FOSSIL

DOE/PU/BUSTY-TT
E 1.99:

DEB9 nn&os7

DR #0656 4%

DOE/PC/80519-T1
(DE89005257)

DIFFUSION OF GASES IN COALS AND CHARS
Final Report for the Period of Performance September 15, 1985—September 14, 1988

By
Douglas M. Smith

Work Performed Under Contract No. FG22-85PC80519

For

U. S. Department of Energy
Pittsburgh Energy Technology Center
Pittsburgh, Pennsylvania

By
University of New Mexico
Albuquerque, New Mexico

DIFFUSION OF GASES IN COALS AND CHARS: FINAL REPORT, SEPTEMBER
15, 1985— —SEPTEMBER 14, 1988. Smith, D.M. (New Mexico Univ., Albuquerque
(USA). Poadaszs and Granular Materials Lab.). 1988. 57p.

UNCL Unlimited




DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees. makes any warranty. express or implied, or assumes any legal liability or responsibility
for the accuracy. completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned rights. Reference herein to
any specific commercial product. process. or service by trade name. trademark. manufacturer, or
otherwise does not necessarily constitute or imply its endorsement. recommendation. or favoring
by the United States Government or any agency thereof. The views and opinions of authors ex-
pressed herein do not necessarily state or reflect those of the United States Government or any
agency thereof.

This report has been reproduced directly from the best available copy.

Available to DOE and DOE contractors from the Office of Scientific and
Technical Information, P.O. Box 62, Oak Ridge, TN 37831; prices available
from (615)576-8401, FTS 626-8401.

Available to the public from the National Technical Information Service, U. S.
Department of Commerce, 5285 Port Royal Rd., Springfield, VA 22161.

Price: Printed Copy A04
Microfiche A01

Printed in the United States of America, Office of Scientific and Technical Information, Oak Ridge , Tennessee



-

DIFFUSION OF GASES IN COALS AND CHARS

~ FINAL REPORT

PERIOD OF PERFORMANCE
9/15/85-9/14/88

DOE/PC80519

. Douglas M. Smith
UNM POWDERS AND GRANULAR MATERIALS LABORATORY
Department of Chemical and Nuclear Engineering
University of New Mexico
Albuquerque, NM 87131
(505)-277-2861

DOE/PC/80519-T1
(DE89005257)
Dis_tribution Category UC-102

"US/DOE Patent Clearance is pot required prior to publication of this

document. "



~ THIS PAGE
WAS INTENTIONALLY
- LEFT BLANK



i

AéSTRACT

Eight PSOC cgals representing a wide range of rank and geographic origin
have been subjected to a wide range of pore structure analysis methods as
well as gas diffusion measurements. Pore structure anélysis techniques
employed included carbon dioxide and nitrogen adsorption, helium pycnometry,
mercury porosimetry, and low-field NMR spin-lattice-relaxation'measuremenCS.

.In principle, NMR pore.struccure énalysis avoids many of the probleﬁs
associated with conventionai pore structure methods such as pore structure
changes during drying, sample compression, necQork/percolation effects, pofe
shape assumptions, and a limited pore size range. Spin-lattiée relaxation
measurements were conducted at a proton frequency of 20 MHz aﬁd 303 K using

water contained in the coal pores. Pore size distributions were obtained via

deconvolution of the NMR relaxation measurements using the method of

regularization and application of the "two fraction-fast exchange" model of
pore fluid behavior. A qualitative comparison of the NMR pore size

distributions and surface areas (COZ/NZ) yielded good agreement.

Monodisperse and bidisperse pore size distributions were noted with pore
volume in the size range of <0.5 nm to 0.5 um.

Effective diffusivities of methane and nitrogen were measured at 303 K

and ambient pressure using a pulse tracer analysis method. The measured

effective diffusivities ranged from 1.82 x 10-7 to 1.11 x 10-4 cmz/s for

’ to 3.70 x 10.b cmz/s for methane. The diffusivity

nitrogen and 2.92 x 10
was a strong function of particle size indicating that the unipore diffusion
model was not appropriate. Plots of inverse diffusivicy inverse particle
size squared were linear which allowed extraction of micropofe diffusion

parameters.
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1. INTRODUCTION

The basic philosophy of the investigation was to perform gas-phase
diffusion measurements and a wide range of pore structure analysis schemesfﬁo
the same suite of coal samples. Pore écructure analysis included
conventional approaches such as gas adsorption and.mercury po}osimetry as
well as a new technique which uses low-field spin-lattice relaxation

measurements(developecd as part of this project).’

2. RESULTS AND DISCUSSION

2.1 DIFFUSION STUDIES
INTRODUCTION
Effective ciffusivity measurements for cozl-are important in a number

oanpplications‘ For example, the study of methane diffusion ‘through coal

[

s of interest for the production of natural gas from coal beds. It has
been assumed [1l] chat the rate of methane released from a single coal
particle is controlled by the diffusion of methane through the pore
structure of the coal, since methane is physically adsorbed on the solid
surface. In the'combustioq of coal} the rate of reaction may.bé controlled
by the rate of diffusion of gaseous reactants to the internal pore structure
vl the coal [2].

Despizte the_practical necessity for information about gas diffusion
throuéh coal, ‘litile work has been done to establish diffusion coefficients
of gases in coal. Studies to date have been of three different types. The
first type consists of flow;ng a gas through a solid coal disk and, from the
measured pressure drop and flow rate; a diffusion coefficient may be
calculated. In the second technique, after undergoing a step-chaﬁge in

surface concentration, the rate of adsorption (or desorption) from small



particles is used to determine a diffusion coefficient. The third
tecnnique, and the one employed for this sctudy, uses the gas solid
chromatography method to measure diffusion parameters for gases in coal. 1In
past diffusion studies, the pore structure of the samples was not studied.
In this work, we will study coals with well-characterized pore structure in
an effort to relate pore structure and diffusion rates.
BACKGROUND

There are two studies that utilize the flow-disk experiment to study
diffusion of gases in coal. Thimons and Kissell [3] used this technique to
study mechane and helium diffusion in three eastern United States coals.
Experiments were undertaken at pressures ranging from 69 to 275 kPa and
ambient temperature. Surface transport of adscrbed methane was negligible
as compared to gas phase transport and steady-state diffusion coefficients

4 > cm2/s and the transient De’s were 0.5

tc 10 times the steadv-state values. Also, the ratio of (NHe/ NCH )1/2,
A

(De) were on the order of 10  to 10~

wnare Nx is the flux of the diffusing gas, was much greater than 2,
indicating a strong molecular sieve effect. When the coal was saturated
with water vapor, De decreased by a factor of 3 to 75. Although Thimons and
Kissell addressed several important points, they avoiaed the question of
pore size and size distribution effects by using the unipore model. This
model assumes that all pores are of the same diameter and are cylindrical.
Other studies [4,5] have indicated that this model fails with coal.
Sevenster [2} used the flow-disk experiment to study a wide variety of
gases diffusing through a single British coal using the unipore model. In
contrast to the Thimons and Kissell [3] work, the fraction of each species
transported by surface diffusion was éignificant except for He, HZ’ N2, and

CO0. In the same study, Sevenster utilized the particle adsorption technique

Y



to measure transientc De in three differen; coals. Sevens:er'measured the
volumetric uptake of oxygeﬁ and water vapor by coal particles (60 mesh-
Tyler). Assuming a unipore model, by pldccing the fractional upcake,‘vc/
V_, against tl/z, De can be calculated from the slope of the straight line
which should resulc in the initial uptake region. For oxygeﬁ adsorption,
straight line (Vt/ VﬂD versus tl/z)'behavior was seen in the 40 to 100
percent Vt/ VQ region indicating that the unipore model was invalid.
Diffusion coefficients for oxygen (303 K and 670 mm Hg) were on the order of

14 cmz/s and appeared to be independent of pressure. The

4.5 x 10°
adsorption of water was rapid with 70 percent of the equilibrium amount
being adsorbed during the first 100 minutes, after which adsorption was
slow, with equilibrium being reached after 24 hours. It should be noted
: . . . 1/2
that none of the experimental lines on the Vt/ V_ versus t plots passed
througn the origin. Diffusion coefficients for water vapor (298 K and 21 mm
-13
0

. : 2 : .
Hg) were on the order of 4.8 x 1 cm” /s and there was an increase in De

with an increase in pressure.

