For example, 4-(1-pentyl)biphenyl is converted almost
quantitatively to a mixture of hexanoic acid, benzoic acid and 4-pentylbenzoic
acid. This reagent has been used successfully for the oxidation of Illinois
No. 6 coal and the quantities of many aliphatic and aromatic mono-, di-, tri-,
and tetracarboxylic acids have been determined for several different coals (2-
5). Mass spectroscopy has been used almost exclusively in these studies. In
related work, Mallya and Zingaro (6) investigated the ruthenium ion-catalyzed
oxidation of Texas lignite using infrared spectroscopy. They pointed out that
the, stretching bands of the carbon-carbon bonds of,the aromatic ring at 1600
cm * decreased and a new carbonyl band at 1700 cm™ appeared. Their work and
other factors prompted us to consider the utilization of GC-FTIR spectroscopy
for the further analysis of the product distribution obtained in the oxidation
of Illinois No. 6 coal.

EXPERIMENTAL PART

Coal Sample.--Illinois No. 6 coal [77.2%C, 5.6%H, 0.68%N, 0.15%Cl, 2.95%
organic S, 0.89% pyritic S, 0.00% sulfate, and 12.5% O (by difference)] was
obtained from the Peabody mine in Pawnee, Illinois. The sample was extracted
before oxidation with aqueous hydrochloric acid, aqueous sodium hydroxide,
benzene-methanol, and chloroform as described by Hayatsu and coworkers (7).

Oxidation Procedure.--The oxidation reactions were carried out as de-
scribed previously (3,4,5) using coal (400 mg), ruthenium(III} chloride tri-
hydrate (12 mg), and sodium periodate (4g) in a mixture of carbon tetra-
chloride (8 ml), acetonitrile (8 ml) and water (12 ml). The mixture was
stirred for about 24 hours at room temperature. The solids were separated by
filtration and the organic and the aqueous phases were retained. The mildly
acidic aqueous layer was washed with four portions of ether (15 ml). The
solid was also washed with ether. All the organic extracts were combined and
dried with sodium sulfate. The solvents were removed with a rotary evaporator
at 40°C. The acids in the concentrated solution were methylated using 0.35M
diazomethane in ether (10 ml). The ether was carefully removed using a rotary
evaporator at room temperature. This procedure was repeated three times and
the final solution was examined by gas chromatography-Fourier transform infra-
red spectrometry and mass spectrometry.

Gas Chromatography-Fourier Transform Infrared Spectrometry.--An HP Model
5890 gas chromatograph and a Nicolet Model 60SX Fourier Transform Infrared
Spectrometer were used in this study. The chromatograph was equipped with a
0.53mm X 25 meter, 0V-1701 megabore column supplied by J & W Scientific, Inc.
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Typical conditions for the analysis are noted: injection port, 250°C; the oven
temperature was programmed to hold at 50°C for one minute then to heat to 270°C ’
at the rate of 4°?/min and then to hold at 270°C. For all the spectra, 4 scans
measured at 4 cm™ ' resolution were co-added.

Gas Chromatography-Mass pectrometry.--The GC-MS results were obtained
using an HP Model 5790A gas chromatograph with a VG Model 70-250 mass spectro-
meter. The chromatograph was equipped with a 50 meter, 0V-1701 (0.25u) cap-
illary column supplied by Quadrex Corporation, Inc. The conditions for the
analysis are noted: injection port, 250°C; the oven temperature was programmed
to hold at 50°C for one minute then to heat to 270°C at the rate of 7°C/min
and then to hold at 270°C. One scan per second was recorded in these low re-
solution, electron impact mass spectral analyses.

RESULTS AND DISCUSSION

The ruthenium(VIII) ion-catalyzed oxidation reaction of Illinois No. 6
bituminous coal produces a large array of different carboxylic acids. These
acids were quantitatively converted to the corresponding methyl esters by
repetitive esterification reactions with diazomethane. The GC-FTIR chroma-
tograms obtained using conventional capillary columns were not entirely suit-
able. However, the separations obtained using megabore capillary columns were
more than satisfactory and suitable infrared spectra could be recorded for
most of the reaction products. Chromatographic procedures were developed to
enable facile comparison of the mass and infrared spectra.

Many aliphatic di-, tri-, and tetracarboxylic acids as well as the ben-
zenedi-, tri-, tetra-, and pentacarboxylic acids can be readily detected and
identified by GC-MS procedures (4,5). However, certain of the products cannot
be unambiguously identified by MS tactics alone. We were particularly con-
cerned that certain hydroxyacids and lactones might have escaped detection.

Inasmuch as sharp oxygen-hydrogen stretching frequencies are readily ob-
served in the vapor phase, the infrared spectra were systematically scanned
for the appearance of this absorption. Only three compounds among the host of
reaction products exhibited this absorption. -Inasmuch as these substances are
produced only in trace amounts, this finding confirms the previous conclusion
that aromatic hydroxylic compounds such as naphthol are oxidized to benzenedi-
carboxylic acid and that aliphatic hydroxylic compounds are degraded to simple
aliphatic mono-, di-, and tricarboxylic acids. The absence of significant
amounts of hydroxy compounds in the reaction product is in accord with the ob-
servations of Sharpless and coworkers (1) who reported that 3-phenyl-1,2-
butanediol is oxidized to 2-phenylpropanoic acid under the experimental con-
ditions, equation (1).

92%
C6H5CH(CH3)CHOHCH20H = CGHSCH(CH3)C02H (1)

The position of the carbon-oxygen double bond stretching frequency is
very dependent upon its structural environment with significant differences in
the absorption frequencies of aromatic and aliphatic esters, lactones, anhy-
dride§ and so forth. The carbonyl stretching frequencies of the methyl esters
of_qllphatic acids, for example, dimethyl butane-1,4-dioate, appear near 1760
cm °, whereas the corresponding frequencies of methyl benzenecarboxylates, for
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example, trimethyl benzene-1,2,3-trioate, appear near 1750 cm'1. The carbonyl

frequencies were examined to establish that proper structural assignments had
been made in the previous work. No discrepencies were uncovered. However,
several new compounds were detected. The carbonyl frequencies for these rather
non-abundant compounds, not more than 1% of the abundance of dimethyl butane-
1,4-dioate are listed in Table 1.

Table 1. The carbonyl bands of several novel substances in the oxidation of
Illinois No. 6 coal

Compound Frequency and Intensity

1 1720 (vs), 1704 (vs)
1820 ( s), 1755 ( s)

3 1824 ( m), 1758 (vs)

4 1806 ( m), 1755 (vs)

5 1809 ( m), 1754 (vs)
aliphatic ester around 1760
aromatic ester around 1751

Compound 1 is quite_Yolatile and exhibits a very intense carbonyl absorp-
tion centered at 1710 cm '. The absence of significant intensity in the car-
bon-hydrogen stretching region indicates that the substance is not a methyl
ester. Indeed, the infrared spectrum is reminiscent of butane-2,3-dione.
Hence, we infer that this non-abundant substance may be a 1,2-diketone pro-
duced as a byproduct of the principal reaction sequence.

Compound 2 g*hibits two broad, equally intense carbonyl absorptions at_
1755 and 1820 cm™ . These observations and the strong absorption at 742 cm
imply that this substance is an aryl anhydride derivative.

1

Compounds 3,4, and 5, which differ considerably in volatility, exhibit
very similar carbonyl absorption frequencies. In each case, there are two
relative sharp bands in1the carbonyl region. The weaker band is centered be-
tween 1894 and 1809 c¢cm™ and the stronger band is centered between 1754 and
1758 cm”'. These compounds all exhibit rather intense carbon-hydrogen absorp-
tions. We postulate that these compounds are lactones with from one to three
ester groups in the same molecule. These substances may form as illustrated
in equation (2).

OO0 — WA, e
0 CH30,C 0”0
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The abundance of lactones in the oxidation products of this bituminous coal
appears to be much less than in the oxidation of Texas lignite (6).

CONCLUSION

Gas chromatography infrared spectroscopy provides useful information con-

cerning the oxidation products of coals. The new data obtained by this tech-
nique confirm earlier conclusions concerning the low abundance of hydroxyl
compounds among the oxidation and indicate that lactones are formed in low re-
lative abundance during the oxidation of a bituminous coal.
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INTRODUCTION

Since the development of the laser several workers have used its unique
characteristics to study the pyrolysis of coal (1-11). The use of a focused laser
beam to pyrolyze organic materials offers three advantages. The high degree of
localization of surface heating allows the selective pyrolysis of micro components
in a heterogeneous material such as the macerals in coal. The species resulting
from laser heating are emitted from the heated solid surface with a minimum of
interaction with the solid or other pyrolysis products thus increasing the
probability of detecting primary structural fragments of the solid rather than
products formed as a result of secondary reactions. Pyrolysis conditions can be set
where selective bond breakage occurs, such as the rupture of alkyl bridges in coal.

The coupling of laser micropyrolysis with mass spectrometric detection of
the emitted species offers a method of structural analysis of nonvolatile organic
solids.

EXPERIMENTAL

The laser micropyrolysis mass spectrometer used in this investigation is an
upgraded version of the one used in previous studies (1). The heating source used
was a 0.1 J pulsed ruby laser. The laser output was focused by a 2X microscope
objective lens onto the surface of a polished coal sample placed in the ionization
chamber of a CVC 12-107 time-of-flight mass spectrometer. The area to be pyrolyzed
was selected by viewing the surface through the same optical system as used to
focus the laser beam. The zone of pyrolysis ranges between 10 and 200 pm in
diameter, the size being dependent upon the power setting of the laser. The highly
localized heating allows the selective pyrolysis of individual coal macerals to be
made.

The pyrolysis products formed by laser heating are ionionized by a 500 ns
pulse of 18 ev electrons. Mass resolution is accomplished by accelerating the ion
packet and measuring the time of flight of the respective ions in the packet over a
glven distance. The duty cycle of the spectrometer is governed by the flight time
of the heaviest ion. For the work with coal, a cycle time of 50us was sufficlent to
skan to mass 400. The major modification of the micropyrolysis mass spectrometer
was the replacement of the oscilloscope— photographic recording system with an
ultra high speed analog to digital converter (TRW model TDC 1007) coupled to a
specially designed cache memory which allows the digitization and storing of 32
sequential spectra over a 1.6 ms period. A major difficulty in analyzing the
spectrum produced by-a single pulse of a TOF spectrometer is that the small number
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of ions produced during a single ionization pulse results in a large statistical
variation in peak intensity between spectra of the same material whether they are
taken successively or in different experiments. By taking a suite of 32 sequential
spectra, computer averaging can be used to greatly improve the reproducibility of
the spectra. For the analysis of coal pyrolysis products it was found that the
optimum results were obtained when the acquisition of spectra commenced after the
laser pulse. During the period of laser irradiation there is extensive
fragmentation of the products due to their interaction with the laser beam. For a
period of approximately 2 ms after the laser is extinguished pyrolysis products can
be detected, by recording spectra.during this period analysis 1s confined to those
speclies being emitted from a hot coal surface.

RESULTS AND DISCUSSION

The spectra for the suite of coals listed in table 1 are shown in figures
la and 1b. Several factors are discerned in the examination of the spectra. The
resolution of a mass spectrum is not suficient to give unit mass resolution, what
is detected is a series of mass clusters. These clusters are numbered from 1 to 15
with the number being equivalent to the number of carbon or carbon plus oxygen
atoms that characterize the species contained in a given cluster. Table 2 lists
some of the most likely species that would account for each mass cluster.

There is a high degree of similarity between the pyrolysis spectra of the
different coals, the major difference being the relative intensities and shapes of
the mass clusters. Analysis of these variables reveals several rank related trends.
Each mass cluster encompasses a mass range. The location of the cluster is
determined by the number of carbon or carbon plus oxygen atoms in the pyrolysis
fragments, while the width of the cluster is determined by the distribution of
specles of varying degrees of hydrogen saturation plus the occurrence of oxygen
containing species. These characteristics can be seen by examination of the dashed
lines on figures la and 1b which are drawn at mass positions 78 and 128, these
masses represent one ring and two ring aromatic species, benzene and napthalene.
Both clusters 6 and 10 overlap these mass lines, ion intensity on the high mass
side of the 1line is an indication of hydroaromaticity, the overlap on the high mass
side of the mass 128 line is greater than that of the 78 mass line indicating that
hydronapthalene derived species are more prevalent than cyclohexane derived
specles. It can also be seen that the high mass overlap increases as rank decreases
and the H/C ratio increases. The overlap of the clusters on the low mass side is
indicative of the free radical nature of the pyrolysis products. There is a general
trend of an increase in cluster width to height ratio as the rank of the coal
decreases and the H/C and 0/C ratios increase.

The aromaticity of the pyrolysis products can be determined by examination
of mass clusters 6 and greater. For comparison the aromatic mass reglon can be
divided into two families. The first, clusters 6,7,8 and 9, consists of single ring
specles plus single ring species with 1,2 and 3 substituent groups, the second
family, clusters 10,11,12 and 13, comprises the same pattern for two ring species.
Examination of these families reveals that alkyl and hydroxy substituted ring
structures are more prevalent than unsubstituted ring structures, i.e., clusters
7,8,9>6 and 11,12,13>10. A trend with rank is seen with the shift of the major
cluster in the two ring family. In the higher rank coals, those with a vitrinite
reflectivity greater than 0.7 percent, disubstituted specles, cluster 12, dominate
the two ring region. For the lower rank coals, those with a vitrinite reflectivity
less than 0.7 percent, trisubstituted products, cluster 13, are the major group in
the region. This trend in a shift of the major cluster to products with a higher
degree of substitution as rank decreases is found as well in the single ring
family. The distribution of clusters in these two families indicates that the
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process of laser pyrolysis is selective in bond breakage, Bond rupture occurs
predominately at the weaker aliphatic linkages as evidenced in the much greater
abundance of di- and tri- substituted products. The stronger aryl-alkyl bond
results in a much lower concentration of mono- and unsubstituted ring fragments
where at least one aryl-alkyl bond would have to be broken.

Another trend that can be observed in the high mass region is the
appearance and increasing intensity of clusters 14 and 15 as rank decreases, the
increase of the H/C and 0/C ratios with decreasing rank results in a higher
probability of finding ring structures with substituent groups. Although cluster l4
would be the first possible occurrence of three ring structures the fact that
unsubstituted one and two ring pyrolysis fragments have lower concentrations than
their substituted products would lend support to the conclusion that clusters l4
and 15 are predominately highly substituted two ring species. For the case of the
lowest ranked coals the relative intensity of the high mass fragments rapidly
diminishes leaving one ring structures as the major specles.

Further information can be derived from the lower molecular weight
clusters. Cluster 1 is due to water, it is interesting to note that methane or
methyl groups are not a major product resulting from laser pyrolysis. Cluster 2 is
dominated by carbon monoxide and nitrogen, specles present as background gases in
the mass spectrometer in addition to being generated by the pyrolysis process.
Aliphatic fragments resulting from coal pyrolysis can be seen in clusters 3,4,5 and
part of 6. Cluster 3 shows a bimodal distribution in many of the spectra. The low
mass peak of this cluster corresponds to potassium, mass 39, under conditions of
laser heating potasium 1s thermally ionized, greatly increasing 1ts detection
sensitivity (12). The major fragment ions for the C3-C6 alkane series would appear
at masses 43, 57, 71 and 85, clusters 3, 4, 5 and 6. For each of these clusters
there is little evidence of the presence of these ions, the mass of major intensity
for each of these mass clusters is lower by 2-4 mass units indicating that the
alkyl fragments are hydrogen deficient. This hydrogen deficiency indicates that the
specles detected tend to be unsaturated. In addition, it is likely that thermally
generated free radical fragments of the pyrolysis process are being detected.
Additional evidence for the detection of free radical species can be seen at at
mass locations 78 and 128, the dashed lines on figures la and 1b. At the low
ionization potentials used to obtain these spectra the major ion peak for benzene
and napthalene would be their molecular ion at mass 78 and 128 respectively,
However in the coal pyrolysis spectra the peaks associated with these species
appears on the low mass side of these assignments indicating that benzyl and
napthyl free radicals are being detected. The most likely origin of the low
molecular weight hydrocarbon clusters is from alkyl aromatic linkages and the
fragmentation of hydroaromatic structures.

CONCLUSION

Under the conditions used for laser micropyrolysis of coal, primary
products including free radical species emanating from a heated coal surface can be
detected. By minimizing secondary condensation or cracking reactions the complexity
of coal pyrolysis product analysis is greatly reduced. The pyrolysis mass spectra
of the vitrinite portion of a series of coals has shown that as the degree of
coalifaction changes there is a continuous variation in the relative distribution
of a small number of primary coal pyrolysis products. These pyrolysis products tend
to indicate that the primitive structures found in coal consist mostly of one and
two ring aromatic and hydroaromatic groups linked by short aliphatic bridges.
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TABLE 2

CHEMICAL ASSIGNMENTS FOR MASS CLUSTERS

Cluster # Mass Range Chemical Idenitification
m/z to m/z

1 15 -- 18 CH3, CHQ, and H20

2 28 —— 34 C2 alkanes and alkenes, N2, co, COZ’ and HZS

3 39 -- 44 C3 alkanes and alkenes, K+, and CO2

4 55 —-- 58 C4 alkanes and alkenes, and ketones

5 65 -—— 72 C5 alkanes and alkenes, and dienes

6 77 -- 86 C, alkanes, cycloalkanes, alkenes and
benzene

7 91 -- 96 Methyl benzenes, phenols and cycloalkenes

8 105 -- 110 Dimethyl, hydroxy methyl and dihydroxy
benzenes

9 119 -- 124 Alkyl and hydroxy-alkyl benzene and indans

10 128 -- 134 Naphthalene, hydroxy-alkyl benzene and
dihydronaphthalene

11 141 —— 146 Methyl and hydroxy naphthalene and cyclo-
alkanes

12 155 -- 160 Alkyl and hydroxy-alkyl naphthalenes and

tetralins

13 166 -- 172 Alkyl and hydroxy-alkyl naphthalenes and
fluorenes

14 178 -- 186 Phenanthrenes, anthracenes and alkyl
naphthalenes

15 192 ~- 196 Alkyl phenanthrenes and anthracenes
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EFFECT OF MATER ON CP/MAS 13C NMR SPECTRA OF LOW-RANK COALS

Sylvia A. Farnum, Donald D. Messick and Bruce W. Farnum

University of North Dakota Energy Research Center
Box 8213, University Station
Grand Forks, North Dakota 58202

Studies are being carried out directed toward elucidating the structure of low-
rank coals and the mechanisms of their combustion, gasification, slurry preparation
and Tiquefaction at the University of North Dakota Research Center. As a part of
this research, our interest in the carbon Structure of coals before and of residues
after processing led us to develop solid 1 C_CP/MAS NMR techniques suitable for our
samples. As we surveyed the existing literature {1,2,3) and the results obtained in
our laboratory for low-rank coals, we noted apparent intensity discrepancies. Some
samples gave stronger signals than others when the same amount of carbon was in the
rotor, 1In addition to variable intensities, the aromatic to aliphatic ratios and
the relative intensities of prominent peaks varied for duplicate samples run under
the same conditions. The effect of mineral matter in the high ash coals or the
effect of free radicals in the coal were suggested as possible causes of these
difficulties (4,5). However, in the case of our samples, these explanations failed
to account for the variability we saw in samples. We had none of these problems
obtaining spectra of the insoluble organic matter (IOM) after liquefying these
coals, even though the IOM contained up to 70 weigh percent ash and was greater than
90% aromatic carbon. Signals from the IOM samples were apparently proportional to
the amount of carbon present and did not vary.

We had already optimized all of the variables required by our intial study.
Each variable was important and needed to be carefully assessed directly on the coal
samples to be used for further work. The work of many investigators emphasizes that
when proper care 1is exercised, representative coal spectra may be obtained
(1,6,7,8,9). Our conclusions were in accord with those previocusly reported with one
important exception. For low-rank coals, peats and other solids that contain more
than a trace of moisture, this study shows that the presence of moisture is the
overwhelming factor in determining spectral intensity.

Experimental

Our NMR work was carried out at 50.3 MHZ using our Varian XL-200 NMR. A Doty
Scientific, Inc. high sensitivity carbon solids probe was interfaced directly with
the standard Varian solids amplifier. The magic angle was adjusted for minimal Vine
width with hexamethylbenzene, the probe was tuned for the decoupler and the observe
signal with the coal sample in the probe, the field was centered and shimmed, the
power level of the decoupler was accurately set, the 90° and 180° flip angles were
adjusted (+0.lus), the contact time for cross-polarization was selected to best fit
the Tlp values for the coal and an appropriate delay was chosen. The pulse sequence
used was a typical cross-polarization experiment which provided an accurate 90° flip
for the proton reservoir followed by a 90° proton phase alteration (spin-lock). The
contact time, 1ms, fulfilling the Hartmann-Hahn condition (v Hiw=vcHig)» was
followed by four timed 180° pulses of the TOSS echo sequence WO regbcus the
spinning sidebands back into the isotropic peak(10). The acquisition of 4 K data
points was carried out with high power proton decoupling. The selected recycle time
was 1 s. Minimal data enhancement, consisting of 15 Hz line-broadening, apodization
function of 0.020 was used.

Results and Discussion

Intrinsic water in low-rank coals plays a role in reactivity that has never been

properly defined. It became apparent to us that water was also important in solid
CP/MA§ 13C NMR spectroscopy. We found little in the literature that addressed the
practical aspects of this problem, therefore, we initiated a preliminary screening
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of the effect. We selected two coals as representatives of low-rank coals in
general, a North Dakota lignite from the Indian Head mine and a Texas lignite from
the Big Brown mine (Table 1). A sample of each was divided into two portions. One
portion was dried overnight under partial vacuum 1in a desiccator containing
drierite. The other portion was retained as received. ASIg moisture determinations

were run on these samples and on all other samples before 19C spectra were acquired.

Table 1. Lignite Analyses

Indian Head (ND) Big Brown (TX)
Moisture, wt % 22.2 23.1
Proximate Analysis
{wt. % dry basis)
Ash 10.5 12.1
Volatile Matter 37.2 45.9
Fixed Carbon 52.3 42.0
Ultimate Analysis
(wt7 % mf)
C 68.1 63.1
H 4.5 4.6
N 1.2 1.3
S 0.9 1.0
0 14.8 17.9

The vacuum dried coal was loaded into a 7 mm sapphire cylindrical rotor and
placed in the Doty probe. The rotor was spun at 3000 rps and introduced into the 47
KGauss field of our NMR. The observe and decoupler signals were carefully tuned
before the sample spectrum was acquired using the optimized conditions for the dried
coal sample. The dried sample was replaced by the same weight of the AR coal sample
and another spectrum was acquired in exactly the same manner. The AR coal spectrum
gave approximately 1/5 of the absolute intensity of the carbon spectrum of the dried
coal. For the Indian Head Zap lignite, fa for the dried sample was 0.67 and for the
AR sample, only 0.48 {Table 2).

Table 2, Indian Head Lignite Changes Due to AR Moisture Solid 13c cp/MAS NMR Data

Absolute
Intensity
% Hy0 ¢ Signal % Caromatic % Caliphatic
0 242.0 67.6 32.4
1.8 198.2 69.4 30.6
7.6 189.5 69.0 31.0
13.0 133.0 65.0 35.0
22.0 {AR) 50.7 ) 47.7 52.3

A series of partially dried coal samples were prepared for comparison with the
completely vacuum dried coal and the AR coal. The spectra of these samples recorded
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at various moisture levels are presented in Figure 1. The absolute intensities for
each spectrun and their apparent % C aromatic and % C aliphatic are given in Table

It is apparent from these values that the presence of water detunes the probe.
When an attempt is made to tune the observe and decoupler coil with the "wet" AR
coal in the coil, it is seen that the capacitance of the coil is changed a great
deal by the presence of the small amount of water. Modern commercial probe design
does not allow for large changes in capacitance of the decoupler coil. Tuning the
observe coil is possible but only with broad-band probes. Carbon-only probe observe
signal variable capacitance cannot accomodate these large changes.

Even if the operator could optimize the critical tune of the decoupler coil for
the cross-polarization, "correct" spectral intensities of "wet" AR cYa1s could not
be reliably obtained because under rapid rotation and high power 'H decoupling,
there is a small gradual drying of the coal. And, of course, as the coal changes
even slightly in water content, detuning during acquisition causes a loss of signal
intensity and introduces errors in the aromatic to alipahtic ratios (Figure 1, Table
2).

The capacitance changes observed for the coal appear to be dependent on the
dielectric constants of the included liquid. Liquids of high dielectric, as is
expected, cause the greatest changes in capacitance, hence in tune and signal
intensity (Table 3). The values of e {dielectric constant) are given for liquids
external to the magnetic field.

Table 3. Dried Indian Head Lignite Changes Due to Added Liquid Solid 13¢ cp/MAS NMR

Data

Absolute
Dried Coal + Intensity
Liquid, % ¢ Signal 3 Caromatic 3 Caliphatic e
Hp0, 19.9 17.8 45,6 . 54.4 80,78
Ho0, 11.2 127.0 68.6 31.4
D,0, 22.0 18.4 44.6 55.4 78
Ethanol, 22.5 3.9 51.6 48.4 24
CClyg, 20.0 20.0 68.1 31.9 2
i-Octane, 20.7 216.0 64.7 35.3 2

The capacitance (and dielectric constant) of the system are also temperature
dependent. Changes in wet and dry coal spectra as the temperature is lowered are
shown for one of the lignites (8ig Brown) in Figure 2. The spectra are all recorded
in the absolute intensity mode. Other factors also become important as the
temperature is lowered (11), but it is obvious that great caution must be exercised
in acquiring and interpreting the data.

From the investigation reported here, it appelags that under the "best"
conditions fairly representative, reproducible solid 13C spectra of low-rank coal
can be obtained from vacuum dried samples. The contact time that yields maximum
intensity is near 1000 ps for the aromatic portion of both lignites and slightly
shorter for the aliphatic portion. Thus, the selection of 1000 us as the optimum
contact time slightly favors the aromatic part of the spectrum. This positive
effect is offset by some aromatic signal loss, estimated at <3%, during spinning
sideband suppression (10). We are currently investigating the relationship between
signal intensity and the amount of dry coal carbon in the rotor both by absolute
intensity measurements and by internal standard spin-counting experiments. It
appears that the dried coal samples give much better signal intensity relationships
than coals containing small amounts of water.
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Performing CP/MAS 13¢ experiments with complex solid samples such as coal and
peat is becoming more common. This technique has opened exciting new areas of
structural investigation in coal science and will certainly continue to grow rapidly
in popularity. The coal scientist will have to become thoroughly conversant with
such concepts as the decoupler power requirements, 90 and 180° flip angles,T;p
values for his samples, optimal cross polarization times, correct delay, spinning
speed, presence of radicals, effect of coal ash and many other factors. As each new
experiment is designed, new variables may be introduced. Each variable must be
carefully scrutinized, particularly for obvious effects such as the one reported
here. When a series of coal samples are compared, or when low-rank coal spectra are
being acquired, the samples must be dry enough to allow tuning within the range of
the NMR probe or erroneous intensities and fa values will result.
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NOVEL METHODS FOR FTIR
ANALYSIS OF COAL

Paul Painter, Brenda Bartges, Diane Plasezynski,
Thaddeus Plasczynski, Andrew Lichtus and Michael Coleman

Polymer Science Section
Penn State University
University Park, PA 16802

FTIR was first applied to the characterization of coal structure during the
. late 1970's and has now been applied to a range of problems in fuel science.
Although the technique can therefore be considered established, in some very
fundamental ways it is still evolving. Novel sampling methods, principally diffuse
reflectance and photoacoustic techniques, have been applied; in addition, new
software with the potential for extracting additional information from the spectrum
has been developed. The basic thrust of our research is still the accurate
quantitative determination of structural parameters, but in this context we have
been studying alternative methodologies. Here we will report an examination of the
use of diffuse reflectance methods together with two data processing routines;
self~deconvolution and a program that can generate the spectrum of components from
the spectra of a series of mixtures.

The application of diffuse reflectance and self-deconvolution to the study of
coal has been pioneered by Peter Griffiths and co-workers (1,2). We originally
considered the advantages in ease of sample preparation (compared to standard KBr
pellets) to be relatively minor, given the greater difficulty in obtaining
reproducible quantitative results; band intensities not only vary with particle
size but are also affected by packing within the sample cup. If we work with the
ratio of various bands, however, such factors can be largely eliminated
(particularly for modes that are close in frequency and hence are almost equally
affected by scattering factors) and we found that for a particular set of samples
we obtained information that could not be determined by standard KBr techniques.

As mentioned above, we are still concerned with the measurement of functional
groups, particularly aliphatic and aromatic CH content. We have discussed the
difficulties associated with various methodologies in various papers and a recent
review article (3). We postulated that if we could obtain a set of samples where
most of the hydrogen was tied up in one type of functional group, then it should be
a relatively straightforward task to obtain accurate absorption coefficients by
relating band intensities to elemental hydrogen. Accordingly, we obtained a set of
high rank coals (carbon content > 92%) from the Penn State coal bank, choosing
those coals that also had an elemental hydrogen content of the order of 3% or more.
To our surprise, we could not obtain spectra using standard KBr pellets, while
diffuse reflectance revealed bands characteristic of a coal with a high, aromatic CH
and very low aliphatic CH content. The region between 2000 and 500 cm is
illustrated in figure 1 and it can be seen that the spectrum of the standard KBr
pellet reveals no coal bands whatsoever. We presume that this is due to scattering
factors associated with the difficulty in adequately reducing the particle size of
such hard coals. Clearly, diffuse reflectance has overwhelming advantages in the
characterization of high rank coals. We are now comparing results for lower rank
coals obtained by diffuse reflectance and KBr pellets in order to determine whether
the ratio of absorption coefficients for aliphatic and aromatic bands is the same
for the two methods.

The infrared spectrum of coal is characterized by a set of broad, overlapping
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bands. We could certainly obtain a greater insight into structure if various
contributions to specific spectral regions could be separated or deconvoluted. In
previous work, we have used second derivative spectra as a starting point for
curve-resolving, while Griffiths and co-workers (2) have recently applied a novel
self-deconvolution procedure. In refining spectra by improvement of the spectral
resolution, deconvolution and derivative analysis can be considered alternative
treatments of choice. An asymmetric spectral profile composed of two or more
overlapped lines, is resolvable (in principle) into at least two component lines,
within the limits imposed by the signal to noise ratio and instrument line shape of
the original spectrum., It should be noted that no line in the refined spectrum may
be narrower than the instrument line shape, unless continuation of the
interferrogram is performed on the spectrum.

The problem that arises in deconvolution is that neither the line shape nor
the full width at half height of the overlapped constituent lines is known. To
effect deconvolution, a line shape must-be chosen which is considered a reasonable
approximation to that of the individual overlapped lines. An optimum band width is
then selected empirically from a series of deconvolutions of the overlapped
spectral region such that ringing in the refined spectrum is reduced to a minimum.

This empirical technique may well be difficult to apply in practice, however,
since the effects of over-deconvolution may be misinterpreted as significant
spectral information. The sidelobes so introduced, when superimposed upon the
residual spectrum, can easily take on the appearance of ligitimate spectral detail,
but are in effect artifacts of the technique. This ambiguity in the refined
spectrum can be minimized by noting that a symptom of over-deconvolution is the
"shifting" of lines in direct relation to the extent of deconvolution.

Although deconvolution appears to provide more information than derivative
analysis, they are fundamentally related. Cameron and Moffatt (4) have
demonstrated that both techniques rely upon the application of a weighting function
in Fourier Space. This function is of the form

(2%e)"

where n is the order of the derivative. This may be contrasted with the
deconvolution weighting function, for a Lorentzian line shape, of the form

(ebt)

Because both procedures rely on such weighting functions, similar limitations
exist with respect to discrimination against noise. Deconvolution does have the
advantage of retaining the integrated intensity and does not suffer the phase
inversion characteristic of the second derivative, but has the disadvantage of more
easily introducing artifacts. In this respect it should be kept in mind that coal
bands are inherently broad due to the chemical heterogeneity of the material and
instrumentally cannot be resolved into a series of sharp overlapping bands.
Accordingly, deconvolution should be applied with extreme caution.

The final topic we wish to comsider is the application of a routine capable of
obtaining the spectra of individual components from those of a mixture. There are
a number of approaches to this problem, including factor analysis, that could be
useful in the analysis of coal spectra. We have developed a program based on a
procedure described by Honigs et al. (5) that is most commonly used in
near-infrared analysis of foodstuffs. Essentially, the known concentrations of a
particular component in a set of mixtures are used as weighting factors to
reconstitute the spectrum of that component from those of the mixtures. The
application is illustrated in figure 2, which compares the spectra of three
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"mixtures", each represented by a single band. The spectrum of a pure component
was easily generated and is shown at the bottom of the figure. This method has
several intriguing possibilities when applied to coal. For example, we have
obtained the spectra of several coal extracts, where the aromatic and aliphatic
hydrogen content is known from proton nmr measurements. Using the aromatic (or
aliphatic) CH contents as weighting factors we should be able to generate a
spectrum characteristic of those parts of the molecule associated with such groups,
a sort of functional group based deconvolution.

The method is promising but preliminary results indicate that a careful choice
of samples is required. In initial work we considered the spectra of extracts
obtained from PSOC's 785, 801, 1192, 1195, 1196 and 1198, For clarity of
illustration just the CH stretching region of the spectra, with the OH bands.
removed by curve-resolving and subtraction, are illustrated in figure 3. Note that
the aliphatic CH stretching bands of the PSOC 785 extract, the top spectrum in this
series, are stronger and sharper than those of the other extracts, indicating a
higher concentration of long chain alkanes. Accordingly, when the program was
applied to these spectra we not only obtained the bands characteristic of the
aromatic CH stretching mode, but also negative peaks associated with sequences of
CH, units, as shown in figure 4. In other words, PSOC 785 did not belong in this
seg. The character of its CH, groups is different to those of the other samples
(which were obtained from muc% higher rank coals) and this resulted in the negative
sharp peaks. We are presently obtaining the spectra of a wider range of samples so
that we can "clump" similar spectra together for analysis. Nevertheless, this
preliminary application illustrates the potential of the technique and also
indicates that it might find additional utility in identifying different types of
structural features.
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Figure 1. Top; Spectrum of PSOC 161 (927 C) prepared as a KBr pellet.
Bottom; same sample run in diffuse reflectance.
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ABSTRACT

A controlled-atmosphere, programmed-temperature, oxidation apparatus has been
constructed and used to characterize organic-sulfur distribution in coals,
partially desulfurized coals, and model systems. Samples were diluted with WOj;
and heated, in a stream of Ar containing 10% 02, at a programmed-temperature
increase of 3C%/min. Concentrations of 302, CO., CO, 0z, and H20 in the effluent
gas were continuously measured until the runs were completed at 1000°C. Evolution
patterns produced by the oxidation products characterize the coal and, upon inte-
gration, provide total C-H-S analyses consistent with classical coal analysis
methods. The SO, derived from coal pyrite evolves with a maximum at about 430°C,
and that from the organic portion of coal produces principal evolution maxima at
about 320°C (attributed to nonaromatic coal structures) and at about 4809C (attri-
buted to aromatic structures). During oxidation the H/C ratio decreases with
increasing temperature to about 0.6-0.7 at 400°C. The NMR spectrum of residue
isolated to 400°C shows a sharp decrease in aliphatic carbon compared to the
original coal.

INTRODUCTION

A number of precombustion chemical-beneficiation procedures have been
developed that remove most of the inorganic sulfur {(pyritic and sulfate) and some
of the organic sulfur from coal. These have recently been reviewed by
Morrison (1). A method to distinguish among the organic-sulfur functional groups
or to classify the organic sulfur present in untreated or treated coals would be
an asset to those involved in coal desulfurization research, The predictive value
of such a method would also be useful in selecting coals that will be most
improved by beneficiation methods. Calkins recently described pyrolysis experi-
ments aimed at the determination of organic-sulfur-containing structures in coal
and briefly reviewed work in this area (2). The present work is a continuation of
our efforts toward an oxidative-degradation procedure useful for characterization
of the organic sulfur in coal (3,4). A controlled-atmosphere, programmed-
temperature oxidation (CAPTO) apparatus has been constructed and used to charac-
terize organic-sulfur distribution in coals, partially desulfurized coals, and
model systems. The system monitors the evolution of S0, CO2, CO, Oz, and H.0
from coal samples thermally degraded in the presence of oxygen and a solid
diluent-oxidation catalyst. Distinctive patterns of SOz, €Oz, and H;0 evolution
during programmed-temperature oxidation provide insights into the structural
characteristics of the organic matrix of coal samples.

EXPERIMENTAL

A diagram of the apparatus used in this study is shown in Figure 1. A mass-
flow-controlled mixture of Ar (90 mL/min) and Oz (10 mL/min) was passed through
minus-200-mesh samples dispersed (1:30) in WQs; (diluent-oxidation catalyst) and
pre-positioned on quartz fibers (wool) near the center of a 1.2-em (i.d.) x
72.2-cm vertical quartz combustion tube. A spring-loaded tube assembly held the
combustion tube in position between neoprenme seals. Samples were positioned at
the midpoint of a 30.8-cm vertical tube furnace that surrounds the reaction tube.
A microprocessor was used to temperature program the furnace (normally at a rate
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of 3C%/min). A type K dual-head, isolated-junction thermocouple extends through a
quartz capillary rod (used to minimize dead volume) and is inserted into the
center of the sample. One of the thermocouple signals was sent to a strip chart
recorder, and the other, after amplification, to a digital data system. A quartz
rod was inserted below the sample to reduce dead volume.

A 1.9-cm x 6.7-cm secondary furnace was mounted directly below the primary
furnace. The reaction tube in the secondary furnace hot zone contains 3.0 g of WOs
supported on quartz fibers. This furnace, maintained at 1050°C, was utilized to
convert CO to CO2, and COS to CO, and S0, and to maintain a constant SO 2/S0,
ratio in the exit gas stream (5). A pressure transducer located Just after the
reaction tube continuously monitored the pressure of the system throughout the
run.

The effluent gas flowed from the reaction tube through 1/16-in.-i.d. Teflon
tubing to the infrared analyzers that continuously monitored the concentration of
Hz0, S0, CO2, and CO. A Mg(ClO0 4)2 drying tube located Just after the
H20 analyzer removed H,0 from the gas stream before it entered the SO; analyzer.
A CO analyzer was utilized; however, under normal operating conditions, all CO was
converted to CO,. A paramagnetic oxygen analyzer was used for detection of the
oxygen content of the effluent gas. A mass flow monitor was used to measure the
total flow of the gas stream. All detector signals were sent to a multichannel
strip chart recorder and a digital data system. The strip chart recorder provided
immediate feedback on the progress of the experiment. The data system acquired
raw data, applied corrections, integrated, and provided qualitative and quantita-
tive information for the effluent gas components over any desired temperature
range. These methods are described in an earlier report (4).

A typical experiment consisted of thoroughly mixing 200 mg of minus-200-mesh
coal (dried at 105°C) with 6.0 g of W03 and drying the mixture in a vacuum oven at
100°C. A 3.0-g portion of WOs was placed on quartz wool in the combustion tube
and positioned at the hot zone of the secondary furnace. The tube was placed in
position, and the secondary furnace stabilized at 1050°C. The analyzers were
standardized and the sample was added to the combustion tube. A flow of 90 mL/min
Ar and 10 mL/min O, was continued as the sample was heated from ambient tempera-
ture to 1000°C at a rate of 3C9%/min.

RESULTS AND DISCUSSION

The CAPTO instrumentation provides time-resolved data for the concentration
of S0z, COz, CO, H20, and O2 in the effluent gas stream as a sample is oxidized at
a programmed rate of temperature increase. The total flow, the pressure, and the
temperature are also monitored throughout the oxidation. The gas composition
profile with increasing temperature for untreated Indiana Minshall coal is shown
in Figure 2. Similar information has been obtained from other coals, model sulfur
systems, and pyrite. Initially, several heating rates, flow rates, compositions
of the 02 - Ar mixture, diluents, and sample/diluent ratios were examined (3,4).
Variation of gas evolution patterns with particle size was also studied. Particle
size studies (minus-48-mesh x 0; minus-100-mesh x 0; minus-400-mesh x 0) were com-
pleted on Pittsburgh Seam (Ohio No. 8) and several other coals. Little or no
change in gas evolution patterns with increasing temperature was noted over the
particle size range studied.

Temperatures of Sulfur Dioxide Evolutions from Coals

The SOz evolution temperature maxima of seven coals oxidized using the CAPTO
unit are shown in Table 1. A few show small SO, evolutions in the 170°C-
200°C region. This is consistent with the presence of sulfur and/or volatile
sulfides that sublime up to 200°C and are oxidized by the secondary furnace to
produce SOz evolution maxima, Principal SO, evolution maxima occur in three
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temperature ranges centered near 3200C, 430°C, and 480°C. So that these SO;
evolution maxima could be assigned to coal structures, the CAPTO unit was used to
oxidize (1) coal treated to partially remove pyrite, (2) coal pyrite, and (3) a
series of model sulfur-containing systems. Figure 3 compares the CAPTO results of
untreated (ROM) and treated (Float 1.60; Float 1.30; ASTM HNOs) Pittsburgh Seam
coal. Each sample contained a different pyrite concentration. The sharp peak at
4300C decreases with decreasing pyrite concentrations and was tentatively assigned
to S0z evolution from the coal pyrite. A Deister table sample of coal pyrite
obtained from the Robena Mine and oxidized using the CAPTO unit shows sharp SO:
evolution at 430°C and confirms the above assignment.

A series of sulfur-containing model systems (6) was oxidized in the CAPTO
unit, and the SO; evolution maxima temperatures were recorded. The results are
summarized in Table 2. Note that polythiophene, polydibenzothiophene, polyaryl-
sulfides, and polyarylsulfones all show SOz evolution maxima temperatures of 450°C
or greater. All of these evolutions fall near or above the highest SO; evolution
maxima observed from coals oxidized in the CAPTO unit. Poly(thiophene-tetrahydro-
thiophene) shows two SOz evolution maxima temperatures (300°C and 475°C). This
polymer contains alternating cyclic sulfide and thiophenic sulfur structures. The
lower temperature SO evolution is ascribed to oxidation of the ecyelic sulfide
structure; and the higher temperature evolution, present in approximately an equal
amount, to oxidation of the thiopheniec structure. Based upon the model system
results, the principal coal SOz evolution maximum near 320°C is consistent with
nonaromatic sulfide oxidation, and the principal maximum near 480°C is consistent
with thiophenic, aryl sulfide, and aryl sulfone oxidation.

Quantitative Evaluation of the Effluent Gas Components

The CAPTO unit was initially constructed to characterize partially desulfur-
ized coals produced from Pittsburgh Energy Technology Center oxydesulfurization
experiments (7). These oxydesulfurized coals had most of the pyrite and 40%-60%
of the organic sulfur removed; however, most of the mineral matter was retained.
Figure 4 shows the CAPTO data for oxydesulfurized (pyrite-free) Indiana Minshall
coal. The higher temperature SO, evolution maximum is broadened and shifted to a
somewhat lower temperature (centered at 450°C). The atomic H/C and C/S ratios
with progressive oxidation are calculated and plotted from continuous measurements
of the H20, COz, and SOz concentrations in the effluent gas stream. A plot of
these ratios for the oxydesulfurized Indiana Minshall coal is reported in
Figure 5. The H/C ratio is abnormally high near the beginning of the oxidation
due to H;0 released from the mineral matter along with H20 produced from coal
oxidation. The H/C ratio at the 320°C SO; evolution maximum is about 2.40 and
that for the evolution centered at 450°C is about 0.40. The H/C ratio decreased
to 0.7 at 400°C. This sharp decrease in H/C ratio up to 400°C was observed for
all coals oxidized in the CAPTO unit for which the H/C ratio was plotted.

The oxydesulfurized Indiana Minshall coal was also oxidized in the CAPTO unit
up to a maximum temperature of U400°C, and the oxidized coal was separated (float-
sink) from WO3. The '*C CP-MAS NMR of the product is shown in Figure 6. A sharp
decrease in aliphatic carbon is noted, but the coal has not been deeply oxidized.
The 302 evolution maximum observed near 320°C must be associated with loss of
these nonaromatic coal structures. Additionally, the SO evolution observed
beyond 400°C must be associated with oxidation of the aromatic coal structures.
Integration of the SOz data up to UO0OC and beyond 4009C reveals that 41% of the
sulfur is associated with loss of nonaromatic carbon and about 59% is associated
with oxidation of aromatic carbon. Similar data have been tabulated (Table 3) for
a number of pyrite-free coals, The results for poly{thiophene-tetrahydro-
thiophene) are also presented in Table 3. A bimodal SO; evolution pattern exists
and approximately one-half of the sulfur was lost up to U400°C. This is consistent
with SOz evolution from oxidation of nonaromatic carbon followed by oxidation of
the aromatic structures.
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The total C-H-S content can be calculated from the integrated data. The unit
was not specifically designed to provide elemental analysis results; however, the
values serve as indicators of complete oxidation. The analytical results of four
oxydesulfurized coals oxidized in the CAPTO unit are shown in Table U and are in
good agreement with classical coal analyses results of these coals.

