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CHAPTER 1
INTRODUCTION

1.1 Coalbed Methane and C@Sequestration

Fossil fuels have been the main resource for our increasmgridkefor energy.
They have also been the source of the steady rise in thepdt@niasconcentration of
CO, which is hypothesized to be a significant contributor to global weynkfforts to
address climate change issues have culminated in the 1991 KyotwdPravhich
mandates the signatory nations to reduce their carbon emissions aupt
environment-friendly methods of energy usage by 2012. Several metheelsbéan
proposed to reduce carbon/€@missions. These include “geological sequestration” of
CO,, which involves capture and the subsequent storage ginGdaline aquifers, oil and
gas shales, depleted oil reservoirs, or deep unmineable coalbedsitt&r is considered
particularly attractive because of the potential for sequegtdsilge amounts of CO
with the important concomitant recovery of coalbed methane (CBBl) Gz recovery
of coalbed methane is expected to (at least partially) dffsetosts of C@sequestration
and to provide an increased supply of our “cleanest” fossil fuel, natural gas.

Further, the demand for natural gas is expected to rise steeply in thegogars.
The Energy Information Administration (EIA) estimated thauratgas demand in the
U.S. could be 24.4 trillion cubic feet by the year 263this accounts for an annual

increase of 1.2% over the next twenty years. Coalbed methanebdmsme



an important resource of natural gas since coalbeds contain aratesiti14% of U.S.
natural gas reservésThe production of natural gas from coalbeds increased from 6% in
1997 to 10% in 2006. Therefore, this unconventional resource of natural gas has
steadily gained in its economic importance. Moreover, the U.Sarepnt of Energy
(DOE) has initiated research and development programs aimegedogic CQ
sequestration.In pursuit of this goal, researchers at Oklahoma State Uitiv¢@&SU)
have conducted adsorption measurenfehamd modeling studi€s™?

In coalbeds, natural gas (methane) resides within the microporoustaaalire
in an “adsorbed” state. In adsorption, the van der Waals-type ghsitgractions at the
coal-gas interface give rise to increased concentratioine @és molecules near the coal
surface, where the densities become comparable to those of liquids.coalieds can
actually hold more gas than a conventional gas reservoir of compaaibtee. Since
most of the coalbed gas is in the adsorbed state, simulationalbéd methane (CBM)
recovery and the design of optimal £€&questration processes require a suitable model
to describe the adsorption phenomena. Specifically, an adsorption modelded e
predict the gas-in-place values as a function of coalbed reseeropetature and
pressure.
1.2 Adsorption Models

As mentioned above, simulations of enhanced coalbed gas recovery require
accurate adsorption models capable qfriori predictions of gas adsorption behavior in
the presence of water. Some of the desired characteristw<C8M adsorption model
include:

e Representing precisely high-pressure pure-gas adsorption



¢ Facilitating generalized predictions of pure-gas adsorption basextessile
adsorbent and adsorbate properties
e Predicting mixed-gas adsorption based on pure-gas data
e Accounting for the presence of moisture in the coal, since waf@esent in
essentially all coalbeds

Different models, ranging from very simple to complex, camused to describe
the adsorption behavior of CBM gases. These include the Langmuir‘thdtehauer-
Emmett-Teller (BET) modéf, Ideal Adsorbed Solution (IAS) thedPytwo-dimensional
equations of stat&’® (2-D EOS), the Ono-Kondo lattice motfd* and the simplified
local-density model®?’ Although most of these models have good correlative
capabilities for existing experimental data, only a few of ttzgapear to be capable of
accuratepredictions of supercritical, high-pressure adsorption systems encountered in
CBM-related work. Further, an adsorption model which can describeffed at water
levels that are below, at, and above the equilibrium moisture lellebevcrucial for
reservoir modeling purposes. The CBM industry would benefit greatig fidsorption
models which contain rigorous accounting for the effects of water oadgorption. Our
analysis indicates that the simplified local-density modelmerable to the modeling
demands mentioned above.
1.3 Effect of Water on Coalbed Gas Adsorption Behavior

Most coalbeds contain significant amounts of water. The presencatef iw a
gas-solid adsorption system demands special attention, beca@secamtsignificantly
affect gas adsorption capacity by blocking the porous adsorbertustraad limiting the

accessibility of an adsorbing gas like meth&hkleasurements of adsorption isotherms



on wet coals have also revealed marked effects of watermsradsorption capacity.
Joubert et at? reported adsorption data which showed that moisture can reduce methane
adsorption by as much as 40% on Pittsburgh coal and 15% on PocahontasacksdnCl

and Bustin® showed that 2% moisture can cause 20% reduction of both methane and CO
adsorption capacity on a wet coal when compared to the adsorption onytheatl
Similarly, Levy et af* observed that 4% moisture can reduce the methane adsorption by
as much as 60% from that of the dry coal. Our own measurementstdtinois coal

have shown that 9% moisture can cause 50% reduction pa@®@rption at 3 MPA.

The above results demonstrate the significant effect of moistugas adsorption
behavior. Thus, proper accounting for moisture effects is criticaxperimental data
reduction, interpretation and modeling. Current experimental data i@duethniques
do not account for the presence and effect of moisture in all tigebaum phases
(gas, aqueous and adsorbed). This inadequacy in data reduction methodsuthay res
significant errors in the estimated gas adsorption capacityrleats phase density and (in
gas mixtures) the partitioning of constituents among the equilibrium phases.

The adsorption behavior of water is fundamentally different fronr giases like
methan€? For water, the fluid-fluid interactions are stronger than thed-olid
interactions, and hydrogen bonding plays a significant role in wdserption.Thus, the
simultaneous, competitive adsorption of water and coalbed gases p@seuuilibrium
problem which requires accurate description of the different molecularactiens
involved in the process.

Accordingly, the present research places a particular empirasislineating the

fluid-fluid and fluid-solid molecular interactions of water, coabeases and



carbonaceous adsorbents, and proposing rigorous accounting procedureeffacts of
moisture on the adsorption behavior of coalbed gases and their migtutgpical
reservoir temperatures and pressures. Further, the resedutfeththe development of a
coal-structure-based generalized adsorption model for facilitaimglations of CBM
recovery and C@ sequestration. Therefore, the goal of this research addregses t
important aspects of CBM adsorption research:

A. Delineate the molecular interactions of adsorbed water withs caadl other
coalbed gases, and propose rigorous accounting procedures for the effec
water on gas adsorption behavior and

B. Develop a coal-structure-based, predictive generalized adsorption imoG8M
simulation purposes.

As such, two tracks of CBM adsorption research were undertakgmatel. The
first addressed the need to incorporate more accurate phiysas adsorption model,
whereas the second addressed the need to develop a generakzptoadmodel that
would be useful in coalbed reservoir simulations. Although the geredaimodel
developed in this work (B) is based on the currently accepted,idreditmodeling
approach (where adsorbed water is treated as a "pacifigtieomatrix), the parallel
development of a rigorous modeling approach for adsorbed water (Adaidashe
foundation for further advancement of this method in future works on cbajhse
adsorption.

1.4 Objectives
The basic premise of this research is tqadn modification, the SLD-PR model

can describe accurately the equilibrium adsorption of water and coalbed gasasals



and account for the effect of water on coalbed gas adsorgi®iuch, a major focus of
this study was modifying the simplified local-density/Peng-Ramn$SLD-PR) model to
meet the modeling demands of wet adsorbents. In particular, thePBLmodel was
further developed to (a) include the polar interactions of watdr thé carbon surface,
and (b) account more realistically for the effect of watlsogption by treating water as a
separate adsorbed component in equilibrium with the bulk gas phase.

Moreover, for engineering practice purposes, the SLD-PR modefjeveesalized
(using the accepted, traditional modeling approach) to rendendldel suitable for use
in simulations of coalbed methane recovery and €&Questration.

To accomplish the goal discussed above, the following objectives were
undertaken:

1. Acquire accurate experimental data for adsorption of methane, caradedi
and nitrogen on wet coals and on activated carbon at reservoir téunperand
pressures.

2. Review existing knowledge regarding pure water adsorption behavicpals
and activated carbons.

3. Use the SLD-PR model to represent precisely the water amsogapacity on
activated carbons and coals.

4. Conduct a Gibbs-energy (or phase-check) analysis for adsorption eiv&ér
mixtures on coals.

5. Generalize the SLD-PR model by correlating the model paeasmet terms of

assessable coal properties.



In earlier studiés ** *3 the OSU Thermodynamics Group measured pure and
mixed-gas adsorption isotherms on wet coals. However, theureisintent of the coals
in those measurements was well above the equilibrium moisture c@atdar) of the
coals. At moisture contents above the EMC, the additional water dossgniicantly
affect the gas adsorption capacilyTherefore, a need exists for measurements to
elucidate the adsorption behavior of coalbed gases at diffenezlt lof moisture-above
and below the EMC (Objective 1).

Accounting properly for water adsorption behavior on activated cadyahsoals
and its modeling presents an interesting and challenging prplleento the unique
structure of the water molecule. The adsorption behavior of water dnonsais
fundamentally different from that of simple, non-polar fluids likeagen, methane and
organic vapors. The difference arises mainly becausiuideluid interactions for water
are much more strongly attractive than thed-solid interactions, and because water
forms hydrogen bonds with the oxygenated groups on the surface airtios enatrix’?
This is in direct contrast to the adsorption behavior of non-polar mekecTherefore, a
detailed review of water adsorption behavior on activated carbons asd©bgctive 2)
was essential to an unambiguous understanding of pure water adsongtiarftienately,
of coalbed gamixtureadsorption in the presence of water.

The pre-requisite for the prediction of the water-coalbed gasuraiadsorption is
the accurate modeling of the water adsorption capacity. The SLDl madenodified to
account for interactions of water with the coal surface; amdetifiect of this new
parameterization of the SLD model was investigated by conistgudifferent case

studies (Objective 3).



The accurate modeling of water-coalbed gas mixture adsomgipires treating
water as aeparate adsorbed componeWater at reservoir temperatures is a sub-critical
component, while the coalbed gases are typically at supercritmadlitions. The
presence of the sub-critical water may result in the formatfoan additional (liquid)
phase. The definitive method to determine the number of possible phasestpat
equilibrium is to conduct a Gibbs free energy or phase-checlsaallherefore, a
phase-check analysis was performed to investigate the phasedpetiathis system
(Objective 4).

As mentioned in Section 1.2, simulations of coalbed methane recoveryeraquir
adsorption model to predid, priori, the amounts adsorbed of coalbed gases. Frequently,
this is necessary due to an absence of experimental datae sydtem of interest.
Therefore, the SLD-PR model was generalized in terms of chatacterization
information (Objective 5). This facilitatespriori predictions of adsorbed amounts of gas
and renders the model capable of use in simulations of coalbed methane recovery.

Further, in developing the generalized model, the currentgpaed approach for
modeling wet adsorbents was adopted. The extension of the new mogblingch for
wet adsorbents (developed in Objective 4) to the generalized nsoaet feasible at this
stage for a variety of reasons, which include the unavailabilityufifcient adsorption
and vapor-liquid equilibrium data for the systems of interest.

1.5 Organization

This dissertation is organized as follows. Chapter 1 gives fiitieduction of

coalbed methane and outlines the hypothesis of this research, thévebjeadertaken

and the ultimate goal of this study. Chapter 2 presents detaitheobxperimental



methods and procedures used in this study and discusses the expérlatnacquired

in this project. Chapter 3 reviews a number of CBM adsorption modet$ insthe
literature and at OSU for modeling of CBM systems. Chapteresents an interpretive
review of pure water adsorption on activated carbons and coals. The SLD maulekfor

and mixed-gas adsorption is discussed in Chapter 5. Also included ineChagte the

SLD modeling results of CQwatermixture adsorption and the phase-check analysis for
these systems. A coal-structure-based generalized adsorption mmopetsented in
Chapter 6. Finally, Chapter 7 contains the important conclusions and recommendations of
this study.

This study was part of a continuing research project dealitly mgh-pressure
gas-adsorption modeling for CBM systefns??> Therefore, the experimental data
presented in Chapter 2 and discussion of the theoretical framewoilkDePB model
presented in Chapter 5 represent a collective effort involving theruing Chefl and
James Fitzgeralff. Further, the OSU CBM adsorption database utilized for the
generalized model development was gathered over a periodegnfiftears by various

authors 8 12



CHAPTER 2

EXPERIMENTAL METHODS, PROCEDURES AND RESULTS
In this chapter, the experimental methods and procedures usedaturme
adsorption isotherms are discussed. Since this study is a comtmoaprevious works
at OSU, some aspects of the following discussion of experinmaetalods are similar to
previous description¥: 2> # 3*Fuyrther, an outline of the various methods that can be
used to measure gas adsorption equilibria are given elséivhatk therefore, they are

not discussed here.

In particular, the chapter contains a discussion of the following @spéchis

work:

e Adsorption isotherms of pure G@n five wet Argonne coals measured at a
temperature of 328.2 K and pressures to 13.8 MPa

e Adsorption isotherms of pure methane, nitrogen and G®wet and dry
activated carbon measured at a temperature of 328.2 K and presslBes to
MPa. In addition, the desorption measurements of GQ dry activated
carbon are also discussed.

e Anintroduction to the OSU adsorption database for coalbed methandgases.

e A Monte Carlo analysis/confirmation of the analytical error analysthnique

used to estimate the expected experimental uncertainties aéqheed data.
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The following material in Sections 2.1 to 2.10 (Part A) has bgenodaced with
permission from [Mohammad, S. A.; Chen, J. S.; Fitzgerald, J. E.; RobiRsan, Jr.;
Gasem, K. A. M., Adsorption of Pure Carbon Dioxide on Wet Argonne Co8R&3a2 K
and Pressures up to 13.8 MHmergy & Fuels2009, 23, (2), 1107-1117] Copyright
[2008] American Chemical Society.

2.1 Adsorption Isotherm Measurements

The experimental method used in the OSU adsorption laboratory is twased
mass balance principle, which employs precise measuremeptgssure, volume and
temperature. The experimental apparatus, shown schematicaligure .1, has been
used successfully in previous measurem&htBrief descriptions of the experimental

apparatus and procedures are provided below:

The entire apparatus is maintained in a constant temperatutgathir The
equilibrium cell (Figure 2.1) is filled with the adsorbent under wtwhd the cell is

placed under vacuum prior to gas injection. The void (gas) volume, Yh the

equilibrium cell is then determined by injecting a known quantityhefum from a
calibrated injection pump (Ruska). Since the adsorption of heliunsignificant at the
conditions of this study, the void volume can be determined easilyrnfreasured values
of the temperature, pressure and amount of helium injected into the cell.

The mass balance equation for the measurement of void volume is given as:
(PAV)
ZT )oump

Vvoi =
(R R
ZZT ZlT el

2.1)
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whereAV is the volume of helium gas injected from the pump, Z is the casibibty
factor of helium, T is the temperature, P is the pressure, rjuiisstcell” and “pump”
refer to conditions in the cell and pump sections of the apparatusctreslye and “1”
and “2” refer to conditions in the cell before and after an injeafayas from the pump,
respectively. The helium void volume measurements were performdteasame
temperature as the gas adsorption isotherms (328.2 K in this shdlgvar a range of
pressures from atmospheric to about 13.8 MPa (2000 psia) in interval bfPa (200

psia).

The several sequential injections of helium into the cell atrdifftepressures
showed consistency in the calculated void volume. Generally, the void e@aiculated
from sequential injections varied less than 0.3° dmom the average value of
approximately 85 crh This helium void volume includes all the volume of the cell
section exclusive of the adsorbent volume that is impenetrable iiamheglas. The
constancy of the calculated void volume from the incremental injeabiegisa range of
pressures confirmed the validity of our assumption that adsorptioiwinhis negligible
at the conditions of the measurements and that the adsorbent volummetiaiple to
helium remained constant.

The Gibbs adsorption (also known as the excess adsorption) can betedlcula
directly from experimentally measured quantities. For pureagsorption isotherm

measurements, a known quantity;, of gas (e.g., C@ is injected from the pump section
into the cell section. Some of the injected gas will be adsorbed, and the remaiitter,

will exist in the equilibrium bulk (gas) phase in the cell.
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Figure 2.1 Schematic Diagram of the Experimental Apparatus

The mass balance used to calculate the Gibbsian amount adsujfédis

Gibbs Gibbs
=N, —nN

n ads inj unads (2 ' 2)

wheren®™ is the Gibbsian amount unadsorbed at given pressut temperature.

The amount injected can be determined from pressemeperature and volume
measurements of the pump section:

Ny = (wj (2.3)
ZRT ) imp

The amount of unadsorbed gas (Gibbsian amount aorzet$) is calculated from

conditions at equilibrium in the cell:

gt = e (2.9
ZRT cell

where the pressure P is measured after equilibisumached in the cell (usually within 6

to 12 hours, depending on the adsorption capa€itgenadsorbent), which occurs when
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no further change in pressure is observed. In koumt(2.3) and (2.4), Z is the
compressibility factor of the gas at the applicatdaditions of temperature and pressure.
The above steps are repeated at sequentiallyrhpgassures to yield a complete

adsorption isotherm. The amount adsorbed is usuefigrted as an intensive quantity

ibbs

(mmol adsorbed / g adsorbent, or mmol/g) by divddi§**by the mass of adsorbent in

the cell. Equations (2.2)-(2.4) reveal that the amcadsorbed can be calculated in a
straightforward manner from the experimental meamants of pressures, temperatures
and volumes, coupled with independent knowledgih@fgas compressibility factors, Z,
from an accurate equation of state.
2.2 Gas Compressibility Factors

As evident from the above discussion, accurate cesspility factors are
required for pure methane, nitrogen and,G&@ proper adsorption data analysis. These
compressibility factors were calculated from highdgcurate equations of stite’
Further, for void volume determination, the helisompressibility factor was calculated
with an expression based on experimental data tremNational Bureau of Standards
Technical Note 631 for heliurf.
2.3 Materials

The pure gases used in this work were obtained fmgas-Pennsylvania with
reported purities of about 99.99% and were usag@sved. The Argonne coal samples
were obtained from the Argonne National Laboratgkygonne, lllinois in ampoules
containing 5 grams of 100-mesh material of each. i@ compositional analyses of
Argonne coals are presented in Table 2.1. TheolBin#6 coal is a high-volatile

bituminous coal from the lllinois #6 or Herrin seafhhe Wyodak coal is a sub-
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bituminous coal from the Wyodak-Anderson seam. Thwper Freeport coal is a

medium-volatile bituminous coal, Pocahontas coa lew-volatile bituminous coal and

Beulah Zap coal is lignit&,

The activated carbon used was Filtrasorb 400, 12rdéh from Calgon Carbon

Company. The compositional analyses of this aaivatarbon are also presented in

Table 2.1. The composition of activated carbortypgcally less complex than coals and

provides a useful reference material prior to goison studies on coals. As evident from

Table 2.1, the activated carbon has higher carlootteat and significantly less volatile

matter than medium-rank coals, which facilitate® thmodeling of the fluid-solid

interactions in an adsorption process. The nitroB&T surface area at 77 K of this

carbon was reported to be 856/gi*

Table 2.1 Compositional Analyses of Adsorbents Used in this Study

Beulah o Upper Activated

Analysis* Zap Wyodak | lllinois #6 Freeport Pocahontas Carbon
Ultimate
Carbon % 72.9 75.0 77.7 85.5 91.1 88.6p
Hydrogen % 4.83 5.35 5.00 4.70 4.44 0.74
Oxygen % 20.3 18.0 135 7.5 2.5 3.01
Nitrogen 1.15 1.12 1.37 1.55 1.33 0.40
Sulfur % 0.70 0.47 2.38 0.74 0.50 0.73
Ash % 9.7 8.8 15.5 13.2 4.8 6.46
Proximate
Moisture % 32.2 28.1 8.0 1.1 0.7 -
Vol. Matter % 30.5 32.2 36.9 27.1 18.5 3.68
Fixed Carbon % 30.7 33.0 40.9 58.7 76.1 89.86
Ash % 6.6 6.3 14.3 13.0 4.7 -

*Analysis of coals provided by Argonne National baatory
*Analysis of activated carbon provided by Huffmaaboratories, Inc., Golden, Colorado
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2.4 Error Analysis

Frequent instrument calibrations were performedindurthe course of the
experiments. Usually, the calibrations were penked before the adsorption experiments
on a new adsorbent sample. The thermocouples astargce thermometers (RTDS)
were calibrated against a Minco platinum referen€® RSuper TJE pressure transducers
(range: 0 — 13.8 MPa) were calibrated using heligrtha working fluid against a Ruska
deadweight tester with a calibration traceableh® National Institute of Standards and
Technology. Detailed information on calibration gedure is available elsewhéfeThe
uncertainties in the experimentally measured qtiestafter calibrations were estimated
as follows: temperature, 0.1 K; pressure, 6.9 KPpsfa); and injected gas volume, 0.02
cm®.

A detailed error analysis was performed to estimhbée uncertainty associated
with each experimental data point by propagating #rrors from the primary
measurements of pressure, temperature and volurhe. detailed error analysis
expressions are given elsewh&ré®
2.5 Equilibrium Moisture of Coals and Activated Carbon

Moisture equilibration of porous adsorbents suclt@as is usually carried out
using the standard ASTM D1412 metHodThis method consists of equilibrating the
adsorbent samples at 30°C (303.2 K) in a vacuunicaisr over a saturated solution of
K>SO, to maintain the relative humidity at 96-97%. Ire tetandard test method, the
desiccator is used to equilibrate a previously tedt sample such that only the
equilibrium moisture remains in the coal. Howetke use of vacuum in a desiccator can

often result in condensation problems when thespiresis restored, thus negating the
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experiment® *? Therefore, we used a modified method where thepkmwere
equilibrated under an inert nitrogen atmosphere. Mivisture content of the equilibrated
sample was then determined by drying a part of ghmple under vacuum at a
temperature of about 313.2 K for 48-72 hours. Tlegit of the sample was monitored,
and the weight loss after 72 hours was taken asnibesture loss. The expected
uncertainty in the measured moisture content immestd to be about 0.1 wt. %.

The lllinois #6 coal samples were equilibrated ggime above method by placing
them in a nitrogen atmosphere at 95-100% relatitatynidity in a Hot-pack Model
434300 temperature-humidity chamber. This resulted gain of only 1.2% moisture
over the equilibrium value reported in the literat®? Therefore, for the other four
Argonne coals, namely, Beulah Zap, Pocahontas, iUpmeeport and Wyodak coals, the
as-received coal samples were placed directly m eluilibrium cell under inert
atmosphere. This was done under the reasonablenpso that further moistening of
the coal in the temperature-humidity chamber wadtigreatly change the coal moisture
content from its as-received moisture. Moreover, dltect use of as-received samples
minimizes possible oxidation of the samples that effect the integrity of the coal
sample. Great care has been taken by the Argontiendhlaboratory to maintain the
coal samples at their in-seam conditidhSSince the objective of our study was to
simulate the conditions of a coalbed reservoir &hileasuring adsorption isotherms (in
terms of pressure, temperature and moisture cgntaetisuring the isotherms at their as-
received or in-seam moisture values was considgreatly beneficial. These isotherms

can be considered to be measured near or at thldagm moisture content of the coals.
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In the present context, the term “wet” coal is usedsignify saturation of coal with
adsorbed moisture.

For adsorption measurements on the dry Argonnesctia® coal samples were
dried under vacuum in an equilibrium cell at 3530K 36 hours following the National
Energy Technology Laboratory (NETL) drying protocbéfore being used in the
adsorption measurements. The adsorption data onadtg were measured in an earlier
work 2!

The activated carbon was equilibrated as explaimedhe procedure above.
Further, the raw activated carbon sample was firashed with deionized water to
remove any impurities present in the carbon. Thetted sample was air dried for several
days (to remove excess water) and then used fostamei equilibration as discussed
above.

For adsorption measurements on the dry activatdaboadrying of the sample
was carried out under vacuum at about 313.2 K #472 hours. The lower drying
temperature was used to avoid the loss of any il@latganics from the carbon surface
and/or possible structural changes of the carbopka
2.6 Gas Solubility in Water

In previous studies at OSU on wet adsorbefitsve included a term in Equation

(2.2) to account for the amount of gagy, mlissolved in the water.

Gibbs _
ads — ninj_ n

Gibbs__ n (25)

unads sC

n

To calculate the amount of gas soluble in wateadanction of pressure, an
empirical equation obtained from Amoco Corporaticas used for temperatures at 318.2

Kor 319.3 K.
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P

Xgpg = —————
a+bF +cF?

gas

(2.6)

Table 2.2 lists the parameter values for each$ase the solubilities of methane
and nitrogen in water are small; the same equatih parameter values were used at
other temperatures (e.g., 328.2 K in this study).

Table 2.2 Parameters for Gas Solubility in Water at 318.2 K or 319.3 K

Constant Units of Constant Methane Nitrogen CQ
a MPa 5302.07 10204.24 274.69
b 150.4 127.3 9.452
c 1/MPa -0.78 -0.09 1.21

In comparison to nitrogen and methane, the sotybdf CO, is significant at
temperatures near 318.2 K. To calculate the galdisd in water for use in Equation
(2.5), literature dafd*® were used to construct an empirical relationshipGQy-water
solubility at temperatures from 313.2 K to 348.3 K.the 0-15 MPa range, the empirical
function represents their data with an averagelatesdeviation of 1.5%. Thus, the mole
fraction of CQ present in water at temperature T (in K) and presP (in MPa) is given
as:

P
Xcop = (2.7)

a+(b, +b,T)P+(c, +¢c,T)P?

Table 2.3 lists the parameter values for this datien. The amount of CO

dissolved in water can be given as

. X co, N yater

Ngo “i-x_) (2.8)

The denominator in Equation (2.8) is close to umitd therefore, the amount of gas

dissolved in water was taken (approximately) aspttoeluct of mole fraction of Cand
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the amount of water in moles in the system. Fuyttiee amount of C@dissolved in
water per unit mass of coal is expressed as:

X Co. n water
n sol = n:— (2 . 9)

coal

where Qaters the amount of water in moles ang ., is the mass of coal in the system.

The solubility of CQ in water calculated with Equation (2.9) is a mamdt increasing
function of pressure at a given temperature. Thius,maximum solubility of C®in
water was observed at 13.8 MPa and was about 2 peotent.

Table 2.3 Parameters for CQ Solubility in Water at Multiple Temperatures

Constant Value Units of Constant
a 272.21 MPa
b, -332.637
bo 1.06683 1/K
C1 19.18 1/MPa
Co -0.05609 1/(MPa K)

As evident from the above discussion (Equation, 2&counting for the solubility
of gas in water-rich adsorbed phase lowers thaulzkd Gibbs adsorption values. In the
above discussion, we have assumed that all ther wegsent in the system is adsorbed
and, therefore, the amount of gas dissolved in wades estimated based on all the water
present in the system. In addition, this means Wethave assumed that the bulk gas
phase was free from water (i.e., thatgy= 0, where y is the gas phase mole fraction).
2.7 Adsorption Measurements on Wet Coals and Activated Carbon

For the adsorption isotherm measurements on webrArg coals and wet
activated carbon, care was taken to prevent meidass during the experiments. The
coal samples were handled in a chamber filled wittogen. Since the evacuation step

during the void volume measurement and at the baggnof the isotherm can result in
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moisture loss, the system pressure was not redoekedv 21 kPa at 328.2 K. This is
slightly above the vapor pressure of water at teraperature, and this minimizes any
potential water being removed from the coal or carburface. Further, before the start of
the gas adsorption experiment, a small amount efsdme adsorbing gas (methane,
nitrogen or CQ) was injected into the cell until the pressure @885 MPa to flush any
remaining helium gas out. The adsorbing gas was ¢évacuated until the pressure was
again about 21 kPa, and the flushing procedurepgegsrmed once more.

To test for any moisture loss during the experinmntvet coals, two additional
checks were performed. First, the equilibrium celd sample was weighed before and
after the adsorption isotherm. There was no sicguifi mass loss observed from the
equilibrium cell at the end of the isotherm. Secotite helium void volume was
measured before and after the adsorption isoth&ha.helium void volumes measured
were within the experimental uncertainty of our drzaiolume measurements (about
0.3%). The constancy in the calculated void voldaoréher indicated that there was no
significant moisture loss during the experiment.

Given the size of our volumetric apparatus, anyissule amount of water
leaving the coal surface would introduce an ungdstan the isotherm measurement,
which is well within the reported experimental urtagty of the isotherm as obtained by
multivariate error propagation. These uncertairgyneates for each data point of each
isotherm are included with Gibbs adsorption data.

2.8 Coal Swelling
Another aspect of supercritical gas adsorptiocaals that deserves consideration

is the potential swelling of coal caused by adsmbsuch as COSome investigators
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believe that adsorption of G@an significantly alter the porous coal structanel these
changes, if left unaccounted for, can result igeagrrors in the modeling of supercritical
CO, adsorption on coals. In fact, several researcherse attempted to model the
swelling of coal by incorporating volumetric cortiens to the adsorption isotherm
equations. Ozdemir et &.and Dutta et &’ used different adsorption models to study
the volumetric effects of CQadsorption on coals. Romanov ef%have also attempted
to interpret the volumetric changes in coals un@&s pressure. Pan and Confi&ll
balancing the change in surface energy due to ptigorto the change in elastic energy
of the coal matrix, developed a theoretical modeteéscribe adsorption-induced coal
swelling.

Recently, Day et a’ measured swelling on coals and corrected theioratien
measurements to account for volumetric changesh& sample. These corrections
involved adjusting the void volume to account fariacreased volume of coal sample.
We have measured helium void volume before andr afeeh adsorption isotherm
experiment. The constancy of the calculated voidume within its experimental
uncertainty of 0.3% indicated that there was neversible change to the volume of the
sample. This result is also supported by the figsliaf Day et af°, who found the coal
swelling to be entirely reversible. Although theypéed a correction to the isotherm, we
have used a constant void volume in our data remtuptrocedures. Thus, the adsorption
data reported in this study are under the assumghiat there is no appreciable swelling

of the coal.
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2.9 Gibbs and Absolute Adsorption

Adsorption data are typically reported either ernis of Gibbs or absolute
adsorption. Gibbs adsorption is calculated diredilgm experimentally-measured
guantities and this accounts for the fact thatehsradditional material present near the
adsorbent surface due to adsorption phenomenos.attitional material ign excesof
that which would be present in the same (void) nauf there was no adsorption. This
excess material is usually referred to as the Gdybsxcess adsorption. In contrast, the
calculation of absolute adsorption requires a vétuehe adsorbed phase densjiyys
which is not readily accessible by experimental sneament.

The exact mathematical expressions that highligbtghysical interpretation of
Gibbs adsorption and the approximate nature olutatied absolute adsorption have been

presented elsewhefdhe relationship between the two quantities i®gias:

nis = nSpws  Pats (2.10)
Pads — pgas
where n2>*and nS*are the absolute and Gibbs adsorption, respectigatipgasandpads

are the gas phase and the adsorbed phase demnsiipsctively. To calculate absolute
adsorption from Equation (2.10), estimatepgfare usually employed. Commonly used
approximations are the liquid density at the norbmaling point, as was done by Arri and
Yee, or the reciprocal of the Van der Waals (VDW) adume®
2.10 Experimental Results
A. Adsorption of CO, on Wet Argonne Coals
The experimental data from the present work fer @@ adsorption on Beulah-

Zap, lllinois #6, Pocahontas #3, Upper Freeport Ahadak coals are listed in Tables
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2.4-2.8, respectively. All adsorption amounts aported on a dry-mass basis. Tables
2.4-2.8 include the pressures (MPa), Gibbs adswrp{immol/gm) and expected
experimental uncertainties™ (mmol/gm) in the adsorption values for each datum

Table 2.4 Gibbs Adsorption of Pure CQ on Wet Beulah Zap Coal at 328.2 K

Gibbs .
P(rl\(jlisau)re Adsorption ((rjnglgl?gs)
(mmol/g)
1.02 0.135 0.053
1.50 0.179 0.053
2.82 0.262 0.052
4.22 0.324 0.052
5.91 0.372 0.051
7.15 0.369 0.051
8.35 0.357 0.053
9.71 0.327 0.068
11.05 0.312 0.094
12.04 0.248 0.107
13.57 0.089 0.120

Table 2.5 Gibbs Adsorption of Pure CQ on Wet Illinois #6 Coal at 328.2 K

Gibbs .
P(rl\(jlisau)re Adsorption (?nﬁlgl?gs)
(mmol/g)
0.42 0.146 0.052
0.79 0.231 0.052
1.56 0.356 0.051
2.23 0.440 0.051
2.87 0.511 0.050
4.27 0.634 0.050
5.62 0.701 0.049
7.02 0.765 0.049
8.34 0.791 0.063
9.69 0.800 0.065
11.04 0.777 0.075
12.41 0.716 0.092
13.88 0.644 0.088
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Table 2.6 Gibbs Adsorption of Pure CQ on Wet Pocahontas #3 Coal at 328.2 K

Gibbs

Pressure : o Gibbs
Adsorption

(MPa) (mmgl/g) (mmol/g)
0.40 0.281 0.040
g7 0.439 0.040
1.49 0.605 0.040
2.84 0.764 0.039
4.25 0.854 0.038
5.63 0.901 0.038
6.99 0.915 0.037
8.33 0.908 0.038
9.69 0.868 0.048
10.34 0.840 0.050
12.16 0.730 0.068
13.11 0.674 0.075

Table 2.7 Gibbs Adsorption of Pure CQ on Wet Upper Freeport Coal at 328.2 K

Gibbs .
P(rl\(jlisau)re Adsorption ((rynﬁl(t))ltl)gs)
(mmol/g)
0.40 0.239 0.043
0.81 0.363 0.043
1.47 0.482 0.042
2.86 0.624 0.042
4.24 0.698 0.041
5.64 0.739 0.041
7.00 0.756 0.040
8.35 0.758 0.041
9.67 0.742 0.052
10.75 0.737 0.056
12.31 0.667 0.073
13.86 0.593 0.082
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Table 2.8 Gibbs Adsorption of Pure CQ on Wet Wyodak Coal at 328.2 K

Gibbs .
P(rl\e/lsps;)re Adsorption (?nﬁlglt/);)
(mmol/g)
0.47 0.041 0.048
0.76 0.067 0.048
1.46 0.130 0.048
2.77 0.233 0.048
4.22 0.319 0.048
5.64 0.372 0.048
7.01 0.411 0.049
8.35 0.417 0.063
9.67 0.420 0.074
10.92 0.424 0.084
12.35 0.368 0.099
13.92 0.254 0.101

The decreasing order of Gibbs adsorption among fibe coals is: wet
Pocahontas, wet lllinois #6, wet Upper Freeportt Wiodak and wet Beulah Zap. In
comparison, the decreasing order of the rank dfettmals was: wet Pocahontas, wet
Upper Freeport, wet lllinois #6, wet Wyodak and vBstulah Zap. Thus, higher rank
coals appear to have a larger capacity for, @@sorption; however, the coal moisture
contents which vary significantly also play an inmtpat role in CQ adsorption on these
coals.

The Gibbs adsorption data on three of the coalmeha wet Beulah Zap, lllinois
#6 and Pocahontas coals, have been published ME@h inter-laboratory study? The
remaining two coals in this study (wet Pocahontas apper Freeport coals) have not
been published previously. The main objective ef RETL inter-laboratory studywas
to investigate the reproducibility of G@oal adsorption isotherm measurements among

various laboratories. In contrast, the objectiveha present study is to investigate the
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effect of water content of the coals on the expental data, the data reduction, and the
model analysis of these isotherms.

The adsorption data published earfiedid not include accounting for the
solubility of CQ in adsorbed water and, thus, differ from the nsspresented here.
Neglecting the solubility in the earlier work wasrp of a specified data reduction
procedure provided by NETL, designed to insure isbaist data reductions among the
participating laboratories in that study. Accougtifor the dissolved COin adsorbed
water yields the actual amounts adsorbed on theoads, leading to lower values of the
calculated Gibbs adsorption than previously puklisA For the higher moisture
containing coals in this study, this correctionsignificant, and it also affects the
subsequent model analysis of these isotherms.

To highlight this difference, Figure 2.2 presentsoanparison of C@adsorption
data on wet Beulah Zap coal published in Goodmaaiétand the data from this study.
As evident from the figure, accounting for the gakibility in adsorbed water can result
in quite different calculated values of Gibbs agsion.

Figures 2.3-2.7 illustrate the Gibbs adsorptiol€@k on Beulah-Zap, lllinois #6,
Pocahontas #3, Upper Freeport and Wyodak coals tliastudy, respectively. The GO
adsorption on each of the dry coals is also ilatstt for comparison. The adsorption data
on dry coals were measured in an earlier studjor each coal, the GQGdsorption on
the wet coal was lower than that on the dry coaltHer, the reduction in the gas
adsorbed from that on dry coals appears to be latete positively with the moisture

content of the coal. The Pocahontas, Upper Fregfioris #6, Wyodak and Beulah Zap
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coals exhibited, respectively, about 19%, 17%, 4888 and 79% reductions in the
adsorption on the wet coals at 7 MPa when comparéte adsorption on the dry coals.

Figure 2.8 compares the Gibbs adsorption of, ©@® all five wet coals. The
adsorption isotherm for each of the wet coals aihi maximum between 8-12 MPa.
For each case, the adsorption maximum on the wataozurs at a higher pressure than
that for the dry coal. Note that some of the ebrars have been omitted in Figure 2.8 for
the sake of clarity.

The error analysis indicates that the average teiog&es for the C@adsorption
measurements are approximately 7-13% for lllind&s @pper Freeport, and Pocahontas
coals. The higher percentage uncertainties arellysalatained at the higher pressures,
due mainly to the lower value of the Gibbs adsorpfor CQ at the higher pressures and
the higher uncertainties in the g@ompressibility factors (due to its proximity tts i
critical point). The average uncertainties for BduZap and Wyodak coals were around
34%. However, these high@ercentageuncertainties are a result wwer adsorption
amounts for these two wet coals and amounted tp ambut 0.06 - 0.07 mmol/gm, on
average.

