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I ntroduction

The sequestration of CO, in cod seamsis seen asapossibleway to mitigatethe rising atmospheric
concentrationsof CO, (Reichleet a. 1999). Technologiesthat have been devel oped for enhanced ail
recovery and enhanced coal bed methane recovery could be applied to the long-term disposal of CO..
In order to determinewhich, if any, coa seamswould be good disposal sitesand under what environmentd
conditionsthe sequestered CO, would remain stabl e, abetter understanding isneeded of the chemistry of
the cod-CO, (or combustion gas) system(s). Amongthe R& D prioritiesfor coa seam sequestration listed
intheReichlereport are: adsorption/desorption of CO,, interaction with SO, and NO , and coa swelling
behavior caused by CO, adsorption (Reichle et a. 1999). Studiesin these and related areaswill help
define the CO, trapping mechanisms.

One of the earliest sudies of the adsorption of CO, on coa used the BET equation to calculate the
CO, surface areas of anthracites (Waker and Geller 1956). That the diffusion of CO,through cods of
various ranksis an activated process was established not long afterward (Nandi and Walker 1965).
Despite of thefact that these, and many studies since then, have been performed at low pressure and often
at low temperature in order to investigate the surface area of the coal (Mahajan 1991, and references
therein), they have provided information which isreevant to today's sequestration projects. Thelarge CO,
adsorption capacities of coals and the CO,-induced swelling of coals are two properties that were
documented early (Mahgjan 1991). The adsorption of CO, and other gases, especiadly methane, hasaso
been studied in effortsto increase the safety of coa mining. Inthisregard, it haslong been recognized that,
although the gasin coal seams can exist as free gasin cracks and fractures, most of the gasin coal is
adsorbed on the internal surface of the micropores (Kim and Kissell 1986). More recently, CO,
adsorption on coal has been studied as a means of enhancing the gas production in coa bed methane
recovery projects. Amoco has studied the adsorption of nitrogen, methane, carbon dioxide, and their
mixturesto provide datafor the modeling of gasrecovery from coal bed methanereservoirs (Chaback et
al. 1996, DeGance et d. 1993). Burlington Resources, the largest producer of coal-bed methane, has
been injecting CO, to enhance methane production since 1996 (Stevenset al. 1998). Thus, thereisat



present alarge body of scientific studies and practical information to lend credence to the coal-seam
sequestration scenario.

The Problem

The extent to which coal can adsorb CO, isaffected by anumber of factors. The nature of the
cod will determinethe maximum adsorption capacity under agiven set of conditions, but the sequestration
environment will determinethe extent to which that ultimate capacity will beredized. Theeffect of both
physical and chemica changesneed to beunderstood. Parameters such astemperature, pressure, and pH
might be expected to have amoderateto large influence; salinity might be expected to be lessimportant.

Cod containsawide variety of organic and mineral phasesin acomplex, porous, 3-dimensiond
network which variesfrom one coa deposit to another and from onelocation to another within the same
seam. Theorganic portion of the coa isthought to capture CO, viasurface adsorption, porefilling, and
solid solution (Larsen et d. 1995). Lessrecognized isthe possibility that the minera phases present inthe
coa may assist viaminerd carbonate formation. Thus, the nature of the coal seam itsalf isan important
variable to be considered.

In the absence of externd influences, underground temperatures tend to be congtant over time but
increasewith depth. Theadsorption of CO, isexothermic (Starzewski and Grillet 1989) and will provide
aheat source, at least during the active pumping phase of sequestration. Also, some sequestration
scenarioswould provideadditiona heating mechanisms such asby thedissolution of co-sequestered acidic
gases (SO,, NO, ) or by reaction with resdua oxygen in the combustion gas. Thus, it isimportant to
know how temperature will affect the CO, adsorption onto the coal and whether the magnitude of this
effect isuniversal for all coals or isrank or maceral dependent.

Evenifinitidly dry, theseamwill certainly becomewet asaresult of drilling operations, fracturing
of the coal bed and over-lying strata, and the depaosition of acombustion gaswhich may contain residua
water of combustion. Thus, an agqueous phase will be present and will vary in composition according to
its source and the nature of the coal bed and the surrounding mineraswith which it isin contact. In natura
systems, pH is often an important parameter (Stumm and Morgan 1996) and it will change during
sequestration. Because of the formation of carbonic acid, the pH within the sequestration mediawill drop
to around 3 at high CO, pressures, favoring the dissolution of calcite. Thismay be beneficid if mineral
dissolution provides better accessto the organic matrix, but would be detrimenta if dissolution of cap-rock
resulted. Theeffect of the sequestration on pH would be more dramatic for those scenariosin which the
SO, and NO, were not removed by prior separation and are sequestered along with the CO,, Littleis
known about the potential effect of such apH changeon the ability of the organic matrix to adsorb CO.,,.
It iswell recognized that adsorption of on solid surfacesis affected by the pH of the surrounding media
(Stummand Morgan 1996). Solidsin contact with solutionswith apH abovetheir isoe ectric point acquire
anet negative surface charge; thosein contact with solutionswith apH bel ow their isoel ectric point acquire
anet positive surface charge. The extent to which pH changeswill affect the CO, adsorption capacity of
coals has not been investigated.