Gravimelt-Treated Coals

The CAPTO apparatus has been used to oxidize a number of raw and treated
coals. The results provide information about the sulfur removed and remaining
after coal beneficiation processes. Samples of untreated and Gravimelt-
treated (8) Pittsburgh Seam cocal were obtained from TRW. A portion of the
untreated coal was treated with HNOs (1:9) overnight (ASTM Method) and washed
until acid free. The untreated, HNOj-treated, and Gravimelt-treated ccals were
oxidized in the CAPTO unit. The results are shown in Figure 7. The untreated
coal produces SO, evolution maxima at 3209C,, 430°C, and 480°C. The 430°C SO:
maximum due to pyrite is no longer present in the HNOj-treated cocal. The
Gravimelt-treated coal shows approximately the same SO, evolution at 320°C, but no
4309C S0, evolution is present, and the 4809C SO, evolution maximum has been
strikingly diminished. The Gravimelt process appears to have removed the pyritic
sulfur and most of the thiopheniec and/or aryl sulfide sulfur. Integration of the
SO, data up to 400°C (H/C ratio at 0.7) shows 55.5% of the remaining 0.75% coal
sulfur to be nonaromatic, and integration beyond 400°C shows 44.5% in aromatic
coal structures. The available analytical results for these coals are shown in
Table 5. Note that the H/C ratio of the Gravimelt-treated coal is considerably
below that of the untreated coal. This is consistent with the !3C NMR results,
which show a sharp increase in aromaticity (9).

CONCLUSIONS

Distinetive SOz evolution maxima are produced at about 320°C, 430°C, and
480°C for coals mixed with a diluent and oxidized at a programmed rate of tempera-
ture increase.

The SO0z evolution maxima temperatures for coal have been correlated with
those produced from the oxidation of model organosulfur-containing systems and
pyrite. The coal SOz evolution near 320°C is ascribed to sulfur in nonaromatic
structures; that near 430°C, to oxidation of pyrite; and that near 480°C, to
oxidation of thiophenic and aryl sulfide type structures.
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TABLE 4.

ANALYSIS OF OXYDESULFURIZED COALS
(moisture-free)

COAL TREATMENT METHOD ASH% C% H% S % H/C os
Indiana None Coal Anal. 14.7 61.0 4.5 6.3 0.88 26
Minshall Oxydesulf. Coal Anal. 131 64.0 4.2 2.5 0.78 69

Rank: HvBb Oxydesulf. CAPTO . 67.0 4.2 24 0.74 74
llinois None Coal Anal. 1.6 68.4 4.6 37 0.80 49
No.6 Oxydesulf. Coal Anal. 9.77 65.7 4.3 2.4 0.79 72
Rank: HvCb Oxydesulf. CAPTO - 67.1 43 22 0.79 81
Middle None Coal Anal. 16.9 64.6 4.4 1.1 0.81 160
Kittanning Oxydesulf. Coal Anal. 16.2 61.9 4.0 0.67 0.77 247
Rank: HvCb Oxydesulf. CAPTO - 63.3 4.0 0.60 0.75 280

Upper None Coal Anal. 16.2 723 43 1.6 0.71 122

Freeport Oxydesulf. Coal Anal. 15.3 72.0 4.2 0.76 0.70 253
Rank: Mvb Oxydesuif. CAPTO - 704 4.1 0.7 0.69 265
TABLE 5.
TRW GRAVIMELT-TREATED
PITTSBURGH SEAM (OHIO NO. 8) COAL
Analytic

Coal Method Ash Total S %C %H HIC cis

Raw* Coal Anal. 10.15 4.22 —_—_— —— == -

Raw CAPTO —_— 3.93 731 51 0.83 50

HNO, CAPTO —— 2.02 712 48 0.81 94

(ASTM)
. Coal Anal. 1.26 0.75 —_ —— == —_—
b CAPTO —_ 0.75 84.7 41 0.57 303

“Raw coal was analyzed as contalning 0.20% sulfate sulfur, 1.78% pyritic
sulfur, and 2.24% organic sulfur.

**Coal

was treated at

370°C with 80/20 NaOH/KOH melt.

Prod-

uct was washed with water, 10% H,S0,; flitered; and washed 2 times with
water.
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Introduction

One of the key problems in fossil fuel analysis is the determination of various
functional groups associated with C, N, S, and 0 atoms. While a number of
analytical techniques have been utilized to accomplish this objective, to date none
of these techniques provide bulk information in a non-destructive manner. Thus, for
example, when photoelectron spectroscopic methods are used in a non-destructive
mode, because of the nature of the photoelectron escape depth (~ 10 A°), they
provide useful information only about surface composition. In order to get bulk
analysis with these techniques, it is necessary either to average a large quantity
of surface data by running different samples, or to destroy the sample, layer by
layer, and average the resultant data. 0f course, any sort of surface layer
destruction is bound to alter the sample and provide inaccurate chemical bonding
information. Mass spectrometric methods, which constitute another way of studying
coal samples, are destructive by nature and do not yield totally reliable answers.

Aside from the above considerations, another problem presents itself if one
considers coal to be an ensemble of randomly variable huge macromolecules. The size
of the macromolecule by itself guarantees that the valence electron structure will
be very complex, i.e., that there is a "forest" of valence molecular orbitals.
Consequently, any spectroscopic technique which provides only a single valence
electron spectrum per molecule is practically useless. It is, for this reason that
UV absorption, UV and X-ray valence photoelectron spectroscopies are not effectively
useful in coal functional group analysis. What is needed is a spectroscopic method
which is able to provide different views of a complex "forest" of valence molecular
orbitals. While it 1is certainly correct to say that X-ray core photoelectron
spectroscopy provides some useful information because for each kind of atom (with
2> 3) there exists at least one specific and characteristic core photoelectron
signal, it is equally true that the correlation between core photoelectron shifts
due to changes in valence electron structure are not always readily decipherable in
the case of large organic macromolecules.

It is the objective of this paper to present X-ray fluorescence in a new role at
high optical resolution, namely, as a potentially useful tool for a direct
determination of the valence electron structures around the different kinds of atoms
of interest. Stated somewhat differently, it will be shown that XFS is an atomic
probe to sample molecular valence electron structure, and because of the very nature
of this probe, the complex "forest" of molecular orbitals becomes more decipherable
than with any other technique.

Theory and Background Information on Pure Substances

while Urch (1) has recently reviewed the overall capabilities of XFS for
chemical bonding studies, his review did not direct the reader toward the analytical

79




possibilities of this technique.  Thus, it appears to be useful to show how
molecular XFS “works.” Figure 1 is a comprehensive view of the energy level diagram
of a hypothetical diatomic molecule A-B, where both atoms A and B have filled core
levels, K, Ly, Lp, L3, and where the molecule AB possesses a mapifold of filled
molecular orbitalsy ;s and a manifold of unfilled (antibonding) ¥ i's. The various
spectroscopic techniques are illustrated by appropriately labelled arrows, with each
arrow representing a typical one-electron transition. Besides XFS, XPS (X-ray
photoelectron specroscopy), XAS (X-ray absorption spectroscopy), UAS (ultraviolet
visible absorption spectroscopy) and UPS (ultraviolet photoelectron spectroscopy)
transitions are shown.

As stated before, one of the fundamental differences between XFS and other
spectroscopic methods used for electronic structural studies of molecules is that
with all of the other methods one obtains a single spectrum per molecule. If one
were interested in studying the valence electron structure of 10-thioxanthenone (a
likely constituent to be found in coal) by UAS, UPS, and XPS, each of the techniques
would yield a single valence electron spectrum. Using XFS a carbon K emission
spectrum, an oxygen K emission spectrum, as well as sulfur K and sulfur L emission
spectra, can be obtained.

With XFS not only is there a heteroatom capability and possibly even multiple
spectra per each heteroatom, but also electic dipole selection rules provide
additional simplification in case the symmetry is high enough. Simplified spectra
are obtained especially if the core vacancy is on an atom with a centro or pseudo
centrosymmetric position.

The use of XFS to determine the position and type of hetercatom has enormous
practical analytical consequences (2-5?. If the core vacancy is on a central atom,
and if the valence electron charge density is sufficiently localized, then XFS can
be used for ligand identification. Thus, if the central atom A is in a 4-fold
coordination with ligands Ly, Ly, L3, Ly and if Ly = Ly =L3 = Lq, namely, A-(L1)s
but it is changed to Lp-A-(L1)3, then the XFS spectra will reflect this substitution
of Ly for one of the Li-s by showing a new transition. Note that the ligands can be
atoms or molecular fragments. Additional examples were studied by Whitehead (6).
The central atom in this case was su\fu(r and S-Xp sp(ectra were obtained for Na,SO4,
KHS04, NazS03, NaHSO3, KCaHg, S04, (CaHg)9S0p, (CH3CEHp)}2S02, and CgHgSOsNHp.
Typiéa1 ex%mp es are shown 1‘2n ?—'igure4s 2 th4r(?u)g f Ider?tiscéll)zcagabﬂity 1'2 gch%ev?zd
when the core vacancy is on a pseudo-central atom. The PKg spectrum of a large
molecule of the type II shows individual transitions that correspond to the

L S
\P/ \/S\ /L
Ni P

11

differgnt ligands as the ligand is changed from -OCH3, to 0CoHg, to CHy to CpHs.
What 1s significant is that it is possible (4,5] to iden%ify “fingerprint"
transitions of the type: Pp3-53p; P3p-S3p; P3p-02pC2p; P3p-02pC2pC2p; P3p-C2p;

P3pC2p=C2p;3P3p-02¢3P3p-Cose

% ;Hotﬁgr 3nt132r§esi:3pngzsand unique aspect of using XFS as an atomic probe to
characterize valence electron structure can be illustrated when the initial state
core vacancy is on a ligand atom which itself is attached to a ring system. This
was " demonstrated by Whitehead (6,7). The C1-Kg spectra of p-chloroaniline, p-
dichlorobenzene, and p-nitrochlorobenzene were different precisely because of the
difference in the electron donating and withdrawing powers of the ~NHp, -NOp, and
-C1 functional groups. Equally interesting was Whitehead's demonstration of the
ability of XFS as a ligand atom probe to differentiate among the o,m-, and p-
chlorobenzoic acid isomers by studying the C1-Kg emission spectra.
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It is appropriate to indicate the power of XFS as a heteroatom probe when
studying sulfur bearing heterocycles since several types are present in coal.
Phillips (8) studied the S-KB spectra of 19 different sulfur-bearing heterocycles
which included thiophene, saturated sulfur heterocycles, various mono- and di-
substituted thiopenes and a few heterocycles containing both sulfur and nitrogen.
Figure 6 shows the S-K spectrum of thiophene. Accordingly, there are several
prominent features, namely, band A at 2456 eV corresponding to a transition from ac
bond of SS3p)X-C(25) character, band B at 2460 eV reflecting o bonding of S(3py-
C(2p)-C(2p) character, band C around 2464 eV reflecting = bonding with S(3 Z)-C(2p )
as well as S(3p }-C(2,,} character, band D at 2466 eV reflecting 8 S(3,%7-
C(2p) o bond, and Yhe (MH§ sharp band E at 2468 eV corresponding to the nonbonding
S(3 Z) orbital. In reality each of the broad bands A, B, and C involve several
unrgso1ved transitions, and the lack of resolution is primarily due to the initial
state--5-K level broadening.

In going from thiophene to the other heterocycles, the overall pattern in terms
of the number of bands and the relative positions of the bands remains the same.
This should not be too surprising since the basic C-S-C structure is retained. The
relative peak heights for bands A and B also remain the same. However, in going
from an unsaturated to a saturated sulfur heterocycle, inserting a nitrogen into the
ring system, or using dichloro substitution in the ring, the amount of S$-3p
character in molecular orbitals corresponding to transitions C, D, and E is
altered. For the spectra of thiophene and tetrahydrothiophene (Figure 7), the
integrated intensity ratio of D/E changes from 1.4 to 0.8. The introduction of a
nitrogen atom in the ring, or dichloro substitution causes the D/E ratio to decrease
to 0.9.

When the immediate environment of S is drastically altered from C-S-C to C-S-N
as in isothiazole (Figure 8), or to N-S-N as in 2,1,3 - benzothiadiazole, then new
bands appear, corresponding to C(2p)-S(3p)-N(2p) or N(2p)-S(3p)-N(2p) bonding,
etc. The D/E intensity ratio for saturated sulfur heterocycles is in the range of
0.7 to 0.8, and since for unsaturated sulfur heterocycles this ratio is in the range
of 1.2 to 1.4 with the exact value depending upon the nature of the substituent, it
appears that this ratio gives a reliable value for the relative amount of saturated
sulfur heterocycles. The introduction of one or more nitrogen atoms adjacent to S
drastically alters the S-KB spectra and the S-N and N-S-N functional content also
appears to be discernible. Consequently, it appears that there may be several
useful analytical capabilities attainable from the S-K8 emission spectra of sulfur
heterocycles.

Another problem in electron structural studies is to examine whether or not a
particular technique is capable of distinguishing between different kinds of carbon-
oxygen bonding. This area was investigated by Burkard and Kim (9,10). The
following substances were studied by Burkard: p-benzoquinone (PBQ), anthraquinone
(AQ), acridone (ACR), acanaphthalenequinone (ANQ), and phenanthrenequinone (AQ).
The oxygen Ka spectra of all of the quinones show three basic features, namely, an
intense and relatively sharp band around 527 eV corresponding to transitions from
lone pair (1p) orbitals, a relatively diffuse and broad = band region about 2 eV
below the 1p peak, plus a very broad and diffuse o region around 522 eV, There are
significant differences in all of the spectra. For ACR the lone pair peak, probably
due to the presence of the N heteroatom causes a low energy shift for-the lone pair
1p band. Moreover, the widths of the 1p bands as well as their contours seem to
provide useful 1p-1p interactions. One of the more obvious 1p-1p interactions, as
illustrated in Figures 9 and 10, is due to ortho vs. para positions of the oxygen
atoms yielding a very broad 1p band for ANQ as compared with AQ. There appears to
be some limited analytical potential in using 0-Ka emission spectra to distinquish
among various quinones.

Kim's C-Ka and 0-Ka studies included 1ithium carbonate, urea, 1ithium, acetate,
magnesium oxalate, and squaric acid. The spectra for the latter three are
illustrated in Figures 11-13. According to the spectra, it appears that when there
is a monocarboxylic acid (LiAC} as compared with a dicarboxylic acid, the halfwidth
of the lone pair band A is considerably narrower. Thus, the halfwidth of the lone
pair may be a useful tool for differentiating between mono and polycarboxylic
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acids. Finally, as shown in Figure 13 for squaric acid, XFS can differentiate
between C=0 and C-OH functional groups (see bands A vs. A’ and D vs D',
respectively, in the 0-K emission spectrum).

Instrumentation and Experimental Procedures

A1l of the S-Kg, C1-Kg and P-Kp spectra were obtained on a double crystal
instrument developed by Andermann's group at the University of Hawaii (11). This
instrument represents the addition of a second crystal to a standard Norelco vacuum
emission spectrograph. Using calcite crystals, the instrumental broadening was
about 0.7 eV, Spectra taken on this instrument were obtained point by point
typically in 2 to 4 hours.

A1 of the 0-Ka and C1-KB spectra were obtained on a 5M focal length grating
spectrometer also developed by Andermann's group (12-14). The dinstrumental
resolution at 0-Ka can be as low as 0.05 eV, and at C-Ka, as low as 0.02 eV. These
resolution limits are not achievable with the present photographic and scanning
photoelectric detection methods, but the use of position sensing detection, etc.
should allow the utilization of the instrument at the high resolution limits with
exposure times well below 1 hr. (15).

With the double crystal spectrometer, helium was used to allow optical
transmission, but with the grating spectrometer, vacuum has to be employed for 0-Ke
and C-Ka studies. It should be noted, that with the grating spectrometer a sample
chamber pressure of 107¢ torr is adequate. (ryogenic sample handling currently
under development will allow the irradiation and analysis of samples, such as coal,
which contain volatile compounds.

Discussion of Analytical Capabilities for Functionality Characterization

While it may be premature to assert with any degree of certainty the potential
analytical capabilities of XFS for characterizing the nature and amount of different
functional groups, a few generalizations are in order. Judging from the position of
the oxygen lone pair peaks in squaric acid, it should be feasible to distinguish
between -C=0 and -C-0H groups. In the case of carboxylic acids the C-K emission is
highly simplified and the halfwidth of the lone pairs should provide a handle on the
presence and quantity of mono or polycarboxylic acids. An unsaturated ring system
provides a unique C p-cz n band, and conceivably, the integrated intensity might
yield useful information 'about the extent of unsaturation. XFS to determine sulfur
functionality, as discussed before, appears to provide a unique capability in
determining the degree of saturation in the sulfur heterocyclic substances, as well
as the capability in determining the nature of the atoms directly linked to the
sulfur atom,

While the above fundamental studies appear to be encouraging, clearly it will be
necessary to evaluate directly the analytical capabilities of XFS for coal
characterization. Preliminary studies are currently under way.
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MATRIX ISOLATION EPR STUDIES OF COAL TAR MOLECULES

C. Judith Chu, Robert H. Hauge and John L. Margrave
Department of Chemistry, Rice University, Houston, Texas 77251

ABSTRACT

EPR studies of matrix isolated tar molecules have demonstrated for the first
time the presence of free radical sites in the original gaseous tars evolved from
coal over the 350-500°C temperature range. Matrix isolated tars exhibit
considerably more structure than does the coal itself. It is initially isolated
in carbon dioxide at liquid nitrogen temperature. The EPR spectra suggest the
presence of four or more randomly oriented planar free radical molecules, some of
which may be assignable to sulfur, nitrogen and oxygen containing heterocyclic
aromatics. The parallel component (gy) is sensitive to the structure and/or
composition of tar. The respective perpendicular (g)) components are insensitive
to tar structure and similar to the free electron value. The free radical
species disappear as the coal tar is warmed to room temperature. This strongly
suggests that the usual tar products that are formed from devolatilized coal are
free radical polymerized polymers which are formed from smaller free radical
species.

INTRODUCTION

Considerable literature (175) has been published concerning the existence of
free radical ESR signals in coals. The reported coal ESR literatures have been
mainly concerned with either coal, pyrolyzed coal, solvent refined coal or coal
liquefaction products. The g-values of a large number of coals have been studied
extensively by Retcofsky(l) and Yen (4) independently. It was found that g
values are dependent on the heteroatom contents of the coal. In general, the
higher the nitrogen, oxygen and sulfur contents, the higher the g values from
that of the free electron. Evidence also suggests that the coal free radical ESR
signal is associated with the organic structure of coal and not the mineral
matter. :

We have studied extensively the pyrolysis processes of coals using matrix
isolation FTIR techniques. Since the primary step in coal gasification and coal
pyrolysis presumably involves the thermal decomposition of coal to produce free
radicals, it would be of interest to study the primary pyrolysis products to
determine the existence of free radicals. This involves experimental techniques
which allow the formation of primary pyrolysis products and the utilization of
matrix isolation techniques which traps the reactive intermediate free radicals
in an inert matrix gas at low temperatures and quenches further reaction. Using
these techniques, we have identified all of the slow pyrolysis products of four
different ranks of coal through matrix isolation FTIR spectroscopy 6,7
however, evidence of free radical formation was not observed except in the case
where tar molecules were flash pyrolyzed at 1100°C and methyl radicals were
observed for the first time. Other slow pyrolysis products identified through
matrix isolation FTIR are: CO, CO,, H,0, CH,, C,H,, C,H;, HCN, H,S, CS,, COs,
SO,, and tar molecules. If the existence of free radicals were to be found from
the thermal decomposition of coal, the most likely free radicals would be that of
tar molecules which are structurally similar to the parent coal and are
considered to be smaller fragments of the original coal. To consider this
possiblity and the existence of other free radicals not identifiable through
matrix isolation FTIR, we have matrix isolated tar molecules along with other
pyrolysis products of four coals, Pittsburgh bituminous, Illinois #6, Rawhide
sub-bituminous and Texas Lignite, and studied them by Electron Spin Resonance or
Electron Paramagnetic Resonance Spectroscopy.
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EXPERIMENTAL

Studies were performed on four coals donated by Exxon Research and
Engineering Co., Baytown, Texas. They are:

1. Illinois #6, high volatile C bituminous

2. Pittsburgh, high volatile A bituminous

3. Rawhide, sub-bituminous C rank, Wyoming

4, Texas lignite, lignite rank
Elemental analysis of these coals are listed in Table I and slow pyrolysis
behavior of these four coals has been described in detail in another paper.(5'7)
The coal samples were ground and sifted under inert nitrogen atmosphere to
prevent oxidation and only the -500 mesh coal particles of less than 25 microns
were used in the experiments.

A detailed schematic diagram of the matrix isolation EPR apparatus is shown
in Figure 1. The apparatus is constructed of stainless steel and pumped by a
mechanical pump - 4" diffusion pump combination and maintained at 10~7 torr
pressures except during deposition when the pressure rises to 1075 torr due to
excess inert matrix gas. The entire apparatus is mounted between the magnets of
a Varian E-9 EPR spectrometer. The coal sample was placed in a slow pyrolysis
reactor (6,7) situated in the furnace chamber directly facing a single crystal
sapphire rod cooled to 77K. The coal particles were slowly heated to promote the
evolution of pyrolysis products which exit the reactor and are then immediately
co-condensed onto the liquid nitrogen temperature sapphire rod with carbon
dioxide as the matrix gas. After deposition, the sapphire rod attached to a
moveable liquid nitrogen cooled tube is slowly lowered into a 1/2" o.d. thin wall
quartz tube situated in the microwave cavity and an EPR spectrum of the products
obtained.

RESULTS_AND DISCUSSION

Results obtained from the matrix isolated EPR spectra demonstrated for the
first time the presence of free radical sites in the original gaseous tars
evolved from coals over the 350-500CC temperature range. The assignment of the
observed EPR spectrum to volatilized tar molecules is based on the temperature at
which EPR spectra first begin to appear (i.e., <3509C). EPR spectra of Illinois
#6 tar molecules are shown in Figure 2 which illustrates the appearance and
gradual increase of the EPR spectra from 3149C to 564°C. FTIR matrix isolation
studies of the coals also indicate extensive evolution of tar at <350°C to 500°C.
This temperature range has been designated as the high temperature tar evolution
temperature range. Another less intense low temperature tar evolution was
observed from FTIR studies at ~100°C to 300°C. It is interesting to note that
the low temperature tars (100-300°C) do not exhibit free radical character. Thus
only the high temperature tars are formed by actual bond breakage. It seems
likely that the low temperature tars are formed through the dissociation of
hydrogen bonding in the coal. We have found that a disruption of the hydrogen
bonding in coal by O-methylation of the coal hydroxyl functional groups
dramatically increases the evolution of low temperature tar but not that of high
temperature tar.

Retcofsky et.al. (5) have reported the EPR behavior of a heat treated
Ireland Mine hvAb coal. The results show an increase in spin concentration for
the coal heat treated to 450°C, approximately 7 times that of the original
unheated coal. The same coal heat treated to 350°C showed only a slight increase
in spin concentration. Khan (%) has also reported increases in electron spin
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concentration, in the same order of magnitude as Retcofsky, for Pittsburgh and
Illinois #6 coals heat treated to 460°C. These results complement our findings
since concurrent with the observation of free radical tar formation at 350°C to
500°C, the pyrolyzed residual coal particles must also be experiencing a gradual
increase in electron spin concentration as more free radicals are formed through
bond breakage in this temperature region. Retcofsky reported that the g value
obtained for the heat treated coal at 450°C is 2.0028 which is in the spectral
range generally attributed to n-hydrocarbon radicals. The observed g-anistrosopy
of the matrix isolated tar spectra is understandable if the tar molecules are
also of a n-hydrocarbon free radical type. This indicates that during the tar
evolution process, the o-type free radicals formed as a result of bond breakage
of linkage groups in coal are not as stable as n-hydrocarbon free radicals.
Therefore the o-free radical site must be preferentially transfering and
delocalizing the free electron to adjacent aromatic n-ring systems, i.e.,

The smaller n-free radical fragments formed evolve as tar molecules and the
remaining n-free radicals attached to the main skeletal structure of the coal
stay in the residue and are the cause for the observed increase in spin
concentration of the heat treated coal.

The EPR spectra of the randomly oriented but rigidly held tar molecules of
the four coals are shown in Figure 3. The spectra obtained are similar to a
"powder pattern” spectra exhibiting g anisotropy and no hyperfine splitting. The
matrix isolated EPR spectrum of Illinois #6 tar is compared to the EPR spectrum
of the original coal powder diluted in high vacuum grease in Figure 4. It is
clear that the matrix isolated tar molecules exhibit considerably more structure
than the coal itself. In fact peaks labeled a, b, ¢, and d can be identified
with distinctly different free radical sites in the tar molecules. From
similarities between the matrix isolated tar spectrum and the spectrum simulated
by Weltner (10,11) of randomly oriented and rigidly held planar aromatic
molecules, peaks a-d can be labled as parallel components representing different
free radical tar species. The parallel components (g);) are apparently sensitive
to the structure and/or composition of tar. The respective perpendicular (g;)
components are relatively insensitive to tar structure and similar to the free
electron value.

Differences in the parallel (g);) components of the tar are clearly observed
between the four coals (Figure 3). The relative abundance of the a-d peaks
varies significantly from coal to coal. In fact, the coal exhibiting the most
distinct gj) components is Illincis #6. Since it is known that the g values of
the coal are dependent on the heteroatom contents of the coal,(l- 4) tar
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molecule g values must also be effected by the heteroatom contents. Flash
pyrolysis studies of the coal tars at 1100°C has shown the tar molecules to
contain considerable sulfur, nitrogen and oxygen heteroatoms.(12) Illinois #6
contains a much higher percentage of sulfur than the other coals (see Table I),
this suggests that one of the g peaks may be associated with a sulfur
containing free radicals. The other peaks may be attributed to either a pure
aromatic free radical or nitrogen and oxygen containing heterocyclic aromatic
free radicals. The experimentally calculated g, g and g© (g0=1/3(g+2g; )
values for the four matrix isolated tars are listed Tn Table II. Table III lists
the g values of some of the possible organic free radicals in coal compiled by
Petrakis and Grandy.(z) By comparing the ordering of the tar g© values to that of
the g values for hetero-atom containing free radicals (see Table IV), one can
assign peak a to sulfur containing, peak b to oxygen containing, and peak c to
nitrogen containing n aromatic free radicals. Peak d, nearest to the g
component of the tar, is assigned to pure n aromatic free radicals confaining no
hetero-atoms. The higher g©@ values of the tar molecules may be a result of
matrix isolation and will be further investigated. The assignment of peaks a-d
indicates that potential exists for a direct measurement of the relative amounts
of nitrogen, sulfur, and oxygen heterocyclics. Figure 5 shows the disappearance
of the free radical species as the coal tar is warmed to room temperature. The
tar molecules were initially isolated in carbon dioxide at liquid nitrogen
temperature. This strongly suggests that the usual tar products formed from
devolatilized coal are re-polymerized polymers formed from smaller free radical
species.

More work will be done to conclusively characterize the types of free
radicals present in tar. Work with model polymers containing appropriate
heterocyclic aromatic structures will be very useful. It is already clear,
however, that volatilized tars can be distinguished by the number and types of
free radical sites present. An understanding of these differences could play a
very important role in the choice of other processing steps which lead to the
production of useful fuels.
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Table 1. _Analytical Data of Four Coal Samples®

Texas Rawhide Illinois #6 Pittsburgh

Lignite Sub-bitum. Bituminous Bituminous
Moisture, Wt% 21.1 15.4 10.3 7.6
Ash. Wt% 9.35 8.64 9.28 6.04
Mineral matter, Wt% 6.9 7.1 10.9 7.8
Vol. matter. Wt% 48.2 47.3 41.6 37.2
Carbon, Wt% 68.0 68.3 70.9 78.9
Hydrogen, Wt% 4.99 4.84 5.08 5.25
Nitrogen, Wt% 1.06 0.82 1.18 1.28
Sulfur, total, Wt% 0.96 0.92 3.94 2.29
Sulfur, pyritic, Wt% 0.04 0.01 1.17 0.69
Sulfur, organic, Wt% 0.92 0.91 2.77 1.60
Oxygen, organic, Wt% 18.3 18.2 9.4 5.6
Density, g/cc 1.44 1.45 1.37 1.33
Btu/lb 11720 11710 12857 14312

*Samples supplied by Exxon Research and Engineering Co-
Analysis based on moisture free coal.
Ash contents of samples supplied may not be same as those indicated.
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TABLE II. g Values for Matrix Isolated Tars"

Coal g1l gl g°
Illinois #6
a 2.037 2.002 2.014
b 2.029 2,002 2.011
c 2.025 2.002 2.010
d 2.010 2.002 2.005
Pittsburgh
A ameee e e
b 2.030 2.003 2.012
e eeeee eeeee caeas
d 2.011 2.003 2.006
Rawhide
e
b 2.029 2.001 2.010
e ameee eeeee e
d 2.010 2.001 2.004
Texas Lignite
a 2.038 2.003 2.014
b 2.030 2.003 2.012
c il aaaae s
d 2.011 2.003 2.006
O-methylated Illinois #6
a 2.037 2.002 2.014
b 2.029 2.002 2.011
c 2.025 2.002 2.010
d 2.011 2.002 2.005
Coal (unheated) 2.0025-2.0045
Free Electron 2.0023
Graphitized carbon film 2.0107

*(g°=1/3(gy+2g; )
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Table I g Values of Possible Free Radicals in Tars(2)

Free Radical

Aromatic Hydrocarbons
n Radicals
1-5 Rings

7 Rings

Aliphatic Hydrocarbons
o Radicals

Oxygen Containing Free Radicals
o Type
n Type
Quinones 1-3 rings
Ethers

i-ring, Mono-, Di-, Trimethyoxybenzene

N-Containing Radicals
S-Containing Radicals

Graphite

g Value

2.0025
2.0026-2.0028
2.0025
2.0029

2.0025-2.0026

2.0008-2.0014
2.0047-2.0038
2.0035-2.0040
2.0031

2.0080-2.0081

2.0025-2.015

(cation)
(anion)
(cation)
(anion)

(neutral)

(neutral)

Table IV. Comparison of Tar g-Values with Other Free Radicals

Tar a b £ a
2.014 2.011 2.010 2.005

n Aromatic Free Radicals Sulfur Oxygen Nitrogen n_Aromatic
2.008 2.004 2.003 2.0025
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LOW-RANK COAL STRUCTURE ELUCIDATION WITH
RUTHENIUM TETROXIDE

E.S. Olson, J.W. Diehl, M.L. Froehlich, D.J. Miller
University of North Dakota
Energy Research Center
Box 8213, University Station
Grand Forks, North Dakota 58202

The goal of these studies was to elucidate the structural features of coals which
are believed to be important in conversion processes. Of special interest are the
nature of the hydroaromatic groups and the bridging groups between aromatic
moieties, because of their roles in thermal cleavage and depolymerization processes
and the hydrogen shuttling which occurs during the depolymerization and
stabilization of cleavage products. The first objective was the development of new
methods for the isolation or solubilization of the aliphatic groups in the coal,
which may then be related to these hydroaromatic systems and bridging groups. We
have successfully used ruthenium tetroxide in a two phase solvent system with a
phase transfer catalyst to selectively oxidize the aromatic groups (1). Stock has
used ruthenium tetroxide in the presence of acetonitrile to oxidize a Texas lignite
and IT1inois No. 6 coal (2,3). These procedures are a more viable alternative than
the use of trifluoroperacetic acid which was used in earlier studies by Deno (4) and
whose difficulties have been pointed out (1,2).

The oxidation of a North Dakota lignite with ruthenium tetroxide with the phase
transfer catalyst proceeded rapidly at ambient temperature giving carbon dioxide and
carboxylic acid products which were converted to methyl esters by diazomethane for
qualitative analysis using GC and GC/MS. A very complex mixture of aliphatic mono
and polycarboxylic acids and aromatic polycarboxylic acids was formed in the
reaction. In  contrast to the trifluoroperacetic acid studies, no
oxiranepolycarboxylic acids were found. Keto acids were also found to be absent.
An ion trap mass spectrometer was found to be useful in these analyses since an M+l
peak was found for many of the esters which normally do not exhibit any molecular
ion.

A major effort was expended to find a reliable and accurate method for the
quantitative analysis of carboxylic acid products. Loss of dicarboxylic acids and
esters during extraction and conversion to methyl esters was a major problem.
Analysis of the low molecular weight monoacids was carried out on a calibrated
capillary GC using direct on-column injection of the distilled reaction products.
High pressure liquid chromotogrphaphy of the diacids directly on an Aminex HP87H
resin was unsuccessful due to interferences between aliphatic and aromatic acids,
even though satisfactory resolution of the aliphatic diacids was obtained using two
columns in series (5). lon exchange chromatography both as a cleanup for the Aminex
resin and analytical separations by itself was also unsuccessful. A calibrated GC
method using an internal standard added to the acid mixture before cleanup and
methylation also failed to give reproducible results, especially for the aromatic
polycarboxylic acids. Finally, several deuterated acid standards were prepared or
purchased so that isotope dilution methods using quadrupole GC/MS analysis of ihe
methyl esters could be carried out. Calibration curves were highly linear (r¢ =
0.99) over a wide range. A series of repetitive oxidations on the same Beulah
lignite sample gave highly consistent results, especially for the adipic and
phthalic acids which were Tlabelled with four deuteriums. The average deviations
were in the second decimal place and thus are no more limiting than the proximate
analysis data.

In order to interpret the data, a number of model compounds have been oxidized
using the ruthenium tetroxide with a phase-transfer catalyst. Some of these data
were reported previously (1). Basically alkyl substituents are converted in very
high yield to the monocaboxylic acids. Hydroaromatics give a mixture of products
consisting of the a-ketone, the diacid which maintains the same number of methylene
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carbons as 1in the hydroaromatic ring, and smaller amounts of the diacid
corresponding to loss of one methylene group. Stock obtained less of the ketone and
more of the larger diacid. One-carbon methylene bridges are oxidized to ketones or
carboxylic acid groups, but the arylacetic acid may be isolated in good yield.
Malonic acid which would have resulted from oxidation of the second benzene ring is
not found. Unfortunately it is not stable in the oxidizing system, in contrast to
other carboxylic acids. Dimethylmalonic acid was isolated as a product from 2,2-
diphenylpropane. Thus it probably not possible to determine one-carbon bridges in
the structure using this reagent, unless they are quaternary. Two carbon methylene
bridges gave succinic acid and hydrocinnamic acid. 9,10-Dihydrophenanthrene,
however, gave succinic and diphenic acid, the major product from phenanthrene.
Phthalic and other aromatic polycarboxylic acids are products from various
polynuclear aromatic systems.

The effect that oxygens in the structure of hydroaromatics exert on the product
yield was studied because of the prevalence of hydroxyl-substituted hydroaromatics
in the devolatilization products of lignites. Oxidation of 6-hydroxytetralin with
Ru04 gave no ketone and more degradation to glutaric and succinic than that which
occurred in the oxidation of tetralin. 6-Methoxytetralin behaved similarly.
5,6,7,8-Tetrahydronaphthoquinone gave a considerable amount of succinic acid in
addition to the adipic. 1-Tetralone gave no reaction, however 2-tetralone was
oxidized to succinic acid.

A comparison of three oxidation methods, the ruthenium tetroxide with phase
transfer catalyst, the ruthenium tetroxide with acetonitrile and the
trifluoroperacetic acid, was carried out on the same sample of Beulah lignite.
There was no significant difference in the amounts of acid products between the two
ruthenium tetroxide methods (Table 1). Thus whatever differences exist between
these reagents in their reactions with model compounds, no differences are apparent
in the products from lignite oxidation. This may be a reflection of the more
complete oxidation expected for hydroxyaromatics at the ends of the aliphatic
bridging groups and for hydroxyhydroaromatic groups or perhaps the absence of
tetralin groups in the coal structure. No evidence for a tetralone type of
structure in the products of oxidation has been found. The lower yields of
aliphatic acids found when the Deno oxidation with trifluoroperacetic acid was used
reflect the same problems encountered with model compound oxidations with this
reagent.

Table 1. Comparison of Oxidation Methods on Same Beulah Lignite Sample

Method s 6L A T PH 8T

Ru04/PTC 3.04 0.49 0.14 0.55 0.05 0.67
Ru04/CH3CN 2.93 0.57 0.14 0.49 0.08 1.01
CF3C03H 0.93 0.30 0.09 0.14 0.02 2.25

A number of low-rank coals were oxidized for comparison purposes. Values for
the amounts of six carboxylic acid products which were determined using the isotope
dilution method are reported in Table 2. The amounts of the six acids in the
oxidatjon products generally increase with coal rank or % C. There is a little
variation in the three North Dakota lignites (Beulah, Gascoyne and Velva), which
have algout 71% C. There is a greater variation in acids from the Texas lignites
(San Miguel - 67% C and Martin Lake - 73% C) and the subbituminous coals (Wyodak -
73% C and Decker - 76% C). This trend is consistent with the hypothesis that the
western subbituminous coals have a higher algal lipid-derived aliphatic component
than the 1ignites. A Pittsburgh bituminous coal was also oxidized and found to have
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a much Tower aliphatic acid content, but higher aromatic acid content, consistent
with the hypothesis that it has been aromatized to a greater extent than the
subbituminous coals. It was not possible to find a correlation between these data
in Table 2 and corresponding published tubing bomb 1iquefaction data for these coals

Table 2. Results of Coal Oxidations with Ru0s (% maf Basis)

COoAL sue GLY L) LN pH 11

Beulah 2.38 0.59 0.11 0.70 0.07 1.53
Gascoyne 2.58 0.56 0.13 0.62 0.07 1.60
Velva 2.71 0.56 0.16 0.73 0.05 1.37
Martin Lake 2.50 0.96 0.27 0.76 0.09 1.55
San Miguel 2.94 0.61 0.12 0.62 0.04 0.73
Wyodak 3.74 0.89 0.23 0.82 0.08 1.64
Decker 4.17 1.69 0.30 0.75 0.09 1.66

A comparison of all the major acid products for two coals, Beulah lignite and
Wyodak subbituminous is given in Table 3 and 4. Amounts of those acids not
determined by isotope dilution were obtained by a calibrated FID method.

Table 3. Oxidation of Beulah Lignite and Wyodak Coal (% of maf Coal)

Aliphatic Acids : Beulah Wyodak
Succinic* 2.38 3.74
2-Methylsuccinic 0.41 0.11
Glutaric* 0.59 0.89
2-Methylglutaric 0.26 0.14
Adipic* 0.11 0.23
2-Methyladipic 0.07 0.15
Pimelic 0.04 0.11
Suberic 0.12 0.10
Azeleic 0.04 0.12
Sebacic 0.01 0.05
Octanoic 0.02 0.04
Nonanoic 0.00 0.00
Lauric <0.01 0.00
Myristic 0.01 0.02
Palmitic <0.01 0.02
1,2,3-Propanetricarboxylic* 0.70 0.82
1,2,4-Butanetricarboxylic 0.31 0.40

*determined by isotope dilution, the others by fid calibration




Table 4. Oxidation of Beulah Lignite and Wyodak Coal (% of maf Coal)

Aromatic Acids Beulah Wyodak
Phthalic* 0.07 0.08
1,2,3-Benzenetricarboxylic 0.23 0.32
1,2,4-Benzenetricarboxylic 0.30 0.32
1,3,5-Benzenetricarboxylic 0.01 0.01
1,2,3,4-Benzenetetracarboxylic 1.5 1.7

1,2,4,5-Benzenetetracarboxylic* 1.53 1.64
1,2,3,5-Benzenetetracarboxylic 1.5 1.7

Benzenepentacarboxylic 1.5 1.4

Benzenehexacarboxylic 0.01 0.37

Three 1lithotypes have been separated from Beulah Tlignite on the basis of
physical properties and have been extensively studied at the University of North
Dakota Energy Research Center (7). Oxidation of the vitrain, durain and fusain
lithotypes gave a wider variation in the amounts of the six carboxylic acids (Table
5) than did oxidation of many of the samples from different mines (Table 2). The
durain and fusain apppear to be more aromatized than the vitrain. The main point is
that a great variability is likely to be found in the samples obtained from one
mine, depending on the lithotype composition, and consequently one should not
attempt to correlate any data from different experiments unless they are all done
with the same sample.

Table 5. Oxidation of Beulah Lignite Lithotypes with Ru0y

Lithotype Su GL AD PT PH BT

Vitrain 2.41 0.60  0.08 0.58 0.02 0.71
Durain 2.10 0.50 0.12 0.52 0.08 1.38
Fusain 1.38 0.33 0.10 0.27 0.15 1.40

Since the aliphatic diacids which are found in the products from ruthenium
tetroxide oxidation may have been derived from either a hydroaromatic or a bridging
group, a number of experiments have been attempted to try to distingiush the amount
of diacids which are derived from each type of precursor. One of these experiments
was a dehydrogenation of the lignite prior to oxidation with ruthenium tetroxide.
Water was removed from Beulah lignite by Dean-Stark distillation with xylene under
nitrogen and the 1lignite suspension in xylene was then refluxed with
dichlorodicyanoquinone. The dehydrogenated coal was then oxidized with ruthenium
tetroxide. The resulting acids were analyzed (Table 6). The amount of succinic
acid decreased substantially, however the amount of adipic decreased very little.
This result implies that about half of the succinic may be derived from the
hydrophenanthrene or dihydropyrene type of hydroaromatics, whereas about 10% of the
adipic acid may have been derived from the tetralin type of hydroaromatics. The
increase in the amount of phthalic acid resulting from oxidation of the
dehydrogenated lignite may also be noteworthy. Dehydrogenation of
dihydrophenathrene or dihydroanthracene structures to the polynuclear aromatics may
explain this increase in phthalic aicd.
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Table 6. Effect of Dehydrogenation on Beulah Lignite

su 6L AD PH

1.42 0.38 0.12 0.22

An experiment was carried out to determine the extent to which the original
carboxylic acid groups of the coal make up the acid groups found in the products
obtained after oxidation with the ruthenium tetroxide. In order to label the
original carboxylic acid groups, a sample of Beulah lignite was methylated with
methyl-d3 jodide using Liotta's procedure (8). This sample containing the methyl-d3
labelled ester groups was subsequently oxidized with ruthenium tetroxide and the
ratio of labelled to unlabelled ester groups determined using mass spectrometry.
The ratio of M+l to M+4 was determined under CI conditions, since the molecular ions
are not usually present. For the aliphatic acids, about 10% of the esters were
labelled, indicating that 10% of the aliphatic diacid products resulted from
oxidation of arylalkanoic acids, such as succinic from 3-arylpropanoic acid.
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MOLECULAR WEIGHTS OF LIGNITE MACROMOLECULES
Edwin S. Olson, John W. Diehl, and Michael L. Froehlich

University of North Dakota Energy Research Center
Box 8213 University Station
Grand Forks, North Dakota 58202

Introduction

A knowledge of how to determine molecular weights and molecular weight
distributions of coal macromolecules has been a long-standing goal of coal
scientists (1). A fundamental understanding of the chemical and physical units in
coals requires a knowledge of the population of various sizes of molecular entities
in the coal. Information on the molecular weight distribution of coal
macromolecules can aid in understanding the behavior of the macromolecules in
various chemical and physical processes. In the high temperature processes such as
Tiquefaction and pyrolysis, many bonds in the coal are broken and relatively small
molecular weight material is obtained. These products have been extensively studied
and are not the concern of this paper.

The goal of our research 1is to apply reliable and accurate polymer
characterization methods to the high molecular weight macromolecules of the
lignite. We have utilized low-angle laser light scattering (LALLS) photometry in a
static mode and also coupled with size exclusion chromatography (SEC) for the
determination of weight average molecular weights and molecular weight
distributions. Polymers can be separated on the basis of size by SEC, thus
providing information about molecular weight distributions; however, molecular
weight values depend on calibration data which are subject to large errors (2).
These errors result from the lack of similarity between the shapes and polarities of
the calibration standards and the materials whose molecular weights are to be
determined. Since 1light scattering techniques give absolute molecular weight
values, a LALLS photometer was used as an on-line detector in an SEC system and no
error prone calibrations of the size exclusion column were necessary. A refractive
index (RI) detector  was used in series with the LALLS flow cell to provide
concentrations of the eluting solute.