There is a large discrepancy between the diffusion coefficients
obtained via the steady state flow experiment and those obtained by the
transient adseorption experiﬁent. For oxygen, De from the flow experiment

was 1.14 x 10'll cmz/s and from the adsorption experiment it was 4.5 x

10'1“‘nm2/s. For water vapor, D, was 1.24 x 107t em®/s from the flow

13 cmz/s from the adsorption experiment.

experiment and it was 4.8 X 10°
This discrepancy may be attributed to the use of only one small particle
size because later studies [4) have shown ghat De's obtained by adsorption
experiments are dependent on particle size. This problem is related to the
question uvf the correct characteristic diffusion length.

Nandi and Walker [6]) utilized the particle desorption technique to

measure De in four coals. They were concerned with explaining the large



deviation between surface areas measured with Nz and CO,. The study was

&
limited to small particle sizes (-200/+325 Tyler Mesh) and measurements were
conducted over a temperature range of 298 to 413 K. The diffusion process

was found to be activated and the CO, activation energy was significancly

2

lower than that for N2' Nandi and Walker [7] also studied the diffusion of

methane in American coals of rank varying from low volatile matter

anthracite to high volatile content bituminous. Diffusion in the micropores

was found to be activated, with the activation energy varying from 3.5
keal/mol for the anthracite to 7.0 keal/mol for bituminous coals. This
suggested that the average size of the accessible micropores in the
anthracites is larger than that in the bituminous cnals.

One of the most significant differences in that investigation compared
to previously discussed studies was in defining two different characteristic
diffusion lengths. To obtain De’ the correct.length must be known. The
first ckaracteristic length was defined as the ratio of the specific volume,

found by He penetration, to the N, surface area. The second characteristic

2
length was the razio of specific volume found using He to neopentane surtace
area ‘De values for the ditterent coals rarged Lrum 6 = 10'16 gmz/s tn 2.4
X 10-13 cm2/s (203-811 kPa and 345 K). In contrast, most investigators

employ the particle radius as the characteristic length and obtain much
larger De values. The correct characteriscic length slhivuld result in the
same diffusivity values for any particle size.

Airey (4] studied methane desorption from an English coal and concluded
that rhe unipore model was inadequate to describe diffusion over the entire

timescale and employed an empirical equation of the form:

n
V.V =1 - e (t/T5) (1)
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CAlrey found that the moisture-conCenc (5.0-6.2 %HZO) of the coal had no
effect on the desorption rate, that the quantity of methane adsorbed was
independent of particle size but was a strong function of moisture content,
that the value of n was independent of particle size and moisture content,
and that the value of To increased linearly with particle size.

Smith and Williams [5) studied methane desorption from a sub-bituminous
coal. Effective diffusivities ranged from 7.93 x 1046 cm2/s to 2.26 x ].O-5
cmz/s for six samples from wicely different parts of the same formation.
Their main objective was to determine if the effective diffusivities
calculaced‘from data at short ;imes would correlate over the entire
timescale of desorption. They concluded that experimental data agreed well
for VC/Vco < 0.5 but there was significant deviation between the unipore
model and'experimental values of Vt/ V_ at large times. Since many coals
-exhibit bidisperse pore size distributions [8)}, Smith and Williams present a
bidisperge pore model for coal which accurately described methane desorption
rates over the entire time scale of desorption. The bidisperse pore model
required three parameters to describe diffusion through the pores. These
parameters are micropore effective diffusivity, macropore effective
diffusivity, and a constant which is proportional to the micropore/macropore
distribution of gas at equilibrium. In another work, Smith and Williams (9]
implemented this bidisperse pore model and used the gas solid chromatography
technique coﬁpled with frequency analysis to determine these diffusion
parameters.

Many of the discrepancies between the various diffusion studies can be
attributed to pore structure variation and differgnt diffu;ion lengths. It
is widely recognized that coal contains pore; over a wide range of pore
sizes [8,10]. Gan, Nandi and Walker [8] studied the pore structure of a

number of coals varying in rank from anthracite to lignite using gas



adsorption, helium and mercury displacement, and mercury porosimetry. Manwv
coals had a bidisperse pore structure with significant fraction of the pore
volume being found in the macro and micro pore ranges. Gallegos, Smith and
Stermer {10] studied the pore structure of 19 coals using adsorption,
mercury porosimecry, helium displacement and nuclear magnetic resonance
(NMR) spin-lattice relaxation measurements. CO2 adsorption at 273 K was
used to find the total surface area and N2 adsorption at 77 K was used to
determine surface area in the pore range of rp > l'nﬁ. Similar to Gan,
Nandi and Walker (8], no rela;ionship betweeﬁ carbon content and either the
N2 or C02 surface area was found for the 19 differcnt coals. Also, no
correlation between carbon content and N2 pore volume ( 1 nm < rp< 33 nm )
was found. Porosimetry results were complicated by inter-particle filling,
surface roughness and sample compression. Glaves and co-workers {1ll] have
studiedvmany of these same coals using spin-lattice relaxation measurements
of water contained in saturated coal samples in order to extract pore size
distribucions. Uuelitative agreement between the NMR measurements and gas
adsorption/condensation results was obtained,
EXPERIMENTAL

For porous solids, Schneider and Smith [12] have used gas solid
chromatography to determine adsorption equilibrium consrtanrs (KA),

adsorption rate constants (k axial dispersion coefficients (DL)' and

ads)'
~unipore effective diffusivities. By combining a mass balance of the tracer
in the gas phase, a mass balance of this component in the particle, and
assuming a linear adsorption isotherm, the cdncen:ration of the adsorbing
gas as a function of time and axial position, c(z,t), in the packed bed can
be obrained:

DL(azc/azz) - u(6e/8z) - dc/dt -(3D_/R)[(1-a)/a)(8e,/dr) =0  (2)

(De/e>[azci/ar2 + (2/r)8e /3x] - de /Bt - (s [8)dc,, /3T =0 (3)



ocads/ét - kac's(ci i Cads/KA> . : (%)

. Boundary and initial conditions are:

De(aci/ar)r=R = kf(c - Ci) o (3)

éci/ar -0 at r=0 for ¢t > 0. (6)

c =c at z =0 for 0<ctc<ec (7)
o o)

c =0 at z = 0 for t > t, (8)

where k. is the external mass transfer coefficient and . is the tracer
pulse time. By using a Laplace-Carson transform, it is possible to obtain
expressions for the moments of the elution curve. The first absolute

momentc, pi, and the second central moment, Mo are defined as:

A = fgc(z,t) dc ' , (9)
pll - (/&) [Fe(z, o)t de ‘ (10)
by = (/AfGeky D ieae) @ | (11

The first moment characterizes the position of the curve's center of
gravity, whereas the second central moment depends on the width of the

curve. These moments are related to the desired transport parameters by

(12]:
by (2/4) (145 ) . £ /2 B A (12)
By = 2(z/w) (6] + DL(l+6o)2(l/u2)] . co?/lz : (13)
§, = [(L-a)d/al(l + (o /9)K,] (16)
51 = 6a + 5i + 6e ’ (15)
5, = (L) /ald (o /0) (K2 /k 40 | Cae
8y = (BRP0/15)[L + (p /0)K,1(1/D,) oan
5, - (6°R26/15)[1 + (o, /0)R, ] (5/kR) ' : (18)

Where u is the linear velocity of the carrier gas, and the patameters which
characterize the column and the adsorbent are defined as follows: column
length (z), void fraction of the bed (a), porosity of the adsorbent (§),

apparent density of the adsorbent (pp), and particle radius (R). The.



adsorption :esistan;e is represented by 6a’ the in:raparticlg resistance by
51' and the external diffusion resistance by 58. The mass transfer
coefficient, kf, may be related to the molecular diffusivicy, D,p: at low
Reynolds number by (13):

k (19)

£R = Dyp
By integrating the experimental elution curve, the first and second moments
may be obtained. From the first moment, the value of KA may be found using
Equacions-l2 and 14 since all other parameters are iﬁdependently determined:
Assuming that the rates of external mass transfer and adsorption are much
faster than pore diffusion, De may be calculated from the second moment if
the axial dispersion coefficient is assumed to have thé same value as for a
packing of solid particles.

Haynes and Sarma [13] describe first and second moment expressions for
the same bidisperse pore model employed by Smith and Williams [9}). The
model assumes that the porous solid is a sphere of radius R which is formed

from many microporous particles of radius Rx' The void space surrounding

the microparticles forms the macropores and has a diffusivity of Dv’ The

diffusivity in the micropores is Dx' Assuming adsorption is negligible, the:

unipore effective diffusivity, De, obtained from Equations 9-19 may be

related to the macropore and micropore diffusivities and porosities:

(1-8_) 82 R? (20)
Y ox x ’

1
D_ RZ (A _+(1-6 )6 )2 D
.\}7 )V x

e ¥

1
D_
_ X
By measuring the unipore effective diffusivity over a range of particle
sizes and plotting 1/D, versus 1/R?, a straight line should he ohtained and
evaluation of the intercept will give Dy and the slope will give Dx/R;

assuming that the micropore and macropore porosities can be measured. For

coal, R‘ cannot be directly measured and therefore, only DX/R; may be found.

@
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The experimental apparatus used in this work resembles a gas
chromatogfaph and a schematic diagram of the apparatus is shown in Figure 1.
The helium carrier gas is fed into the system via two-stage regulators to
ensure minimum flow rate flucuations. The gas floQ rates are controlled
with Nupro needle valves. Sample injection is accomplished by passing the
carrier and tracer gases through opposite ports of a Valco 8-port valve
having a 0.10 cm3 sample loop. ToAminimize entrance effects, this valve is
located immediately before the column entrance. Tracer gases are UH?
methane and nitrogen. Injection of the tracer is accomplished by switching
two solenoid valves which control the flow ofiair to the Valco valve
actuator. The carrier gas flow rate is determined using a soap film flow
meter and, because this flow rate measurement is.essential in the anelysis,
ten reacdings are taken and the average is used. The standard deviation of
these ten readingé is less than 1% of the mean value.

The column is fabricated from 1/4 inch stainiess steel tubing with an
inner diameter of 0.538 em. To minimize end efifects, a column length of
51.36 cm is used. The distance between the sampling valve and tube was kept
short and the connection made with 0.159 cm OD stainless steel tubing to
minimize dispersion in the entrance region of the column.

The thermal conductivity detector(TCD) system consists of a GOW-Mac

Inc. thermistor detector and a GCW Mac power supply/controller. The thermal

. conductivity detector is coupled directly to the column outlet to minimize

dispersion at the column outlet. The detector utili;es two 8 KN thermistors
which are operated at 8 mA DC current. The internal cell volume is 0.025
cm? which minimizes the time lag due to cell mixing. The analog signal from
the power supply/controller (0-1V DC) is digitized using a fast-response

Keithley #192 mulctimeter (60 readings/sec). The digitized signal is sent
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via IEEE-ASS.ins:rumenc bus to an HP-83A microcomputer for data reduction.
The elution curve is integrated using the trapezoidal rule.

Eight coal samples with well-defined history and representing a range
of rank and geographic location were obtained from the Penn State Coal Data
Bank (PSOC coals). Table 1 lists each coal with its correspondiné rank,
geographic location and physical proﬁerties. Particle sizes that were used
are: 0.152+/-0.018 cm, 0.110+/-0.013 cm, and 0.055+/-0.007 cm. These sizes
wefe}chosen to minimize pressure drop. For PSOC-1354 and PSOC-869 coal
samples, three smaller particle sizes were used to extend the size range.
These'sizes'we:e: 0.023+/-0.003 cm, 0.011+/-0.001 cm, and 0.0QS+/-0.001 cm.
The coal samples were dried at 353 to 393 K overnight in air. After drying,
the samples were packed into the column and the column was reattached to the
apparatus. Helium then flowed through the column at 298 K for an hour to
purge the system of all extranedus gases.

The range of bed void fractions (o), 0.58 - 0;36, among the coals cén
be attribured teo different particle shapes and size distributions. The
large a values were obtained for the largest particle sizes as would be
expected since particle size and tube size are on the same order. The
column was repacked with PSOC-128; and PSOC-139 for dp = 0.110 cm to
demonstrate the reproducibility of a. For PSOC-128 the second packing had a
bed void fraction equal to 0.372 compared to 0.263 for the first packing and
for PSOC-139 the second packing had a bed void fraction equal to 0.481
compared to 0.484 for the first packing. |

The column pressure drop was calculated using the Ergun equation [14]
For the smallgst particle size, closest packing, and highest flowrate, the
experimental conditions where one would expect pressﬁre drop to be the
highest, AP was equal to 0.049 psi. Despite being an upper limit, this

pressure drop is significantly low and it was assumed that no correction was

11



COAL LOCATICN RANK No SA €Oy SA Ny PV He p Hg 0

. _ n2/g=DAY) (2/g-DAK) (cw3/g-DAF)  (g/cwd-bry) (g/cm’-bry)
88 Zap, ND Lignita A 3.0 130.5 0.032 1.62 . 1.43
139 Darco, TX - Lignite A 6.1 126.6 0.096 1.50 b.a0
856 Juanita C, CO HUBB 2.2 122.7 0.052 - 1.60 1.25
859 Dakota, CO ~1IveB 2.4 108.4 0.034 1,60 1.32
1354 Illinois #6, IL HvCB 22.0 163.6 0.190 1.46 WY,
852 D Seam, CO HVEB 19.3 146.3 0.034 1.61 1.31
128 Lower Kittanning, Ph LVEB 1.2 133.9 0.052 1.76 1.30
869 Primrose, PA Antracite 5.0 104.2 0.0439 1.92 1.58

Table 1. PSOC coals and physical properties in
order o= increasing carbon content.