In our data reduction technique, we accountedHeramount of gas dissolved in
the water-rich adsorbed phase, which results iretovalculated adsorption amounts for
higher moisture containing coals. The Beulah Zagh \Alyodak coals contain 32.2% and
28% moisture, respectively. Chapter 5 presents leernative approach wherein a

different data reduction technique is used fomesting the amounts adsorbed.
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Figure 2.8 CO, Adsorption on Wet Argonne Coals at 328.2 K

B. Adsorption of Methane, Nitrogen and CQ on Dry and Wet Activated Carbon
The experimental data for the adsorption of puteogen, methane and G@n

dry activated carbon are presented in Tables 2.9-2ekpectively. These tables list the
pressure (MPa), Gibbs adsorption (mmol/gm) andettpected experimental uncertainty
"o" (mmol/gm) for each datum. The adsorption dataliese isotherms yielded expected
uncertainties of 1-3%, on average. As expected, des adsorption is observed at 328.2
K than at 318.2 K (from our earlier experiméjithowever, the new measurements agree
with our previous data in regard to the relativeoants of nitrogen, metharmnd CQ
adsorbed. In both cases, an approximate ratio b6:2.4 was obtained at 7 MPa.
Further, the desorption of GOon dry activated carbon was also measured; and
comparison ofhe adsorption and desorption isotherms indicatetiysteresis effect for

this system.
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The experimental data for the adsorption of puteogen, methane and G©@n
thewetactivated carbon are presented in Tables 2.12-Be$fectively. Figures 2.9-2.11
illustrate the adsorption isotherms for pure nigmegmethane and G@n wet activated
carbon, respectively. The adsorption of these gaseslry activated carbon is also
presented in these figures for comparison.

Table 2.9 Gibbs Adsorption of Pure Nitrogen on Dry Activated Carbon at 328.2 K

Gibbs .
P(r'\e/lsps;)re Adsorption ((rrnﬁltt))ltl)gs)
(mmol/g)
0.81 1.015 0.041
1.46 1.473 0.040
2.93 2.075 0.039
4.19 2.407 0.039
5.53 2.651 0.039
6.98 2.834 0.039
8.36 2.945 0.039
9.69 3.018 0.040
11.08 3.068 0.039
12.54 3.100 0.040
13.70 3.108 0.040

Table 2.10 Gibbs Adsorption of Pure Methane on Dry Activated Carbon at 328.2 K

Gibbs .
P(rl\e/lspsellj)re Adsorption ((rrnﬁlgltl)g;
(mmol/g)
1.50 2.845 0.047
2.78 3.555 0.046
4.11 3.936 0.045
5.59 4.167 0.045
7.07 4.277 0.045
8.38 4.310 0.045
9.18 4.306 0.045
9.77 4.306 0.045
11.11 4,273 0.046
12.43 4.221 0.046
13.74 4.145 0.047
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Table 2.11 Gibbs Adsorption of Pure CQ on Dry Activated Carbon at 328.2 K

Gibbs .
P(r,\e/ﬁf;)re Adsorption ((rynﬁl(t))ltl)g;
(mmol/g)
0.33 2.432 0.117
0.74 3.684 0.115
1.49 4.887 0.113
2.85 5.885 0.110
4.22 6.321 0.108
5.62 6.462 0.107
7.07 6.396 0.106
8.31 6.134 0.105
9.62 5.616 0.106
11.11 4524 0.132
12.49 3.522 0.137

Table 2.12 Gibbs Adsorption of Pure Nitrogen on Wet Activated Carbon
at 328.2 K and 37% Moisture

Gibbs .
P(r&?au)re Adsorption ((rjnﬁlgl?gs)
(mmol/g)
1.61 0.024 0.021
2.95 0.054 0.021
5.76 0.113 0.021
8.43 0.161 0.022
11.20 0.208 0.024
13.91 0.253 0.026

Table 2.13 Gibbs Adsorption of Pure Methane on Wet Activated Carbon
at 328.2 K and 37% Moisture

Gibbs .
P(r'\e/ﬁasellj)re Adsorption ((rjnglgl?gs)
(mmol/g)
0.44 0.018 0.025
0.79 0.046 0.025
1.48 0.105 0.025
2.83 0.234 0.025
4.20 0.372 0.025
5.56 0.519 0.026
7.04 0.701 0.026
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Table 2.14 Gibbs Adsorption of Pure CQ on Wet Activated Carbon
at 328.2 K and 27% Moisture

Gibbs .
P(r&?au)re Adsorption ((rjnﬁlgl?gs)
(mmol/g)
0.50 0.489 0.048
0.85 0.753 0.047
1.44 1.138 0.047
2.74 1.976 0.050
4.03 3.244 0.057
5.41 4.561 0.049
6.90 5.340 0.049
8.41 5.414 0.056
9.79 5.048 0.076
11.02 4.417 0.092
12.40 3.681 0.105
13.74 3.057 0.105

Table 2.15 Gibbs Adsorption of Pure CQ on Wet Activated Carbon
at 328.2 K and 34% Moisture

Gibbs .
P(rl\(jlisau)re Adsorption ((rynﬁl(t))ltl)gs)
(mmol/g)
0.70 0.529 0.049
1.45 0.971 0.049
2.77 1.795 0.049
4.01 2.883 0.050
5.28 4,298 0.053
6.91 5.230 0.056
8.49 5.216 0.059
9.78 4.847 0.079
11.06 4.163 0.096
12.52 3.373 0.109
13.94 2.867 0.117
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Table 2.16 Gibbs Adsorption of Pure CQ on Wet Activated Carbon
at 328.2 K and 16% Moisture

Gibbs .
P(rl\(jli)sau)re Adsorption (?n?gﬁgs)
(mmol/g)
0.39 0.690 0.037
0.74 1.018 0.037
1.43 1.444 0.036
2.74 2.114 0.044
4.00 3.347 0.056
5.31 4.823 0.079
6.99 5.473 0.144
8.50 5.448 0.113
11.11 4.405 0.082
13.09 3.456 0.137

Using modified ASTM procedures, we estimated tipgldrium moisture content
of activated carbon to be 27%. To study the efééchoisture on adsorption capacity, we
conducted isotherm measurements at moisture cenéit%, 27%, 34% and 37%. The
adsorption isotherm measurements for nitrogen wenelucted at a moisture content of
37%, which is above the equilibrium moisture contentadfout 27%. The nitrogen
adsorption isotherm for the wet activated carbodiceted significant reduction in
adsorption capacity below 7 MPa when compared écattsorption on the dry activated
carbon. For example, at 5.5 MPa, the amount addarbehe wet activated carbon (37%
moisture content) is only 4% of the amount adsortxediry activated carbon. Further,
the nitrogen adsorption capacity on wet activatadben (Figure 2.9) was less than 10%
of the adsorption on the dry activated carbon,dating the large effect of water on the
carbon surface. The data for this isotherm yieldgdected uncertainties of 30%, on
average. However, highgrercentageuncertainties are a result of the extremely low

adsorption levels of this isotherm and translateotdy about 0.022 mmol/gm of
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adsorption, on average. As such, the experimemakrtainty in terms of actual
adsorption amounts is small and such behaviorpseed.

The adsorption isotherm measurements for methame aleo conducted at a
moisture content of 37% and are shown in Figur®.2The data for this isotherm yielded
expected experimental uncertainties of 28%, onameerAs explained above, the large
percentageuncertainties translate to smamountsof adsorption at these levels of
moisture in the carbon.

The amount of metharaglsorbed on the wet activated carbon is signifigdess
than the amount adsorbed on dry activated carbocomiparable conditions (Figure
2.10). For example, at 2.8 MPa, the wet activatatban (37% moisture content)
adsorbed 93% less methatman the dry activated carbon. Similarly, at 7 ME#
adsorption of methane on the wet carbon is 84% raivaen the adsorption on dry
activated carbon. Thus, even at higher pressuhesptesence of water significantly
lowers the methane adsorption. There is some coafion in the literature of a
significant reduction of methane adsorption on ativated carbon in the presence of
moisture>® Moreover, simulation results from the literaturedicate that even small
concentrations of water on the carbon surface eaisec significant pore-blocking, thus
significantly reducing adsorption sites availaldariethane gas. In their simulation study
on adsorption of water-methane mixtures on activasgbon, Muller et &° have shown
that water can lead to 50% reduction in methaneratlsn. Thus, the inter-connectivity
of water molecules across the pore entrances nthefurestrict methane adsorption on a

wet carbon.

37



Gibbs Adsorption (mmol/gm)

Gibbs Adsorption (mmol/gm)

3.50

& N2-Dry
© N2-37% Moisture ; . 3 i
3.00 - i
i
3
2.50 -
i
2.00 - 2
1.50 - i
1.001 &
0.50
3
T z * ’
OOO z T T T T T T T
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0
Pressure (MPa)
Figure 2.9 Nitrogen Adsorption on Wet Activated Carbon at
328.2 K and 37% Moisture
5.0
O CH4-Dry
< CH4-37% Moisture
[0} o @
a e e a o)
4.0 - -
o}
3.0 -
0]
2.0 -
1.0
]
o3
o3
&
00 toa = ‘ ‘ ‘ ‘ ‘ ‘
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0

Pressure (MPa)

Figure 2.10 Methane Adsorption on Wet Activated Carbon at
328.2 K and 37% Moisture

38




The adsorption measurements for pure,Gfd wet activated carbon were
conducted at three levels of moisture, as showfigare 2.11. The activated carbon has
an equilibrium moisture content of 27%; thus, thee¢ moisture contents were selected
to represent supersaturated, saturated and ungertsat conditions of the wet activated
carbon with respect to moisture. First, £&dsorption isotherm was measured at the
equilibrium moisture content of 27%. Then, anotisetherm was measured at moisture
content of about 34%, which is 7% above the equilibh moisture content. The third
adsorption isotherm was measured at moisture cbmdénabout 16%, which is
approximately one-half the equilibrium moisture won. The adsorption data for each of
these three isotherms yielded expected experimentartainties of 3%gn average.

The adsorption of C&bn wet activated carbon at 34% moisture contenibéxl,
on average, an 8% decrease in the amount of gawsbadswhen compared to the
adsorption on wet activated carbon at its equuirimoisture content. The adsorption of
CO,on wet activated carbon at 16% moisture contenibéeld an increase of only 2% in
the amount of gas adsorbed at 7 MPa when comparéaetadsorption at a moisture
content of 27%. For all three isotherms, the,@@sorption data displayed an unexpected
change in concavity at moderate pressures betweand36 MPa (Figure 2.11). In
general, lower moisture content shifted this cortgashange to lower pressures.

Further, the wet activated carbon adsorption amapptroaches that of the dry
activated carbon at pressures above 8 MPa. Thisb@ay artifact of our data reduction
procedure, resulting from uncertainty in the gasisity values we employed; this
uncertainty could be caused by the presence ofrwaf®or in the C@gas phase. Some

experimental evidence suggests that the presensmaif concentrations of water in the
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gas phase can increase the,@@s density by as much as 1894 correction of this
magnitude can lead to the adsorption on the wetadet! carbon becoming lower than
the adsorption on the dry activated carbon at presshigher than 8 MPa. Currently, we
know of no equation of state capable of accuratalgulating the densities of GQvater
mixtures at near-critical conditions. Since thetmee and nitrogen are well removed
from their critical points, and water solubility the gas phase is much lower than for

CO,, the effect would be much smaller for the metheama nitrogen measurements.
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Figure 2.11 CQ Adsorption on Wet Activated Carbon at 328.2 K
at Different Moisture Contents

As illustrated in Figure 2.11, our results indicdtat even smalamounts of
moisture present in the adsorbent can lower sigantly the gas adsorption, especially

below 7 MPa, when compared with the adsorption conapletely dry adsorbent.
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The kinetics of adsorption on wet activated carbded to unusually long
equilibration times (on the order of several dags gatum) relative to our measurements
on coals and on dry activated carbon, where thdlilegiion times are less than 24
hours. Lengthy equilibration time may be attributedslow gas diffusion through the
adsorbed water which covers some of the micropofabe carbon surface. Different
mechanisms have been proposed for this adsorpébavior in the literature; however,
most are centered on the fact that presence oftmneisignificantly blocks the pores of
the carbon surface.

The longest equilibration times occur between @ aMPa, which coincides with
the region where the changes in concavity of ttsm@gadion isotherm were observed. This
may indicate that the stripping of adsorbed wateupled with the slow dispersion of the
adsorbing gas, is partly responsible for the loggilédration times. Figure 2.12 presents
the equilibration times for CQOadsorption isotherm on wet activated carbon at 34%
moisture. The figure shows the total equilibratibme for each data point of the
isotherm. As evident from Figure 2.12, the equdtimon times were much larger in the
pressure range of 3 to 7 MPa.

Figure 2.13 presents the pressure drop rate farmtants at 4 and 12 MPa of the
same isotherm studied in Figure 2.12. There apfedrs a continued drop in pressure at
4 MPa even after 200 hours of equilibration tinrecbmparison, the drop in pressure at
12 MPa had essentially ceased after 48 hours, aergvfrom Figure 2.13. This
contrasting behavior for moderate and high presdata points of the same isotherm

highlights the unexplained behavior observed in3the 6 MPa region of this isotherm.
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We also observed that the equilibration time afldvior the data point at 7 MPa
appeared to be sufficient for stabilization of gregs. In contrast, the isotherm points
between 3 and 6 MPa may have needed substant@tiget equilibration times.
Therefore, based on our experience in measuringrpiitsn isotherms, a decision was
made to progress to the next higher pressure daitat pn the isotherm after the
equilibration times shown in Figure 2.12 (in thet® 6 MPa region). This was
necessitated by practical time constraints forghsstherms. As such, the isotherm data
points between 3 and 6 MRaay not have reached their final equilibrium stateisTh

region is also indicated by an “envelope” in Figargl.
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Activated Carbon at 328.2 K and 34% Moisture:
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To our knowledge, there are no literature datatfier adsorption of COunder
supercritical conditions on wet activated carbordiffierent levels of moisture. Since
these appear to be the first measurements ofkimelr additional work will be needed to
delineate the cause of this unexpected behavio€®f isotherms on wet activated
carbon.
2.11 OSU CBM Adsorption Database
An adsorption database comprised of adsorptiorsurements for coalbed gases
was assembled earli®rThe database contains the pure, binary, and temmaxture
adsorption measurements conducted at OSU. There3arasystems in that OSU

adsorption database. As part of the current steldyen new systems comprising thirteen

independently measured isotherms have been addbd &xtended database. Thus, each
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“system” consists of at least one gas isotherm ospecific adsorbent. Our newly
acquired adsorption measurements are presentedalte 12.17, which includes the
adsorbates, the adsorbent, number of points andcahesponding temperature and
pressure ranges for each system.

Table 2.17 Extended OSU Adsorption Database: New Systems in This Study

Temp. Pressure
Adsorbent Adsorbate (K) Range NPTS
(MPa)

Wet lllinois #6 Coal CQ 328 0.7-13.7 13
Wet Beulah Zap Coal CO 328 0.7-13.7 11
Wet Wyodak Coal Co 328 0.7-13.7 12
Wet Upper Freeport Coal GO 328 0.7-13.7 12
Wet Pocahontas Coal GO 328 0.7-13.7 12
Dry AC — F 400 N 328 0.7 -13.7 11
Dry AC — F 400 CH 328 0.7 -13.7 11
Dry AC — F 400 CQ 328 0.7 -13.7 11
Wet AC-F 400 CQ 328 0.7-13.7 33
Wet AC-F 400 CH 328 0.7-13.7 9
Wet AC-F 400 N2 328 0.7 — 13.7 6

This extension of the database contains pure-gas@titbn measurements on Six
solid matrices: wet lllinois #6 coal, wet BeulahpZeoal, wet Wyodak coal, wet Upper
Freeport coal, wet Pocahontas coal and wet/dryvatetl carbon. All isotherm
measurements were conducted at 328.2 K and pressufe3.8 MPa. Additional details
of the OSU adsorption database can be found elsefhe
2.12 Monte Carlo Analysis of OSU Adsorption Error Analysis

The following material in Section 2.12 has beenadpced with permission from
[Mohammad, S. A.; Fitzgerald, J. E.; Robinson, R, 0r.; Gasem, K. A. M,
Experimental Uncertainties in Volumetric Methodsr fdleasuring Equilibrium
Adsorption.Energy & Fuel2009,DOI: 10.1021/ef8011257] Copyright [2009] American

Chemical Society.
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As mentioned above, a detailed error analysis wafopned to estimate the
uncertainty associated with each experimental ddiympropagating the errors from the
primary measurements of pressure, temperature @oche. The analytical error analysis
was based on standard multivariate error propagaiimciples:> The detailed derivation
of the analytical error analysis has been summarileewheré? ?° In this study, a
Monte Carlo analysis was conducted to confirm tlaidity of the analytical error
analysis technique. In particular, a Monte Carlalgsis was performed for the GO
adsorption on dry Upper Freeport coal, and theltestere compared with the analytical
error estimates. To conduct this analysis, all peshelent variables of the experiment
were perturbed with a normally-distributed randamoe The experimental estimates for
the uncertainties in the primary measured quastidfepressure, volume and temperature
were used as the random error of the corresponmirtgrbed variable in the Monte Carlo
analysis. The Monte Carlo analysis was conducteapproximately 1000 sets of these
perturbed variables. Thus, for each set of pertunaiables, an amount adsorbed was
evaluated. The average of these runs at each peesss taken as the amount adsorbed
at that pressure for a given set of perturbed kbesa Further, the standard deviation of
the amount adsorbed evaluated from these 1000wsetstaken as an estimate of the
uncertainty in the acquired data for comparisonhvitie experimental error derived
analytically.

Figure 2.14 presents the comparison between acalygnd Monte Carlo error
estimates using the OSU adsorption apparatus youdper Freeport coal. In this figure,
sections marked as I, Il and Ill represent thrqesse loadings of the pump that were

required to complete the isotherm. The discontiesiiat pressures around 10 and 12 MPa
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are due to the reloading of pump, which was necgd$sahigher pressure injections. As
evident from Figure 2.14, good agreement existedéen the Monte Carlo and analytical
error estimation methods. Thus, these results geoa reasonable confirmation of the
analytical expressions that are used to estimageutitertainties in the amount of gas

adsorbed.
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Figure 2.14 Comparison of Monte Carlo and Analytical Error Analyses for CQ
Adsorption on Dry Upper Freeport Coal

To test for the normality of the distribution ofrers from the Monte Carlo
analysis, the histogram and cumulative distributbdrthese errors are shown in Figure
2.15. In this figure, “X”, “Xbar” and “Sigma” repsent the sample observation, mean
and standard deviation of the distribution, respett. As evident from the figure, the

distribution displays essentially normal error disition behavior.
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CHAPTER 3
REVIEW OF ADSORPTION MODELS IN CBM-RELATED WORK

The material in this chapter has been reproducdial parmission from [Gasem,
Khaled; Mohammad, Sayeed; Robinson, R. L., Jr.; éllag Coalbed Methane
Adsorption and C@ SequestrationEncyclopedia of Chemical Processi@§09, DOI:
10.1081/E-ECHP-120043857] Copyright [2009] Taylod &rancis.

In this chapter, a number of adsorption models ktzate been used for CBM-
related work are reviewed, and the potential wess@® and strengths of some of these
models are discussed. Among the adsorption modelsdered, this chapter concentrates
on three theoretically-based models that have bleseloped for use in CBM and GO
sequestration modeling. The efficacy of these nwdel describing the adsorption
behavior of coalbed gases is also discussed. ¥irtaké chapter outlines future work
required to address some of the outstanding issuesisorption modeling of CBM
systems. The material presented herein is notdetkmo be all-inclusive; rather, it is an
overview of some of the pertinent efforts in eduilim adsorption modeling of CBM
systems.

3.1 Adsorption Models in CBM-Related Work

Several frameworks can be used to describe ther@aso phenomenon and
correlate pure- and mixed-gas adsorption isothemn@BM systems. These include the
Langmuir modéef, extended Langmuir mod&| the ideal adsorbed solution thebryeal

adsorbed solution theofy pore-filling theory® and its combination with the
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vacancy solution mod& °° two-dimensional equation-of-state (2-D EOS) msdet”
18 the simplified local-density (SLD) mod&l the Ono-Kondo (OK) mod® and a
variety of other models (see, e.g., ®)o These and some other models are briefly
reviewed herein.
Langmuir/Extended Langmuir Models
The Langmuir model is the simplest adsorption maahel is derived from kinetic
consideration$® The model assumes that:
1. The solid surface is composed of localized adsonpdites, and each site can hold
only one adsorbate molecule
2. The adsorption sites are energetically equivalent
3. There are no adsorbate-adsorbate interactions eetweighboring adsorption
sites
4. The molecules are adsorbed in a single layer anbnplayer coverage).
In principle, the Langmuir model can describe omlgnolayer adsorption on an ideal
surface. An ideal surface has periodic energy dlattbns which are equal in magnitude
and this magnitude is larger than the thermal gnd€d. This trough of energy acts as an
adsorption site. When a molecule hits a surfaceatit either be reflected or adsorbed
depending on whether the site is vacant or is dyfeaccupied by a molecule. The
dynamic equilibrium is attained when the rate ofagtion is equal to the rate of
desorption/evaporation.

In terms of fractional loading, the Langmuir model can be expressed as:

_ BP
1+ BF

Q)]
0 = f (3.1
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where 6 and o are the fractional loading and the amount adsordegressure P,
respectively, B is an affinity parameter with undé inverse pressure, and L is the
theoretical maximum amount adsorbed at infinitespuee. The parameter B is a measure
of the partitioning of the adsorbate molecules leetwthe adsorbed and the gas phases. It
also introduces implicitly the temperature depewdenf the adsorption isotherms in the
model (i.e., B is temperature dependent).

The extended Langmuir model was first introducedviarkham and Bentdhto
describe mixture adsorption. It can be represeased

I‘iBiF)yi

= i= 1, NC 3.2
“T1:3 B Py, ’ (3.2)
j

where L, and B, are the temperature-dependent pure-compohangmuir model
parameters ang, is the gas-phase mole fraction of the adsorbpegie “i".

The selectivity factorp, can be expressed in terms of the extended Lamgmaodel

parameters, as follows:

) s
) B

where x and y are the adsorbed and gas-phase nagléohs of the two-components,

(3.3)

respectively, and L and B are the correspondingqsomponent model parameters.
Equation (3.3) reveals that the extended Langmudeh predicts a constant

(pressure and composition independent) value.feince the right side of equation (3.3)

depends only on pure-compon&aingmuir model parameters. Thus, this model doés no

take into account mixed-gas equilibria and systemsgure to evaluate mixed-gas
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adsorption. As such, the extended Langmuir modehigntirely empirical model and is
also thermodynamically inconsistenit.

Historically, the Langmuir and extended Langmuir dels have been used
extensively in the CBM field. Ease of applicatigppaars to be the main motivation for
their use in CBM work. Arri and Y&tused the Langmuir/extended Langmuir models in
their compositional coalbed methane simulator. Tiuserved that the extended
Langmuir model under-predicted the adsorption is gaxtures at higher pressures.
Similarly, Chaback et & applied the extended Langmuir model to model the
adsorption/desorption of GO methane and nitrogen binary mixtures. Levy et'al.
correlated C@and nitrogen Langmuir model parameters with theesponding values
for methandor a set of Bowen Basin coals. They found a lirezarelation between them
and observed that the G@nd nitrogen isotherms could be reliably predictede the
methane isotherm is known for such systems. Howeliex result is restricted to coals
from a single basin.

Ideal Adsorbed Solution (IAS) Theory

Myers and PrausnitZintroduced the ideal adsorbed solution (IAS) tlgedtis
theory is an adsorption analog to Raoult’'s law,clhs used in vapor-liquid equilibria.
The IAS theory assumes that the gas and adsorkeskgtiorm ideal solutions, i.e. all
activity coefficients are unity. The equilibriumagon for the adsorbed and the gas phase

in the IAS theory is given as:
yiP = F?),i (7c ))ﬁ (3.4)
where P, is the equilibrium gas pressure correspondirtbeédemperature and spreading

pressures, of the pure component, angand y are the adsorbed and gas-phase mole
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fractions, respectively. The spreading pressurdefined as the difference in surface
tension between a clean surface and a surfaceazbwéth an (monolayer) adsorb&fe.

The IAS theory is used to extend a pure-isotherndehto mixture adsorption.
Any pure-component isotherm model can be used thighlAS theory; several authors
have used IAS theory to describe mixture adsorptialenzuela et &' used the
Langmuir model with the IAS theory for differentsadption systems. Zhou et*aland
Hall et al® utilized a 2-D EOS with the IAS theory to modelxinire adsorption.
Similarly, Manik¥® used the IAS theory with the Toth equation to nicafgsorption
isotherms in their compositional coalbed methaneiktor.
Real Adsorbed Solution (RAS) Theory

The real adsorbed solution theory takes into adctim non-idealities in the
adsorbed and the gas phases and, therefore, reqdiserbed-phase activity coefficients.
These activity coefficients are assumed to be unitize IAS model.

When the activity coefficients are considered, fib@l adsorbed solution (RAS)

theory is obtained as follow/s

Pyd, = P¢% x (3.5)
where ¢! is the gas-phase fugacity coefficient of the promponent ‘i’ at its reference
pressur®’ , y,is the activity coefficient of the component ‘i’ ithe adsorbed phase,

andy; and x; are the mole fractions of the gas and adsorbetpoaents, respectively.

The adsorbed-phase reference pressure is defindategsressure exerted by the pure

component adsorbate at the same spreading pressule temperature as the

mixture,P’ = P ¢, T), wheren is the spreading pressure derived from surfacé.viidre

52



adsorbed-phase activity coefficients are functionfls temperature, pressure and
composition.
Since the spreading pressure is an intensive thigmamnic variable, the

spreading pressure group, is defined a¥:

_TA

= (3.6)

\}

where A is the surface area of the adsorbent.
The spreading pressure of mixtures can be obtdoed the Gibbs adsorption
equation, which is related to the spreading presgtoup as follow¥:

dy =S n.din(Pyo ) -
=) ndin(Pyo,)-
vy ;:1 din(Pye) -2

a

dP (3.7)

wherep, is the molar density of the adsorbed phaseandn, are the amount adsorbed

of component ‘i’ and the total adsorbed amounipeesvely.

Stevenson et &f. applied the IAS and RAS theories to model mix@misorption.
Interestingly, they observed that the IAS theoryswsuperior to the RAS theory,
especially at the higher pressures where the actiaefficients are close to unity. This
was attributed to errors in the adsorbed-phaseigctioefficients. In fact, no reported
applications exist for estimating the adsorbed-phastivity coefficients at higher
pressures; therefore, use of the RAS theory has \ery limited.

Theory of Volume Filling of Micropores (TVFM)

Dubinin®® extended Polanyi's potential thebfyand developed the theory of
volume filling of micropores (TVFM). This theory siames that:

1. The adsorbate fills the adsorption surface thraugbre-filling mechanism

2. A discrete monolayer is never formed in the pores

53



Dubinin had hypothesized that the adsorption masharon microporous adsorbents
would be better described by pore-filling modelsulfinin-Polanyi approach) than
surface coverage models (Langmuir model, etc.). flilee most common forms of the
Dubinin’s pore-filling models are the Dubinin-Radisvich (D-R) and Dubinin-

Astakhov (D-A) equations.

The Dubinin-Astakhov (D-A) equation is giverfas

RT P
V_Voexp{—[BE0 InFJ } (3.8)

The Dubinin-Radushkevich (D-R) equation is obtaibgdetting n = 2 in Equation (3.8)

abové®

V= Voexp{( RT nij } (3.9
PE, P

whereV is the adsorbed volumé/, is the micropore saturation volume correspondang

the saturated pressut@,, n is a structural-heterogeneity parameferis an affinity

coefficient and Eis the characteristic heat of adsorption of theodoed molecule. A
range of 1-4 has been reported fof°nand the values ¢f have also been compiled for
a number of adsorbat€.

The Dubinin’s pore-filling models are pure-componésotherm models and,
thus, require a mixture theory like the IAS thetmybe extended to mixture adsorption.
Several authors have used the pore-filling modets faund them to be superior to the
Langmuir model. Clarkson and Busfiused the IAS theory and pore-filling models and
compared them with the extended Langmuir modelyTband the IAS/D-A model to

perform better than the IAS/D-R, IAS/Langmuir angtemded Langmuir models.
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However, they found that none of these models wds & describe accurately the
selectivity of the adsorbates and yielded eitheorastant selectivity (extended Langmuir)
or an increasing selectivity with increasing feednposition of the larger adsorbing gas
(IAS/D-R equation), both of which did not agreewiheir experimental data. Similarly,
Harpalani et af’ modeled data for adsorption isotherms with thegnamir, D-R and D-
A equations and found the D-A equation to be speoi the other two models.

An important aspect of the D-A equation is the terafure-invariance of the

- P . . .
characteristic plots F@TInFO vs. V). This feature can be used to predict adsorpat

different temperatures based on data from a singtgherm. This capability
notwithstanding, the pore-filling models are, hoekvdeveloped for sub-critical
adsorbates. Specifically, these models require ghturation pressure,oPof the
respective isotherms. As such, an empirical maalifonn is introduced when using a
pore-filling model for CBM systems, which involveostly near-critical and supercritical
adsorbates. Although, a variety of modificationsenbeen proposéd " there appears to
be little theoretical justification behind them.
Coal Swelling

Another aspect of high-pressure gas adsorption vi@han coalbeds is the
potential swelling of coal caused by adsorbates such as S@ne investigators believe
that adsorption of C&can significantly alter the porous coal structanel these changes,
if left unaccounted for, can result in large errorshe modeling of supercritical GO
adsorption on coals. In fact, several researchave attempted to model the swelling of
coal by incorporating volumetric corrections to thdsorption isotherm equations.

Ozdemir et af® used a variety of adsorption models, includingEhé& model, to study

55



the volumetric effects of COadsorption on coals. Similarly, Dutta et*alused the
Langmuir and D-A models to account for the swellofgcoal and dissolution of GOn
the coal matrix. Romanov et ‘& have also attempted to interpret the volumetranges
in coals under COpressure. More recently, Pan and Coffielalancing the change in
surface energy due to adsorption to the changdasti@ energy of the coal matrix,
developed a theoretical model to describe adsorptiduced coal swelling.
3.2 Theory-Based Equilibrium Adsorption Models
Beyond sound theoretical framing of the adsorptrmondel, several desired
attributes are sought when modeling CBM systentdiding the model’s ability to:
1. Correlate pure- and mixed-gas adsorption data mitthe experimental
uncertainties at reservoir conditions
2. Facilitategeneralizedpredictions of pure-gas isotherms based on adiesspal
characterization and gas properties
3. Predict the individual component and the total golson of a multicomponent
gas mixture based on pure-gas isotherms or puic+filodel generalization
4. Account rigorously for the presence of moisturéhie coal
Although, the traditional adsorption models desmlilabove have been used in CBM-
related work, they lack some of these desiredbaities. Moreover, they seem to lack the
theoretical rigor of a multicomponent adsorptiond@lcthat is needed in CBM work. In
previous works at OSt*? researchers have tested three theory-based &idsammdels
for their CBM adsorption modeling capabilities. Wdugh based on very different
theoretical basis, the two-dimensional equatiostafe, the Ono-Kondo, and the

simplified local-density models were found to bedéy amenable to the modeling
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demands of CBM systenfis™? Following is a brief description of these threed®is that

have been found useful in CBM-related work.

Two-Dimensional Equations of State

The two-dimensional (2-D) equations-of-state (EQ8¢dels are essentially

analogs of the 3-D EOS models used in vapor-liggdilibria calculations. One of the

main incentives in developing the 2-D EOS modelsthsir potential for direct

implementation in CBM simulations in a manner sanito 3-D EOS models used in

conventional oil and gas reservoir simulations.

The 2-D EOS models offer several advantages. Sgaitjf they”:

1.

3.

4.

Permit simultaneous calculation of equilibrium agéion and volumetric

properties

. Are particularly suitable for extending pure-gassagtion isotherms to

multicomponent mixture predictions, using approgriaixing rules
Are amenable to model-parameter generalization

Utilize a proven, familiar model format for usergservoir simulations.

The assumptions used in developing the 2-D EOS maugudé®:

1.

The adsorbent surface can be treated as a two-diomah, imaginary
mathematical surface; and this 2-D phase possatsesvn thermodynamic
properties

The adsorbent is thermodynamically inert.

The adsorbent provides a temperature-invarianasarérea, which is accessible

equally to all the adsorbate molecules.
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4. The adsorbent surface is homotattic, i.e., it islenap of many homogeneous sub-
regions.
As mentioned earlier, the 2-D EOS was developedralogy to the 3-D cubic EOS. A
generalized form of the cubic 3-D EOS used in vdjguid equilibrium calculations can
be written as:

p+ * >
[ 1+ Ubp + W (bp)

2

}[1— bp]=pRT (3.10)

where a and b are the EOS parameters and valubsanid W are specified to give
various forms of 3-D EOS. The 2-D EOS is obtainielpty by replacing two terms in
the 3-D EOS - the bulk pressure, P, with the spngaghressuresr, and the bulk

density,p, with the specific surface density,

The generalized 2-D analog of the 3-D EOS, thegivien as:

a,6° T ]

{n+1+ Ub20+W(b20)2_[1 (b,o) ]—GRT (3.11)
aw? ] m]_

or {An-ﬁ-l_'_ UBQ)+W(B(0)2_[1_(B(D) ]=wRT (3.12)

where A is the specific surface area of the adsuyhds the spreading pressutejs the

surface density of the adsorbater cA is the specific amount adsorbed=a,/A and

B=b,/Aare the 2-D EOS model parameters and m is an additparameter used to
provide more flexibility to the modél. The model coefficients, U, W, and m are
specified to obtain a particular form of the 2-D &OFor example, a 2-D analog of the 3-
D van der Waals (VDW) EOS is obtained by setting mand U = W = 0; similarly for

the Soave-Redlich-Kwong (SRK) (m = U =1 and W =tBg¢ Peng-Robinson (PR) (m =
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1, U=2 and W = -1); the Eyring (m = 1/2 and W= 0) EOS; and the Zhou-Gasem-
Robinson (ZGR) (m = 1/3 and U = W = 0) E&S.
Equilibrium Relations for Two-Dimensional EOS

The governing equations for adsorption equilibriare entirely independent of
the equation of state used in the model. At equulib, the chemical potential of specie

in the gas phase is equal to that in the adsorbasep(see, e.g., Zhou et-3l.

pi =p anddp =dp? (3.13)
T P
jdm?ia = jdm?ig (3.14)
’ J

wherey; is the component chemical potential,is the spreading pressure at the standard

conditions,fia andfig are the component fugacities in the adsorbed phadethe gas
phase, respectively. Integrating Equation (3.14):

Inf(x)—Inf 2(z" )= Inf 2 (P) - Inf 8 (P*) (3.15)
At very low pressurer fia(n* )=mn andf ¢ (P)=p".
Thus,

Pfa(n)=n1o(P) (3.16)
At very low pressure, the 2-D ideal gas law is oisd:

T A =0 RT (3.17)

where T is temperature, iR the universal gas constant, andis the amount adsorbed at

low pressures. Further, the Henry’s constigntan be defined as:

K =—L (3.18)
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Therefore,

Af® = Ax,np? = k,RTI ¢ (3.19)
For pure-gas adsorption, the equilibrium relat®given by:

oZ,0% =kf° (3.20)
wherew is the amount adsorbed,, is the 2-D compressibility factofy® is the fugacity

coefficient using the 2-D EOS$/is the fugacity for the gas phase.

The fugacity for the 2-D EOS is given by:

'([{RT(D 0w,

where A is the specific surface area angidthe mass of the adsorbent. As evident from

—l}dm—ln z. (3.21)

T.Mg.n; ®

the above relations, the 2-D EOS enters the cdionléhrough the fugacities and the 2-D
compressibility factor. To perform adsorption eduilm calculations using Equation
(3.20) requires the values af, 3, and k. They are determined normally by direct
regression of adsorption isotherm data. As sucl, 2D EOS is a three-parameter
adsorption model.

Several researchers have utilized the 2-D EOS yheeomodel gas adsorption.
Hill > and de Boéf used the van der Waals (VDW) EOS to correlate -gae
adsorption. Hoory and Prausrftzextended the 2-D VDW EOS to mixtures by
introducing mixing rules. DeGanteapplied the 2-D virial and Eyring EOS to correlate
high-pressure pure gas adsorption isotherms. Zh@l'éused the 2-D EOS model to
describe pure- and mixed-gas adsorption on diffexdsorbents. P&hintroduced Gibbs-
Free energy mixing rules into the 2-D EOS and dmed temperature dependence

relations for the 2-D model parameters.
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Ono-Kondo Lattice Model
The Ono-Kondo (OK) adsorption model is based otckatheory and was first
proposed by Ono and KonddSince then, Aranovich and Donolti€ have generalized
the model expressions for application to the adsorpof solutes in liquid solutions.
Sudibandriy®® generalized the OK model parameters, extendedibgel to mixture
adsorption of CBM systems and developed the tertyperalependence relations for the
model parameters.
Key features of the Ono-Kondo model include itsitgito:
1. Provide a layering analogue to adsorption
2. Generate independent estimates for the adsorbest pleasities
3. Incorporate accurate user-provided density estsnathich may reduce the
correlative burden of the adsorption modeling.
4. Utilize the pure-gas adsorption isotherms to pteditxture adsorption without
the use of binary interaction parameters
The assumptions used in developing the lattice-Kmmmdo model are (see, e.qg.,
Sudibandriy8?:
1. The fluid system is composed of one or more lagdriattice cells containing
fluid molecules and vacancies.
2. Molecular interactions exist only between the nstaneighboring molecules, i.e.
in the adjacent lattice cells.
3. Adsorption equilibrium between the adsorbed layerd the bulk lattice gas is

given by the equality of the chemical potentiagéach layer and the bulk gas.
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For an adsorptive system, more fluid molecules doeside in the cells of the adsorbed-
phase layers than in the cells of the bulk-phageréadue to the molecular interactions
with the adsorbent surface. The OK model expredsiothe thermodynamic equilibrium
between the gas-phase and a multi-layer adsorbaseph given d3%

IN[X, (1= X, )X, (L= X )]+ 2o (X, = Xp)&i /KT + (X — 2X, + X, 1)e; /KT =0

and t=1, 2, 3... (3.22)
where t represents the number of layers. For teeléyer,

In[x, (21— X, )X, (1= X,) ]+ (2%, + X, — 2%, )g; /KT + &, /KT =0 (3.23)
where xis the reduced density or fraction of sites ocadiidg adsorbed molecules in
layer t, and xis the fraction of sites occupied by fluid molexsiin the bulk, zand z are
the coordination numbers of the lattice cefigkT is the fluid-fluid interaction energy
parameter,si /KT is the fluid-solid interaction energy paramet&r is Boltzmann’s
constant and T is the absolute temperature. Foexadonal lattice, the coordination
numbers gand z are 6 and 4, respectively.