Measurement of the molecular weights of the coal macromolecules of course
requires that they be solubilized. Our initial studies (3) were carried out with
humic acids from a North Dakota lignite (Beulah-Zap seam), mainly because the humic
acids are conveniently obtained by extraction with base at ambient temperatures.
Thermal cleavage reactions which could have extensively degraded or depolymerized
the coal macromolecules would not have occurred under these conditions, although
base initiated depolymerizations may have occurred.

In order to observe the scattering and interpret the results without
complications, it is important that the optical absorbance of the macromolecules at
the laser wavelength of 633 nm be negligible. Obviously coal-derived macromolecules
must be decolorized and considerable effort was expended in finding the best way to
reduce the molar absorptivity of the humic acids. The most successful method was
found to be reduction of the exhaustively methylated humic acid with zinc dust in
acetic anhydride (3). The resulting 1ight powder was soluble in THF and exhibited
satisfactory chromatographic profiles in the SEC, indicating that significant
adsorption of the material to the SEC column was not a problem.
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Results and Discussion

Having reduced the molar absorptivity of the methy1 humates, we were able to
determine Rayleigh factors for solutions in THF %?1ng the stat1c LALLS cell. A
linear dependence of Kc/Rg with ¢ was obtained (r 0.99) (Figure 1). Thus the
weight average molecular weight could be obtained from the intercept (1.3 x 10°)
(Table 1). These data contrast significantly with those of Hombach (4) where a
nonlinear scattering plot was obtained. In that case, it was necessary to introduce
a modification to the virial equation so that the non-Tinear curve could be resolved
into a linear and an exponential component. A theoretical justification for the
modification was not presented. Our data required no such manipulation, which would
have made calculations of molecular weight distributions from the flow cell
interfaced with the SEC system more complex. Furthermore the reduction eliminates
the fluorescence which would cause an additional complication in determining the
molecular weight from scattering plots (5).

Table 1. Molecular weights for humic acid and oxidized Tignite derivatives

Reduced methyl humate Reduced oxidation product

Static LALLS:

M, 1.3 x 106 1.3 x 106

dn/dc 0.22 0.18

Ay . -4.2 x 107 -3.6 x 10-5
SEC-LALLS:

My 9.7 x 10° 6.6 x 10°

M, 1.4 x 106 7.8 x 10°

Mz 1.8 x 108 9.1 x 10°

My :MyiMy 1.9:1.3:1 1.4:1.1:1

A solution of the reductively acetylated methyl humate in THF was characterized
in the SEC-LALLS-RI system. The LALLS chromatogram exhibited a single symmetrical
curve whereas the corresponding RI chromatogram was nearly symmetrical (Figure 2).
Values for the number average, weight average, and z gverage molecular weights were
ca%cu]ated from the LALLS and RI data {(Mn = 9.7 x 10°, Mw = 1.4 x 100, Mz = 1.8 «x

0°) with polydispersity ratios of Mz : Mw : Mn = 1.9 : 1.3 1.

Thus the humic acid extracted from lignite with base is a large macromolecule;
the relationship between the molecular weight of this material and that of the
macromolecules which comprise the major humin portion of the coal must next be
established. Although increased yields of humic acids can be obtained by more
severe treatments with base (higher temperatures or ultrasonication), the issue of
thermal degradation reactions of the macromolecules cannot be neglected in materials
obtained from lignite under these conditions. Instead a mild oxidative reaction was
chosen to obtain soluble material from the lignite. This oxidation was carried out
with 4-nitroperbenzoic acid, a reagent which was recently reported to be effective
for the cleavage of benzyl ethers (6). Benzyl ether linkages occur in the lignin
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structure between the coniferyl groups and have been suspected to be present 1in
coals as linkages between aryl groups (perhaps largely between coniferyl-derived
groups or conjugates thereof). Treatment of the Beulah 1lignite with 4-
nitroperbenzoic acid in refluxing chloroform gave only a small amount of material
soluble in organic solvents; this material was similar in composition to the waxy
material normally extracted from lignites with organic solvents. After removal of
4-nitrobenzoic acid and 4-nitroperbenzoic acid with hot methanol, the residue was
extracted with base to give large amounts of humic acids in yields up to 90 ¥ (on an
maf basis). Thus the reagent was presumed to have converted the major portion of
the lignite humin to a base-soluble form by cleavage of sufficient number of cross-
linking groups of the benzyl ether or some other oxidatively labile type to give
carboxylic acid and phenolic groups. The reaction rates and yields varied
considerably depending on the particle size and length of sample storage; these
oxidation studies are still under investigation. Oxidations of model compounds
indicate that carbon bridges between aryl groups (such as in diphenylmethane) are
not cleaved by this reagent. However polynuclear aromatic systems (such as in
phenanthrene and anthracene) may be oxidized to quinones or other products.

A sample of the base-extractable product from the 4-nitroperbenzoic acid
oxidation of 1lignite was converted to the methylated derivative with dimethyl
sulfate followed by diazomethane in DMF-ether, and was reductively acetylated with
zinc dust in acetic anhydride as in the humic acid derivatization above, A light
tan THF-soluble material was obtained. The molecular weight was determined in the
the_static LALLS cell jn THF solution. A linear relationship was obtained in the
Kc/Rg versus ¢ plot (r‘2 = 0.95) (Figure 3). ghe molecular weight obtained for the
derivative of the oxidation product (1.3 x 10°) was the same as the value obtained
for the humic acid derivative,

The reductively acetylated oxidation product was also examined with the SEC-
LALLS-RI system. A symmetrical peak was observed for the LALLS response, and a non-
symmetrical peak for the RI response (Figure 4)., Somewhat lower values for the
number average, weight average and z average molecular wgights were calculated from
these data (Mn = 6.5 x 10°, Mw = 7.8 x 105, Mz = 9.1 x 10°),

These data indicate that by oxidatively cleaving the benzyl ether groups with
the peracid, a substantial macromolecule is produced which is comparable in size to
that obtained by simple base extraction of the lignite. This implies that there is
some basic unit of this molecular weight making up the coal structure, and that in
base extraction some of these units are released, whereas in peracid oxidation a
large number of them are released by scission of cross-linking bonds.

Experimental

Humic acids were isolated from lignite from the Beulah mine in Mercer Co. ND
(Beulah-Zap seam, Sentinel Butte formation, Fort Union Region) and methylated with
dimethyl sulfate followed by diazomethane as described in reference 3. The methyl
humate was reduced with zinc dust in acetic anhydride.

Oxidation of the lignite was carried out by refluxing 11 g of Beulah lignite
with 12.4 g of 4-nitroperbenzoic acid. in 150 ml of chloroform for 20 hours. The
mixture was filtered while hot and the the residue was extracted with hot methanol
to remove the 4-nitrobenzoic acid. A 3.8 g portion of the residue was extracted
with NaOH solution and the resulting solution was treated with dimethyl sulfate as
in the preparation of methyl humates. The methylated product was acidified with
HC1, centrifuged, and dried to give a 1.75 g yield of methylated oxidation
product. This material was treated with diazomethane in DMF-ether followed by zinc
dusg in acetic anhydride to give 0.70 g of reductively acetylated methylated
product.

Rayleigh scattering was measured with a KMX-6 LALLS photometer in THF
solution, The dn/dc values were determined using a KMX-16 differential laser
refractometer at several concentrations in THF solution. The size exclusion
chromatography was carried out with a 30 cm by 7.5 mm 105 A PLgel column in THF at a
sample concentration of 2 mg/ml. The KMX-6 LALLS photometer with a flow-through
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cell and a Model 401 RI detector were used for measurement of the Rayleigh
scattering and RI response of the effluent from the SEC column. Data were acquired
at 3.5 points/sec for each detector. The LALLS and RI peaks were divided into 100
area slices each for calculation of the molecular weights.
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FUNCTIONAL GROUP ANALYSIS OF COAL AND COAL PRODUCTS BY
X-RAY PHOTOELECTRON SPECTROSCOPY

David L. Perry and Alan Grint
BP Research Centre, Sunbury on Thames, Middlesex, TW1é 7LN, UK.

The functional group composition of coal and coal products has a determining
influence on their properties, affecting efficiency of utilisation. Also, it

is well established that the oxidation which occurs when fresh coal 1s exposed to
the atmosphere causes a marked deterioration in coal quality, affecting properties
such as heating value, floatability and coking potential. The application of
techniques such as Fourier transform infra-red (FTIR) spectroscopy and magic angle
spinning nuclear magnetic resonance (NMR) spectroscopy has led, in recent years,
to significant improvements in our understanding of the nature of carbon-oxygen
functional groups in coal and the changes induced by different coal treatments.

In a number of technologies such as polymers and carbon fibres, where there is a
similar interest in the nature of organic functional groups and their effect on
material performance, the technique of x-ray photoelectron spectroscopy (XPS),
also known as electron spectroscopy for chemical analysis (ESCA), has been

applied successfully to a wide range of problems. However XPS is a technique
which 1s little used in coal sclence. Since it has high surface sensitivity and
the specific surface properties of coals play an important role in a number of
coal technologies, e.g. floatation and agglomeration, it is perhaps surprising
that XPS is not used more extensively. The reasons for this may lie in some of
the discouraging references in the literature. For example early work by Frost

et al (1) found no relationship between oxygen concentrations determined by XPS
and the bulk analysis of a series of float-sink fractions. More recently Huffmann
et al (2) observed that oxidation of bituminous coals for up to 383 days at 50°C
in air completely destroyed Geiseler fluidity but neither XPS nor DRIFT (Diffuse
Reflectance FTIR) spectroscopy could detect any parallel changes in the functional
group composition of the coal.

This paper describes the application of XPS to coal, coal reactions and coal
products. The aim is to present a critical evaluation in the context of other
techniques which are applied to coal.

THE XPS TECHNIQUE

X-ray photoelectron spectroscopy 1s fully described in a number of reviews

e.g. (3). It involves measurement of the kinetic energies of core and valence
electrons photoemitted from a (usually) solid sample when irradiated by soft
x-rays (normally Mg or AlRd). The experiment is carried out within a vacuum
system (pressurel x 105 Pa). Since core electrons have characteristic

binding energies, the photoelectron spectrum provides an analysis for all elements
except hydrogen and helium. The electrons detected are emitted only from the
outermost 3-4nm of the solid; the analysis is therefore of a few atomic layers at
the exposed surface. Different oxidation states or functional groups give rise

to chemical shifts in the characteristic binding energies of contributing
elements. For carbon (ls) spectra in coal the chemical shifts show themselves

as a peak broadened to higher binding energy by the presence of different
carbon-oxygen functional groups. The broadened spectra can be resolved into
components corresponding to the functional group types which are assumed to
contribute to the peak envelope. An example for a lignite C(ls) spectrum 1is

given in Figure l. The separation of the components depends upon the carbon
oxidation state as follows: State CI (hydrocarbon) at 285eV, CII (singly bonded
carbon-oxygen i.e. hydroxyl or ether) at 286.6eV, CILI (carbonyl) at 288eV and CIV
(carboxyl, acid or ester) at 289.2eV (4). The positions of these components
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relative to the principle hydrocarbon component are well established from model
compound studies both reported in the literature and confirmed by the present
authors.

Peak synthesis routines however do not provide a unique solution. Their accuracy
is dependent on the suitability of transferring chemical shifts from simple model
compounds to a more -complex material. Uncertainty in peak synthesis arises from a
lack of definition of the fundamental spectral lineshape for each component.
Standard routines use Gaussian or Gauss/Lorentzian mixtures. Because of the
aromatic nature of coal the fundamental lineshape is thought to be asymmetric but
the precise shape has yet to be determined (5). The effect of using symmetric
components rather than the correct lineshape, may be to exaggerate the
concentration of carbon attached to oxygen, particularly in the CII state.

The most important features of XPS when compared with other instrumental techniques
are:-

1) High surface sensitivity (information about the bulk of coal particles can be
obtained by grinding to a smaller particle size).

2) Although different carbon-oxygen functional groups are not well-resolved, the
constant sensitivity of XPS to the element rather than the functional group, means
that functional group analysis is quantitative within the accuracy of the peak
synthesis routine.

3) Quantitative functional group and elemental analysis in the same experiment
allows validation of interpretation e.g. the changes in the carbon-oxygen
functional groups can, in principle, be correlated with the oxygen concentration
changes.

4) Functional group analysis can be applied to other elements of interest e.g.
sulphur and nitrogen.

SURFACE COMPOSITION OF COALS

An example of the difference which can exist between the surface and bulk composition
of coal particles, and hence the importance of appropriate sample preparation when
using XPS, is illustrated in Table 1. The bituminous coal fines (particle size
500-38r ) show very different surface compositions when examined as received,
compared with the same material after grinding under heptane to{5p . The coal is
clearly very heavily surface oxidised, having twice as much organic oxygen as the
heptane ground exposed surfaces. Such differences between surface and bulk oxygen

TABLE 1: SURFACE ANALYSIS OF BITUMINOUS COAL BY XPS (%X ATOM RATIOS)

Element As Received Heptane Ground
(500 - 384 ) < 5p)

c 100 100

0 Total 52 29

0 Mineral 28 17

*0 Organic 24 12

Si 10.0 6.3

Al 5.0 3.0

* Organic oxygen cannot be resolved from mineral oxygen. It is calculated by
subtraction of mineral oxygen (calculated from Si and Al concentrations
assuming stoichiometry §10; and Al,03) from the measured total oxygen
concentration.
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and the lack of correction for mineral oxygen, probably accounts for the poor
XPS/bulk correlations obtained by previous authors (1). When a rank range of
coals are prepared by grinding under heptane or under nitrogen just prior to
analysis, a good correlation can be obtalned between surface organic oxygen and
bulk analysis (4). For a series of preasphaltenmes the correlation for oxygen,
sulphur and nitrogen is similarly good (6).

The distribution of oxygen between surface and bulk following weathering or
deliberate oxidation is of particular significance for those coal technologies,
such as froth flotation and oil agglomeration where surface properties govern the
efficiency of the process.

THERMAL OXIDATION STUDIES

There has been considerable interest in recent years about the nature of
carbon-oxygen functional groups introduced by thermal oxidation. FTIR studies
have generally concluded that incorporation of oxygen as carbonyl or carboxyl
groups is the dominant effect of oxidation (7,8).

We have previously shown (9) in XPS studies of the inhibition of Geiseler fluidity
by oxidation, that exposure to air at 100°C causes predominantly a surface
oxidation to occur and that oxygen is incorporated almost entirely as alcoholic or
phenolic OH groups. This study has been extended by looking at the oxidation of
Pittsburgh coal (450 ) in flowing air at three temperatures; 100, 150 and 200°C.
Plots of the oxygen uptake by the surface and the bulk (revealed by heptane
grinding after oxidation) are shown in Figure 2. A common feature of these data
is the difference between the surface and bulk concentration of oxygen as the coal
particle is oxidised. The concentrations diverge with time and the surface to
bulk ratio is greater at the higher temperatures. At 100°C very little bulk
oxidation of the coal is observed. It 1is clear that oxidation of these coal
particles is diffusion limited at all three temperatures. This result appears to
contradict the conclusions drawn by Chien et al (10) who concluded from
FTIR-photoacoustic studies that oxidation of Illinois No 6 coal at 150°C was not
diffusion limited. However this could be explained by differences in coal
porosity, the Pittsburgh coal being mainly microporous.

Figure 3 shows the changes which occur in the carbon (ls) spectra on oxidation at
200°C. Evidence of carbon-oxygen groups formed is clearly visible on the high
binding energy side of the peak; these being much more evident on the surface than
in the bulk. The results of curve fitting the spectra are in Table 2. At all
temperatures the formation of singly bonded species le ether or OH groups, referred
to as state CII in the peak synthesis, dominates in the early stages of oxidation.
Even at 200°C, where carboxyl group formation 1s clearly favoured on the surface,

TABLE 2: CARBON (1s) PEAK SYNTHESIS OF OXIDISED PITTSBURGH COAL
(ATOM % TOTAL CARBON)

Fresh Coal Oxidised 100°C Oxidised 200°C
48 hours 48 hours
Surface & Surface Bulk Surface Bulk
Bulk
0 organic 8.7 11.0 10,2 38.6 20.0
Cc1 80.0 78.8 79.9 61.0 66.9
CII1 12.3 12.7 12,0 20.0 17.0
CII1 2.0 2.4 2.0 5.3 2.8
CIvV 1.6 1.6 1.5 7.7 4,7
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the increase in carboxyl oxygen (2 x CIV) does not exceed greatly the increase in
CII oxygen up to 48 hours of oxidation. This agrees with our previous results on
temperature programmed oxidation of a bituminous coal (4), later confirmed by

FTIR, that carboxyl group formation only became dominant above 200°C. The results
from the most heavily oxidised coal indicate some limitations in the present methods
of carbon (ls) peak synthesis since there 15 a lack of correlation between the
oxygen increase and the carbon functional group analysis.

The results of our XPS study are in disagreement with previous FTIR studies.
Painter et al (7) have reported that there is no evidence for OH formation on
oxidation of a caking coal. In a subsequent study, on a different bituminous

coal, Rhoads et al (8) report an initial increase in phenolic OH after ten hours

at 140°C, though over 280 hours there 1s a decrease to a level below that of the
fresh coal. In both cases the spectra are dominated by carbonyl and carboxyl
peaks. NMR studies (11) of the same oxidised coal, however, showed no evidence

for carbonyl or carboxyl group formation; changes involving oxygen incorporation
were restricted to phenol formation up to 16 days at 140°C followed by condensation
to form ethers at longer oxidation times.

The apparent disagreement between results from different techniques can be explained
in general terms by the use of different coals, different oxidation conditions and
the high sensitivity of FTIR spectroscopy to C=0 groups. To resolve these
differences there is a clear need to apply XPS, NMR and FTIR to an examination of
the same samples of oxidised coal. The use of chemical derivatisation 1is likely

to be an aild to spectral interpretation. An example of this combined approach
applied to some preasphalteres will be described in a later section.

COAL OXIDATION BY WEATHERING

The laboratory simulation of the effects of weathering on the chemistry of coal 1is
usually carried out by thermal oxidation i.e. exposure of beds of coal to air at
an elevated temperature. Unlike weathering studies of polymer films and coatings,
the influence of photoinduced reactions through exposure to light are not generally
considered. This is probably realistic for simulation of weathering on stockpiled
coal where the surface area of coal exposed to light is negligible. The effect of
light does however have potential consequences for the storage of small quantities
of coal for laboratory experiments, particularly when surface properties are being
investigated.

The effect of daylight on the oxygen content of exposed coal surfaces has been
tested by taking a sample of Pittsburgh No 8 coal, ground under heptane, and mounted
on a sample probe for analysis by XPS. Before analysis the sample was exposed to

a north facing window for a period of five days at an ambient temperature of

18°C. The changes induced by this exposure to diffuse sunlight are presented in
Table 3. The degree of surface oxidation is substantial; oxygen 1s incorporated
into the surface at a level not reached after 24 hours oxidation at 150°C. The
peak fitting shows significant increases in all oxygen groups, with substantial
formation of OH and carboxyl groups.

TABLE 3: CARBON (1s) PEAK SYNTHESIS OF 5 PITTSBURGH COAL
EXPOSED TO DAYLIGHT FOR FIVE DAYS (ATOM % TOTAL CARBON)

Fresh Exposed
0 Organic 8.7 23.3
CL 80.0 72.6
CIL 12.3 14.9
CIIL 2.0 3.5
CIvV 1.6 5.0
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FUNCTIONAL GROUP ANALYSIS OF PREASPHALTENES BY DERIVATISATION

Derivatisation of OH groups by acetylation is a widely used technique to enhance
the sensitivity and resolution of infra-red spectroscopy. It can also be used in
XPS to enable the discrimination of OH from ethers in the CII state by conversion
of OH groups to esters (CIV). We have applied this technique to preasphaltenes in
the first instance since the reaction can be carried out in solution. This avoids
problems of selective extraction when solid coals are treated with organic
solvents.

Preasphaltenes (THF soluble, toluene insoluble) obtained from a bituminous coal in
tetralin and hydrogen were acetylated at 40°C for 24 hours using pyridine and
acetic anhydride. The resultant solution was rotary evaporated to dryness using
toluene and dried in a vacuum oven. Table 4 shows the data obtained from peak
synthesis of the carbon (1s) envelope, revealing the nature of the surface groups
of an acetylated and unacetylated preasphaltene. The increase in the CIV carbon
state (3.6%) of the derivatised sample shows that acetylation has occurred. This
is in reasonable agreement with the observed increase in organic oxygen (4.7 0/C
atomic Z). As expected no increase was observed in the CII carbon state (singly
bonded carbon-oxygen), though a reduction in carbonyl was a reproducible feature.

TABLE 4: CARBON (1ls) PEAK SYNTHESIS OF ACETYLATED PREASPHALTENE
(Atom Z Total Carbon)

Preasphaltene Acetylated Preasphaltene
Oxygen 10.8 15.5
Ccl 77.9 72.3
CII 14.4 14.9
CIII 1.9 1.1
CIV 1.5 5.1

In order to evaluate the XPS data obtained from this experiment'a serles of
preasphaltenes were analysed and quantified using four techniques in parallel:
(XPS, FTIR (12) and 13C NMR) on acetylated preasphaltenes, plus enthalpimetric
titrations (13) on the original preasphaltenes. Table 5 reports the results
obtained. All techniques are in reasonable agreement validating the use of XPS to
give a quantitative assessment of the hydroxyl content in carbonaceous materials.
Generally the enthalpimetric technique gives the highest value for oxygen as
hydroxyl whereas FTIR and XPS gave similar but lower values. The good agreement
between the different techniques suggests that combined FTIR, NMR and XPS studies
of acetylated coals after oxidation might resolve some of the existing differences
in the literature.

TABLE 5: OXYGEN AS OH IN PREASPHALTENES MEASURED BY NMR, FTIR,
XPS AND ENTHALPIMETRIC TITRATION

Sample Analysis Oxygen as OH Relative to C = 100
NMR FTIR Titration XPS
1 Cio0 Hg7 O9 5 4.5 5.4 4,0
2 C1o0 Hg3 Og 3 3.8 5.0 3.8
3 C100 H76 Os 3 3.0 3.9 3.1

NITROGEN GROUPS IN COAL

Although the role of nitrogen in coal is not thought to be of direct importance in
determining coal properties, there is interest in determining the fate of nitrogen
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during combustion or liquefaction. This requires identification of the nitrogen
functional group type at each processing stage. Previous work had shown that the
nitrogen (ls) peak in coal could be resolved into two components corresponding to
pyrrole and pyridine type groups (14). We have confirmed this model and shown
that over the rank range of coals the preparation of each component remain
approximately constant at around 2:1 pyrrole to pyridine. Carbonisation increases
the proportion of pyridine groups.

Examination of some chemically separated asphaltene fractions has validated the
analysis of the N(ls) peak by showing that in basic fractions the pyridine type
groups are the major component (15). Examples of the spectra are shown in Figure
4. The asphaltene has a similar nitrogen group distribution as the parent coal.

Assignment of the pyridine component has been further supported by derivatisation
experiments to form the pyridinium ion. This species can be readily distinguished
by XPS (15).

CONCLUSIONS

These studies have demonstrated that XPS has specific and unique advantages for
the examination of coal surfaces. Determination of the carbon-oxygen functional
group chemlistry at coal particle surfaces should enable a better fundamental
understanding of many coal beneficiation and utilisation processes. However when
proper consideration is given to sample preparation XPS can also contribute to
improvements in our fundamental understanding of bulk coal chemistry. Developments
are required to improve the accuracy of curve resolution methods, probably
involving chemical derivatisation. Studies of Pittsburgh No 8 oxidation have
revealed the distribution of oxygen and carbon-oxygen species between surface and
bulk and have indicated the importance of OH group formation during oxidation. In
several respects XPS can be seen to complement more conventional spectroscopies.
This applies especially to sulphur and nitrogen functional group chemistry in
which there 1s increasing interest due to environmental pressures. XPS is likely
to be one of the more useful spectroscopic techniques for looking at these groups
and their reactions during utilisation.
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RAPID DETERMINATION OF NITROGEN IN COAL

Richard Markuszewski
Iowa State Mining and Mineral Resources Research Institute
Towa State University, Ames, IA 50011
and
Scott V. Brayton
Hach Company, Ames, IA 50010
ABSTRACT

A simple and rapid colorimetric method for the determination of total nitrogen
in coal has been developed. The method is based on the rapid digestion of the coal
sample with a mixture of 50% hydrogen peroxide plus concentrated sulfuric acid and
subsequent color development with Nessler's reagent for the determination of am-
monium nitrogen. In this procedure, 250 mg of finely ground coal are digested
within 30 minutes by heating with 25-60 ml of a 4:1 mixture of H,0, - H,S0, in a
special Digesdah1® apparatus. After boiling to destroy excess hydrogen peroxide
and cooling, subsequent color development and spectrophotometric measurement at 460
nm take only about 5 minutes. Application of this procedure gave good results for
the nitrogen values of two NBS coal samples and reasonably good agreement for
11linois and lowa (run-of-mine and physically and chemically cleaned) coal samples
analyzed by a modified Kjeldahl procedure.

INTRODUCTION

The determination of total nitrogen in coal is usually performed by ASTM Meth-
od D-3719 (1) or by using commercial C, H, N, analyzers., The former procedures are
based on the time-honored Kjeldahl method, involving long digestion times, diffi-
cult distillations, and tedious titration finishes., The fact that the literature
is extensive (2) on various modifications of the Kjeldahl method for nitrogen in
coal points to the inadequacies which plague this difficult but necessary proce-
dure. The instrumental methods, on the other hand, require fairly expensive appa-
ratus and may suffer in accuracy because the very small sample sizes combusted
could be not too representative of the entire batch.

Recently, the determination of organic nitrogen has been simplified by a rapid
and reliable procedure for digesting agricultural samples (3). The digestion is
readily accomplished in a simple apparatus by the powerful mixture of hydrogen
peroxide and sulfuric acid, and the final measurement is made spectrophotometrical-
1y using Nessler's reagent. Most of the necessary digestion parameters have been
already established in that work.

The utility of this simple apparatus has been also demonstrated on the rapid
digestion of coal samples by a mixture of nitric, phosphoric, and perchloric acids
for the subsequent determination of sulfur and iron in coal (4). Because of the
success of this method on agricultural samples and because of the ease of using the
digestion apparatus, this work was undertaken to apply it to the determination of
total nitrogen in coal.
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EXPERIMENTAL

Coal_Samples

The three coals in sample series 101-304 were high volatile C bituminous
coals. The ROM I11incis No. 6 coal came from the Elm Mine, near Trivoli, I1linois.
The ITowa coal in the series 201-204 was freshly mined near Lovilia, Monroe County,
Iowa, and subsequently cleaned at the Jowa State University coal preparation re-
search facility, using a heavy-media (magnetite) process at 1.3 sp. gr. The ROM
coal in the series 301-304 came from the same region in Iowa but it was stored in
the laboratory for a prolonged period; thus it was probably heavily oxidized. The
chemical desulfurization treatment consisted of leaching with hot Na,C0, solutions
containing oxygen under pressure., Subsequent extractions were conductea with boil-
ing 1:7 HNO, for 30 minutes. Further description of these samples and chemical
treatments s provided elsewhere (5).

Sample No. 500 was an Upper Freeport coal provided by the Massey Coal Co.,
Inez, Kentucky. The NBS samples were obtained from the National Bureau of Stand-
ards.

Apparatus

The samples were digested in a Hach Model 21400 Digesdah1® apparatus consist-
ing of a heating unit, a 100-m1 volumetric flask, surrounded by a glass chimney to
diminish heat loss and thus reduce the digestion time, and a reflux head manifold
at the top of the flask, connected via a Teflon tube to a plastic water aspirator
to remove fumes. This simple and inexpensive apparatus is depicted in Fig. 1. The
25-t0-250 watt disc-element heater is supplied with a solid-state controller. The
colorimetric measurements were made at 460 nm with a Hach Model DR/2 single-beam
spectrophotometer using a 2.5-cm flow-through cell.

Reagents

The digestion mixture was premixed using 4 parts of 50% hydrogen peroxide and
1 part concentrated sulfuric acid. CAUTION: This reagent is a powerful oxidizer
and should be handled very carefully. However, it is stable during prolonged stor-
age. The Nessler's reagent and the polyvinyl alcohol {(as a 0.1 g PVA solution per
liter) were obtained from the Hach Company.

Digestion Procedure

A weighed sample (~250 mg) of finely ground coal (60 mesh) is placed in the
100-m1 volumetric flask. (As a convenience, the sample can be weighed onto a piece
of plastic kitchen wrap which is then folded up and pushed down the neck of the
flask). About 4-5 ml of concentrated H,S0, is added to the flask, the flask is
placed on the heater, and the reflux head manifold is attached to the top of the
flask and connected to a water aspirator. The mixture is digested for ~5 min, at a
medium-to- high setting to carbonize the sample, until the H,S0 solution refluxes
to the top of the head. The flask is then removed from heat’ at1owed to cool for
~2 min., and ~20 ml of the 4:1 H,0,-H,S0, digestion reagent is cautiously added
through the side arm funnel of the manifold. (If the addition is too fast, some
spattering may occur,) The flask is returned to the heater for further digestion.
After ~5 min., more of the reagent can be added through the side arm and boiling is
continued until the solution is fairly clear. Additional boiling for ~5 min, is
then required to remove excess H,0,, until refluxing of HZSO“ is observed. The
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Fig. 1. Digesdahl apparatus for rapid digestion of coal samples.
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digested sample is then removed from the heater, cooled, and diluted to the 100-ml
mark with deionized water.

Spectrophotometric Measurements

A 0.5-ml aliquot of the diluted digestate is pipetted into a 25-ml mixing
cylinder and diluted to mark with the 0.1 g/L PVA solution. Then 1.0 ml of
Nessler's reagent is added, and the cylinder is stoppered and inverted several
times to mix the contents. The mixture is poured immediately into the flow-through
cell of the spectrophotometer that has been zeroed and standardized with the
0.1 g/L PVA solution at 460 nm, and the % transmittance is read to determine the
nitrogen level from a standard calibration curve.

Calibration Procedure

The calibration standards can be conveniently prepared using Voluette Ampule
Standards for ammonium nitrogen (160 mg N/L) in the amounts of 0.01, 0.2, 0.3, and
0.4 ml. To each, 0.5 ml of a blank digest is added and dilution to 25.0 ml is made
with the PVA solution. After addition of 1.0 ml of Nessler's reagent to each mix-
ing cylinder, the % transmittance is measured as above. The standards represent 0,
0.64, 1.28, 1.92, and 2.56 mg of N/L which corresponds to 0, 1.28, 2.56, 3.84, and
5.12% N in coal, respectively.

RESULTS AND DISCUSSIONS

The percent nitrogen values determined by this new method for various coal
samples are presented in Table 1. In most cases, there is reasonable agreement
between these values and conventionally determined values. Except for samples 101
and NBS 1635, the nitrogen values obtained by this method are slightly lower in
every other case. This "apparent loss" needs to be studied further in order to
decide which method is subject to a possible systematic error. The precision of
our method, as illustrated by the results in Table 2, appears to be good. But
there may be sources of error which could be eliminated or minimized in order to
bring our results in closer agreement with conventional results.

Of course, the coal samples in series 101-304 are very unusual in that they
have been chemically treated and probably nitrated during the extraction with ni-
tric acid. The effect of such chemical alteration of coal samples on the determi-
nation of nitrogen by this method needs to be examined.

CONCLUSIONS

The simple and rapid digestion of organic samples with a 4:1 mixture of
H,0,-H, S0, , previously developed for protein nitrogen in agricultural samples, has
been aﬁap%ed for the determination of total nitrogen in coal. The digestion is
usually complete within 30 minutes, and the subsequent spectrophotometric measure-
ment after Nesslerization requires about 5 minutes. The results of this method
agree reasonably well with those of conventional methods. Although the precision
is good, the absolute values are slightly lower than those obtained by Kjeldahl
procedures, pointing to the necessity of further research to minimize this discrep-
ancy. The clear digestate could be possibly used for additional analyses for such
elements as phosphorus, calcium, magnesium, and other metals.
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Table 1. Total nitrogen values in various coal samples, determined by conventional
methods and by the new method described.

% Nitrogen Sample

Sample

No. Coal Description Conventional? New Method
101 I1linois No. 6 coal, ROM 0.82 0.90P
102 #101 after chemical desulfurization 0.93 0.90
103 #101 after HNO, extraction 4,26 3.91
104 #102 after HNO, extraction 3.66 3.42
201 Iowa coal (ISU precleaned) 1.31 1.20
202 #201 after chemical desulfurization 1.43 1.17
203 #201 after HNO, -extraction 4,63 4.23
204 #202 after HNO; extraction 3.73 3.45
301 Iowa coal, ROM 1.15 0.85
302 #301 after chemical desulfurization 1.17 0.84
303 #301 after HNO, extraction 3.74 3.55
304 #302 after HNO, extraction 3.43 2.99
500 Upper Freeport 1.30 1.27¢
NBS 1632a Penn Seam Bituminous 1.27 1.26
NBS 1635 Colorado Subbituminous 1.0-1.3 1.38
a

Conventional N values for the series 101-304 were provided by a modified
Kjeldahl method in which 1.8 g of coal was digested with HgSO, catalyst at about
390-400°C. Sample 500 was analyzed by a commercial laboratory using an ASTM
proced?ri. Values for the NBS coals were obtained from a literature compilation
study (6).

b Average of triplicate determinations.
€ Average of duplicate determinations.

Table 2. Reproducibility of nitrogen determinations by new method described.

% Nitrogen

Sample No. Description Replicate Detns. Average
101 Same sample as in Table 1 (0.92, 0.89, 0.90) 0.90
500 Same sample as in Table 1 (1.23, 1.31) 1.27
NBS 1635 Different split, analyst, and time (1.24, 1.26, 1.32) 1.28

than in Table 1
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CHEMISTRY OF COAL FROM ELECTRON MICROSCOPY MEASUREMENTS

C. A. Wert, K. C. Hsieh and H. Fraser

Nepartment of Metallurgy and Mining Engineering
and Materials Research Laboratory
University of I11inois at Urbana-Champaign
1304 West Green Street
Urbana, I11inois 61801

ABSTRACT

Well established techniques of analytical electron microscopy have
applications to the chemistry of coal. The techniques use one or another of
several interactions which occur when electrons are incident on a specimen.
Two such interactions are discussed in this paper: 1: X-ray emission
spectroscopy and 2: Electron energy loss spectroscopy. Both methods are used
in the study of metallic and ceramic systems. The principles of the technique
are illustrated by applications to metallic and ceramic systems; initial
applications to coal are then described.

INTRODUCTION

Many interactions occur when electrons are incident upon a solid. X-ray
and optical photons may be emitted, electrons may back-scatter, secondary
electrons may he emitted and changes in energy of transmitted electrons may
occur for thin specimens. These phenomena have been utilized in the electron
microprobe, the scanning electron microscope, in other electron and photon
spectroscopic instruments and in the transmission electron microscope. We
consider two of these spectroscopies in this paper: utilization of the
characteristic x-ray lines from atoms in the solid and measurement of the
loss-of-energy of the transmitted electrons when ionizing collisions are made
with atoms in a thin foil.

The use of x-ray emission spectroscopy has been made extensively using
the electron microprobe and the scanning electron microscope. In that case, a
thick- specimen is used in which the electrons are stopped in the specimen.
Characteristic x-ray lines from specific atoms in the solid are counted either
with a crystal detector or with an energy dispersive detector to deduce the
composition of the solid. This technique has been applied extensively to
metals and alloys (1-5) and also for determination of the organic sulfur
content of coal (6-10). That application has been generally successful.
Calibration of the system has been made using known sulfur-bearing
standards. Such calibration requires that a matrix of about the composition
of coal must be used since fluorescence and absorption corrections are
significant. Fortunately, a single calibration constant applies to all coals
without much error.

The biggest difficulty with these measurements is the relatively large
volume of material from which the x-rays come. Because of §1ectron scattering
and fluorescence, the volume of measurement is about 100 wm”. Thus,
homogeneity in the specimen over this volume must exist for the measurement to
be reliable. For measurement of organic sulfur in coal, this has posed some
problems, since one can never be sure that small sulfide particles may not
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exist under the surface, unseen by examination of the surface features.
Procedures have been established by a number of investigators to circumvent
this problem,

This technique has been heavily exploited by mineralogist and extensive
procedures have been developed to make quantitative measurement of the mineral
concentrations in ores (11-14)., This technique also has been used for pyrite
in coal using programmed scanning of polished surfaces.

We have developed techniques of transmission electron microscopy for
examination of minerals in coals (15-17) and also for examination of the
concentration of organic elements in coal. Principles of these techniques are
described in the next section and applications are presented for measurement
of sulfur, chlorine and other organic constitutions of coal.

X-RAY EMISSION SPECTROSCOPY

Chemical analysis using emission spectroscopy is based on the measurement
of characteristic Ka or La lines upon excitation with incident electrons. In
transmission electron microscopy the detector is almost always an energy-
dispersive detector with a resolving power of about 150 eV. This 1imits the
detectability of adjacent elements in the periodic table, but the variety of
elements present in coal is so small that no serious difficulty arises from
this source. A schematic of the apparatus is sketched in Fig., 1. The
spectrum displayed in the multi-channel analyzer consists of two parts,
characteristic lines of the elements present and a background radiation. The
background is utilized in the quantitative determination of concentration of
elements present, since it can he used to deduce the volume of the specimen.
A sketch of a typical spectrum for sulfur is shown in Fig. 2.

The quantitative determination of the concentration of organic elements
present in the specimen depends on a method developed for biological materials
by Professor T. Hall and his colleagues (18-21). The count rate for
the Ka 1ine of sulfur is proportional to the number of sulfur atoms in the
volume. Hall showed that the volume from which that radiation came could be
conveniently measured by simultaneously counting the background counts -- it
is known that the background {or bremsstrahlung) count rate is proportional to
the total number of atoms in the volume, the radiation from each type of atom
being weighted according to its atomic number. The weight percent of sulfur
in the volume is proportional to the ratio of the count rate for sulfur
divided by the count rate for the bremsstrahlung radiation.

S {wt %) = A C¢/Cy
The measurement is therefore a simple one -- the concentration of sulfur in
the specimen is given by the ratio of two count rates which can be measured in
a few minutes of counting time in the electron microscope.

We have developed this system and made three principal applications to
coal, oil shale and amber:

1. The technique can be used to measure the average organic sulfur

concentration in fuels (16). Since the organic sulfur content varies among
the maceral types, it is necessary to average the measurements over a number
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of independent determinations to get a good mean value. We have found that 50
measurements over random spots in a coal specimen is sufficient; Raymond has
noted that only 15 measurements are needed in his SEM method, if the

“ measurements are made over only vitrinite macerals. A plot showing
measurements on four coals using our TEM method compared with standard ASTM
measurements is shown in Fig. 3.

2. The TEM method is valuable to measure variation of organic sulfur
content among maceral types: the general variation had been known from
earlier measurements, but the TEM method shows finer variation than is
possible by gross techniques.

3. We have followed the loss of organic sulfur during heating of coal.
Our measurements of loss of sulfur were made for inert, oxidizing and reducing
atmospheres,

OXYGEN: DNetermination of the oxygen content of coal! by standard
methods is a complex chemical analysis. In principle, the same x-ray
technique we have used for sulfur might be used to determine the oxygen
content directly. The main difficulty is that the Ka x-ray line of oxygen
comes at 535 eV, compared with the value of 2300 eV for sulfur. Consequently
absorption problems in the detector window are much more severe for oxygen.

Even so, we have made such a measurement using window-less detector on a
Philips 420 microscope. An example is given in Fig. 4, We can observe both
the oxygen line and the carbon line on the same scan and thus have the
possihility to compare their magnitudes to get a general notion of the
relative concentration of these two elements.

In practice, the measurement is extremely difficult. The weak lines of
oxygen and carbon are absorbed by the matrix. Even more, oxygen and carbon
come on opposite sides of the C Ka absorption edge: oxygen is on the high
absorption side. Therefore, absorption corrections must be made even for the
thinnest coal samples. Even more, surface contamination of the specimen may
produce additional absorption of the two x-ray lines. Therefore, the
measurement is not straightforward. Even so, using polymeric films as
standards, we have made measurements on macerals of vitrinite; we are also in
process of making measurements on fusinite and resinite. C(learly this
technique is expensive enough that it will not he heavily used for oxygen
analysis routinely. However it does offer the possibility of mapping out
variations in oxygen content of coals from maceral to maceral and of measuring
the spatial variation of oxygen within a given maceral.

ENERGY LOSS SPECTROSCOPY

Electrons passing through a solid make both elastic and inelastic
collisions with the electrons in the material. The elastic collisions have
important uses in diffraction and other features of examination of materials.
However, the inelastic collisions also produce a beam of electrons containing
important information. In the last twenty years, a spectroscopy termed
ELECTRON-ENERGY -LOSS-SPECTROSCOPY (EELS) has come to be recognized as an
important tool in study the chemistry of solids. A number of excellent review
papers exist (22,23) and an enormous number of examples of application of the
techniques to studies of the physics and chemistry of alloys and compounds has
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been published. Consequently only a few examples will be given here to show
the general characteristics of the technique and the potential for its
application to the study of the chemistry of the coal and other hydrogen
carbon materials,

The study of the chemistry of 1ight elements in solids by EDAX uses
rather low energy x-rays -- from perhaps 250 to 3000 eV. The x-ray detecting
systems are attuned to that energy range. The energy loss spectroscopic
techniques, on the other hand, use the high energy range of the incident
electron beam, since the composition of the specimen is deduced from the high-
energy part of the loss spectrum; i.e., the accelerating voltage of the
microscope (typically 100 keV) minus the inelastic collision energies of a few
hundred to a few thousand eV. This requires quite a different spectroscopy.

In practice, energy loss spectroscopy has utilized either electrostatic
or magnetic means for separating the transmitted beam of electrons into energy
regimes which reflect the elemental composition of the material. A typical
instrumental scheme is sketched in the lower half of Fig. 1. There the
transmitted electrons are separated into two groups, one a group of electrons
which have traversed the specimen suffering no inelastic collisions, the other
a group of electrons which have suffered an inelastic collision of energy AE.
The increment of energy loss is typically in the range of a few hundred to a
few thousand eV.

A great many studies have been made on metals, alloys and compounds.
NDetails of these studies can be seen by the examination of the many reviews
and original papers. However, we present two studies to show the power of the
technique,

The first study is an examination of the alloy system V + 5%Ti + a small
amount of carbon., When heat treated appropriately an extremely fine
precipitate of a vanadium-titanium-carbide forms in a vanadium matrix. A
micrograph of that precipitate is shown in Fig. 5. Spectra for the vanadium
solid solution and for the carbide are shown in Fig. 6 superimposed on each
other, The matrix of vanadium shows a strong vanadium absorption peak for the
L edge at 520 eV. A small carbon edge is seen at about 285 eV. The L edge of
vanadium is lost in the background at 460 eV. The same spectrum for the beam
focused on the precipitate shows very clearly all three elements, the vanadium
L edge the titanium L edge and the carbon K edge.

The analysis of this spectrum combined with analyses made by an x-ray
emission spectrum of the same carbides and additional diffraction measurements
gave the complete solution to this microstructure. The precipitate is a
structure of vanadium-titanium-carbide of composition about VTijgCg. This is a
hexagonal carbide whose basal plane rests against the (110) plane of the
vanadium matrix. The successful analysis of this material was made possible
by the combined spectroscopies and diffraction techniques available in a
modern analytical electron microscope (24).

A second example from our laboratory was based on an analysis of a
precipitate in a crystal of titanium diboride, TiBy. An electron micrograph
of that specimen showed a matrix containing some precipitates on well defined
crystal planes (25). Energy loss spectra of both the titanium diboride matrix
and the precipitate are shown in Fig. 7. The pertinent lines come at energies

125



of 460 eV for the L edge of Ti, 284 eV for the K edge of C and 188 eV for the
K edge of B, This analysis shows that the precipitate is titanium-carbide
embedded in titanium-diboride. Further diffraction analysis in the microscope
showed that the carbide is an FCC structure embedded in a hexagonal matrix of
the diboride. The geometry of the matching plane has also been deduced by
these investigators.

Many other measurements might be cited to show the power of this
effect. We have made energy loss spectra of coal and can observe the carbon
and oxygen K absorption edges. An example is shown in Fig, 8. A great deal
more work will be required to put this on a quantitative basis since the
absorption edge for oxygen is barely visible for the short counting time used
in this feasibility measurement. However, techniques are improving rapidly,
and this surely means that the application is possible.