[



needed for the measured volumetric flow rate. For PSCC-1334 and PSOC-869
coal samples, three smaller particle sizes were used and the highest
calculated AP‘was 0.421 psi.

RESULTS AND DISCUSSION :

For the PSOC-856 coal, experiments at five different flgw‘rates wvere
conducted and at each flow rate fivé runs were doﬁe. Typicél elution curves
corresponding to two different volumetric flow rates are shown in Figure 2.
The firstc absolute ﬁomgnc, pi, was reproducible within 1%, and the second
central moment, By, Was reproducible within 5%. Since the reproducibility
of the experiments was demonscrated for the PSOC-836 coal, the remaining
experiments were conducted at only 3 or 4 different flow rates and only 3 or
4 runs were done at each flow rate. For each run, pitwas reproducibie
within 1% for ail the coals and both nitrogen and mechane tracers. The
second central moment was reproducible within 5% for ail of the coals except.
for theAPSOC-852, PSOC-iBSA, and PS0C-139 coals with methane as the tracer
gas. The tailiﬁg on the elution curves for these coals was so significant
that Hy could not be reproduced. Therefore, effective diffusivities for
methane in these coals could not be ‘determined. This tailing effect is an
indication that methane‘aASOrbs onto these coals and will be discussed
subsequently.

For all eight cocals, the unipore effective diffusivity for nitrogen has
been determined as a function of carrier velocity and particle size. In
principle, De should be independent of particle size and velocity. The
effect of changing velocity on De was found to be insignificant but a major
(and somewhat unexpected) particle size dependence was observed f&r all

eight coals. Typical results are presented in Figure 3 using the PSOC-1354

coal as an example. This major variation of De (two orders of magnitude)

13
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with particle size is the result of the complex pore structure of coal and
the failure of the unipore model to describe transport in coal.

For nitrogen effective diffusivities measured for a fixed parcicle size

W\

and flow rate, attempts were made to correlate the magnitude of De with
various pore structure parameters. These parameters included various
definitions of the mean hydraulic radius (2PV/SA). Only by employing the
hydraulic radius of the macropores (i.e., by using the surface area and pore
volume determined from nitrugen adsorption/condensation at 77 K) was any
general trend noted. This result is presented in Figure 4 for three
different particle sizes and eight coals. As expectad, increasing pore
radius resulted in increasing diffusivity. On firstc thought, this would
suggest that transport is controlled by diffusion in macropores. If
transport is macropore diffusion controlled, than a linear plot of De/ﬁ
should be linear with slope proportional to the inverse of the tortuosity
factor. 1If this is actempted, the plot shows significant nonlinearity and
results in tortuovsity faectors on thea nrder of 100-1000. These r values are
to large to be physically significant.

The fact that the slope of a line fir to the data of Figure 3 1is
approximately two implies that the bidisperse pore model [9,13] described
earlier may be appropriate. Presented in Figure 5 is a log-log plot of
inverse effective diffusivity versus inverse particle radius squared for the
PSOC-869 coal for both nitrogen and methane tracers. The fact that the data
in this plnr is linear for over three orders of magnitude in 1/R? and has a
slope near one 15 quite interesting. Linear hchavier was noted for all
eight coals when the results were presented on a linear l/De-l/R2 plot
although for most samples, only three particle sizes were studied (such as
the methan eresults presented in Figure 5). As discussed previously with o

regards to Equation 20, the slope and intercept of these plots may be

16
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analwzecd top odiain the macropere ciffusivicy. D, and the micropore
y
¢iffusion group, DX/R\: The intercept is egual te l/Dy anc the sicpe is
(1-6 )62RZ/ID (F +(1-% )£2)!., Therefore, in order to obtain the desired
yOUOXTRT TN Ty ¥OUN :

micropore diffusion.paramete:, Dx/Ri’ both the micropore and macropore -
porosity mus:t be obtained. We have assumed that the pore volume obtained by
nitrogen condensation at 77 K is a measure of the volume as§ociacedlwi:h
macropores. In addition, the total porosity of the coal particles, 6, may
be obtained from. the densities measured via helium and mercury displacement.

The micopore porosity, 0x' mav be obtained from § and ﬁy. Table 2 contains

values of £, b0 7. fer 21l eight coals as well as the micropore ciffusion
Y

grour, DV/RE, for both nitrcgen anc methene. Several points in Table 2

should be noted For the ?S3C-13%, & Texas lignite, the macropore pecrosity

er than ths nelium/mercury totel porosity and thus, micrcpore
porosity ancd diifusion parameters couid not be determinec. This is prooabiy
the rzsul: of cifferenz drying history for the same material befcre the
different analysis cv samples To sampie variation. Further evidence for the
veiicdity of the macropors poresity values is obtainecd from the generai trend
which is observed between 6y and the nitrogen surface area. Macropore
diffusivities are not reported in Table 2 since the mzgnitude of l/Dy is
much less than l/De for the parcticle sizes which we used. 7To ob:ain
accurate DV wouid reguire measuring De for lerger particles which we were
unable to accomplish in our experimental apparatus.' However, from a
practical viewpoint, the micropore diffusivity is the parameter of interest.
It was the original intent of the study to try and relate diffusion
parameters, such as Dx/R;, to pore structure paraméters. Figure 6 is a log-
log plot of the micropore diffusivity as a function of the microp§te
porosity for both nitrogen and methane diffusion. A general trend of

increasing micropore diffusion with increasing porosity is observed. A
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least sguares fit to this daca indicates a slope of 2.2 (i.e., that D /R

. ; 2.2 . . . S .
proportional to ﬂx ). This can be explained by remembering that D\ is an

effective diffusivity which contains a porosity, tortuosity and pore

EN

diffusivity (Dx- Dporegx/f)' Assuming that the micopore pore diffusivity is

constant for all coals (this is certainly not true since the micropore size
yill vary), the 2.2 power can be explainéd by defining 7 a; 1/€i'2. This is
very close to the value of 1/§ which is often taken as an approximate value
of v [14].

Only three coals showed significant adsorption (KA) of the tracers from
the first moment data analysis. These three coals were the PS0C-1354, PSOC-
129, and PSOC-852. These three coals can be singled out due to their high
NZ surface areas relative to the other coals. It seems that a high Nz
surface area is necessary for adsorption to occur. Figure 7 shows KA as a
function of N2 surface area for all the coals at a particle size of 0.055
c¢m. Although PSOC-852 has a higher N2 and CO2 surface area than PSOC;139
this is not reflected directly by the magnitude of KA’ which indicates that
as expected, adsorption is a function of the chemical nature of the surface
in addition to the N2 surface area. Figure 8 shows a plot of KA versus
particle size for both nitrogen and methane tracers. From this plot it is
evident that as particle size decreases the adsorption coefficient
increases. This effect does not match the prediction of the bidisperse pore
model since according to that model, the value of KA should be independent

of particle size. However, one would not necessarily expect such a simple

model to describe all the phenomena in a complex material such as coal.