The Gibbs excess adsorptidn,in the OK model is given as:

m

I'=C) (X, —X,) (3.24)

T
where C is known as a "pre-factor,” which is redaie the capacity of the adsorbent for a
specific adsorbate. The index m is the numberydrafor the adsorption isotherm and is
typically determined from the best description bé tadsorption data. The reduced
densities xand » can be expressed as i /pmc and %= pp/pme; Wherep; andpy, are the
adsorbed and the bulk density of the adsorbatpectisely andpmc is themaximum

adsorbed-phase density. The maximum adsorbed-pleasy, pn, can be estimated in
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various ways. Two of the common ways of estimathgyadsorbed-phase density are to
use the saturated liquid density at atmospherisspr@® or the inverse of the VDW
covolume® Further, Hocker and Donohiiehave used a theoretical value of the density
of close-packed molecules.

Although the OK model allows for the formation ofittiple layers, a monolayer
has been shown to provide a satisfactory descriptibthe adsorption dafd.In the
monolayer OK model, the adsorbed molecules arettirsmapped onto parallel graphite
planes, as shown in Figure 3.1. Further, when @&a&kagonal configuration is chosen,
the thermodynamic equilibrium expression of Equafi®.22) simplifies as:

IN[X 4o(1— X, )X, (1= X o) |+ (2, + D)X e — ZoX, )&, /KT + £, /KT =0 (3.25)
Therefore, the Gibbs excess adsorption expressiontife monolayer OK model

becomes:

I' =2C (X,p— X,) = 2C (p—d—&j (3.26)
me me

wherep,gsis the adsorbed-phase density.

GRAPHITE PLANE
o O O O O O 0O

O O O O O O
GRAPHITE PLANE |

Figure 3.1 Ono-Kondo Model for Monolayer Adsorption on Graphite Slit (Slit
Depiction Adopted from Sudibandriyc®)

The OK model thus has four parametasse, ei/k, ei/k and C. Two of these
parameters can be estimated independently. Spbifipm is estimated to be the
inverse of the VDW covolume ang/k can be evaluated ds

g, =0.432* (3.27)
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wheree* is the well depth of the 12-6 Lennard-Jones paknthese assumptions yield
the two-parameter (C angd/k) OK model.
Simplified Local-Density/Peng-Robinson (SLD-PR) Model

The SLD model is a simplification of the more cortgtionally-intensive local-
density theory. According to this theory, the dgnprofile is obtained by minimizing the
total energy function, which depends on all poiensities and their spatial derivativés.
The SLD model, thus, uses mean-field theory inudatong the chemical potential. In
other words, the local fluctuations arising ougcddients in density are not considered in
the micropores, where the majority of adsorptiokesaplace. Further, the chemical
potential of the fluid at each point is corrected the proximity of the fluid molecule to
the molecular wall of the adsorbént.

The SLD model partitions the interactions of a gaslecule in the adsorbed
phase into fluid-solid and fluid-fluid interactiandhe fluid-solid interactions are
modeled through a potential function such as thd 18e's potentidf whereas the fluid-
fluid interactions are modeled through a modifieB EOS®! Specifically, the attractive
parameter in the EOS is modified to account forpitesence of the adsorbent wall.

Several advantages distinguish the SLD framewargarticular, the model:

1. Provides a consistent framework that accounts @modbate-adsorbate (fluid-
fluid) and adsorbate-adsorbent (fluid-solid) molacinteractions

2. Delineates the adsorbent structural propertiesdbasewell-described physical
geometries of the adsorbent and

3. Predicts the adsorbed-phase density which fa@stgirediction of absolute gas

adsorption.
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4. Offers the opportunity for model generalizationsigsnolecular descriptors
5. Predicts the mixture-adsorption based solely or4gais isotherms or pure-fluid
generalization
A number of assumptions have been used in devejah@nSLD modéf:
1. The chemical potential at any point near the adsdrburface is equal to the bulk
phase chemical potential.
2. The chemical potential at any point above the serfa the sum of the fluid-fluid
and fluid-solid interactions.
3. The attractive potential between fluid and solicagboint is independent of the
number of molecules at and around that point.
Different geometries such as rectangular %fifs cylindrical pore¥, flat surface¥ etc.
can be used to model the porous adsorbent strudtisieg the slit geometry, the SLD
model assumes the adsorbate molecules reside veithwo-surface rectangular-shaped
slit. The distance between the slit surfaces isid the position of a molecule within the
slit is z. The position, z, is orthogonal to théidsurface formed by the carbon atoms on
the slit wall.
Therefore, the chemical potential of the fluid,is expressed as the sum of the
fluid-fluid and fluid-solid potentials at a positipz. At equilibrium:
w(Z) = py (2)+ 1 (2) = Rpu (3.28)
where subscripts "bulk", "ff" and "fs" refer to lufluid, fluid-fluid interactions, and
fluid-solid interactions, respectively.

The chemical potential of the bulk fluid is expessn terms of fugacity as:

Hou = Ko(T) + RTIn(f b%)j (3.29)
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where f is the fugacity, ang, is the chemical potential at the reference state.

By analogy, the chemical potential from fluid-fluitteractions is written as:
_ fe (2)
Ly (2)=po(T)+RTIn|f ' # / (3.30)
0

where # (z) is the adsorbed fluid fugacity at a positigmzd ., is the chemical potential
at the same reference state as in Equation (3&9)nentioned above, the fluid-solid
interactions are accounted for through a fluidesplotential function. As such, the fluid-
solid chemical potentigl,, is given as:

e (@)= N, |¥* @)+ oL -2)] (3.31)
whereY¥(z) and¥(L-z) are the fluid-solid interactions from the twealls of a slit of
length L, and N is the Avogadro’s number.

Substituting Equations (3.29), (3.30) and (3.31p ikquation (3.28) yields the SLD

equilibrium relationship for modeling adsorptiorthin the slit:

(3.32)

fe (2) = fbu|keXF{_ Y@L Z)j

KT

where Kk is the Boltzmann’s constant.
In Equation (3.32), Lee’s partially-integrated 1(dtentiaf® is used to provide

the fluid-solid interaction informationy(z)** 8

W (2) = dnp ool o 1Y % (3.33)
5(2') 2 i=1 (Z"F(I _1)'655)

£ = /B XEgs (3.34)

wheregs is the fluid-solid interaction energy parametgtems= 0.382 atoms/Aand z' is

the center-center distance between fluid molecatek carbon atoms in the first plane.
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The parameterssy and ogss represent, respectively, the molecular diameterthaf
adsorbate and the carbon interplanar distances.

The excess adsorptionT), when applying the SLD model, is given as:

L A Rinsieor i
N =2 [(p(2)=pou )z (3.35)
Left Sideof St

where 7 is the excess adsorption and A is the accessibface area for the gas on a
particular adsorbent. The left and right sideshaf $lit each comprise half of the total
surface area, A/2. Thus, the excess adsorptiomearalculated by numerical integration
of Equation (3.35). Thus, the optimized parameterthe SLD model typically include
the surface area A for each fluid, solid-solid iation energy parametet/K and the
slit length L

The SLD model was developed by Rangarajan &t aho used the van der
Waals EOS to provide the fluid-fluid interactiorfarmation. Any EOS with appropriate
modifications can be used within the SLD framewdnkiact, over the years, researchers
have used different EOSs such as the Peng-RobiBsmaer and Elliot-Suresh-Donohue
(ESD) EOSs within the SLD framework to provide tlieid-fluid interaction
information?® 2* 2% 8lrjtzgerald® used the SLD model with a modified Peng-Robinson
(PR) EOS? to study the high-pressure adsorption of coallzeskg and their mixtures on
dry and wet coals and activated carbons.

Further, the SLD model is capable of accountingsfgelling of coal by varying
the slit length with pressure. However, the modgliesults obtained at OSU for high-
pressure adsorption systems without the use of ewadlling were found to be

satisfactory; therefore, to date, the inclusiothas effect could not be justified.
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Gibbs and Absolute Adsorption

Adsorption data can be reported either in term&ibbs or absolute adsorption.
Gibbs adsorption is calculated directly from expemtally-measured quantities and this
accounts for the fact that there is additional matg@resent near the adsorbent surface
due to adsorption phenomenon. This additional natsrin excesf that which would
be present in the same (void) volume if there waswasorption. This excess material is
usually referred to as the Gibbs or excess adsorptn contrast, the calculation of
absolute adsorption requires knowledge of the &dsbphase densitpaqs Which is not
readily accessible by experimental measurement.

The exact mathematical expressions that highligbtghysical interpretation of
Gibbs adsorption and the approximate nature outatied absolute adsorption have been

presented elsewhefd&he relationship between the two quantities i®gias

nis = s Pats (3.39)
Pads— pgas
where n2>*and nS*are the absolute and Gibbs adsorption, respectiaatipgasandpads

are the gas phase and the adsorbed phase densiigsctively. To calculate absolute
adsorption from Equation (3.39), estimatepgf must be employed. A commonly used
approximation forpags is the liquid density at the normal boiling po{as was done by
Arri and Yeé") or the reciprocal of the VDW co-volunfe.
3.3 Example Studies of Adsorption Modeling

In this section, the modeling capability of the DS, OK and SLD-PR models
as they apply to CBM systems is demonstrated. Sgaty, the correlation capabilities

of these models for pure-gas adsorption on dryvegtccoals are illustrated. Several other
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capabilities of these models that were demonstiatedrlier OSU studies have also been
highlighted. Further, the generalization capalesitiof these models are reviewed in
Chapter 6. In particular, the coal structure-bagaakralization of SLD model is covered
in Chapter 6, along with a review of other genegtlon efforts in the literature.
Statistical Quantities Used

In the results presented here, the sum of the eduarighted deviations,
expressed in terms of the weighted root mean sgWaRMS, was used for the objective

function:

2
'\gs{ Neae — nexp j

i=1 Y
' (3.40)

exp

WRMS=

NPTS
where NPTS is the number of data points; i$ the experimental excess adsorptiQge n
is the calculated excess adsorption aggl is the expected experimental uncertainty. In
addition, the results were analyzed in terms ofaberage absolute percentage deviation

(%AAD), the root mean square error (RMSE) and wieidhaverage absolute deviation

(WAAD):
’\gsab{ Neac — nepr
i-1 Nexp ,
%AAD = NS L % 100% (3.41)
NPTS 2
¢ (n calc nexp )
RMSE= -2 ' (3.42)
NPTS
l\gsab{ ncalc exp ]
i= Oex
WAAD = d (3.43)
NPTS
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Modeling Discussion
Correlation of Pure-Gas Adsorption on Dry and Wet Coals

The prediction of adsorption isotherms of pure rap#h nitrogen and Cn five
dry coals and the adsorption isotherms of pure, ©® five wet coals are used to
demonstrate the correlative abilities of the 2-DEOK and SLD models. Each of these
three models was used to represent the adsorpaianoth these coals. Table 3.1 lists the
regressed parameters for the 2-D EOS, OK and SLDv@Rels for each coal. Three
parametersd, B, and k) were regressed for the 2-D EOS model, stk @nd C) for the
OK model and three (surface areafk and L) for the SLD model. Further, the SLD
parameter “L” was fixed at 1.15 nm. for the modglon wet coals since there were data
for only one gas on the wet coals.

Table 3.2 lists the summary statistics obtainedterthree models on these coals.
The overall WAAD for the five dry coals was 0.34@nd 0.5 for the 2-D EOS, OK and
SLD models, respectively. In comparison, the ovefgAAD for the five wet coals was
0.5, 0.3 and 0.5 for the 2-D EOS, OK and SLD maqdeispectively. Further, the overall
%AAD for the five dry coals was 1.9%, 2.6% and 3.fidthe 2-D EOS, OK and SLD
models, respectively. The corresponding stati$ticshe five wet coals were 7.9%, 6.5%
and 5.4%, respectively. Thus, the three models wapable of correlating the pure-gas
adsorption data on dry and wet coals within theseixpental uncertainties.

Figures 3.2 to 3.6 present the model representadiguits obtained with the three
models for the adsorption of methane, nitrogen @@d on dry lllinois #6, dry Beulah
Zap, dry Wyodak, dry Upper Freeport and dry Poctsnoals, respectively. In general,

the adsorption of COwas correlated less precisely than adsorption efheme and
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Table 3.1 Regressed Model Parameters for Representations of Pures3adsorption on Dry and Wet Coals

2-D PR EOS Ono Kondo SLD
a
Coal Gas (bar cm?® (rr;lr?l(l)(l / €fs/k C SA L esdK
g/mmol / | (mmol/g)* bar-l)g (K) (mmol/gm) | (m%gm) | (nm) (K)
mol)
CH4 -18687.0 0.1268 3.1706 -920 0.81 60.50
Dry lllinois -6 N2 -29997.0 0.2310 4.2612 -740 0.49 44.13 1.34 | 30.32
CO2 -8118.4 0.0545 2.1927 -1235 1.24 77.41
CH4 -34893.0 0.1794 2.6373 -1100 0.59 49.80
Dry Beulah Zap N2 -45040.0 0.5448 4.0661 -880 0.34 34.76 130 | 37.44
CO2 -1599.6 0.6832 -2.5191 -1350 1.36 92.96 '
CH4 -26203.0 0.1561 2.8838 -990 0.71 56.95
Dry Wyodak N2 -34602.0 0.2493 4.1342 -760 0.47 43.83 132 | 3152
CO2 -4698.1 1.2698 -3.013( -1250 1.49 96.27 '
CH4 -41306.0 0.2090 2.5948 -1140 0.52 47.10
Dry Upper Freeport N2 -36845.0 0.4425 4.2939 -850 0.35 35.06 1.18 | 37.20
CO2 -26766.0 0.1281 1.7306 -1470 0.67 54.10
Dry Pocahontas CH4 -27464.0 0.2856 2.3489 -1210 0.65 63.05
N2 -17684.0 0.5328 4.0695 -860 0.46 46.84 1.15 | 36.83
CO2 -23442.0 0.0997 1.3120 -1510 0.84 69.53
Wet lllinois -6 CO2 -6615.9 0.0638 3.4702 -950 0.84 63.56 145 910.8
Wet Beulah Zap CO2 16662.0 0.8225 4.171Q -1060 0.35 26.72 1/15 6514.
Wet Wyodak CO2 24053.0 0.4943 4.7286 -67(Q 0.63 41.78 115 6.48
Wet Upper Freeport CO2 -24351.0 0.1426 2.3387 -1310 0.63 51.97 1/15 .462P
Wet Pocahontas CO2 -20618.0 0.1008 2.1564 -1370 0.72 60.59 1/15 .8324
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Table 3.2 Sample Results for Model Representations of Pure-Gas Adsomation Dry and Wet Coals

2-D PR EOS Ono Kondo SLD
Coal Gas | goaap | RMSE \waap | 90aap | RMSE 1\waaD | waap | RMSE | \waaD
(mmol/g) (mmol/g) (mmol/g)
CH4 | 3.63 0.0233 051 356 0.0079 047 235 0.0133 .38 0
Dry lllinois -6 N2 | 1.43 0.0035 012| 287 0.0053 021 435 0.0091 290
CO2 | 386 0.0507 0.66] 2.20 0.0310 032  6.37 0.0868 .16 1
CH4 | 1.85 0.0152 0.30| 285 0.0129 037  1.99 0.0125 .30 0
Dry Beulah Zap N2 | 040 0.0020 0.04] 1.95 0.0035 010  6.15 0.0133 420
co2 | 292 0.0808 050  3.40 0.0562 065  3.69 0.0604 .88 0
CH4 | 237 0.0201 042  3.09 0.0137 046  1.33 0.0080 .24 0
Dry Wyodak N2 | 1.29 0.0053 0.16| 3.36 0.0080 026 345 0.0082 250
co2 | 0.77 0.0115 025  5.48 0.0993 143 524 0.0852 58 1
CH4 | 043 0.0041 0.11] 1.89 0.0062 036  1.18 0.0072 .29 0
Dry Upper Freeport |_NZ | 040 0.0012 0.06| 1.63 0.0059 028 0.8 0.0018 090
co2 | 391 0.0370 0.49]  2.30 0.0222 025  3.48 0.0287 .65 0
Dry Pocahontas CH4 | 050 0.0053 0.16| 0.88 0.0084 024 111 0.0100 .34 0
N2 | 0.33 0.0014 0.06| 1.39 0.0065 028  0.15 0.0021 090
Co2 | 4.70 0.0606 0.60] 2.79 0.0404 039  3.15 0.0480 .77 0
Overall - 1.9 0.022 0.3 2.6 0.022 0.4 3.1 0.026 0.
Wet Illinois -6 co2 | 970 0.0798 078] 1.79 0.0094 015 884 0.0525 .98 0
Wet Beulah Zap CO2 | 14.08| 0.0372 0.18] 7.24 0.0570 044  3.60 0.0142 0.37
Wet Wyodak cCo2 | 3.80 0.0286 0.17| 14783  0.022] 034 656 0.0224 0.19
Wet Upper Freeport | CO2 | 7.51 0.0766 081 4.69 0.0344 037  5.02 0.0380 .60 O
Wet Pocahontas CO2 | 454 0.0524 058 3.44 0.0193 030  2.17 0.0214 59 0
Overall - 7.9 0.055 0.5 6.5 0.029 0.3 5.4 0.030 0.5
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Figure 3.2 Model Representations for the Pure-Gas Adsorption on
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Dry Beulah Zap Coal at 328 K
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Figure 3.6 Model Representations for the Pure-Gas Adsorption on
Dry Pocahontas Coal at 328 K

nitrogen by all three models, as evident from tHegaes. Similar results were obtained
with the three models for G@dsorption on wet coals and these are illustriztétdigures
3.7 to 3.11 for wet lllinois #6, wet Beulah Zap,tWéyodak, wet Upper Freeport and wet
Pocahontas coals, respectively. As evident frorseligures, the 2-D EOS model has a
tendency to under-predict the adsorption at highreissures on some wet coals. In
particular, the 2-D EOS under-predicts the ;,Csorption on wet lllinois #6, Upper
Freeport and Pocahontas coals beyond 10 MPa. ®hid be related to the fact that the
adsorbed phase density estimates used in the eldation for wet coals may well be
different from the density estimates on dry coald activated carbons. Note that among
the three models, only the 2-D EOS is expressathsolute adsorption terms and thus, is

prone to errors due to assumptions about the agdqitase densities on wet coals.
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Earlier OSU Work with 2-D EOS, OK and SLD Models

Apart from the normal regressions, these models atao be used to predict
adsorption at higher pressures from isotherm dathealower pressures (at the same
temperature). Further, these models are capahlsinfj adsorption data from one gas to
predict isotherms for other coalbed gases. Thestix-calibratedmodeling capabilities
have demonstrated the distinct advantage of thesdels over other rudimentary
models® 18 20

Another advantage of using a theory-based modelsicapability to predict
multicomponent or mixed-gas adsorption based saelypure-gas isotherms. This is an

important consideration in selecting a CBM adsorptmodel. Studies involving many

coals have affirmed these capabilities in the 2ABEOK and SLD-PR modeldn fact,
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these models have been found capabla pfiori predictions of mixed gas adsorption of
coalbed gases within three times the experimemzéainties,

Since, a CBM reservoir is expected to have variablgtu temperatures due to
geothermal gradient, another desired attribute ©B& adsorption model is its ability to
model the temperature dependence of adsorptiomdet this requirement, temperature
dependence relations for the 2-D E®&hd OK modéf parameters have been developed
which facilitate adsorption predictions at differelemperatures without the need to
regress the parameters for each isotherm. The abmrgioned capabilities of these
models have been demonstrated in an earlier fvork.

3.4 Limitations and Future Work

Notwithstanding the modeling results and capaésitdiscussed above, some
outstanding issues in adsorption modeling of CBBteawys are highlighted below:

In current modeling of adsorption on wet coals,erat not treated asseparate
adsorbed componenPresently, the adsorbed water is simply assuroégadcify” the
coal matrix, i.e., the adsorbed water is assumeddoce the available surface area of the
adsorbent, and this reduction is treated as beiegspre independent. A more rigorous
accounting for the adsorbed water should inclugentiodeling ofcompetitiveadsorption
for water and the other components in the coallasdnixture

Further, the data reduction technique often employe CBM adsorption
experiments involving wet coals includes severat Besumptions. These assumptions
simplify how the presence of water in high-pressagieorption systems is addressed. In
particular, traditional data reduction techniquesmsider all the water present in the

system to be in the adsorbed phase and the pdtemteaseparate water-rich liquid phase
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is not considered. Further, the composition ofghag phase is treated as being water-free.
This also means that the density of the bulk gasaisulated as dry-gas density. In
addition, the data reduction includes accountirrgtitie solubility of gas in the adsorbed
water. The amount of gas solubility (if any) in th@sorbedwater cannot be determined
by ordinary experimental techniques. As a resh#, das solubility in adsorbed water is
assumed to be identical to the solubility in liqpidase water.

The above assumptions have been the accepted abgordhe data reduction of
such systems. The assumptions involved in thiscaabr, however, can play a significant
role in the material balance calculations. In fattese assumptions may lead to
significant errors in the calculated amount of gdsorbed. Therefore, future work should
be undertaken to assess the impact of these assusiph adsorption data quality; and if
necessary, develop improved experimental procedamdfor alternative data reduction
techniques.

3.5 Conclusions

Recent developments in modeling equilibrium adsonpin CBM systems have
yielded significant improvements in our abilities describe the adsorption behavior of
such systems within more physically-sound theoaétirameworks. Nevertheless,
additional efforts are still needed to address ragsly the effects of moisture on
adsorption capacity.

Following are some broad conclusions on the curstate-of-the-art in CBM
equilibrium adsorption modeling:

1. Although the Langmuir and similar traditional ads#oyn models lack the

theoretical rigor required of a CBM adsorption mpdieese models are widely
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4.

used in the CBM work primarily because of theimisguantitative) usefulness in
correlating existing data, simplicity and ease $¥.u

Recent studies have confirmed the correlative dred generalized predictive
capabilities of theory-based models such as the R&5, OK and SLD-PR

models, as they apply to CBM adsorption systems.al&rage, these models
represent the experimental data of pure and mixghl Qases within two times

the experimental uncertainties and prowvédpriori predictions within three times
these uncertainties.

The use of matrix-calibrated generalization of agon models using molecular
descriptors offers an effective approach for migimg the experimental effort

required to obtain accurate adsorption prediction€BM systems.

Additional work is needed in CBM adsorption modglio account rigorously for

the effects of moisture on adsorption behavior @mdedy potential deficiencies

in current data-reduction procedures when dealiiig wet coals.
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CHAPTER 4
REVIEW OF PURE WATER ADSORPTION
4.1 Introduction
As mentioned in Chapter 1, a necessary pre-requisitthe development of a
generalized adsorption model is an accurate uradelsty of pure-water adsorption
behavior on a variety of carbonaceous surfacestefdre, this chapter documents our
investigation of the adsorption behavior of puretewaon carbon surfaces such as
activated carbons and coals.
A series of questions pertaining to water adsomptom carbons and coals
motivated the review described in this chapter:
e What is the most probable mechanism of water atisorpn activated carbons
and coals?
e What is the physical nature and other charactesisti water adsorbed on coals?
e What forms, types and bonds exist for water on aadlcarbon surfaces?
e How different is the water adsorbed on coals tiha in the bulk (liquid) water?
e Can water in the capillaries of coals be conside®dadsorbed"? Does it affect
gas adsorption behavior?
e What can be inferred from what is commonly termel ‘tequilibrium moisture

content" of a coal?
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e What is the relationship between "equilibrium maist content” and "inherent
moisture” of a coal? Are they always equal? If neljch is a more reliable
estimate of adsorbed water saturation capacity?

e What are the industry standards for estimating €xeeoisture in a coal sample,
as well as the related definitions and terminolsgised in the mining industry?

e Is it possible to predich priori, water saturation capacity on coals and activated
carbons by utilizing the characterization inforroatfor the adsorbent?

This chapter on water adsorption attempts to pewadswers to these questions by
analyzing evidence from the literature, followed fyggestions for the modifications
required in the SLD-PR model to accommodate theiapeature of water adsorption.
Properly accounting for water adsorption behaviorotivated carbons and coals
presents an interesting and challenging problene ddsorption behavior of water on
carbons is fundamentally different from the adsorpiof simple, non-polar fluids like
nitrogen, methane and organic vapors. The differeamises mainly because theid-
fluid interactions for water are much more strongly aative than thefluid-solid
interactions, and, because water forms hydrogendaith the oxygenated groups on
the carbon surfac®. This is in direct contrast to the adsorption bétawef non-polar
molecules like methane and nitrogen. The adsorptibmvater on carbons is widely
believed to occur first through the formation oflhggen bonds at the primary adsorption
sites composed of oxygen groups on the carboncu(fee, e.g., Brennan ef3l. The
adsorbed water molecules then act as secondarypéidsosites allowing other water
molecules to adsorb on them. At sufficiently higinslities (or relative pressures), enough

water molecules are present to form three-dimemsiclnster?®, resulting in pore filling.
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Thus, water adsorption does not occur by the faomabf one or more layers, as
hypothesized for non-polar molecules, but occuirmgnily through hydrogen bonding.

For simple fluids and organic vapors, the heatdsaption is considerably higher
than the heat of condensation of their vapors. fiéat released during adsorption of
water is close to the heat of condensation of hu#itef®, confirming the major role
played by the hydrogen bonds in such interactions.

Moreover, simulatiof§ and experimental resufs have shown that water
adsorption depends more on the site density antbtla¢ion of the active surface groups
than on the extent of the carbon surface itselis phesents a unique challenge, since the
traditional surface area, pore volume and otheragterization information cannot be
used to give reliable estimates of the water satur@apacity.

The discussion of water adsorption can be describei@rms of the different
shapes possible for the isotherms. For illustrapneposes, Figure 4.1 presents the
different types of physisorption isotherms as dfeegh by International Union of Pure
and Applied Chemistry (IUPACY A Type | isotherm is characteristic of Langmuipy
monolayer coverage isotherm, Type Il is a multilagdsorption isotherm, Type Ill is
characterized by heat of adsorption values neahéa¢ of condensation, and Type IV
and V can represent capillary condensation effettmn adsorptive systeffi.Water can
exhibit Type Ill, IV or V isotherm behavior, wheseaon-polar adsorbates would exhibit
Type | isotherm behavior.

For an organic or non-polar adsorbate, the amodsdraed is large even at low
relative pressures, and isotherms are Type | inWRAC classificatiorf® However, for

water the coverage is low until high relative pugss, and the isotherm is Type V for
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graphitic carbons. Further, for carbons having ificant concentrations of functional
groups on the surface, the isotherm shape for vwaterbe either Type Il or Type IV.
This presents difficulties in developing an adsorptmodel that can account for water

adsorption behavior observed on different carbomassurfaces.

Type ] Type Il TypeIII

T

}

Figure 4.1 Types of Physisorption Isotherms (IUPA&)

The remainder of the chapter is organized in tHi®viing manner: Section A
deals with the surface characterization of actovatarbons and coals and its relation to
water adsorption. Section B addresses the phystiatd of water naturally found on coals
and how this affects the data reduction of an gusor isotherm experiment. Section C
discusses the water adsorption models availablethimn literature and proposes
modifications to the SLD-PR model to account foe tbresence of water in a gas
adsorption isotherm on a wet adsorbent. The matl8ieD model is then used in Chapter

5 to study C@water binary-mixture adsorption on wet Argonnelsoa
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Section A

4.2 Surface Characterization of Activated Carbons and Coals

Activated carbons, in general, are characterizednegsuring the microporous
surface area by the BET methgdvhich is generally based on nitrogen adsorptioriza
K. In addition, the pore volume can be estimatednfeither nitrogen adsorption data at
77 K or CQ adsorption data at 273 or 298 K. For this purptise, BET method or
Dubinin’s theor{® is generally used. Further, the pore size distigbuPSD) can also be
calculated from a density functional theory (DFppepacH® These parameters can then
be used to estimate the adsorption capacity ofl@onafor a simple fluid. However, the
reliability of estimated adsorbed water saturaticepacity based on such surface
characterization is uncertain. The purpose of tleekwdescribed in this section is to
investigate this aspect of water adsorption behavio

Nitrogen at its boiling point (77 K) is commonlyass as a probe molecule to
estimate the characterization parameters menti@aede. In particular, nitrogen has
been widely used to estimate the surface areasomfup and non-porous solitfs.
However, a part of the carbon pore system, whichinaccessible to nitrogen, is
accessible to other molecules including wéltéfhe diameter of water molecule (0.3150
nm.) is smaller than the nitrogen molecule (0.37&8) and, hence, can penetrate pores
which are inaccessible to nitrogen. Notwithstandimg different accessibilities, the pore
volumes derived from water adsorption data arectlpi lower than volumes derived
from nitrogen. A possible reason for this anomalbekavior could be the less-dense

packing of water molecules in the adsorbed pfase.
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The pore analysis method called the “t-method’ultesy from the BET theory
has been applied to water adsorption. Hagymassy.*&twere the first to apply the t-
method of pore structure analysis to water vap@ogition and they presented the t-
curves for water vapor. A t-curve is defined asla pf the statistical thickness of the
film adsorbed on the surface nbn-porousadsorbents vs. the relative pressure of the
adsorbate. Hagymassy et®alnoted that the evaluation of t-curves for watepora
adsorption is complicated. Since water vapor adgorps largely dependent on the type
of surface, only a hydrophilic surface could beduder the t-curve analysis. Also,
carbons with very small particles cannot be usedtfturve analysis due to possible
capillary condensation in those pores. FurtherBB& surface areas derived from water
adsorption are oftelower than the areas derived from nitrogen adsorptidvesé factors
introduce uncertainties in the t-curves derivedWater and consequently in the statistical
thickness of layers of adsorbed water. These umogds aside, recent simulation results
of water adsorption also suggest that water doeform layers like other molecules (and
as envisioned by the BET method), but forms thiesedsional clusters through
hydrogen bonding® *

The adsorption of water on coals has also beerntezpm the literature. Mahajan
and Walke? measured the adsorption of water on six coals aiculated the BET
surface areas from G@nd water adsorption isotherms. The coals ranged fow-rank
lignite to anthracite. Their results showed that #urface area of these coals derived
from water adsorption data was considerably less tthe area derived from GO
adsorption data at 26. They explained this difference by observing thatBET theory

envisions non-polar adsorbates and the formatiolaydrs; however, water adsorption
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occurs through the formation of hydrogen bonds tymical layers are not formed.
Therefore, Mahajan and WalRérconcluded that the application of the BET theary t
water vapor adsorption gives only a measure offleific adsorption sites on the coal
surface as provided by the oxygen functional growather than the amount of water
required for a ‘monolayer’ formation on the ento@al surface. Further, the coal surface
areas estimated by Mahajan and Walkeny utilizing water adsorption data in
conjunction with two methods (BET and t-method)esgr closely. They also found that
there was no correlation between the surface adeswed from CQ and water
adsorption data on a given coal. In fact, the foacof the total surface area (as measured
by CO, adsorption at 25°C) that was covered by a monolayevater varied greatly
from 12 to 60%. This demonstrates the difficultypiredicting the surface area accessed
by water on a coal even if G@dsorption data are available.

An inspection of the water saturation capacityhafse coals and their surface area
estimates from water adsorption data showed thraé fcoal containing about 32 wt.%
moisture, the BET surface area (in this case, tika available due to the functional
groups alone) could be as high as 25fgm. OSU'’s recent estimates have shown that a
SLD-PR model-derived surface area of 80tgm is required to account for around 32%
adsorbed water on a coal surface. Such unreallgtieage areas for the coals can be
explained as follows: The original SLD model hadycone parameter to represent the
surface area available for a given adsorbate. Shrere is no aerial parameter that can be
assigned to the adsorption due to the functionaligs and the formation of clusters of
water molecules, the entire water uptake is vieagtbeing due to a large ‘surface area’

of the coal. Thus, this area is to be viewed asatiea representing the ultimate water

88



loading on the coal rather than the actual suréaea of the coal. (Chapter 5 attempts to
provide a hypothetical partitioning of the surfearea for water adsorption from these
two phenomena).

Yousset® has also measured moisture adsorption on coalsohkieurred with the
view that the adsorption of water depends moreherstirface functional groups than on
the extent of the surface (derived from BET anpthethods). He compared the surface
areas estimated from water adsorption isothermasinyg the BET method to the areas
calculated from C@adsorption at 2% by using the Dubinin’s theory. The surface areas
derived from water adsorption were significantlgdehan the areas derived from £O
adsorption, in agreement with other authors (Mahajad Walket). Further, Youssef
also measured the infra red (I.R.) spectra of saaiples and found that water adsorption
decreases when the number of oxygen groups onutfece decreases, quite independent
of the actual surface area of the coal and its aczazed products. These results
demonstrate the significant role played by the exyged surface sites in water
adsorption behavior.

Similarities exist for the adsorption behavior aditer on non-porous and porous
carbons under similar conditions. Dubifliinvestigated water vapor adsorption in non-
porous carbon blacks and porous activated carlbtengbserved that the shapes of water
adsorption isotherm on a non-porous carbon black aamivated carbons were similar.
This indicates that water adsorption does not dé@enthe microporosity of the carbon.
Further, hysteresis was observed only for the porcarbon. Non-porous carbons, in

general, do not exhibit significant hysteresis. Dirf° also observed that the differential
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heats of adsorption of water on non-porous carblackband activated carbon were
similar and were close to the heat of condensdtioall pressure ranges of the isotherm.

Dubinin®™ used theoretical estimates of the adsorption piaterof benzene and
water on graphite and found that the dispersiveraation energy for water was six times
lower than for benzene. The superposition of adswrpotentials of an organic vapor
from opposite pore walls of carbon can greatly echahe interaction energy of organic
vapors. In contrast, water adsorption occurs lgrgele to the formation of hydrogen
bonds with much lower adsorption energies. In félog dispersive forces for water
adsorption were found to be weak and therefore dcdut neglected to a first
approximatiorf®

Dubinin also compared surface areas estimated fhentheory of volume filling
of micropores (TVFM) with the BET and t-methods.eTBET and t-method surface
areas were significantly higher than the areasvddrifrom TVFM. Therefore, he
guestioned the application of multilayer adsorptibeories like the BET for estimating
the specific surface areas of microporous adsosbent

In another study, Barton et ¥linvestigated water adsorption on oxidized porous
carbons and confirmed that bonds between the hgdregd the surface oxides play a
major role in water adsorption. They also obseried the enthalpy changes for water
adsorption are governed by surface oxide concemtratp to a threshold value. This
threshold value represents the concentration ofleoxdites which permits maximum
hydrogen bonding with water. Additional water agdmn takes place through pore
filling and is characterized by a relatively smalithalpy change. Further, the water

adsorption at the threshold value amounted to 40% of the nitrogen BET surface area
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for these carbons. Thus, the total micropore volwues not markedly influence the
surface interactions of water and the capacityasben for water uptake. Barton et’al.
also estimated the monolayer coverage of water ftben BET equation. For most
carbons they studied, the monolayer coverage foeerwanged from 8-22% of the water
saturation capacity. These factors demonstrate difieculty in predicting water
adsorption from a typical structure characterizatike the BET surface areas.

Stoeckli et aP° applied the Dubinin-Ashtakov (D-A) equation to awggion of
water on activated carbons. The characteristicggner the D-A equation for normal
inorganic and organic vapors is in the range o8Q3<J/mol. They noted that, when this
characteristic energy in the D-A equation is lowlete around 2-3 KJ/mol, isotherm
shape changes from Type | to Type $#ghapell They also observed that the isotherm
parameters were temperature invariant, in accotil tive Dubinin’s theory. Interestingly,
the pore volumes they estimated from benzene andrveaalsorption using the D-A
equation were very similar. However, the averageepsizes estimated from the
adsorption data of these two adsorbates were migrkifierent and were 2-4 times
larger for water than for benzene.

Further, the pore volumes estimated from nitrogdsogption are, in general,
higher than the volumes estimated from water adisorpDimotakis et af® investigated
the adsorption of water on chemically modified \atied carbon cloths. The activated
carbon cloths were modified by treating them witN®4, NHz or Chb. They found that
the pore volumes calculated from water adsorptisaturation were lower than the pore
volumes estimated from nitrogen adsorption at 7Gykhe BET method. This was true

for all carbons they studied except the one whattained 32% oxygen, where the pore
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volumes were similar. This illustrated the anomalbehavior of the parameters obtained
from water adsorption data. They also noted thatdéwboxylic groups on the carbon
surface were mainly responsible for enhanced atlearpf water at low relative
pressures in these carbon cloths. The number bbggiic groups on the carbon surface
is increased by oxidation, resulting in increasedtew uptake at lower relative
pressures/humidity.

Bandosz et dl’ also investigated the effect of surface chemistnactivated
carbons on water adsorption. The water uptake far of the oxidized carbons they
studied was slightly higher than the original carb®dhis was in contrast to adsorption of
non-polar molecules like nitrogen on the same aabdhey used the Dubinin-Serpinsky
(D-S) equatio and the Darcy-Watt methdt as applied by Evaffs for the isotherm
analysis. Both models were unable to characteheewater adsorption data for these
carbons.