SUMMARY

Spectroscopic methods using both emission and absorption chacteristics of
the interaction of electrons with atoms in a solid are common in metallurgy
and ceramic investigations. Each has unique characteristics and applications,
but they are even more powerful when they are used in combination. Analytical
electron microscopy is in its infancy for coal and oil shale, but the
potential is plainly evident.
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DIRECT DETERMINATION OF ORGANIC OXYGEN IN COAL USING SCANNING ELECTRON
MICROSCOPY WITH WAVELENGTH-DISPERSIVE X-RAY ANALYSIS

G. A. Norton, W. E. Straszheim, K. A. Younkin, and R. Markuszewski
Ames Laboratory*, Iowa State University
Ames, Iowa 50011
ABSTRACT

I11inois No. 6, Pittsburgh No. 8, and Dietz No. 1 and 2 coals were analyzed
directly for organic oxygen content by using scanning electron microscopy and wave-
length-dispersive x-ray analysis. The technique is a modified extension of a meth-
od previously developed for the direct determination of organic sulfur in coal. To
assure statistical validity, 12 particles were analyzed for each coal at two dif-
ferent points per particle. Mean organic oxygen values were obtained, as well as
inter- and intra-particle variations in the oxygen content. The mean values for
organic oxygen obtained by this technique agreed favorably with values calculated
from previously obtained data by prompt neutron activation analysis and by the
indirect ASTM method.

INTRODUCT ION

The organic oxygen content of coal is an important parameter in coal charac-
terization and utilization and is a part of routine coal analyses. It must be
known in order to perform some of the process calculations for coal combustion and
various coal conversion technologies such as liquefaction and gasification (1).
The organic oxygen content of coal fs generally determined by ASTM Method 3176, the
Standard Method for Ultimate Analysis of Coal and Coke (2). In this method, oxygen
is the only element comprising the organic coal matrix which is not determined
directly. Rather, it is determined by difference from the ultimate analysis, using
the equation:

%0 =100 - (%C + % +XN + XS + ¥ ash) Eq. 1

Thus, the accuracy of this indirect oxygen determination suffers from cumula-
tive errors inherent in the analytical methods used for each of the other elements.
In addition, it is dependent on the ash content which is obtained by heating the
coal at about 700°C for one hour; but since the ash produced at these temperatures
is not directly relatable to the original mineral matter in the coal, another
source of error is thereby introduced into the oxygen determination.

Furthermore, if the coal has been subjected to chemical treatment which alters
the ash-forming mineral matter, the definition of “ash® used in Eq. 1 becomes a
problem.

Although various methods for determining oxygen in coal directly have been
employed, including neutron activation analysis (NAA) and oxidative or reductive
techniques, analyses by these methods include all or some of the inorganic oxygen.
Therefore, coal demineralization or corrections for fnorganic oxygen must be per-
formed in order to obtain the organic oxygen content.

*Ames Laboratory is operated for the U.S. Department of Energy by Iowa State Uni-
versity under Contract No. W-7405-Eng-82.
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In this study, the feasibility was explored for using a scanning electron
microscope (SEM) in conjunction with energy- and wavelength-dispersive x-ray anal-
ysis (EDX and WDX, respective]y) to determine the organic oxygen content of coal
directly. The technique is similar to methods used previously for the direct de-
termination of organic sulfur levels in coals (3-8). In one such technique, a
transmission electron microscope was used to quantify the sulfur content of the
organic coal matrix (3). Other studies used an electron microprobe to determine
organic sulfur in coal (4, 5). In one of those studies, the organic oxygen content
of varfous macerals in a Kentucky No. 3 coal also was determined (5). By knowing
the petrographic composition of the coal and the average organic oxygen content of
each maceral examined, a weighted average was used to obtain an oxygen concentra-
tion for the organic matrix as a whole. The organic oxygen concentration thus ob-
tained was in good agreement with the concentration obtained by the indirect ASTM
procedure.

A third method used scanning electron microscopy coupled with energy-dispers-
ive x-ray analysis (SEM-EDX) to obtain organic sulfur levels in raw and chemically
desulfurized coals (6-8). In two of the studfes using the SEM-EDX technique, min-
eral portions of the coal were avoided by locating organic maceral components of
coal using 5000x magnification with the SEM and by monitoring the levels of fe, Ca,
Al, and Si (6, 7). Sulfur values which were obtained only for those areas where
the other elements were not detected were assumed to be associated with the organic
portion of the coal. Analyses were usually performed on 12 vitrinite particles by
exanining at least two points (with volumes of 2-3 microns in diameter) per parti-
cle. This was sufficient to obtain data with a precision of t10% (relative) for
organic sulfur levels. The results were comparable to those obtained by the common
indirect ASTM method.

In our study, a similar SEM technique was used to determine organic oxygen
levels in coal along with inter- and intra-particle variations., Organic oxygen
values obtained by this technique were compared to values obtained by the indirect
ASTM procedure and by neutron activation analysis.

EXPERIMENTAL

Channel samples of I1linois No. 6 (Captain Mine, Percy, I11inois), Pittsburgh
No. 8 (Grafton Mine, Churchville, West Virginia), and Dietz No. 1 and No. 2 (Decker
Mine, Decker, Montana) coals were powdered, dried, and subsequently mounted in
one-inch pellets of epoxy. After polishing the mounted samples to a smooth cross
section with silicon carbide sandpaper and alumina, they were coated with approxi-
mately 50 A of carbon by evaporation in order to provide a conductive surface.

A JEOL (Japan Electron Optics Laboratory) model JSM-U3 scanning electron mi-
croscope (SEM) was used in conjunction with a Microspec WDX-2A wavelength-disper-
sive x-ray analysis system to perform quantitative oxygen determinations on the
coals. Oxygen was determined by wavelength-dispersive x-ray analysis (WDX) because
it could not be detected by the EDX system, being an element of low atomic number,

Samples were examined in the SEM with an accelerating voltage of 15 kV and a
current of about 30 nA with an x-ray take off angle of 25°. The SEM was allowed to
stabilize for 15 to 30 minutes after sample changes before collecting x-ray inten-
sities. X-ray data were collected from square sample areas of 20 uym on a side. A
square raster was used for the analyses instead of the traditional spot mode due to
the high beam currents used. Prior to analysis, mineral portions of the coal were
avofded by examining the sample visually at a magnification of 5000x in the SEM.
Energy-dispersive x-ray analysis (EDX) was then performed with a KEVEX Si(Li)
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detector and a Tracor Northern Model TN-2000 energy-dispersive x-ray analysis sys-
tem to monitor the particles for Al, Ca, Fe, and Si. The absence of these elements
ensured that mineral inclusions were excluded from the sampled areas. Since oxygen
was determined by WDX only when significant levels of the elements screened by EDX
were absent, the oxygen was assumed to be associated with the organic matrix.

Because organic sulfur and small amounts of Al, Si, Ca, and Fe were present in
the analyzed particles, EDX spectra for a set of standards containing these ele-
ments were collected prior to analyzing the coal. Silica (Sioz) was chosen for the
oxygen standard since organic compounds which were tested did not hold up well
under the electron beam. Organic compounds which were tested for use as a standard
included urea, acetanilide, and citric acid. After analyzing a coal for organic
oxygen content, one of the inorganic standards for the other elements was run for a
second time to make sure that no significant drift in beam current occurred.

In this study, no attempt was made to distinguish between different maceral
types. Two points within each of 12 particles were analyzed for each coal. EDX
spectra and total oxygen counts obtained by WDX were each collected for 30 seconds.
The total oxygen intensity was then transferred to the EDX unit for data reduction.
The Tracor Northern program Super ML was used to reference the coal spectra against
the standards, while the Tracor Northern ZAF correction program was used to correct
for atomic number, absorption, and fluorescence matrix effects., In addition to
mean organic oxygen concentrations, inter- and intra-particle variations in oxygen
content were obtained.

RESULTS AND DISCUSSION
Average organic oxygen concentrations obtained by SEM-WDX on each of the coals
are shown in Table 1. For comparative purposes, data obtained previously by neu-
tron activation analysis (NAA) and by the indirect ASTM procedure are also in-
cluded.

Table 1. Organic Oxygen Content of I1linois, Pittsburgh, and Dietz Coals.!

Coal

Analytical Procedure I11inois #6 Pittsburgh #8 Dietz #1 & 2

SEM-WDX 11.94 11.55 16.67
ASTM 9.44 8.07 20.67
NAA2 10.67 7.85 22.70

1 yalues are in ¥ on a dry mineral matter free basis.

2 Organic oxygen content was obtained from total oxygen values by estimating

~ the inorganic oxygen concentration and subtracting from total oxygen, as
discussed in text.

The SEM values represent averages for the 24 sampled areas for each coal; ASTM
and NAA data represent averages of duplicate determinations. Only total oxygen
values were available in the original NAA data. For comparison on the same basis,
the raw data obtained by NAA were used to estimate organic oxygen concentrations
{shown in Table 1) by subtracting inorganic oxygen levels from the total oxygen
levels. For these calculations, the inorganic oxygen values were estimated by
first using a modified Parr formula (9) to approximate the mineral matter content
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based on the known ash and pyritic sulfur contents for each coal. This formula
is:

™M = 1.13 (X ash) + 0.47 (X pyritic sulfur) Eq. 2
The amount of inorganic oxygen was then estimated using the equation
onnorg = 0.5 (% MM) Eq. 3

This equation has been reported to give good inorganic oxygen estimations for well-
known coals with relatively low ash contents (10). Thus, organic oxygen levels
were obtained by calculating the difference in levels of total and inorganic oxy-
gen, The mineral matter content of each coal, as calculated using the modified
Parr formula, was used to convert the NAA and ASTM values to a mineral matter-free
basis, The SEM-WDX data required no corrections for mineral matter because mineral
inclusions were avoided during those analyses.

In view of the analytical uncertainties in each of the techniques, the SEM-WDX
values agreed favorably with the values obtained by NAA and ASTM procedures. For
the Pittsburgh No. 8 and I1linois No. 6 coals, there was a significant lapse in
time between the SEM-WDX analyses and the determinations made by NAA and ASTM pro-
cedures. The coals were used frequently over this time period and often had been
in contact with afr. Thus, it is 1ikely that some oxidation would have occurred
during this time and that the somewhat elevated SEM-WDX data for these two coals
reflect this oxidation.

For the Dietz coal, the SEM-WDX value is significantly lower than the values
obtained by the other methods. This may be somehow connected with the fact that
the Dietz coal is subbituminous, as opposed to the bituminous ranking of the other
coals. More study is needed to resolve this discrepancy.

Also, although the same coals were used for the analyses by SEM-WDX, NAA, and
the ASTM procedure, analyses by SEM-WDX were performed on different sample splits
than the ones used for analysis by the other techniques. Coal composition between
various splits from standard riffling procedures is generally comparable, but vari-
ations in chemical composition may still occur as a result of sample inhomogeneity
and difficulties involved with obtaining representative samples of coal.

Thus, discrepancies between analytical data obtained by the various techniques
may reflect actual differences in composition in addition to possible errors asso-
ciated with the analytical methods. Future work will include more rigid monitoring
of the various sample variables than was done in this preliminary study.

Statistical parameters for the SEM-WDX data are shown in Table 2. Details on
the-statistical analyses employed have been described previously (6, 7). These
analyses enabled estimates for deviations from the sample mean within the particles
{intra-particle deviations) and deviations from the sample mean between different
particles {inter-particle deviations) to be calculated.

It is interesting to note that for each coal, intra-particle variations were
larger than inter-particle varfations. For the I1linois coal, analysis of variance
gave a negative number for the inter-particle variation. Therefore, a value of
zero is reported. Between coals, the inter-particle variations were less consis-
tent than the intra-particle variations. This implies that some coals may require
more extensive analyses due to a less uniform distribution of organic oxygen, One
factor which could be important is the maceral distribution for a given coal.
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Table 2. Statistics for Organic Oxygen Levels Obtained by SEM-WDX.

org. 02 Sib sa¢ spd
Coal (%)
I1Tinois No. 6 11.94 0.37 1.43 0.00%
Pittsburgh No. 8 11.55 0.24 0.97 0.45
Dietz No. 1 & 2 16.67 0.44 1.40 1.16

Values are on a dry mineral matter free basis.

Sz is the standard deviation in the sample mean.

Sa is the standard deviation within particles.

Sp is the standard deviation between particles.

Value of zero reported since analysis of variance gave a
negative number.

oo

Since the organic oxygen content can vary considerably between different macerals
(5, 11), the maceral composition and distribution could have a large effect on the
intra- and inter-particle variations.

The SEM-WDX technique may be particularly useful for determining organic oxy-
gen in chemically cleaned coals, especially since ASTM procedures sometimes give
questionable ash results for such coals (12), thereby throwing a large error into
the ASTM organic oxygen determination.

CONCLUSIONS

Exanination of the SEM-WDX results indicates that this technique has good
potential for the direct determination of organic oxygen in coal. Analysis of
inter- and intra-particle variations provides useful information on the distribu-
tion of organic oxygen in the coal. Because mineral phases are excluded from the
analysis, a sample with a representative ash content is not nearly as important for
this procedure as it is for NAA and ASTM procedures where ash corrections are nec-
essary. However, since the SEM-WDX technique is surface-sensitive, extra care must
be taken to keep the coal from oxidizing. Because of the numerous operating param-
eters involved in the analyses by SEM-WDX, the procedural details of this technique
require optimization. In addition, applicability to a broad spectrum of raw coals
and to chemically cleaned coals needs to be shown,
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Non-intrusive Optical Techniques for the Study of Pulverlized Coal Particles during
Devolatilization and Combustion#*

D. K. Ottesen and J. C. F, Wang

Sandia National Laboratories
Livermore, CA 94550

This paper will discuss applications of Fourler transform infrared (FT=IR) spectroscopy
and laser spark spectroscopy (LSS) as in situ diagnostics for disperse phase combustion
environments. The ultimate goal of the FT-IR work is the identification of gas phase
specles, and the determination of their temperature and concentration during the
combustion of pulverized coal particles. HWe are developing LSS as a complementary
technique for the In situ elemental analysis of coal, char, and ash particles in
combustion environments.

Fourier transform spectroscopy

We have made infrared absorption measurements for sized coal particles entrained in a
laminar flow reactor, The combustion is initiated by hot bath gases produced in a
H2/02/N2 flat flame at the base of the reactor. The interface between the

flow reactor and the FT-IR sysatem is shown in Figure 1; detailed descriptions of the
experimental apparatus and typical infrared absorption spectra have been given elsewhere

).

FT-IR spectroscopy has been shown to be an effective technique for detection of many
different species simultaneously over a wide spectral bandwidth when conditions permit
time-averaged measurements along a line-of-sight (1,2). This past year has seen the
extension of these measurements into the high resolution domain and the careful
quantitation of the technique's ultimate sensitivity for several molecules.

Past absorption measurements have been plagued by the Infrared emission of hot coal
particles passing through the detector field~of-view. These signals act as an additional
noise source, and are mitigated only somewhat by laborious time-averaging{ This has
prevented the measurement of spectra at a resolution greater than 0.5 cm . We have
found, however, that this particle generated "noise" occurs at Fourier frequencies lower
than the pertinent bandwidth containing infrared spectral information. Electronic
filtering of the detector output has greatly reduced this particle noise, and allowed us
to make the first reported mea3¥rements of pulverized coal combustion products at a
spectral resolution of 0.08 cm '.

Although these measurements are more time consuming than those at lower resolution, they
allow a more accurate determination of both the molecular rotational temperaure and
concentration, This 1s due principally to the lessened interference of nearby absorption
lines from other species (mainly water) and higher excited state transitions. These
measurements have also allowed us to observe that the measured line width of CO and

CO, transitions 1s considerably greater than the reported values of 0.04 em | at
temperatures around 1300 K. Measured widths at half maximum are 0.105 cm“, and we
postulate that the additional width is caused by collisional broadening with the copious .
quantity of water present (15 mol %). An example is shown in Figure 2 for a portion of

the CO P-branch rotation- vibration band produced during the combustion of a pulverized .
western Kentucky bituminous coal. The CO rotational temperature determined from the
relative Intensities of the absorption lines was 1218 +/- 28 K and was in good agreement
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with a temperature of 1247 +/- 22 K derived from the C02 w3 R-branch
rotation-vibration during the same expeimental measurement.

Reduction of the noise caused by particulate emission has increased our sensitivity for
many small Infrared-active molecules (CO, CHy, NO, HCN, H,S) to about 100 ppm at
combustion temperatures in the presence in coal particles. Current efforts at detecting
minor products of combustion in situ have been hampered_by the low particle number density
we have been able to entrain in our flow reactor (2 cm ?), and by the serious overlap

of water absorption lines with N~ and S~containing species of interest.

Concentration measurements were made by entraining known amounts of carbon dioxide and
nitric oxide iInto the flow reactor. Using literature values of line strengths, the
corresponding experimental intensitles could be theoretically calculated for a variety of
other molecular species in our FT-IR/flow reactor system. This approach is effective in
minimizing uncertainties in absolute intensity measurements which arise from line-shape
distortions caused by our instrument. In Figure 3 we show the measured concentration of
€O and CO, at 38 msec residence for coal particles in the +30/-50 micrometer size

range as a function of excess oxygen In the flow reactor.

Laser spark spectroscopy

We have developed the technique of laser breakdown spectroscopy for analyzing the
composition of particles and droplets suspended in air (3). As such, this technique should
prove invaluable as an in situ real-time diagnostic for application to fundamental studies
of the combustion or gasification of coal, coal-derived liquids and coal-water slurries.

A high-power pulse was generated by a Nd:YAG laser and focused on individual coal
particles carried in a gas flow. Absorbed energy was sufficient to completely vaporize
the particles, and to cause avalanche breakdown of the vapor. The emission spectra from
the plasma were analyzed to identify lines characteristic of the specific elements.
Because of the strong continuum emission at early time of the spark, a time-gated optical
multichannel analyzer was used to record the emission spectra. Timing and spectral
windows were carefully selected to minimize the continuum emission, and to eliminate
interference from nearby or overlapping lines from the atoms of interest. We succeeded in
isolating spectral features of the major elements: carbon, nitrogen, oxygen, as well as
hydrogen, sodium, and chlorine.

A two-color cross-beam laser technique was developed to provide a simultaneous trigger for
the breakdown laser and a measurement of the size of the particle being analyzed. A
schematic diagram of the experimental apparatus is shown in Figure 3. With this apparatus
it 1s possible to correlate the emission spectrum and intensity with the particle size.

In addition, detection limits of various species of interest were deduced from these
cross-correlation measurements.

Laboratory experiments were conducted using pulverized bituminous coal particles and water
droplets with added impurities. The latter experiments used a plezoelectric droplet
generator for the purpose of creating a series of water particles of carefully controlled
diameter. This greatly facilitates the calibration of spectral emission with such
variables as the droplet size, atomlc concentration, incident laser energy, and
spectrometer response. An emission spectrum is shown in Figure 4 for the sodium 5890 A
line (grating resolution was not sufficient to resolve the doublet in this spectrum).

This spectrum originated from the vaporization of a single water droplet 70 micrometers in
diameter, containing 0.1% Na by weight.
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ARALYSIS OF PARTICLE COMPOSITION, SIZE AND TEMPERATURE
BY FT-TR EMISSION/TRANSMISSION SPECTROSCOPY

Peter R. Solomon, Robert M. Carangelo, Philip E. Best,
James R. Markham and David G. Hamblen

Advanced Fuel Research, Inc., 87 Church Street, East Hartford, CT 06108

Many chemical and energy conversion processes involve multi-phase feed or product
streams. Streams can consist of mixtures of solids, 1iquids and gases and in some
cases, the important species may be in transition between phases (e.g. liquid fuel
combustion which involves liquid fuel droplets, vaporized fuel and soot). Process
monitoring requires the measurement of parameters for the separate phases. There are
requirements for monitoring feedstocks and samples of the process stream as well as
for in-situ monitoring. Fourier Transform Infrared (FT-IR) absorption spectroscopy
has been used previously as an in-situ diagnostic for both gas species concentration
and gas temperature determinations (1-9). This paper describes a new method being
developed for on~line, in-situ monitoring of particle streams to determine their
chemical composition, size, and temperature. The technique uses a FT-IR spectrometer
to perform both emission and transmission (E/T) spectroscopy for a stream of
particles. The technique has been applied to measure particle properties under a
variety of circumstances and several examples are presented for measurements of
temperature, composition and size.

The method was employed to address a controversy concerning coal optical properties
recently raised by Brewster and Kunitomo (10). Their recent measurements suggest that
previousdeterminations for coal of the imaginary part of the index of refraction, k,
may be too high by an order of magnitude. If so, the calculated coal emissivity based
on these values will also be too high. The E/T technique was employed to determine
directly the spectral emittance, €y, of coal and char particles as a function of coal
rank, extent of pyrolysis and temperature. For one coal, the measured spectral
emittance was compared with a calculated value obtained from the material's complex
index of refraction N = n + ik, and particle size, using Mie theory. The complex
index of refraction was determined using an extension of Brewster and Kunitomo's
method for measuring k. The technique employs KBr and CsI pellet spectra and uses
Mie theory and the Kramers—Kronig transforms to separate scattering and absorption
effects. Good agreement has been obtained between the calculated and measured values
of (€y) confirming the contention that previously measured values of k are too high.

EXPERIMENTAL

Apparatus - The apparatus employed in the experiments consists of an FT-IR
spectrometer coupled to a reactor, such that the FI-IR focus passes through the sample
stream as shown in Fig. 1. Emission measurements are made with the movable mirrors
in place. Transmission measurements are made with the movable mirror removed. The
Fourier transform technique, in contrast to wavelength dispersive methods, processes
all wavelengths of a spectrum simultaneously. For this reason it can be used to
measure spectral properties of particulate flows, which are notoriously difficult to
maintain at a constant rate. The emission and transmission can be measured for the
same sample volume. The technique is extremely rapid; a low noise emission or
transmission spectrum at low resolution (4 cm~l) can be recorded in under a second.
Also radiation passing through the interferometer is amplitude modulated, and only
such radiation is detected. Because of its unmodulated nature, the particulate
emisgion passing directly to the detector does not interfere with the measurements of
scattering or transmission.
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In an ideal emission—transmission experiment both measurements are made on the
identical sample. In our case the emission and transmission measurements are made
sequentially in time along the same optical path, for a sample flowing through the
cell in a nominal steady condition.

Measurements — To determine the temperature, size or composition of particulate
samples, measurements are made of the transmittance and of the radiance, from which we
calculate a quantity which we call the normalized radiance. The normalized radiance
is the radiance divided by (l-transmittance) (which in the absence of diffraction
effects is a measure of Intersected particle surface area for samples whose index of
refraction is sufficiently different from the surrounding medium). This normalization
allows the radiance from particles which fill only a fraction of the FT-IR aperture to
be compared to a black-body standard obtained for the full aperture.

The transmittance,'Yv , at wavenumber V¥V, is measured in the usual way
To= 1y /14y ¢V)

where I, 1s the intensity transmitted through the cell in the absence of sample,
while I, 1s that transmitted with the sample stream in place. The geometry for the
transmittance measurement is 1llustrated in Fig. 2. With a particle in the focal
volume, energy 1s taken out of the incident beam by absorption and scattering. The
figure illustrates scattering by refraction of energy at the particles surfaces.
Scattering will also be caused by reflection and diffraction. For particles > 50 Am
whose index of refraction is sufficiently different from the surrounding medium,
almost all the energy incident on the particle is absorbed or scattered.

To measure the sample radiance, the power from the sample with background subtracted,
Sy, 1s measured, and converted to the sample radiance, Ry, in the following way

Ry= Sy /Wy 2)

where W 1s the instrument response function measured using a cavity radiator. The
radiance measurement detects both radiation emitted by the particle itself, as well as
wall radiation scattered or refracted by the particle as illustrated in Fig. 2.

We calculate the normalized radiance (which we refer to as the E/T spectra), R“, in
the following way,

Ry = R,/ (1-7y). 3)

The complete analysis for the normalized emission will be presented elsewhere (11).
For this discussion we consider the limit where particles are sufficiently large that
they effectively block all the radiation incident on them, and their diffraction
pattern falls completely within the angular acceptance aperture of the spectrometer.
Then the normalized radiance has the simple form,

R = (1- €y) RY(T,) +EpRY(T,) (%)
where €y 1s the spectral emittance and R&Tw) and Rg(T ) are the theoretical black-
body curves corresponding to the temperature of the wall (T,) and particle (TP),
respectively. This equation will be used in the discussion of results to follow.

RESULTS

Temperature and Emissivity - To illustrate the measurements, we consider several
simple cases. First we consider hot particles such as coal or char surrounded by cold
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walls (Tp > Ty). Then according to Eq. 4,
RY, =€ ,RE(T.). ()
If Tp is known, then €y can be determined and vice-versa.

The first example is for char under conditions where the particles first reach
equilibrium with a heated tube reactor (HTR) and then exit the reactor and pass the
FT-IR aperture. The reactor has been described previously (12-14). The gas-particle
mixture cools about 75°C between the reactor and the FT-IR focus as determined with a
thermocouple (14). In Fig. 3 we show the radiance, (R, ), 1- transmittance, (1-7,),
and the normalized radiance, (Rn ), from char emerging from the HTR at a temperature
of 983 K. (1-7y) is a measure of the intersected surface area of particles, l.e., 42
of the beam is blocked. The normalized radiance is compared with a number of grey
body curves at different values of constant €. The € = 0.87 curve at 1000 K gives
best fit with the experimental data. The temperature is in good agreement with the
thermocouple measurement.

The second example 18 for lignite particles at a temperature of 782 K, before any
pyrolysis has occurred. The normalized radiance spectrum in Fig. 4a is compared to a
grey-body (€ = .90) at the average thermocouple temperature of 782 K. While the
previously formed char shows a grey-body shape close to the average temperature, the
lignite does not have a grey-body shape. The black-body and experimental curves are
close only in the range 1600-1000 cm~1 where the emissivity, calculated from Eq. 5,
(FPig 4b) is close to 0.9, These and other measurements (12-16) show that the
particle's emissivity is size and temperature dependent. For the size of coal
particles used here, only specific bands between 1600 cn~l and 1000 cm~l
(corresponding to the strongest absorption bands in coal) have a spectral emittance
near 0.9.

The result can be understood by considering that a particle's emittance is related to
its absorbance. By Krichoff's law, particles will emit only where they have
absorption bands. As discussed by Hottel and Sarofim (17), for large particles (where
diffraction can be neglected) the absorption can be calculated from geometrical optics
considering all possible rays through the particles. The absorption within the
particle can be calculated using absorbance values measured by the KBr pellet method
(15,18). Figure 4c shows the absorbance measured by the KBr pellet method. The
correspondence between the high absorbance bands and the regions of high emissivity
are apparent. The most significant difference between the spectra of Figs. 4a and 4c
is the presence of a steeply sloping background going toward large wavenumbers in the
pellet spectrum (Fig. 4c) and its absence in the emittance spectrum (Fig. 4b). The
pellet spectrum is from a transmission measurement which does not distinguish between
the absorption and scattered components of the total cross section. This problem is
treated in the section on Calculated Emissivity.

The emittance varies with particle size as shown in Fig. 5. RO, is smallest for small
particle sizes and approaches the black-body curve for large size particles.

The spectral emittance varies with rank as shown in Fig. 6. The strongest feature is
the emittance above 1700 wavenumbers which increases above 902 carbon. The increase
in emittance above 901 carbon is consistent with a corresponding increase in the broad
sloping absorbance observed in KBr pellet spectra for high carbon coals. This
absorbance is believed to be due to electronic absorption of multi-ring aromatic
hydrocarbons (19). The &mittance of anthracite is close to grey body. The spectral
emittance variation with rank is consistent with the functional group variation with
raunk.
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Having demonstrated that the F'&-IR method gies give an appropriate temperature
assuming £ £ 0.9 1o the 1600 cm™ = to 1000 cm ~ region, the technique was used to
determine particle temperatures for non-isothermal conditions in the HTR reactor
(13,14). Figure 7 shows the E/T spectra for increasing time in the reactor. The
FT-IR temperatures are In good agreement (within 25°C) with calculated temperatures
and temperatures measured with a thermocouple (14).

We can also observe in Fig. 7, changes in emittance of particles as a function of the
extent of pyrolysis. At 883 K all the bands present in coal can be seen, except that
the hydroxyl peak is noticeably depleted. At 963 K a broad continuum, characteristic
of char, is beginning to grow. By 1050 K we see almost a grey-body continuum with CO,
and H90 peaks superimposed. From the spectra discussed so far we can say that the
spectral emittance of lignite of this size range increases continuously with
pyrolysis, reaching a constant maximum of about 0.9 when pyrolysis is sensibly
complete. The relationship of the development of the continuum char spectrum with the
extent of pyrolysis will be the subject of a future investigation.

The other examples are from a reactor where the particles are surrounded by hot walls.
For the case where the particles are at wall temperature, Tp = Tys Eq. 4 reduces to

Ry = ’%1,) (6

Figure 8a displays R% in one such case. In this case we don't have to include
particle emittance in the analysis, as it can be shown and Eq. 6 indicates, that any
lack of emittance must be made up by scattered and reflected radiation. Indeed, the
normalized emission is close in shape and amplitude to a black-body at the measured
window height wall temperature (1225 K). The determination of T, when T, is of the
same order of magnitude as T, requires a knowledge of E,at some va\?enumber and use of
the complete expression for R (Eq. 4). Examples are discussed in reference (11).

Two additional examples are shown for the case 'I‘P << T,e Then Eq. 4 reduces to

%= (1- €4) RYT) o))

Figure 8b 1s for KC1, a non-absorb%ng particle and Fig. 8¢ is for coal which absorbs
in specific bands. By Eq. 7, R" = ) for KC1, since € = 0. R™ matches the black-
body curve at the wall temperature of 1060 K. The E/T spectrum of the coal sample
matches the wall black-body in regions where the coal is transparent (i.e., €220) but
is lgver where the coal has absorption bands. We can determine the emissivity € = 1-
R"/R R(T,) from these spectra. The emissivity for the lignite of Fig. 8c is shown in
Fig. 8d. When compared to the emittance for the same coal at 782 K in Fig. 4b, the
most significant difference is the larger hydroxyl band at low temperatures due to
hydrogen bonding.

Composition - As illustrated in Fig. 2b, the normalized radiance, R vs 18 the wall
radiance R(T )attenuated over the chord d at the particle's absorbance bands. We
can, therefore use R9 (e.g., Fig. 8¢c) to obtain the absorbance of the particle if ve
know the average chord length, d. This has been done using a ray optics model and a
computed probability density function P(d) for all possible chords d. A more detailed
discussion will be presented elsewhere (20). Figure 9 shows a comparison between the
absorbance spectra obtained for the same coal by three methods: a) a quantitative
spectrum (i.e. for a known sample density) of a finely dispersed coal in a pressed KBr
pellet; b) a non-quantitative photoacoustic spectrum for fine particles suspended on a
thin membrane (21); and c) a quantitative E/T "absorbance” spectrum considered to
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arise from the black-body furnace spectrum being attenuated by the particle over some
effective sample thickness related to the shape and size of the particle. The details
of the analysis to obtain the E/T absorbance spectra from the E/T spectra are
discussed in (20).

The spectra have a number of similarities and differences. To compare the spectra, it
should be noted that the KBr pellet absorbance spectrum is the sum of absorption plus
a sloping background due mostly to scattering of radiation. The KBr pellet spectrum
also has distortion of the bands (a dip at the high wavenumber side of the band and a
sloping tail at the low wavenumber side of the band) due to the Christiansen effect
(22). This effect is caused by variation in the real part of the index of refraction
near the absorption band, which effects the scattering contribution. The
photoacoustic spectrum 1s free of the scattering and Christiansen effects, but is non—
quantitative and appears to be more sensitive to mineral components than to the
organic components. On the other hand, the E/T absorbance spectra is free from
scattering and band distortions and appears in reasonable quantitative agreement with
the absorption component of the KBr pellet spectrum.

Size - Size information can be obtained from the (1-7) or R‘L spectra. Figure 5 shows
the increase in the emissivity with particle size, especially in the region above 1700
vavenumbers. The average particle size can be determined from R‘L if the complex
index of refraction of the material is known. Alternatively, (1- 7) contains size
information for particles with D<80 4m. For example (1-7) in Fig. 3b increases at
low wavenumbers (long wavelengths) due to diffraction effects. The shape may be
calculated using Rayleigh theory for large particles (23) or Mie theory for small
particles (24). While the effect is small for particles near 80 A m diameter, the
diffraction effect increases as the particles decrease in size, and 1s very sensitive
to size in the 1-30 Am range.

CALCULATED EMISSIVITY

The determination of spectral emittance is ilmportant for two reasons. The first is
that knowledge of the spectral emittance is necessary for the measurement of particle
temperatures. The second 1s that the spectral emittance or the emissivity (the
average emittance over all wavelengths) must be known to calculate both the rate of
particle heatup and the radlative energy released by the particle during gasification
or combustion. For small particles, the spectral emittance is usually not wmeasured.
Rather, it i8 calculated using the complex index of refraction, N= n+ ik, from the
standard equations of electromagnetic theory. For spherical particles these
calculations are performed using Mie theory.

Unfortunately, some controversy surrounds the value of k for coal. The problem was
recently considered by Brewster and Kunitomo (10). Large variations in the value of k
have been reported in the literature ranging from less than 0.1 to more than 0.5.
Brewster and Kunitomo have suggested that a possible reason for these discrepancies 1is
that previous measurements of k for coal using reflection measurements were highly
inaccurate due to an inherent limitation in the ability to get sufficiently smooth,
and homogeneous coal surfaces. Using a transmission technique for small particles in
KBr, they obtained values of k which are more than an order of magnitude lower in most
regions of the spectrum. If the previously measured values of k are too high, then
values of emissivity based on them are also too high. Based on the values of
emissivity presented above, this is indeed the case.

In this section, we compare the measured values of €yto predictions of Mie theory.
For these calculations, the value of n and k were determined using KBr and CsI pellet
spectra for coal, in an extension of the method of Brewster and Kunitomo (10). The
results confirm the low values of k measured by Brewster and Kunitomo.
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To determine N = n + ik from pellet spectra we use Mie theory and the Kramers-Kronig
transform. Mietheory is a genmeral solution of Maxwell's equations for an isotropic,
homogeneous sphere of index of refraction N, inbedded in a medium of index of
refraction Ny (24). In general, the complex index of refraction contains all of the
electromagnetic properties of the material, but the real and imaginary parts, n,, ,
and k,, , must be Kramers-Kronig transforms of each other (24). Physically, this
relationship arises by requiring causality, i.e., the material cannot respond to
radiation until after the incident radiation hits the material. 1In practice, we
determine k, , perform a Fourier Transform into the time domain, force causality in
the time domain, and then transform back to the frequency domain to obtain n (25).
The complete description of the method will be the subject of a future publication,
but briefly our procedure for determining n and k 1s as follows: 1) with trial values
of n = n, (a constant) and k = 0 and a particle diameter D, for coal in KBr, we use
Mie theory to calculate a smooth scattering curve. 2) This scattering curve, plus a
constant to account for reflection from the pellet surface, is subtracted from the
experimental spectrum and the result is assumed to be a pure absorption, A, , where

= &7 ky , volume of coal
2.3026 A area of pellet (8)

Ay

3) Calculate k,, from Eq. 8 and use the Kramers-Kronig transform to determine the
correction ton. 4) Using these values of n, k, and D, Mie EYeory 18 used to predict
a Csl pellet spectrum. Since the scattering above 4000 cm "~ depends largely on the
product (“coal = Npedium)Ds this 4th step allows us to determine D and n,. This
procedure is repeated until we can predict both the KBr and Csl spectra with the same
n, k and D. The results of this procedure are shown in Fig. 10. Figure 10a and 10b
are the KBr and Csl pellet spectra for a Montana Rosebud coal. Values of n, = 1.66
and D = 2.6 microns were found to give reasonable fits to the data. Figure 10c shows
the calculated n and k; and Fig. 10d shows the absorbance due to k (which now depends
only on the coal, not the pellet material). Figures 10a and 10b also show the
calculated scattering contribution to the absorbance spectrum (which depends on the
difference between the n for the coal and medium). The structure in the scattering
curves is the Christiansen effect, and as can be seen from Figs. 10a and 10b, it is in
the opposite direction for the KBr and CsI pellets. Figure 10d shows the calculated
total spectrum for the CsI pellet which is the sum of the absorption and scattering
comparison with the measured spectra (Fig. 10b). The agreement is quite good, most
obviously for the Christiansen effect on the minimum near 1700 cm .

For a particle radius of 25 microns, we use Mie theory with the n.; and ky from Fig.
10c to predict the emittance spectrum of cold coal, Fig. 10e. This is compared to the
measured emittance in Fig. 10f. The agreement is good.
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APPLICATION OF TGA/FT-IR TO STUDY HYDROCARBON STRUCTURE AND KINETICS

Carangelo, R. M. and Solomon, P. R.
Advanced Fuel Research, Inc., 87 Church Street, E. Hartford, CT 06108
and Gerson, D.J., IBM Instrument, Danbury, CT 06810

For the characterization of fossil fuels, thermal analysis methods have proven to be a
useful technique for probing the organic and mineral composition of these typically
insoluble materials. In thermal analysis, the sample is taken through a temperature
excursion and its weight loss or evolved products are monitored. Examples include:
the use of thermogravimetric analysis (TGA) for performing coal proximate analysis
(1); pyrolysis with detection of total hydrocarbons for petroleum source rock
evaluation (2,3) and pyrolysis with trapping of evolved products for analysis by GC
for source rocks and sediments (4-7).

This paper describes a new instrument which couples thermogravimetric analysis (TGA)
with evolved gas analysis (EGA) performed with a Fourier Transform Infrared (FT-IR)
spectrometer. A unique feature of the system is its ability to provide continuous
monitoring of the infrared spectra of evolving liquids as well as quantitative
analysis of gases during pyrolysis or other reactions. The complementary TGA/EGA data
provide a wealth of information regarding composition, structure, and kinetics for
hydrocarbons. This technique offers advantages compared to GC in speed, and compared
to GC and MS in ability to identify heavy tarry materials. FT-IR studies of chars and
tars at various stages of pyrolysis by KBr pellets help complete the story by showing
what functional groups in the sample are actually changing when specific pyrolysis
products are released. While the instrument typically provides slower sample heating
than ig encountered in practical coal conversion processes, the use of slow heating in
pyrolysis experiments provides data on individual reactions which often cannot be
distinguished in flash pyrolysis because they occur simultaneously. Slow heating
conditions often resolve such reactions into separate gas evolution peaks. These
peaks provide low temperature data for gas evolution kinetics.

This apparatus has been used to analyze coal, char, tar, lignins, wood, polymers, oil
shale and source rock. The technique has been useful in elucidating the source and
kinetics of many of the pyrolysis products of the above hydrocarbons. The technique
will be discussed and examples presented for several materials.

EXPERTMENTAL

The apparatus, 11llustrated in Fig. 1, consists of a sample suspended from a balance
(Mettler, model AE160) in a gas stream within a furnace. As the sample is heated, the
evolving tars and gases are carried out of the furnace directly into a gas cell for
analysis by FT-IR (IBM Instruments, model IR 85), The FT-IR can obtain spectra every
0.2 sec to quantitatively determine the evolution rate and composition of most
pyrolysis products. The system allows the sample to be heated in a gas flow of
arbitrary composition on a preprogrammed temperature profile at rates between 3°C/min
and 100°C/sec up to a temperature between 20°C and 1000°C and held for a specified
time. The system continuously monitors the time dependent evolution of: 1) the gases
(including specific identification of the individual species such as, CO, C0,, Hy0,
CHy, CoHg, CoHy, CoHy, CqHg, benzene, heavy paraffins, heavy olefins, HCN, HC1, NHj,
809, €Sy, COS, CH40H, CH3COOH and CH3COCHj; i1) tar amount and infrared spectrum with
identifiable bands from the functional groups); and ii1) weight of the non- volatile
material (char plus mineral components). An analysis of C, H, and S in the residue at
the end of the experiment can be obtained by introducing oxygen to burn the residue
and measuring the combustion products.
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APPLICATIONS

Coal Pyrolysis - We consider first the use of the TGA/EGA to follow the pyrolysis
chemistry of coal. Figure 2 presents a series of spectra obtained during pyrolysis at
0.5°C/sec. The spectra show absorption bands for CO, CO,, CH,, H,0, 50,, C0S, and
CoH4e In other samples, bands for HC1l, NH5, and HCN can be identified. The spectra
also show aliphatic, aromatic, hydroxyl and ether bands from tar, which form an
aerosol. Figure 3 shows spectra during tar evolution which identifies these bands.
The higher aromatic content of the higher rank coals 1s evident. At the end of the
run the temperature was reduced to 700°C and oxygen was added to the flow to combust
the remaining char.

Integrations over specific regions of the spectra provide the concentrations of each
specles as a function of time as shown in Fig. 4. Evolution curves are shown for 8
species. The tar weight 1is determined from its concentration of aliphatic, aromatic
and ether functional groups. In addition, the absorptivities of each species have
been calibrated to provide the weight loss for each species, which is also plotted.
The individual constituents can be summed and compared with the char weight loss, as
shown in Fig. 4. The directly measured weight loss is very close to that determined
from the individual species. The final evolution of Hy0, €Oy, and S0, determines the
C, H and S composition of the char.

For coal, the relative pyrolysis kinetics can be determined from the position of the
peaks (8-11). Figure 5 compares the tar evolution peaks for coals of increasing rank.
There is a systematic shift from lignites (lower temperature peaks, higher rates) to
bituminous coals (higher temperature peaks, lower rates). The pyrolysis kinetics can
be correlated with the coals' ignition properties.

The reactivities of the coal char can also be studied by dropping the temperature at
the end of pyrolysis from 900°C to a lower temperature (eg. 300 — 450°C) and measuring
the weight loss rate when oxygen is added.

Sulfur Forms ~ Because of the problems of acid rain, the determination of sulfur
forms (e.g. pyrite, calcium sulfate, thiols, thiophenes, etc) is important in
evaluating energy resources. Methods employing reductive (12,13) and oxidative (14)
pyrolysis at a programmed heating rate have been employed. These methods are based on
the concept that the differences in reactivity of each sulfur form will result in
separate evolution peaks. Using the TGA/EGA, the determination of sulfur species can
be made by following the evolution of $0;, COS, CS; and HjS. This method of
determining sulfur species 1s an improvement of the reductive pyrolysis method
proposed by Attar (12,13) because of the addition of COS, CS; and SO, species. Figure
6 presents the SO, evolution curves from several coals. The profiles are reproducible
for repeat analyses. They show peak evolution profiles indicative of separate species
as their source. Some peaks appear in all samples (e.g. the peak at 300°C). The
Kentucky coal which has the highest pyrite content has a large peak at about 500°C.
Also, it is interesting that while the high rank coals retain much of the sulfur in
the char (which 1s released as S0, during the combustion cycle) the lignite retains
very little. The addition of oxygen to the volatiles shows additional sulfur
evolution. These 50, evolution curves, together with those of COS and CS; must be
analyzed to determine whether a relation to specific sulfur forms can be obtained.
Sulfur identification could also be made under oxidizing conditions as in the
oxidative thermal analysis method discussed by LaCount (14).

Sourceg for Evolved Products - An excellent way of studying the chemistry of
hydrocarbon pyrolysis is to combine analysis of the evolved products with an analysis
of the source of the evolved products. Figure 7 presents a series of infrared spectra
of chars obtained by stopping the pyrolysis at intermediate temperatures. The loss of
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functional groups in the char can be correlated with the appearance of the evolved
products. For example, the loss of aliphatic C-H (plotted as solid circles) is
clearly correlated with the appearance of the tar as shown in Fig. 4a. Similar
correlations can be made between methyl group loss and methane evolution, and ether
group loss and carbon monoxide evolution.

An extension of the method is to employ labeled functional groups in the organic
material. As an example, we consider perdeutero-methylated coal (15). The coal was
chemically altered by substituting CDy groups for H on all hydroxyl and carboxyl
groups in the coal. The decomposition of these groups is studied by following the
appearance of deuterated compounds in the pyrolysis products. In the infrared
spectra, the deuterated compounds are shifted with respect to their hydrogen analogs.
Figure 8 presents the evolution of CDyH which occurred just below 450°C. To study the
source for this product, chars were prepared by heating to 300, 400, 500 and 600°C.
The intensity of the CD5 groups in the char are also plotted (solid circles) on Fig.
8, and it is clear that the loss of CD4 groups in the char matches the appearance of
CD4H in the gas. Methylated coals also produce methanol at low temperatures.