Depending on the capture technology, the CO, stream may be nearly pure CO,, raw combustion
gas, or something in between. In addition, gases such as hydrogen, methane, ethane, and higher
hydrocarbonsmay be present in the coa seam (Kim and Kissall 1986) and act to inhibit or enhance the
CO, sequestration. In the case of agassy cod seam, it may be advantageous to displace and capture the



methane as a profit-making part of the operation. This displacement may be enhanced by secondary
combustion gases in the CO, such as SO, and NO..

The compasition of the post sequestration gasand liquid phases may changewithtime. Evendow
reactions can becomeimportant over geologic-sequestration timescales. Also, microbes have an uncanny
ability to adapt to many environments and are known to popul ate even deep geologic Strata, at least to
9000 feet below the surface (Amy and Haldeman 1997). Under oxic conditions, gasessuchas SO,, NO,,
and CO may be produced either chemically or biologicaly. Under anoxic conditions, methane and H,S
may be produced by anaerobic microbes. These gases may displace CO, and thus limit the durability of
the sequestration.

Knowledge of the extent to which cods can adsorb CO, under avariety of conditionsis necessary
to evaluate the long-term storage capacity of candidate sesams. The nature of the coal will determineits
maximum adsorption capacity, but the dynamic nature of the sequestration environment will determinethe
extent to whichthat capacity can beredized. In order to evauate the long-term storage capacity of acoa
seam, possible changesin the sequestration environment need to be anticipated and their effect understood.

Approach

In this paper, theinteraction of one of the Argonne Premium Coa Sampleswith CO, is studied
under avariety of conditions. Argonne samples, which include a representative sample of every rank, are
among the most widely studied coalsin the world. Because of this, there exists a vast database of
measurements and studies which can aid in theinterpretation of results (Vorres 1993). Our approachis
to investigate the effect of various parameters such as pressure, temperature, pH, and salinity on the
adsorption isotherms of these coals. Herein, the effects of temperature, pressure, and pH on the CO,
adsorption capacity of one of these samples, the Upper Freeport coal, are described.

Project Description

Gas-phase carbon dioxide adsorption isotherms were obtained using amanometric technique
(Nodzenski 1998). Inthe set of experimentsdescribed here, the temperature and pressure were maintained
at values below the critical temperature and pressure of carbon dioxide, and the temperature was held
above the condensation temperature, thereby maintaining gas-phase conditions.

Themanometric gpparatus conssts of areference cdll of known volumefrom which dl gastransfers
were made, and asample cdll, aso of known volume. Thereference cdll, contained within atemperature-
controlled bath (+ 0.1 °C), was pressurized to the desired level asindicated on apressuretransducer. The
maximum pressure for any given isotherm was limited by the operating temperature and the condensation
pressure of carbon dioxide at that temperature. A sample cell of known void volume, which was also
placed within the same bath, was pressurized from thereference cell. Using the changein pressureinthe
reference cell and accounting for the gascompressibility, the number of molesof gastransferred fromthe
reference cell was caculated. Similarly, the number of gas-phase molesin the sample cell after the gas
transfer was calculated from the post-transfer sample-cell pressure. The missing moles of gas were
accounted to the adsorption of CO, onto (into) the coal. The reference cell was then pressurized to a
higher pressure and the processwas repeated. Theindividual incremental gas adsorption values (dn) were
summed to generate the adsorption isotherm in astep-wise fashion. The adsorption isotherm for agiven



temperature was plotted asthe total number of millimolesof carbon dioxide adsorbed per gram of cod (y-
axis) versusthe equilibrium sample-cell pressure (x-axis). Thismethod of isotherm construction is shown
graphically in Figure 1. Theincremental number of moles adsorbed for each pressure change (dn) are
shown asthetriangles. Theseincrementsdowly decrease as higher pressures are attained. Thetota moles
adsorbed (n) are obtained by summing theindividua incrementsand are shown asthecirclesin Figure 1.

Inthe experimentsinvestigating the effect of temperature, after compl eting the experiment at one
temperature, the sample was depressurized and evacuated overnight at 22°C. The temperature of the bath
was then raised and the process was repeated. From the temperature dependence of the adsorption
isotherms, theisosteric heat of adsorption, Q... Was cal culated from the modified Clausius-Clapeyron
equation (Daniels et al. 1962).