According to Rodrigues-Reinoso and co-work®sthe region below the
“plateau” of a water isotherm is governed by themltal nature of the carbon surface;
and the region at higher relative pressures itdteby the microporosity of the carbon
sample. Although the models based on Dubinin-Sekginequation include such
contributions, they have failed for even moderat@yidized carbons as noted
elsewheré’

Salame and Bando$z measured water adsorption on a set of activatdsboa
with different degrees of oxidation. The oxidatiohcarbons resulted in decreasing the
surface area and pore volumes; therefore, adsarpfimon-polar adsorbates decreased

accordingly. However, the highly oxidized carbohewed greater water uptake than less
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oxidized carbons (at lower relative pressures)s Tas in reverse order to the adsorption
of simple, non-polar fluids. The presence of fumeél groups, their number and strength
is known to facilitate water adsorption by proviglienergetically favorable sites for
water through hydrogen bonding. Salame and Ban8fosso observed an almost linear
relationship between the amount of water adsorlhddveer relative pressures and the
carboxylic group content of the carbon. They corediwith the view of Mahajan and
Walker? and other®? %3that the water uptake is not a representation efstirface
coverage as it is meant traditionally.

Further, even at low relative pressures, the ismsteat of adsorption had the
heat of condensation as its limiting value. Thisrsgly suggests that the primary
mechanism of water adsorption is hydrogen bondrte surface groups on the carbon.

Slasli et al® ***modeled water adsorption with and without spedifteractions
with the surface sites. They found that the Dubisstakhov equation, when used as a
sum of Type | and Type V contributions, can modeltev adsorption for the carbons
studied. The Type | contribution results from tipedfic interactions of water with the
surface functional groups, whereas Type V resultsnfthe non-specific interactions.
They also conducted Grand Canonical Monte Carlo MGE simulations for water
adsorption by utilizing the experimental pore siltgtribution and equivalent density of
oxygen groups on the carbon surface. They achiseete success in modeling water
adsorption by using such pore size distribution axgbgen + HCI equivalent content of

the specific surface groups.

93



A Case Study of the SLD-PR Model Applied to Pure Water Adsorption

The above literature review led us to perform aecatudy ofpure water
adsorption on activated carbons using the simglifeeal-density/Peng-Robinson (SLD-
PR) model to approximate the adsorption behaviar. this case study, ten well-
characterized activated carbons from the literatveee selected, and the SLD-PR model
was used to represent the water saturation capaicihese carbons. The carbons ranged
from as-received samples to highly oxidized acédatarbon cloths. These activated
carbons had been treated with oxidizing agents asddNQ, NHz, Cl, or H,O, by the
original authors.

The SLD-PR model was utilized to represent the expmntal water saturation
capacity of these carbons. The SLD-PR has threeehymarameters; namely, surface
area, slit length angkdk. The SLD model envisions a slit-like adsorbanface; and the
slit length is assumed to reflect an "effectiveepsize” of the carbon surface. The model
also includes a solid-solid interaction energy peeter which is represented byk. For
this case study, BET surface area estimates we as the SLD surface areas and slit
length was regressed for each carbon. Furthék was held constant at 40 K based on
earlier work on gas adsorptiéh.This was also necessitated to maintain stability i
calculations. Further, only the ultimate water liogdor the adsorbed water capacity was
used as a single datum for evaluating the slitttendn other words, the slit length was
evaluated by utilizing the amount adsorbed at a#itur as an indicator of ultimate water
loading. For the purposes of this work, the repregeon of the water saturation capacity
alone was required, and therefore no attempts mee to describe the complete water

adsorption isotherm.
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Table 4.1 summarizes the results of this case silialy table compares the SLD-
PR model parameters to the corresponding valuesingat by traditional experimental
surface characterization measurements from theafitee for these activated carbons.
The SLD-PR model was able to provide good represent of water adsorption
capacity, using estimated values of the slit lerigtteach separate case. However, Table
4.1 reveals marked differences between pore volumwaegre the experimental pore
volumes derived from nitrogen measurements are rgiyenigher than the model-
derived pore volumes based on water adsorption &aiecifically, the average absolute
error in pore volumes is around 20%. Such an enrpore volumes may result in larger
errors in the estimated amounts of adsorbed wates.disagreement between the pore
volumes derived from nitrogen and water adsorptiata has also been noted elsewhere
that involved water adsorption isotherm measuresi8rthus, this case study confirms
such observations in the literature.

Moreover, the carbons with similar nitrogen BET faoe areas have large
differences in their water saturation capacityqQV This indicates that the nitrogen BET
surface areas alone cannot be used to estimateatbheation adsorption of water on a
carbon sample. This further demonstrates the diffian utilizing the traditional surface
characterization to predict priori, the water saturation capacity of activated casbon
For coals, such predictions would be more uncer&cause reliable characterization
information for coals is also generally unavailable

For some of the carbons in Table 4.1, the experiahgrore volume estimates
from water adsorption data are also available.dmpgarison, they aréower than the

SLD model estimates by around 20%. If the chareetBon information was a reliable
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Table 4.1 SLD-PR Model Case Study for Pure-Water Adsorption on
Activated Carbons from the Literature

Experimental Data Calculated
SLD-PR Model
Activated Water N, BET POI’?CL//OQLL;I‘IF)TIG Parameters
Carbon | Saturation | Surface Siit Reference
Capacity Area Total Total Lenath V ags*
(mmoligm) | (mZgm) | (N,) | (Water) (m?) (cc/gm)
BPL 25.6 900-1000, 0.94 - 1.11 0.53 Barton étal.
w 39.0 1500 0.80 - 1.08 0.81 Bandosz éf al.
W2 23.0 860 0.51 - 1.09 0.47 Bandosz éf al.
N 23.0 970 0.78 - 1.02 0.49 Bandosz et al.
N1 15.0 625 0.43 - 1.02 0.32 Bandosz éf al.
N2 25.0 860 0.66 - 1.17 0.50 Bandosz éf al.
AC-4% N 37.5 1738 0.84 0.67 0.95 0.82 Dimotakial £t
AC-32% O 27.8 1105 0.47 0.49 1.07 0.59 Dimotakiasl &
AC-7% ClI 28.3 1523 0.73 0.59 0.86 0.65 Dimotakial&t
AC-16% Cl 28.9 1374 0.66 0.53 0.94 0.64 Dimotakial &°

*V agsiS the product of model surface area and slittleng
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way of predicting water saturation capacity, the® evould expect a better agreement
between the pore volume estimates from two diffeneethods. Their lack of agreement
and anomalous behavior suggests that even thdidradi characterization information
obtained directly from water adsorption data may yield accurate estimates of the
water saturation capacity. Hagymassy et’diad also noted the limitations of such
characterization information obtained from wates@gtion data.

In conclusion, Table 4.1 and the discussion aboeenahstrate that the
experimental characterization alone is not a r@dialbay of generating SLD model
parameters for estimating the water saturationagpa
A Note on the Validity of Characterization Methods

The validity of different approaches for charadiey porous adsorbents has also
been reviewed. Sin reviewed the use of nitrogexsorption for the characterization of
porous adsorbents. He highlighted the difficulireshe BET method and concluded that
standard BET analysis based on nitrogen adsormistrictly applicable when pores of
molecular dimensions are absent and the BET platbigined over an appropriate
pressure range of the isotherm. In another stuhecli and Centerl8® investigated the
validity of the BET and immersion calorimetry metlso These two methods are
frequently used for the determination of surfaceaarof activated carbons. They found
that the BET analysis can yield physically reasteairface areas only when average
pore widths are between 0.8-1.1 nm. Further, imimersalorimetry can yield reliable
surface area estimates only when the average perésdess than 1 nm.

Notwithstanding these limitations, the above meshaik still widely used for the

characterization of porous materials. In particuBET analysis applied to nitrogen
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adsorption has been a ‘standard’ method of charaictg activated carbons of varying
degrees of oxidation. These oxygenated groupsdiraifect the adsorption behavior of
water. One can expect that the non-polar naturetiefgen does not fully capture the role
of these active groups on the carbon surface. Tdrerethe characterization information
obtained from nitrogen measurements is not striethplicable in describing water
adsorption. This is also consistent with the caseysdiscussed above.

The adsorption behavior of water on coals is awene complicated than that on
activated carbons due to the heterogeneous natweats. The characterization of coal
surfaces by nitrogen adsorption is not reliable tmevell-known activated diffusion
problemst®” CO, has been suggested as a viable alternative. Walker Kini®®
recommended the use of g@dsorption at 25°C for determining the surface si@fa
coals. They had concluded that the surface ard¢asatsd from CQadsorption data at
25°C essentially represents the total surface area of coals. HoweMahajari®
presented measurements which showed that coalgh@thame carbon content differ in
their CQ areas by as much as 275/gm. Thus, the surface area of coals as determined

A%" 119 31s0

by CQO, adsorption data is not well correlated with coahktaMahaja
reviewed the determination of surface area of ctralm CQO, adsorption data and other

aspects of physical characterization of coals. Measured surface areas of coals were
found to be affected by parameters such as adsorfgmperature, outgassing time and
temperature prior to adsorption measurements,garétcle size and the molecular cross-

sectional area of the adsorbate used. Mahajanvedlignat the true magnitude of the coal

surface area and its pore-size distribution wergelst unknown. He observed that coals
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contain both open and closed porosity and thatnthero-, meso-, and micropores in
coals are interconnected.

In the BET method, the surface areas of carbonscamais are calculated by
multiplying the monolayer volume and the crossiseel area of an adsorbed molecule.
Mahajart®” noted that there are large uncertainties in theegaof CQ monolayer
volume and its cross-sectional area in the adscstagd. Therefore, he concluded that the
surface areas of the coals wereaninglessnd should not be reported.

Conclusions

The evidence cited above suggests that the sucfer@cterization of carbons by
non-polar molecules does not apply well to watesoagtion behavior. The water
saturation capacity can seldom be predicted witly aertainty by using such
characterization information. The estimation of staeproperties directly from water
adsorption data is possible; however, due to thedal nature of water adsorption, it is
often difficult to predict water saturation capgditom this information alone. On coals,
there is added complexity due to the highly hetenegus nature of its surface.
Therefore, the estimation of water saturation ceépa@ priori, from the surface
characterization alone is not reliable.

Section B
4.3 The Physical State of Water Naturally Found on Coals

In-situ coals generally contain significant amounfswater. The behavior of
water existing in coals is complex and unclear. &/atn coals can exist in different
states:

1. Free (liquid) water also known as bulk water ofate water
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2. Capillary water existing in the capillary systentloé¢ coals
3. Bound water which exists in the complex porousesysof the coal
4. Chemically bound or hydrogen-bonded water

This section addresses the characteristics of weterrally present on coals through a

careful analysis of evidence in the literature. sThievidence consists of

adsorption/desorption isotherms, spectroscopiccataimetric measurements, as well as

a review of the standards defining the terms arfthilens associated with water on

coals. The spectroscopic measurements consistechuolear magnetic resonance

technigues (NMR), calorimetric measurements froiffiedintial scanning calorimetry

(DSC) and the standards included the ASTM stan@dil2 and D3302 on coals and

coket 11

In particular, this section addresses the followgongstions:

e What is inferred by equilibrium moisture contentlanherent moisture?

e What is the relationship between equilibrium maisticontent and inherent
moisture of a coal? Are they always equal? Which more reliable estimate of
water saturation capacity on coals?

e Are the above the same as adsorbed water capaoity, are they always
interchangeable?

e How different are the behaviors of adsorbed watertaulk (liquid) water?

e Would adsorbed water have gas solubilities sintddyulk water?

Different methods of moisture determination on sdave been attempted since

the early 1900’s (Mannheinef). The determination of equilibrium moisture coriteh
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coals is standardized by methods like the ASTM eth1412** This method yields the
equilibrium moisture in a coal.

Allardice and Evard® made a comprehensive study on the Brown coalfwate
system in Australia. These Victorian Brown coalpi¢glly contain large amounts of
moisture. Allardice and Evahs measured water desorption isotherms on these andls
obtained sigmoidal isotherms with hysteresis extendo low relative pressures. They
found that the BET monolayer coverage correlatetl wih the hydrophilic functional
groups on the surface rather than the extent aduhface. This supported earlier findings
by several workef$**®that BET monolayer coverage for water is propodicto the
number of hydrophilic sites rather than the surfaea itself.

The monolayer coverage{vhas been correlated with coal rdnkFor higher
rank coals, which would have less oxygen and carm#ty a smaller number of
functional groups, ;& was lower. Allardice and Evafis classified water on Brown coals
as monolayer, multi-layer, capillary and free wates evident from their results, these
coals contained free water; and no equilibrium moogs contents (at saturation) were
provided, which makes further interpretation ofitltata difficult.

Schafet'® investigated the factors affecting the equilibriomisture contents of
the acid-form and salt-form of low-rank coals. Tdmd-form of the coals was prepared
by acid treatment and the salt-form of the coals pr@pared by replacing the carboxylic
acids cation with the corresponding metal acefdte. ‘equilibrium’ moisture content in
this study was referred to as the moisture preaelm2% relative humidity and 20.
Schafet'® found a linear correlation between the equilibriomisture content and the

carboxylic group content of the acid-form coalseTorrelation between the equilibrium
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moisture content and hydroxyl groups was much weake also studied the salt-form of
these coals where the carboxylic acids were reglagethe cation after treatment with
the corresponding metal acetate. The equilibriunstage content of the salt-form of the
coals was found to be higher than the acid-forntheke coals. Moreover, the moisture
content increased linearly with increasing contan given salt. The salt-form of coals
also retains water more strongly than acid-form<dae to greater hydrogen bonding.

Matsynd'® analyzed the forms and binding energies of mastm coals. He
classified various forms of water which can existcoals as:

¢ Physicomechanical moisture - This is comprised ofstare in the macropores
and the micropores.
e Physicochemical moisture - This is comprised of tiayer and monolayer
moisture.
e Chemical moisture - This referred to the hydrogended water.
He studied the thermograms and drying curves obtu on the coals. Interestingly, he
considered only the monolayer and multilayer moestas ‘adsorbed water’ and water in
macropores and micropores was not considered asrtaed.’

Kaji et al*?® measured the water-holding capacities of sevesdy immersing
the coals in water. For some of the coals, theg aleasured the equilibrium moisture
content at 100% RH. The water-holding capacityh& toals was only slightly higher
than the equilibrium moisture content of the co@itserefore, one can infer that these two
quantities are nearly equivalent. In another walaubert et &% ** observed that

adsorbed-water capacity was within the range dfieslof equilibrium moisture content

of the coals.
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Unsworth et al?* applied nuclear magnetic resonance (NMR) and miave
attenuation methods to differentiate between dffeforms of moisture on coals. NMR
utilizes the fact that solid and liquid phases wionave different mobility of molecules,
and the microwave absorption technique utilizeddcethat the free water would absorb
more microwave energy than bound water; thus, wltedan be differentiated. Water in
coals can exist within the internal pore structiréhe coals, on exposed particle surfaces
and in inter-particle voids. The maximum content robisture held by the pores,
measured at 96-97% RH and°B0is referred to as "inherent moisture” (IM) by A8T
standard D1412. An inspection of the different deads, terms and definitions used by
ASTM, International Organization for StandardizatiiSO) and Bureau of Standards
(BS) indicates that the terms inherent moisturejlégium moisture and water-holding
capacity referred to the same quantity in theséemiht standards. Further, surface
moisture or free moisture appear to be equivalemhds; and referred to thdifference
between the inherent moisture and as-received ameidiote here that the total moisture
content of some bituminous coals can be larger 8086 by wt.

As mentioned earlier, water behavior on coals igeeted to be complex and
heterogeneous. A solid-to-liquid transition ned€Cds rarely achieved, and there was
evidence of glass-like behavior at much lower terapees->? Unsworth et at? studied
about 20 bituminous samples with NMR and found #ggiroximately 20% of inherent
moisture freezes at -20. Their microwave absorption tests also showetthginherent
moisture absorbs less energy than free moistureiarterefore considered ‘bound’

moisture. A comparison between these results sthokat the inherent moisture is more
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tightly bound to the coal. In fact, a large parttioé inherent moisture is non-freezable
and behaves quite differently than bulk or freeenat

Suuberg et a* investigated the shrinkage/swelling charactesstitbituminous
coals when they are exposed to water and the coesegs of such changes on the
colloidal gel nature of the coals. Differential sBoang calorimetry (DSC) results also
suggest that water exists in freezable and noreditdle forms>* **Proton NMR results
from Suuberg et df* on brown coals also displayed similar trends. Tle&periments
with shrinkage/swelling discount the possibility @ capillary condensation-like
mechanism for describing moisture retention on rgelavariety of bituminous coals,
including Argonne coals. Their experiments also waw that water acts as a
"plasticizing" agent for the coal.

Allardice et a*?® characterized the different forms of water presanBrown
coals. They measured the equilibrium uptake of mattéour relative humidities at 3G.
They also applied DSC and proton NMR techniquegdtimate the amount of non-
freezable water (here, classified as water whicharas liquid at -3C). Their results
showed that this amount was similar to the amo@imtader adsorbed on brown coals at
93% RH. The authors also observed that, for thevbrooals, the total amount of non-
freezing water is ten times greater than the amainstrongly adsorbed water or
"monolayer" water estimated at 15-20% RH.

Unfortunately, the above studies were on coals kwvhiere not well-characterized
and, therefore, detailed inferences about the enatare of adsorbed water on these coals
were more difficult. However, the studies discusbetbw were performed on well-

characterized Argonne coal samples. Argonne coal® lbeen widely studied, well-
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characterized and present an opportunity to compasalts obtained from different
studies.

Norinaga et al?’ classified water adsorbed on Argonne coals basedheir
congelation characteristics. They classified wai¢o three types: free water that is
identical with bulk water; bound water that freezdsa lower temperature than free
water; and non-freezable water that does not freeea at temperatures as low as 123 K.
A liquid-to-solid transition is accompanied by tkgolution of heat and decrease in
molecular mobility. The evolution of heat can betedged by differential scanning
calorimetry (DSC) and proton nuclear magnetic rasoe tH NMR) can be used to
record mobility of the phases. Norinaga et?alused these principles in their study of
water present on coals. Their study included fougoine coals, namely, Beulah Zap,
Wyodak, lllinois #6 and Blind Canyon. These samplese used as-received and thus
they were at their reported inherent (equilibriumjisture content valuéS.Their DSC
results indicated that there was no free watergotesn the as-received samples of these
Argonne coals. The DSC results also revealed teatdh Zap, Wyodak and lllinois #6
coals had, respectively, 65, 62 and 50% water waat “non-freezable” even at 123 K.
These results indicate that the amount of watezrmed to as equilibrium or inherent
moisture content has markedly different thermodyiogroperties than bulk water due to
its interactions with the coal surface. Moreovéeeitt proton NMR results validated the
guantitative classification of freezable and nagefrable water observed in these coals.
This was a significant result as it directly adgezs the moisture present on as-received
Argonne coals. In another study, Norinaga étHurther observed that the differences in

the freezing properties of bulk and bound waterewetated to the size of the cluster of
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water molecules. A smaller size of such clustensares results in lowering the freezing
point of water. Moreover, bound water was also tbtonhave a lower heat of fusion than
bulk water.

Similarly, Mraw and O’Rourké* measured the heat capacity of naturally-
occurring moisture on a Wyodak coal and found that-thirds of the water on the as-
received coal was non-freezable and the remairhirg twas freezable. Further, they
observed that even the freezable water only mdigiresembled bulk water. Note here
that the Wyodak coal used by Mraw and O’Rotfkevas prior to the Argonne coal
sample program and contained around 37% as-recemnoesture (compared to 28% for
the Argonne premium sample). Their results dematesdrthat the non-freezable water
does not exhibit phase-transition and even thez&lgle water does not behave as bulk
water since its fusion peak is rounded.

Lynch et al** also investigated the nature of water adsorbeda dow-rank
Australian coal. They also used proton nuclear raagnresonance technique to
characterize the interacting water on the coalyTdteserved a clear distinction between
non-freezable and freezable portions of the intargavater, and these were independent
of the amount of excess water present on the cbhaéy classified nearly all of the water
termed as ‘equilibrium water content’ (EWC) as énaicting water". Interacting water
also ‘plasticized’ part of the coal structure, pgdiwg evidence that coals are not inert
substrates. This indicated that estimation of wafgake based on coal porosity alone
would not be possible.

Further, the structure of adsorbed water on graphitd activated carbons has

also been studied. liyama et'3l.used in-situ X-ray diffraction to study the sturet of
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adsorbed water in hydrophobic carbon nanoporesy Ttvend that adsorbed water is
more ordered than bulk liquid water even at 3031 has an ice-like structure. Further,
they observed that there was no clear phase-ti@mgivint for adsorbed water from 143-
303 K. In another study, liyama et 'at. used in-situ small-angle X-ray scattering
technique to study the molecular structure of dustrvater in activated carbon fibers at
303 K. They found that water adsorption takes placehe formation of clusters in the

hydrophobic micropores of carbon and does not foniform layers. This observation is

in agreement with earlier simulation results by M#@m et af** and others.

Similarly, X-ray and neutron scattering technigwese also used by Bellissent-

Funel et at*

to investigate the structure of water on activatedbon. They also
performed differential thermal analysis of wateis@tbed on activated carbon. Their
analysis showed that a large proportion of adsoraater (about 50%) does not
crystallize when the temperature is lowered frommotemperature to 77 K. Further,
their X-ray and neutron scattering results showed about half of the adsorbed water
was non-freezable and more "structured" than bigjkid water. Note here that their
measurements were conducted at about 50% and 2008 adsorbed water capacity.
Equilibrium Moisture, Inherent Moisture and Capillary Water in Coal s

The ASTM method D1412 for determining the equililoni moisture content of a
coal requires the equilibration of the coal samplie86-97% relative humidity and 30
over a saturated solution of potassium sulfate. @ahwunt of water present at the
equilibrium conditions specified by this test isned the equilibrium moisture content.

The ASTM further defines inherent moisture #se”moisture that exists as an integral

part of the coal seam in its natural state, including water in the poresdiuhat present
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in macroscopically visible fractures. On removal of coal from a sethe, water
originally present in fractures appears as surface moisture whereascootdining only
surface moisture appears dry”.

Luppend®® and Luppens and Hoéft investigated the relationship between the
equilibrium moisture and inherent moisture. Luppand Hoeft* demonstrated that the
equilibrium moisture from the ASTM method D1412 wbwnderestimate the inherent
moisture of many low-rank coals. They noted that #guilibrium moisture test by
ASTM assumed that all the bed or inherent moistine small-sized capillary pores. The
ASTM test further assumed that under the conditmn®6-97% relative humidity, only
the surface or excess moisture is removed frontolaé samples. However, for low-rank
coals, the number of large-sized pores (macropaeveeh are larger than capillary-sized
pores is significant>®> Luppens believed that at least a portion of théstute in these
large-sized macropores is also removed, yieldingliegum moisture values lower than
the true inherent moisture.

Thus, the equilibrium moisture content can be etpalr lower than the inherent
moisture depending on the rank of the coal. LuppfEnsd that as the coal rank
decreased, the difference between inherent andilrgun moisture values became
larger. The bituminous coals exhibited differenbesveen the equilibrium moisture and
inherent moisture of up to 0.5%. However, for ligsithis difference was up to 10%.
Therefore, he concluded that:

1. Equilibrium moisture test D1412 provides a reastmabproximation of inherent

moisture for bituminous and some sub-bituminoudscoa
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2. For sub-bituminous-C coals and lignites, equilibriumoisture results are
significantly lower than inherent moisture.
Based on the above mentioned studies, the ASTMiIatdnwvas revised and now it states
that “When samples are collected in conformity with ASTM Classificat@88Dthe
equilibrium moisture is considered to be equal to the bed moisture ércegmme low-
rank coals that yield equilibrium moisture values below bed moisture”.

As discussed above, there is a difference betweerequilibrium moisture and
inherent moisture for low-rank coals (sub-bitumigdli coals and lignites). Moreover,
the excess moisture in a coal sample is definethesnoisture present in excess of the
inherent moisture. Therefore, to account for thifetence and for calculating excess
moisture, a correction factor is generally applisdthe Office of Surface Minifg® to
the equilibrium moisture results of low-rank coats approximate the true inherent
moisture for resource evaluation and tax purpo3$ég evaluation of this correction
factor is also detailed in Appendix X| of the D148t method®

From the ASTM definitions and the above mentionéddiss, the inherent
moisture is seen to be a more reliable estimatetafpore-heldmoisture.

Capillary Water and Adsorbed Water

The inherent moisture on coals can be broadlyddiviinto two components:
adsorbed water existing in the micropores and leapivater existing in the pores due to
capillary action. Theoretically, capillary water ynaot be considered as "adsorbed".
However, the ASTM standard D3302states (in its appendix) thatotal moisture in
principle represents a measurement of all of the water not chemazattpined. Brown

137 also termed all the inherent moisture as "physidaiund". It becomes apparent, then,
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that the total (or inherent) moisture is physicdlbund to the coal surface. Moreover, all
of the inherent moisture affects gas adsorptioratien. This includes capillary water.
Since the purpose of this work is to account far éffect of water on gas adsorption
behavior, and the SLD model does not address aapifphenomenon separately, the
capillary water, if any, would also be considered'adsorbed” for modeling purposes.
This assumption would be justified because the msdéuration capacity of the coal is
the quantity desired for further modeling of gasagtion behavior on wet coals.
Conclusions

A careful analysis of the above cited studies aamdard procedures (such as
ASTM D1412) indicates that nearly all of the watéssified as "equilibrium moisture”
at 97% RH and 3T can be considered to be in the "adsorbed" statenbdeling
purposes. The adsorbed water displays thermodynanoperties markedly different than
bulk watert?# 12> 127,129,130, 132, 13310 aqsorbed water has much lower freezing point;
and more than 50% of the adsorbed water (in cassowofe Argonne coals) is non-
freezable even at 123 K. This suggests that addadager on coals is strongly bound to
the coal and has specific interactions with théaser of the coal.
Implications Regarding the Solubility of Gases in the Water on Coals

The above analysis may affect the manner in whidoiotion data on wet coals
are reduced and interpreted. Traditionally, thexdatluction procedure used at OSU has
specifically accounted for the solubility of gas tine water present on coals. This
involves subtracting the amount of gas dissolveddsorbed water from the amount of
gas sorbed on a wet coal. Further, the adsorbeer weabssumed to have the same gas

solubility as bulk water. This procedure was neitatesl because the gas solubility in
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adsorbed water can not be determined experiment&flya result, accounting for gas
dissolved (if any) in the adsorbed water requires af an educated assumption. One way
to re-think the validity of the presently-used amption is to compare the
thermodynamic behavior of adsorbed water with wiiter. The above review indicates
that adsorbed water has markedly different thermadyc behavior than bulk water.
Thus, there appears to be reasonable (but indieeadence that adsorbed water, due to
its strong interactions with the coal, would nospess the type of gas solubility that bulk
water does.

Therefore, the amount of water adsorbed might beemappropriately excluded
from gas solubility calculations. The water presemt the coal in excess of the
equilibrium moisture, however, behaves like bulktevaand, thus, can be expected to
display similar solubility properties. Based on thbBove reasoning, only the excess
moisture present on a coal should be included snsgéubility calculations in adsorption
measurements on wet coals.

Section C
4.4 Water Adsorption Models

This section contains a discussion of water adsomrptnodels present in the
literature. This discussion includes semi-empirit@ldels, which can describe the water
adsorption data, as well as models based on intecular potentials used in molecular
simulation studies. Based on the review presenddal\h a case is made for modification
of the SLD-PR model to extend the model to watesogation. Note that the list of water
adsorption models highlighted here is by no meamspcehensive; however, the models

reviewed cover a variety of theories on describuader adsorption behavior.
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The modeling of water adsorption demands spetiahtton. This arises due to
the fundamental differences in the mechanisms sbmudion of water and of non-polar
molecules”? As mentioned previously, water adsorption can destrate Type I, IV or
V behavior. Therefore, to model water adsorptiommdifications are often required to
account for such varied behavior. Different thedrigave been adapted for water
adsorption, including:

1. Dubinin-Serpinsky methdd

2. Darcy-Watt metho¥f as applied by Evails

3. Dubinin-Astakhov methdd

4. Sircar's modéf®

5. Talu- Meunier methad®

6. Virial-type modet®

7. Do’s modef! and

8. Cooperative multimolecular sorption thetty

One of the earliest models for water adsorption based on Dubinin’s theofy.
The Dubinin-Serpinsky (D-S) water adsorption mdedlerived from kinetic theory,
postulates that water adsorption occurs first om phmary sites, which then act as
secondary sites for additional water adsorptione TS model accounts for these
primary sites and the isotherm data can be usedttmate the number of such primary
sites. Several modifications to the original D-$Si&ipn have been proposed and applied
to water adsorption. Barton et’af.analyzed water adsorption by three variants of the
Dubinin-Serpinsky equation (DS-1, DS-2 and DS-3)eif results showed that none of

the three equations could describe satisfactohiéy water adsorption data on modified
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carbons. The DS-1 and DS-2 models were unable #macterize the data at higher
relative pressures. However, the results on BPivateid carbon were satisfactory for the
DS-3 model.

Apart from the inability in characterizing data owdified carbons, the Dubinin-
Serpinsky model has additional limitations. The elodan represent Type | and Il
isotherms but cannot predict a correct saturatapacity for Type V isothermi$’ The
dependence of saturation capacity on kinetic patensien the DS model is also found
debatablé?

The Darcy-Watt methd, as adapted by Evatiswas an improvement over the
D-S approach but has similar limitations. The mdtfailed to represent the adsorption
data even for medium densities of active sitesashan surface¥"

The Dubinin-Astakhov meth88was applied by Slasli et &% '®to model Type
V and Type IV adsorption. The Dubinin-Astakhov (D-@quation, when used as a sum
of Type | and Type V contributions, was able to elogater adsorption for the carbons
they studied. The Type | contribution results fridm specific interactions of water with
the surface functional groups, whereas Type V tedtdm the non-specific interactions.
The D-A approach also yields temperature invaneamnameters; however, the model does
not obey Henry’s law at low concentratiofis.

Sircar*® developed an adsorption model incorporating capiltondensation for
porous carbons. However, the model involves calicuiaof complex gamma functions
and several parameters. The Talu-Meunier methad reds limitations as shown by the

simulation resulté?
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Salame and Bandd$Z applied the Dubinin and Serpinsky equations ared th
modifications from the Darcy-Watt approach to wadelsorption data. As mentioned
previously, both methods failed to provide reastmatescription of data, even for
moderately oxidized carbons. Salame and Bartffoalso used a virial-type equation to
describe water adsorption on these activated carbidre virial model contains two sets
of empirical parameters. However, due to the inktalof higher order polynomials used
in this formulation, this equation can be used dolycertain isotherm shapes whose fit
did not require higher order polynomials.

Do and D" also presented a model for water adsorption basetie growth of
clusters of water molecules around the functiomaligs on activated carbon. The model
presupposes that five molecules or a pentamer bhHgient dispersion energy to
penetrate the carbon pores and remain there. Dhis garameter model was tested
against selected experimental data, and reasodabt®iption of the data was obtained.
Do and Do’s model assumes that a minimum of fiveewanolecules are required to exist
in the micropores. However, Striolo et'& ***have shown in their recent simulation
results that water can exist in the micropores outlbeing a pentamer. This appears to
be in direct contrast to the assumption used imiBbDo’s water adsorption model.

Rutherford*! extended the cooperative multimolecular sorptieenty (CMMS)
to water adsorption on molecular sieves. The madslmes a bimodal mechanism of
water adsorption. This involves interactions witimdtional groups at low pressures and
adsorption between the graphene layers at higlesspres. This five parameter model is
a combination of Langmuir and Ising model contnbas. The model was able to

describe the data on these molecular sieves. Ratbi&t extended the CMMS model to
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account for Type IV isotherms, making it the onlpabtical model capable of
representing all five types of isotherms. Howevleis bimodal isotherm model requires
the fitting of five parameters to describe the data

Some of the above-mentioned models can providenadde description of water
adsorption data; however, the models may requirdoufive regressed parameters to
represent the data satisfactorily.

Simulation Studies

Grand Canonical Monte Carlo simulations for watgsaption on carbons have
been reported in the literature. These were coeduict investigate the effects of surface
site density, location and strength on water adsmrpThese factors cannot be studied
separately by experiments; thus, molecular simutatiprovide an attractive avenue to
study these effects.

Segarra and Glandf presented a simulation study on water adsorpfldrey
modeled the activated carbon as made up of grappidtelets having dipoles on the
surface to mimic the surface functional groups. Eeev, the model was inadequate in
predicting the correct trends in water adsorption.

Ulberg and Gubbiré® reported a Grand Canonical Monte Carlo (GCMC)
simulation study of water adsorption on graphigcbons. They modeled water by the
TIP4P potential for water-water interacticif$ This potential accounts for the dispersive
interactions by a Lennard-Jones potential and lamgie electrostatic interactions were
included as coulombic interactions between chamgaEters. The potential well-depth
parameter in this model was 78 K and the colliglameter was 0.3150 nm. Further, the

carbon atoms were modeled as slit-shaped porest Sineulation results showed that
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water molecules preferentially orient their dipotements parallel to the wall surface. In
the regions far removed from the wall, the oriantabf the water molecules was more
random. However, at higher water densities, thesimaiolecules in this ‘interlayer’ also
tend to have dipole moments parallel to the canwail. Ulberg and Gubbirfé® also
observed that the hydrogen bonds close to theweal weaker than in bulk water due to
orientational restrictions. They also compared tled-fluid/fluid-solid ratio of the
interaction energies for adsorbed methane and veatdrobserved that for water, this
ratio was about 14 as opposed to 1 for methanaefdre, water-water interactions can
exceed the water—carbon interaction by an ordenagnitude for graphitic carbons. This
is in direct contrast to non-polar adsorbing moleslike methane and nitrogen and other
organic vapors. Thus, there is very little watetalqp at lower relative pressures because
of the hydrophobic nature of the carbon wall anel $krong hydrogen-bonded network
between bulk water molecules.

In another study, Maddox et 4. reported simulation results for water adsorption
on graphitic and activated carbons. The water wadeted by the TIP4P potential for
water-water interactions and the surface functiogdups were modeled as being
comprised of —-COOH groups. The water-COOH inteoastiwere represented by the
OPLS potential’™® *° Like the TIP4P potential, the OPLS model also abrs a
Lennard-Jones term for dispersion interactions antbulomb term for the hydrogen
bonds. Their results showed a sharp change in veateorption from hydrophobic to
hydrophilic behavior as the number of acidic suefgecoups was increased. They varied
the density and arrangement of active surface gremol found that water adsorption is

strongly dependent on the arrangement of activiaseigroups.
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The two studies mentioned above dealt with longeaglectrostatic forces when
simulating water adsorption. Muller et ‘al. neglected such long range electrostatic
interactions and simulated water adsorption on y®®ind non-porous activated carbons
by using a square-well type hydrogen bond potetdiaccount for the hydrogen bonds
between water molecules and the active sites osuHace. The water molecules were
modeled as Lennard-Jones spheres with four squeltesites to account for hydrogen
bonding. Two sites were hydrogen atoms and theirengatwo represented the lone pair
of electrons. The active sites on the carbon serfaere also modeled as square-well
sites. Their simulation results showed that watdgsogption is characterized by the
formation of three-dimensional clusters of watelanales involving a cooperative effect

of fluid-fluid and fluid-solid interactions. Theagquare-well type model was given as:

Pug = —8ug I Tpg <O

4.1
b =0 otherwise 1)

The parameter values wetg = 90 K, o = 0.306 nmgpyg = 3600 K andops = 0.%5.

The subscripts "ff" refers to the fluid-fluid poteai and "HB" refers to the hydrogen
bond interaction. Muller et af° obtained these parameters from a best fit of végoid
equilibrium properties of bulk water. In estimatitigese parameters, they also used the
findings from neutron scattering resaffs **?that a hydrogen bond is formed when two
water molecules are about 0.94 molecular diametpast. However, theys they used
was twice the value obtained from spectroscopicsurements>2 Muller et al**° used a
higher value than the experimental estimate becelestrostatic forces were neglected in

their model and, therefore, the attractive forcesenaccounted for by an increaseig.

Thus, the total water-wall potential function wagem by:
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O (2) = e @) + 0y (H=2) + b5 (4.2)

where “fs” refers to fluid-solid potential and “zfenotes the distance from the wall.
Steele’s 10-4-3 fluid-wall potentiaf was used for the first two terms above.

Muller et al**® simulation results showed that water moleculegepred to bond
to previously adsorbed molecules rather than omtiveted portions of the carbon
surface. The local density of the active sites #m&r relative locations were more
important than their overall density. If two site@ere close enough, cooperative bonding
or bridging of water molecules also takes place.

This molecular model for water adsorption was campawith experimental
results by McCallum et &F This model accounts for the surface sites by irgat
carbonyl, carboxylic, phenolic, lactonic groups-&H group. As a result, the model was
called the “effective single group” model. Theirsuéis showed that the pore filling
pressure was lowered at higher site densities., Alishigher site densities the pore filling
was continuous and no sharp transition (as in leapitondensation) was observed.

In a continuation of the McCallum et3lstudy, Muller et af® reported a GCMC
study of adsorption of water vapor-methane mixtunesactivated carbons. Their results
showed that even for low site densities, water significantly block the carbon pores
thus limiting methane adsorption. Specifically, aatsite density of 1.5 sites/Aimthe
adsorption of methane was reduced by more than 50%s effect was even more
profound for smaller pores.

Brennan et al° improved upon the Muller et &.model by considering long-

range interactions and a more realistic carbon inddeir inter-connected carbon model

was obtained by Reverse Monte Carlo techniques.widter potential model they used
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was a fixed point charge model called the Buckimghexponential-6 potential. This
potential contains an oxygen center and point @saggound this center. The model is a
three-parameter model. The surface sites were mddat C=0O groups and were
modeled using OPLS format for the parameters. Withhelp of their inter-connected
carbon model, Brennan et®lwere able to simulate the accessibility of poracspas
water adsorption proceeds. They found that evendmwunts of water adsorbed on the
carbon can result in a significant section of tlalt pore volume being blocked.
Moreover, some of the empty pores become inacdessiltother gas molecules due to
the growth of three-dimensional water clusters adothem. Further, the availability of
empty pores shifts to smaller sizes as water atlsarproceeds.