The chemistry learned from this set of experiments is most relevant to very low rank
coals and lignins which have methoxyl groups. Pyrolysis experiments, at a heating
rate of 30°C/min, were performed on several samples including: a) a lignin, b) a
coal, c) a methylated coal, d) the perdeutero-methylated coal, e) a polymer with
methoxyl groups and f) the same polymer with methyl groups. Where methoxyl groups are
present (a,c,d,e, and f) there is a methane peak at a consistent temperature of 450°C,
independent of the other reactions, such as tar formation. In the absence of methoxyl
groups, methane evolution starts coincident with tar formation or at 500°C. The
interpretation is that the methoxyl groups decay via homolytic cleavage of the
relatively weak O0-C bond to form methyl groups which abstract hydrogen to form
methane. In the absence of methoxyl groups, initial methane evolution comes from a
substitution reaction in which H radicals, believed to be formed during tar evolution,
replace the methyl groups. In the absence of H radicals, methane evolution above
500°C comes from homolytic cleavage of methyl groups.

0il Shale - To provide a survey of the yilelds from reactions occurring in oil sghale
as a function of temperature, TGA/EGA analyses were performed on samples of shale at a
heating rate of 30°C/min from O to 900°C at 1 atmosphere. Figure 9a presents the
weight loss as a function of temperature for a 350 mg sample of an Israeli oil shale.
Figures 9c-91 present the evolution rate (in arbitrary sample units) as a function of
temperature for the major evolved species; oil, COS, 50, methane, ethylene, Co,,
water, and CO. The individual contributions to the weight loss are also presented on
each figures The sum of these contributions is presented in Fig. 9b.

The weight loss (Figs. 9a and 9b) occurs over three regions. The first, below 150°C,
is due to the loss of moisture. Between 300 and 600°C the main source of weight loss
is from oil evolution. There is also a significant contribution from €0, and minor
contributions from CO, H,0, hydrocarbon gases, and sulfur species. It is interesting
that COS and SO, evolutions precede that of the oil. Weight loss above 700°C is due
to carbonate decomposition to produce CO, and some CO. The main source of the high
temperature C0; 1s the calcite.

An important feature of this analysis is the ability to determine the infrared
spectrun for evolved oil. Figure 10 compares the oil spectrum of an eastern and a
Colorado oil shale. As can be seen, the Eastern shale oll has a higher level of
aromatic components. This is Iin agreement with the observation that the organic
material in the Eastern shales are more aromatic.
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Information can also be obtained on the temperature, Thax °f the oil peak (S2 peak).
Figure 11 compares a Colorado and an Israeli oil shale. T ,, for the Israeli shale
appears to be about 20°C lower than Thax for the Colorado oil shale. This is
consistent with the observation that the Israeli oil shale is more prone to cracking

under pyrolysis (16).

011 Source Rock - The objective in petroleum source rock evaluation is to determine
the petroleum generation potential of the sample and its relationship to neighboring
samples. Current methods determine the parameters S1, (the height or area under the
first oil evolution peak), S2 (the height or area under the second oil evolution
peak) and Tpax (the temperature of the maximum of the second peak). We employed the
TGA/EGA analysis of the aliphatic peak to determine the evolution rate and integrated
welight loss for several samples of source rock. Examples of the evolution of the
aliphatic components for several source rock samples are presented in Fig. 1l4. The
figure shows the evolution rate and the integrated weight loss. A comparison of
results of the TGA/EGA with results obtained at Woods Hole Oceanographic Institute
(17) are presented in Table I.

TABLE 1
SAMPLRE Sl s2 T
Weight 2 Weight 2 (‘8’

S. Meade .007 070 498 Pyroprobe (WHOI)
2930-2960 .015 .055 470 TGA/EGA  (AFR)
S. Meade .009 040 540 Pyroprobe (WHOI)

6100 040 .040 505 TGA/EGA (AFR)
Ikpikpuk .010 1.0 500 Pyroprobe (WHOI)

790 .010 4.0 450 TGA/EGA (AFR)

The values are in qualitative agreement. The TGA/EGA yields are, however, typically
higher. This may be reasonable in view of the possible losses of some heavy species
in the pyroprobe sample transfer lines.

SUMMARY

For coal, the TGA/EGA 1s capable of providing a proximate analysis. In addition, the
analysis provides not only the total volatile material, but also the individual
volatile species. The relative amounts of oxygen and hydrocarbon species provide a
good measure of rank and the concentration of functional groups. The evolution of
sulfur species provide data on the sulfur forms. Ignition and char reactivity
information can also be obtained. The changes in the coal functional group
composition during pyrolysis as determined by FT-IR are well correlated with the
evolved products (also determined by FT-IR). Analysis of oil shales and source rocks
also provides useful data on the organic structure, yield and reactivity of these
materials.
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INTERACTION BETWEEN COAL AND METHANE
DURING ENTRAINED-FLOW FLASH PYROLYSIS
IN RELATION TO ENHANCEMENT IN ETHYLENE YIELD

Muthu S. Sundaram* and Meyer Steinberg
Process Sciences Division
Brookhaven National Laboratory
Upton, NY 11973

ABSTRACT

The flash pyrolysis of coal in a methane atmosphere leads to a signi-
ficant improvement in total ethylene production by comparison with pyroly-
sis in an inert helium atmosphere. A study was undertaken to determine
the fractional contribution of coal and methane feed toward formation of
ethylene. The analytical method entails determination_of 3¢ distribution
in coal, methane feed, and product ethylene. The C distribution in
alkyl side chains (or polymethylene moities) of coal, which are considered
to be likely precursors for ethylene, was found to be higher than inthe
remaining carbon skeleton. The data available show an interaction between
methane and coal during entrained-flow flash pyrolysis of coal with
methane with respect to the increase in ethylene yield. At 1000°C and 50
psi methane, with a methane to coal ratio of 1.2, ethylene concentration
in the product stream is 1.3% by volume. Of this, 41.8% is produced from
coal and the remaining 58.2% is from methane feed. This corresponds to a
carbon conversion of 1.9% from methane and 1.6% from coal.

KEYWORDS: Coal; pyrolysis; gasification; methane; ethylene; isotope
ratio; carbon.

INTRODUCTION

Traditionally, flash pyrolysis of coals for the production of fuels
and chemicals has been carried out in a reactive hydrogen atmosphere and
non-reactive helium, nitrogen, and argon atmospheres. The fundamental
aspects of primary devolatilization of coal and secondary cracking of
volatiles in the above gas media have been investigated extensively under
various reaction conditions.

Over the past few years, Brookhaven National Laboratory has investi-
gated the possibility of using methane (or natural gas) as an entraining
gas in coal pyrolysis studies. Pyrolysis of coal in a methane atmosphere
resulted in enhanced ethylene and BTX yields over those obtained by the
flash pyrolysis of coal in an inert he]Bum atmosphere under the same con-
ditions of temperature and pressure.(l:2

The objective of the present study was to understand the role of
methane in enhancing ethylene production. Originally, experiments were

*To whom correspondence should be addressed.
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planned tagging the methane gas with a known amount of 13CH4. However,

this approach was economically impractical, since each experiment would

use several hundred litres of expensive CHg-13CHy gas mixture.  This

prompted us to look for other alternatives, and a successful attempt was

mgde taking advantage of the small difference in the natural abundance of
C in coal and methane,

The focus was on product ethylene rather than on producing a complete
13¢ material balance. Accordingly, this paper deals with the question:
How much of the ethylene in the product stream is produced from coal and
how much from methane feed?

EXPERIMENTAL

The flash pyrolysis experiments were carried out in an externally
heated 1-in.-diameter-by-8-ft-long downflow entrained tubular reactor,
Preheated helium and unlabeled methane gases were fed into the reactor to
a pressure of 50 psi. A New Mexico subbituminous coal, with analysis
shown in Table 1, was used in the study. The coal, premixed with 10% by
weight of Cab-0-Si1 (a fumed silica powder) to prevent agglomeration, was
dried in a vacuum oven overnight. The particle size of the coal was 150
&m or less, and coal from the same batch was used in pyrolysis experiments
reported here. The high temperature gas feed is mixed at the top of the
reactor preheating the gases at optimum conditions of temperature, coal-
feed rate and gas-feed rate chosen from previous studies so that a high
concentration of ethylene was obtained in the product stream.

Routine gas analyses were performed in an on-line GC. In addition,
grab samples of product gas mixture were collected in steel gas cylinders,
and the components in the gas mixture were separated from each other in a
conventional GC/MS system using a 6-ft Carbosieve S co]umn. The composi-
tions of normal ethylene (CyHz) and heavy ethylene (1 CCHa) in the mixture
were determined by selectively monitoring ions due to masses 28 and 29. A
typical example of ion profiles for masses 28, 29, 30, and 44 is shown in
Figure 1. The nitrogen peak is an impurity arising from the use of a gas-
tight syringe for transfer of gas samples from steel cy]inders 0 tEe
injection port of the GC/MS. From the integrated peak area, the 1
ratio for product ethylene is readily calculated.

RESULTS AND DISCUSSION

The natural abundance of 13¢C isotope is 1.1%. Dur1ng the process of
photosynthesis, there is a discrimination €§f1nst 3C02 in the rate of
assimilation when compared to that of CO,. As a result qf this iso-
tope fractionation, wood, crude oil, and coal are enriched in 12¢ by about
20 to 30 9/40. The isotopic constitution of carbon in some samples of
coal, wood, and methane gas frequently used in our laboratory is shown in
Table 2. Methﬁpe is lighter than either coal or biomass. An appreciable
difference in !3C enrichment between coal or biomass and methane is seen
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Table 1

Analysis of New Mexico Coal (wt %)

Rank: Subbituminous
Moisture (as received): 7.8

Proximate Analysis (dry):

Volatile Matter : 34.9
Fixed Carbon ;42,4
Ash : 22.4

Ultimate Analysis (dry):

Carbon : 55,
Hydrogen 4.
Nitrogen : 1,
Sulfur HE
Oxygen : 14,
(by diff.)

O o+ W

Table 2

Isotopic Constitution of Carbon in Selected Materials

*

Feedstock s(13¢), %/40 13¢/12¢ 12¢/13¢
Douglas Fir Wood -23.3 0.01098 91.11
Sugar Pine Wood -24.1 0.01097 91.19
I1linois No. 6

Bituminous Coal -25.7 0.01095 91.34
New Mexico

Subbituminous Coal -27.0 0.01093 91.46
Methane -41.4 0.01077 92.85

*Analyses reported in parts per mil (°/oo) and computed as follows:

13¢/12
s13¢ C/”“Csamp -1 x 1000
sample 13- 712
C/*“Cstandard
where, 13¢/12¢ 4 andard 1S COp from Belemnitella americana,

Cretaceous, Peedee formation, South Carolina, USA,

Chicago (PDB) standard.

and 13¢/12¢4 4 andard
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in.Tab1e 2. A small enrichment in 13C is observed in a higher-rank I11i-
nois No. 6 bituminous coal when compared with a lower-rank New Mexico sub-
bituminous coal. Monin reported a progressive 1ncreas€ in g 3 } found in

a series of coals from the Mahakam delta, Indonesia. The 5( C) value
increased from -29.5 9/, at the peat-lignite level to -27.6 9/,, at the
bituminous A level.

A vast literature exists on the partial oxidation and thermal crack-
ing of methane under various conditions. An excellent review of articles
on this subject is available in Reference 6. Methane, however, did not
undergo homogeneous decomposition in the BNL reactor. The Cab-0-Sil addi-
tive, spent char, and reactor walls made of Inconol 617 alloy were also
found not to promote the cracking of methane to ethylene in the absence of
coal,

The New Mexico subbituminous coal was pyrolyzed in a methane atmo-
sphere at 1000°9C. The same coal was pyrolyzed in a helium atmosphere for
comparison, The gas feed rates, in terms of 1b-mole per hour, were kept
identical in both atmospheres. The reaction conditions and the product
yields are shown in Table 3. The yields are customarily reported as per-
cent conversion of carbon contained in the feed coal to product.

The 13¢/12¢ ratios of product ethylene under various experimental
conditions obtained from GC/MS analyses with an error of 12%, are shown in
Table 4. The fo110w1ng points are noteworthy: (1) In dinert helium
atmosphere, the 13C/ ¢ ratio for ethylene is higher than for the original
coa] If 13 atoms were uniformly distributed throughout the coal

"structure," one wou]d not expect this fractionation effect. To explain
this nonhomogeneit g 13¢ distribution in the coal matrix, it is sug-
gested that the 13¢ d1str1but1on in alkyl side chains (or polymethylene
moieties), qf coal, which are considered to be 1ikely precursors for
ethylene, (5 is higher than in the remaining carbon skeleton, This
suggests that the origin of these alkyl side chains is different from the
rest of the coal. This might be due to a different kind of plant
material, a diagenesis organism, or something else. (2) In helium atmo-
sphere, the concentration of ethylene in the product stream decreases from
0.65% at 900°C to 0.35% at 1000°C. However, the concentration _in the
product stream or the pyrolysis temperature does not affect the 13C/ e
ratio for ethylene. (3) Ethylene concentration increases substantially
when the coal is pyrolyzed in methane. (4) The 13C/12C ratio for ethylene
from methanolysis experiments lies between that from a helium run and the
1 C/ C ratio for methane feed. This indicates that a part of ethylene in
the product stream comes from coal and the remaining from the methane
feed.

On the basis of 13C material balance with respect to product
ethylene, the actual fractional contributions of coal and methane feed in
the formation of ethylene can be determined. For this analysis, the
following assumptions are made:
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Table 3

Product Yield Data

Reactor Temprature, °C 900 1000 1000
Entraining Gas i He He CH
Gas Pressure, psi 50 50 5
Coal Feed Rate (1b/hr) 1.81 1.81 3.8
Gas Feed Rate (1b/hr) 1.04 1.04 4,74
Gas Feed Rate (1b-mole/hr) 0.26 0.26 0.29
Particle Residence Time (sec) 1.5 1.5 1.5

Product Yields*

CHg 5.4 6.7 ND
CoHa 3.3 1.7 3.2*
CoHg 0.3 0 0.5
87 3.5 3.3 5.9
co 4.6 7.2 5.3
C0p 1.8 2.1 1.8

* A1l yields based on the carbon contained in coal.
* Corrected to 1.6% after subtracting the contribution from the
methane feed.
Note: The difference in the coal flow rates was not great enough to cause
a significant change in ethylene yields.

Table 4

Isotopic Constitution of Carbon in Product Ethylene

Ethylene
Entraining Temperature Concentration .
Gas oc (mole %) 13¢/12¢ 135+
Helium 900 0.65 0.01295 0.01278
! 1000 0.35 0.01295 0.01278
Methane 1000 1.3 0.01167 0.01154
" - - 0.01077 0.01065

® Average of three analyses from samples collected under specified
conditions.

* Not to be confused with &(13¢), 9/40.
This is concentration of 13 atoms in the total of (12¢ + 13¢),
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(1) At given temperature and pressure conditions, the devolatiliza-
tion characteristics of coal are the same in both helium and
methane atmospheres,

(2) The 13¢/12¢ ratio is not affected by the coal feed rate,

(3) The kinetic isotope effect involving 13¢ and 12¢ atoms is negli-
gibly small.

Setting up a material balance for 13¢ in ethylene, we have

Wnfm 136m + Wefcl3s. = 801360 (1)
Wn = Amount of carbon in methane feed.

We = Amount of carbon in coal feed.

fo = Fraction of carbon in methane converted to ethylene.

fc = Fraction of carbon in coal converted to ethylene.

be = Total carbon in product ethylene.

135m = Concentration of 13¢ in methane feed.

135, = Average concentration of 13¢ in coal.

and 135e = Concentration of 13¢ in product ethylene in methane

atmosphere.

The effective concentration of 13C in coal involved in the formation
of ethylene, as measured in an inert helium atmosphere, can be related to
the average concentration of 13C in whole coal by the following expression:

135(; = a135H s (2)
where
136H = effective concentration of 13¢ in coal involved
in the formation of ethylene
@ = inhomogenity factor.

Substituting for 135c and dividing both sides of Eq. (1) by A4 e
have

Xldsm + X136y = 138, , (3)

where Xn = Wnfm/te (8)

= ratio of ethylene produced from methane
feed to total ethylene produced.

Xe = olcfe/ae (5)

= ratio of ethylene produced from coal to
total ethylene produced.
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From the definitions for X, and X, in Eqs. (4) and (5), it
follows that

Xp + X = 1.0 (6)

135, 135y, and 135, are experimentally determined and o can be

calculated from l3sy and 135.. Now, Eqs. (3) and (6) can be solved to
obtain the values for X and X..

Using the data shown in Table 4, X, and X, are calculated to be
0,5822 and 0,4178, respectively, which, since the kinetic isotope effect
between 13C and 12C is negligibly small, means that 58,22% of the ethylene
in the product stream is produced from methane feed and the remaining 41.7
originated in coal under the conditions employed. This corresponds to a
carbon conversion of 1.92% from methane and 1.58% from coal. The effect
of interaction between coal and methane in enhancing the total yield of
ethylene is, thus, clearly indicated. Conversion of methane to ethylene
in the presence of coal, as observed by the authors is somewhat higher
than the 0.9 - 1.0% conversion reported by Calkins from pyrolysis of
methane alone at 850°C for 0.5 sec in a fluidized-bed reactor after having
pyrolyzed Alcoa Texas lignite in it. 7 The higher carbon conversion in
BNL experiments is attributed to the higher temperature (8500C vs. 1000°¢)
and increased residence time (0.5 sec vs. 1.5 sec). Furthermore, the
mineral matter or char from the New Mexico sub-bituminous coal used in our
study could have been catalytically more active than the lignite used by
Calkins et al.

Though this study establishes that interaction between coal and meth-
ane effects total ethylene production, it is still not clear whether the
yield enhancement is due to catalytic cracking of methane on the coal sur-
face or due to chemical reaction of methane with "reactive" (free radical)
species generated from coal. It is our speculation that the mechanism is
associated with reaction of methane gas with figh-temperature-coal-
pyrolysistar., Reaction studies using representative model compounds can
give greater insight into the actual mechanism. Further investigation
with a complete 13¢ material balance between.reactants and all products
under different coal and methane feed rates is warranted.

CONCLUSION

Pyrolysis of coal 1in methane atmosphere leads to a significant
improvement in total ethylene production when compared to pyrolysis in an
inert helium atmosphere, This is due to an interaction between methane
and coal during entrained-flow flash pyrolysis. At 1000°C and 50 psi
pressure of methane, and a methane-to-coal ratio of 1.2, 1.9% carbon from
the methane feed, and 1.6% carbon from the coal feed were converted to
produce ethylene resulting in a concentration of 1,3 vol. % 1in the
effluent gas stream.
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UV RESONANCE RAMAN SPECTROSCOPY: A NEW TECHNIQUE FOR SPECIATION
OF AROMATICS IN COMPLEX MATRICES.

Sanford A. Asher and Colleen M. Jones

Department of Chemistry
University of Pittsburgh
Pittsburgh, Pa. 15260

Vibrational spectroscopic technigques such as IR and Raman
are exguisitely sensitive to molecular structure. These techn-
iques yield incisive results in studies of pure compounds or for
rather simple mixtures, but are rarely used for the analysis of
complax systems. Indeed, IR can be wutilized for guantitative
investigations 1in special cases for complex systems if the
analyte of interest shows an infrared absorption spectrally
resolved from that of other species in the sample.

Recent advances in laser and optical detection instrument-
ation permit the development of major new spectroscopio tech-
nigques. One of these, UV resonance Raman spectroscopy (1),
appears to be uniquely suited for studies of aromatic species
in fuels, coal liquids and in petroleum fractions(2,3). It is
possible to selectively excite the vibrational spectra of
particular ring systems in a complex sample to seperately
determine the types and concentrations of conjugated rings
present in a sample. Our laboratory has pioneered the develop—
ment of this spectroscopy over the last few years and this report
reviews our accomplishments and presents our view of the future.

EHENOMENOLOGY

Excitation of a molecule with monochromatic light results in
an induced dipole moment proportional to the magnitude of the
electric field of the incident 1ight and to the polarizability of
the molecule. The induced dipole moment which oscillates at the
frequency of the incident light derives from oscillating charges
which are accelerating and deaccelerating in time. An accelera—
ting charge must rcadiate 1light and this induced moment is
responsible for the elastic Rayleigh scattering observed for
molecules in the gas or condensad phase. Molecular vibrations
modulate the molecular polarizability., The molecular vibration
couples and beats against the oscillations of the induced dipole
moment. This results in a component of oscillation which has a
frequency offset from the monochromatic 1light source by a
vibrational frequency of the molecule. This is the origin of
Raman scattering (4).

The proportionality between the intensity of Raman scattered
light and the intenaity of incident 1light is measured by the
Raman cross section, U . The Raman cross section is proportional
to the forth power of the frequency and to the square of the
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Raman polarizability. The Raman polarizability is a strong
function of excitation frequency. Excitation within a molecular
elaectronic absorption band can resul* in a Raman cross section
increase of as much as seven orders of magnitude. This occurs
because of an increase in the magnitude of the induced moment
oscillating at the Raman frequency. This increase occurs because
of the dramatic polarizability increase of the molecule for
excitation frequencies within the molecular electronic absorption
band. Excitation in "resonance” with an absorption band results
in a resonance Raman spectrum.

The excitation frequency dependence of the Raman cross
saction can be utilized to selectively enhance the vibrational
Raman spectrum of one component within a complex mixture provided
excitation can selectively occur within a discrete absorption
band of the analyte. Over the last few years we have examined
tha factors which permit this selective enhancement. We have
developed new instrumentation, clarified the spectroscopic
fundamentals, and have begun to apply this new analytical techn—
igque to polycyclic aromatic hydrocarbons (PAH's).

INSTRUMENTATION

We recently described the construction of a UV and visible
wavelength Raman spectrometer which is continuously tunable from
217 to 800 nm and which 18 discretely tunable at shorter and
longer wavelengths wusing stimulated Raman shifting in a hydrogen
cell (5,6). A block diagram of the instrument is shown in Figure
l. The excitation source derives from a NA-YAG laser whose 1064
nm output is frequency doubled or tripled or gquadrupled by using
nonlinear optical techniques. The frequency doublaed or tripled
Yag excitation pumps a dye laser giving tunable 1light from
370-800 nm. UV light 1is generated by either frequency doubling
the dye laser output or by combining the doubled dye laser output
with the YAG fundamental. Excitation further in the UV derives
from Raman shifting of the gquadrupled Yag in hydrogen.

The UV excitation beam is diffusely focused on the sample
which either flows through the excitation beam in a stream
free of any sample walls, or flows in a quartz capillary. The
Raman scattered 1ight is collected by reflective optics to avoid
lens chromatic aberations and this 1light is focused onto the
entrance 8lit of a Spex Triplemate spectrometer-spectrograph.
The double spectrometer stage rejects the Rayleigh scattered
light by using subtractive dispersion. The spectrograph stage
disperses the Raman scattered 1light onto an EG&G PAR OMA II
intengified Reticon array. This optical multichannel detector
simultaneously detects the entire Raman spectrum dispersed
across its active surface and avoids the signal-to—noise limita-
tion associated with the pulse~to—-pulse fluctuations in effective
pulse energy of the laser. Except in the case of nonlinear
phenomena the signal-to-noise-ratios for typical signal levels
appear to be limited by photon shot noisa.
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FUNDAMENTALS

We developed a new technigue to measure, for the first time,
absolute Raman cross sections (7). We examined small molecules
such as CH,CN, SO;_ NO3, acetone, N-methyl acetamide as well as
other species and found that the intensities derived from
preresonance enhancement by transitions in the vacuum UV. Species
such as NOZ and N-methyl acetamide which have clearly assigned
T>T transitions show Raman cross sections which are essantially
dominated by these strong absorptions (8). The other species
show no discrete, easily assignable transitions in the vacuum UV
and show Raman cross sections which 1increase relatively slowly
(almost as v* ). A major point of these studies 1is that no
interference will occur from the resonance Raman scattering of
small molecules for excitation at wavelengths greater than 210
nm. For example, the carbonyl functional group of acetone and the
amide functional group of acetamide show n-— T7* =~ transitions
between 200 and 280 nm; however, these absorptions result in
negligible resonance Raman scattering. It is clear that species
containing these functional groups will not congest the Raman
spectra of mixtures. It should be realized, however, that the
signal-to—noise ratio of the spectra will decrease to the extent
that the excitation beam is absorbed by the absorption bands of
these species.

Little resonance Raman intensity is evident from the 260 nm
absorption spectrum of benzene (9). Indeed., the Raman intensity
observed for benzene with visible wavelength excitation derives
from excited states in the far vacuum UV spectral region. Major
increases in benzene Raman intensity occurs only for the V,
sympetric ring stretch at 992 cm-—:. This enhancement which
appears to derive from both the B,., and E,, transitions is only
evident for excitation below 230 nm. Thus, benzene is a relativ—
ely weak Raman scatterer in the 215-300 nm spectral raegion.
Substituted benzene derivatives, in contrast, show strong
resonance enhancement from their L, (in benzene B,,) transitions
(10), The aromatic ring modes increase in intensity by a factor
of 1000 compared to that in benzene excited between 215-240 nm.
This occurs primarily because ring substitution breaks the ring
symmetry and allows many ring vibrations to be Raman allowed.
Figure 2 compares the resonance Raman spectra of benzene, toluene
and phenylalanine with 230 nm excitation. The shaded peaks
derive from Raman bands of the solvents. Obviously, selective
enhancement is presant for substituted benzene derivatives.

Substituted benzene derivatives such as phenol, p—cresol.,
tyrosine, phenolata and tyrosinate have strong absorption bands
shifted to 1longer wavelength than that of alkyl substituted
benzenes (10,11)>. The oscillator strengths of the absorption
bands incresse and a large increase occurs in their UV Raman
intensities. Indeed, the L. transitions of p-cresolate, tyros-
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inate, and phenolate are shifted to 240 nm and excitation in these
absorption bands result in large resonance Raman intensities.

Polycyclic aromatic hydrocarbons show strong absorptions in
the UV (12). 1In general, the maximum wavelength for absorption
increases as the number of fused conjugated rings increase.
Although the longest wavelength absorption bands often show
modest oscillator strengths the second and higher singlet
transitions are strong. Figure 3 shows the absorption spectra of

a variety of polycyclic aromatic hydrocarbons. The absorption
spectrum of a solution of a coal liquid in water is shown as the
topmost spectrum. The broad strong absorptions of the coal

liquid sample derive from the numerous polycyclic hydrocarbon
ring systems present in the sample. Figure 4 {llustrates the UV
resonance Raman spectra displayed by the differsnt PAH's at
excitations close to their absorption spectral maxima.

The different PAH's can be selectively studied by utilizing
their wunique vibrational spectral features and by selectively
exciting each PAH in its relatively unique absorption bana (12).
Ring substitution alters the Raman spectra as can be seen by
comparing the UV Raman spectra of naphthalena and 1its 1- and
2— hydroxy derivatives(Fig. 5). Thus, the spectra are diagnostic
of ring substition patterns. 1Indeed, the substitutional isomers
show absorption spectral shifts which can be utilized to separately
and selectively excite the individual derivatives in mixtures.

The magnitude of resonance enhancement for these derivatives
is huge. For example, the Raman cross section for pyrene excited
at its 240 nm absorption spectral maximum is significantly greater
than 4 X 10-2® cm#®/6r molc. This compares to a cross section of
close to 10-2” cm2/sr molc for an alkane in this spectral region.
Thus, a dramatic selectivity exists for resonance enhancement of
polycyclic aromatic hydrocarbons versus saturated hydrocarbons
and nonaromatic ring systems. As discussed later, our values
for the cross sections of pyrene are underestimates because
saturation phenomena have prevented the penultimate measurements
of the cross sections. It is, howaver clear from figure 6 that
the detection limit for pyrene in acetonitrile solution 1is less
than 20 ppb. Recent improvements have decrsasaed the detection
limit to less than 1 ppb. This 1limit derives from optical
saturation phenomena due to the high laser peak powers, and is
not the ultimate detection limit.

ARELICATIONS

We are able to selectively enhance polycyclic aromatic ring
systems in complex samples of industrial analytical interest.
For example, our recent UV Raman study (2,3) of a coal liquid
dissolved in acetonitrile demonstrates that the spectra are
characterigtic of the polycyclic ring systems present in the coal
l1iquid samples (Figure 7). Different exocitation wavelengths
result in spectral changes which reflect alterations in the
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select ive enhancement of the polycyclic aromatic ring systems in
the sample. The fact that UV Raman measurements of these ring
systems 1is possible indicates that UV Raman spectroscopy is
apparently immune from the fluorescence intecrference phenomena
which plague normal visible wavelength Raman measurements of
typical environmental and industrial samples. This immunity
stems from the fact that few, if any, compounds show fluorescence
below 250 nm in condensed phase matrices (2).

The future is especially bright for the application of UV
Raman measurements to petroleum and coal 1liquid samples.
Information is available on conjugated fused ring systems. As
libraries of data become available on model systems it will
bacome practical to analyze typical samples for aromatic ring
content and overall substitution patterns. Unfortunately, the
technique is relatively insensitive to the exact structure of the
ring substituent unless it is unsaturated and conjugatad with the

ring. The spactra are, however, sensitive to the ring substitution

position.

Extraordinarily complex samples will require preseparation
prior to spectral identification of individual components. The
high sensitivity of UV Raman measurements can be effectively
utilized in the detection of polycyclic aromatic hydrocarbons
eluting from an HPLC column as is illustrated in figure 8.

Ths utility of UV. Raman spectroscopy for studies of fuels
is Jjust now being investigated. Many of the ongoing studies
focus on characterizing the spectroscopic phenomena involved and
relating spactral data to detailed ring structure. Other studies
involve developing new sampling methodologies. The present UV
laser excitation sources are pulsed with low duty cycles. These
pulses which are typically less than 5 nsec in duration have
extraordinarily high peak powers. These high peak powers can
result in peculiar optical phenomena which limit spectral
sensitivity and/or result 1in the creation and observation of
photochamical transient species (11), For example. recent
studies of tyrosine and phenol displayed spectral features
assignable to phenoxy and tyrosyl radical specias which were
formed due to photon absorption from the incident lasaer pulse. A
subsequent photon from the same excitation pulse was resonance
Raman scattered from the transient radical species. It was
interesting that the phenoxy radical forms only transiently and
decays back to ground state phenol with a milli- to micro-
second lifetime.

A more insidious limitation of the high peak power excita-
tion pulses is optical saturation phenomena (13). Figure 9 shows
three resonance RambBn spectra of pyrene in acetonitrile.
The acetonitrile peaks are sghaded. The differences between
the spectra derive from changes in the incident excitation pulse
power density. The important feature to nots is that the
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relative pyrene intensities compared to acetonitrile intensities
increase dramatically as the pulse power density decreeses.
Indeed, no intensity is evident for the acetonitrile at the
lowest laser excitation power. The acetonitrile intengities are
directly proportional to laser power. Thus, the acetonitrile
cross sections do not depend on the excitation power. In
contrast, the pyrene cross sections are obviously decresasing as
the excitation power density increases. Thus, the optimal cross
section for pyrene would occur for low power excitation.
Unfortunately, this condition {8 accompanied by low net Raman
intensities, poor signal-to-noise ratios and high detection
limits.

We are in the process of developing a quasi—-CW UV laser
excitation source to improve the sensitivity of UV Raman spectral
measurements. The 1likely detection 1limits for pyrene in pure
acetonitrile solutions, for example, are likely to be in the part
per trillion range. It should be realized that this represents
less than a femtogram of pyrene in the sample volume probed by
the laser. Further, we are in the process of examining cryogenic

sampling methodologies such as Shpol' skii and matrix isolation.

These techniques will lead to increased sensitivity and selectiv-
ity. Increased selectivity derives djirectly from narrowing
of vibrational Raman bands which permit finer resolution between
Raman bands of different species, and also the narrowing of the
Raman excitation profiles which permit higher resolution excita-
tion for the Raman spectra of individual species. Increased
sensitivity derives from the accompanying dramatic increases in
Raman intensity due to decreased homogeneous and inhomogeneous
linewidths of the electronic absorption bands.

We expect the next few years to result in major new advances

in the demonstrated utility and utilization of UV Raman spectros-—
copy as a technique for the study of PAH's in complex samples.
In addition to an increased vunderstanding of the fundamental
spectroscopic processes involved, the development of a library of
spectral data, and the development of simple sampl ing methodol-
ogies we expect major improvements in instrumentation which will
make the technigue routine and permit the commercialization of a
reasonably priced instrument.
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SUMMARY

The application of LC/MS to the analysis of an aromatic fraction of a
hydropyrolysis tar is described. The results are compared with those obtained
by GC/MS, low eV probe mass spectrometry and field desorption mass spectrometry.

INTRODUCTION

The production of liquids from coal gives rise to complex intermediates which
require detailed analysis to understand the processes occurring and to make
effective use of the products. Analysis has hitherto been based on structural
parameters from NMR methods (1) to give the average characteristics of the
sample, supplemented by molecular information from GC and GC/MS. The gas
chromatographic approach to molecular information is often hampered by lack of
volatility and is generally limited to aromatic systems of five or six condensed
rings with molecular weights up to about 300 (2). For samples with number
average molecular weights over 300, the molecular information available through
GC/MS describes less than half of the compounds present. To improve this
gituation we have investigated LC in conjunction with mass spectrometry for the
analysis of coal tar.

Liquid chromatographic separations of coal-derived oils have been followed
off-line by GC (3-6) and by probe-mass spectrometry (6). Directly combined
LC/MS studies of coal-derived samples are rare (7,8), although LC/MS of
standards found in coal tars (9) and of aromatic material from petroleum (10),
as well as super-critical fluid chromatography/MS applied to a coal tar extract
(11), have been described.

This paper describes the application of LC/MS to the analysis of an aromatic
fraction of a hydropyrolysis coal tar and compares the results with those
obtained by GC/MS, by mass spectral probe at low ionising voltage and by field
desorption mass spectrometry.

EXPERIMENTAL

Tar Sample and Fractionation

The tar chosen for study was produced by the hydropyrolysis of a high volatile
bituminous coal (82.9Z C; 5.3% H) at 500°C in 150 bar hydrogen in a fixed bed
reactor. The tar was first separated by solvent extraction into pentane
solubles, asphaltenes (pentane insoluble-benzene soluble) and preasphaltenes
(benzene insolubles); the pentane soluble fraction was further subdivided into
saturates, aromatics and polars by column chromatography on silica (12). The
separation scheme 1s shown in Figure 1 where ylelds for the various fractions
are given relative to the starting weight.
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Standard compounds

Standard compounds used to establish the mode of separation of the LC column
were cyclohexane, perhydropyrene, benzene, toluene, pentyl benzene,
sym-octahydrophenanthrene, naphthalene, methylnaphthalene, acenaphthene,
diphenyl, dibenzofuran, 9,10 dihydroanthracene, fluorene, phenanthrene, methyl
phenanthrene, pyrene, chrysene, perylene, dibenzanthracene and dibenzopyrene.

EQUIPMENT

The LC was performed using an analytical 3.9 x 300 mm stainless steel .10 im
Bondapak WNH, column with hexane as the mobile phase pumped at 1 ml min ~ by a
Waters 60004 pump. Detection was either by a variable wavelength Cecil 272
detector at 254 mm or a Finnigan 4000 mass spectrometer equipped with a moving
belt interface and an Incos data system. '

GC/MS examination was carried out using a Perkin-Elmer F17 gas chromatograph
with a 42 m glass SCOT capillary column coated with SP2100 phase which was
interfaced by a glass Jet separator to a Kratos MS30 double beam mass
spectrometer fitted with a DS55 data system. Mass spectrometric resolution of
3000 and a scan rate of 3 s/decade of mass enabled accurate mass measurement of
all the spectral peal&i. The gas chromatograph temperature-programme was from
85° to 285°C at 4°min .

MS 30 examination of the aromatics (at 10 eV) was achieved using a solids
injection probe heated from ambient temperature to 350°C. Field desorption mass
spectrometry on the same sample was performed using a Varian CH5 double
focussing instrument.

RESULTS AND DISCUSSION

The full ultimate and proximate analyses of the coal and tar asphaltenes and
aromatics are given in reference (1); the whole tar contained 82.2% C and 7.0%
H while the aromatics fraction contained 87.5Z C and 7.77 H. Number average
molecular weights of the whole tar and the aromatics were 260 and 250
respectively.

LC of standards and aromatic fraction

The LC/UV separation of some of the standards is shown 1in Figure 2. This
separation gave a linear relastionship between log capacity factor (corrected for
column dead volume) and the number of double bonds in the standard compound as
indicated in Figure 3. Thus, the elution volume 1s controlled by the
aromaticity of the compound and classes of similar compounds elute together with
their alkyl derivatives. This separation 1s significantly different from that
obtained by GC where the compounds elute in approximate boiling point order
which means that long chain alkyl aromatics coelute with unsubstituted but much
more condensed aromatics. Figure 4 shows that the LC/UV and LC/MS profiles of
the aromatic fraction are similar; any differences are due to the changes in UV
adsorbance with increasing aromaticity compared with the total ion current. The
first peaks in the LC/MS profile correspond to cycloalkanes, including the
biomarkers, pentacyclic triterpanes such as hopanes revealed by an intense m/z
191, which have no significant UV adsorption. Thelr presence indicates that the
saturates/aromatics split is not complete, possibly because the boiling range of
the sample exceeds that originally intended for the method (12).

Figures 5 to 8 show mass spectra of some of the more prominent peaks in the

total ion current profile of Figure 4. In each spectrum we have linked the
fragment or molecular 1on peaks for the various Z series of hydrocarbons by

182




s0lid lines. Z is defined by the general hydrocarbon formula CNH N+Z and
denotes the hydrogen deficiency compared with alkanes (where Z = +2) siznce each
double bond or ring adds (-2) to the Z number. The graphically represented 2
series indicate the range of homologues present in the spectrum but not the
aromatic structure since all structural isomers elute close together. The mass
spectra reveal that homologous series are prominent and extensive; Table 1
numerises the Z series found with the maximum alkyl chain homologues detected.

Other evidence for long alkyl chains (> C,), for example, from NMR analysis 1is
given 1in reference 1. Long Z series alié&atic and aromatics were also found in
off-line LC-field ionisation MS on two non-distillable SRC-I coal 1liquids(5),
these extended to over mass 700 and revealed long homologous series for the
different Z series. This similarity is not surprising since the SRC-I process
and hydropyrolysis at 500°C use very similar severities of treatment.

GC/MS

The GC/MS study revealed a complex alkylated aromatic mixture but only extending
to about mass 240, The total ion current profile in Figure 9 shows that the
number of structural isomers of overlapping alkylated aromatic types was so
great that the GC resolution was insufficient to cope and broad multiple peaks
were evident. The main unsubstituted aromatics are indicated in the Figure and
components found are listed in Table 2 which shows that there are numerous
highly alkylated aromatics.

Mass Spectrometry Probe

Figure 10 shows an averaged mass spectrum of the aromatic fraction obtained by
low ionising voltage probe MS. It reveals a complex series of aromatic
molecular ions with components such as alkyl-naphthalenes, alkyl-diphenyls,
alkyl-perylenes etc. up to mass 600, the upper limit of the mass range. The
average molecular weight, calculated as the 50%Z intensity of the averaged
spectrum 1s 260, i.e. close to the number average molecular weight determined
isopiestically.

Field Desorption Mass Spectrometry

Figure 11 shows the fileld desorption spectrum. There 1is no significant
intensity below mass 200 but a complex series of masses extending, at low
intensities, beyond mass 1000; the low molecular weight material observed by
LC/MS and GC/MS has presumably been pumped away in the mass spectrometer.

GENERAL DISCUSSION

This study indicates that on-line LC/MS gives chemical information on the
coal-derived aromatics which has not previously been obtained by other methods.
On the other hand, probe experiments have revealed the presence of high
molecular weight material which 1is not detected by LC/MS, most probably because
this material was not volatilised from the moving belt interface and therefore
did not enter the ion source (13).

The complex alkylated aromatics with evidence of the bilomarkers pentacyclic
triterpanes of the hopane type indicate that there has not been undue
degradation of the molecular structures and evidence from NMR (1) indicates that
the loss of hydroaromatic groups by aromatisation is one of the main reactions
taking place during mild hydropyrolysis; the small quantity of 1low carbon
number hydrocarbon gas (less than 5 wt % daf coal) produced during the
hydropyrolysis reinforces this view.
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Alkylated material, including up to C 0~ alkyl naphthalenes, has also been
obgerved (14-16) to evaporate from coais at low temperatures (>300°C) and has
been described as the remains of the oil produced during coalification the bulk
of which has migrated from the coal measures to oil and gas fields. The
aromatics fraction described in this work probably corresponds to a slightly
modified, wider molecular weight range fraction of the oil remnant.

CONCLUSIONS

LC/MS gives significant chemical information on a wide boiling sample of
aromatics derived from coal by revealing both the extent of the homologous
series, up to C20 alkyl substituents, and the size of the aromatic systems, up
to seven rings.”  This information is not revealed by other techniques such as
NMR, MS, or GC/MS. Although the method works satisfactorily on-line, there is
still discrimination against high molecular weight material.
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TABLE 1

Aromatic types detected by LC/MS

Mass of parent Z No. Name of one isomeric Maximum
of homologous C H structure alkyl chain
n  2n+Z
series detected

78 -6 Benzene >15
118 -8 Indan >20
116 =10 Indene >20
128 -12 Naphthalene >21
154 -14 Diphenyl >19
166 -16 Fluorene >19
178 -18 Phenanthrene >12
204 =20 Phenylnaphthalene 12
202 -22 Pyrene 15
228 -24 Chrysene 11
226 -26 Benzo(ghi)fluoranthene 11
252 -28 Benzopyrene 10
278 =30 Dibenzanthracene 10
276 =32 Naphthylphenanthrene 7
302 =34 Dibenzopyrene 8
300 =36 Coronene 9

TABLE 2

Aromatic types detected by GC/MS

Mass of parent Z No. Name of one isomeric Maxinum
of homologous C H structure alkyl chain
n  2n+2
series detected
78 -6 Benzene 5
118 -8 Indan 5
116 -10 Indene o*
128 ~12 Naphthalene 6
154 -14 Diphenyl 5
166 -16 Fluorene 4
178 -18 Phenanthrene 4
204 ~20 Phenylnaphthalene 2
202 =22 Pyrene 2
* Components of Z = -10 are not normally detected at masses less than

mass 186 corresponding to octahydro-phenanthrene although indene is
the lowest "parent" of the series.
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Negative Ton Processes for the Unambiguous
Identification of Polycyclic Aromatics*

M. V. Buchanan and M. B. Wise

Oak Ridge National Laboratory
P. 0. Box X
0ak Ridge, Tennessee 37831

The unambiguous identification of polycyclic aromatic hydrocarbons (PAH)} in a
complex mixture is a difficult analytical problem. Combined gas chromatography/
mass spectrometry is one of the most frequently used techniques for the analysis of
PAH in complex mixtures due to its ability to separate components prior to detec-
tion by the mass spectrometer. Conventional electron impact ionization is often
limited in its ability to identify PAH at the isomeric level because PAH generally
yield strong molecular jons with little or no fragmentation which would allow
isomeric species to be differentiated. The presence of a particular isomer in a
mixture can have a profound effect on the mixture's biological activity. For
example, benzo(a)pyrene is a well-known potent carcinogen, whereas its isomer,
benzo(e)pyrene is relatively inactive. Therefore, it is important to be able to
identify these compounds and even quantitatively determine their levels in the
presence of each other in order to fully assess a mixture's potential risk with
respect to human health,

A number of mass spectral techniques have been reported in recent years as a
means of differentiating isomeric PAH, including mixed charge exchange chemical
ionization (1,2), pulsed positive and negative chemical ionization using mixed
reagents (3,4), and metastable ion spectra (5). These methods rely upon comparing
the ratios of the observed ion intensities for the differentiation of the isomeric
compounds. This would 1imit the usefulness of these techniques to compounds for
which standards were available. 1Ideally, one would 1ike an analytical technique
which would not rely on the availability of authentic compounds. This is particu-
larly true in the case of PAH and alkyl-substituted PAH, where thousands of isomers
are possible, but relatively few are commercially available,

Recently, we have been investigating the use of electron capture negative ion
processes for the differentiation of isomeric PAH (6). Most PAH have positive
electron affinities ranging in magnitude from a few tenths to over one electron
volt (7). Electron capture reactions of PAH using both electron capture chromato-
graphic detectors (8,9} and negative ion chemical ionization mass spectrometry
(6,10-12) have been reported. In this paper, negative ion processes have been
investigated for the differentiation of isomeric PAH based upon relative differ-
ences in electron affinities. The use of these processes in both negative jon
chemical 1ionization mass spectrometry and a newly developed chromatographic
detector will be discussed.