NOMENCLATURE

A = Area under the elution curve &

c = Tracer concentration in the interparticle space
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o = Tracer concentration in the pore space

Cods = Concentration of the adsorbed gas
<, - Inlec tracer concentration
De = Effective diffusivicy
DL = Axial dispersion coefficient
DM = Molecular diffusivity
D, = Micropore effective diffusivicy
Dy = Macropore effective diffusivity
k = Adsorption rate constant

ads
kf = Mass transfer coefficient
KA = Adsorption equilibrium constant
L - = Column length ‘
n = Empirical constant of airey {[4&]
Nx = Flux of diffusing gas
jaY = Pore volume

= Spatial coordinate in the absorbent

R = Paricle radius

SA = Surface area

t = Time
o = Pulse duration
To =~ Empirical constant of Airey [4]
u = (Carvier gas velocirty
Vt = Quantity of gas adsorbed at time t
V, = Quantity of gas adsorbed at equilibrium
z = Length coordinate of the adsorbent bed
a = Interparticle void fraction in the adsorbent bed
é = Internal porosity of the adsorbent
Hx = Micropore porosity
0y = Macropore porosity
60 - Defined in Equation 14
61 = Sum of resistances defined in Equation 15
5a = Adsorption resistance defined in Equation 16
5e = External resistance defined in Equation 17
Si = Internal resistance defined in Equation 18
By = First absolute moment

Ky = Second central moment

T = tortuosity factor
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2.2 NMR AND PORE STRUCTURE STUDIES

INTRODUCTION

Iz is usually recognized that a variety of analysis schemes are requived
to probe the pore structure of coal over the entire pore size range of
interest. This may imply the use of gas adsorption (nitrogen and carbon
c¢ioxide), mercury porosimetry, small-angle x-ray scattering (SaXS), molecu-
lar brobes, and/or density measurements (helium and mercury displacement).
All of these characterization techniques suffer from inherent problems such
as a limited pore size range, errors due to network/percolation effectg, the
necessity of pore shape assumptions, and/or sample changes during analysis.
In this work, we explore ihe use of low-field NMR spin-lattice relaxation
measurements as a pore structure analysis technique for coal. A fluid
contained in a pore will exhibit a shorter spin-lattice relaxation time, T,,
than the same £fluid in bulk solution. In the model we present, this
;eduction in T1 is based on a difference in surface affected and bulk.flhid
relaxation rates within a pore, in combination with fast diffusional
exchange between these fluid regions. T, can thus be related to the pore
size. This analysis scheme has several advantages such as finding the
actual hydraulic radius of the pore with no shape assumption (for pores of
radius > =& nm), applicabilit& to a wide pore size range from micropo;es to
pores greater than 1 pgm, and independence of network/percolation eifects.

In applying spin-lacttice relaxation measurements to coal pore-size

determination it is gssumed that the fluid sorbed into the coal is a result
of condensation in pores, and that this sorption does not alter the pore
structure. This assumption is best for high rank coals and becomes
guestionable for low rank coals which have a high dégree of oxygen
functionality and are known to strongly interact with water and other

organic fluids. The interpretation of NMR measurements for low rank coals
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thus has the potential of being more complex than the treatment presantaed in

Ut

this paper, i.e. that of a simple porosity model, and caution shouid be
exercised when infering quantitative pore structure informacion in these

cases.

BACKGROUND

Although the adsorption of nitrogen at 77 K is the standard mecthod of
surface area determination, Anderson and co-workers [1} demonstrated that
coal surface areas determined via this approach are smaller than expected.
Marsh and Siemieniewska {2] have shown that analysis via the Dubinin-Radus-
kevich equation of carbon dioxide adsorption in the temperature range of 195
to 293 K results in the measurement of the "total" surface area. It is
postulated that the reason for the much lower nitrogen surface areas is
activated diffusion which limits the ability of nitrogen at 77 K to access
the surface area in pores with radii less than approximately 1-2 nm.

Alchough the use of nitrogen and carbon dioxide surface areas will give
some information concerning the relative ratio of surface area in macro-
pores/mesopores to the total surface area, little pore size distribution
information is obcaiﬁed. Obcaining pore size distribution information im-
plies the use of either nitrogen condensation (1<r<100 nm) or mercury poro-
simetry (1.5 nm<r<l0 gm). 2Zwietering and van Krevelen [3] used mercury
intrusion measurements over the pressure range of 15 to 15,000 psia in an
attempt to determine the pore size distribution of a single coal. The
volume-pressure curve was linear between 7,500 and 15,000 ps;a which the
authors at:iributed to sample compression. 'Thg authors obtained a compres-
sibility from the slope of the curve in this linear region which was used to-

corract the remainder of the intrusion curve for compression. Although che
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parzicle size of the sample was not given, it is clear that intrusion av low
pressures was the result of mercury filling in surface roughness and in :he
Avoid volume surrounding cthe particles. This apparent intrusion was no:
discussed and was attributed solely to pore filling. Gan, Nandi and Walker
(4] studied a number of American coals using nitrogen and carbon dioxide
adsorption, nitrogen condensation, helium density and mercury porosimetry.i
Pore volumes in the pore size range which overlap for nitrogen condensation
and mercury porosimetry indicated a larger pore volume froﬁ porosimetry as
compared to condensation. This was probably the result of not attempting to
make any correction for the effects of compression. Porosimetry at lower
pressures, for which compression is not significant, indicated very lié:le
poreAvolume in the macropore size range. The volume associated with
mesopores could not be determined because of compression effects, and with
micropores could not be determined because of the upper pressure limit of
the measurements. Sixteen coals have been analyzed via mercury porosimecry
by Toda and Toyoda [S5]. They concluded‘thac no pores exist in the size
range of approximately 20 to 7.5 rm (the lower limit of the measurements)
and that all observed intrusion in that pore size range was due to sample
compression. The effects of void filling around the particles and in
surface roughness at low pressures was not discussed. Coal compressibilicty,
found from the slope of the intrusion curve at high pressure, was found to
be independent of carSon content which implies that for coals‘wich pores in
the size range of 3 to 20 nm, compression correétions cannot be attempted.
A similar finding has been reported by Debelak and Schrodt [6) for four
Kentucky coals. In contrast, Spitzer {7} compared mercury pofosime:ry and
small angle x-ray scattering and concluded that when_poyosimetry i;

corrected for compression, the two methods are in good agreement. However,
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in that work, the compressid>iiicy was assumed to be the same for a
coals studied which represented a broad range of rank. This assumption is
certainly not suppcrted by ocher investigators [5,6]. Since the pore si:ze

distribution of coals is apparently quite broad and since the quantity of

pore volume in macropores and mesopores is usually small (<0.05 cm3/g), the

(-]

errors associated with this compressibility assumption will completely
distort the calculaced pore size distribution.

In addiction to compression questions for the application ot porosime-
try, the effect of sample particle size may also be significant. This effect
has been demonstrated by Gallegos, Smith and Stermer [§] using a range of
particle sizes. That work illustrates the-problems associated with isolac-
ing the effects of void filling around the particles, surface roughness
filling, sample compression, network/per olation effects, and the desired
pore filling. 1In summary, mercury porosimetry should only be applied to
coal samples with great care and & range of particle sizes should be con-
siderad as a means of ascertaining the magnitude of pore filling.