Striolo et al**? simulated water adsorption in carbon nanopores.\Water model
used was the SPC/E model of Berendsen €t’ah this model, the long-range
interactions are neglected with a spherical cudwdffance. The model represents water as
a sphere with oxygen at its center. The centehefdite also accounts for dispersion
interactions represented by a Lennard-Jones palefitie hydrogen atoms are placed at
0.1 nm from the oxygen site and the H-O-H angle 4@&.5. Partial charges are placed
on these sites to account for electrostatic intemas. Specifically, the oxygen site has a
charge of -0.8476 and two hydrogen sites have egehaf +0.4238 each for an overall
neutral charge on the molecule. The Lennard-Joaesneters used werei = 0.3166
nm andex = 78.2 K.

Striolo et a*** found that above a pore size of 1.6 nm, carboremiateractions
obtained from Steele’s potential and from the sutionaof carbon—water pair

interactions were similar. Therefore, Steele’s pté¢ was sufficient for calculating
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carbon-water interactions for larger pores. Theguits also confirmed earlier restifs
with TIP4 model that water molecules tend to oriteir dipole moments parallel to the
carbon surface. This orientation is favorable a$adilitates formation of hydrogen-
bonded network of adsorbed water molecules. Inhenagtudy, Striolo et &f* showed
that pore filling pressure and the adsorption hrestis loop decrease with decreasing pore
size. They also calculated the radial distributionctions of confined water in carbon
nanopores and found that before pore filling, awedi water has structure typical of
vapor and after pore filling the structure is tyiof liquid. Therefore, the behavior was
analogous to a vapor-liquid transition for water.

A comparison between the simulation studies andvraalytical model on water
adsorption has also been made. Kotdawala €f applied the mean field perturbation
theory to model adsorption of polar molecules innapores. They considered
electrostatic forces which included permanent dimbpole, dipole-induced dipole and
induced dipole-induced dipole interactions. Thatreé contributions of these terms are
about 80, 15 and 5%, respectively &€0They also developed the Helmholtz free energy
expression from statistical averages of such intemas. They compared their modeling
results with the simulation results of Striolo et’dand observed a reasonable agreement
between the two studies.

4.5 Summary
A careful review of the literature evidence citdab@ae and our case study on pure
water adsorption led us to conclude the followimgarding pure water adsorption

behavior:
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1. The formation of hydrogen bonds between the water aygenated functional
groups on the carbon/coal surface is the primarghaweism of water adsorption
on activated carbons and coals. Additional adsonpdf water takes place by the
formation of three-dimensional clusters of waterlenales, which is a quite
different phenomenon than the layering process agdefor simple fluids like
methane.
2. Inherent moisture is a more reliable estimate te@uilibrium moisture for the
water saturation capacity on low rank coals anditgg. Inherent moisture is also
an industry standard in the method for estimathng éxcess moisture in a coal
sample for reclamation and tax purposes.
3. Adsorbed water on coals has markedly differentnioglynamic behavior than
bulk water. The adsorbed water has a lower fregaangt than bulk water; and up
to 50% of adsorbed water is regarded as “non-fldezaThis finding suggests
that the adsorbed water might properly be excluffedn calculating gas
solubility in water on coals during material balaralculations.
4. The use of traditional characterization informationthe adsorbent (such as BET
nitrogensurface area and pore volume) for performagriori predictions of
water saturation capacity on activated carbonscaatt is not reliable.
4.6 Modeling Approaches

In the context of this work, there are two possegd@roaches to model water-gas
adsorption behavior on wet coals. One method towatcfor the effect of water on gas
adsorption behavior on wet coals is to evaluatemwabnolayer surface area and subtract

this area from the measured or regressed pure ésces area on a dry coal. This
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approach was implemented by Mahajan and W&lkey utilizing the water adsorption
isotherms on the coals. However, to our knowledgme of the coals studied at OSU
(including the Argonne coals) have such water gugsmr isotherm data available.
Moreover, recent simulation results have shown thater forms three-dimensional
clusters and does not form layers as envisagedhbyBET theory. Therefore, this
approach would not be possible in our case.

A second approach is to obtain model parameterggmesent water saturation
capacity (inherent moisture) and then use thosanpeters as initial values for gas-water
mixture adsorption calculations. In this approasfater will be modeled as an active
mixture component with full accounting of its malgr interactions in the adsorbed
phase. This method also provides for investigativeg competitive nature of gas-water
mixture adsorption on coals. Therefore, this secmoroach appears more realistic and
will be used in Chapter 5 to model the £@ater mixture adsorption on wet Argonne
coals.

Previous Study of Pure Water Adsorption with SLD Model

Pure water adsorption has been investigated prsliasing SLD theory’ with
the Elliot-Suresh-Donohue (ESD) E®S8.The study concluded that the model was
incapable of describing accurately the adsorptiopuoe water on carbon surfaces, even
with three adjustable parameters. The model faitedpart due to the insufficient
accounting for water-water interactions in the. sliherefore, our approach, which is
outlined below, would differ from this earlier syuavith the SLD model by accounting

accurately for the water-water and carbon-wataradtions in the slit.
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4.7 Modifications to the SLD-PR Model

Based on the above studies, the following modifces to the SLD-PR model are
recommended to model gas adsorption behavior iprisence of water.

The fluid-solid potential in the SLD model is estited from the 10-4 Lee’s
potential®® This potential accounts for dispersive interactiomlone. However, the
contribution of the electrostatic interactions igngficant in water adsorption. The large
dipole moment of water must be accounted for im@eassful water adsorption model.
Hydrogen bonds play a major role in water adsomptibherefore, accounting for the
formation of hydrogen bonds would also be crucral modeling water adsorption
accurately. Thus, the 10-4 Lee’s potential would eagmented with terms for the

hydrogen bond enertf/and dipole interactioh® within water molecules as follows:

010 G
W(2) = 4np 1y Oa| — e —— L +&,5 + DM (4.3)
pt S.Sf f(5(2')10 22 Z+(| 083)4 HB

whereg ; is the hydrogen-bond potential between the funeligroups on the carbon

surface and water molecules and DM refers to thme etithree types of electrostatic
contributions resulting from the dipole moment oater. Specifically, the term DM
includes permanent dipole-dipole, dipole-inducedot# and induced dipole-induced
dipole interactions of water molecule. (Chapterdhtains additional details of these

modifications.)
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CHAPTER 5

SIMPLIFIED LOCAL-DENSITY/PENG-ROBINSON
ADSORPTION MODEL

5.1 Introduction

In this chapter, the simplified local-density PdrRgbinson (SLD-PR) model for
adsorption of pure and mixed gases is describeereltave been two previous works at
OSU dealing with SLD-PR adsorption model; theref@@me aspects of the following
discussion of the SLD theoretical framework areilsimto those previous works: '
However, the modifications introduced in the SLDd®bto account for the molecular
interactions of water as an adsorbed fluid arewsig the current work.
5.2 SLD-PR Adsorption Model

The SLD model was developed by Rangarajan &tla}.applying the mean-field
approximation to the more general density functioneory. Specifically, the model was
developed by superimposing the fluid-solid potdntia a fluid equation of state to
predict the adsorption on flat waffsand in slit-shaped por&§.The fluid equation of
state in SLD is furthesimplified with a local-density approximation in calculatitige
configurational energy of the inhomogeneous adsgrifiuid, thus giving the model its
name.

The main assumptions used in developing the SLDefraxd>:
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1. The chemical potential at any point near the adsdrburface is equal to the bulk
phase chemical potential.
2. The chemical potential at any point above the serfa the sum of the fluid-fluid
and fluid-solid interactions.
Further, the fluid-solid attractive potential, atygpoint z, is assumed to be independent
of the temperature and the number of moleculesraaround that point. Thus, at
equilibrium, the molar chemical potential can beegi by the sum of the fluid-fluid and
fluid-solid interactions as

W2) = Bpu = Mg (2)+ 14 (2) (5.1)
where subscripts "bulk”, "ff* and "fs" refer to thHmulk, fluid-fluid and fluid-solid
chemical potentials, respectively, and "z" refeosthie distance from the adsorbent
surface.

The SLD model utilized in this work envisions thésorbent (coal) as composed
of rectangular slit-shaped pores. The adsorbaide®svithin the two-surface slit and,
thus, has interactions with both the walls of tlisaabent. Using the slit geometry,
Equation (5.1) can be written as

H(Z) = o = Mg (D) + 11 (2) + (L - 2) (5.2)
where "L" is the slit-length and "z" or "L-z" referto the position of the adsorbate
molecule from either of the surfaces of the slitttRer, the position of the adsorbate, "z",
is measured normal to the plane of the outermabboaatoms.

The chemical potential for the bulk fluid can betien in terms of the fugacity as

Hpuk = Ho(T) + RT|n(fF—”|kj (5.3)

0
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where "fu" is the bulk fugacity and ¢f is the fugacity at an arbitrary reference state.
In a similar manner, the chemical potential of éldsorbed fluid due to fluid-fluid

interactions can be written as

iy @)= 1y (T) + RTIn(fﬁfﬂ) (5.4)

0
where “k (z)” is the fluid fugacity at a position z andy"fis the fugacity at the same
arbitrary reference state as in Equation (5.3).

For a parallel slit, the fluid-solid chemical pati@hcan be given as:

n.(2)=N, [‘Pfs 2)+¥*(L z)] (5.5)
where “Ny” is Avogadro’s number,¥(z)” and “¥(L-z)” are the fluid-solid interactions
from the two surfaces of a slit of length L.

Substituting Equations (5.3)-(5.5) into Equationl1§5yields the equilibrium

criterion for adsorption within a slit:

(5.6)

fg (2) = fbulkexp{_ Y@L Z)j

KT
where k is the Boltzmann’s constant and T is theohlte temperature.
The fluid-solid potential energy functiont™(z), is given by Lee’s partially-

integrated 10-4 potential mod&lFollowing the work of Chen et &

leS(Z):471:patoms‘gfscfzs Llo_l 4 . G?S 4 (57)
5(2') 2 i=1 (ZL’_(I _1)'633)

‘st = ‘Sff X‘Sss (58)

where ‘%" is the fluid-solid interaction energy parametéss.' is the solid-solid

interaction energypawoms= 0.382 atoms/Ais the carbon atom densityy4" and 'oss' are
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the molecular diameters of the adsorbate and thdowa interplanar distance,
respectively. The carbon interplanar distance &Rert to be that of graphite, 0.335%m
and the values ofy andes were taken from Reid et &° The fluid-solid molecular
diametergoss, and the distance coordinatg, which is the perpendicular distance between

the centers of the fluid molecule and the firsnplaf carbon atoms, are defined as

O, +C
Gf: ff Ss

=0 (5.9)

(0}
Z'=z+2= 5.10
5 (5.10)

Further, the fluid-solid interactions given by Etjoa (5.7) were truncated at the fourth
plane of carbon atoms from the solid surféce.

The two major simplifications in SLD can be desedtas follows: In calculating
the thermodynamic properties at a point z, a singlee of densityp(z), is used as a
"local" average value, ignoring the gradients imngiy about the point z. This
approximation is referred to as the local dengagraximation. Further, in calculating the
chemical potential, the mean-field theory is applibat uses an averaged potential and
ignores local fluctuations within the sfit.

The SLD model requires a fluid equation of stat®%} to evaluate the densities
and fugacities of the bulk and adsorbed phaseseasin Equation (5.6). Several authors
have used different EOS's with the SLD theory. €haslude the Van der Waals, Peng-
Robinson, Elliot-Suresh-Donohue and Bender E6&3s%*

Following a previous work at OS£) the Peng-Robinson (PR) EOS is utilized in

the current study. The PR E&$an be expressed as:
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P _ 1 a(T)p (5.11)

PRT (1-pb) RT[1+(1-v2)pb|[1+(1++2 )pb] '
where oT) = O.45753FF:x(T)R2T§ (5.12)
p= O-07T7T7ORTe (5.13)

I:)C
In Equation (5.12), the teroa(T) was calculated with the following expressioweleped

at OSU*®®

o(T) =exgl(A + BT, Ju— Te-00r" ) (5.14)
where A, B, C, D and E are correlation parametedstheir values, respectively, are 2.0,
0.8145, 0.134, 0.508 and -0.0467. The values uszd lbased on accurate description of
saturation pressures for the coalbed gases undaditioms encountered in CBM
operations.

The physical properties for methane, nitrogen,, @@d water used in the SLD

model are listed in Table 5.1.

Table 5.1 Physical Properties of Fluids Used in SLD-PR Model

Nitrogen Methane CO Water
Tc (K) 126.19 190.56 304.13 647.09
Pc (MPa) 3.396 4.599 7.377 22.065
ox (Nm) 0.3798 0.3758 0.3941 0.2641
/K (K) 71.4 148.6 195.2 809.1

The fugacity of a bulk fluid using the PR EOS igegi as

In Foui _

bp a(Tp

P

_inl_P__Pbj_
RTp RT

1-bp RT(L+2bp-b?p?)

2J2bRT
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where "P" is the bulk fluid pressurgy™is the density, "a" and "b" are the EOS constants

given by Equations (5.12) and (5.13) above.

By analogy, the fugacity for fluid-fluid interaotis of the adsorbed fluid can be

written as

nfr@_ @ 2 @@
P 1-bp(z) RT{+2bp(2)-b*p?(2))

I [ P Pb} a,5(2) | [1+(1+/2)p(2)b
~In _ - In
RTp(z) RT| 2J20RT |1+(1-+/2)p(z)b (5.16)

In Equation (5.16), the attractive term in the E@Q{z), is a function of position in the
slit, and therefore accounts for the fluid-fluidtéractions in the slit. Chen et %l.
developed the equations fogséz), which depends on the ratio of slit length Lthe
molecular diametess.

Fitzgerald® adjusted the covolumedin the PR EOS to improve the predictive
capability for adsorption of pure gases on actat@bon and coals. The covolume has a
significant effect on the local density of the adhsal fluid near the surface. In addition,
the covolume is important in determining the dgngribfile at high pressures.

An empirical correction,Ap, was applied to the covolume to account more
accurately for the repulsive interactions of adedrfiuid at high pressures, given as

b, =bd+A,) (5.17)
Typical values ofA, range from -0.4 to 0.0 for coalbed gases. The vialegpected to be

dependent to some extent on the amount of moistutbe coal. This is reasonable since
the adsorbed-phase density of wet adsorbents caxgeeted to be higher than that of

dry coals.
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With this modification, Equation (5.16) can be tait as

infr@ _ Do) a.(2) p(2)
P 1-bup(z) RT[1+2b.p(2)-blp(z)]

B In{l_ badsp(z)} L a4(2) |n{1+ (1+ '\/E)p(z)bads:l (5.18)

RTp(z) | 2V20,RT |1+ (1-v2)p(2)b,
Thus, Equation (5.15) and (5.18) are used to catleuthe fugacities of the bulk and
adsorbed phases which are necessary to solve ildoegm criterion given by Equation
(5.6).

The excess adsorptiorf“nin the SLD model is given as

Right Sideof Slit
N == [(p(2)~pou )z (5.19)
Left Sideof Slit
where 7 is the excess adsorption in number of moles p#rrass of adsorbent, and
"A" is the surface area of the adsorbate on aqadati adsorbent. The equation contains
"A/2" because both walls contribute to the totaifate area. The lower limit in the
integration of Equation (5.19) is 3/@ or 3/8" the diameter of an adsorbed molecule
touching the left plane surface. The upper limiti8/8cx, which is the location of an
adsorbed molecule touching the right plane surfaaeher, the local density is assumed
to be zero for distances less thanocg/8om the wall. The value of 368 is chosen to
account for most of the adsorbed gas; details immn@lsewhere by Fitzgerafd.

In solving for the local density using the SLD ddpiium criterion, the slit is
divided into two halves and each half is subdivideéd 50 intervals. The local density is
then determined for each interval. Once the loeabdy is determined across the slit, the

excess adsorption is calculated by integrating Booa(5.19) using Simpson’s rule.

Thus, the SLD model has three regressed paramétegg:and L.
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5.3 Modifications to SLD-PR Model for Pure Water Adsorption Modeling
As discussed in Chapter 4, two types of molecutéeractions are important
when considering water adsorption on activated aresband coals. Specifically, these
two interactions are:
(1) The hydrogen bonds between the adsorbed water utde¢eand the oxygenated
groups on the adsorbent surface and
(2) The electrostatic interactions between adsorbeérnwablecules due to the large
dipole moment of water.
The fluid-solid potential function¥(z), in the SLD model is typically estimated frohet
partially integrated 10-4 Lee’s potentfaiThis potential accounts only for the dispersive
interactions of the adsorbate molecules. Sincectimributions of the electrostatic and
polar interactions are significant in water adsiorptLee’s potential was augmented with
terms for the hydrogen bond enetggsind dipole interactioh® within water molecules

as follows:

o0 18 ot
\P(Z):4TC atom sts —5__= s + € + DM (520)
Patonds f(S(Z')”’ 2;(z'+(i—1)-csss)4 He

whereg ; is the hydrogen-bond potential between the funeligroups on the carbon

surface and water molecules and DM refers to thme etithree types of electrostatic
contributions resulting from the dipole moment oater. Specifically, the term DM
includes permanent dipole-dipole, dipole-inducedoti# and induced dipole-induced

dipole interactions of water molecule.
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Hydrogen Bond Potential
The hydrogen bond potential for water is adaptesnfithe Grand Canonical
Monte Carlo simulation work of Muller et &.This potential models water as a Lennard-
Jones sphere with four sites arranged in a tetrahgdometry. In their simulations, two
sites represented hydrogen atoms and two represantme pair of electrons capable of
forming hydrogen bonds with the surface, and thgger atom was represented by the
sphere. An off-center square-well potential wasduserepresent the interaction potential
of the hydrogen bond. This potential has the follmpadvantagée’s :
(1) The potential model is short-ranged
(2) It allows for highly localized attractive interamtis, which more realistically
model the hydrogen bonding
(3) Parameters can be obtained from the experimensrpiion data and/or gas-
liquid co-existence properties of bulk water
Thus, the hydrogen bond potential of water with th@ésorbent surface can be

summarized as follows:

P =&y If Tyg <Oy
0 =0 otherwise

(5.22)
There appears to be no literature study on wateoration on carbons that includesth
dipole moment and hydrogen bond contributions te tbtal potential. Further, the
Lennard-Jones interaction energyik, for the water molecuté’ used in this work was
809.1 K. This value ofx/k was obtained from viscosity-based calculattdhsnd
appears to include polar contributions of the watedecule. Therefore, based on our

analysis of new SLD parameterization, a value ofK7&as used foepg/k to provide

physically-reasonabletal potential values for water calculated from Equai{{s.20).
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Dipole Interactions of Water

Kotdawala et at*® applied the mean-field perturbation theory to motfe
adsorption of polar molecules in nanopores. Thensickered the electrostatic interactions
of water molecules which included the permanentléyaipole, dipole-induced dipole
and induced dipole-induced dipole interactions. fiélative contributions of these terms
are about 80, 15 and 5%, respectively at 8C®?In the work of Kotdawala et &f°,
these electrostatic interactions were also depdratethe bulk pressure and the density
of water molecules in the slit. Following their apach, three dipole interaction teri?fs
were added to the fluid-solid potential functionShD to account for the polar nature of

water molecules in the adsorbed phase:

4 ' 2
b= 2 b 6+2'“ °°G+§(°°2 ! (5.23)
3 (4ne,)°KTr°  4me,r” 4 r
where the three terms correspond to dipole-dipdileole-induced dipole and induced
dipole-induced dipole attractive potentials, respety. The physical constants used in

Equation (5.23) are defined'&s

u= Dipole moment of water, coulomb. m

a= -+ = Polarizability volume of water,
4ne,

| = lonization potential of water, J

g,= Permittivity of free space, Coulorfib m

k = Boltzmann's constant, J/K
The values of these physical constants were addpiedTester et a®* and Prausnitz et

al.**? Based on Equation (5.23), the valuegofit 0°C is estimated to be about 250 x 10"-

79 Jnf and was used in this work at the correct tempeeatince one of the terms is a
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function of temperature. In particular, the dipdipele energy or the first term in
Equation (5.23) is inversely proportional to thealbte temperature.
Excess Adsorption Isotherm Equation for Water Adsorption

In addition to the modifications discussed abote, éxcess adsorption isotherm
equation in SLD given by Equation (5.19) was alsmlified to account for the bimodal
nature of water adsorption.
The modified excess isotherm equation for wateogud®n is given as

Right Sideof Slit
N Water :(%Jr%j g J.(p(z)_pbulk Jdz (5.24)
Left Sideof Slit

where "A'" represents the surface area provided for adsorpti water by the clusters of
water molecules. Specifically, pArepresents the primary adsorption of water mdéscu
(at the surface sites) and J'Arepresents the secondary adsorption (water ch)ste
Additional details on these modifications to theDSmodel are given in Section 5.6,
which includes a discussion of the technique adbjtehis work for modeling the GO
watercompetitivemixture adsorption on coals.
5.4 Representation of Adsorbed Water Capacity with SLD-PR Model

The new parameterization of the SLD-PR model wasete for its ability to
represent the water adsorption capacity of sevedlvated carbons and coals.
Specifically, ten well-characterized activated cerb from the literature were selected,
and the modified SLD-PR model was used to reprettentidsorbed water capacity of
these carbons. The carbons ranged from as-recsaragles to highly oxidized activated
carbon cloths. The SLD-PR model includes two typéssurface areas for water

adsorption. The two parameters were estimatedllasvio
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The N, BET surface areas were available for all the tivated carbons. Barton
et al®® had observed for a set of activated carbons teat\s BET surface area of the
carbons corresponded to about 40% of the surfacerage of water on those carbons.
Further, this represented the upper limit of thedittonal surface coverage for water
adsorption on these carbons. In the absence of aumarate information on the exact
partitioning of the two surface areas for wateraapon, the findings of Barton et .
were adopted and the surface areg''fAr primary adsorption of water was fixed at 40%
of the N BET surface area for each carbon. Further, thacriarea "A& wasestimated
using the available experimental data on adsorksdrnveapacity. Although this is not an
exact technique, the method has been used herédy doledemonstrate the new
parameterization of SLD model for modeling watesagtion.

Table 5.2 presents the results of this case stiilg. table lists the activated
carbons, their experimental adsorbed water capaaiéported in the literature, BET
surface areas and the two surface areas for wdsargtion in the SLD model. The
surface area "& was the only parameteralculated based on the water adsorption
capacity. Similar to the findings in Chapter 4, table shows that the ,NBET surface
alone may not provide complete information on water aded capacity. This can be
seen more clearly if the sum of two surface areasSLD is compared with the
experimental N BET surface area. As evident from the table, laddferences exist
between theotal surface area in SLD and BET surface area estimates.

Similarly, the new parameterization was used wihlg for which BET surface
area estimates were available. Mahajan and W4lkeported the water adsorption

isotherms on a series of coals and provided the BlTace areas calculated directly
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from water adsorption. Similar to the method déxdiabove, the SLD model was used
to represent the adsorbed water capacity of themis.cSpecifically, the surface areg,"A
for primary adsorption of water was fixed at theTBieported value for water and &'A
wasestimatedwith the experimental data. The results are shiowrable 5.3 and lead to
similar conclusions as reached for the activateares above. Note here that surface
areas "A' were evaluated based on the ultimate water udtakene carbon or coal. This
was done to facilitate subsequent modeling of miyasl adsorption with water as one of
the components. Therefore, no attempt was maddittotie complete, low-pressure
water isotherms.
5.5 SLD-PR Model for Mixed-Gas Adsorption

In this section, the SLD-PR model for mixed gas oapison is outlined.
Specifically, the one-fluid mixing rules are usedextend the SLD-PR model for pure
gas adsorption described in the previous sectionittures.

When dealing with mixtures, the bulk fugacity otemponent 'i' using the PR

EOS is given as

¢ bulk
In(fi ] = ﬂ(Z—l)— In( _p_bj
yiP | b RT
ZZyjaij (5-25)
j

{2l

La |bi_
2J2RTb| b a

The familiar one-fluid mixing rules are used foetBOS constants "a" and "b" in the

bulk phase and given as

a:ZZYiyj(abulk)ij (5.26)
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Table 5.2 A Case Study with the New Parameterization of SLD-PR Model for
Pure Water Adsorption on Activated Carbons

Experimental Data Estimated
Adsorbed N, BET
Activated Water Surface | Aptimar Aw Aprimary TAw
Carbon Capacity Area (rTil)Z/ng);) (m?/gm) Emzlém) Reference

(mmol/gm) | (m%gm)
BPL 25.6 900-1000 400 415 815 Barton et’al.
W 39.0 1500 600 644 1244 Bandosz €t al.
W2 23.0 860 344 389 733 Bandosz et'al.
N 23.0 970 388 345 733 Bandosz et’al.
N1 15.0 625 250 228 478 Bandosz et'al.
N2 25.0 860 344 453 797 Bandosz et'al.
AC-4% N 37.5 1738 695 501 1196 Dimotakis et‘al.
AC-32% O 27.8 1105 442 444 886 Dimotakis ef al.
AC-7% Cl 28.3 1523 609 294 903 Dimotakis ef‘al.
AC-16% ClI 28.9 1374 550 371 921 Dimotakis et‘al.

Table 5.3 A Case Study with the New Parameterization of SLD-PR Modebif
Pure Water Adsorption on Coals

Experimental Data Estimated
Adsorbed CO, BET
Water Surface Aprimary Aw
Coal Capacity Area (m2/gm) | (m2/gm) Reference
(mmol/gm) (m2/gm)
912 1.2 17 17 21 Mahajan and Walker
888 1.9 38 38 23 Mahajan and Walker
885 1.8 42 42 15 Mahajan and Walker
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b=>"yb, (5.27)

where the quadratic and linear combining rules wesed for "(guw)j" and "R,
respectively.
Similarly, the fugacity of a component "i" in thelsorbed phase using the PR EOS is

given as

In fiads(z) = szlxj(Z)bij > P -1|-In PP
Xi (Z)P B b pads(Z)RT pads(Z)RT RT

@ 22.%, @0, —b_zgx,-(z)aj @) (i pusfebli2)
2//2RTb b a(z) L+ paes(@)blL-+2))

(5.28)

The mixing rules for the EOS constants in the dustiphase are given as

azzzxixj(aads)ij (5.29)

b:ZZXin(bads)ij (5'30)

The cross coefficient {g); in Equation (5.29) is calculated with the geoneetriean
combining rule. For asymmetric mixtures, a binameraction parameter (BIP),;Cis

also used in the adsorbed phase as
(aads)ij =\ @Qags); aads)j (1_ Cij) (5.31)
Further, the attractive constanfs#of each component "i" is calculated using the
same method outlined for pure components. Thetanhagsis a function of position in
the slit and fluid-fluid molecular distance and t#guations relating these were given by

Chen et al®*
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The cross coefficient (g is obtained from a linear combining rule with the

empirical correction discussed in the previousieact

(5.32)

b, (1+ Ay, )+ bj(1+ Ay, )j
2

(bads)ij :(
where theA, values for each component are from pure compoadsrbrption data.

The equilibrium criterion in SLD for mixed gas adstion, subject to the mass

balance constraints, is given as

o (K@ @] (EE@+ AL -2) i=1,NC  (5.33)
fbulk kT ’ .

where the fugacity of the adsorbed phase is a ifunaif pressure, temperature, local
density and local composition at a given point thia slit.

The fluid-solid potential function of each componér mixed gas adsorption is
also calculated with the Lee’s partially integraféii4 potentiaf® The potential function

for mixed gas adsorption is giverfag®

\Pfsi(Z)=4npatoms(sfs)i(0?s)(é?fs))lo e :) . )4] (5.34)

(gfs)i = Sff' ngs (535)

where €:s); is the fluid-solid interaction energy parametercofnponent "i". The other

physical quantities in these equations were sinlahe case of pure gas adsorption.

The excess adsorption of a component "I in a nnéxtsi given as:

L—Ecﬁ i

o= I(P ads (2) X (Z) = Ppu Vi )dZ (5.36)

*fos
8

=)
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As shown in Equation (5.36), the excess amount reddoof each component is
dependent on the composition in the bulk and a@sbphases, as well as the densities in
the bulk and adsorbed phases.

For mixture adsorption calculations, the pressummperature, feed mole
fractions and void volume are necessary input médion to calculate the experimental
component excess adsorption for each componentifisplly, a mass balance equation

is formulated and is given as

Ex
, = P bk Vo' (5.37)

i Ex
Niot + Pourc V

void

In the manner described for pure gas adsorptiolf, tha slit is subdivided into 50
segments or intervals. The adsorbed phase molgofracare initialized as the feed mole
fractions. The system of non-linear algebraic equat given by Equation (5.33) is
solved with the Newton's method that uses numerdesivatives for evaluating the
elements of the Jacobian matfiX. Thus, the solution to the system of equilibrium
criterion equations (Equation (5.33)) provides ltheal density and adsorbed-phase mole

fractions in each interval of the slit, subjecthe constraint on mole fractiongxi =1.

Using the calculated density and mole fractiongeseg adsorption of each component is
evaluated by Equation (5.36).
The excess adsorbed amounts calculated in the atieypeare then used to

evaluate the bulk phase mole fractions using thesmbalance given by Equation (5.37),

subject to the constraint on mole fractio@,yi =1. The system of non-linear algebraic
i

eqguations given by Equation (5.37) is also solwethe Newton's method.
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If the calculated mole fractions do not satisfy tt@mponent mass balance
equations, a new set of bulk mole fractions ared usecalculate the next set of trial
excess adsorbed amounts for each component. Tocedqure is continued until the
component mass balances (Equation (5.37)), thdileguin criterion (Equation (5.33))
and the constraints on the bulk and adsorbed mattidns are all satisfied.

5.6 SLD-PR Modeling of CQ-Water Mixture Adsorption on Wet Argonne Coals

As mentioned in Chapter 1, a more realistic modebh gas adsorption on wet
coals requires treating water assaparate adsorbed componeiitherefore, in this
section, the experimental data for £@dsorption on wet Argonne coals is used to
demonstrate this new approach of modeling theseéemsgs Specifically, this effort
comprised of the following steps:

(1) Implement a new data reduction method that attetop&Ecount for the presence
of water in as many as three phases (gas, adsdidpsd).

(2) Perform CQ-water mixture adsorption calculations with the Siniddel, wherein
water is treated as an active component, usinghéwvdy reduced experimental

data from Step 1.

(3) Conduct the Gibbs free energy or a phase-checkssaltilizing the converged
calculations from Step 2 to analyze the possibésgmce of a third phase in these
adsorptive systems.

The three steps outlined above were performedguesee and are detailed below:
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Step 1. New Data Reduction Method for C@Water Mixture Adsorption

As mentioned above, the new data reduction medttedhpts to account for the
presence of water in as many as three phases figakgi the method comprised of the
following three corrections to the traditional degduction technique for these systems.

(a) The adsorbed water was excluded from gas solulsgityulations. In other words,

the adsorbing gas (GPwas assumed to be soluble only in theess(liquid-
phase) water present on coals. The excess wateest@asated to be the water
present on coals that was in addition to their ldarium moisture content.

(b) The mole fraction of water vapor in the bulk gaagghwas assumed to be 1%, i.e.

Ycoz = 0.99.

(c) The density of bulk gas phase containing water @gas) was increased by 1%.
The assumptions in (b) and (c) were based on oalysia of vapor-liquid equilibrium
data for this system in the literature. These ‘tgpvalues" are assumptions that were
necessary due to the unavailability of vapor pltaseposition and density data for €O
water mixtures on wet adsorbents.

Using the above assumptions, the excess adsorpfiddO, and water were
calculated with the usual material balance caltuiatas outlined below:
The amount of C@gas injected is given as

co2 _ PAV

“02 5.38
inj 7RT ( )

where P is the bulk pressuray is the injected volume and Z is the compressibility
factor of CQ.

The amount of C®in the unadsorbed phase is given as
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co2 _ PVyoia Y coz

= 5.39
unads Zmix RT ( )

where Voiq IS the void volume, b2 is the estimated bulk gas mole fraction of G@d
Znmix IS the corrected compressibility factor for thékqpphase C@water mixture.

The amount of water in the unadsorbed phase isigiwgh an equation analogous
to Equation (5.39) as

PVyoia Y wat
— oid J water 5 40
unads Zmix RT ( )

water

Therefore, the excess adsorption of,@given as

Ex _ ,.CO2
Ncop = Nig

-no% —ng, (5.41)

unads
where R is the amount of gas soluble in the excess waesept (if any).

Similarly, the excess adsorption of water can Heutated by invoking the void
volume definition and using the information avaiélfor the total amount of water

present in the system.

water

Ex _ total
n n unads

water — ' "water

— piaud (5.42)

water

-N

total
water

where n is the amount of water present in the system (kjoamd n'®? s the

water
amount of free water present (if any).

Using this new data reduction method, the raw, @@sorption data on five wet
Argonne coals were reprocessed. Figures 5.1-5depr¢he CQadsorption isotherms on
wet Pocahontas, Upper Freeport, lllinois #6, Wyodia#t Beulah Zap coals, respectively.
For comparative purposes, the C&isorption isotherms on both wet and dry Argonne
coal, when using the traditional (original) datauetion method, are also illustrated in

these figures. As evident from these figures, tb@ approach results in increasing the
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calculated excess adsorption values on coals afitelamounts of adsorbed water. Since
the new data reduction technique excludes the bddowater from gas solubility
calculations, this effect is expected.

Further, the calculated excess adsorption valueg tlse new approach for two
of the coals that contained less than 1% moistdoeghontas and Upper Freeport) are
almost identical to the values calculated usingtthditional (original) method. This is
shown in Figures 5.1 and 5.2 for the two coalgeesvely.

In summary, the exclusion of solubility of gas idsarbed water results in
increasing the calculated amount of gas adsorhedla8y, accounting for the solubility
of water in the gas phase also increases the asdcul/alues of adsorption. In contrast,

accounting for the density of wet gas lowers tHeutated values of adsorption.
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O Original Data Reduction for CO2-Wet Coal
A New Data Reduction for CO2- Wet Coal

1.20 - J
0.80 - i % % {

0.40 ~ %

Excess Adsorption (mmol/gm)

0.00 T T T T
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0

Pressure (MPa)

Figure 5.1 CG, Adsorption on Wet Pocahontas Coal with 0.65%\Moisture
at 328.2 K: New Data Reduction Method
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Figure 5.3 CQ, Adsorption on Wet lllinois #6 Coal with 9.2% Moisture
at 328.2 K: New Data Reduction Method
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at 328.2 K: New Data Reduction Method
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Step 2. CQ-Water Mixture Adsorption Calculations

In this section, the SLD-PR modeling strategy @@.,-water mixture adsorption
on wet coals is described in detail. Specificallye partitioning of the molecular
interactions of water and GQvithin a slit in the SLD model is discussed witlszecial
emphasis on calculations involving this mixture.

The general SLD model partitions the moleculaenattions of an adsorbing
species in the slit into two contributiorfid-fluid andfluid-solid. Specifically, for each
component in a gas mixture, the molecular inteoastiin the bulk and adsorbed phases

are accounted for in the following way:

= (5.49)

For example, in a C£CH4 mixture, Equation (5.43) yields

bulk

Heo, = Hgoz + Hféoz (5.44)

bulk

M, =Hen, *+Hen, (5.45)
These equations are solved simultaneously to mttaelcompetitive adsorption of a
binary mixture of these components.

Equations (5.44) and (5.45) are intended for madethe adsorption of largely
non-polar molecules. When one of the componengésnmxture is strongly polar (such as
water), additional terms are needed to more effelstiaccount for the unique molecular
interactions of water in the adsorbed phase. Thesdecular interactions are a result of
the large polarity of the water molecule. In fadgCallum et aP? observed that thiguid-
fluid interactions of water are stronger than filnel-solid interactions in the adsorption
of water on activated carbons. Muller et*alhave shown that water forntiree-

dimensional clustersn the slit and at the entrances to the poresltregun a pore-
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blocking effect. These clusters are formed becatiseong fluid-fluid interactions or the
dipole moment of water. Further, Kotdawala et"&have developed a model based on
perturbation theory that accounts for the dipoterictions of water confined in a slit as
a homogenous fluid. When these polar and electrostderactions are included in the

SLD model, the following equations are obtained@@-water binary mixture:

bulk

Heo, = Mfcf:oZ + Mfgoz (5.46)

buk _  ff fs fs ff
Hwater = Hwater + Hwater + Mg + MDipoIe (547)

Equation (5.47) for the chemical potential of watethe adsorbed phase contains four
interaction terms that will be explained below:

The first term in Equation (5.47) representsfthal-fluid interactions of water in
the adsorbed phase that are obtained from the madd¥R EOS in the SLD model. The
second term in Equation (5.47) representsflthd-solid dispersive interactions of water
in the adsorbed phase with the solid adsorbents@he/o terms account for the
dispersive interactions of water adsorbed on thitase as well as the clusters of water
molecules with the adsorbent surface. Further,ethe® terms are present for every
adsorbing fluid, since these terms represent timepadar, dispersive interactions which
are considered to be dominant in the adsorptionasft non-polar adsorbates.

The third term in Equation (5.47) accounts for thmque hydrogen-bond type
interactions of water with the oxygenated surfatesson the adsorbent. Therefore, this
term represents thgolar fluid-solid interactions of water in the slit and accountstfa
adsorption of water molecules on the adsorbenasearsites (primary adsorption).

The fourth term in Equation (5.47) is the sum afethtypes of electrostatic

interactions of water that are considered to beidant in a water molecufé® **2The
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term is a summation of dipole-dipole, dipole-indidickpole and induced dipole-induced
dipole interaction energies of water molecule ia $fit’*® As such, this term represents
the stronglypolar fluid-fluid interactions of water in the adsorbed phase amak, t
accounts for the electrostatic interactions withie clusters of water molecules
(secondary adsorption).