In the electron capture negative ion chemical ionization (CI} experiments,
methane was used as a buffer gas and introduced into the ion source of a Hewlett-
Packard 5985B quadrupole mass spectrometer at a pressure of a few tenths of a torr
(6). Electron bombardment was used to ionize the methane. Under these conditions,
electrons with nearly thermal energy are produced and can be captured by compounds
to form anions. Initial experiments using these conditions revealed that some PAH
undergo electron capture to form molecular anions, M~, whereas others did not
ionize, as shown in Figure 1.

*Research sponsored by the Office of Health and Environmental Research,
U.S. Department of Energy under Contract No. DE-AC05-840R21400 with Martin Marietta
Energy Systems, Inc.
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Further studies using over forty PAH suggested that the jonization behavior
of the PAH under electron capture conditions was related to their electron affini-
ties. Electron affinities (EA) of complex molecules are difficult to measure
experimentally (7). However, EA values may be estimated from Hiickel molecular
orbital calculations (13). The EA of a PAH is linearly related to the energy of
the lowest unoccupied molecular orbital, e yMp, where

ELUNO = a* Mp+l B 1)

and o« and B are defined as the Coulomb and resonance integrals, respectively, and
Mpse1 s the coefficient of energy for the LUMO. The values of my.y have been
calculated for a large number of PAH and are available in a number of compilations
(14-16). Because mp+y is linearly related to e ymg, which is in turn linearly
related to the electron affinity of a molecule, mys+y values may be used as a
relative measure of EA values (6).

Using adiabatic EA values which had been calculated by Younkin et al., (17),
as well as my,) values, it was found that the jonization behavior of the PAH fell
into two groups with respect to their EA values, as shown in Table 1, Those with
EA values greater than 0.5 eV (or mp,; values greater than -0.42) jonized to
produce molecular anions. Compounds with lower EA values did not ionize and thus
were not observed, This difference in donization behavior permits a number of
isomeric PAH to be distinguished. For example, fluoranthene and pyrene, both with
a molecular weight of 202, are readily distinguished under the negative ion CI
conditions, with only fluoranthene yielding a molecular anion. Perhaps the most
important differentiation, however, is between the two benzopyrene isomers. As
stated previously, benzo(a)pyrene is a much more potent carcinogen than its isomer,
benzo(e)pyrene. Under negative ion CI conditions, only benzo(a)pyrene is ionized,
allowing it to be identified readily and quantitatively determined in the presence
of its isomer without interference.

The addition of alkyl groups to a PAH is predicted to alter the o term in
Equation 1 only slightly and thus have 1ittle effect on EA value of the alkylated
PAH (13). This prediction has been confirmed in studies using alkyl-substituted
PAH, which show that these compounds may be differentiated in a manner similar to
their parent compounds. This eliminates the need for standard compounds to
differentiate these compounds as wetl.

A number of nitrogen-substituted PAH have also been studied by the electron
capture negative ion CI techniques, and the same type of isomeric differentiation
is observed. A few of the compounds which have been studied are shown in Table 2.
The addition of a nitrogen into the ring system of a PAH raises the electron
affinity of the azaarene slightly above that of the parent PAH. This is observed
clearly in the case of acridine, which yields molecular anions, in contrast to the
corresponding PAH, anthracene, which does not ionize,

An example iilustrating the use of electron capture negative ion CI is shown
in Figure 2. In this figure are three total ion chromatograms of a PAH isolate
from a coal-derived 1iquid. The lower trace was obtained by conventional electron
impact ionization. The middle trace was obtained by methane chemical ionization in
the positive jon mode. In both of these chromatograms, all of the compounds are
ionized and the profiles appear essentially identical. The upper trace was
obtained in the electron capture negtive ion CI mode using methane as the buffer
gas. In this chromatogram, only compounds with EA values over 0.5 eV are observed,
allowing a number of isomers to be distinguished. Most notable is the differentia-
tion of fluoranthene (peak 1) and pyrene (peak 2), as well as the Cp-substituted
fluoranthenes (peak 4) and the Cp-substituted pyrenes (peak 5). Another feature of
this technique is also observed in Figure 2. Higher molecular weight compounds are
often difficult to observe using chromatographic methods. This is due to the fact
that the chromatographic efficiency drops off as the compounds are retained on the
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column for longer periods of time. In the negative ion CI mode, however, these
higher molecular weight PAH are more clearly observed than with either electron
impact or positive ion chemical ionization. The higher sensitivity of the com-
pounds in the electron capture process is due to the faster reaction rates of
electron-molecule reactions, in general, and the higher capture cross-section and
electron affinities of these larger PAH. The ability to detect these larger-ring
PAH is especially fimportant in the analysis of complex mixtures with respect to
human health risks because these compounds generally have higher biological
activity than compounds with fewer aromatic rings. Compounds with molecular
weights in excess of 350 have been observed in coal-derived liquids using this
technique,

Electron capture detectors (ECD), which are widely used in chromatography,
employ chemical processes which are similar to those used in electron capture
negative jon CI experiments. In the case of an ECD, the detector is operated at
atmospheric pressure instead of a few tenths of a torr, and a source of
g-radiation, usually 3H or 63Ni, is used instead of an electron filament for the
ionization of the buffer gas. Typically, a mixture of 10% methane in argon is used
as the buffer gas. The particles collide with the argon to produce metastable
ions, which then ionize methane to produce thermal electrons. As a compound enters
the detector cell and captures these electrons, the current measured at the anode
decreases, producing the resulting signal.

Studies of PAH using an ECD have shown that some differentiation may be
obtained based on the relative responses of the isomers (19). This differentiation
can be enhanced with the addition of dopants to the buffer gas, such as oxygen and
ethyl chloride (19,20). The similarity in the chemical processes used in an ECD
and the negative ion CI experiments prompted the investigation of whether a
chromatographic detector similar to an ECD but operated at lowered pressures would
yield the same type of distinct responses for isomeric PAH as was observed in the
mass spectrometry experiments.

A vacuum chamber was designed to contain a conventional ECD cell with a 63Ni
source. The chamber was constructed so that the pressure could be varied from a
few tenths of torr to atmospheric. A separate line supplied the buffer gas to the
cell and a fused silica capillary column was connected directly to the detector. A
more detailed description of the detector design has been submitted for
publication.

A mixture of four PAH, phenanthrene, anthracene, fluoranthene, and pyrene,
were first studied with the detector at atmospheric pressure. As shown in Figure
3a, only three of the four compounds were detected with the detector operated in
the conventional ECD mode. Phenanthrene has a Tow electron affinity (0.03 eV}, and
does not undergo electron capture (17,19). When the pressure in the detector was
lowered to about one torr, the direction of the chromatographic peaks were
reversed, as shown in Figure 3c. This reverse response indicates that the electron
population in the cell increased as the compounds eluted, representing electron
emission by the compounds themselves. The emission process yields approximately
equal response for all four compounds, in contrast with the distinctly different
relative responses observed in the electron capture mode at atmospheric pressure.

When the pressure within the variable pressure detector was increased to
approximately 200 torr, a third type of response was observed, as shown in
Figure 3b. The peaks for the two isomers fluoranthene and pyrene are in the
electron capture and electron emission modes, respectively, allowing them to be
readily distinguished. The peak for phenanthrene is in the electron emission mode
and that for anthracene is at a cross-over point between emission and capture
modes. At Tlower pressures, the peak would be negative, indicative of electron
emission, and at higher pressures, the peak would be positive, indicative of
electron capture. This demonstrated that differentiation of various isomers can be
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obtained with this new detector by selecting pressures where one isomer would be in
the electron capture mode, while the other isomer would be in the electron emission
mode. An example of this is shown in Figure 4. 1In the top profile, the detector
was operated in the emission mode and all components of a mixture of
alkyl-substituted phenanthrenes and anthracenes are observed. Raising the pressure
to 175 torr causes the substituted anthracenes to cross-over to the electron
capture mode, allowing them to be clearly differentiated from the isomeric alkyl-
substituted phenanthrenes.

This variable mode ionization detector can be operated in three distinct
modes just be changing the pressure within the cell. At atmospheric pressure, it
can be operated as a conventional ECD. At low pressures, it can be operated in the
electron emission mode and very level responses for each compound can be obtained,
not unlike electron impact ionization or flame ionization response. Finally, at
intermediate pressures, a high degree of selectivity for various compounds may be
obtained. In this latter mode, the same type of isomeric differentiation observed
in the negative ion CI mass spectrometry experiments can be obtained, but without
the need for the mass spectrometer. Not only can the detector be used in this mode
to distinguish various isomers, but also to selectively detect one class of
compounds in the presence of other classes,
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Table 1. Electron capture CI response of PAH

Base
Molecular peak
Compound weight -Mp+1a EAR m/z
Acenaphthylene 152 0.285 0.77 152
Anthanthrene 276 0.291 -c 276
Indeno(1,2,3-cd)pyrene 276 0.293 - 276
Benzo(i)fluoranthene 252 0.312 - 252
Benzo(a)pyrene 252 0.371 0.64 252
Fluoranthene 202 0.371 | 0.63 202
Benzo(b)fluoranthene 252 0.377 - 252
Benzo(ghi)fluoranthene 226 0.378 - 226
Azulene 128 0.400 0.77 128
Benzo(k)fluoranthene 252 0.401 - 252
Anthracene 178 0.414 0.49 -C
Dibenzo(a,i)pyrene 302 0.522 - 302
Dibenzo(a,e)pyrene 302 0.422 - 302
Benzo(ghi)perylene 276 0.439 0.51 276
Pyrene 202 0.445 0.45 -
Benzo(a)anthracene 228 0.452 0.42
Dibenzo(a,i)anthracene 278 0.492 0.33 -
Benzo(e)pyrene 252 0.497 0.35 -
1,2,3,4-Dibenzanthracene 278 0.499 0.34 -
Picene 278 0.502 0.29 -
Chrysene 228 0.520 0.26 -
1-Phenylnaphthalene 204 0.522 - -
Coronene 300 0.539 0.32 -
Benzo(c)phenanthrene 228 0.568 0.18 -
2-Phenylnaphthalene 204 0.565 - -
p-Terphenyl 230 0.593 - -
Phenanthrene 178 0.605 0.03 -
Naphthalene 128 0.618 -0.06 -

Biphenyl 154 0.705 -

3Calculated coefficient of energy for LUMO from Refs. 14,
15, and 16.

bcalculated electron affinity values from Ref. 17,

CThe - signifies that no response was observed.
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SEPARATION AND ANALYSIS OF HYDROXYAROMATIC SPECIES IN
LIQUID FUELS. 1. ANALYTICAL METHODOLOGY

J. B. Green, J. S. Thomson, S. K-T Yu, C. A. Treese,
B. K. Stierwalt, and C. P. Renaudo

Department of Fuels Research
National Institute for Petroleum and Energy Research
Division of IIT Research Institute
P, 0. Box 2128
Bartlesville, OK 74005

INTRODUCTION

The analysis of hydroxyaromatics (ArOH) in fuels has received considerable
attention for the last 20-30 years. Interest was especially high in the late
1970's and early 1980's during the "synfuels boom" because of the relatively
high concentrations of ArOH in shale oils and especially coal liquids. ArOH
as a class are important because they impact fuel properties such as its
stability, viscosity, water miscibility and toxicity as well as its behavior
in refinery processes. For example, Hara, et al. (1) and White et al. (2)
found that phenolic compounds contributed to sediment formation in SRC-IT coal
1iquid through oxidative coupling. In addition, ArQOH are believed to increase
viscosity by hydrogen bonding to nitrogen bases (3). Finally, ArOH and cyclic
ethers are believed to control the rate of hydrodeoxygenation of coal liquids
during hydrotreating processes (4).

The approach most commonly used for analysis of ArOH involves a prelimi-
nary step for their isolation from the bulk fuel matrix followed by analysis
of the ArOH concentrate. Aqueous extraction and liquid chromatography are the
most common methods for isolating ArOH; GC, GC/MS, MS, NMR, IR, and UV have
all been used singly or in combination for analysis of the ArOH concentrate.

While any of the pubiished methods will work on fuels rich in ArOH,
unsatisfactory results are often obtained on samples such as petroleum which
are low in ArQH as well as with samples with a higher average molecular weight
or boiling peint. For example, aqueous-alcoholic NaOH extraction yields
negligible amounts of acidic material from high-boiling petroleum distillates
and residues which actually contain 10-20 weight-percent acidic compounds
(5). The hydrophobic nature of larger molecular weight acids prevents them
from partitioning into the aqueous phase.

Liquid chromatography on alumina probably has the widest applicability
for isolation of ArOH from fuels (6-11), although methods using silica as the
adsorbent have also been reported (11-17). Reportedly, the silica-based
methods have yielded ArOH fractions also containing nitrogen compounds (11,13,
14) but Schabron et al. (16) and Hurtubise et al. (17) reported that pre-
treating the silica with HC1 eliminates this problem by forming HC1-salts of
nitrogen bases on the column, thereby preventing their coelution with ArOH.
Coelution of nitrogen compounds with ArOH has also been reported to be a
problem with alumina-based separations (10,15). On the other hand, nonaqueocus
fon exchange chromatography has been used to obtain ArOH concentrates, either
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by sequential elution of the ion exchange resin (3,18,19) or by subfractiona-
ation of the total acid concentrate on alumina (20,21). Since nitrogen bases
are trapped by a cation resin and Ar0H by an anion resin in that procedure,
overlap of those classes is minimal. Finally, size exclusion chromatography
with THF eluent separates ArQH as a class from coal liquids (22,23).
Reportedly, phenols hydrogen bond to THF, thereby effectively increasing their
molecular size and decreasing their elution volume from the size exclusion
column. .

Chemical derivatization of ArOH often facilitates subsequent chromato-
graphic and/or spectroscopic analysis. Acylation with fluorinated acid
anhydrides or acid chlorides has been used in conjunction with GC (24) and
especially NMR methods (25-29). This reaction has also been used extensively
to determine primary aromatic amines in coal liquids. Similarly, silylation
with a variety of reagents enables specific ArOH analysis by NMR (13,30) and
GC/MS (31,32). Chemical derivatization is useful from both qualitative and
quantitative standpoints because 1) it eliminates many potential O-containing
interfering compound classes which will not react (e.g., ketones, ethers), 2)
it adds a chemical moiety containing elements not commonly in fuels (e.g.
F,Si) allowing for specific detection of ArOH, 3) it significantly adds to the
molecular weight of the ArOH which facilitates mass spectral analysis because
the derivatized ArOH molecular ions are at significantly higher mass than
interfering compounds, 4) it improves gas chromatographic resolution of ArOH,
and 5) it alters the polarity of ArOH which can enable their further separa-
tion from interfering compound classes.

The ArOH analysis method described here is based on 1) initial isolation
of a total acid concentrate by nonaqueous ion exchange chromatography, 2) sub-
fractionation of the acids into compound class fractions by HPLC, 3) chemical
derivatization via acylation or silylation, and 4) GC/MS analysis of the
derivatized ArOH concentrate. The objective of the scheme is to provide de-
tailed analysis of ArOH species regardless of fuel type and overall concen-
tration of ArOH present. Because the ultimate analysis is by GC/MS, the
method is limited to distillates boiling below approximately 500° C (932° F).

Nonaqueous ion exchange chromatography was chosen for the first step
because it separates acidic types from the bulk hydrocarbon matrix as well as
from basic nitrogen compounds. As discussed previously, many of the published
schemes based on silica or alumina overlap some nitrogen compound types into
the ArOH fraction. This presents a serious interference for GC/MS analysis
because nitrogen compounds yield even-numbered fragments which can partially
or completely obscure parent ArOH jons. Chemical derivatization alone fre-
quently cannot compensate for this interference because many N-compounds also
derivatize. HPLC was chosen over the previously cited open-column separation
methods for subfractionating acids because of its higher chromatographic reso-
lution, use of automated instrumentation, use of detectors which continuously
monitor the separation, and microprocessor-controlled solvent gradient and
pump., The above factors coupled with the fact that a single column may be
used for numerous samples result in much higher quality, more reproducible
ArOH concentrates. This dual-liquid chromatographic approach has the follow-
ing inherent advantages: 1) acidic compounds are concentrated in the first
step from bulk fuel components and then subfractionated in a second step --
this approach is especially suited to fuels which contain low amounts of ArQH,
2) extremely hydrophobic or hydrophilic ArOH which are incompletely recovered
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in aqueous extraction procedures pose no special problems for this procedure,
3) the complementary selectivities of the ion exchange and HPLC separations
yield ArOH concentrates relatively free of other compound classes, 4) it has
been evaluated using numerous pure compounds as well as a wide variety of
fuels, and 5) it yields concentrates of other major acidic compound classes
suitable for detailed analysis.

EXPERIMENTAL

Preliminary Fractionation of Fuels

Details of distillation (4,33) and nonagueous ion exchange isolation of
acid concentrates (5) appear elsewhere. Distillation was not absolutely
necessary for analysis of ArOH, but the Tevel of information obtained on
higher boiling ArOH was enhanced if the bulk of the phenols and indanols/
tetralinols were distilled into a 1ight (ca. 200-325° C) boiling fraction.

»
Preparative HPLC Subfractionation of Acid Concentrates

A preliminary evaluation of HPLC methods for acid subfractionation (34)
and a study of the liquid chromatographic behavior of acidic compounds on
silica using mobile phases spiked with tetraalkylammonium hydroxides (35) give
background information on the HPLC method used here. Table 1 shows details of
the equipment and conditions for the acid subfractionation.

TABLE 1. Conditions for HPLC Subfractionation of Acid Concentrates

Column - 30 cm X 2.5 cm (I.D.) 316 ss
Packing-Adsorbosil-LC (Alltech Assoc. ~10u prep grade silica)
N (average plates/m) - 15,000-20,000

Flow rate - 28 mL/min

Chart speed - 0.5 cm/min

Temperature - 35.0° C

Detector (uv) - ISCO UA-5, 1 mm path cell, 280 nm, 0-2 AUFS
Apparatus - Spectra Physics M8000 HPLC

Injection vol (mL) - 1.8

Injection amount (mg) - 300

Gradient - (linear)

Volume Percent

Time (min) A B C
0 88 12 0
2 88 12 0
17 78 22 0

30 20 80 0
38 20 80 0
50 0 30 70
51 0 30 70
53 88 12 0

m I

: Methyl t-but¥1 ether (MTBE)

: 70 percent (¥/,) MTBE, 30 percent (V/v) methanol, 0.03 percent tetra-
methylammonium hydroxide

¢ Methanol with 0.03 percent tetramethylammonium hydroxide.

o
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Chemical Derivatization of ArOH

Acylations were done at room temperature by bubbling trifluoroacety!l
chloride (TFAC1) (SCM Speciality Chemicals, Gainsville, FL) into 0.5 mL of
benzene containing 0.05 M triethylamine catalyst and 1-2 mg ArOH for 30
minutes. Nitrogen gas was passed through the reacted ArOH for 10 minutes to
remove residual TFAC1, and the reaction mix was transferred to a 1-mL propyl-
sulfonic acid-bonded silica cartridge (PRS Bond Elute, Analytichem Inter-
national, Harbor City, CA) and eluted with 10 mL dichloromethane. The bonded
silica cartridge removed triethylamine catalyst and trifluorocacetic acid pro-
duced as a by-product from reaction of TFAC1 and water. Either of the above
contaminants gave rise to a large, poorly eluting GC peak which interfered
with analysis of CO-C3 phenols.

Silylation was accomplished by heating a mixture of 0.5 mL BSTFA contain-
ing 10 percent TMCS catalyst (N,0-bis(trimethylsilyl)-trifluoroacetamide, 10
percent trimethylchlorosilane; Regis Chemical, Morton Grove, IL) and 4 mg ArOH
dissolved in 1.0 mL benzene at 60° C for one hour.

The silylated and acetylated ArOH were concentrated to 0.1-0.2 mL under
nitrogen prior to injection into the GC.

GC/MS

A Kratos (Ramsey, NJ) MS-80 GC/MS system comprised of a Carlo Erba model
4662 temperature programmed GC, Scientific Glass Engineering (Austin, TX)
open-split interface, EI source, MS-80 magnetic-scan mass spectrometer and
Data General Nova 4-based 05-55 data system was used for all analyses. A 0.25
mm X 30 m, 0.25 ym film thickness J and W (Rancho Cordova, CA) DB-5 column was
programmed from 50° C (initial time one minute) at a 5° C/min to 350° C (hold
20 minutes) for a typical ArOH concentrate. Other instrumental conditions
were: injector - 300° C, 100:1 split; GC/MS interface - 300° C, He make uB 1
mL/min (50 mL/min for solvent peak purge); column head pressure 1.25 Kg/cm
(1 mL/min He); mass spectral conditions - 70 eV ionizing voltage, 1,000
dynamic resolution, 0.5 sec/decade scan rate, source pressure 5 X 107° torr,
and source temperature 300° C.

RESULTS AND DISCUSSION

HPLC Acid Subfractionation

Figure 1 shows UV detector traces from HPLC separation of typical acid
concentrates obtained by nonaqueous ion exchange as well as a chromatogram of
a synthetic blend (STD) of acidic compounds typical of those in fuels. Strong
and weak acid concentrates are obtained from ion exchange separation of dis-
tillation residues (5); thus, Figure 1 shows traces from subfractionation of
strong and weak acids from SRC-I1 >325° C and OSCR shale oi1 >200° C residues
whereas total acids were separated from the Wilmington, CA, 370-535° C petro-
Teum distillate.

As indicated in the figure, five or six subfractions are typically ob-

tained from this separation. Fraction 1 contains very weak acids as wel} as
any neutral compounds present as contaminants from the ion exchange procedure.
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Fraction 2 is largely made up of pyrrolic benzologs. For example, GC/MS
analysis of fraction 2 from the SRC-II >325° C weak acid concentrate showed it
to contain largely Cy-C,4 carbazoles.

Originally, fraction 3 was isolated because it was uncertain whether this
retention region would contain hindered phenols, strongly retained pyrrolic
benzologs, or possibly amides (see corresponding compounds eluting in STD in
Figure 1). Subsequent analysis of this fraction revealed it to usually
contain hindered phenols; hence in much of the authors' current work, fraction
3 is combined with fraction 4 -- the main ArOH subfraction. Cut points for
fraction 4 are usually defined by retention of 2,4,5-trimethylphenol and 2-
naphthol (see STD, Figure 1). However, as indicated in the figure, sometimes
the final cut point is extended beyond this range during separation of syn-
thetic fuels or other fuels not 1likely to contain carboxylic acids. Subse-
quent work (35) with a chloroform-based mobile phase has indicated that much
of the retention of polycyclic ArOH beyond that of 2-naphthol is due to their
poor solubility in methyl t-butyl ether (MTBE). Hence, conditions specified
in Table 1 are no longer used for subfractionation of nondistillable acids.
Instead, an analogous mobile phase system is used where chloroform is substi-
%uted for MTBE as the bulk solvent. Details of this separation are available

36).

In separations of petroleum acid concentrates (Figure 1, Wilmington 370-
535° C), fraction 5 cut points are set such that it will contain the bulk of
the carboxylic acids present. A later eluting fraction 6 is then obtained
which contains either very acidic (i.e., condensed aromatic) carboxylic acids,
dicarboxylic acids, and/or polyfunctional compounds. With synfuels, all
compounds more retained than ArOH are usually lumped into the fifth subfrac-
tion. This subfraction probably contains dihydroxyaromatics as well as
hydroxylated nitrogen heterocycles (35), such as those recently identified in
a SRC-IT coal Tiquid (37). As expected, weak acid concentrates show very
Tittle material eluting in fractions 4-6.

As stated previously, one of the objectives of the 1iquid chromatographic
separations was to obtain ArQOH fractions relatively free of nitrogen com-
pounds. Figure 2 shows that this objective was largely met as evidenced by
the dual FID/NPD GC chromatograms of representative ArOH subfractions. The
sensitivity ratio of the FID/NPD detectors was adjusted such that carbazole
gave an FID/NPD response ratio of two. The largest concentration of nitrogen
compounds observed was in the fraction from OSCR shale oil. This observation
is consistent with relatively high concentrations of amides such as 2-hydroxy
pyridines in shale 011 (21,38). Amides with two free hydrogens (e.g. benz-
amide) and amides analogous to 2-hydroxypyridine are known to elute into the
Ar0H subfraction in this HPLC system (35).

Chemical Derivatization

Tables 2 and 3 show yields of silylated and acylated hydroxy compounds,
respectively. The highly hindered 2,4,6-tri-t-butylphenol did not react in
either system, but most other ArOH reacted in good yield in both systems. As
shown by Table 3, use of 6:1 molar ratio of catalyst to ArOH gave improved
yields over those obtained using a 0.6:1 ratio. Triethylamine serves a dual
role as catalyst and HC1 scavenger (25,26); thus, an excess is necessary for
quantitative yields.
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TABLE 2. - Results of BSTFA silylation of Pure
alcohols and hydroxyaromatics

Compound Percent Reacted
Alcohols

1-Dodecano? 99.9
9-Hydroxyfluorene 99.7
1-Acenaphthenol 100.0
Hydroxyaromatics

o-Cresol 98.3
2,6-Dimethylphenol 99.9
2,4,6-Tri-t-butyiphenol 0
2-Naphthol 99.8

Dihydroxyaromatics
Resorcinol 0,1002

l 10 Percent trichlorosilane catalyst.

2 The first number indicates percentage reacted at
one OH, the second number indicates the percent-
age reacted at both OH-sites.

GC/MS

Figures 3 and 4 show total ion current GC/MS profiles of ArQH, acylated
ArOH, and silylated ArOH in SRC-II 200-325° C distillate and >325° C residue,
respectively. Inspection of the figures and analysis of the resulting data
lead to the following conclusions. 1) Acylated ArOH are more volatile than
their underivatized counterparts while silylated ArOH are less volatile than
plain ArOH. 2) Chemical derivatization greatly improves gas chromatographic
resolution of ArOH on nonpolar columns. This feature is especially obvious in
Figure 4, where the resulting mass spectra from the underivatized ArOH run
were so complex they were essentially unanalyzable. Even in the case of the
low boiling SRC-II ArOH (Figure 3), many more isomers of a given ArOH homolog
were observed in GC/MS runs of derivatized ArOH. For example, only two C,-
phenols were resolved in GC/MS of underivatized ArOH (Figure 3A), whereas six
were detected during amalysis of both the acylated (Figure 3B) and silylated
ArOH (Figure 3C). In the case of Cs-phenols, the number of isomers resolved
in Figures 3(A-C) were 4, 9, and 5, respectively. 3) Mass spectra from acyl-
ated ArOH are much more characteristic and therefore more useful for qualita-
tive identification of ArOH than either silylated or underivatized ArOH.
However, silylated ArOH give stronger parent (M+) and M-15 ions which enables
more sensitive detection of minor components in ArOH subfractions. These
points are discussed in detail below.
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TABLE 3. - Results of TFAC1 acylation of pure alcohols
and hydroxyaromatics

Catalyst ratio 1

0 0.6 6
Compound Percent Reacted
Alcohols
1-Dodecanol 100 100 100
9-Hydroxyfluorene 77 100 -
1-Acenaphthenol 10 100 -
Hydroxyaromatics
o-Cresol <1 43 100
2,4-Dimethy 1pheno] <1 80 100
2,6-Dimethy1pheno] <1 8 100
2,4-Dimethy1-6-t-butylphenol 0 0 48
2,4,6-Tri-t-butylphenol - 0 0
2-Hydroxybipheny1 0 40 100
2-Naphthol <1 89 98
9-Phenanthrol <1 100 -
Dihydroxyaromatics
Catechol 2,02 15,79% --
Resorcinol 0 12,88 0,100

1 Molar ratio of triethylamine catalyst to reactant.
The first number indicates percentage reacted at one OH; the second number
number indicates the percentage reacted at both OH-sites.

Figures 5 and 6 show mass spectra of individual peaks from GC/MS of ArOH
fractions from fuels. Figures 5 (A-C) show representative spectra of phenol,
a cresol and a C,-phenol from silylated ArOH isolated from Wilmington <370° C
distillate. Obviously, the dominant ions in the spectra are the parent ions
(M+), M-15 jons produced from loss of a methyl group from the trimethylsilyl
ether moiety, and m/e 73 ions from (CH3)3Si+. Spectra in Figures 5 (D-F) are
a1l Co-phenols obtained from GC/MS of acylated ArOH from the same Wilmington
distillate. Parent ions (m/e 218) are certainly intense in the acylated C,-
phenols, but they do not overshadow the fragment ions to the extent observed
in spectra of silylated ArOH. Also, M-97 ions (m/e 121) representing loss of
the CF3C(0)0+ functionality are apparent as well as m/e 69 ions from CFq+.
More importantly, loss of CH3 in the ethylphenol (Figure 5F) can be usea to
distinguish it from dimethylphenols (Figures 5D and 5E) in the acylated
fraction, whereas all silylated C,-phenols show M-15 jons. Furthermore,
spectra of the two acylated dimethylphenols are easily distinguished by the
presence of the m/e 175 ion in only one as well as the large difference in
intensity of the m/e 121 ion. Thus, Figure 5 demonstrates the greatly
enhanced utility of acylation over silylation for identification of specific
ArOH isomers. On the other hand, GC/MS of underivatized Wilmington <370° C
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ArOH resolved only one cresol and only one C%-phenol; thus, no isomeric

information was obtained whatsoever from that analysis. All three cresols and
up to six C2-phenols have been observed from GC/MS of derivatized ArQH.

Figure 6 further illustrates points made by Figure 5; also, it shows the
need for standard spectra of acylated ArOH to aid in identification of ArOH in
fuels. Figures 6A and 6B show spectra of two C,-indanols and Figure 6C shows
a Cy-tetralinol from analysis of acylated SRC-IT 200-325° C ArOH. Figure 6C
can'be identified as a 2- or 3-methyltetralinol by the fragment ion at m/e 216
produced from retro-Diels-Alder loss of propylene from the methyl-substituted
six-membered saturated ring (39). Indanols do not show this type of fragmen-
tation, but do readily lose any alkyl groups substituted onto the cyclopentyl
ring. Thus, Figure 6A shows a C,-indanol with one methyl group on the
saturated ring (M-15 = 243) and Eigure 68 shows what is probably an indanol
with an ethyl group substituted on the cyclopentyl ring (m-29 = 229). With a
sufficient 1ibrary of standard acylated ArOH spectra, identification of a
large number of phenol and indanol/tetralinol isomers would be possible.

Figures 6 (D-F) further emphasize the need for standard spectra. These
spectra show mass 280 (184 underivatized) members of the C H,, 140 series
from OSCR >200° C shale oil (6D), SRC-II 200-325° C (6E) and gRé-II >325° €
(6F) acylated ArOH fractions. Possible structures for this series include:
hydroxybiphenyls, hydroxyacenaphthalenes, benzindanols and benztetralinols.
Although the spectra in Figures 6 (D-F) are distinctively different, it is
quite difficult to definitively assign a structure to each because of the lack
of reference spectra. Usually, this series is referred to as hydroxybiphenyls
in the literature; but, considering the differences in these and many other
spectra not shown it appears very doubtful that all members of this series are
hydroxybiphenyls. After phenols and indanols/tetralinols, this series is the
most abundant in most ArQOH concentrates. Current best guesses at assignment
of Figures 6(D-E) are: (6D) C,-hydroxybipheny1, (6E) C1-2-hydroxybipheny1, and
(6F) C-hydroxyacenaphthalene.

CONCLUSIONS

The combined 1iquid chromatographic-chemical derivatization-GC/MS
approach can provide a detailed analysis of ArOH in fuels boiling below
500° C. Acylation is usually the preferred derivatization method because it
enhances the volatility of ArOH and provides the most useful mass spectra for
compound identification. Currently, the greatest limitation on the method is
the unavailability of standard spectra for acylated ArOH. Part 2 of this
series presents results from detailed analysis of ArOH from SRC-II coal
1iquid, OSCR shale oil and Wilmington, CA, petroleum (40).
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evident from analysis of higher boiling ArOH fractions. Higher
molecular weight silylated ArOH (e.g. pyrenols) were not eluted
from the GC column.
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Mass spectra of silylated C4-Cy phenols (A-C) and acylated Cp-
phenols (D-F) from analysis of Wilmington <370° C ArQH.
large M-15 fragment in A-C and see text for explanation of D-F.
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Mass spectra of acylated C,-indanols (A,B) and a C-tetralinol (C)
from SRC-II1 200-325° C Aroﬁ, and representative spectra from
acylated members of the C H2n_1 0 series from <200° C shale o1l
(D), SRC-II 200-325° C (ES‘ and §RC-II >325° ¢ (F) ArOH fractions.
See text.
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STUDYING COAL MOLECULAR STRUCTURE WITH ELECTRON SPIN ECHO SPECTROSCOPY

R. B. Clarkson, R, L. Belford, J, Cornelius, and P, Snetsinger

Illinois ESR Research Center and Department of Chemistry
University of Illinois
Urbana, Illinois 61801

and
M. K. Bowman

Argonne National Laboratory
Argonne, Illinois

For several years, a major research goal of our laboratory has been
the development of non—destructive spectroscopic techniques designed to
study the molecular structure present in whole coal macerals, Our inter-
est in this grows from our desire to know in more detail the microscopic
structure of the organic components in coal in order to better determine
the effects of various coal beneficiation technologies (e.g. various
desulfurization techniques) on that structure. In this paper we wish to
report on our progress using one very promising approach - Electron Spin
Echo (ESE) spectroscopy. We will first briefly review the ESE technique
and then present results obtained from Illinois #6 whole coal.

BACKGROUND

The physical and chemical characterization of whole coal by spectro-
scopic techniques presents several challenging problems. As Retcofsky
points out in a good review of the applications of various spectroscopies
to the coal system, the opaque, relatively non-volatile and insoluble
nature of whole coal renders it a poor sample for conventional visible,
Uv, Raman, and mass spectrometry {1}. As a consequence of these difficul-
ties, it has been customary to dissolve, extract, or volatilize coal prior
to studying its atomic and molecular structure, and these pre-spectroscopic
treatments have been shown to produce materials for examination that no
longer represent the state of affairs in the whole coal itself. Magnetic
resonance techniques (NMR, EPR, ESE, ENDOR) are not adversely effected by
coal's physical properties, however, and these spectroscopies have played
a role of ever increasing importance in coal characterization since 1954
when the first EPR spectrum of coal was obtained [2,3]. In particular, we
know that new methods of performing the EPR expen.ment in the time domain
hold exciting promise for the elucidation of the atomic and molecular
structure of whole coal,

Electron Paramagnetic Resonance (EPR) looks at the energies associ-
ated with the magnetic dipole transitions of unpaired electrons. In coal,
these urpaired electrons most often are associated with naturally occur-
ring free radicals, which are present in all Illinois coals., While the
stable free radicals in coal are interesting in themselves, they are of
importance to our work in that they act as probes of the atomic envirom
ment in which they find themselves. Because of electron-nuclear dipole
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interactions, the unpaired electrons "report® on the distance and orienta-
tion of neighboring nuclei with nomzero nuclear dipole moments (j.e. I #
(o] nucleli through the EFR ﬁgnal Such nuclei include hydrogen (“H),

carbon ( , and sulfur ( Thus EPR is, in principle, able to give
detailed mformation concernmg the structure of coal, The excellent
sensitivity of EPR (it can observe as few as 10’ unpaired spins under
favorable conditions) and the fact that it can be observed while
subjecting coal to thermal and chemical treatments are other key benefits
of studying coal by this spectroscopic technique.

In order to illustrate the main features of EFR spectra, and to gain
insights into the characteristics of the EPR spectra from coal, let us
consider a specific example. Figure 1 shows the EPR spectrum of a radical
believed to occur naturally in coall[4]. This condensed ring aromatic,
perylene, has three magnetically inequivalent protons which give rise to
the complex and uniquely characteristic spectrum through their interaction
with the unpaired electron of the radical. The excellent resolution of
all the energies of interaction is due to the fact that the ion is freely
tumbling in solution, If the species is immobilized by adsorption on a
solid, a spectrum like that shown in Figure 2 results, Note that much of
the resolution (detail) has disappeared, This spectrum no longer exhibits
enough resolved information to identify the structure of the species giv—
ing rise to it; we will need somehow to extract the now unresolved infor-
mation,

This example illustrates the key problem that needs to be addressed
before EPR can be used to probe the atomic and molecular structure of
coal. A new technique needs to be employed to resolve the important
structural information that is obscured by so~called inhomogeneous broad-
ening and various anisotropic interactions usually averaged to zero when
the species are tumbling rapidly in solution. We have recently
demonstrated that Electron Spin Echo spectroscopy (ESE) does, in fact,
achieve this spectral resolution of the structural detail (hyperfine
structure) from radicals in coal, Figure 3 is a Fourier transformed ESE
spectrum of the adsorbed perylene radical showing the resolution of all
three proton hyperfine couplings, including the weakest (about 2 MHz),
vwhich cannot be resolved by cw EFR (5]. This spectrum has the same format
as an ENDOR spectrum, i.e,

£; (ENDR) = £(proton) + |A;|/2, 1)

where £; (FFDR) is the frequengy of the ith ENDOR transition, f(proton) is
the precess:.onal frequency of *H at the magnetlc field of the experiment

(H} this case f(proton) = 13.9 MHz) and IA | is the absolute value of the
proto nlhyperfme coupling constant. In Flgure 3, only the frequencies
below the

H precessional frequency are shown,

Although the ideas behind ESE techniques are as old as magnetic reso-
nance itself (1946), the general application of spin echo methods to para-
magnetic systems has occurred in only the last few years with the advent
of very high speed digital electronics under computer control. Unlike the
familiar continuous wave (cw) EPR experiment, which has been available in
commercial instrumentation for nearly 20 years, ESE spectroscopy is not
yet commercially available, and only a dozen or so laboratories throughout
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the world currently perform the experiment. For an excellent review of
the theory and early applications of ESE spectroscopy, the book by Kevan
and Schwartz is recommended [6].

Unlike cw EPR, ESE is a pulsed microwave experiment, Very short mi-
crowave pulses excite the paramagnetic spin system, and the time evolution
of the magnetization is monitored, Certain pulse schemes, characterized
by the number of degrees the magnetization vector is tipped by each pulse,
are known to generate a strong instantaneous magnetization in the sample
following the sequence, Typical pulse schemes known to induce this re-
phasing or Mecho® effect are 90° - T~ 180° (Hahn echo sequence) and the
90° - £ ~ 90° - T ~ 90° (stimulated echo sequence). We have found the
latter (stimulated echo) sequence to be most useful in our coal work, The
sequence is diagrammed in Fiqure 4.

ESE spectroscopy has many advantages over the more conventional cw
EPR, Chief among the advantages for our coal work is that the technique
may be used to obtain spectra which resolve hyperfine structure that is
obscured in cw spectra by inhomogeneous line broadening. In order to
understand how ESE can be made to accomplish this task, let us look at the
characteristics of the information obtained in the experiment.

In a typical stimulated echo experiment done on coal, the time inter-
val t between the first and second 90° pulse is set at a fixed value dur-
ing the experiment, while the interval T between the second and third
pulses is incremented in steps, as shown in Figure 5. The amplitude of
the echo induced by the sequence is measured as a function of the delay
time T between the second and third pulses. In the absence of any inter-
actions between the unpaired electrons being observed and neighboring
nuclei with non—zero magnetic moments, the variation of the echo amplitude
V with the delay time T is given by the simple exponential function:

Vecho(2t + T) =V, exp {-(2t + T)/T,}, 2)

where T is the phase memory time of the individual spin packets. The
exponen@ial decay curve describing the echo amplitude as a function of T
is called the electrop spin echo envelope,

If our unpaired spins experience hyperfine interactions with neigh-
boring nuclei, these interactions will manifest themselves as modulation
patterns in the ESE envelope. This phenomenon is thus known as electron
spin echo envelope modulatiop (ESEEM). For an S= 1/2 system with isotropic
g-values (a very good approximation in the case of coal) and two hyperfine
interactions characterized by frequencies f, and fj,, the ESEEM pattern
compensated for echo decay is given by:

Viod(2t + T) = 1 - k[sin®(£,t/2)sin? (£ (t+T) /2) +sin? (£,£/2) sin (£, (£+1) /2) ]
3)
In this expregsion, k is the so-called modulation depth parameter, propor-

s
tional to B°-§ in the limit of small hyperfine interactions (B, being the
value of the static external magnetic field).
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What makes the ESEEM effect so important to us is that a Fourier
transform of the ESEEM pattern results in a frequency domain spectrum
exhibiting linewidths that are characteristic of individual spin packets
rather than of the entire envelope of spin packets comprising the inhomo-
geneously broadened lines observed by cw EPR, Since the modulation fre-
quencies can be analyzed in an ENDOR-like theory, this technique provides
us with a potential way of resolving the hyperfine interaction energies
normally obscured in the cw spectra of whole coal. This information, in
turn, allows us to study the envirorment experienced by radicals in coal,
giving us a route to explore the atomic and molecular structure of whole
coal, An example of a Fourier transformed ESEEM data set for the coal
model system of perylene on alumina was shown in Figure 3,

Our typical experimental procedure when working on coal is to first
carefully evacuate samples that have been ground to 50-100 mesh (although
we have performed ESE experiments on large fragments), We have noticed
that the presence of adsorbed oxygen has a significant effect on T, re-
ducing it by more than a factor of two and making the experiments more
difficult to perform; we have reported similar effects of oxygen °8 ENDOR
spectra of coal [7]. Samples evacuated to pressures less than 10™° Torr
for several days are then sealed in quartz glass tubes for study, Experi-
ments typically are performed at liquid helium temperatures in order to
make Tnand Ty as long as possible. A typical ESEFM result from an
I1linois #6 coal is shown in Figure 6.

One can see in Figure 6 that the depth of the ESEEM pattern on the
overall envelope is quite small, This is true for all coal samples, Since
the signal-to-noise of the Fourier transformed spectrum is proportional to
the modulation depth, we seek always to find ways to improve this feature
of our ESE work. One obvious approach to improve matters is to recall
thaf k, the modulation depth parameter from Equation 2, is proportional to
B, “. The spectrum shown in Figure 6 was taken at B, = 3400 G. on the
spectrometer built by Norris and Bowman at ANL, We currently are building
a spectrometer operating at B, = 1000 G. This instrument should improve
the ESEEM amplitude by a factor of 10, and will be much better suited for
the special characteristics of coal samples.

RESULTS AND DISCUSSION

The result of a stimulated echo experiment performed on powdered
I1linois #6 coal was illustrated in Figure 6, Information on the proton
hyperfine coupling constants of the species under observation now is pres-
ent in the form of different periods of modulation that comprise the ESEEM
pattern, In order to extract this data, the overall echo envelope may be
simulated, making use of equations similar to that given in Equation 3.
Alternately, the echo envelope decay function can be subtracted from the
data and the remaining ESEEM function can be Fourier transformed to gener-
ate a frequency domain spectrum similar to that obtained from a cw ENDOR
experiment, The advantage of the latter data processing route is that the
result is in a familiar spectral format; one difficulty is that the ampli-
tudes and phases of the spectral lines obtained in this way may be very
unreliable,

Recently, Barkhuijsen, et. al. published a technique for analyzing

ESEEM data that may combine the best features of both the simulation and
FT approaches [8], Called LPSVD (linear prediction singular value
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decomposition), the analysis first simulates the ESEEM data using a linear
combination of exponentially damped sinusoidal functions. The frequency,
amplitude, Ty, and phase data for each component is then used to construct
a new data set which then may be Fourier transformed to give a
"noise-free" frequency domain spectrum. We currently are studying this
analysis technique, and a more efficient variation of it called LPQRD [9].
Figure 7 illustrates the result of processing the ESEEM data of Figure 6
by the LPQRD method.