A series of NMR invesctigations of water contained in coal have been
presented by Lvnch, Webster and co-workers (9-12). In a study of brown
coal {10}, spin-lactice relaxation experiments indicated nonexponential
relaxation which they postulated to be the result of cross-relaxation with
protons in the coal matrix. The possibility of this non-exponential decay
resulting from a discribution of pore sizes was not considered. The
applicabilicy of pulse a-NMR for moisture content determination was
demonstrated for cigh:,coals'saﬁples [11]. More recently, Lynch .and co-
workers | é} have shown using raw and deashed coals that spin-spin )
relaxation is essentially independent of the paramagnetic impurities for

coals.
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he use of NIR spin-lactice relaxation measuremants as a povs SLTUC! L
"orobe was recognized by researchers in the field of pezroleum reservéir
logging. In principle, a fluid confined in a pore will relax at a faszer
rate than the same fluid in the bulk. The characteristic spin-lattice
relaxation decay time, Tl’ in a pore is usually assumed to be described by
the two-fraction, fasc exchange model [13] which treats the fluid in a pore
as existing in two phases, a surface-affected phase wirth characteristic

decay time, and a phase with the same properties as the bulk

Tlsurface’ _
fluid. If diffusion between the two phases is fast as compared to the

intrinsic relaxation rates, ths observed relaxation is a function of cthe
relative fractions of the two phases:

/Ty = £/Ty + £/Ticurface , (1)

If the pore size is relatively large (i.e., rp > 5 nm), the volume of the

surface phase is much less than the bulk phase and Equation 1 may be written:

in terms of the surface area to volume ratio of the pore:

1/T, = 1/T,, + SA/®V (1/T ‘ 2
T is now the ratio of T, - and the thickness of the surface-affected

1s lsurfece
phase. Previous work by Woessner [14] and Almagor and Belfort [15] indi-
cates that the thickness of the surface-affected phase is on the order of
one to two monolayers. For pore structure analysis, T, - and the
: lsurface
surface layer thickness are usually not determined separately. Instead, the
pore radius, r_, is defined as the hydraulic radius, 2PV/SA, and is related
to the measured T, by:
L

1/T, = o + (2.

/ 1 ﬂ/rp ) : (.)
where a is egqual to 1/1,, and is dectermined trom a T experiment on the bulk

fluid. The constant 8 is a measure of the surface-enhanced relaxation and

is a function of fluid/adsorbate, field strenguis, temperacture, and surface
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rent frowm that measurcd wis an

o

chemistry. In actualizy., e is probably diff
independent experiment on bulk fluid, this being due to an indeterminan:
amount of impurities dissolved into the pore water of sorbed svszems from
the pore matrix material. The error made in determining o becomes
insignificant, however, because of the fact that very small Tl values are
observed for coal samples, thus making a itself an insignificant parameter
in Equations 2 and 3.

Eéuations 2 and 3 are valid for pores with radius greater than
approximately 5 nm and imply that no assumption concerning pore geometry has
been made. For mesopores and micropores, a pore geometry must be be assumed
to relate the relative ;ractions ot surface and bulk phases to the pére
size. This problem was addressed by Gallegos, Smith and Brinker [16} for
pore models incluﬁing flat plate, cylinder, spherical cavity, and the pore
space surrounding solid spheres. By using an assumption conﬁerning pore
geometry, the lower limit of NMR pore size analysis may be extended from
approximately 5 nm to approximately 0.5 nm. For this micropore analysis an
additional parameter ,n, the thickness of the surface-affected phase, is
required and is on the order of one to two monolayers (= 0.3 nm). In
addition, the fraction of the total pore volume which exists in pores with
radii less than 0.5 nm may be determined, but no size distributiocn
information may be obtained for those pores.

For bulk fluid or a porous solid with a‘single pore size, the return to
equilibrium of the magnetization vector at time 7 during an inversion re-
covery spin-lactice relaxation experiment is given bv:

M(r) = HO [1-2exp(-r/Tl)} (4)
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Tor a povous solid with a distribution of pore sizes, the observod relasza-
tien, Mi7), is a function oI the relative volume and size of all porcs.

Therefore, Zquation 4 must be summed over the T, distribution, f(Tl):

T
S 1M [Lezexp(-r/T))] £(T)) T, - 05)

Tlmin

M(7) = MO

The proble@ is to extract the desired Tl distriBution, f(Tl)’ from a series
6f measurements of M(r). f(Tl) is related to the pore giza distribution vi$
Equation 3 for materials with pore sizes greater than appyoximately Som. A
more complicated equation.is used to relate the‘two for materials including
pores smailer than 5 nm [16]. Equation 5 is a Fredholm integral equation of

the first kind which forms the basis of the "ill-posed” nature of this

ry

inversion problem. Munn and Smith [17) used a non-negative least squares

(NNLS) zpproach to obtain discrate distributions which approximated the

ractual continuous distribution. This approach was satisfactory for a solid

with one or more narrow peaks in the T, distribution. However, Zor a mater-

1

ial like coal, a broad distribution can be anticipated. More recently,

several investigators {18,19] have used the method of regularization to

obtain continuous Tl distributions for the purpose of pore structure araly-
sis. The problem with the regularization appfoach.is obtaining a proper
value of the smoothing parameter, §. The optimum value of § will depend
upon both f(Tl), wnich isn’t known, and the magnitude of the experimenzal
error in the M(r) data set, which may be estimated. In previous work
{18,19]), the method éeveloped by Butler and co-workers {20} was used to

determine 5out given an estimate of the measurement precision. Using a

series .of mudel porous solids such as controlled pore glass and random
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»f uniform spheres, Gailegos and Smith (19} showed that ith= WMI--

derivecd pores size disctributions agreed well with the expected distribution
of hydraulic radius.

For pore structure analysis, the value of the surface interaction parame-
ter, B, must be determined for a particular fluid, temperature, proton
frequency, and solid surface chemistry. Gallegos and co-workers {21l] deter-
mined B8 values by using solids of similar surface chemistry and known pore
size distribution. However, for most materials, these calibration porous
solids are not available and NMR-derived pore structure information becomes
dependent on the errors associated with conventional pore structure analy-
sis. More recently, Davis and cu-workers [22] have simplified the B derer-
mination process. In that work, the sample was not compietely saturated,
but rather a quantity of fluid was adsorbed on the sample and the amount
adsorbed determined gravimetrically. If the specific surface area (SA) of
the sample is known, the fraction of fluid in the surface phase is given by:

fs = A SAC . (6)
where C is the mass of sample per unit volume of fluid. Equations 1 and 6
may be combined:

l/Tl - l/’I‘lb
Since T is usually several orders of magnitude larger than T

1b

low field aprlications, the second term in the brackets of Equation 7 can bhe

+Sat fA/Tlsurface A/le] ("

lsurface

neglected. Using cthe definition of B, Equation 7 may be rewritten:

B =2 (1/T, - a] / (SA C] | (8)
In order to find B, the surface area of the sample is first measured, a
small amount of fluid is adscvbed on the sample, the sample is reweighed o

find C, a T, experiment is conducted and B8 is found using Equation 8.

1

Usually, exponential relaxation is observed since a wide pore size range is
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not fiiled and the determination of Tl is straightforward. ‘However, [or
materials with a compiex. structure such as coal, single exponential behavior

- -

is not observed, and Equation & must be modified by weighting wich the

Tl distribution as described elsewhere [22j:
N
B =12/ (SAC] E f(le) [1/lej10] Ale : (9)

i1

The Tl distribution function‘used in Equation 9 is that deconvoluted from
the experimental magnetization data via NNLS. This approach for 8
determination has the advantage that ic is conducted using the same sample
as will be useg for pore structure analysis. For a given fluid,
temperatﬁre, ancd proton frequency, the B determination need not be carried
out umnless the sample surface chemistry is significantly différen: than
materials analyzed previously since B does not appear to be a strong

function of surface chemistry.
EXPERIMENTAL

Ten United States coals representing a range of rank and geographic
origin were obtained from the Penn State coal bank (PSOC).. These coals are
summarizeg Iin Tahie 1. In addition to cual, a sample ot Spheron-6 carbon |
black has been analyzed in order to provide a comparison of the NMR method
with conventional pore structure analysis toolg.