Figure 5.6 illustrates an idealized depiction afsa molecular interactions within
a two-surface slit. The figure depicts water and, @®@lecules in the slit and shows the

partitioning of molecular interactions that havembeliscussed above.

Watel CO;
Mflfjipole < , , \ n O&
/ / ’
“fSisp < 08
oo 0O O
Heos < @)
Mfl-SiB < O .

Figure 5.6. Idealized Depiction of Molecular Interactions of Water in the Si
(Slit Geometry Adapted from Fitzgerald®)

Gibbs Isotherm Equation in SLD Model
The Gibbs or excess adsorption in the SLD modgjiven by Equation (5.19)

which can be written as

Right Sideof Slit

N = é I(P(Z) ~ Pouik )dZ (5.48)

2 Left Sideof Slit

Several authof$ % 1% *haye observed that the adsorption of water onatet

carbons is bimodal. Equation (5.48) is intendedHtiermodeling of unimodal adsorption.
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Therefore, the excess adsorption isotherm equateded a modification to account for
the bimodal nature of water adsorption. The follogviequation accounts for the two

modes of water adsorption:

_ A A \RiohtsSideof Sit
Mivar = (7‘) * fj J(p(z) — Pk )02 (5.49)

Left Sideof Slit

where A is the traditional surface area of water accesst the solid adsorbent
(primary adsorption) and &Aepresents the "surface area" provided for walsotion
by the clusters of water molecules (secondary atiso).

Further, the adsorption of G@& given as

Right Sideof Slit

[(p(2)=poae )z (5.50)

Left Sideof Slit

nGibbs _ Acoz
co2 —
2

Therefore, the component material balances foy &@ water are given as

Ex

Nco. + Ve P,
Zeo, = co2E i Void pga_syco2 (5.51)
nTotaI + VVoid pgas
n = + VVoid Egasy water
Liyaer = ix (5.52)

n Total + VVoid 5gas

wheren® andngy, are given by Equations (5.49) and (5.50), respelgti and nzy,, is

Total
the total excess adsorption.

Equations (5.51) and (5.52) are solved simultargdasestimate the SLD model
parameters for this system. As evident from theudision above, the bimodal nature of
water adsorption is accounted for by modifyingigeherm equation, which is then used
in the material balance to model thempetitiveadsorption of this highly asymmetric

mixture.
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SLD Modeling Strategy

The CQ-water mixture on wet coals with large amounts déabed moisture
represents aighly asymmetrianixture. Specifically, the amount of water adsarlos
some of these coals can be twenty-times larger tharamount of C@adsorbed at a
given pressure. This asymmetry, coupled with tHarpmon-polar mixture characteristics,
introduces computational difficulties in modelindsarption behavior of this system.

Several modifications, as highlighted above, weeeessary to successfully
model this mixture. Specifically, these modificasocomprised of incorporating polar
and electrostatic interactions in the SLD model i@ter adsorption and including an
additional term in the Gibbs isotherm equation i@ter adsorption to account for the
"surface area" provided by the clusters of wateremdes. With these modifications, the
SLD model was able to more effectively model thistare.

A case study on SLD modeling of G@ater binary mixed gas adsorption was
conducted earlier at OSt¥ The case study marked the first instance whensysgem
was modeled as a binary mixture in the SLD modek Tase study had shown some
important aspects of this gas mixture. Chen ande@&$ showed a viable modeling
method that can be implemented to obtain convesg®dtions and obtained useful
results. However, at the time of that case stuay, SLD model did not include the polar
and electrostatic interactions of water as wethasmodified Gibbs isotherm equation for
water. These two modifications were the key aspafatsirrent work at OSU.

The method adopted in modeling this mixture of etitteal and super-critical

components is detailed below:
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The SLD-PR model with the new parameterizationudetl many parameters that
could be regressed to obtain model representatibtiss system. However, efforts were
made to limit/reduce the number of regressed pass® four-five that is typical for an
ordinary binary gas mixture. Therefore, the regrdgsarameters comprised of the L£O
and water surface areas, slit length (function odspure) and a binary interaction
parameter.

The surface area provided by the clusters of watdecules for the wet Argonne
coals are unavailable at the time of this writitigerefore, this area was fixed at a
nominal value based on the amount of adsorbed aneish the coal and by obtaining the
primary surface area necessary to obtain a phijsieEsonable pore volume of the coal.
The SLD pore volume of the coal ranges from abcf @c/gm to about 0.10 cc/gm.

The initial modeling results of this work and treleer case study* showed that
a single slit length was unable to represent adetyjughe adsorption behavior of this
mixture. Therefore, the slit length was treatecadsear function of bulk pressure, as
explained below.

The presence of water in the coal causes pore4bigcknd restricts the
accessibility of other adsorbing gases such as. €Qrther, the pore-blocking is more
dominant for the smaller sized pores than the fasiged pore$® Therefore, as pressure
increases, COwould be only able to access relatively largerepaon the coal surface.
As a result, the slit length can be expected toegee with bulk pressure.

In addition to the parameters mentioned abovenarpiinteraction parameter in
the adsorbed phase was also regressed due todheakymmetric nature of this mixture.

In summary, the regressed parameters for thess eoale: CQ surface area, water

152



surface area (primary), binary interaction param@@g) and the constants for the linear
pressure dependence of slit length.
SLD-PR Results for CQ-Water Mixture Adsorption on Wet Coals

Table 5.4 presents the SLD-PR modeling resultsheradsorption of COwater
mixtures on five wet Argonne coals. The table lifte model parameters and the
weighted average absolute deviation (WAAD) for CG{dd water adsorption on the five
coals. As evident from the table, the new paranzsteon of the SLD model coupled
with the modeling strategy described in the presi@ection was able to represent
precisely the adsorption of this asymmetric mixtore these coals. Specifically, the
overall WAAD for CQ and water adsorption of these coals were 0.50 J6d,
respectively.

Figures 5.7-5.11 present these results on wet Batasy Upper Freeport, Illinois
#6, Wyodak and Beulah Zap coals, respectively.tworof the coals that contained large
amounts of adsorbed moisture (Wyodak and Beulal), Zap different linear functions
of slit length were required to represent preciské/adsorption data at pressures beyond
1500 psia. This artifact could also be attributecsome of the assumptions used in the
new data reduction method that were approximateatare due to the limited available
information.
Surface areas of coals

The surface areas obtained in the current worluldhbe viewed with some
caution. There appears to be no reliable methoestionate/validate experimentally the
actual surface areas of coals. After a comprehensdview of this topic, Mahaja

concluded that surface areas of coals have no physical meaning and should not be
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Table 5.4 SLD-PR Model Representations of C&Water Binary Mixture Adsorption on Wet Argonne Coals

Slit Length Function WAAD
CO, Water Surface | Water Surface
Surface Area Area A Slope | Intercept
Coal Area (primary) (Second;ry) Ci (nm/pF')sia) (nm)p COz | Water

(m’/gm) (m*/gm) (m/gm)
Pocahontas 91.9 69.5 - -0.1600.01E-05 0.92 0.57 1.36
Upper Freeport 92.6 94.5 - -0.18001..65E-04 0.81 0.53 1.10
lllinois #6 98.0 129.4 80 -0.01532.76E-04 1.41 0.91 1.25
Wyodak 115.0 166.8 650 -0.2663.11E-04 1.00 0.28 0.74
Beulah Zap 95.0 194.8 950 -0.12p2.64E-04 0.92 0.23 0.62
Overall 0.50 1.01
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Figure 5.10 SLD-PR Model Representations for C@Water Mixture
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Figure 5.11 SLD-PR Model Representations for C@Water Mixture
Adsorption on Wet Beulah Zap Coal

reported. This highlights the fact that the model-regressurface areas for coals
represent a largely abstract quantity.

Further, from a model perspective, the coal surbaeas are not to be considered
"additive". In other words, the surface areas akpgDQ and water adsorption on a given
coal would not approximate the corresponding acddained in a C@water mixture,
since the pure components and their mixtures mast et different adsorbed-phase
densities on theamecoal. Therefore, such a comparison of surface akasals is not
feasible.

In conclusion, the surface areas of coals obtaimed should be seen as model-
regressed parameters that approximate (perhapsamdhly) the accessible surface area

of the adsorbent for each component.
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The results discussed above have highlighted twportant aspects of GO

adsorption on wet coals. They are:

(1) The new data reduction method when applied t@ @dsorption isotherms on

coals containing large amounts of moisture canltr@sgignificant differences in
the calculated amounts of excess adsorption of @lative to the amounts
calculated based on the traditional data reductiethod. These differences arise
mainly due to the assumptions regarding the solubilitgas in adsorbed water
and the corrections to the wet gas density reldovine dry gas density. In fact,
the new method will invariably lead to larger amunf gas adsorbed when
compared with the traditional method for coals witiore moisture. These
differences in data reduction procedures can baifsignt and affect the

calculated gas adsorption capacities of these .coals

(2) The current study also indicates that for coalatge amounts of moisture, the

conventional treatment of water as an inactive if@at of the coal matrix
independent of pressure could be an oversimplifinat In fact, if the
conventional modeling approach for water was ukgddthetically) with the new
data reduction method, the model parameters olotaveild greatly differ for
some of the coals. In contrast, these differenppgar to be minor for coals that

contain low levels of moisture.

Step 3. Gibbs Energy Change or Phase-Check Analysis for G&ater Mixture

Adsorption on Wet Argonne Coals

In this section, a phase-check analysis is perfdrioe CQ-water mixture

adsorption on wet Argonne coals. In particular, ¢baverged calculations from Step 2
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are used to investigate the possibility of formatd a third (liquid water) phase in these
systems. This was conducted as follows:

The SLD-PR model parameters obtained for each ico&tep 2 were used to
evaluate the partial fugacity of water in the gasgdsorbed) phase. Since these values
were from converged equilibrium calculations, tlvay be used to estimate reliably the
phase-distribution of water in these systems. leayttine partial fugacity of water in the
liquid state at the given temperature, pressurecamaposition was estimated for each
coal. For this purpose, the liquid phase compasitias estimated from the G@ater
solubility correlation discussed in Chapter 2. Aedt comparison of the partial fugacity
of water in the gas and liquid phases was madedoh coal. If the partial fugacity of
water in liquid state idower than in the gas phases, this would indicate plessib
formation of a liquid phase for that coal. Whileastrapproach does not involve the
simultaneous application of the material balance e equilibrium relations for three
coexisting phases (i.e., a complete Gibbs energginmzation to establish the
equilibrium condition), it provides some insight the potential formation of a standing
aqueous phase. The more rigorous Gibbs analysieagpis discussed in Section 5.7.

Tables 5.5-5.9 present the results obtained for Resiahontas, Upper Freeport,
lllinois #6, Wyodak and Beulah Zap coals, respetyiv These tables include the
pressure, temperature, the molar compositions antihpfugacities of water in the gas
and liquid phases for the complete isotherms. [Bowvenience, the pressure values are
presented in "psia" in these tables. As evidenthfiable 5.5 and 5.6, the calculated
partial fugacities of water for the wet Pocahordaad Upper Freeport coals in the liquid

phase ardigherthan the corresponding values in the gas phasgeidre, the formation
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of a liquid phase for these coals is not suppoftedh these results. This appears
reasonable since these low-moisture coals contdjnatoout 1% moisture.

In contrast, the results indicate that there mayobmation of a liquid phase for
wet lllinois #6 and Wyodak coals. In fact, the £flsorption isotherm on lIllinois #6 coal
was measured at moisture content slightly aboveethalibrium level of about 8%.
Therefore, there was a greater possibility of theesgnce of a liquid phase
(experimentally at least) for this coal, since éherasexcessmoisture present in the
system. This is supported by the results obtainethis coal and listed in Table 5.7. The
possible formation of a liquid phase is also intkdafor wet Wyodak coal (Table 5.8)
which contains about 28% moisture. In contrast,rdsilts for Beulah Zap coal (Table
5.9) do not indicate the presence of a third pha#tbpugh this coal contains 32%
moisture. A plausible explanation of this resulhssfollows.

Beulah Zap coal is a low-rank, lignitic coal. Tleevtrank coals and lignites are
known to contain large amounts of moisture (for. ¢hg Victorian brown coals studied
by Allardice and Evart$® contain large amounts of moisture). Further, astioeed in
Chapter 4, the number of large-sized pores (macespdor low-rank coals is larger than
capillary-sized pore¥® It is possible that a portion of the moisture liege large-sized
macropores is also removed; yielding equilibriumishoe values lower than the true
inherent moisture for these coafd. ** As such, Beulah Zap coahay have the
adsorptive capacity for more moisture than the meploas-received value of 32%. This
would explain the results obtained for this coattmdicate the lack of formation of a

third (water-rich) phase for this coal at 32% maist
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Table 5.5 Phase-Check Analysis for COwater Mixture Adsorption
on Wet Pocahontas Coal

Mole Fraction

Mole Fraction

P T of Water in of Water in (ngvz)aﬁése) (Lisz;v)?g:se)

(psia) (K) Gas Phase | Liquid Phase . .

(psia) (psia)
YWater Xwater

57.6 328.2 0.0137 0.9986 0.75 2.04
112.2 328.2 0.0089 0.9973 0.89 2.04
216.0 328.2 0.0061 0.9950 1.07 2.05
411.6 328.2 0.0040 0.9913 1.07 2.06
616.1 328.2 0.0033 0.9882 1.01 2.08
817.1 328.2 0.0031 0.9857 0.98 2.10
1013.6 328.2 0.0034 0.9838 0.95 2.12
1208.7 328.2 0.0040 0.9823 0.91 2.14
1405.9 328.2 0.0053 0.9811 0.85 2.16
1499.4 328.2 0.0063 0.9807 0.80 2.17
1763.1 328.2 0.0087 0.9797 0.59 2.20
1901.0 328.2 0.0093 0.9793 0.51 2.21

Table 5.6 Phase-Check Analysis for COwater Mixture Adsorption
on Wet Upper Freeport Coal

Mole Fraction

Mole Fraction

P T of Water in of Water in (ng‘ﬁeése) (LigFS;tgse)

(psia) (K) Gas Phase | Liquid Phase : .
(psia) (psia)
YWater Xwater

58.6 328.2 0.0279 0.9986 1.55 2.04
117.5 328.2 0.0167 0.9972 1.74 2.04
213.5 328.2 0.0106 0.9951 1.82 2.05
414.3 328.2 0.0059 0.9913 1.58 2.06
615.0 328.2 0.0048 0.9882 1.50 2.08
818.4 328.2 0.0046 0.9857 1.42 2.10
1015.6 328.2 0.0048 0.9838 1.34 2.12
1210.4 328.2 0.0056 0.9823 1.26 2.14
1402.0 328.2 0.0076 0.9811 1.18 2.16
1559.0 328.2 0.0108 0.9804 1.08 2.17
1784.7 328.2 0.0150 0.9796 0.87 2.20
2010.6 328.2 0.0164 0.9790 0.72 2.23
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Table 5.7 Phase-Check Analysis for C@water Mixture Adsorption
on Wet lllinois #6 Coal

Mole Fraction

Mole Fraction

P T of Water in of Water in (ng"&t]eése) (Lisz;v)?g:se)

(psia) (K) Gas Phase | Liquid Phase : o

(psia) (psia)
YWater Xwater

60.5 328.2 0.2449 0.9985 14.42 2.04
114.9 328.2 0.1675 0.9973 18.45 2.04
225.7 328.2 0.1115 0.9949 23.51 2.05
323.2 328.2 0.0892 0.9930 26.36 2.06
416.7 328.2 0.0755 0.9913 28.22 2.07
619.6 328.2 0.0575 0.9882 30.75 2.08
815.4 328.2 0.0470 0.9858 31.90 2.10
1017.7 328.2 0.0386 0.9839 31.63 2.12
1209.6 328.2 0.0321 0.9824 30.39 2.15
1405.6 328.2 0.0257 0.9812 27.61 2.17
1601.1 328.2 0.0193 0.9803 23.29 2.19
1800.5 328.2 0.0154 0.9796 20.33 2.21
2013.6 328.2 0.0137 0.9791 19.36 2.24

Table 5.8 Phase-Check Analysis for C@water Mixture Adsorption
on Wet Wyodak Coal

Mole Fraction

Mole Fraction

P T of Water in of Water in (ngvgt;eése) (Liszpv)?tl:se)

(psia) (K) Gas Phase | Liquid Phase . " H

(psia) (psia)
Ywater Xwater

68.2 328.2 0.0801 0.9983 5.11 2.04
110.9 328.2 0.0518 0.9973 5.15 2.04
211.7 328.2 0.0270 0.9951 4.61 2.05
401.7 328.2 0.0136 0.9915 3.57 2.06
611.6 328.2 0.0090 0.9883 2.79 2.08
818.1 328.2 0.0072 0.9857 2.25 2.10
1016.9 328.2 0.0066 0.9838 1.83 2.12
1211.2 328.2 0.0068 0.9823 1.52 2.14
1402.6 328.2 0.0080 0.9811 1.25 2.16
1583.1 328.2 0.0094 0.9803 0.90 2.18
1790.7 328.2 0.0109 0.9796 0.68 2.20
2019.3 328.2 0.0125 0.9790 0.58 2.23
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Table 5.9 Phase-Check Analysis for COwater Mixture Adsorption
on Wet Beulah Zap Coal

Mole Fraction | Mole Fraction PE PE

P T of Water in of Water in (Gasvpv)aﬁeése) (Lig ;V)v?:gse)

(psia) (K) Gas Phase | Liquid Phase . .
(psia) (psia)
YWater Xwater

148.4 328.2 0.0113 0.9965 1.44 2.04
217.0 328.2 0.0088 0.9950 1.53 2.05
409.7 328.2 0.0061 0.9914 1.62 2.06
611.7 328.2 0.0051 0.9883 1.56 2.08
857.4 328.2 0.0044 0.9853 1.36 2.10
1036.4 328.2 0.0044 0.9836 1.20 2.12
1210.7 328.2 0.0045 0.9823 1.02 2.14
1408.1 328.2 0.0052 0.9811 0.82 2.16
1603.4 328.2 0.0062 0.9802 0.61 2.18
1745.5 328.2 0.0074 0.9797 0.53 2.20
1968.7 328.2 0.0094 0.9791 0.48 2.22
148.4 328.2 0.0113 0.9965 1.44 2.04

For illustrative purposes, Figure 5.12 presents ghdial fugacity of water in
liquid and gas phases as a function of bulk presturwet Pocahontas coal. The figure
shows that the gas phase fugacities of water arerlthan the values in the liquid phase
through out the pressure range of the isothermulRe$or other coals can also be
similarly inferred from Tables 5.6-5.9.

Gibbs Minimization Approach for Phase-Stability Analysis

A more rigorous approach to investigate the phesaigy of CO,-water-
adsorbent systems would be to minimize the ové&dlbs free energy of this system,
subject to the mass balance constraints. In faetnumber of stable phases which can
coexist at equilibrium can be obtained from theng®in Gibbs energyAG). In
particular, minimizing the Gibbs energy will yiellde number of phases that are stable at

equilibrium.
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Figure 5.12 Partial Fugacities of Water in Liquid and Gas Phases for CQwater
Mixture Adsorption on Wet Pocahontas Coal

To ascertain the number of stable phases at a gressure and temperature, the

following function,AG, is minimized:
AG=RTY Y N, Inf, (5.53)

where N is the number of moles of' jcomponent in"f phase ancfij is the partial

fugacity of the component in that phase.

Equation (5.53) is solved subject to the followmgss balance constraints:

ZNixij -Fz, =0 for j=1,n (5.54)

i Z (5.55)
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where F is the total number of moles in the feed] aand j represent the number of
phases and the number of components, respectively.
For an adsorption calculation involving water, edtirphases may coexist at

equilibrium. Therefore, expanding Equation (5.58)the three phases gives

% - z Vadso adsx ?ds In 1?jads + Vgasp gasy?as In fjgas + VWatp watX [ In fjwat (556)

j J
where V andp represent the volume and density of the phasegetiy the subscripts,

xj?‘ds, y[*and xjWat are the phase compositions Bfgomponent in the adsorbed, gas and
water-rich phases, respectively.

The above approach is based ondkiensivahermodynamic state of the system.
The application of this method requires the dewalept of a multi-phase algorithm
(three or more phases). This development is cuyremdt feasible due to limitations
imposed by the lack of availability of (a) vapogdid equilibrium data and (b) density
and gas solubility data for the systems of inter@sta result, this task was beyond the
scope of the current work.
5.7 Case Study Conclusions

The above analysis has shown that the formatiam lmfuid phase is possible for
coals with higher moisture content (with the extapbf Beulah Zap lignite). The scope
of this work was limited to an analysis of presenta third phase in these adsorptive
systems. Further advancement of this approachregjlire several key developments.
These include:

(1) The relative areas occupied by water at the prinsary secondary adsorption

sites will need to be inferred more reliably. Thestering behavior of water can
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be investigated with techniques such as X-rayaftition and small-angle X —ray
and neutron scatterinig-situ experiments for water adsorption on carbons and
coals. These techniques have been used in thatliterto study clustering
behavior during water adsorption on carbts:*?

(2) The phase-check analysis has demonstrated theforead equation-of-state that
can more accurately describe the vapor-liquid émal of water and coalbed
gases at the conditions encountered in CBM systems.

(3) The new data reduction procedure has highlighteel nleed for accurate
measurements of the density of the gas phase or@d® systems that contain
water (wet gases). The density for wet gasesuimdoconsiderably different from
dry gas densities, can lead to significant coroastito the adsorption isotherms
on wet coals that use the traditional data redoctmethod. The density
measurements would also be necessary in the demefdgpof EOS for CBM

systems.
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CHAPTER 6
GENERALIZATION OF SLD-PR MODEL

As stated in Chapter 3, one of the desired ateguif a successful CBM
adsorption model is its ability to facilitate geaked predictions of CBM gas adsorption
based solely on accessible adsorbate propertiesadsdrbent characterization. This
capability is essential for reliable priori predictions of gas adsorption behavior at
conditions encountered in CBM production and,&8questration. The SLD-PR model
discussed in Chapter 5 provides a theoreticallgrags framework that can be used to
achieve this objective. In this chapter, the SLD-R®del has been generalized;
specifically, it is generalized by expressing thedel parameters in terms of readily-
available coal characterization, i.e., the ultimatel proximate analyses of the coals.
Further, the generalized model was used to predigtiori binary and ternary gas
adsorption based solely on the pure-gas adsorg@meralization. Finally, the newly
developed generalized model was validated by g#npredictive capability for a set of
external data for CQOadsorption on coals of varying ranks.
6.1 Generalization Approach

In order to develop the generalized SLD-PR adsomptnodel, the following

approach was adopted:
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1. The SLD-PR model parameters, namely, surface aseéd;solid interaction
energy and slit length, were regressed for eacH twmaobtain precise
representations of pure-gas adsorption data.

2. The regressed model parameters were then exprass&dctions of coal-
structure characterization, i.e., the ultimate gmdximate analyses of the
coals.

3. The coefficients of the generalized correlationgenvthen re-regressed by
utilizing adsorption data on all coals simultandgpuand minimizing the
weighted sum-of-squares objective function, WRMS.

The details of each step are discussed in thistehdp the above approach, trial-and-
error methods were avoided by employing rigoroggeassion techniques, as highlighted
in the following sections.
6.2 Database Employed in this Study

Experimental isotherm measurements have been cmlat OSU for many
years® 8 1?Table 6.1 documents the details of the adsorptaiabase used in developing
the generalized model. The table lists the coabr@nt, adsorbate, number of points,
temperature and pressure ranges of each systeroifiGply, the adsorption database
shown in Table 6.1 is comprised of experimental suesments on nine coals and
contains more than one-hundred independently medsusotherms involving
approximately one-thousand data points. Further,d#itabase includes both pure- and
mixed-gas adsorption data on dry and wet coals.dBf@base contains methane, nitrogen
and CQ adsorption data on wet lllinois #6, wet Fruitlameit Lower Basin Fruitland and

wet Tiffany coals. The adsorption isotherms oné¢hgst coals were measured at 319.3 K
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and pressures to 12.4 MPa, with the exception df TwHany coal, on which the

measurements were conducted at 327.6 K and pregsut8.7 MPa. The adsorption data

on the above wet coals were measured in a serj@gwibus works at OS82

Table 6.1 Adsorption Database Used For SLD-PR Model Generalization

Temp Pressure
Coal Adsorbate (K) ' Range NPTS*
(MPa)

Wet Fruitland N: CH;: CO 319 0.7-12.4 57: 40: 52
Wet Fruitland N +CH, 319 0.7-12.4 41
Wet Fruitland CH+ CG, 319 0.7-12.4 40
Wet Fruitland N+ CO 319 0.7-12.4 40
Wet lllinois #6 N: CH;: CO, 319 0.7-12.4 20:20:30
Wet lllinois #6 N +CH, 319 0.7-12.4 40
Wet lllinois #6 CH+ CO 319 0.7-12.4 40
Wet lllinois #6 N+ CG 319 0.7-12.4 40
Wet Tiffany N: CH;: CO, 328 0.7-13.7 21:22:16
Wet Tiffany N +CH;, 328 0.7-13.7 11
Wet Tiffany CH+ CO 328 0.7-13.7 11
Wet Tiffany N + CO 328 0.7-13.7 11
Wet Tiffany N +CHs+ CO 328 0.7-13.7 11
Wet LB Fruitland N: CHy: CO, 319 0.7-12.4 17:16:48
Dry lllinois #6 No: CH;: CO, 328 0.7-13.7 16:15:22
Dry Beulah Zap N CHy CO, 328 0.7-13.7 15:14:33
Dry Wyodak N: CHy: CO, 328 0.7-13.7 14:14:22
Dry Upper Freeport N CH,: CO, 328 0.7 -13.7 14:14:22
Dry Pocahontas NCH4: CO, 328 0.7-13.7 14:14:22

*NPTS = Number of points

The database also contains pure methane, nitroge@@ adsorption data on dry
lllinois #6, dry Beulah Zap, dry Wyodak, dry Updereeport and dry Pocahontas coals
from the Argonne coal sample prograhThese isotherms were measured at 328.2 K and
pressures to 13.8 MPa.

Tables 6.2 and 6.3 present the ultimate and prdeiraaalyses of the coals used
in this study. Table 6.2 documents this informafi@nOSU coals. The coals in Table 6.2

are labeled as OSU coals to distinguish them fraalscthat were prepared by the
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Argonne National Laboratory. Table 6.3 presentsatiedyses of Argonne premium coals
that were acquired from the Argonne National Latmsa Among the OSU coals in
Table 6.2, the wet Fruitland, wet Lower Basin Hamtl and wet Tiffany coals each had
two different samples. The two Tiffany samples kaite similar adsorption capacitfes
and, therefore, a simple average of their charaetésn was used in the generalization.
The Fruitland coal is a medium volatile bituminagal from the San Juan coal basin.
The Lower Basin Fruitland coal is also from the sampnal basin as the Fruitland coal;
however, the Lower Basin sample was collected feodifferent coal seam. The Tiffany
coal samples are also from San Juan basin andd&otme BP Amoco injection wells
#1 and 10. The lllinois #6 coal is a high volatile bituminoasal. The percent carbon of
these coals ranged from about 40% for the LoweinBaruitland coal to 71% for the
lllinois #6 coal.

Some of the percentages shown in Table 6.2 do ddtt@ 100% due to poor
replication of the carbon analysis. As explainedrinearlier work, the carbonates in the
ash contributed both to the analysis of carbonaaidcontents of these coals.

Further, the Lower Basin Fruitland coal has thehbgy ash percentage of about
52%. The volatile matter of these coals ranged fiamout 15% to 30%, while the
equilibrium moisture content ranged from 2% to 4%ese coal samples were moistened
and their moisture content was maintained well alxbeir equilibrium moisture contents
during the isotherm measurements on these coathtidakl details on these coals can be

found elsewherg.
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Table 6.2 Compositional Analyses of OSU Coals Used in this Study

Analysis* Fruitland Fruitland llinois #6 LB Fruitland | LB Fruitland Tiffany Tiffany
OSU #1 OSU #2 OSU #3a OSU #3b Well #1 | Well #10
Ultimate
Carbon % 68.63 66.58 71.47 38.92 40.20 47.78 56./7
Hydrogen % 4.27 4.23 5.13 3.08 3.10 2.62 2.77
Oxygen % 0.89 5.08 9.85 3.75 2.87 6.19 5.16
Nitrogen % 1.57 1.47 1.46 0.87 0.89 0.92 1.02
Sulfur % 4.19 0.72 1.27 1.73 2.14 0.57 0.52
Ash % 20.45 21.92 10.81 51.66 50.81 49.71 47.74
Proximate
Vol. Matter % 20.20 20.33 30.61 20.01 14.00 1548 5.33
Fixed Carbon % 59.35 57.75 55.90 28.33 35.19 34.8P 36.91
Moisture % 2.20 2.20 3.90 4.00 4.00 3.80 3.70

* Huffman Laboratories, Inc., Golden, Caldo.

Table 6.3 Compositional Analyses of Argonne Premium Coals Used in this Study

Analysis* | BeulahZap | Wyodak | |lllinois#6 | Upper Freeport| Pocahontas
Ultimate
Carbon % 72.9 75.00 77.70 85.50 91.10
Hydrogen % 4.83 5.35 5.00 4.70 4.44
Oxygen % 20.30 18.00 13.50 7.50 2.50
Sulfur % 0.80 0.63 4.83 2.32 0.66
Ash % 9.70 8.80 15.50 13.20 4.80
Proximate
Vol. Matter % 30.50 32.20 36.90 27.10 18.50
Fixed Carbon % 30.70 33.00 40.90 58.70 76.10
Moisture % 32.20 28.10 8.00 1.10 0.70
Ash % 6.60 6.30 14.30 13.00 4.70

* Argonne National Laboratory
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Among the Argonne premium coal samples, the llng6 coal is a high-volatile
bituminous coal from the lllinois #6 or Herrin seaffihe Wyodak coal is a sub-
bituminous coal from the Wyodak-Anderson seam. Thmper Freeport coal is a
medium-volatile bituminous coal, Pocahontas coa isw-volatile bituminous coal and
Beulah Zap coal is lignitf. These coal samples were obtained from the Argonne
National Laboratory, Argonne, lllinois in ampoulesntaining 5 grams of -100 mesh
material of each coal. The percent carbon of thegenne coals ranged from about 73%
for Beulah Zap coal to about 91% for Pocahontad. dde&e moisture content of these
coals also varied from 0.7% to 32%. Further, thgoline coals appear to contain less ash
and more oxygen than the OSU coals. Typically,ab& moisture and oxygen content
decrease with coal maturity/rank and, thereforalscavith higher percent carbon have
lower levels of moisture and oxygen.

The coals in the adsorption database presentedhle .1 covered a wide range
of coal ranks. Specifically, the percent carbonicWwhs an indicator of coal rank, ranged
from about 40% to 91% on a dry-ash-free basis. griesence of such a wide range of
coals in the database provided a valuable basiddeeloping a generalized adsorption
model with reliable predictive capabilities oveethange of coal ranks encountered in
CBM applications. Thus, the adsorption databassudsed above was used to first assess
the correlative abilities of the SLD-PR model ahdrt generalized correlations for the
model parameters were developed by utilizing trevalzoal characterizations.

6.3 SLD-PR Model Representation of Pure-Gas Adsorption Data
The first step in developing the generalized models to obtain precise

representations of available pure-gas adsorptida @& methane, nitrogen and €0
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gases on dry and wet coals. For this purpose,Xperinental measurements on coals in
the OSU adsorption database were used. The SLD-d&RIrparameters, namely, surface
area “A”, solid-solid interaction energysdk”, and slit length “L”, were regressed for
each coal to obtain precise representations ongagedsorption on these coals. Table
6.4 presents the model representation resulth&adsorption of pure methane, nitrogen
and CQon dry and wet coals. The table lists the modehpaters and statistics for each
coal and each gas. Specifically, the WAAD, %AAD @&RMISE of each coal has been
included in Table 6.4. The highest WAAD was obsdrier CG, adsorption on dry
Wyodak coal, whereas the highest %AAD was obsefgeditrogen adsorption on wet
Fruitland coal. Overall, the SLD-PR model was c#épalf representing the pure-gas
adsorption data on dry and wet coals with a WAADO@3, which is well within the
expected experimental uncertainties. Further, tregad %AAD and RMSE were 4.1%
and 0.0262 mmol/gm, respectively. Figure 6.1 prisstire deviation plot of the SLD-PR
pure-gas adsorption representations for methategen and C@ Overall, about 80%
of the data was predicted within the experimentaleutainties and 96% of the data were
predicted within two times the experimental undaeties.

The amount of C@adsorbed is higher than the amount of methanendradjen
adsorbed on a given coal. Accordingly, the regeksseface areas for GQre greater
than the areas for methane and nitrogen. Further,ratio of methane and nitrogen
surface areas is about 1:0.7, whereas the ratioetfiane and C{areas ranges from 1:
1.1 to 1:1.9. The larger variation in the rationoéthane and CQareas can be attributed
to the greater affinity of COfor the coal surface. As a result, in some caS€», can

access a disproportionately greater surface aegarttethane and nitrogen.
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Table 6.4 SLD-PR Model Representations of Pure-Gas Adsorption on Coals

Parameters

Coal Adsorbate Sx:fea;e edk | L | WAAD | %AAD (mI?nMoﬁgI;Em)

(m2/gm) (K) (nm)
CH, 61.29 0.36 1.4 0.0081
Wet Fruitland Coal N, 4146 22.63| 1.13 117 93 0.0286
CO, 66.56 0.84 8.5 0.1003
o CH, 33.62 0.29 2.2 0.0066
Wet lllinois# 6 Coal N, 19.92 19.41| 1.27 0.12 30 0.0039
CO, 47.76 0.39 6.8 0.0620
CH, 34.34 0.61 4.3 0.0113
Wet Tiffany Coal N, 22 03 19.75| 1.03 0.60 6.6 0.0071
CO, 43.12 0.76 6.9 0.0410
CH, 26.20 0.67 3.7 0.0129
Wet LB Fruitiand Coal | N, 16.07 | 1948 1.09 M5 4.7 0.0051
CO, 31.61 0.41 6.8 0.0294
CH, 60.50 0.38 2.3 0.0133
Dry lllinois#6 Coal N, 4413 30.32| 1.34 0.29 44 0.0091
CO, 77.41 1.16 6.4 0.0868
CH, 49.80 0.30 2.0 0.0125
Dry Beulah Zap Coal N, 3476 37.44| 1.30 0.42 6.1 00176
CO, 92.96 0.88 3.7 0.0604
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Table 6.4 SLD-PR Model Representations of Pure-Gas Adsorption on CoalSdnt'd.)

Parameters

Surface o RMSE

Coal Adsorbate Aroa | EsdK L WAAD | %AAD (mmoligm)
(m2/gm) (K) (nm)

CH, 56.95 0.24 1.3 0.0080
Dry Wyodak Coal N, 43.83 31.52| 1.32 0.25 34 0.0068
CGO, 96.27 1.58 5.2 0.0852
~ CHq 47.10 0.29 1.2 0.0072
Dry Upper Freeport Co N, 35 06 37.20| 1.18 0.09 0.9 0.0018
CO, 54.10 0.65 3.5 0.0287
CH, 63.05 0.34 1.1 0.0100
Dry Pocahontas Coal N, 4684 | 36:83) 115 7559 0.8 0.0021
CO; 69.53 0.77 3.8 0.0430
Overall 0.53 4.1 0.0262
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Figure 6.1 Deviation Plot of SLD-PR Model Representations of Pure-Gas
Adsorption on Coals

Nevertheless, the surface areas for the three gasesell correlated. Figure 6.2
illustrates the degree of correlation between tméase areas of methane, nitrogen and
CO, observed on the nine coals. As evident from tharé&, the methane and nitrogen
areas are correlated with & & 0.98, whereas the methane and, @@as are correlated
with a R of 0.58. This indicates that the surface areanaf gas can be used to predict
reliably the areas for other two gases. Since,Gfk surface areas are less precisely
correlated with the areas for methane (and nitrpgérs also indicates that a correction
may be required to predict reliably the £&deas from either methane or nitrogen.

The three model parameters, namely, surface aréas@#id-solid interaction

energy %sdk” and slit length “L,” appear to be slightly cefated. Table 6.5 presents the

correlation matrix for methane surface argk and L for the nine coals.
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Figure 6.2 Degree of Correlation between the Regressed Surface Ardas
Methane, Nitrogen and CQ on Coals

The correlations of nitrogen and g®urface areas withsdk and L were very
similar to the correlations for methane surfacasiia Table 6.5 and, therefore, they are
not included here. The methane area correlates ayitk and L with a correlation
coefficient “r’ of 0.63 and 0.41, respectively. Ehar, the solid-solid interaction energy
“esdK” and slit length “L” correlate with a correlatiocoefficient of 0.44. In fact, the
surface area and slit length together yield theesgible pore volume for the adsorbate
and a slight degree of correlation between thegarameters can thus be expected.

Table 6.5 Correlation Matrix of SLD-PR Model Regressed Parameters for Coall

Methane Area | &/k L
Methane Area 1.00 - -
gsd/K 0.63 1.00 -
L 0.41 0.44 | 1.00
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Further, theedk was found to increase with an increase in serfaceas;
however, this trend displayed reasonably largetescatlthough the model parameters
displayed a slight degree of correlation, thisas significant enough to limit the model’s
predictive capabilities.

6.4 Generalized Correlations

The second step in developing the generalized madslto develop generalized
correlations for the regressed model parameteexifsgally, the model parameters were
expressed as functions of coal characterizatiorarpaters from the ultimate and
proximate analyses of the coals. Prior to undeantakiis task, the coal properties were
analyzed for their inter-correlation. Table 6.6genets the correlation matrix for the coal
properties available from the ultimate and proxerealyses of coal samples. There was
a good correlation between ash% with carbon% amlogen%. Further, oxygen% and
moisture% were also well correlated. These sigaific correlations have been
highlighted in Table 6.6. However, none of the ottm@relation coefficients in Table 6.6
was considered significant statistically.