Analysis of the spectrum shown in Figure 7 is by the standard ENDOR
formula given in Equation 1, For proton couplings, we expect to find pairs
of lines symmetrically positioned about the free precessionfl frequency of
the proton, £(proton), which is marked by an arrow labeled “H, Three such
pairs of lines are indicated by the brackets marked Ay Ay, and Ay, corre-
sponding to coupling constants of 8.0, 14.7, and 17.9 MHz, A low Irequency
peak without the complimentary high frequency partner is also seen,
indicating another coupling constaﬁ: of 2.8MHz, In addition to these lines, a
line marked with an arrow labeled *°C is alsg shown, This resonance ap-
pears at the free precessional frequency of 3 , and may be due to this
isotope of carbon,

Kevan and colleaques were the first to publish ESE spectra of whole
coal, and they degonstrated the power of the technique by analyzing the
lineshape of the “H resonance {called the proton matrix line) [10]. Das,
and later Doetschman, have reported ESE results in which proton hyperfine
couplings of 4.8 and 14.0 MHz were seen in a low sulfur Pittsburgh
bituminous coal [11,12]. Such hyperfine constants are consistent with
protons in conjugated aramatic molecules, and provide direct evidence for
the existence of such species in whole coal, They also are in good
agreement with the constants measured by Retcofsky, et. al. using ENDOR
spectroscopy on several Pennsylvania coals [13],

Not only can ESE spectroscopy obtain information about the molecular
structure of organic compounds in coal, it can probe their envirorment,
Figure 8 shows the magnetic field dependence of the amplitude of the 12.4
MHz component of the ESEEM pattern. It represents an “echo-induced™ EPR
spectrum of an Illinois #6 coal. The unique shape is due to a phenomenon
called instantaneous diffusion, and can be related to the amplitude of the
dipolar field experienced by an unpaired electron due to neighboring un-
paired electrons [14]. Bowman and Clarkson have analyzed this effect and
calculate it arjses from a coal maceral with a radical concentration of 5
b4 18 gpins/ , quite close to the average value EFPR measurement of 1 x
10-7 spins/i for this coalll5].

Figure 9 illustrates the field dependence of two different frequency
components of the ESEEM data from the Illinois #6., As we have already
seen, the 12.4 MHz component has a lineshape characteristic of instantane-
ous diffusion, The 2.9 MHz peak, on the other hand, does not exhibit this
effect, indicating that it arises fram a coal maceral of lower radical
concentration, The centers of the two spectra do not coincide, further
indicating that the two signals have different g-values. The g-value dif-
ference between the two peaks, ag, is nearly 0.001. Assuming that the
principal mechanism for differences in g-values is the variation in
heteroatom (O,N,S) content in different macerals, this data is consistent
with a picture indicating that the 12.4 MHz coupling constant arises from
a radical in a maceral with a significantly higher heterocatom content than
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that found in the maceral containing the 2.9 MHz species. Such observa-
tions lead us to hope that in the future, ESE data can help us to develop
maceral-gpecific information about the molecular forms present in whole
ocoal,
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THE USE OF DYNAMIC NUCLEAR POLARIZATION IN COAL RESEARCH

R.A. Wind

Dept. of Chemistry
Colorado State University
Fort Collins, Colorado 80523

1. Introduction

In a variety of articles it has been shown thft the prgsence of'unpaired elec~
trons in coal makes it possible to enhance the "H and ~C NMR signals of this
material by irradiating at or near the electron Larmor frequency: the Dynamic
Nuclear Polarization (DNP) effect (ref. (1)-(5) + references cited therein). It is
found that in favourable cases the nuclear polarization can be enhanced by one to
three ordefg of magnitude, which can e.g., be used as a fast method to characterize
coal via “7C NMR. 1In this paper the DNP enhancement will be investigated as a
function of coal rank, and the observed behavior will be explained. Furthermore,
special DNP experiments  wi be given which provide information about the carbon

percentage detected via H- ~C cross-polarization (CP).

2. Experimental

For an extensive treatment of the experimental set-up we refer to the refer-
ences (1) and (3). The externa]3fie1d strength was 1.4 T, corresponding to a proton
Larmor frequency of 60 MHz, a ““C Larmor frequency of 15 MHz and an electron Larmor
frequency of 40 GHz. The microwave power was provided by a 10 W Klystron, in our
set-up resulting in an amplitude B, of the micr yave ield of about .05 mT. Al1
experiments shown in this paper except for the ~~C (DNP)-CPMAS experiments were
performed on coal samples which were dried and degassed and have been put into

pyrex tub (We found that both drying and degassing caused an increase in
both the "H and "“C Zeeman relaxation times as well as in the respective DNP en-
hancements). A1l measurements have been performed at room temperature.

3. The DNP enhancement as a function of coal rank.

Inasolid several types of DNP effects can occur,depending on the nature and
time-d e?gfnce of the spin-spin interaction term H__ between the electrons and the
solids'>/**2): (i) an Overhauser effect is observed When H is time-dependent on a
scale comparable to the inverse electron Larmor frequency Wq; (i1) a solid state
effect occurs when H__is (partially) time-independent; (iii) a thermal mixing
effect can be found when H n is time-independent and when the electron concentration
is so large that the broa&%ning of the ESR 1ine becomes homogeneous in character.
In the latter case the polarization corresponding to this broadening can be enhanced
via microwave irradiation, and this enhanced polarization is transferred towards the
nuclear Zeeman system either via electron-nucleus relaxation interactions (the
direct thermal mixing effect) or via so-called forbidden transitions (the indirect
thermal mixing effect).

The 1H and 13C DNP enhancement in coal has been investigated extensively in the
ref. (3) to(S)1 It has been found that, though all DNP mechanisms are present in
the coal, the “H polarization enhancement becomes a maximum when the microwave fre-
quency W=W -, =W - 60 MHz and that for this value of > the enhancement is
mainly due t&ig combinaton of the solid state effect and the indirect thermal mixing
effect. The ~~C polarization becomes maximal when LW =¢) -Wyg, s being the ESR
linewidth (half width at half height) and is mainly caus&d by the direct thermal
mixing effect. These results appeared to be the same for all coals we have investi-
gated, with the exception of a meta-anthracite, where the Overhauser effect domi-

nated.
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1

H and 13C enhancements, (Py)  and (PC) ,

respectively, of more than sixty coal samples of different rank ahé origin, Witk a
volatile matter percentage % VM varying from 6.8 to 91% (dmmf) and a carbon content
%C varying from 96% to 66% (dmmf). The meta-anthracite has been omitted. We found

We investigated the maximum

that for a microwave amplitude B, of ca 0.05 mT (P.) was about 8 times larger
than (PH) ax» independent of the’coal rank, so th:ft"b?é‘ can confine ourselves by
showing the proton results.

Figure 1 shows (P,) as a function of %C, from which we observe that (P )

becomes maximal when 502X 92% and that for %C < 75% no enhgnce@sp(s)is fouan A

order to explain this we use an approximate equation for (Py max

H -1 -1
(PH)max Lre Ne(wZ) (aBg) 1)
N  is the number of organic radicals, W is the proton Zeeman relaxation rate,aBy =
2fewy is the ESR Tinewidth and ¢ is azicﬁstant, among others propgrtional to B2 “ For
By = -05 mT ¢ is given by c = 2.4 107°"  jf No 15 expressed in m~ (dmmf%’ w’; n sec™
and aBy in mT. As aBy varies only between 0.8 and 1.3 mT for all the coal
samples, the chapge in (P,,) as a function of coal rank is mainly due to varia-
tions inN_and W FTQUY‘E' T%hows N_ as a function of % VM, from which we observe
that N i§ decréasing for decreasi%g coal rank. In fact two dependencies are
observéd, curve 1 and curve 2, and it was found that the coals with the large N
value (curve 2) almost all originated from the southern hemisphere. Moreover, i
was found that for these coals only a part contributed to the DNP enhancement, so
that presumably not all the radicals in these coals are present in the organic part
of the coal. Figure 3 shows W" as a function of the oxygen content. We observe
that w’z* increases with increasiﬁg %0, which probably means that a part of the oxygen
is preSent as paramagnetic oxygen, because it is well-known that even a small
percentage of paramagnetic oxygen causes a strong increase in the Zeeman relaxation
rate. The increase in W" for small oxygen percentages is caused by an increased
number of organic radicals.

By inserting the observed values of aBy, N {except for the coals of the
southern hemisphere, where only a part of Ne is caising the DNP effect, see above)
and W into Equation 1) it was found that this equation predicts the observed proton
enhanfement very satisfactorﬂy.2 We Tike to emphasize that, as the constant ¢ in
Equation 1) s proportional to B, both (P ) and the region of coals for which a
DNP enhancement is observed, ﬁ]ll increas@ T#Xnore microwave power were available
(this does not hold for the *°¢ enhancement, as for the used B value (PC) is
already close to the largest possible value). max

4. How much carbon do we observe in coal P

A Tong standing problem is the percentage of carbons observed via the 1|-1.13(:

cross-polarization technique, because it is possible that a substantial fraction of
especially the aromatic carbons may be too remote from the protons to be measured
via this method. Int iterature this problem has been approached via a variety
of different experimen , and the found percentage differed between 50 and 100% so
that the prob]errmis still unresolved. Thg best way to determine this pgrcentage is
to compare the ““C CP spectrum with the 1§ FID spectrum, where the “°C signal is
obtained after a 90° pulse applied at the ““C Larmor frequency, but this is almost
impossible to do because of the many scans needed and the long recycle delay ween
the scans. Therefore, we used an alternative approagh and compared the ~°C CP
spectra wi C FID spectra, obtained by enhancing the ““C polarization via DNP. In
figure 4, ~~C spectra are given of a medium volatile bituminous cpal (31% VM, 87.4%
C, 5.2% H, 5.3% 0, all dmmf) obtained via CP, DNP-CP (here the 'y signal was 49~
hanced with a factor 16 via DNP before the CP experiment) and DNP-FID (here the ~~C
signal was enhanced with a factor 130 before the 90° pulse), both with and without
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TjgiC—Ang]e Spinning (MAS). We cobserve that within the signal-to-noise ratio the

C CP(MAS) and DNP-CP (MAS) spectra are the same,lindh:ating that the proton polar-
ization is enhanced uniformly. However, in the ~~C DNP-FID SMASE spectra the ali-
phatic carbons are suppressed. Two explanations are possible: (i) in the DNP-FID
experiment we are indeed observing more aromatic carbons than in the (DNP)-CP exper-
iments; (ii) in the DNP-FID experiment, the DNP enhancement of the aliphatic carbons
is Tess than that of the aromatic carbons, which is possible if the radicals are
located mainly in the aromatic part of the coal. In order to investigate this we
performed the following experiments:

a. TS experiments. It is known that the electron Zeeman relaxation time T1
in coal is 8f fge order of usec, which means tha(t,”this provides an efficient way o$
relaxing the “~C nuclei in the rotating fragq' 3as Tie 15 of the same order of
magnitude as the inverse kock field. As the “C- ~C spindiffusion is very slow,
Ehes)reﬂe)(ation of the "°C magnetization M in the rotating frame is given
y .

- c %
M (t) = _(0)exp{ (475 } 2)

Equation 2) holds provided that all the carbon nuclei are observed. If a percen-
tage s of the carbons close to the electrons are not observed, Equation 2) is valid
only for larger values of t, whereas for short values of t M (t) is almost indepen-
dent of t and given by 1-s. ¢

Figure 5 shows the rotating frame relaxation of the aromatic carbons of the
medium volatile bituminous coal, measured via the DNP-FID and DNP-CP experiment. It
follows that in the first case we measure about 90% of the fgrbons, probably because
carbons very close to the electrons are shifted out of the ““C DNP-FID spectrum. In
the DNP-CP experiment only 65% of the aromatic carbons are observed, which means
Ehatnanother 25% of the carbons are too remote from the protons to be observed via

-"7C cross-polarization.

b. The back-match experiment. The contact times T, between the ca{boﬁ and
protons, which determine the increase of the carbon polarization during a "H-""C CP
experiment, depend on the1 trengths of the C-H interactions, and therefore on the
carbon-proton distancess ’ The values of T., can be determined by varying the
matching time t,, during which the cross-po]arrﬁliation takes place. Figure 6a shows
the result of such an experiment for the aromatic carbons in the medium volatile
bituminous coal. We see that for about 35% of the carbons T.,, = 30 usec (direct C-H
bonds) whereas for the remaining 65% T_ = 350 usec (C-C-H thds). Figure 6b shows
a similar experiment, but now for a C=»,3H cross-polarization experiment (the
'back-match' experiment), after enhancing the ~~C polarization directly via DNP. We
observe a much slower decay than in Figure 6a, because for about of the aromatic
carbons Tey = 1600 wsec, which is not observed via the usual ~Ha “C CP experiment.
Hence in t“e latter experiment about 40% of the aromatic carbons are not observed, a
percentage which is comparable to the one obtained via the T experiments.

c
Similar results were obtained for a high volatile bituminous coal sﬂd an anthracite.

However, if we correct the aromatic part of the 13c (DNP)-CP(MAS) spectra for
the percentage of carbons not observed, sti11 the percentage of aliphatic carbons in
these spectra is larger than that obtained via the DNP-FID method. This means that
indeed in the Tatter experiment the aliphatic carbons are enhanced less than the
aromatic ones. Therefore, we conclude that both types of experiments are necessary
to o?gain the true percentages of the aliphatic and aromatic carbon atoms, and that
the 13C aromaticity in coal 1s larger than the apparent aromaticity following from
the *“C CP spectra.
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_un spectra of a medium volatile bituminous coal measured via dif-
ferent techniques. a) CP. Match time - 0.9 msec; acquisition time
= 5 msec; match field - proton decoupling field = 50KHz; number of
scans = 20,000; recycle delay = 0.6 sec. A Lorentzian broadening
of 200 Hz is applied. b) CPMAS. Spinning frequency = 3.5 KHz;
acquisition time = 15 msec; number of scans = 10,000; no broadening
is used. Other parameters as in a). c) DNP-CP. Humber of scans

= 400. Other parameters as in a). d) DNP-CPMAS. Number of scans
= 10,000. Other parameters as in b). e) DNP-FID. Duration /2
pulse = 6 usec; acquisition time:5msec; proton decoupling field =
S0 KHz; number of scans = 8; recycle delay = 60 sec; Lorentzian
broadening = 200 Hz. f) DNP-FIDMAS. Spinning frequency = 3.4 KHz;
acquisition time = 15 msec; number of scans = 70; no broadening.
Other parameters as in e).
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Zoro Field and 2D NMR Mothods: Applications to Fossil Fuels
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Introduction

A knowledge of the chemical structures present in coals is essential for
developing a better understanding of coal chemistry. Therefore, the study of coal
structure is important to the sucoessful synthetic oonversion of coal to a
chemicsl feedstook or high quality fuel. A great deal has been inferred about coal
strocture from the study of liquid coal products by both classical chemical
moethods and modern spectroscopic techniques. This approach is attractive as most
modern analytical methods are applicable only to liquid samples and are not
suitable for solids. However, because of the heterogeneity of coals and the
complexity of coal chemistry it is often difficult to extrapolate back to the
structure of a whole coal solely from the characterization of liquid products and
extracts. Over the last decade this has spurred the development of spectroscopic
mothods suitable for nondestructively analyzing the structures of whole coals in
the solid state. The two most useful techniques to emerge so far have been Fourier
transform infrared spectrosoopy and carbon-13 solid state nuclear magnetic
rosonance. The latter technique in the form of the combination of cross
polarization and magic angle sample spinning (CP/MAS) spectroscopy has proven the
most useful in characterizing the functionalities present in the organic portion
of oosls(1,2). This method provides the best direct measure of carbon
aromaticities and can also measure the relative amounts of protonated versus
nonprotonated carbon when combined with dipolar dephasing techniques. Much more
informst ion is, in principle, contained in carbon-13 CP/MAS spectra, but the
resolution typically obtained does not permit as detailed an analysis as is
possible in the NMR of liquids. The situation for coal CP/MAS sgpectra is similar
to thst found in the NMBR of complex biomolecules where the large number of
resonances and broad natural linewidths result in incompletely resolved speotra.
In solution studies these difficulties can often be overcome by the application of
two dimensional (2D) NMR methods (3,4). In 2D NMR experiments & oomplex spectrum
is sepsrated into component subspectrs on the basis of a second spectroscopic
parameter. The subspectra are simpler, more resolved and thus easier to interpret.

Standard 2D NMR methods are not directly applicable to organic solids for
a number of reasons, the main one being the strong dipolar couplings among the
abundant protons. In this paper two 2D NMR methods are presented that overoome
these problems and are suitable for solids. The first is an adaptation of
heteronuclear shift correlation spectroscopy to solids (5,6). In this method the
carbon-13 and proton chemical shifts of a solid are correlated with one another.
This allows the spectroscopist to gemerate the carbon-13 spectra of all the
species with a particular proton chemicsl shift and vice versa. The second method
is a new variant of the dipolar-shift spectroscopy (DIPSHIFT) mothods that have
been developed to measure C-H distances from carbon-13 proton dipolar couplings
(7). Since bonded C-H distanoes in organic solids are all very close to 1,094, the
dipolar coupled patterns observed in DIPSHIFT spectra are principally determined
by the number of directly attached protons. In this way the dipclar interaction
is used to give the number of protons attached to a oarbon-13 with a particular
chemical shift. The 1last approach to high resolution solid state spectroscopy
described here is deuterium zero field NMR (ZFNMR) (8). In most solid state NMR
methods the large anisotropic solid state interactions are suppressed to give
liquid like high resolgtion chemical shift speotra. However, by doing NMR in zero
magnetic field these interactions can be used to spectroscopioally discriminate
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among different funtionalities. For deuterium the spectrs are determined by the
electric field gradient tensor which is a measure the the amount of s—character in
a8 C-D bond. The spectrs so obtained give information equivalent to normal protom
NMR spectra, however the resolntion is mow as good in the solid state as im
solution. These methods have shown great promise in model systems and should prove
uaeful in studies of coal structure. The first of these methods has already had
some success when applied to coal. Hopefully the finer structural information made
available by these techniques will make it possible to apply more sophisticated
and selective chemistry to coal. In the following paragraphs the basic principles
nnderlying these experiments are examined and some applications are given. The
interested reader is referred to the papers referenced above and to the
references contained therein for a more complete description of the theory and
the experimental requirements of these methods.

Heteronuclear Shift Correlation Spectroscopy

The pulse sequence used in heteronuclear shift correlation is indicated in
figure 1. The basic idea of this method ia to separate the overlapping carbon-13
resonances on the basia of the differences in the chemical shifts of the protoms
attached to the carbon-13 nuclei and vice verasa. During the t, interval the
protons are allowed to evelve under their chemical shifts. To give optimal
resolution the carbon-13 nuclei are decoupled from the protons and MREV-8
homonuclear decoupling is employed to remove the dipolar couplings among the
protons. At the end of t, the proton evolutiou must be tranafered to the carbon-13
nulcei, In solids this can be accomplished by applying a proton spinlocking radio
frequency (RF) field and then cross polarizing, Wheu the proton spinlocking RF is
turned on only that portion of the magnetization that is parallel to the RF field
is spinlocked. For the protons on resonance all of the magnetization is spinlocked
independent of the initial t, period. On the other hand the protons off resomance
go in and out of phase with the apinlocking field. This results a spinlocked
magnetization that oscillates at the off resonance frequency as a function of t, .
Since the carbon—13 signal produced in the CP step depends on the size of the
spinlocked proton magnetization, the carbon-13 signal will also oscillate as a
function of t, at the proton resonance offset. The Fourier transform of the carbon
signal amplitude versus t, then gives the proton chemical shift. To produce a 2D
spectrum a set of carbon-13 spectra for successively longer values of t, is
aoquired. A second Fourier transform versus t, results in & 2D spectrum in which
the proton and carbon-13 chemical shifts are correlated. The CP mixing time is
kept short to minimize the contribution to the carbon-13 signal from non-bonded
interactions. This ensures that only directly bonded pairs are correlated. This
short mixing time also reduces the spin diffusion among the protons during croas
polarization which can degrade the resolution in the proton dimension, As a
result, this experiment is sensitive only to the subset of carbons that have a
directly attached proton. In addition the proton spectra are only representative
of that portion ¢f the protons in the coal attached to a carbonm.

The most natural way to portray 2D spectra is in a contour plot with the
contours being paths of constant amplitude. Peaks appear as sets of concentric
contours in this type of plot. In figure 2 is the contour plot of the
heteronuclear shift correlation spectrum of an Illinois #6 coal (6). Along the top
and sides are the summatious of the data set onto the two axes. These spectra are
the same as the normal short contact time CP/MAS spectrum and the combined
multiple pulse MAS proton spectrum. In the contonr plot there are three clearly
resolved peaks aud two weaker peaks labelled 1-5. For the aromatic region there is
oue peak at 5°H = 6.8 ppm, 8*'c = 128 ppm 88 expected for the protomnsted
aromatics. The results in the aliphatic region are much more revealing. Here the
two most clearly reaolved peaks, 4 and 5, are attributed to methylenes with §'H =
2.1 ppm, 6*'c = 29 ppm, and to methyls with 5'H = 1.0 ppm, $*°C = 18 ppm. These
peaks are clearly resolved in both proton and carbon shift in the 2D spectrum. As
the spectra along the top and sides indicate this resolution is not possible in
either the proton or carbon-13 one dimensional spectra. In addition there are two
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other weak peaks, 2 and 3, thst are observed as shoulders in the 2D speotrum, one
at 80 = 3.5 ppm, §*°C = 40 ppm, and a second st 8'H = 0.8 ppm, 8'°C = 35 ppm .
These peaks are probably due to methyl groups with the first corresponding to
heteroatom substituted methyls of some type and the second to sterically hindered
methyls. Teking into account the bias in intensities that the short CP mixing time
produces, the relative amounts of methyl to methylene to aromatic hydrogen can be
estimated as 1.0 : 0.9 : 0.7 respectively.

From this 2D spectrum one can easily appreciate the increase in resolution
that the method has over the usual CP/MAS technigqme. It is also apparent that the
distribution of protoms in the organic portion is easily accessible withont
spectral interference from water or mineral protons as would be encountered in
direct solid state proton spectroscopy of coals. As shown above the method should
be particularly useful in disentangling the overlapping bands in the aliphatic
portion of coal CP/MAS spectra.

Dipolar Resolved Chemical Shift Spectroscopy— DIPSHIFT

The previous method used solid state pulse segnence trickery to adapt a
liquid state method to the solid state. In the method diagrammed in figure 3, the
solid state interactions are actnally put to good use rather than comsidered just
a nuisance. Let us begin by first considering some of the fundamentals of the
magic angle spinning experiment.

In an MAS experiment the sample spinning is typically used to average the
anisotropic chemical shifts to their isotropic values producing 1liquid 1like
spectra. If the spin rate does not exceed the width of the shift anisotropy in
Hertz, the spectrum will contain spinning sidebands. In the limit of very slow MAS
spinning the emvelope of the sideband pattern is the same as the static powder
pattern. If MREV-8 decoupling is used to remove the proton-protomn dipolar
couplings in a solid, the remaining carbon-proton dipolar imteraction also acts
like a shift anisotropy. The combination of MREV-8 decoupling and MAS then gives
dipolar coupled carbon-13 spectra broken up into sideband patterns.From the
envelope of the sidebands the dipolar couplings cam be determined. This is the
principle behind the DIPSHIFT methods used to measure C-H distances via carbon-
proton dipolar couplings and their /5’ dependence, In the current application the
strategy is to take advantage of the constancy of C-H diatances in orgamio solids
and to realize that the dipolar coupled spectral patterns thus depend only on the
number of protoms attached to a givem carbon center. In figure 4 are typical
dipolsr coupled patterns for methylene, methine, rapidly rotating methyl and
qnaternary carbons using MREV-8 proton decoupling with CP/MAS. Note that the
methylene pattern is approximately twice as wide as the methine pattern and that
both are moch wider than the methyl or quaternary patterns., The different widths
of these patterns can be used to cleanly separate overlapping carbon-13 resonances
that have different numbers of attached protons. Consider the case where the
resonances for a methylene, methine and methyl oarbon all overlap., In the MREV-8
decoupled CP/MAS spectrum the outermost sidebands will come only from the
methylene carbon. Since the sideband intensity ratios in each pattern are fixed by
the size of the carbon~proton dipolar coupling and the spin rate, the contribamtion
of the methylene to the rest of the spectrum can be subtracted. In this resultant
spectrum the outermost sidebands will now only be due to the methine. The
subtraction operation used for the methylene c¢an be repeated for the methine
leaving only the methyl carbon spectrum, In this way the contributions to a line
from methylene, methine and methyl plus guaternary carbons can be separated. This
is a significant improvement over dipolar dephasing which cannot separate
mothylenes from methines. Also, since all carbons are observed at the same time,
this type of technique avoids the problems with quantitation encountered in
dipolar dephasing.

For a complex solid the dipolar coupled patterns are best obtained from a
2D experiment as im figure 3. During t, the carbon-13 nuclei evolve under the
effect of MREV-8 decoupling and the carbon-proton dipolar coupling. Afterwards in
t, the carbon signal is acquired nnder the influence of strong dipolar deconpling.
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As before a set of carbon—13 spectra for successively longer values of t, is
acquired. The second Fourier transform gives a 2D spectrum with the normal carbon-
13 chemical shift along one axis and chemical shift plus dipolar couplings along
the socond axis. In other DIPSHIFT methods the chemioal shifts are removed during
the t, interval with a & refocussing pulse. To refocus the anisotropic as well as
the isotropic shift the n pulse must be applied at an integral multiple of the MAS
spinning cycle. Since accurately controlling MAS spin rates is difficult, an
alternative method is attractive. In the new method presented here the chemical
shift is kept in both t, and t,. Spectral distortions will occur in this
experiment from the so-called phase twist problem (3) unless the carbon
magnetization is projected at the end of t,. This is done by flipping a portion of
the carbon-13 magnetization up along the applied field, waiting a short dephasing
time to destroy any transverse magnetization, and flipping the spins back down
into the x-y plane. This method has the advantage that none of the experiment need
be done synchronously with the MAS rotation. In addition the MREV-8 sequence can
be incremented a piece at a time giving a greatly increased bandwidth in the
dipolar dimension., The pulses used in the projection step are also phase cycled in
90 degree increments for each successive point to simulate the effect of having
the detector off-resonance during t,. This allows the carrier frequency to be
placed in the center of the spectrum while appearing to be at the extreme edge and
makes the most effective use of the available bandwidth in t,. This feature is
especially important for methylenes because their dipolar coupled patterns are so
wide.

By using the subtraction scheme outlined above on the 2D spectrum the
moethylene only, methine only and methyl plus quaternary only spectra can be
generated. With suvitable software routines the relative numbers of methylenes,
methines and methyls plus quaternary carbons can also be extracted for the
different resolvable spectral regions. Applioation of thia method in model polymer
systoms has allowed separation of overlapping resonances such as the methine and
moethylene that overlap in polystyreme. Whereas the peak in question seems to be a
single resonance in the normal CP/MAS spectrum, the dipolar slices taken in the 2D
experiment clearly show that this line is a superposition of a methylene and
methine. The advantage of this method over the heteronuclear shift correlation
technique is that all carbons are detected as a long mixing time can be used and
therefore the signal to noise obtained in a given amount of time is much better.
The information obtained is complementary being in terms of proton multiplicity
rather than chemical shift. For coals the method should prove particularly useful
for separating and assigning the resonances observed in CP/MAS spectra.

Zoro Field NMR

Another method that should prove vseful in the study of coal structure is
zero field NMR (ZFNMR). In the 2D methods described so far the basic strategy has
been to use csrbon-13 chemical shifts to identify differont functional types of
carbon., Then either proton chemical shifts or carbon-13 proton dipolar couplings
are msed to separate resonances that occur at the same shift. In ZFNMER a very
different approach is wused. Instead of suoppressing the large solid state
anisotropic interactions such as dipolar or quadrupolar couplings to obtain liquid
like chemical shift spectra, these interactions themselves are wused as the
principal means of resolving different chemical species.

Consider the case of a spin 1 nocleus in a large atatic magnetic field.
The main interaction that this nucleus feels is the coupling to the ststic field
giving the vsuval Zeeman splittings observed in an NMR oxperiment. In a rigid aolid
a spin 1 nucleus also has a quadrupole coupling that produces an additional
splitting of the energy levels. For deuterium in organic solids this interaction
is a measuore of the s—character in the C-D bond and in a sense is analsgous to a
chemical shift. Deuterium quadrupole ocouplings typically range from tens to
hundreds of kHz, This is much larger than the spread of deuterium chemical shifts
thst span only 750 Hz at the highest fields available today. Thus quadrupole
couplings ocould potentially be the basis for a deuterium speotroscopy with much
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greater resolving power than standard NMR. Unfortunately the quadrupolar
interaction does not simply add to the Zeeman interaction and the size of the
splitting at high field depends on the orientation of the electric field gradient
tensor with respect to the applied field. In a randomly oriented powder sample
this results in a range of observed splittings and the spectra are broad
overlapping powder patterns.

The application of a strong magnetic field produces powder broadening
because it polarizes the nuclei along a particular direction in space. However in
the absence of an applied field, all deuterium nuclei of the same type experience
the same splitting of their energy levels independent of their absolute
orientation in space and the spins are quantized in a molecule fized frame. Thus
the zero field deuterium NMR (ZFDMR) spectrum of a randomly oriented powder is the
same as for a single crystal and has narrow resolved lines, This is the basic idea
behind pure nuclear quadrupole rosonance (NQR) spectroscopy as well. The trick is
to do a high sensitivity experiment in the absence of an applied field. Several
clever field c¢ycling and double resonance techniques have previously been
developed for pure NGR spectroscopy of nuclei such as deuterium (8), However all
of the standard methods are either continuous wave techniques or involve low
frequency detection. The ZFNMR method is more genmerally applicable to nuclei such
as deuterium with relatively small quadrupole couplings. The method uses high
frequency detection for good sensitivity and is also a Fourier transform
techuique. This latter featuore gives ZFNMR a better inherent resolution than any
of the continuous wave methods (8).

The magnetic field cycle used in the ZFNMR method is shown in figure 5. The
first step is to polarize the nuclei in a high field magnet to produce a
measureable signal. The sample is then mechanically removed to an intermediate
rogion in the fringe field of the high field magnet. If this is dome rapidly
compared to the characteristic relaxation times of the sample, the high field
polarization is maintained in the intermediate field system. As long as the
intermediate field is chosen to give a Zeeman splitting several times larger than
the quadrupole splittings, the polarization will oontinue to be aligned with the
applied field axis. This intermediate field is suddenly removed by a set of pulsed
coils that can collapse the field rapidly compared to the inverse of the NGR
frequencies of the sample. The magnetization that was initially along the
applied field axis now finds itself influenced solely by the quadrupolar
interaction. Since the polarization at zero field would prefer to be aligned in
the internal axis system of the electric field gradient temsor, any portion that
is not so oriented now oscillates at the zero field NGR frequencies. If a
receiving coil was in place around the sample at this point, a zero field free
inductiou decay (FID) would be observed. The Fourier transform of this zero field
FID would give the ZFNMR spectrum. Because of the low frequenmcies involved, it is
better to turn this oscillation into a high field observable. This requires a 2D
type of data taking sequence with the zero field time as t,. At the end of the
zoro field interval the intermediate field is suddenly pulsed back on trapping the
component of the magnetization parallel to the applied field. After the sample is
returned to the NMR magnet this component can be measured as a high field NMR
signal. The amplitude of this signal naturally oscillates as a function of the
length of time t, that the sample spont at zoro field. A Fourier transform of the
high field signal amplitude versus t, then results in the ZFNMR spectrum. Although
a 2D type of data set is actually acquired, a full 2D transform is not performed
since the high field spectra do not provide any additional information.

A typical result is shown in figure 6 where the ZFDMR 6a and high field
MAS NMR 6b spectra of perdeuterated dimethoxy benzene are compared. In spectrum 6a
the methyls give a resonance at about 40 kEz and the aromatics appear in the
region around 135 kHz., This resolntion is comparable to the resolution of the
methyl and aromatic carbon-13 resonances in the CP/MAS spectrum. The two types of
deuterium are barely resolved in spectrum 6b with the aromatics appearing at 2 and
4 ppm from the methyl. This set of spectra dramatically demonstrates the superior
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resolving power of ZFDMR over the more conventional high field MAS technique. In
fact the resolution of ZFDMR is comparable to high field deuterium NMR in solution
and can discrimiuate smong different functionalities as well as carbon-13 CP/MAS
spectrosoopy can. Thus the method should be the technique of choice for
determining the different types of hydrogen in orgsnic solids., For instance proton
aromsticies in coals could accurately be measured with ZFDMR. The successful
application of this method will undoubtedly require additional developments to
increase the sensitivity of the method such as combining ZFDMR with dynamic
nuclear polarization (1) or indirect detection of the deuterium via the abundant
protons (8). All experiments to date have used isotopically enriched samples
because of the low natural abundance of deuterium. At present natural abundance
studies are not feasible and in the immediate future the most fruitful
contributions to coal chemistry will involve chemically modified coals either by
using deuterated reagents or exchanging labile hydrogen for deuterium.
Conclusions

The increase in resolution made possible by these uew 2D NMR and zero
field NMR methods shovld make it possible to determine the chemical structures
present in coals to a much finer degree than previously possible. With a better
knowledge of the functional units in coals it should be possible to develop more
sophisticated chemistry for converting coal to a chemical feedstock or fuel. These
NMR methods are still in an early stage of development but have already bad some
sucess in application to polymers and coal. The question of quantative response
has yet to be fully addressed but at present there is no evidence to indicate that
this will be any more of a problem than in standard carbon-13 CP/MAS spectroscopy.
More development is needed to make these techniques generally accessible to the
prscticing chemist aud work in this ares is being sctively pursued.
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TEMPERATURE PROGRAMMED SOLUBILIZATION OF COAL:
CHARACTERIZATION OF PRODUCT FRACTIONS

Bogdan Slomka, Tetsuo Aida, Yu-Ying Chen,
Gregor A. Junk and Thomas G. Squires

Ames Laboratory
Iowa State University
Ames, Iowa 50011

INTRODUCTION

For more than forty years, it has been recognized that the
many interactive physical and chemical phenomena which comprise
coal liquefaction fall into two functional categories: productive
processes and counter-productive processes (1,2,3). Yet despite
this understanding, the nature of these components and the con-
tribution of each to the overall conversion have remained ob-
scure. This can be attributed, in part, to the complex nature of
coal but is also due to poor perception of the problem and to
consequent deficiencies in experimental design.

The conversion of coal to liquid products is clearly a
dynamic process. It is, therefore, quite curious that most coal
scientists continue to employ investigative techniques more
appropriate for measuring thermodynamic rather than dynamic
phenomena. These techniques confine starting materials, inter-
mediates, and products to the same reaction space throughout the
primary product-determining segment of the conversion.

From this perspective, autoclaves (4,5), tubing bombs (6),
and even staged flow reactors (7) are simply incapable of resolv-
ing productive and counter-productive processes. In these
reactor systems, secondary processes are promoted rather than
inhibited and, thus, obscure primary pathways in the conversion.
Interpretations of the results from these experiments in terms of
primary processes are beyond the capacities of mere mortals. On
the other hand, fixed bed, flow mode reactors have the capacity
to remove conversion products as they dissolve in the flowing
phase; and, in this way, such reactors inhibit secondary reac-
tions involving solubilized products.

Recently, we reported the development of a flow mode micro-
reactor for the purpose of dynamically investigating the thermal
dissolution of coal (8). Using this apparatus, we established
characteristic staged temperature solubilization profiles for
coals of various ranks and presented evidence that these dynamic
profiles were comprised of (at least) two types of solubilization
phenomena. In the present study, we have confirmed and extended
these findings by using temperature programmed experiments to
clearly resolve the benzene solubilization events and by charact-
erizing the coal liquids produced during these events.
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EXPERIMENTAL
General

Illinois No. 6 Coal from the Ames Laboratory Coal Library
was used for these studies. The ultimate analysis for this coal
(dmmf basis) is C: 80.60%; H: 5.63%; N: 1.56%; Sorqgt 2.35%; and
O(diff): 9.81%. Ash (dry basis) and volatile matter” (dmmf basis)
contents are 10.0% and 40.4%, respectively. Prior to use, the
coal was ground, sized to 200 x 400 mesh, riffled to insure
uniformity, and dried at 110°C overnight under vacuum. Degassed
HPLC grade benzene was used in the solubilization experiments;
and samples and solvents were handled and stored under nitrogen.

Solubilization Procedures

Flow mode solubilization experiments were carried out in an
improved version of our flow mode reactor. New features include
continuous, "on-line" optical density monitoring of the reactor
effluent; real time data acquisition of optical density, tempera-
ture, and pressure; and an improved time resolved product collec-
tion system. 1In a typical experiment, a preweighed amount (25-
200 mg) of 200-400 mesh coal was placed in the tubular reactor,
fixed in place by 2Mstainless steel frits, and a shielded 0.062
inch o.d. chromel-alumel thermocouple was inserted into the coal
bed. After connecting the reactor and purging the apparatus with
nitrogen, the entire system was filled with benzene and
pressurized to 3190 psi before adjusting the solvent flow to 1.0
ml/minute.

Two kinds of temperature programmed benzene solubilization
experiments were carried out:

(1) Staged temperature benzene solubilization and
(2) Continuous temperature benzene solubilization.

In the former experiments, targeted temperatures were always
attained and stabilized within 3 to 5 minutes. For all experi-
ments, temperature was controlled during the conversion according
to a predetermined program; and the optical density profile of
the product stream, as well as temperature and pressure profiles
of the coal. bed, were recorded throughout the conversion,
Products were collected at appropriate times on the basis of the
optical density profile.

Chromatographic Analysis of Products

Samples were prepared for analysis by removing the solvent
from the solubilization product at room temperature using a slow
stream of nitrogen. The dried product was then dissolved in 0.2
ml of tetrahydrofuran and this solution was used for chromato-
graphic analysis. Products were analyzed by Reverse Phase Liquid
Chromatography (RPLC) on a 4.1 mm x 300 mm A -Bondapak (phenyl/
corasil) column (Alltech Associates), by Gel Permeation Chromato-
graphy (GPC) on 1000, 500, and 100 Angstrom Y4-Styragel columns
(Waters Associates), and by Capillary Gas Chromatography on a 30
meter DB-5 column (J&W Scientific).
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RESULTS & DISCUSSION
Solubilization Profiles

Previous investigations in our laboratories (9) have pro-
vided persuasive evidence that coal solubilization in benzene
proceeds via physical processes at temperatures below 300°C and
that, as the temperature is increased beyond 300°C, thermal
chemical processes become progressively more important. Staged
temperature, flow mode experiments have proven useful as a means
of investigating solubilization phenomena as a function of time
and temperature (8). A staged temperature (260/390°C) solubili-
zation profile for Illinois No. 6 coal is shown in Figure 1.

Under these conditions, it is not clear whether the maxima
in effluent absorbance at 3 minutes and 24 minutes are due to
distinct and resolvable conversion phenomena. The maxima coin-
cide with heating ramps and could simply reflect a general tem-
perature driven increase in all of the processes which contribute
to solubilization. This question was addressed by carrying out
the benzene solubilization experiment while programming the tem-
perature continuously from 25°C to 420°C (Figure 2). The solubi-
lization profile generated in this manner demonstrates con-
clusively that there are at least two distinct solubilization
events: one in the 240 to 280°C region and the other in the 370-
410°C region.

Characterization of Products

In order to further investigate the nature of these events,
low temperature product (LTP} and high temperature product (HTP)
fractions were collected during the times indicated in Figure 2.
These fractions were then analyzed by Reverse Phase Liquid Chrom-
atography (RPLC) and by Gel Permeation Chromatography (GPC), and
the resulting chromatograms are shown in Figures 3 and 4, re-
spectively. On the basis of RPLC, the High Temperature Fraction
appears to have a larger polar component than the Low Temperature
Fraction. However, these results are not unambiguous; the
difference in RPLC patterns appears to be due to differences in
the relative concentrations of components rather than the
presence or absence of components in the product fractions.
Furthermore, little difference is apparent in the GPC traces of
the two fractions (Figure 4).

To clarify these results, products were collected from a
three stage (260/340/420°C) solubilization experiment and ana-
lyzed by RPLC and GPC (Figures 5 and 6). The chromatograms
reveal unambiguous differences in the products and provide the
basis for two important conclusions. That the material produced
at 420°C is distinctly more polar than products solubilized at
lower temperatures is clear from the RPLC traces (Figure 5). It
is equally apparent from the GPC traces (Figure 6) that the
molecular weight of the product increases to a maximum between
260 and 420°c.

Thus, while the molecular weight distributions of the pro-
ducts at 260 and 420°C are quite similar (see also Figure 4), the
products themselves are almost certainly generated by different
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Processes. It appears that the 260°C fraction is produced by
physical dissolution processes which continue to dominate pyro-
lytic processes at 340°C. However, by 420°Cc, thermal chemical
fragmentation processes are dominant and the average MW of the
product has decreased while the polarity has increased.

FUTURE WORK

We have begun to test this hypothesis and to further
elucidate the nature of these processes using GC/MS to analyze
time and temperature resolved products from our experiments. In
Figure 7, the capillary gas chromatograms of the 260 and 420°C
fractions are compared with those of acetone extracts from whole
coal and coal tar (420°C, vacuum). Major new components, absent
in the low temperature extracts are apparent in both 420°C
products and are now being analyzed by GC/MS.
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Determination of Liquid and Solid Phase Composition in Partially
Frozen Middle Distillate Fuels

T.L. Van Winkle, W.A. Affens, E.J. Beal, G.W. Mushrush,
R.N. Hazlett and J. DeGuzman

Naval Research Laboratory
Washington, D. C. 20362

INTRODUCTION

One of the tasks of the United States Navy Mobility Fuels program at the Naval
Research Laboratory is to determine the effect of composition on the freezing
properties of liquid fuels (1,2). The combination of requirements for ship and jet
aircraft fuels of a low freezing paint (to permit cold temperature operations around
the world) and a flash point minimum (to reduce the hazard of storage and transport
of liquid fuels on board ship) leads to opposing compositional needs. This is
because many components of a fuel thst tend to lower the freezing point (small
hydrocarbons with higher vapor pressures) will also reduce the flash point. Because
of these constraints, it is not always practical to produce fuels meeting these
requirements from available crudes. This limits the amount of crudes and hence the
amount of JP-5, the Navy fuel for carrier based aircraft, which can be produced from
"a barrel of crude.” With increased knowledge and understanding of the components
that first crystallize out of a cold fuel, it may be possible to modify refining
techniques to increase the yield of Navy liquid fuels per barrel of crude without
compromising either the freezing point or the flash point restrictions.

Part of this task was a study of partially frozen fuels, in particular, to
isolate and characterize the "precipitate” (solid crystals plus entrapped liquid)
which can cause aircraft fuel-tank holdup, filter plugging, and related jet aircraft
engine problems at low temperature operation. In order to accomplish this, the
liquid "filtrate" had to be separated from the precipitate and a quantitative
analysis made of several components (especially the normal alkanes) in the original
fuel and in both fractions. The importance of the saturated hydrocarbon fraction,
particularly the higher normal alkanes, in raising the freezing points of hydro-
carbon fuels had been suggested by Dimitroff et al. (3-5); Petrovic and Vitorovic
(6); Solash et al. (2); and others.

This paper deals with the method used to separate the liquid filtrate from the
precipitate in fuels cooled to predetermined temperatures below their freezing
points, the method of analyzing the fuel and fuel fractions, and the results
obtained from a study of one particular jet fuel.

The fuel used to test the method was a shale-derived fuel (NRL No. J~22) from
the Shale-IT refining process conducted by the Standard 0il Company of Ohio (SOHIO)
at their refinery at Toledo, Ohio (7-9). This fuel met the military specification
requirements for Navy JP-5 jet turbine fuel (10); its actual freezing point of -48"C
(11) was below the specification maximum requirement (10) of -46“C. This fuel,
referred to hereafter as J-22, was chosen because the normal alkane concentrations
in shale-derived fuels are considerably greater than those in petroleum-derived
fuels (8). Table 1 lists the concentrations of the n-alkanes present in measurable
amounts in the J-22 fuel.
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TABLE 1. n-Alkane Concentrations in Filtrate of Fuel J-22
JP-5 Shale II, as a Function of Temperature

Normalized Concentrations (Xg')¥

Fuel
‘C Sample, X, -57.5 =55.3 =53.6 =-51.4 =48.5 -48%%
n-Alkane
Ci0 4.50 1.04 1.03 1.01 1.00 0.98 0.97
C11 8.55 0.94 0.96 0.97 0.98 0.97 0.98
C12 7.10 0.71 0.77 0.83 0.91 0.95 0.99
C13 4.41 0.47 0.56 0.67 0.83 0.92 1.00
Cis4 1.36 0.42 0.51 0.57 0.70 0.91 0.94
C1s 0.35 0.43 0.54 0.66 0.83 0.97 0.97

*Normalized data = concentration divided by concentration in original
sample
**Data extrapolated to freezing point (-48°C)

ISOLATION OF PRECIPITATE FROM FILTRATE

A glass apparatus constructed for the isolation of the partially frozen
precipitate is shown in Figure 1. The design was based on the fractional crystal-
lization device used by Pitzer and Scott (12) and is similar to that of Dimitroff et
al (5), at the U. 5. Army Fuels and Lubricants Laboratory. It is referred to as a
"Liquid-Solid separator" (LSS), as it was called by Dimitroff.