Sorption measurements of nicrogen at 77 K and carbon dioxide at 273 X
were conducted using a Quantasorb flow-typa2 surface area analyzer. Beforve
analysis, samples (-325/+400 mesh) were outgassed in a dry helium stream at

approximatelv 283 K. Outgassing was continued until a thermal conductivity
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Table 1. Selected PSOC coals for pore structure analysis.

Coal Location

PSOC-68  Lower Sunnyside, Emery Co., UT
PSOC-88 Zap, Mercer Co., ND
PS0C-118 Tioga, Nicholas Co., WV

PSOC-128 Lower Kittanning, Cambria Co., DA

PSOC-30% #8 seam, San Juan Co., NM
PSOL-310 #7 seam, Saun Juan Ce., NM
PSOC-311 #6 seam, San Juan Co., NM
PSOC-856 Juarnita C, Gunnison Co., CO
PSOC-869 Primrose, Scnuykill, PA
PSOC-1354 1llinois #6, Douglas Co., IL
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Rank

HVBB
Lignite A
HVAB

LV

HVCB

HVCR

HVLB

HVBB

AN

HVCB
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deteczor indicated that ouIgassing was complieta.

3 to 8 houré. Carbon dioxide measurements were made at three relacive
pressure values between 0.0024 and 0.0167. With a flow-type adsorption
analyzef, a femperacure difference is used to desorb gas from the sample
surface. For this study, the sample was heated to approximately 373 K to
desorb gas after each adsorption point at 273 K. The surface area was
calculated using the Dubinin-Radushkevich equation and a molecular cross-
sectional aresa of 0.210 nm?. For the nitrogen surface area, five relatcive
pressure values in the range of 0.05 to Q.BS were used. Surface areas were
calculated using the BET equation and a cross-sectional area of 0.162 nm?.
In addition, the pore volume with radius less than approximately 33 nm was
obtained from nitrogen desorption at a relative pressure of 0.97.
Relaxation experiments were performed at 303 K'Qsing a Spin-Lock Ltd.
CPS-2 pulse NMR with a 4.7 kGauss‘magnet. The corresponding proton Larmor
frequency is 20 MHz. Tﬁe inversion recovery or 180°-7-90° method was used:

ter a time period, 7, a

(1)

where 2 180° pulse inverts the magnetization and a

al

90° pulse measures the degree of relaxation back to the equilibrium value,

M Durations of the 90° and 180° radiofrequency pulses were approximately

0

5 and 10 ps. The free incuetion decay (FID) was measured using a Nicolet

s ]

he

.

oscilloscope interfaced to an IBM CS5-9000 computer.

b=t

2060 digita

t

wpically, 40 to

=]

agninide of r was wvaricd monuniforwly from 100 ps to 9 s.
50 different r values were used to characterize‘che decay curve, M(7).

Before analysis, sémples‘(-60/+140 mesh) were evacuated (=10 gm Ez) in a
sealed container and water was backfilled into the container. Water vapor
and the coal sample wer: allowed to equilibracte at approximauciy 332 ¥ iovw
12 tv 24 hours. Thesé conditions were found to be sufficient to complectely

saturate the sampic. The water content was found gravimetrically by drying
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the sample after MR analvsis. Arcther set of emperiments were conduciod by

saturating the samples over a salt solution with 97% relative humidicty ac
ambient temperature for 72 hours.

after the saturation step, a typical NMR experiment requirecd approx-
imately 15 minutes to perform. When plotted on semi-log axes, the
experimental magnetization data was nonlinear, and hence the relaxation not
singly exponential. Tl distributions were obtained from the i(r) daca using
both NNLS and regularization. For regularization, an optimum value of che

Tegularization parameter, & , was not obtained [ur every sample as a

opt

result of the complex Ty discributions associated with coal. Therefore,

6opr was assumed constant at an average value of 0.006 for these

calculations. TFor the Spheron-6 sample, a § value of 0.004 was obrtained.

opt
In order to extract pore size distributions from the Tl distributions, a
pore shape assumption is required for pores in the size range of 0.5 to 5.0

nn. For coal, the pore shape was assumed to be slit-shaped and the

fected phase, 4, was taken to be 0.3 nm. As

Fh

thickness of the surfzce-a
discussed bv Gellegos and co-workers {16], the calculated pore size

cdistributions are relatively insensitive to these assumptions.

RESULTS

The suriace arearresults calcuiated from the carbon dioxide and nitrogen
adsorption experiments are presented in Figure 1 for all 10 samples on a dry
basis. The resulcts are presented in order of increasing carbon content. As
1z commonly obserwved for coals, thiw suvface areas determined via carhon
dioxide adsorption are significantly greater than nitrogen surface areas.
to N, areas éan be interpreted as a qualitative measure of

2 2

microporosity. Of particular uote is the lack of dependence of surface area

The ratio of CO
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ON SHIoOT CHNCONT and, tag T

a. Gan, Nandi and Walker [4] have previously reported a general

ace «ar

Hy
m

sur
trend of surface area (both CO2 and NZ) with carbon content. Theyv also ncte
the relatively high N, surface areas observed for Illinois #6 coals (such as
PSOC-1354 used in this study). For the Spheron-6 carbon black, surface
areas determined from both nitrogen and carbon dioxide adsorption were
identical within the experimental accuracy of the techniques (=103 m2/g).
The technique described by Davis and co-workers [22] has been used to
determine 4 values for all ten coals and the Spheron-6 carbon black. The fg
value, ash content, and hydrogen content are presented in Table 2 in order
of increasing carbon content. The B value varies over the range of coals
studied, from 36.5 nm/s for PSOC 869, an anthracite, to 986 nm/s for PSCC
88, a lignite. Neglecting the one lignite sample, the S variation is
significantly reduced. This B variation may be the result of surface
chemistry, paramagnetic impuricties, cross-relaxaéion with protons in the
solid metrix and experimental measurement variability. The ash content ran
be taken as a gross relative measure of paramagnetic material in each
sample. Since the spin-lattice relaxation rate can be affected by
paramagnetic impurities, this is a particular concern for the successful
application of the NMR technique to coals. However, it is apparent from
Table 2 that only a weak or no correlation exists between B and paramagnetic
impurities, i.e. paramagnetic impuricies are most likely not the dominating
contributing factor to B variation. The possibility of an enhanced surface
relaxation rate due to cross-relaxation hetween protons in the fluid and in
the solid matrix has been suggested bv Glaves aund co-workers [23] as a
reason for different B values. Weak correlation between hydrogen content

and B is obserwved, but a very small hydrogen content range is covered and

40



‘-

{3

Table 2 Values of B determined from Equation 8 and carbon dioxide surface
areas. : :

coAL $ ASH-Drv . $H-Drv B (nm/s)
PSOC-88 11.9 4 .54 9¢6
BPSOC-311 . 17.6 4,81 . 139
PSOC-856 3.7 5.26 74 .8
PSOC-310 : . 8.8 5.20 209
PSOC-309 20.3 4.58 310
PS0OC-1354 10.4 4.46 ) 103
PSOC-68 5.1 5.44L 73.9
PSOC-118 15.4 4,25 66.1
PSOC-128 13.6 4.08 213.7
PSOC-869 11.4 1.55 36.5
Spheron-6 - - . 32.7
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significant cupevimantal uncervzalinty exints in the 2 decorminacion Tl
uncercalingy arises from the determination of surface avea, ¢, and 7,.