Therefore, the eight properties listed in Table Wwede used for developing the
generalized correlations for the five model pararsetthree surface areas (one for each
adsorbent)gsdk and L. Here, instead of relying on graphicahtie and trial-and-error
procedures, emphasis was laid on developing genedatorrelations utilizing rigorous
regression techniques. In particular, a multilinesgression program developed recently
at OSU was utilized® In implementing this regression program, predtane added to
the model until there is no further significant impement to the correlation coefficient.

More importantly, the program is capable of inchglfive different types of non-linear
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Table 6.6 Correlation Matrix of Coal Properties (Linear Correlations)

Coal Property | Carbon % | Hydrogen % | Oxygen % | Sulfur % | Ash % | Vol. Matter % | FC % | EMC%
Carbon % 1.00 - - - - - - -
Hydrogen % 0.75 1.00 - - - - - -
Oxygen % 0.21 0.59 1.00 - - - - -
Sulfur % -0.17 -0.03 -0.39 1.00 - - -
Ash % -0.92 -0.92 -0.42 0.11 1.00 - - -
Vol. Matter % 0.40 0.82 0.79 -0.03 -0.58 1.00 - -
FC* % 0.66 0.24 -0.55 0.13 -0.5( -0.24 1.00
EMC**% 0.07 0.43 0.89 -0.32 -0.32 0.52 -0.60 1.00

*FC = Fixed Carbon
*EMC = Equilibrium Moisture Content
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transformations of each predictor variable. Sinoerd were eight possible predictor
variables, this resulted in a total of forppssible predictors. The use of non-linear
transforms such as square root, square, logarigben,ensure that any significant non-
linear relationships between the predictor variglaad the regressands are not ignored.
In fact, the model parameters (regressands) wenedfdo be correlated with the coal
properties in a non-linear manner. Further, the ehpdrameterss/k and L were easily
correlated with the coal characterization. Howeveme of the coal properties could
predict reliably the surface area of the adsorb&es analysis indicated that the surface
areas could be predicted accurately by utilizirgjngle experimental adsorption datum -
the amount of methane adsorbed at 1.4 KMRince this experimental isotherm datum
was required as input to the model, this rendehedmodel a “calibrated generalized
model”. The requirement of this experimental pewas considered a serious limitation in
developing a completely generalized model. Theegfon this study, efforts were
undertaken to predict the amount of methane addabé.4 MPa from coal properties.
Using the sequential regression technique mentiatem/e, the amount of methane
adsorbed at 1.4 MPa (calibration point) was predistith a %AAD of 3%, using only
three coal properties. This marked a significargpsin developing a completely
generalized model that is not dependent on expetahisotherm information as input.
One correlation was developed for each of the finaelel parameters. Thus, the
generalized correlations can be expressed in tlmviag mathematical format:

{SA, &sdk, L} = f {Coal Characterization} (6.1)
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6.5 SLD-PR Generalized Model for Pure-Gas Adsorption on Coals

The third step in developing the generalized mode&s to optimize
simultaneously thecoefficients of the generalized correlations. Tiwas achieved by
regressing the generalized correlation paramet@rg)uhe adsorption data on all coals
simultaneously. The objective function used was theighted root-mean square
(WRMS), where the weights were the expected expgrial uncertainties in adsorption
data.

The results thus obtained with the newly develogemeralized model are
presented in Table 6.7. The table lists the stadistotained for the pure-gas adsorption of
methane, nitrogen and GOn nine coals. Specifically, the table lists the WA %AAD
and RMSE of each coal and each gas. The highest WARA2.29 was observed for
methane adsorption on dry upper Freeport coalhByrthe CQadsorption on dry Upper
Freeport coal yielded a WAAD of 2.06. All other gietions were within two times the
experimental uncertainties. The largest %AAD of wb84% was observed for the
nitrogen adsorption on wet lllinois #6 coal, howeuhe relatively large experimental
uncertainties for this system led to a WAAD of 0&8l, thus, the prediction errors are
within the experimental uncertainties.

The largest overall WAAD was observed for the apon on dry Upper
Freeport coal. This can be attributed to the ladgaations observed in the generalized
parameters of this coal when compared to the quorelng regressed parameters.
During the generalization, our analysis indicatkdt tan attempt to better predict the
adsorption on dry/wet lllinois #6 coal worsened firedictions for adsorption on dry

Upper Freeport and Pocahontas coal. Since the geasel model achieves the overall
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minima, such large deviations for some of the coady well be unavoidable. Further,
the current generalized model may not reflaittthe effects of coal properties on gas
adsorption behavior.

As evident from Table 6.7, most of the predictians well within two times the
experimental uncertainties. Overall, the WAAD faisarption of methane, nitrogen and
CO, on nine coals was 1.05, whereas the %AAD and RM®E\8.0% and 0.0430
mmol/gm, respectively. Further, all the methaneoguifon data on nine coals can be
predicted with a WAAD of 1.03. The correspondingtistics for nitrogen and GO
adsorption data were 0.90 and 1.23, respectivelhesé@ results demonstrate that the
generalized model was able to predict the adsormtiall three gases with similar levels
of accuracy.

Table 6.8 presents the %AAD observed between theessed and generalized
model parameters. The methane and nitrogen sudiaas were within 10% of their
regressed values, with the exception of wet Tiffadry Beulah Zap and Upper Freeport
coals. Further, the COsurface areas displayed slightly larger deviatitom their
regressed values. In particular, the generalizethsel area for CQadsorption on dry
lllinois #6 coal was about 40% larger than the esged value. Notwithstanding this large
deviation, the generalized model was able to ptedi@ adsorption on dry lllinois #6
coal with a WAAD of 1.57. In contrast, the WAAD fdirect regression of this data was
1.16 (Table 6.4). This modeling artifact can beilaited to the correlation observed
between the regressed model parameters as shoWwable 6.5. As a result, different
values of the surface areas were able to predicadisorption of C®on dry lllinois #6

coal with comparable accuracy in this case.
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Table 6.7 Summary Results of SLD-PR Pure-Gas Model Generalizatidor Coals

WAAD %AAD RMSE (mmol/gm)
Coal CH; | N | CO, | Overall | CH; | N, | CO, | Overall | CHy4 N, CO, | Overall
Wet Fruitland Coal 0.6 1.38 0.87 0.97 215 111 86 74 0.0157] 0.0290 0.1031 0.0493
Wet lllinois# 6 Coal 1.17, 0.98 1.08 1.06 81 28.66.4 16.1 0.0187 0.0204 0.1395 0.0595
Wet Tiffany Coal 117} 0.81 1.10 1.02 6./7 84 85 9 7. 00227 0.0110 0.0424 0.0253
Wet LB Fruitland Coal 0.66 0.39 0.69 0.58 317 4.70.31 6.2 0.0132 0.0056 0.0425 0.0204
Dry lllinois#6 Coal 0.61] 051 1.5¢Y 0.90 3.8 6|8 64 57 0.0229 0.0137 0.0972 0.0446
Dry Beulah Zap Coal 1.18 0.85 1.09 1.04 69 11.18 4. 7.6 0.0452/ 0.0301 0.0789 0.0514
Dry Wyodak Coal 0.32 111 1.80 1.08 22 108 6.4 5 6| 0.0138| 0.0266 0.1100 0.0501
Dry Upper Freeport Coal 2.20 058 2.06 1.64 81 bHrn.1l 8.1 0.0517 0.0109 0.0930 0.0519
Dry Pocahontas Coal 1.22 1.52 0.85 1.19 49 10.02 4. 6.4 0.0306/ 0.0282 0.0448 0.0345
Overall | 1.03] 090] 123 1.05| 542 102 85 8.0 0.0260 0.0195 0.0835 0.p430
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Table 6.8 Comparison of Generalized and Regressed Model Parameters

Parameter (%AAD)
Coal Methane | Nitrogen CO;
Area Area Area esdK L
Wet Fruitland Coal 4.6 1.7 0.0 4.6 1.0
Wet lllinois# 6 Coal 4.3 5.0 15.7 27.4 4.7
Wet Tiffany Coal 12.9 13.3 12.8 13.1 4.3
Wet LB Fruitland Coal 3.9 5.0 3.7 6.9 2.6
Dry lllinois#6 Coal 0.3 0.5 41.5 9.0 9.7
Dry Beulah Zap Coal 20.9 25.3 11.3 25.4 5.8
Dry Wyodak Coal 9.1 2.9 18.6 11.4 4.5
Dry Upper Freeport Coal 20.0 15.7 16.3 23.3 0.0
Dry Pocahontas Coal 7.7 6.3 7.4 22.3 4.0
Overall (%AAD) | 93 | 84 | 142 | 159 | 41

The generalized and regressed valuessgi are also presented in Table 6.8.
There were large deviations observed between thergkzed and regressed values for
esdk for four coals- wet lllinois #6, dry Beulah Zapyy Upper Freeport and dry
Pocahontas coals. Specifically, the deviationsdrameter values for these coals were
about 25%. Overall, the %AAD between the generdliaed regressed values @ik
was 16%. However, these larger deviations had aively marginal effect on the
generalized gas adsorption predictions, as evitemt the statistics in Table 6.7.

The generalized and regressed values of slit Iefogtthe nine coals were within
5%, on average. The largest deviation was obsedimedry lllinois #6 coal. Although
there were deviations between the generalized egiessed model parameters ranging
from 5% to 15%, the predictions obtained from tleaeayalized model were well within
three times the experimental uncertainties fottedInine coals.

Figure 6.3 presents the comparison between thergemsel and regressed
parameters. The generalized surface areas for &i®orption on dry lllinois #6, dry

Beulah Zap and dry Wyodak coals showed the largeratons from their respective
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regressed values. This also affected the @@sorption predictions on these coals, as
evident from Table 6.7. Further, the non-absolwgeg@nt deviations of the generalized
parameters were well distributed about their reggdwvalues, as evident from Figure 6.3.
To illustrate the quality of generalized predicsoirigure 6.4 -6.12 present the
pure-gas adsorption predictions on the nine coalsthese figures, the solid lines
represent the generalized model predictions olddimeeach system. Figure 6.4 presents
the results obtained for wet Fruitland coal. Theogen and C@adsorptions on this coal
were slightly over-predicted at low to moderatesptges, as evident from the figure.
Similarly, Figure 6.5 illustrates the predictions ovet lIllinois #6 coal. The CO
adsorption appears to be under-predicted for thaéd at higher pressures; however, the
relatively large experimental uncertainties forstiebal at the higher pressures are also

clearly noticeable.
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Figure 6.3 Comparison of Generalized and Regressed Model Parameters
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Figure 6.5 Generalized SLD-PR Model Predictions for Pure-Gas Adsption

on Wet lllinois #6 Coal at 319.3 K
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Figures 6.6 and 6.7 present the pure-gas adsomgioeralized predictions on wet
Tiffany and wet Lower Basin Fruitland coals, respety. Figures 6.8-6.12 present the
predictions on the five Argonne coals in this studsy lllinois #6, dry Beulah Zap, dry
Wyodak, dry Upper Freeport and dry Pocahontas coadpectively. The methane and
nitrogen adsorption on dry lllinois #6 coal wereedlicted within the experimental
uncertainties. However, the G@dsorption was under-predicted at moderate pressur
In contrast, the C@Oadsorption on dry Beulah Zap coal was slightlyregmsedicted, as
evident from Figure 6.9.

Further, the generalized model over-predictechiethane and C{adsorption on
dry Upper Freeport coal beyond 4 MPa. The predistion these two isotherms also had
a WAAD of greater than 2.0, as evident from Tahlé & comparison, the predictions
on dry Pocahontas coal were relatively more aceufagure 6.11 and 6.12 present these
results for dry Upper Freeport and Pocahontas coedpectively.

Figure 6.13 presents the deviation plot for theepgas adsorption generalized
predictions. Overall, about 89% of the adsorptiatador the three gases were predicted
within two times the experimental uncertaintiesrtiker, about 96% of the adsorption
data were within three times the experimental uaggres. These results demonstrate
that the generalized SLD-PR model appears effeatiyeredicting pure-gas adsorption
on coals of varying ranks within three times th@askmental uncertainties based solely

on the coal characterization information.
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6.6 Previous Generalization Studies

Model generalizations based on coal characterzdigve been investigated in
the literature. For example, Reeves ef&beneralized the Langmuir model parameters
of methane, nitrogen and G@n terms of vitrinite reflectance (coal rank). Thani-
variate analysis indicated a reasonable trend dhane and nitrogen sorption capacity
(Langmuir volume) with vitrinite reflectance. Howary Reeves et al. observed that,CO
sorption capacity did not display a linear trendhwéoal rank. Further, they concluded
that no uni-variate trends were able to predictgnamir pressure for any of the three
gases. They also employed multiple-regression amsaly predict the two Langmuir
parameters from the coal characterization aloneci8gally, their model required seven
input variables for each of the six Langmuir consggtwo for each gas). Although this
analysis yielded a reasonable model, the large eurab parameters required in the
multiple-regression model limits the robustnesshafir generalized model. Moreover,
when the extended Langmuir model was applied tcedigas adsorption, errors greater
than 100% have been found for/80, mixtures®® Therefore, the generalization of
Langmuir-type models would have limited capability predicta priori mixed-gas
adsorption. As such, a theory-based multi-comporagorption model capable of
predicting mixed-gas adsorption from pure compouaita is required.

Further, phenomenological models like the SLD, @S and Ono-Kondo lattice
model, through their generalization, are bettetesuifor accurate predictions of gas
adsorption over wide ranges of pressures, tempestand compositions. Specifically,
model generalization through the use of coal chiaraation and molecular properties of

the adsorbates can facilitate reliable and accargigori predictions for simulations of
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enhanced coalbed methane recovery. In some of ringops works at OStS 2% 2
efforts were made to develop such generalized reo&idibandriyd generalized the
Ono-Kondo model parameters in terms of the adsorblearacteristics and molecular
properties of the adsorbates. Specifically, the @hpdrameters were generalized in terms
of the maximum surface adsorbed-phase densitymtdeexpansion coefficient and
molecular properties of the adsorbates. The moelei@lization appeared to be effective
in predicting gas adsorption on dry and wet codlswever, the adsorbent surface area
had to be regressed and the fluid-solid energyiredj@ correction factor to account for
the chemical structure of the coal. Arumugaimproved upon the Ono-Kondo model
generalization by generalizing the fluid-solid epein terms of the fixed carbon content
of the coal and critical temperature of the adsmdaThe model was capable of
describing the adsorption behavior of pure methaitepgen, CQ and GHg on dry
Argonne coals within the expected experimental tac#ies. However, the maximum
adsorption capacity, C, had to be regressed simsg@arameter could not be generalized
in terms of adsorbent characteristics. This remtssthe extent of the Ono-Kondo model
generalization, currently.

Part® generalized the 2-D EOS model parameters in tesimthe molecular
properties of the adsorbates and accessible susfaeeof the adsorbent. The 2-D EOS
generalized model predictions on activated carberewvithin three times the expected
experimental uncertainties. However, the generdlinedel has not yet been extended to
gas adsorption on coals.

Recently, efforts were also made to generalizeShB-PR modef? #’ These

authors improved upon the previous generalizatlpngeneralizing simultaneously the
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gas adsorption on dry and wet coals. Further, tegigus generalizations by Pdrand
Sudibandriy8® were developed for activated carbons and thenndete for coals. In
contrast, the SLD-PR generalization developed mbcén?’ was developed and
implemented specifically for coals. However, thengralization also had one important
limitation. Specifically, the model required theokviedge of the amount of methane
adsorbed at 1.4 MPa (400 psia) on the coal sampis.was essential to estimate reliably
the accessible surface area of the adsorbategimeraadsorbent. This limitation renders
the model anatrix-calibratedmodel rather than a completely generalized one.

In this study, efforts were made to generalizeatm®unt of methane adsorbed at
1.4 MPa such that the surface areas can be preédicteout the need for experimental
isotherm measurements. In fact, as discussed alo\&ection 6.5, the amount of
methane adsorbed at 1.4 MPa (calibration point) praglicted with a %AAD of 3%,
using only three coal properties. Thus, the nevelyetbped generalized model is capable
of predicting gas adsorption on coals based saerlyhe coal characterization and does
not require any isotherm experimental informatienrgut.

In fact, the surface area of coals has been a dubfedebate for many years.
After an extensive review, Mahajdhhad concluded that the surface areas of coals have
no physical meaning. The previous model generadizat mentioned above have
consistently required regression of the accessibitace area of coals. The current study
marks the first instance when the surface areag wet regressed directly, but were
predicted from the coal characterization alone.

The generalized SLD-PR model developed in this ystatko has certain

limitations. A simplification of the model genewdtion resulted from two key
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assumptions used in the data reduction techni@pestifically, the total amount of water

present on a wet coal was assumed to be adsorbied, \®ad no separate water-rich
phase was assumed to exist. Further, the gas-plasseonsidered to be free from water.
This means that the density of the bulk gas wasutatbd as dry gas density. In addition,
the solubility of the gas in the adsorbed water wastracted from the calculated values
of Gibbs adsorption. The amount of gas solubledsoebed water, if any, cannot be
determined by ordinary experimental techniques.aAgesult, the adsorbing gas was
considered to have the same solubility in the dubuvater as it does in liquid water.

The above simplifying assumptions were invoked iar alata reduction
procedures. However, the recent review on the clexistics of adsorbed water
highlighted in Chapter 4 indicates that the therymaanic behavior of the adsorbed water
is markedly different from that of bulk (liquid) we. Therefore, the adsorbed water may
not possess the same gas solubility as bulk wakes.dl'he water present on the coal in
excess of the adsorbed water, however, behavebdikevater and thus can be expected
to display similar solubility properties. The aboweasoning suggests that only the
“excess” moisture present on a coal should be deeluin gas solubility calculations.
However, to date, we have not reprocessed ourtdataglect gas solubility in adsorbed
water.

Further, in our modeling, water was not treated aaseparate adsorbed
component Specifically, the water present with the coalswaated as a “pacifier” of
the coal matrix, i.e., it was considered to occppyt of the porous coal surface, thus
limiting the accessible area for the adsorbing gjabe effect, this reduction of surface

available for adsorption of gases like methanepgén and C®(caused by the adsorbed
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water) is treated as being constant over the presange of the measurements. Thus, in
our current modeling technique, the effect of wasereflected implicitly in the model
parameters.
6.7 Sensitivity Analysis of SLD-PR Model Generalization

A sensitivity analysis was conducted for the SLD-PRvddel generalized
parameters. The modeling results had shown thageheralized parameters are capable
of predicting excess adsorption of gases withiad¢hirmes the experimental uncertainties,
on average (Table 6.7). However, a more realigtorate of the level of accuracy in
these predictions is obtained when the parametaesare perturbed to their maximum
expected levels of deviations. Table 6.8 docum#rgsieviations observed between the
generalized and regressed parameter values. Theséisr show that the generalized
parameters can deviate from 5% to 15% from thgiressed values. Therefore, the SLD-
PR model parameters were perturbed by up to 15%hé sensitivity analysis.
Specifically, a wet coal (Fruitland coal) was se&decand the three surface areas agh
were perturbed by 15% each from their regressedesalFurther, the slit length was
perturbed by 5% based on the results shown in TaBle

The excess adsorption predictions on Fruitland eeak evaluated for each of
these perturbations of model parameters. In thienma twenty-seven scenarios were
obtained including the original regressed pararseidnese correspond to all the possible
positive and negative deviations in the five SLD-PRrameters, namely, the three
surface areassdk and L.

Table 6.9 summarizes the results obtained for #msiBvity analysis. The table

lists the percentage deviations of model paramébersach case and the corresponding
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weighted average absolute deviation (WAAD) of thalcelated Gibbs adsorption
obtained in each case. As shown in Table 6.9, vatletihe parameter deviations are in
the same direction (positive or negative), theyidyihe largest error in predictions.
Specifically, the largest overall WAADs were 4.2dad.1 for scenarios 2 and 15,
respectively. These two scenarios have been higkligin Table 6.9. The statistics for
the original regressed and generalized parametersalso listed in the table for
completeness.

Although, large deviations were noticed for scevmr? and 15, the overall
WAADs for most of the twenty-seven scenarios weithiw four times the experimental
uncertainties. In reality, there is more likelihooll opposite errors in the parameter
estimation “canceling out” and yielding reasonadtgurate predictions. In fact, about 16
of the twenty-seven scenarios in Table 6.9 yield A& less than 3.0 owing to the
cancelation of opposite errors in parameters’ egton.

Further, the deviations in surface area have thgesa effect (for e.g., a 10%
change would yield 10% different predictions of amadsorbed). The effects of slit
length andess are much smaller. This is indicated by scenari@sd227 in Table 6.9,
wherein single parameter perturbations are avalafilhese scenarios show that
individual perturbations of slit length anrgshave smaller effects than perturbations of
surface area.

Figures 6.14-6.16 present the sensitivity analysisults for the pure gas
adsorption of methane, nitrogen and Qi wet Fruitland coal, respectively. As shown

in these figures, positive deviations in parametesilt in over-predicting the Gibbs
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adsorption and negative deviations in parametessltrén under-predicting the Gibbs
adsorption isotherms.

Table 6.9 Sensitivity Analysis of SLD-PR Model Parameters for Pure-Gas
Adsorption on Wet Fruitland Coal at 319.3 K

WAAD
Case No. Parameter Deviations CH| N, | CO, | Overall
Surface Areas: 0%.dk : 0%, L: 0%

! (Original Regressed) 04112 08 0.8
2 Surface Areas:+15%sg/k :+15%, L:+5% | 6.6 | 3.2 | 2.8 4.2

3 Surface Areas:+15%;/k :+15%, L:-5% | 6.1 | 3.1| 1.8 3.7
4 Surface Areas:+15%s/k :+15%, L: 0% | 6.4 | 3.2 2.2 3.9
5 Surface Areas:+15%sg/k :-15%, L:+5% | 1.9 | 1.4 1.6 1.6
6 Surface Areas:+15%;/k :-15%, L:-5% | 1.4 | 1.3| 0.9 1.2
7 Surface Areas:+15%s./k :-15%, L: 0% 1.6 | 1.3| 1.2 1.4
8 Surface Areas:+15%:/k : 0%, L:+5% 42 | 1.9 2.2 2.8
9 Surface Areas:+15%s/k : 0%, L:-5% 38 | 19| 13 2.3

10 Surface Areas:+15%s./k : 0%, L: 0% 40 | 1.9 17 2.5
11 Surface Areas:-15%./k : +15%, L: +5%| 1.9 | 1.2 1.4 1.5
12 Surface Areas:-15%sg/k : +15%, L: -5% | 2.3 | 1.3| 2.3 2.0
13 Surface Areas:-15%sg/k : +15%, L: 0% | 2.1 | 1.2| 1.9 1.7
14 Surface Areas:-15%sgJ/k : -15%, L: +5% | 5.7 | 3.0 2.4 3.7
15 Surface Areas:-15%.J/k : -15%, L: -5% | 6.0 | 3.1 | 3.2 4.1

16 Surface Areas:-15%g/k : -15%, L: 0% 59 | 31| 28 3.9
17 Surface Areas:-15%sg/k : 0%, L: +5% 3.7 | 19| 18 2.5
18 Surface Areas:-15%sg/k : 0%, L: -5% 40 | 2.0 2.7 2.9
19 Surface Areas:-15%./k : 0%, L: 0% 39 | 20| 23 2.7
20 Surface Areas: 0%sgJ/k :+15%, L:+5% 24 | 16| 1.1 1.7
21 Surface Areas: 0%./k :+15%, L:-5% 1.9 | 16| 1.0 1.5
22 Surface Areas: 0%s/k :+15%, L: 0% 22 | 16| 0.9 1.5
23 Surface Areas: 0%sJ/K :-15%, L:+5% 21 | 1.3| 1.0 1.5
24 Surface Areas: 0%sg/k :-15%, L:-5% 25 | 14| 15 1.8
25 Surface Areas: 0%s/k :-15%, L: 0% 23| 14 1.1 1.6

26 Surface Areas: 0%./K : 0%, L:+5% 06 | 1.2] 0.9 0.9
27 Surface Areas: 0%g/k : 0%, L:-5% 04 | 12| 11 0.9
- Original Generalized 0.7 14 0.9 1.0
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Figure 6.14 Sensitivity Analysis of SLD-PR Generalized Model for Methan

Adsorption on Wet Fruitland Coal at 319.3 K
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Figure 6.15 Sensitivity Analysis of SLD-PR Generalized Model for Nitroge

Adsorption on Wet Fruitland Coal at 319.3 K
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Figure 6.16 Sensitivity Analysis of SLD-PR Generalized Model for CO
Adsorption on Wet Fruitland Coal at 319.3 K

6.8 SLD-PR Generalized Model Predictions for Mixed-Gas Adsorption

The generalized SLD-PR model discussed above wasuakd to predia priori
mixed-gas adsorption on coals. Specifically, omgdfinixing rules were used within the
SLD framework to predict binary and ternary gasogolson on wet coals. In these model
evaluations, all binary interaction parameters weet to zero and no parameter
regressions were undertaken. In fact, the pureggasralized model was applied directly
to model multi-component gas adsorption with tHected mixing rules.

Table 6.10 presents the summary results obtainedeoeralized predictions of
mixed-gas adsorption on wet coals. The table lises three binary pairs formed by
mixtures of methane, nitrogen and £6or example, CHN, in Table 6.10 refers to the

mixed-gas adsorption of methane and nitrogen, arehs The table lists the WAADs of
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the component adsorption for the binary gas adsorgn wet Fruitland, wet lllinois #6
and wet Tiffany coals. Further, the statistics termary gas adsorption on wet Tiffany
coal are also included in Table 6.10. The binary @@sorption isotherms on wet lIllinois
#6 and wet Fruitland coals were measured at foorimal feed molar compositions that
were 20/80, 40/60, 60/40 and 80/20 for a given tyinmair. In contrast, the binary gas
adsorption isotherms on wet Tiffany coal were meaddor a single feed composition
for each of the three binary pairs. Further, thieaey gas feed composition was 10/40/50
for CH4/N,/CO, mixture. More details about the feed compositiohthese mixtures can
be found in the OSU adsorption datab¥sEor simplicity, the statistics presented in
Table 6.10 are the overall averages for all feedpmsitions of a given mixture.

Table 6.10 Summary Results of Generalized SLD-PR Predictions
for Mixed-Gas Adsorption on Coals

WAAD
Coal CH4/N2 CH4/C02 N2/COz
CH, N> CH, CO, N, CO,
Wet Fruitland Coal 0.52 0.8C 0.77 0.48 0.46 0.29

Wet lllinois# 6 Coal 0.66 0.92 0.86 0.47 0.97 0.93
2.87 1.90 3.92 0.49 1.4§ 1.11

_ CH4/N2/CO;(Ternary)
Wet Tiffany Coal CHa N, CO,
0.62 2.31 0.58

The predictions were least accurate for methanepoosnt adsorption on wet
Tiffany coal. Specifically, the WAADs for methanemponent adsorption in GHN, and
CH,/CO, mixtures were 2.87 and 3.92, respectively. Fitaiglt had also observed large
deviations in non-generalized predictions of me¢themmponent adsorption in the above
mixtures.

The predictions on wet Fruitland and wet lllinoi€ #oals were more accurate

than those on wet Tiffany coal. Interestingly, teenary gas adsorption predictions on
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wet Tiffany coal were more accurate than the binamsdictions on the same coal and
yielded WAADs of 0.62, 2.31 and 0.58 for the comganadsorption of methane,
nitrogen and Cg respectively. Overall, the generalized model tezhs for all the
coals were within three times the experimental tag#ies, on average.

Figures 6.17-6.22 present the generalized predictesults for binary gas
adsorption on wet Fruitland coal. In these figutbs, percentages refer to the different
feed compositions of the gas mixture in mole pear¢eiy., 80% Chlin a CH/N, mixture
refers to 80 mole percent methane and 20 mole penittogen in the feed). The dashed
lines in these figures are the generalized prextistdf the SLD-PR model.

As illustrated in Figure 6.18, the nitrogen compuradsorption on wet Fruitland
coal is over-predicted for the 80% and 60% nitrofged compositions. In contrast, the
methane/C® and nitrogen/C® mixtures on the same coal are predicted within the
experimental uncertainties, on average. The resoitthese mixtures are illustrated in
Figures 6.19-6.22, respectively.

The competitive adsorption behavior is clearly ewnidfrom the binary adsorption
isotherms of these gases. In particular, for sofkeonitrogen/C@mixtures as shown in
Figure 6.21, the component excess adsorption fgah at the higher pressures becomes
negative owing to the competitive adsorption betwadrogen and C® Further, the
generalized model is able to predict accurately dbserved competitive adsorption

between these two gases, as evident from Figule 6.2

202



Excess Adsorption (mmol/gm)

0.70
80% CH4

60% CH4
40% CH4

060 20% CH4 _ -1
=— = SLD Generalized Prediction {’ —
-

0.50 A —_p—

o > H o

0.40 | e
/% /%/ L ,L”L—'L'j
0.30 - // ’{,/ /L/’ -
b FRRI
020 / /}/ L__ L=
R
0.10 - /zif/ ¢ -7 -
. /// i///
by &
0.00 & ‘ ‘ ‘ ‘ ‘ ‘
0.0 2.0 40 6.0 8.0 10.0 12.0

Pressure (MPa)

14.0

Figure 6.17 Generalized SLD-PR Model Predictions for Methane Comp@amt

Adsorption in Methane/Nitrogen Mixtures on
Wet Fruitland Coal at 319.3 K
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Figure 6.18 Generalized SLD-PR Model Predictions for Nitrogen Compant

Adsorption in Methane/Nitrogen Mixtures on
Wet Fruitland Coal at 319.3 K
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Figure 6.20 Generalized SLD-PR Model Predictions for C@Component
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Figures 6.23-6.28 present the generalized predictesults obtained for the
mixed-gas adsorption on wet lllinois #6 coal. A®wh in Figure 6.24, the nitrogen
component adsorption was over-predicted for theharet/nitrogen mixture. Similarly,
the methane component adsorption was over-prediote80% and 60% methane feed
compositions of the methane/g@ixture (Figure 6.25). However, the overall WAAD o
all the feed compositions for the three binary nnigs on wet lllinois #6 coal were within
the experimental uncertainties.

Figures 6.27 and 6.28 present the generalizedgbied results for nitrogen/CO
adsorption on wet lllinois #6 coal. The overall WBAfor both nitrogen and CO

component adsorption were found to be within theeexmental uncertainties.
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Figure 6.23 Generalized SLD-PR Model Predictions for Methane Comp@amt
Adsorption in Methane/ Nitrogen Mixtures on
Wet lllinois #6 Coal at 319.3 K
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Figure 6.27 Generalized SLD-PR Model Predictions for Nitrogen Compant
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Figure 6.28 Generalized SLD-PR Model Predictions for C@Component
Adsorption in Nitrogen/CO, Mixtures on
Wet lllinois #6 Coal at 319.3 K

Figures 6.29-6.31 present the prediction results foethane/nitrogen,
methane/C® and nitrogen/C@ binary gas mixtures on wet Tiffany coal, respesdtiv
The methane component adsorption was considerablgripredicted beyond 4 MPa. In
fact, the methane adsorption predictions for weffaily coal provided the least
satisfactory fit in mixed-gas generalized predictioAs documented in Table 6.10, the
methane predictions in methane/nitrogen and met8&nebinary mixtures of wet
Tiffany coal yielded WAADs of 2.87 and 3.92, respesly. Fitzgerald® also obtained
similar results in non-generalized predictionshase systems. In comparison, the second
component in the above mixtures was reasonably weddicted. Further, the
nitrogen/CQ binary mixture on the same coal was predicted iwitlivo times the

experimental uncertainties.
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Figure 6.31 Generalized SLD-PR Model Predictions for Nitrogen/C@Mixture on
Wet Tiffany Coal at 327.6 K

Figure 6.32 presents the generalized predictionltsefor ternary gas adsorption
on wet Tiffany coal. The feed gas composition wasi@/50 for CH/N,/CO, mixture.
The model under-predicted the component adsormtianitrogen at moderate to higher
pressures. The WAAD for nitrogen adsorption predictfor the ternary mixture was
2.31 (Table 6.10). In contrast, the predictionsni@thane and C{component adsorption
for the ternary gas adsorption were within the expental uncertainties, as documented
in Table 6.10.

Figure 6.33 presents the deviation plot of mixed-galsorption generalized
predictions. Overall, about 93% of the adsorptiatadvas predicted within two times the

experimental uncertainties.
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The results above for mixed-gas adsorption dematestthat the generalized
SLD-PR model is capable @f priori predictions of binary and ternary gas adsorption
within three times the experimental uncertainti@saverage.

6.9 Validation of the SLD-PR Generalized Model

The generalized SLD-PR model was further validatsithg an external data set
involving CQ, adsorption on twenty-seven diverse coals, puldisteeently by Day et
al.”* They presented GQadsorption data on coals varying in rank from itigrio low-
volatile bituminous coal. The origin of these coasied from Australia, New Zealand,
Poland and USA.

The generalized SLD-PR model was utilized to mted priori the CQ
adsorption data on twenty-seven coals utilizingyahé coal characterization information
of these coals. The predictions obtained have hstea in Table 6.11 in terms of %AAD
of each coal.

Table 6.11 Validation Results for the Generalized SLD-PR Model Predicins:
CO, Adsorption on 27 Coals Reported by Day et

Coals %AAD | Coals %AAD
NSW1 4.5 QLDS8 7.4
NSW3 7.2 QLD9 13.2
NSW4 7.6 QLD10 3.3
NSW5 16.1 QLD11 6.3
NSW6 19.7 NZ 20.3
NSW7 18.8 Polandl 5.8
NSW8 14.1 Poland? 7.8
NSW9 22.3 USAl 11.5
NSW10 11.1 USA2 19.5
QLD1 20.8 USA3 9.7
QLD2 10.5 Beulah Zap 11.9
QLD3 6.3 lllinois-6 9.0
QLD6 14.9 Pocahontas 3.9
QLD7 11.9

Average | 117
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As evident from Table 6.11, the generalized SLD-Bdel was capable of
predicting CQ adsorption on these diverse coals with an ovenatir of about 12%
AAD. This is within the claimed accuracy of the neidestimated to be about 24%, on
average.

Figure 6.34 presents the deviation plot for the ehqgutedictions on these coals.
Overall, about 85% of the adsorption data was ptedi within %AAD of 20%.

Moreover, the error distribution appears to belyaimiform about the center line in

Figure 6.34.
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Figure 6.34 Deviation Plot for the Generalized SLD-PR Model Predictianfor
CO, Adsorption on 27 Coals Reported by Day et df*

Figure 6.35 presents a "pie chart" depicting th&rithution of errors in the
prediction among the twenty-seven coals. Out oftthenty-seven coals, the predictions

for twelve coals yielded %AAD of less than 10%. ther, twenty-four coals yielded
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%AAD within 20%, whereas %AAD of more than 20% wasserved for only three

coals.

H0-10%
010-20%
020-30%

Figure 6.35 %AAD Distribution of the Generalized SLD-PR Model Predctions for
CO, Adsorption Data Reported by Day et af’*

These results strongly indicate that the geneml@eD-PR model can predict
reliably the gas adsorption on coals for CBM systdrased solely on readily-available
coal characterization information. Therefore, thddS?R model generalization appears
to be sufficiently robust for simulations of enhadaoalbed methane recovery and,CO
sequestration.

Notwithstanding these results, additional work va# required to account more
rigorously for the presence of water on coals agxklbp even more realistic generalized

models for CBM adsorption modeling.
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6.10 Generalization Conclusions
Based on the results discussed above, the followmpgrtant conclusions can be drawn
from this chapter:

1. The coal-structure-based generalization of the $IEDmodel is capable of
usefula priori predictions of gas adsorption on dry and wet coals

2. The generalized SLD-PR model can predict the atisorpf pure methane,
nitrogen and C@within three times the experimental uncertainties.

3. The generalized SLD-PR model can prediat, priori, the mixed-gas
adsorption of methane, nitrogen and GA&thin three times the experimental
uncertainties, on average.

4. The successful validation of the generalized mau#tates that the model is
sufficiently robust for use in simulations of enbed CBM production and

CO, sequestration.
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CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS

This work addressed two important aspects of CBd&ogption research.
Specifically, it sought to:

A. Delineate the fluid-fluid and fluid-solid molecularnteractions of water, coalbed
gases and carbonaceous adsorbents and propossusigmcounting procedures
for the effects of moisture in water-coalbed gastune adsorption on wet coals.

B. Develop a coal-structure-based generalized adsorpiodel that would be useful
in simulations of coalbed methane recovery and §&guestration.

To meet the objectives of the study, the SLD-PR ehadhs first modified to
account for the polar and electrostatic interagtiohwater in the adsorbed phase. Then,
new CQ-water mixture adsorption data on wet Argonne cowtse used to test the
efficacy of the modified SLD-PR model to descrilbe tadsorption behavior of this
mixture. Finally, a coal-structure-based generdlizdsorption model was developed that
can facilitate accurate priori gas adsorption predictions that are often necg#s&BM
recovery and C@sequestration operations.

Specific conclusions and recommendations basedismvork are listed below.

7.1 Conclusions
A. Effects of Water in Coals on CQ Adsorption
(1) Review of water adsorption on carbons and coalsvetidhat the adsorption of

water occurs mainly through the formation of (agitmgen bonds between water
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and active surface groups on the carbon surfack(l@nmolecular clusters near
previously adsorbed water molecules.

(2) The polar and electrostatic interactions of waty @ significant role in the
adsorption of water on activated carbons and coals.

(3) The SLD-PR model, when modified with the polar ahekctrostatic interactions
of water, appears capable of describing the simetias adsorption of water and
CO;, mixture on wet Argonne coals.

(4) The SLD-PR modetepresentsthe CQ-water mixture adsorption on five wet
Argonne coals with a weighted average absoluteatieni (WAAD) of 0.5 and
1.0 for CQ and water, respectively.