The LSS consisted of four components, A, B, C, and D, which were attached
together by means of O-ring joints with clamps. Glass-metal joints connected the
LSS to copper coils immersed in the bath, which carried dried nitrogen gas from the
flow meters. The assembled LSS was immersed in a refrigerated and stirred methanol
bath in a large clear-glass Dewar flask. Dry ice was added to the methanol to help
cool the system rapidly to the freezing point of the fuel, at which time the fuel
was added. A weighed sample of fuel (about 8 grams) was introduced through the open
stopcock J by a hypodermic syringe with a long needle. A temperature controller
then cooled the system to the desired temperature and maintained it to within
+0.1°C during crystallization and filtration. A very slow stream of nitrogen
flowing through stopcock K (stopcocks I and L being closed), bubbling up through the
fritted glass disc H and out through stopcock J prevented any liquid fuel from
flowing down through the disc before and during crystallization. Approximately 20
minutes were allowed at the desired temperature for crystallization to be completed.

Stopcocks J and K were then closed, and L and I opened to allow a slow stream
of nitrogen under pressure (up to 15 psig) through L to force the liquid filtrate
through the fritted glass disc, and down the funnel M and into the preweighed
filtrate cup D. Entrapped liquid was forced out of the precipitate by stirring and
tamping. To carry this out, dome B was removed and the gelatinous precipitate
stirred and pressed with a glass rod having a flattened end. The rod was either
kept in the apparatus during the entire freezing process or cooled in dry ice just
prior to insertion. In this way the precipitate was spread more evenly over the
fritted glass disc, eliminating channels through which the nitrogen could pass.
Attempts to compress the precipitate by the rod and thus force the liquid through
the disc were unsuccessful. After stirring, dome B was replaced by a plain dome
without a stopcock, B', and further filtering allowed to take place under nitrogen
pressure., The plain dome eliminated nitrogen leakage through stopcock J. This




stirring process was repeated several times if necessary. Although the J-22 fuel
aeparated quite easily without stirring and tamping, other fuels, especially diesel,
proved quite difficult to separate, and much stirring was needed.

After the filtration was completed, the nitrogen flow was stopped. The Dewar
flask was lowered until the glass-metal connectors to the nitrogen tubes were just
out of the bath. The copper coils were disconnected, and the entire LSS removed
from the bath. The filtrate cup was quickly detached, and a weighed glass vial
placed under the glass funnel M before any melted precipitate appeared in the
funnel.

The filtrate in the cup was weighed, and a sample taken for analysis. As the
LSS warmed to room temperature most of the precipitate melted and flowed down
into the vial. Nitrogen under low pressure helped force the flow. The residues on
the fritted disc and stirring rod were washed down with n-pentane into another
weighed vial. After removing the pentane by bubbling nitrogen through the solution
at ambient temperature and pressure, the residue was weighed and combined with the
precipitate in the first vial, which had also been weighed. After thorough
mixing, a sample was taken for analysis. Careful tests showed that the higher
n-alkanes (and other material) present in this residue were not swept out with the
nitrogen sparging at a slow rate through the pentane solution. Since the amount of
pentane present in the sample was readily determined, the composition of the
precipitate was converted to a pentane-free basis.

SAMPLE ANALYSIS BY GAS CHROMATOGRAPHY

The concentrations of the n-alkanes in the original fuel samples, filtrates and
precipitates were determined using an OV-101 fused silica capillary column, 0.2 mm
i.d. x 50 m long, in a Hewlett-Packard Model 5880 gas chromatograph (GC). The inlet
split ratio was 60:1; the column oven was temperature programmed from 50” to 200°C
and the inlet and detector outlet temperatures were both 300“C. Iso-octane was used
as the internal standard. Moreover, the concentrations of quantitatively prepared
solutions of pure n-alkanes were accurately determined using iso-octane as the one
internal standard.

Additional data were obtained when necessary by combined CG/MS (EI mode). The
GC/MS unit consisted of a Hewlett Packard Model 5710 GC, a H-P Model 5980A mass
spectrometer and a Ribermag SADR GC/MS data system. An all-glass GC inlet system was
used in conjunction with a 0.31 mm x 50 m SP2100 (similar to OV-101) fused silica
capillary column.

The gas chromatograms for the original fuel, the filtrates and precipitates are
very similar, with differences noticeable only in the relative heights of the major
n-alkane peaks. The chromatogram for J-22 fuel, shown in Figure 2, is relatively
simple. The components are bounded by normal nonane, n~Cg, on the light end and by
normal hexadecane, n-Cjg, on the heavy end. The normal alkanes dominate the
chromatogram, accounting for 26% by weight of the fuel (Table 1). There are a few
other sharp, prominent peaks, some of which are labelled on the chromatogram for
reasons discussed below.
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CONCENTRATIONS OF n-ALKANES IN LIQUID AND SOLID PHASES
Filtrate

Normalized filtrate composition data as a function of temperature are listed in
Table 1. For each n-alkane going from left to right these data approach unity at
the freezing point of -48“C. Since this temperature (actually the melting point) is
the point at which the last trace of solid material melts, or redissolves, the
composition of the filtrate at this point should be the same as that of the liquid
fuel, The descending columns in Table 1 show decreasing concentrations as the
carbon number of the n-alkanes increases, showing that the higher the n-alkane the
more readily it crystallizes, or freezes, out of solution. These data, when plotted
as the logarithm of the n-alkane concentration in the filtrate vs. the reciprocal of
the absolute temperature, form straight lines for all the n~alkanes, as would be
expected for a Van't Hoff solubility plot.

Precipitate

Since the precipitate, a waxy crystal matrix, entrapped significant amounts of
filtrate, the concentrations of the n-alkanes in the precipitate varied unpredict-
ably depending on handling and treatment and were not used in this study directly.
The interest lies rather in the n-alkane concentrations in the actual crystalline
solids formed. Because the amount of entrapped liquid in the precipitate was large,
only by indirect methods was it possible to estimate the amount of true aolids
present and the composition of those solids.

Estimating n-Alkane Concentration in Solids Fraction of Precipitate

Since the precipitate contains some solid crystals and some entrapped liquid,
let 2 equal the weight fraction of liquid entrapped in the precipitate:

Wi, = ZWp , 1)

Based on mass balance considerations, and assuming that the liquid portion of the
precipitate is entrapped filtrate, it can be shown (17) that

Xg = (Xp = 2Xp)/(1 - 2) 2)

where Xg, Xp, and Xp are the concentrations of a given component in the solid
fraction, precipitate, and filtrate respectively. Equation 2 expresses the concen-
tration of any component A in the solid fraction of the precipitate as a function of
its concentration in the filtrate (Xp) and precipitate (X;), and the fraction of
liquid in the precipitate (2). We have determined Xp and Xp, and the problem is to
estimate 2.

Estimation of 2

If there is a species k in the precipitate which has a very low freezing point
and does not freeze (form crystals) under the conditions of the experiment, it would
therefore be present only in the liquid fraction of the precipitate (Xg = o). It is
thus possible to estimate Z by making use of this information and applying Equation
2. Solving Equation 2 for Z, gives

Z = XPIXF 3)
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The 2 obteined from Equation 3 for component k is also applicable to the solid A
components since it is the result of the same dilution of the precipitate by liquid
filtrate. Hence, we can estimate Z by means of the ratio of component E in the
precipitate to that in the filtrate.

Estimating the Fraction of Solids in the Sample

From the weights of total material in the sample (Wg), filtrate (Wp), precipi-

tate (wp), the fractions of filtrate (F), precipitate (P), and solids (S) it can be
shown (17) that:

F = wF'/WO 4)
P= WP/WO 5)
S = Wg/Wg = (1 - 2)P 6)

Thus, by means of Equations 4, 5, and 6 and knowing Z, we can calculate F, P, and S.

Estimating Percent of n-Alkanes in Fuel Found in the Solid Phase

Not only is the concentration of each n-alkane in the crystalline solid of
interest, but of even greater interest is the percent of each n-alkane or other
frozen component present in the fuel that is found in the solid phase. If we define
Xg" as the percent of a given component present in the fuel that is found in the
solid phase, then it can be shown (17) that

XS" = p(Xp - ZXF)/XO 7

Thus Xg" depends on directly determined experimental data and on the value of 2,
which can be determined indirectly as explained previously.

Choice of Noncrystal-Forming Components for Estimating Z

After careful examination of the gas chromatograms for the jet fuel J-22, two
k compounds were selected, labelled a and b in Fig. 2, which do not form solid
crystals. The retention time of a was between that of Cjp and €y}, and that of b
between Cy7 and Cy3. They were identified by GC/mass spectrometry as 4-methyl
decane and 2-methyl dodecane. The freezing point (T,) of 4-methyl decane is
=-92.9°C, (13), well below the temperatures of these experiments. The drastic dif-
ference in freezing points effected by branching is typical of branched isomers vs
straight-chain alkanes (n-Cyy, Ty = 25.6°C). These two compounds were selected
because they exhibited sharp, distinct GC peaks, and because their concentrations in
the filtrate and precipitate were essentially constant with temperature in both the
filtrate and precipitate. The average normalized concentration data (relative to
concentrations in the original sample) were slightly greater than unity (about
1.06) in the filtrate, and slightly below unity (about 0.91) in the precipitate.
This would be expected for compounds which do not crystallize out, since their
concentrations (relative to that in the sample) in the filtrate would rise as other
materials precipitate out. Conversely, their concentrations in the precipitate
(since they appear only in the liquid fraction of the precipitate) would decrease as
the alkanes concentrate in the precipitate.




n-Alkane Concentrations in the Solids

By means of the concentrations of the k components a and b, Z values were
calculated using Equation 3. Using Equation 2, and knowing Z, the concentrations of
each alkane in the solids (XS) were calculated. Normalized concentrations of each
n-alkane in the solids are listed in Table 2. Average values of Z are shown later
in Table 4.

Table 2. n-Alkane Concentrations in Solid Phase of Fuel J-22
JP-5 Shale II, as a Function of Temperature

Normalized Concentrations (Xg')¥

’c -57.5 ~55.3 -53.6 -51.4 48, 5%k
n-Alkane
€10 0.42 0.44 0.33 0.31 0.08
C11 1.61 1.49 1.46 1.16 0.29
Ci2 4.26 3.90 4.42 3.68 0.96
Ci13 6.55 5.76 7.53 6.64 1.91
C14 8.01 7.57 9.85 9.48 2.76
C15 8.63 8.00 10.29 9.74 2.66

*Normalized data-concentration divided by concentration in original
sample.
*%Data listed here because they are useful later on. The value of 2
at this temperature was very inaccurate.

It is apparent that the larger the n-alkane the greater is its concentration in
the solid phase. The concentrations of the smaller n-—alkanes generally show an
increase in concentration in the solids as the temperature decreases. This is
expected as more crystals freeze out of the liquid and form part of the solid phase.
On the other hand, it can be seen that the reverse is true for the heavier n-alkanes
in the solid phase. At the higher temperatures they will form most of the solid
crystalline phase. As the temperature decreases and more of the lighter n-alkanes
appear in the solid phase, the absolute proportion of the heavier n-alkanes must get
smaller, and so the concentration decreases with decreasing temperature.

The values of the normalized n-alkane concentrations in the solid phase, Xg',
were calculated by dividing the values of Xg obtained from Equation 2 by the
concentration in the fuel, Xg, for each n-alkane. The sensitivity of Xg' to the
accuracy of the value of Z can be readily seen: an error of 5% in the value of Z
when Z = 0.85 causes an error of 25% in the value of Xg', whereas an error of 5% in
Z when 2 = 0.70 causes an error of 11% in Xg'. Thus one of the more important and
difficult tasks was obtaining accurate values of Z. The values of S, Xg and
Xg' all depend on the factor (1 - Z), the uncertainty of which increases as 2
approaches unity. In general, however, the values of Xg' as a function of tempera-
ture show the expected relationship for a component freezing or crystallizing out of
a liquid solutiom.



Percent of n-Alkanes in Fuel Found in the Solid Phase

Table 3 shows the variation of Xg', the percent of the n-alkanes present in the
original fuel that are found in the aolid phase, using Equation 7 with the average
value of Z. It is seen that the increase in the percent found in the solid phase
increases with the carbon number and varies inversely with temperature for each
n-alkane.

Table 3. Percent of Total Fuel n-Alkanes Found
in Solid Phase as a Function of Temperature
Fuel: J-22, JP-5 Shale II

Percent of Total Fuel n-Alkanes: Xg"= Xc' * S
_ % =57.5 -55.3 -53.6 ~51.4 -48.5
n-Alkane
Ci0 3.4 3.2 1.5 0.90 0.22
e 13.2 10.9 6.6 3.4 0.78
C12 34.9 28.5 19.9 10.7 2.6
Ci13 53.7 42.0 33.9 19.3 5.2
C14 65.7 55.3 44.3 27.5 7.4
Cis 70.8 58.4 46.3 28.2 7.2

Freezing point extrapolated for Xg" = 0O: range -48.7" to -47.2°
(average -47.9°C)
MATERIAL BALANCES
Overall Balance
By means of Equations 4, 5 and é the total overall material balances were
estimated and the results listed in Table 4. The percent recovery, defined as 100
times the ratio of the weight of the filtrate plus precipitate to the weight of the

original fuel, varied between 98.8 and 99.7%

Table 4. Total Material Balances-Fuel: J-22, JP-5 Shale II

e -57.5 ~55.3 =53.6 -51.4 ~48. 5kk
% Filtrate 44,7 67.8 79.6 90.1 83.9

% Precipitate 54.9 31.4 19.9 8.7 16.1

% Recovery 99.7 99.2 99.5 98.8 -

% Solida¥kkk 8.2 7.3 4.5 2.9 2.7
A 0.85 0.76 0.77 0.67 0.83

*Fraceion liquid (filtrate) in precipitste, P
#*kNot accurate-some information lacking in these early runs
¥¥kFreezing point extrapolated for S = 0 is -48°C
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n-Alkane Balance

Perhaps the most important check for self-consistency for the type of data
gathered in this study is a material balance for each of the compounds present.
For every run, a material balance for each of the n~alkanes and k compounds was
carried out. Material balances are shown for all the n-alkanes present for one
specific run at -53.6"C in Table 5.

Table 5. n-Alkane Balance, (mgs.) - Fuel: JP~5, J-22, -53.5°C, Z = 0.767
Precipitate (P)
Filtrate Liquid Solids Total Total Liq. Recovery Fuel Percent

n-Alkane F L S L+S F+ L F+ P Sample Recovery
C1o 282 55 6 61 337 343 357 96.1
€11 510 100 45 145 610 655 678 96.6
€12 362 71 111 182 433 544 563 96.6
Ci13 191 38 113 151 229 342 350 97.17
Ci14 47 9 48 57 56 104 108 96.3
Ci1s5 14 3 13 16 17 30 32 93.8
TOTAL 1406 276 336 612 1682 2018 2088 96.8
TOTAL FUEL 6292 1233 375 1608 7525 7900 7934% 99.6
Percent

n-Alkane

in Total 22.4 22.4 89.6 38.1 22.4 25.5 26.3 -

% Starting weight of sample used in Run No. 30

Only in one case was the discrepancy between the "input" (fuel) and the
"output™ (filtrate plus precipitate) greater than 4%. This occurred with Cj5 where
the concentrations were extremely low. The method of analysis by gas chromatography
used in this study clearly gave consistently good results.

Determination of Z by Liquid Chromatography

Because the value of Z is of the greatest importance in this study, two other
methods for determining it were investigated as a check on the accuracy of the
method used, which we call the "k-component method." One of these methods was high
performance liquid chromatography (HPLC) (14,15). Samples of fuel, filtrate, and
precipitate for a particular run were analyzed for three classes of compounds:
saturated, monocyclic, and dicyclic aromatic hydrocarbons. The fuel sample con-
tained no internal standard, but the filtrate and precipitate each had an internal
standard, iso-octane, added to it. Since iso-octane is a saturated hydrocarbon and
was present to about 9% by weight, the percentages of the three fractions determined
by HPLC had to be adjusted for no iso-octane present.
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Table 6 gives the results of the HPLC analyses. Both the percentages obtained
by HPLC analyses of the precipitate and filtrate containing iso-octane and the
adjusted values are listed. As expected, the percent of saturated hydrocarbons is
greater in the precipitate than in the filtrate, whereas the reverse is true for the
monocyclic and dicyclic aromatic hydrocarbons. To calculate Z, we first assume that
no dicyclic aromatic hydrocarbons freeze or crystallize out of the fuel. Then this
fraction can be assumed to be a k compound. By Equation 3, Z = 0.78/1.02 = 0.765,
total solids, S = 4.8% and saturated hydrocarbons making up 97.5% of S. By GC
analysis, using components a and b as k compounds, Z for Run No. 30 wss determined
to be 0.766 and § = 4.8% with the normal alkanes comprising 89.6% of the solids.

Table 6. Hydrocarbon Fractions Determined by High-Pressure Liquid
Chroratography - Fuel: J-22, JP-5 Shale II. Run No. 30: T = -53.6C

Percent
Hydrocarbon (w/w) Percent (w/w) in Percent (w/w) in
Fraction in Fuel Filtrate* Precipitate¥ Filtrate¥* Precipitate¥¥
Saturated 76.58 75.01 80.23 75.52 80.70
Monocyclic 22.45 23.99 19.00 23.46 18.51
aromatics
Dicyclic 0.97 1.00 0.77 1.02 0.78
aromatics

*jgo-octane present as internal standard
**%Adjusted for no iso-cctane

If the assumption is made that neither monocyclic nor dicyclic aromatic
compounds appear in the golid phase, the value of Z becomes 0.78, the average value
taking both the monocyclic and dicyclic aromatic components as k compounds. The
total solids S becomes 4.5% still in remarkably close agreement to the GC analysis.

The other confirmatory method involved the use of dye tracers to obtain the
values of Z. This was suggested in a recent paper by Moynihan et al. (16).
However, we were not able to use the dye method successfully for our purposes. Our
work with the dye tracer method is reported elsewhere (17)

SUMMARY AND CONCLUSIONS

The liquid (filtrate) and the solid crystals containing & large portion of
entrapped liquid (precipitate) from partially frozen samples of middle distillate
fuels were separated from each other and collected by means of a liquid-solid
separator (LSS) developed at NRL. This was done at several temperatures below the
freezing point of the original fuel samples. The collected filtrates and precipi-
tates along with original fuel samples were analyzed quantitatively for the normal
alkanes and other specifically designated components (k-compounds) by gas chroma~
tography.
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The filtrate data were straightforward, snd Van't Hoff plots of the n-alkane
concentrations (log concentration vs. reciprocal temperature) formed straight lines.
Their slopes demonstrated the importance of the higher n-alkane in fuel freezing, or
crystallizagtion, st low temperatures.

Since the precipitate consisted of a waxy crystal matrix in which significant
amounts of liquid (filtrate) were entrapped, the data presented some problems of
interpretation. Modifications in the method resulted in better separation, but it
was still far from complete. An indirect method (using k-compounds) was derived to
estimate the total solid fraction in the precipitate and also the individual
n-alkane concentrations in the crystalline solids.

It was seen that the solid fraction increased with decreasing temperature, and
that the fraction (or percent) of the n-alkanes in the original fuel that appeared
in the solid phase increased with the carbon number and was inversely proportional
to the temperature for an individual n~alkane.

Results of totsl material balances as well as of individual n-alkanes gave
close agreement, within a few percent in nearly all cases. Tests uaing high
preasure liquid chromatography further validated the method used.
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"The Distribution of n-Alkanes in Partially Frozen Middle Distillate Fuels"

Naval Research Laboratory, Washington, DC 20375-5000

INTRODUCTION

This work on partially frozen fuels is one of a continuing series of studies on
the effect of composition on the freezing properties of hydrocarbon fuels (1-6).
The method used for this purpose was reported previously (4-7). By means of this
method we were able to determine the composition of the liquid and solid phases in
partially frozen mixtures consisting of liquid and of solid crystals plus entrapped
liquid. This paper presents the results of this study on five different middle
distillate fuels.

FUEL SAMPLES

Five fuel samples were used in this study: three Navy jet fuels (JP-5) and two
Navy ship propulsion diesel fuels (DFM). The three jet fuels included a shale~
derived fuel (NRL No. J-22) from the Shale-II refining process conducted by the
Standard 0il Company of Ohio (SOHIO) at their refinery at Toledo, Ohio (8-10). The
other two were conventional petroleum-derived JP-5 fuels (NRL Nos. 80-5 and 81-19).
Fuel 81-19 contained very low concentrations of n-alkanes compared to those in the
other two fuels. All three met the military specification requirements for JP-5 jet
turbine fuel (11). The freezing points (12) of J-22, 80-5, and 81-19 fuels, -48°,
-49°, and -53°C., respectively, were below the specification requirement of -46°C
maximum (11).

One of the samples of diesel fuel studied [82-8] was a conventional petroleum-
derived DFM. The other {82-16] was a shale-derived fuel also from SOHIO's Shale-II
refining process. The pour points (13) of the two DFM fuels, -11° and -23°C
respectively, were well below the military specification requirement of -6.7°C
maximum (11).

FUEL ANALYSES

Quantitative analyses of the n-alkane compositions in the fuels were made using
a 50-m (0V-101), fused silica 0.2-mm i.d. capillary column in a Hewlett-Packard 5880
gas chromatograph (GC) or when necessary by combined GC/MS (EI mode). The n-alkane
concentrations in all five original fuel samples are listed in Table 1.

PARTIALLY FROZEN FUELS

The residual liquid ("filtrate") from partially frozen fuel samples was
separated from the "precipitate" (crystalline material plus entrapped liquid) and
collected by means of the NRL liquid-solid separator apparatus (LSS) at several
temperatures below the freezing points of the original fuel samples. The LSS method
was described previously (6,7). The filtrate and precipitate were characterized by
gas chromatography. The GC chromatograms for all five fuels and their associated
filtrates and precipitates are all quite similar, although there are significant
differences which affected the ease and accuracy of the quantitative analysis.
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TABLE 1
n-Alkane Concentrations in Original Fuel Samples
(Xo = % wolWy)

JP-5 DFM
Shale II Petroleum Petroleum Shale II Petroleum
NRL No. J-22 80-5 81-19 82-16 82-8
n-Alkane

Cg 0.07 0.07
Cy 0.17 0.12
C10 4.50 1.01 0.21 0.53 0.40
€11 8.55 4.36 0.82 1.11 0.60
C12 7.10 5.35 1.01 1.61 1.00
C13 4.41 3.78 1.30 2.54 1.44
C14 1.36 1.67 0.82 2.91 1.88
C1s 0.35 0.54 0.45 2.66 2.00
Clg 0.15 0.16 2.30 1.89
C17 0.06 2.26 1.63
C18 1.60 1.22
C19 0.68 1.08
Co0 0.06 0.71
Co1 0.50
Cao 0.30
C23 0.16
Coy 0.07
Total % 26.27 16.86 4.83 18.50 15.07

RESULTS AND DISCUSSION
Filtrate

The filtrate solubility data for the five fuels are plotted as the logarithm
of n-alkane concentration in the filtrate (as weight percent) vs the reciprocal
absolute temperature (1000/T K). Three of these plots are shown in Figures 1-3.
For each of the five fuels, the data for all the n-alkanes form straight lines, as
would be expected for a Van't Hoff solubility plot. All of the slopes were
determined by a least squares fit of the data.

The six n-alkanes present in measurable quantities in the J-22 jet fuel are
plotted in Fig. 1. The slope of the line for the lowest n-alkane, n-Cjg, is very
slightly positive, and the next n-alkane, n-Cj], the line is almost horizontal.

The data for the remaining n-alkanes show definite negative slopes which increase in
magnitude with carbon number. The shaded points in Fig. 1 represent the original
fuel concentrations for each alkane plotted at the freezing point (-48°C). Since
this temperature {actually the melting point) 1s the point at which the last trace
of solid material redissolves, the composition at this point should be the same as
that of the liquid fuel. As expected, these concentrations fell close to the
plotted lines in almost all cases.

The n-alkanes present in the petroleum-derived jet fuel 80-5 were
n-C1g - n-Cyjg- The slopes of the curves for the two smallest n-alkanes, n~Cjg and
n-C11, were perfectly flat. The data for fuels 80-5 and J-22 indicate that the
normal alkanes behave in an identical manner when the fuels are partially frozen.

For the low-n-alkane jet fuel, 81~19, the data are plotted in Fig. 2 for the
five highest n-alkanes. The lines for Cyg and Cp; (omitted for clarity) are
perfectly flat, and the line for Cj; 1s almost so. The three highest n-alkanes, Ci4
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through Cjg, show definite slopes which increase in magnitude with the carbon
number, thus showing close agreement with the higher n-alkanes in the other fuels
studied.

The data for C13 in the 81-19 fuel, however, follow a different pattern, as is
clearly evident. Not only are the data widely scattered from the straight line
obtained by linear regression from the six data points, but the line itself shows a
slight increase in concentration with decreasing temperature. Also, unlike the
other n-alkanes, the extrapolated concentration at the freezing point is consider-
ably lower than its concentration in the original fuel. This suggests that n-Cj3
may have an opposite effect on the freezing point of fuels to that of the other
n-alkanes. This anomalous effect of n-Ci3 has been reported elsewhere (1,3,5)
where the effect of n-C)3, in certain cases, was to lower the freezing point rather
than to raise it.

The two diesel fuels show a much wider spectrum of n-alkanes, from n-Cg to
n-Cyp in the shale-derived 82-16, and from n-Cg to n-Cp4 in the petroleum-derived
82-8. The filtrate data for fuel 82-8 are plotted in Figure 3, For the sake of
clarity the data for the lower alkanes were not plotted in Figure 3. The behavior
of the n-alkanes in fuel 82-8, are very similar to that in the other fuels.

A careful study of the fuel and filtrate chromatograms failed to reveal any
other components in any of the five fuels whose concentration in the filtrate was
regularly lower than that in the fuel. Therefore a conclusion, indicated by a study
of the filtrate data above, is that only the n-alkanes freeze or crystallize out of
the fuel in the temperature ranges studied, which in each case was in the vicinity
of the freezing point of that fuel. The filtrate data demonstrate the importance of
the role of the higher n-alkanes in the freezing of jet and diesel fuels.

Precipitate

The precipitates for all five fuels consisted of a waxy crystal matrix and
varying, significant amounts of entrapped liquid (filtrate). In the previous
paper we have shown how the concentrations of the n-alkanes in the crystalline
solids can be obtained from the filtrate and precipitate concentrations (7). The
key to determining the concentrations in the solid phase was seen to lie in the
value of "Z", (the liquid fraction of the precipitate), and this in turn depended
upon the suitable choice of non-crystal-forming reference components.

Choice of & Components for Estimating Z

Two components (clearly defined in the GC traces and identified by GC-mass
spectrometry as 4-methyl-decane and 2-methyl-dodecane) were chosen as A-components
for the jet fuel J-22. Very satisfactory results were obtained by using them to
determine the values of Z.

A study was made of the GC traces of each of the other fuels, from which a
number of components were chosen as k~components. For each fuel, average Z-values
were thus estimated. The details of the selection of A-components was described
previously (6).

Variation of Solid Fraction with Temperature

Once the value of Z was determined, it was a simple matter to find the solid
fraction in the precipitate, and then the percent solids in the partially frozen
fuel sample (6,7). The percent of crystalline solids, S, as a function of
temperature is ahown for all five fuels in Fig. 4.

The lines in Fig. 4 may be extrapolated to zero (S = 0) with resulting
temperatures corresponding to the freezing point (more correctly, the "melting
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point"). This is because in the determination of the freezing point of fuels, the
freezing point is defined as the temperature at which the crystals formed on cooling
Just disappear when the temperature is allowed to rise (12). The extrapolated
temperatures are shown in Table 2. The experimentally determined freezing points
for the JP~5 fuels (Table 2) are in agreement with the extrapolated values within
experimental error. Furthermore, the extrapolated temperature of -46°C for the
Shale-II JP-5 fuel (J-22) is in good agreement with the extrapolated data obtained
by Moynihan et al (14) who investigated the same fuel in their studies of partially
frozen fuels using a dye tracer technique for the separations.

TABLE 2

Extrapolated vs. Experimental Freezing Point Data

Experimental (°C) Extrapolated (°C)

Fuel Freezing Point (12) S =0 | X" = 0%
JP-5 (J-22) | -48 | -46 | -48

" (80-5) | =49 | -48 | -48

" (81-19) | -53 | -5 | -54
DFM (82-16) | —2 3wk | -1 | -16

" o(82-8) | ~11%k | -4 1 -4

] ]

]
* Averaged data
%% Pour Point (13)

There are no freezing point requirements for DFM and therefore no corresponding
data for the above DFM fuels. The pour points were determined (13), and are shown
in Table 2. Since the pour point of a fuel is a function of flow properties
(viscosity and amount of crystallization which has taken place) an increased
quantity of solid material (relative to that at the freezing point) 1is involved.
Since this requires further chilling (below the freezing point) it would be expected
that pour points should be lower than freezing points. In this case the pour points
are 9° and 7° below the extrapolated "freezing point" temperatures for the DFM fuels
82-16 and 82-8 respectively.

Total Material Balance

Table 3 lists the total material balances together with the values obtained for
Z, the liquid fraction in the precipitate, and §, the weight percent of crystals

TABLE 3

Total Material Balances

JP-5 DFM

Fuel Shale II Petroleum Petroleum Shale II Petroleum
NRL No. J-22 80-5 81-19 82-16 82-8
Temp.(°C) -53.6 -56.3 -64.4 -28.1 -11.1

% Filtrate (F) 79.6 73.2 69.4 79.8 87.0

% Precipitate (P) 19.9 26.3 29.6 19.6 11.7

% Recovery 99.5 94.5 99.0 99.4 98.6

% Solids (S) 4.5 5.3 1.7 5.5 2.6

* 0.77 0.80 0.94 0.72 0.78

————— e

*Fraction liquid (filtrate) in precipitate (P)
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formed, from a typical run for each fuel. Data for all the experimental runs have
been given elsewhere (5,6), but the data presented in Table 2, at roughly the middle
of the temperature range investigated, give a good comparison of the values of 2
obtained for each fuel.

n-Alkane Concentration in the Solids

The concentration of each n-alkane in the solid phase was calculated by the
previously described method (6,7).

All five fuels show the same chsracteristic behavior: the higher the n-alkane
the greater its concentration increase in the solid phase. The concentrations of the
lighter n-alkanes generally show an increase in concentration in the solids as the
temperature decreases, which is to be expected as more crystals freeze out of the
liquid phase and form part of the solid phase. The heavier n-alkanes, on the other
hand, form most of the solid phase at the higher temperatures, and will form a
proportionately lower fraction as more of the other n-alkanes freeze out as the
temperature decreases.

Percent of the n-Alkanes in the Fuel Found in the Solid Phase

Of great significance is the percent (or fraction) of each n-alkane present in
the original fuel that appears in the solid phase, Xg". This tells us the
distribution of the n-alkanes in partially frozen fuels. Xg" depends on the
concentration of the n-alkane in the original fuel, in the filtrate and in the
precipitate, as well as on the value of Z (7).

Figs. 5-7 show the values of Xg" plotted as a function of the temperature for
three of the five fuels. In most cases the graphs are linear. In almost every case
the rate of increase in the percent of n-alkane appearing in the solid phase
increases with the carbon number.

For the fuel J-22, the data plotted in Fig. 5 show a slight but steady increase
in the percent of n-Cjg, the lowest n-alkane present that appears in the solid
phase, reaching a value of about 4% at -58°C. The higher n-alkanes show increasing
amounts appearing in the solid phase with over 75% of n-Cjg5 in the solids at -58°C.
It may be, however, that there is no longer a straight-line relationship near this
lower temperature for the two highest n-alkanes. Obviously the percent in the
solids must approach 100% more slowly the closer it gets to 100%. If all the lines
for the six n-alkanes are extrapolated to Xg" = 0 (the freezing point temperature
is found to be an average value of -47.9°C. Similar extrapolated data for all five
fuels (Xg" = 0) are shown in Table 2. These extrapolated freezing points (Xg" = 0)
compare well with actual freezing points, as well as with extrapolated data from
S = 0, as can be seen in Table 2.

The normal alkanes are thus seen to behave as would be expected if they alone
freeze or crystallize out of the fuel at temperatures below, but in the vicinity of,
the freezing point. The higher the n-alkane the more completely it is removed from
the liquid phase as the temperature decreases.

Individual n~Alkane Balances

For every run, a material balance for each of the n-alkanes and A-components
present was carried out. With very few exceptions the amount of each n-alkane in
the total 1liquid and in the solid was found to be within 5% of that in the original
fuel. VWhere the concentrations were very low, as with n~Cy3 and n-Cy4 in fuel 82-8,
the deviation approached 20%.
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Composition of the Solid Phase

Probably the most important and certainly the most difficult task we had was
the determination of the composition of the solid phase. The actual concentrations
of the n-alkanes are not reported here, but they are obtainable from the earlier NRL
studles (5,6).

In the case of the J-22 fuel, at two temperatures, -58° and -54°C, the
n-alkanes account for over 95% of the solids formed. About 1% seems to be due to
the A-compounds. There are undoubtedly some other compounds in the 67% of the J-22
fuel (that is not made up of n-alkanes or of the k-compounds) that form crystals in
the solids. Nevertheless no compounds other than the n~alkanes could be found
having higher concentrations in the precipitate than in the filtrate, and so no
compounds other than n-alkanes form crystals to any great extent. The other fuels
followed the same pattern, but the percentage of n-alkanes in the solid phase was
not as high as that of the J-22 fuel.

Until other methods of analysis can be devised to measure accurately small
amounts of many different components, or until the solid crystals can be separated
completely from the entrapped liquid and then analyzed, the complete composition of
the solid crystalline phase will remain undetermined. Further useful information,
however, might be gathered, by partially freezing some mixtures of normal alkanes
with one or two other components and determining their distribution coefficients.
Extrapolation from this to their behavior in fuels might be made and tested.

SUMMARY AND CONCLUSIONS

The liquid (filtrate) and the solid crystals containing a large portion of
entrapped liquid (precipitate) from partially frozen samples of five middle
distillate fuels were separated from each other and collected by means of the NRL
liquid-solid separator (LSS). The fuels consisted of three different types of JP-5
jet fuel and two different types of DFM Navy ship propulsion fuel. The separations
were made at several temperatures, each below the freezing point of the original
fuel samples. The original samples and the collected precipitate and filtrates
were analyzed quantitatively by GC (or when necessary by combined GC/MS). The
filtrate data for all five fuels were straightforward, and Van't Hoff plots of the
n-alkane concentrations (log concentrations vs recipocal absolute temperature)
formed straight lines and their slopes demonstrated the importance of the higher
n-alkanes in fuel freezing, or crystallization, at cold temperatures. The
precipitates, which consisted of a waxy crystal matrix, all entrapped significant
amounts of liquid (filtrate). An indirect method (using 4-compounds), which was
described in an earlier paper, was used to estimate the n-alkane concentrations in
the solid fraction of the precipitate.

The solids data demonstrated that the higher n-alkanes play the key role in
fuel crystallization at low temperatures, concentrating as much as tenfold in the
crystallized solids compared to the ligquid. Also it was shown that the n-alkanes
form the major part, up to at least 95% by weight in some fuels, of the solid
crystals formed.
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Limitations of Existing Analytical Methodologies-
Needs for Future Methods Development in The Analysis
of Fossil Fuels: Concluding Remarks

M.B. Perry, Division of Coal Science
U.S. Department of Energy, Pittsburgh Energy Technology Center

Introduction

Two of the challenges faced by fuel scientists with respect to a future
fuel-processing technology are (1) the need to characterize highly complex
samples in various stages of conversipn, and (2) the need to aid in develop-
ing conversion processes that are economically feasible and yield a product
that is environmentally acceptable. The Committee on Nuclear and Alterna-
tive Energy Systems concludes that coal and nuclear energy are the only
potential major sources for electricity generation in this century.! For
this reason, and since most of the papers in this symposium have been
directed toward investigations relevant to coal, this discussion will focus
on problems associated with the characterization of coal and its concomitant
processing products.

An understanding of coal requires integration of the perspectives of
investigators from various backgrounds. For example, even today there is
still no concensus concerning the origins of the various forms of sulfur in
coal that integrates the views held by scientists from different
disciplines. Socolow? noted the various views of coal from miners,
geologists, chemists, and biologists. Today, this list can be expanded to
include views of coal from social scientists and environmentalists. Socolow
quotes the noted geologist David White, who once said, "Coal is like char-
acter, the deeper you go into it, the more interesting it becomes." Thus,
to a great extent each investigator becomes more or less captivated by these
materials and the analytical challenges they offer, such that if the muse of
fuel science were to appear to each of us and offer one gift of instrumenta-
tion, we would each of us request a different gift, the final assemblage of
which would require standardization and cross calibration.

In the absence of a muse, it might be interesting to trace the stages
of evolution of a new analytical method. Laitinen® has described a set of
seven phases through which an analytical method passes. The phases he
describes are traced in terms of the history of infrared spectroscopy and
can be summarized as follows:

First, there is a conception phase that occurs after a principle of
physics (e.g., the absorption of infrared radiation) is recognized as a
basis for identification and measurement. Second, the validity of the
prineciple as a basis for useful measurements is established. Third,
instrumental developments bring the method from a laboratory curiosity
into the hands of a nonspecialist. Fourth, detailed studies of
principles and mechanisms are pursued, and the method matures as an
accepted procedure. (Laitinen identifies this stage as the crest of
analytical research as distinguished from instrumentation research).
Fifth, applications are enlarged with appropriate modifications in pro-
cedures. Sixth, well-established procedures are applied to new as well
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as to old problems. Seventh, a period of senescence occurs while other
developing methods surpass the method under consideration. Finally, a
resurgence of these later phases may occur as new developments in
instrumentation or theory come along.

Two questions come to mind in considering these stages of evolution of
accepted analytical methodology: First, has physics recognized new
principles that suggest new methods for probing fossil fuels; and second,
are fuel scientists actively developing methods applicable to these
materials or are we merely modifying methods that were originally developed
for investigation of other sample types (i.e., polymers, proteins, amino
acids, biological materials)?

"It has been said, perhaps cynically, that chemists can expect to see
no further new analytical methods. Physicists have discovered the funda-
mental interactions of energy and matter, and combining existing techniques
into hyphenated methods is all that remains."* Is it reasonable to expect
the development of new analytical methods for the analysis of fossil fuels?
A historical view of coal utilization might produce some insights.

Past, Present, Future Trends

Some well-established laboratory techniques for the analyses of coal
and petroleum have been identified and are accepted by the American Society
for Testing and Materials (ASTM) as standard methods. There are, however,
three other organizations that specify methods and procedures for coal
analysis, including (1) International Organization for Standardization
(IS0), (2) Deutsches Institut fiir Normung (DIN), and (3) British Standards
Institution (BSI). Procedures recommended by these four standard-setting
groups were compared at Conoco's Coal Research Division (Library, Pa.) using
an Eastern United States high-sulfur coal.!® They note that although the
terms used by these different standard setting groups are the same, the
procedures used for some of the determinations are not, and results obtained
from these analyses show that differences exist. Finally, they conclude
that "the increasing movement of coals from the U.S. or other parts of the
world to Europe requires an understanding of the various methods of coal
analysis used by coal buyers and sellers." Thus, a fundamental problem is
confirmed that must be addressed by investigators of fossil fuels, the
necessity for methods calibrations and standardizations.

Coal preparation (beneficiation) can be viewed as a form of coal pro-
cessing that should be well understood. Coal prep has been used in the U.S.
for approximately 100 years. In the 1960s, about 1/3 of the total coal
mined was cleaned. As Klatt has pointed out:,5 coal prep and flue gas
desulfurization are the least costly ways of meeting New Source Performance
Standards for SO; emissions. .7 Yet, the application of analytical
methodologies to the characterization of these materials and processes have
been minimal. Klatt cites several reasons for this def‘iciency;s he points
out that fundamentally coal is undervalued relative to other fuels, and the
coal industry has been reluctant to try new technology. As evidence of this
observation, Klatt relates the cost of a modern coal prep plant is approxi-
mately $75,000,000, with a total on-line instrumentation cost of about
$150,000 -- a much lower investment in instrumentation than is found in the
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chemical industry. The economic rationale for the use of on-line process
and quality control instrumentation, Klatt notes, has simply not been
provided. Most laboratory techniques used to analyze coal cannot be
transferred to on-line instruments because they do not satisfy principle
design criteria (i.e., rapid response time and the ability to sample large
quantities of materials). Other important criteria that must be considered
include cost, reliability, and maintainability. Methods that use high-
energy photons, gamma or X-ray, can meet the above design criteria. Con-
sequently, essentially all systems developed or under development (i.e.,
Mossbauer spectroscopy, X-ray diffraction, and X-ray fluorescence) for the
coal industry that yield elemental composition information employ
methodology involving the measurement of gamma or X-rays.

The assessment of the mechanisms, efficiency, environmental accept-
ability, ete., of a particular processing technology may require knowledge
of the functionalities present or a determination of the individual organic
compounds present. Hertz et al.® have briefly reviewed emerging methods for
the analysis of individual organic compounds in petroleum, shale oil, and
synthetic coal liquids. However, they note that none of these methods was
developed for the accurate quantitative analysis of individual compounds.
Because of sample solubility or volatility requirements, in many cases, the
actual sample for which data are reported is a fraction or derivative of the
material of interest that has been subjected to a variety of pretreatment
procedures. Because of their carcinogenic potential and because they are
present at significant levels in combustion products, polycyclic aromatic
hydrocarbons and their heterocyclic analogue derivatives have been the focus
of many recent investigations. Analytical methods that have been applied to
the analysis of these sample constituents have been reviewed.?)!9%,!1
Karasek et al.'? and Janardan and Schaeffer!® have reviewed the mechanisms
involved in the introduction of errors in the analysis of trace organics.
Karasek et al. address problems associated with solvent purity, sample pre-
concentration, and sample collection and handling; they suggest that a major
problem with all techniques for trace analysis of organics is the lack of
appropriate environmental standards.!? They recommend specific changes in
the design and use of glassware and other apparatus employed in sample pre-
paration. Likewise, in an analysis of random errors in estimating levels of
trace oganics in environmental sources, Janardan and Schaeffer'? show that
the estimated quantity is dependent on the capture efficlency and precision,
the average recovery and reproducibility, and the sensitivity of the
analysis. They concluded that "in order to insure the accuracy of such
data, the scientist must control not only the analyses but, more
importantly, the processes involved in obtaining the sample itself."!3

Many of the future needs in fossil energy research are fundamental to
the ordinary requirements for the analysis of any diverse complex sample
type. There must be developed a series of suitable, universally acceptable
standards that are appropriate for instrumental and methods calibration for
routine analyses. Intermethod and intramethod calibration is vital if
results and conclusions from the investigations of the various fossil fuel
types are to be compared and contrasted. These tasks will require the
expertise and background of the most reputable and credible fossil fuels
scientists among us if their results and suggestions are to be widely
accepted and implemented. This endeavor would be unique in that the study
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would attract the worldwide interest and support of fossil fuels scientists.
Finally, the translation of these laboratory methods into a form suitable
for on-line process analyses with the appropriate cross-calibration and
cross-validation of results should be forthcoming.

New Methods for Fossil Fuels?

Who will accept the risks and bear the costs of new analytical methods
development in fossil fuels research? Few young investigators can accept a
high risk of failure; certainly graduate students and nontenured professors
have timetables that are relatively intolerant of failure. However, sig-
nificant contributions have been made and should continue in incremental
improvements in existing methodologies applied to fossil fuels; these
investigations can be accomplished, in many cases, within a time frame and
within a risk factor acceptable to the new researcher. The fresh approach
and ideas of new investigators should be brought to bear on fundamental
problems of fossil fuels research. Federal budgets are being increasingly
scrutinized, and the requisite for fossil fuels development is being
delayed. Increasingly, managers outside of academia are adopting the
"publish-or-perish" criterion for promotion or even retention of entry level
professionals. A conference, "Strategies for Innovation," sponsored by an
international accounting firm, convened in London in June 1985.'% There
Douglas Dybvig, managing director of Minnesota 3M Research, Ltd., pointed
out that "the rising cost of innovation, pressures from investors for
immediate gains, and economic pressures have helped reduce productive growth
and concomitant growth in innovation." Two primary themes emerged from the
conference. One was the need for companies to establish an atmosphere in
which people are not afraid to fail; the second was the need for companies
to be accepting of not only in-house ideas but also those from the outside.
Without significant changes in this philosophy and these attitudes, it is
reasonable to conclude that the risks of failure assoclated with new methods
development will probably be the burden of established professionals --
established professionals who must consciously purge old biases and
precepts, and bring a youthful approach to problems, established profes-
sionals who have secure and adequate budgets to staff their laboratories
with capable personnel willing to endure the painstaking, slow, and patient
approaches required of innovation and creativity.
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