- i

. Pore size distcributions for Spheron-6 have been determined via the

(e}

conventional methods of mercury porosimetry and nitrogen condensation (de-
sorption branch) for comparison to the spin-lattice relaxation method. The
results of this comparison are presented in Figure 2. Agreement between the
three methods is quite good. Both mercury porosimetry and nitrogen conden-
sation predict a slightly smaller pore radius corresponding to the maximum

in the pore volume distribution. However, the incrusion curve for porosime-
try and the desorption branch for nitrogen are usually taken tu be measures
of the neck or constriction size in a pore. Therefore, cne would expect tﬁe‘

distribution of hvdraulic radius to occur at slightly larger pore size, as

is observed. &lso, network/percolation effects will skew porosimetry and
condensation resulcs to smalier pore radius. We should note that only th
total surface area has been used in the determination of B, and hence, the
NMR pore size distribution is completely independent of both the porosimecry
and conaensat:on metnods.

As discussed previously, samples were saturated at water relative pres-
sures of both 0.97 and =1.0. For a relative pressure of 0.97, water will
only condense in pores with radii less than approximately 30 nm. For =1.0,
water will conderse in most submicron porcy, surface roughness/porosity and
interparticle coﬁcacts. A comparison between the pore size distributions
calculated for a single lignite coal, PSOC-88, is presented in Figure 3. As
expected, the upper pore size limic for the 0.97 distribution is signifi-
cantly less than for l.b. Both distributicns hive a maximum in the PSD
(pore size distribution) at approximately 5-10 nm. In addition, a second

maximum at =200 nm is obtained when the sample is saturated at higher
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velative pressure. 45 with the conventional pore analvsis metheods. th
interpretation of pore size informacion in the larger bore sizes is
complicacted by surface rougrness/porosity and interparticle void filling
effects. The stancard approcach to this problem is to use a wide range of
particle sizes. Both PSD’'s have a finite value at the lower pore size limit
of 0.5 nm indicating the presence of pore volume with radius less than this
limit. From the spin-lattice relaxdtion measurements, the fraction of pore
volume in pores with size less than 0.5 rm may be obtained but the
calculated distribution in this range ﬁa; no physical meaning. Although a
pore size distribuction has been calculated for this lignite sample, a
caution should be recalled concerning the use of thi§ analysis model for low
rank coals, this being due to the possible altering of pore structure upon
sorption of the fluid. |

Pore size distribuzions for three coals (PSOC-309, 31C, 311) obtained
from three different seams of the same Fruitland formation of the San Juan
3asin of New Mexico are presented in Figure 4. All three samples were
saturated &t a relative pressure of =1.0. The reproducibility of the NMR
method is demonstrated by the similar PSD's obtained for these three similar
coals despite the variaczion in 8 for the coals. A bidisperse distribution

is observec for all three samples with one maximum at the lower pore si:ze

)}

iimic and the second maximum near 50 nm. The NMR PSD’'s are consistent with
the C02/N2 surface area ratios, PSOC 311 showing the most microporosity and
the highest ratio, thle PSOC 209 §hpws the least hicroporosity and the
lowest ratio.

Figure 5 includes NMR-derived PSD’'s for four different coals of simiiav
rank. The PSOC-68, 118 and 856 all have similar high ratios of CO, to N,

surface areas as compared to the PSOC-1354 sample but all have nitrogen pore
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volumes cn the same order of magritude. This indicates that of the total
pore volume wnich is accessable to nitrogen, the average pore size for the
1354 sample is much lower than the three other coals. For mercury porosim-
etry of the PSOC-1354 sample, a large quantity of pore intrusion/collapse
was noted at high pressures (>10,000 psia) as comparéd to the other coals in
this set [8]. This is consistent with the NMR results (i.e., the large
maximum for PSOC-1354 in the vicinity of 4 nm).

Pore size distribucions for three coals of varying rank are presented in
Figure 6. As expected, the lignite sample has a wide distribution wich
maximum pore size on the order of 500 nm.- In general, as rank increases,
the width of the pore size distribution decreases. The fact that the an-
‘thracite appears to have a larger pore size range than the low volatile
bituminous PSOC-128 sample is somewhat of a surprise. However, this finding
is supported by a review of our surface area results. PS0C-128 has a much
higher ratio of carbon diovide surface area to nitrogen surface area in-
dicating the presence of a substantiel quantity of microporosicy.

In addition to pore size distribution information for pore sizes
greater than U.5 nm in radius, the fraction of total pore voelume contained

in pores with size less than this lower cut-off may be obtained from spin-

p—s

attice relaxation measurements. This fraction is reported for each coal
sample (saturated at 0.97 and =1.0) in Table 3. As would be expected, c¢oals
saturated aL =1.0 Lave a lower fraetion of welume in rhis size range than
the 0.97 saturated samples. When fluid is added to larger pores, the
relative fraction in the micropores will decrease. All ¢oals exhibit
significaﬁt fractions of pore volume in the microporous size range. This is
one of the reasons Ifor the large'difference between the nitrogen and carbon

dioxide surface areas.
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Table 3 Fraction of total measured pore volume in pores with radius smaller

than 0.5 nm.
COAL

PSOC-88

PSOC-311
PSOC-856
PEOC 310
PS0OC-309
PSOC 1354
PSOC-68

PSOC-118
PS0C-128
PSOC-862

B/B,= 0.97

[oNeNe]

-~

QOO C DO

.39
.25
.24

6

.14

78

.16
.20
.18
.26

P/Pozl.O

.05
.18
.02
.16
1
.16
.10
.12
.26
.01

QOO OCOODODOO
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DISCUSSION

The comparison of pors size distributions obtained from spin-laccice
relaxation measurements with conventional methods such as mercury porosime-
try and/or nitrogén adsorption/condensation is diffiéult/impossible for
coals. However, for materials such as carbon black, comparison between the
methodé may be made and agreement is excellent when one correctly interprets
the information obtainec from porosimetry/condensacion. For coal, only
qualitative comparisons of NMR pore structure information with nitcrogen/car-
bon dioxide surface areas may be made. Based upon the comparisons that.can
be made between spin-lattice measurements and conventional approaches, it
appears that this new.approach‘results in reasonable and useful pore struc-

ture information which is not available via other methods.
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NOMENCLATURE
fb = Fraction of fluid in the bulk phaﬁe.
fs = Fraction of fluid in the surface phase.

f(Tl)- Distribution of pore volume with Tl.
H(r) = Magnetization at time 7.
M = Equilibrium magnetization,

PV = Specific pore volume.
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= Hydraulic vadius, 2PV/Sa.

I3

SA = Specific surface area.
Tl ~ Observed ‘'spin-lattice relaxation time.

Ty - Bulk spin-lattice relaxation time.
T = Spin-lattice relaxation time of the surface-affected phase.

lsurface ,
Tls - Tlsurface divided by the surface phase thickness.

-1

a -/le.
B - 2/T,_.

é = Regularization smoothing parameter.
4 = Thickness of the surface-affected phase.

= Delay time between 180° and 90° pulses.
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