(5) The new data reduction method showed that subatadiiferences in the
estimated gas adsorption capacity of wet coalsreanlt if the conventional
approach of treating water as a "pacifier" of tlhalanatrix is used in the data
reduction of coals with large amounts of moisture.

B. Coal-Characterization-Based SLD-PR Generalized Model

(6) The coal-characterization-based generalizationLdd-BR model is capable of
accuratea priori predictions of gas adsorption on dry and wet coals

(7) The generalized SLD-PR model garedictadsorption of pure methane, nitrogen
and CQ on nine coals within three times the expected exmntal
uncertainties.

(8) The generalized model can predigtpriori, the adsorption of mixtures formed

by methane, nitrogen and @@vithin three times the expected experimental

218



uncertainties, on average. The only exceptionigdbcurred for gas mixtures on
wet Tiffany coal.

(9) The generalized model was validated with a set »déreal data on CO
adsorption on 27 diverse coals. The model appesgyabte of predicting these
adsorption data with an average absolute devigé@®AD) of 12%, on average.
These predictions were based solely on availablal atharacterization
information of these coals.

(10)The phase analysis of G&vater mixture adsorption on wet Argonne coals gisin
the SLD-PR model indicates the potential for aneags phase formation when
dealing with coals that contain large amounts ofstace (with the exception of
Beulah Zap lignite).

7.2 Recommendations
Based on the results of this work, the followingammendations are made for

future studies:

(1) Develop an accurate equation-of-state (EOS) thatcapable of reliable
predictions of vapor-liquid equilibria of coalbedasgs (including water) at
conditions encountered in coalbed methane recoesmy CQ sequestration
operations.

(2) Utilize a density-measuring apparatus to obtaircipee measurements of gas-
phase densities of mixtures of coalbed gases andrwa facilitate the
development of the EOS.

(3) Develop a robust adsorption algorithm to performed¢hphase equilibrium

calculations.
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(4) Utilize spectroscopic techniques such as the Xdiffyaction and small angle
neutron-scattering experiments to investigate ttoavth and size of clusters of
water molecules in water adsorption on carbonscaatk.

(5) Implement the new data reduction method for gasratisen on wet coals
wherein the adsorbed water is excluded from gasbgdiy calculations and the

presence of water in the gas phase is accuratebuated.

220



10.

11.

12.

REFERENCES

Energy Information Administration, Annual Ener@utlook Early Release Overview,
http://www.eia.doe.gov/oiaf/aeo/overview.html (Mar@, 2009).

Clayton, J. L., Geochemistry of Coalbed Gas Review.Int. J. Coal Geol1998, 35,
159-173.

Stevens, S.; Spector, D.; Reimer, P., Enhanaadb€d Methane Recovery Using £0
Injection: Worldwide Resource and €S8equestration Potential. Bixth International
Oil and Gas Conference and Exhibition, SPE 48&3iina, 1998; Vol. 1.

Energy Information Administration, U.S. Coalbktethane: Past, Present and Future.
http://www.eia.doe.gov/oil_gas/rpd/cbmusa2.pdf (A@R008).

White, C. M.; Smith, D. H.; Jones, K. L.; Goodma. L.; Jikich, S. A.; LaCount, R. B.;
DuBose, S. B.; Ozdemir, E.; Morsi, B. I.; Schroedé¢r T., Sequestration of Carbon
Dioxide in Coal with Enhanced Coalbed Methane Reopy Review.Energy Fuels
2005,19, (3), 659-724.

Hall, F.; Zhou, C.; Gasem, K. A. M.; Robinson,LR Jr. , Adsorption of Pure Methane,
Nitrogen, and Carbon Dioxide and Their Binary Mpesi on Wet Fruitland Coal. BPE
Eastern Regional Conference & Exhibition, SPE Paper 29C®érleston, S.C., 1994.

Sudibandriyo, M.; Pan, Z.; Fitzgerald, J. E.;bRson, R. L.; Gasem, K. A. M.,
Adsorption of Methane, Nitrogen, Carbon Dioxidedarheir Binary Mixtures on Dry
Activated Carbon at 318.2 K and Pressures up t6 ¥82a.Langmuir 2003, 19, (13),
5323-5331.

Gasem, K. A. M.; Robinson, R. L., Jr.; Fitzgdral. E.; Pan, Z.; Sudibandriyo, M.
Sequestering Carbon Dioxide in CoalbpB¥-FC26-98FT40426; Prepared for the U.S.
Department of Energy: 2003.

Pan, Z.; Sudibandriyo, M.; Fitzgerald, J. E.;bRson, R. L., Jr.; Gasem, K. A. M.,
Equilibrium Models for Coalbed Methane Productiol £arbon Dioxide Sequestration.
In International Petroleum Environmental Consortium (IPEC) ConfergAtimiquerque,
NM, 2002.

Fitzgerald, J. E.; Pan, Z.; Sudibandriyo, MgbRson, R. L., Jr.; Gasem, K. A. M.;
Reeves, S., Adsorption of Methane, Nitrogen, Carbavxide and Their Mixtures on
Wet Tiffany Coal Fuel 2005,84, (18), 2351-2363.

Fitzgerald, J. E.; Robinson, R. L.; Gasem, KMA Modeling High-Pressure Adsorption
of Gas Mixtures on Activated Carbon and Coal Usirfgimplified Local-Density Model.
Langmuir2006,22, (23), 9610-9618.

Gasem, K. A. M.; Robinson, R. L., Jr.; Mohamm&dA.; Chen, J. S.; Fitzgerald, J. E.
Improved Adsorption Models for Coalbed Methane Production ang SQuestration

221



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Final Technical Report, 2005-2007; Prepared fovakated Resources International:
2008.

Langmuir, I., The Adsorption of Gases on Pl8ndaces of Glass, Mica and Platinuim.
Am. Chem. S0d918,40, (9), 1361-1403.

Brunauer, S.; Emmett, P. H.; Teller, E., Adsorpof Gases in Multimolecular Layers.
Am. Chem. S0d.938,60, (2), 309-319.

Myers, A. L.; Prausnitz, J. M., ThermodynamafsMixed-Gas AdsorptionAIChE J.
1965,11, (1), 121-127.

DeGance, A. E., Multicomponent High-Pressuresokdtion Equilibria on Carbon
Substrates: Theory and Dakduid Phase Equilibrial992,78, 99.

Zhou, C.; Hall, F.; Gasem, K. A. M.; Robinsdéh, L., Jr., Predicting Gas Adsorption
Using Two-Dimensional Equations of Stabed. Eng. Chem. Re4994, 33, (5), 1280-
1289.

Pan, Z. Modeling of Gas Adsorption Using Twanensional Equations of State. Ph.D.
Dissertation, Oklahoma State University, Stillwag®04.

Ono, S.; Kondo, SMolecular Theory of Surface Tensidpringer: Berlin, 1960.

Sudibandriyo, M. A Generalized Ono-Kondo La&tidModel for High Pressure
Adsorption of Gases on Carbon Adsorbents. Ph.D.sdbigtion, Oklahoma State
University, 2003.

Arumugam, A. High-Pressure Adsorption of PuoalBed Methane Gases on Dry Coals.
M.S. Thesis, Oklahoma State University, Stillwag&804.

Rangarajan, B.; Lira, C. T.; Subramanian, Rmp#fied Local Density Model for
Adsorption over Large Pressure Rangd€hE Journall995,41, (4), 838-845.

Soule, A. D.; Smith, C. A.; Yang, X.; Lira, C., Adsorption Modeling with the ESD
Equation of Statd.angmuir2001,17, (10), 2950-2957.

Puziy, A. M.; Herbst, A.; Poddubnaya, O. I.;r@anus, J.; Harting, P., Modeling of
High-Pressure Adsorption Using the Bender EquabiBtate.Langmuir2003,19, (2),
314-320.

Fitzgerald, J. E. Adsorption of Pure and M@tmponent Gases of Importance to
Enhanced Coalbed Methane Recovery. MeasurementsSanglified Local-Density
Modeling. Ph.D. Dissertation, Oklahoma State Ursitgr Stillwater, Oklahoma 2005.

Yang, X.; Lira, C. T., Theoretical Study of Axstion on Activated Carbon from a
Supercritical Fluid by the SLD-ESD Approachurnal of Supercritical Fluid2006,37,
(2), 191-200.

Chen, J. S. Simplified Local-Density Modeling Bure and Multi-Component Gas
Adsorption. M.S. Thesis, Oklahoma State Universsiyljwater, 2007.

Muller, E. A.; Hung, F. R.; Gubbins, K. E., Auxlption of Water Vapor-Methane
Mixtures on Activated Carbonsangmuir2000,16, (12), 5418-5424.

222



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Joubert, J. |.; Grein, C. T.; Bienstock, D.r@ion of Methane in Moist CoaFuel 1973,
52, (3), 181-185.

Clarkson, C. R.; Bustin, R. M., Binary Gas Agidimn/Desorption Isotherms: Effect of
Moisture and Coal Composition Upon Carbon DioxiddeStivity over Methanelnt. J.
Coal Geol.2000,42, (4), 241-271.

Levy, J. H.; Day, S. J.; Killingley, J. S., Mahe Capacities of Bowen Basin Coals
Related to Coal Propertidgsuel 1997,9, (76), 813-8109.

McCallum, C. L.; Bandosz, T. J.; McGrother,G5; Muller, E. A.; Gubbins, K. E., A
Molecular Model for Adsorption of Water on ActivdteCarbon: Comparison of
Simulation and Experimentangmuir1999,15, (2), 533-544.

Fitzgerald, J. E.; Sudibandriyo, M.; Pan, ZobRson, R. L.; Gasem, K. A. M., Modeling
the Adsorption of Pure Gases on Coals with the Sliddlel. Carbon 2003, 41, (12),
2203-2216.

Hall, F. E. Adsorption of Pure and Multicompoh&ases on Wet Fruitland Coal. M.S.
Thesis, Oklahoma State University, Stillwater, 1993

Angus, S.; Armstrong, B.; de Reuck, K. Miternational Thermodynamic Tables of the
Fluid State-5: MethaneéPergamon Press: New York 1978.

Angus, S.; de Reuck, K. M.; Armstrong, Biternational Thermodynamic Tables of the
Fluid State-6: NitrogenPergamon Press: New York, 1979.

Span, R.; Wagner, W., A New Equation of StateGarbon Dioxide Covering the Fluid
Region from the Triple Point Temperature to 110@&tKPressures up to 800 MRE.
Phys. Chem. Ref. Dal®96,25, 1509-1590.

McCarty, R. DThermophysical Properties of Helium-4 from 2 to 1500 K with Pressures
to 1000 AtmosphereBIBS Technical Note 631; U.S. Dept of Commerce2l97

Vorres, K. S., The Argonne Premium Coal Samptegram.Energy Fuelsl990,4, (5),
420-426.

Humayun, R.; Tomasko, D., High-Resolution Agsion Isotherms of Supercritical
Carbon Dioxide on Activated CarboAlChE J.2000,46, (10), 2065-2075.

Standard Test Method for Equilibrium MoistueGoal at 96 to 97 Percent Relative
Humidity and 30 C. In Gaseous Fuels; Coal and CASI M, Ed. Pennsylvania, 2000;
D1412, pp 99-102.

Joubert, J. I.; Grein, C. T.; Bienstock, Dfe€f of Moisture on the Methane Capacity of
American CoalsFuel 1974,53, (3), 186-191.

King, A. D. J.; Coan, C. R., Solubility of Waie Compressed Carbon Dioxide, Nitrous
Oxide and Ethane. Evidence for Hydration of Carbeoxide and Nitrous Oxide in the
Gas Phasel. Am. Chem. Soit971,93, (8), 1857-1862.

Dhima, A.; de Hemptinne, J.; Jose, J., Solybdi Hydrocarbons and GMixtures in
Water under High Pressuied. & Eng. Chem. Re4999,38, (8), 3144-3161.

223



45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Weibe, R.; Gaddy, V., The Solubility of Carbdioxide in Water at Various
Temperatures from 12° to 40° and at PressuresGASfospheres, Critical Phenomena.
J. Amer. Chem. Sot940,62 815-817.

Ozdemir, E.; Morsi, B. I.; Schroeder, K., Im@aorce of Volume Effects to Adsorption
Isotherms of Carbon Dioxide on Codlsingmuir2003,19, (23), 9764-9773.

Dutta, P.; Harpalani, S.; Prusty, B., ModelofgCO, Sorption on CoalFuel 2008, 87,
(10-11), 2023-2036.

Romanov, V.; Soong, Y.; Schroeder, K., Voluiekffects in Coal Sorption Capacity
MeasurementsChemical Engineering & Technolo@906,29, (3), 368-374.

Pan, Z.; Connell, L. D., A Theoretical Modet f6as Adsorption-Induced Coal Swelling.
Int. J. Coal Geol2007,69, (4), 243-252.

Day, S.; Fry, R.; Sakurovs, R., Swelling of &kakan Coals in Supercritical GOInt. J.
Coal Geol.2008,74, (1), 41-52.

Arri, L. E.; Yee, D. I'Modeling Coalbed Methane Production with Binary Gas Sorption,
SPE Paper 24363SPE Rocky Mountain regional meeting, Casper, W&92; Casper,
WY, 1992.

Goodman, A. L.; Busch, A.; Bustin, R. M.; Chiaarla, L.; Day, S.; Duffy, G. J,;
Fitzgerald, J. E.; Gasem, K. A. M.; Gensterblun, Nartman, C.; Jing, C.; Krooss, B.
M.; Mohammed, S.; Pratt, T.; Robinson Jr, R. L.nRmov, V.; Sakurovs, R.; Schroeder,
K.; White, C. M., Inter-Laboratory Comparison II:0g Isotherms Measured on
Moisture-Equilibrated Argonne Premium Coals at 5&8rd up to 15 MPdnternational
Journal of Coal Geologg2007,72, (3-4), 153-164.

Zhou, L.; Li, M.; Sun, Y.; Zhou, Y., Effect Moisture in Microporous Activated Carbon
on the Adsorption of Methan€arbon2001,39, (5), 773-776.

Yaginuma, R.; Sato, Y.; Kodama, D.; Tanaka, kato, M., Saturated Densities of
Carbon Dioxide+Water Mixture at 304.1 K and Pressuio 10 MPaJournal of the
Japan Institute of Energ8000,79, (2), 144-146.

Morrison, D. F.Multivariate Statistical MethoddMcGraw Hill: New York 1967.

Markham, E. D.; Benton, A. F., The AdsorptidrGas Mixtures by Silical. Am. Chem.
S0c.1931,53, 497.

Stevenson, M. D.; Pinczewski, W. V.; Somers, M.; Bagio, S. E.,
Adsorption/Desorption of Multicomponent Gas Mixtsirat in-Seam Conditions. BPE
Asia-Pacific conference, SPE paper 230R6rth, Australia, 1991.

Dubinin, M. M.,Chemistry and Physics of Carhoklarcel Dekker. New York, 1966;
Vol. 2.

Clarkson, C. R., Application of a New Multicooment Gas Adsorption Model to Coal
Gas Adsorption Systems, SPE Paper 78%&& JournaR003,8, (3), 236-251.

Clarkson, C. R.; Bustin, R. M.; Levy, J. H., fApation of the Mono/Multilayer and
Adsorption Potential Theories to Coal Methane Apggon Isotherms at Elevated
Temperature and Pressu@arbon1997,35, (12), 1689-1705.

224



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Do, D. D. Adsorption Analysis: Equilibria and Kineticknperial College Press: London,
1998.

Chaback, J. J.; Morgan, D.; Yee, D., Sorptroeversibilities and Mixture Compositional
Behavior During Enhanced Coal Bed Methane Recourycesses. IlSPE Gas
Technology Symposium, Paper 3562296.

Yang, R. T.Gas Separation by Adsorption Procesdtistterworth: Boston, 1987.

Valenzuela, D. P.; Myers, A. L.; Talu, O.; Zm&, 1., Adsorption of Gas Mixtures:
Effect of Energetic Heterogenei#%IChE J.1988,34, 397-402.

Manik, J., Development and Validation of a Cosiponal Coalbed Simulatodournal
of Canadian Petroleum Technolog902,41, (4), 39-45.

Dubinin, M. M., Chemistry and Physics of CarbmWalker, P. L., Ed. Marcel Dekker:
New York, 1966; Vol. 2, pp 51-120.

Polanyi, M., Theories of the Adsorption of Gasé& General Survey and Some
Additional RemarksTransactions of the Faraday Socid§32,28, 316.

Dubinin, M. M.; Astakhov, V. A., Description @&dsorption Equilibria of Vapors on
Zeolites over Wide Ranges of Temperature and Prees&dvances in Chemistry Series
1971,102, 69-85.

Wood, G. O., Affinity Coefficients of the PolafDubinin Adsorption Isotherm
Equations - A Review with Compilations and Cornelias. Carbon2001,39, 343-356.

Harpalani, S.; Prusty, B. K.; Dutta, P., Me®#®&0, Sorption Modeling for Coalbed
Methane Production and G@equestratiorEnergy Fuel2006,20, (4), 1591-1599.

Day, S.; Duffy, G.; Sakurovs, R.; Weir, S., d€ff of Coal Properties on G@orption
Capacity under Supercritical Conditionkternational Journal of Greenhouse Gas
Control 2008,2, (3), 342-352.

Hill, T. L., Theory of Multimolecular Adsorptiofrom a Mixture of Gasesl. Chem.
Phys.1946,14, 268.

de Boer, J. H.The Dynamical Character of Adsorptio®xford University Press:
London, 1953.

Hoory, S. E.; Prausnitz, J. M., Monolayer Agdion of Gas Mixtures on Homogeneous
and Heterogeneous Soliddhemical Engineering Scient®67,22, (7), 1025-1033.

Aranovich, G. L.; Donohue, M. D., AdsorptionS@dipercritical FluidsJournal of Colloid
and Interface Scienck996,180, (2), 537-541.

Aranovich, G. L.; Donohue, M. D., PredictionfisMultilayer Adsorption Using Lattice
Theory.Journal of Colloid and Interface Scient897,189, (1), 101-108.

Aranovich, G. L.; Donohue, M. D., Surface Coag®ion in Adsorption Systems.
Colloids and Surfaces A: Physicochemical and Engineering Aspeots 187-188, 95-
108.

225



78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.
93.

Hocker, T.; Aranovich, G. L.; Donohue, M. D.pNblayer Adsorption for the Subcritical
Lattice Gas and Partially Miscible Binary Mixture®urnal of Colloid and Interface
Sciencel999,211, (1), 61-80.

Henderson, DFundamentals of Inhomogeneous Fluitttarcel Dekker Inc.: New York
1992.

Lee, L. L.,Molecular Thermodynamics of Non-ldeal Fluiddutterworths: Stoneham,
1988.

Chen, J. H.; Wong, D. S. H.; Tan, C. S.; Sula@an, R.; Lira, C. T.; Orth, M.,
Adsorption and Desorption of Carbon Dioxide ontd &om Activated Carbon at High
Pressurednd. Eng. Chem. Re$997,36, (7), 2808-2815.

Subramanian, R.; Pyada, H.; Lira, C. T., Engiimg Model for Adsorption of Gases
onto Flat Surfaces and Clustering in Supercritidalds. Ind. Eng. Chem. Re&995, 34,
(11), 3830.

Peng, D. Y.; Robinson, D. B., A New Two-Constaguation of Statdnd. Eng. Chem.
Fund.1976,15, (1), 59-64.

Brennan, J. K.; Bandosz, T. J.; Thomson, K. GQubbins, K. E., Water in Porous
CarbonsColloids and Surfaces A: Physicochemical and Engineering Aspegis187-
188, 539-568.

Dubinin, M. M., Water Vapor Adsorption and thdicroporous Structures of
Carbonaceous Adsorben@arbon1980,18, (5), 355-364.

Brennan, J. K.; Thomson, K. T.; Gubbins, K. Edsorption of Water in Activated
Carbons: Effects of Pore Blocking and Connectivitgngmuir 2002, 18, (14), 5438-
5447.

Bandosz, T. J.; Jagiello, J.; Schwarz, J. AizyKanowski, A., Effect of Surface
Chemistry on Sorption of Water and Methanol on vatied CarbonsLangmuir 1996,
12, (26), 6480-6486.

IUPAC Commission on Colloid and Surface ChemisReporting Physisorption Data
for Gas/Solid Systems with Special Reference taxeermination of Surface Area and
Porosity. Pure & Appl. Chem 1985, 57, (4), 603-619.

Olivier, J. P.; Conklin, W. B., Determinatio Bore Size Distributions from Density
Functional Theoretical Models of Adsorption and Gemsation with Porous Solids. In
7th International Conference on Surface and Colloid Scigr@nce, 1991.

Hagymassy, J.; Brunauer, S.; Mikhail, R. SreP8tructure Analysis by Water Vapor
Adsorption : I. T-Curves for Water Vapodournal of Colloid and Interface Science
1969,29, (3), 485-491.

Do, D. D.; Do, H. D., A Model for Water Adsoiqut in Activated CarbonCarbon2000,
38, (5), 767-773.

Mahajan, O. P.; Walker, P. L., Water AdsorptionCoalsFuel 1971,50, (3), 308-317.

Youssef, A. M., Moisture Sorption in Relatiam$ome Characteristics of Co@larbon
1974,12, (4), 433-438.

226



94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Barton, S. S.; Evans, M. J. B.; Holland, J.ré&h, J. E., Water and Cyclohexane Vapour
Adsorption on Oxidized Porous Carb@arbon1984,22, (3), 265-272.

Stoeckli, F.; Jakubov, T.; Lavanchy, A., Wakeisorption in Active Carbons Described
by the Dubinin—Astakhov Equatiod. Chem. Soc. Faraday Trari€©94,90, 783 — 786.

Dimotakis, E.; Cal, M.; Economy, J.; Rood, Marson, S., Water Vapor Adsorption on
Chemically Treated Activated Carbon Clot@hem. Mater1995,7, (12), 2269-2272.

Dubinin, M. M.; Serpinsky, V. V., Isotherm Edwa for Water Vapor Adsorption by
Microporous Carbonaceous Adsorbearbon1981,19, (5), 402-403.

D'Arcy, R. L.; Watt, I. C., Analysis of Sorptiolsotherms of Non-Homogeneous
SorbentsTrans. Faraday S0d.970,66, 1236 — 1245.

Evans, M. J. B., The Adsorption of Water by dised Microporous CarborCarbon
1987,25, (1), 81-83.

Rodriguez-Reinoso, F.; Molina-Sabio, M.; MueecM. A., Effect of Microporosity and
Oxygen Surface Groups of Activated Carbon in thedkdtion of Molecules of Different
Polarity.J. Phys. Chenl992,96, (6), 2707-2713.

Salame, I. I.; Bandosz, T. J., Experimentaid§tof Water Adsorption on Activated
CarbonsLangmuir1999,15, (2), 587-593.

Slasli, A. M.; Jorge, M.; Stoeckli, F.; Seatdh A., Water Adsorption by Activated
Carbons in Relation to Their Microporous Struct@arbon2003,41, (3), 479-486.

Slasli, A. M.; Jorge, M.; Stoeckli, F.; Segtdh A., Modelling of Water Adsorption by
Activated Carbons: Effects of Microporous Structanel Oxygen ContenCarbon2004,
42, (10), 1947-1952.

Barton, S. S.; Evans, M. J. B.; MacDonald®.JF., The Adsorption of Water Vapor by
Porous CarborCarbon1991,29, (8), 1099-1105.

Sing, K., The Use of Nitrogen Adsorption foetCharacterisation of Porous Materials.
Colloids and Surfaces A: Physicochemical and Engineering Aspe@is187-188, 3-9.

Stoeckli, F.; Centeno, T. A., On the Determioma of Surface Areas in Activated
CarbonsCarbon2005,43, (6), 1184-1190.

Mahajan, O. P., GGsurface Area of Coals: The 25-Year Paradtarbon1991,29, (6),
735-742.

Walker, P. L.; Kini, K. A., Measurement of thHtrafine Surface Area of Coal&uel
1965,44, 453-4509.

Mahajan, O. P., I8ample Selection, Aging and Reactivity of Cdahn Wiley: New
York, 1989; pp 157-215.

Mahajan, O. P., Physical Characterization @hldPowder Technolog$984,40, (1-3),
1-15.

Standard Test method for Total Moisture in ICba Gaseous Fuels; Coal and Coke,
ASTM, Pennsylvania, 2005; D3302.

227



112.

113.

114.

115.

116.

117.
118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Mannheimer, M., Determination of the Moist@entent of Coal and Similar Substances.
Ind. Eng. Chem. Anal. EA929,1, (3), 154-156.

Allardice, D. J.; Evans, D. G., The Brown QW&dter System: Part 2. Water Sorption
Isotherms on Bed-Moist Yallourn Brown Coklel 1971,50, (3), 236-253.

Shaw, T. M., The Surface Area of CrystallirggEAlbumen.J. Chem. Physl944,12,
(9), 391-392.

Bull, H. B., Adsorption of Water Vapor by Rewts.J. Am. Chem. S0d.944, 66, (9),
1499-1507.

Pauling, L., The Adsorption of Water by Proged. Am. Chem. So&945,67, (4), 555-
557.

lyengar, M. S.; Lahiri, A., The Nature of Riaae Groups in CoaFuel 1957,36, 286.

Schafer, H. N. S., Factors Affecting the Ehuillm Moisture Contents of Low-Rank
Coals.Fuel1972,51, (1), 4-9.

Matsyna, V. D., Investigation and Analysigslté Forms and Energies of the Binding of
Moisture with CoalSolid Fuel Chemistr{981,15, (5), 1-7.

Kaji, R.; Muranaka, Y.; Otsuka, K.; Hishinumya, Water Absorption by Coals: Effects
of Pore Structure and Surface OxygEunel 1986,65, (2), 288-291.

Unsworth, J. F.; Fowler, C. S.; Heard, N. Weldon, V. L.; McBrierty, V. J., Moisture
in Coal : 1. Differentiation between Forms of Mo by N.M.R. and Microwave
Attenuation Technique$uel 1988,67, (8), 1111-1119.

Boyle, N. G.; McBrierty, V. J.; Douglass, D., @ Study of the Behavior of Water in
Nafion Membranedviacromoleculed4983,16, (1), 75.

Suuberg, E. M.; Otake, Y.; Yun, Y.; DeeviCS, Role of Moisture in Coal Structure and
the Effects of Drying Upon the Accessibility of Gdatructure.Energy Fuelsl1993,7,
(3), 384-392.

Mraw, S. C.; Naas-O'Rourke, D. F., Water inalCBores: Low-Temperature Heat
Capacity Behavior of the Moisture in Wyodak C&xdiencel979,205, (4409), 901-902.

Mraw, S. C.; O'Rourke, D. F., Water in Coatd®o The Enthalpy of Fusion Reflects Pore
Size DistributionJournal of Colloid and Interface Scient882,89, (1), 268-271.

Allardice, D. J.; Clemow, L. M.; Favas, G.ckson, W. R.; Marshall, M.; Sakurovs, R.,
The Characterisation of Different Forms of Water low Rank Coals and Some
Hydrothermally Dried ProductsFuel 2003,82, (6), 661-667.

Norinaga, K.; Kumagai, H.; Hayashi, J. |.; l62hi T., Classification of Water Sorbed in
Coal on the Basis of Congelation Characterisitergy Fuels998,12, (3), 574-579.

Norinaga, K.; Hayashi, J. I.; Kudo, N.; Chiba, Evaluation of Effect of Pre-drying on
the Porous Structure of Water-Swollen Coal BasedhenFreezing Property of Pore
Condensed WateEnergy Fueld 999,13, (5), 1058-1066.

228



129. Lynch, L. J.; Barton, W. A.; Webster, D. Set@®rmination and Nature of Water in Low
Rank Coals. InProceedings of the Sixteenth Biennial Low-Rank Fuels Symposium
Montang 1991; pp 187-198.

130. liyama, T.; Nishikawa, K.; Suzuki, T.; Kanek¢, Study of the Structure of a Water
Molecular Assembly in a Hydrophobic Nanospace aw O@mperature with in Situ X-
Ray Diffraction.Chemical Physics Letted997,274, (1-3), 152-158.

131. liyama, T.; Ruike, M.; Kaneko, K., Structurslechanism of Water Adsorption in
Hydrophobic Micropores from in Situ Small Angle Xair ScatteringChemical Physics
Letters2000,331, (5-6), 359-364.

132. Bellissent-Funel, M.-C.; Sridi-Dorbez, R.; BpsL., X-Ray and Neutron Scattering
Studies of the Structure of Water at a Hydrophdeface.J. Chem. Physl996, 104,
(24), 10023-10029.

133. Luppens, J. A., The Equilibrium Moisture PesblJournal of Coal Qualityl988,7, (2),
39-44.

134. Luppens, J. A.; Hoeft, A. P., Relationshipwestn Inherent and Equilibrium Moisture
Contents in Coals by Rankournal of Coal Qualityi991,10, (4), 133-141.

135. Gan, H.; Nandi, S. P.; Walker, P. L., Natufehe Porosity in American Coal&uel
1972,51, (4), 272-277.

136. Moisture Reduction, OSM Payer Handbook, Officef Surface Mining,
http://ismdfmnt5.osmre.gov/payerhb/6_moist.htmIMapi (October 24, 2007).

137. Brown, G. M., The Determination of MoistureGoals.National Gas Bulletin, Australia
1953,17, 14-21.

138. Lynch, L. J.; Webster, D. S., An N.M.R. Stualythe Water Associated with Brown
Coal.Fuel 1979,58, (6), 429-432.

139. Sircar, S., New Adsorption-Condensation ThdoryAdsorption of Vapors on Porous
Activated CarbongCarbon1987,25, (1), 39-48.

140. Talu, O.; Meunier, F., Adsorption of Assoagti Molecules in Micropores and
Application to Water on CarboAIChE J.1996,42, (3), 809-819.

141. Rutherford, S. W., Modeling Water Adsorptiandarbon Micropores: Study of Water in
Carbon Molecular Sievekangmuir2006,22, (2), 702-708.

142. Striolo, A.; Chialvo, A. A.; Cummings, P. TGubbins, K. E., Water Adsorption in
Carbon-Slit Nanoporesangmuir2003,19, (20), 8583-8591.

143. Striolo, A.; Gubbins, K. E.; Chialvo, A. A.;u@mings, P. T., Simulated Water
Adsorption Isotherms in Carbon Nanopordslecular Physic2004,102, (3), 243-251.

144, Segarra, E. I.; Glandt, E. D., Model MicropgoCarbons: Microstructure, Surface
Polarity and Gas Adsorptio@hemical Engineering Scient894,49, (17), 2953-2965.

145. Ulberg, D. E.; Gubbins, K. E., Water Adsorptim Microporous Graphitic Carbons.
Molecular Physic4995,84, (6), 1139 - 1153.

229



146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

Jorgensen, W. L.; Chandrasekhar, J.; Madurd).;J Impey, R. W.; Klein, M. L.,
Comparison of Simple Potential Functions for SirtintaLiquid Water.J. Chem. Phys.
1983,79, (2), 926-935.

Maddox, M.; Ulberg, D.; Gubbins, K. E., MoléuSimulation of Simple Fluids and
Water in Porous Carbonsluid Phase Equilibrial 995,104, 145-158.

Briggs, J. M.; Nguyen, T. B.; Jorgensen, W. Monte Carlo Simulations of Liquid
Acetic Acid and Methyl Acetate with the OPLS PotehFunctions.J. Phys. Chem.
1991,95, (8), 3315-3322.

Gao, J., Comparison of the Hybrid AM1/TIP3® #me OPLS Functions through Monte
Carlo Simulations of Acetic Acid in Watel. Phys. Chen1992,96, (15), 6432-6439.

Muller, E. A.; Rull, L. F.; Vega, L. F.; Gubts, K. E., Adsorption of Water on Activated
Carbons: A Molecular Simulation Study.Phys. Chen1.996,100, (4), 1189-1196.

Postorino, P., The Interatomic Structure oft&vat Supercritical Temperaturégature
1993,366, (6456), 668.

Postorino, P.; Ricci, M. A.; Soper, A. K., Wiatbove Its Boiling Point: Study of the
Temperature and Density Dependence of the Paraal @orrelation Functions. I.
Neutron Diffraction Experiment. Chem. Phys994,101, 4123.

Luck, W. A. P., A Model of Hydrogen-Bonded uids. Angewandte Chemie
International Edition in Englisi1980,19, (1), 28-41.

Steele, W. A.The Interaction of Gases with Solid Surfaceergamon Press: Oxford,
1974.

Berendsen, H. J. C.; Grigera, J. R.; StragtSmB., The Missing Term in Effective Pair
PotentialsJ. Phys. Chenl 987,91, (24), 6269-6271.

Kotdawala, R.; Kazantzis, N.; Thompson, R. Afaplication of Mean-Field Perturbation
Theory for the Adsorption of Polar Molecules in Malit-Pores. Journal of
Mathematical Chemistrg2005,38, (3), 325-344.

Smith, C. A. Adsorption of Water on CarbonSfAudy Using the ESD Equation of State.
M.S. Thesis, Michigan State University, East LagsitB97.

Elliott, J. R.; Suresh, S. J.; Donohue, M. B.Simple Equation of State for Non-
spherical and Associating Moleculésd. Eng. Chem. Re$990,29, (7), 1476-1485.

Reid, R. C.; Prausnitz, J. M.; Poling, B. Ehe Properties of Gases and Liquids
McGraw-Hill New York, 1987.

Gasem, K. A. M.; Gao, W.; Pan, Z.; Robinson,LR Jr., A Modified Temperature
Dependence for the Peng-Robinson Equation of Sthiel Phase Equilibria2001,181,
(1-2), 113-125.

Tester, J. W.; Modell, MT,hermodynamics and Its Applicatior&d ed.; Prentice-Hall:
New Jersey, 1997; p 936.

Prausnitz, J. M.; Lichtenthaler, R. N.; Azeve&. G.,Molecular Thermodynamics of
Fluid-Phase Equilibria3rd ed.; Prentice-Hall: New Jersey, 1999; p 860.

230



163. Riggs, J. B.An Introduction to Numerical Methods for Chemical Engine@rsl ed.;
Texas Tech University Press: Lubbock, 1994; p 472.

164. Chen, J. S.; Gasem, K. A. M. A Case Study lob-BR Adsorption Modeling of CO2-
Water Binary Mixed-Gas Adsorption on Wet Argonnea{SoUnpublished work, 2007.

165. Golla, S. Virtual Design of Chemical PenetiatEnhancers. M.S. Thesis, Oklahoma
State University, Stillwater, 2008.

166. Reeves, S.; Gasem, K. A. M.; Sudibandriyo, ltzgerald, J. E.; Pan, Z.; Robinson, R.
L., Jr., Measurement and Prediction of Single- Ehdti-Component Methane, Carbon
Dioxide and Nitrogen Isotherms for U.S. Coals, Pap27. In 2005 International
Coalbed Methane Symposiuiuscaloosa, AL, 2005.

231



VITA
Sayeed Ahmed Mohammad
Candidate for the Degree of

Doctor of Philosophy

Dissertation: ADSORPTION MODELING OF COALBED GEAS AND THE
EFFECTS OF WATER ON THEIR ADSORPTION BEHAVIOR

Major Field: Chemical Engineering
Biographical:

Education:

Received Bachelor of Science in Chemical Engingerfrom Osmania
University, Hyderabad, India in July 2003.

Completed the requirements for the Doctor of Pbibdy in Chemical
Engineering at Oklahoma State University, Stillwat®klahoma in
May, 2009.

Experience:

Employed by the School of Chemical Engineering,abkima State University
as a Research Assistant from August 2004 to Map.200orked as a
Teaching Assistant for Thermodynamics in the sae@adment from
August 2004 to December 2005.

Professional Memberships:
American Institute of Chemical Engineers (AIChE)
Phi Kappa Phi National Honor Society



Name: Sayeed Ahmed Mohammad te DBDegree: May, 2009
Institution: Oklahoma State University Location: Stillwater, Oklahoma

Title of Study: ADSORPTION MODELING OF COALBED GASEAND THE
EFFECTS OF WATER ON THEIR ADSORPTION BEHAVIOR

Pages in Study: 231 Candidate for the Degree of DoctoPbilosophy
Major Field: Chemical Engineering

Scope and Method of Study:
The simplified local-density/Peng-Robinson (SLD}P&isorption model was
utilized to investigate the adsorption behavior collbed gases on coals of
varying rank. The model parameters were generalipederms of readily-
accessible coal properties such as the ultimate proximate analyses of the
coals. Further, the effects of water present ilscoa the gas adsorption behavior
were studied. In particular, the SLD-PR model wsesduto investigate this effect
wherein water was treated as a separate adsorbgaboent in a binary mixture.
To conduct this study, new high-pressure gas atlearpneasurements were
acquired for CQon wet Argonne coals and for methane, nitrogen@@gon dry
and wet activated carbon using a volumetric teaniq

Findings and Conclusions:

The generalized SLD-PR model was found to be dapafbaccurate predictions

of the adsorption of coalbed gases and their mastwn dry and wet coals.

Specifically, the generalized model was capabldayfpredicting the pure-gas

isotherms for methane, nitrogen and G coals within two times the expected
experimental uncertainties and (b) predictiagpriori, the adsorption of mixtures

formed by these gases within three times the eggdestperimental uncertainties,
on average. The generalized model was validatdud antexternal data set which
comprised of C@adsorption isotherms on 27 diverse coals.

CO,-water binary mixed gas adsorption modeling resoittsvet coals indicated

that the SLD-PR model is capable of representimgaitisorption of this highly

asymmetric mixture within the experimental uncerties, on average. The model
parameterization used and the molecular interagtameounted for in describing
water adsorption behavior on coals illustrated abk& method to obtain precise
representations of this adsorbed mixture. The pbasek analysis of the same
mixture indicated that there is a potential for ttvenation of an aqueous phase in
these systems for coals that contain large amaintsisture, with the exception

of Beulah Zap lignite coal.

ADVISER’S APPROVAL: Khaled A. M. Gasem