In (P,/P,) = Qigsteric (T T1) / RT T,

Because coalsrapidly and irreversibly adsorb atmospheric oxygen (Schmidt 1945), effortswere
devoted to maintaining an oxygen-free environment. The precautions taken during the collection,
processing and packaging of the Argonne samples (Vorres 1993) and our effortsto maintain an oxygen-
free environment ensured that the measured cod propertiesreflect the activity of the virgin cod asclosdy
aspossible under laboratory conditions. Vials of the Argonne Premium coa were opened in accordance
withthe provided mixing ingtructions. Viaswereopened and al operationswere performed inaninert-gas
flushed glove bag under apositive pressure of nitrogen gas. Aqueous sol utions, when used, were prepared
from de-ionized water which had been sparged with and stored under inert gas to remove dissolved
oxygen. Cod sampleswereremoved from the glove bag only after they had been placed in the samplecell
and capped.

Theeffect of pH wasinvestigated by pre-treating the cod in aqueousdurriesto pH valuesof 2.4,
6.2, and 12. All procedureswere performed in anitrogen-flushed glovebag. ThepH vaueof 2.4 was
achieved by the dow addition of 3.1mM H,SO, to the coal-water durry. The pH of 12 was achieved in
asmilar fashion usng 10 mM NaOH. Thevaueof 6.2 representsthe solution pH resulting from thesmple
mixing of only the cod and water. The codswerefiltered and dried overnight in avacuum oven a 60°C
prior to being loaded into the sample cells.

Results
Effect of Temperature

Thetemperature dependence of the carbon dioxide adsorption isothermsfor the Argonne Premium
Upper Freegport Cod isshowninFigure2. Theisothermsobtained for thethreelower temperatureswere
self-congistent and the entire range of datais plotted. At the highest temperature (55°C), the extent of
adsorption at pressures above 300 psia continued to increase linearly and, at 700 psia, had surpassed the
extent of adsorption observed at the lower temperatures. While thismay indicate aphysical changeinthe
coal at the highest temperature, thereproducibility of thisresult needsto be confirmed and so thisportion




of theisothermisnot depictedin Figure 2. Withinthe pressure-temperaturerange shownin Figure 2, the
carbon dioxide adsorption isotherms appear to be non-Langmuir. They fail to approach alimiting value
at high pressures aswould be predicted by the Langmuir equation. Instead, the amount of carbon dioxide
adsorbed becomes nearly linear in the higher pressureregion. 1t should be mentioned that the critical
temperature and pressure of carbon dioxide are about 31°C and 1070 psia, respectively (Weast 1979).
At temperaturesbel ow thecritical temperature, increasing pressurewill ultimately result in condensation
of the carbon dioxide and the apparent amount of “adsorbed” CO, would rapidly increase. At
temperaturesand pressures abovethe critical point, CO, existsasasupercriticd fluid. The conditions of
the experiments depicted in Figure 2, lie in the gas phase region of the CO, phase diagram.

Theincremental amount of carbon dioxidethat can be adsorbed by the cod drops off dramaticaly
a higher pressures. For example, the amount of carbon dioxide adsorbed during the gpplication of thefirst
100 psi of CO, pressure (0-100 psid) amountsto 0.6 to 0.9 mmole per gram of coal, depending on the
temperature. However, the additiona amount of CO, adsorbed during the addition of the last 100 ps of
CO, pressure (600-700 psi) amountsto lessthan an additional 0.1 mmole per gram. From apractica
stand-point, thismeansthat disproportionately higher pumping costs per pound of CO, will beincurred at
higher sequestration pressures.

In the pressure-temperature region studied, the CO, capacity of the coal did not exceed
1.4 mmole CO,/g coal. This adsorption value corresponds to a CO, storage density of about 85 kg
CO,/m3coal. For comparison, the density of liquid phase CO, is 600 kg/m? (at 30°C).

The effect of increasing temperature isto decrease the equilibrium adsorption capacity of the cod.
Thisisexpected because higher temperaturesincreasingly favor the gas-phase duetothe T2S entropy term
inthefreeenergy expresson. Thismeansthat otherwise equivaent, but deeper, warmer seamswill adsorb
less CO, at a given pressure than shallower, cooler ones.

Theaverageisosteric heat of adsorption was calculated to be 4.85 + 0.26 kcal per mole of CO,
adsorbed (20.3 + 1.1 k¥mole). Thisishigher than the heat of vaporization of CO, in thistemperature
rangewhichisonly about 1.3 kca/mol, even at the lowest temperature. However, thisvalueislower than
the 12 kcal/moal (50 kJmol) value measured viacaorimetry, abeit at very low coverage (Starzewski and
Grillet, 1989). Nodzenski (1998) found arange from 6 to 14 kcal/mol (26-59 k¥mol) for a selection of
hard cods. Cod containsawidevariety of adsorption stes. Thermodynamicswould suggest that the most
active siteswould be occupied first and provide the greatest heat of adsorption. Thus, it isto be expected
that the heat evolved per mole of CO, at low coverage would be higher than the heat evolved at high
coverage. Wefind that the strength of the average, high-coverage, interaction is about the same asfor a
hydrogen bond, about 5 kcal/mol. Thisisin qualitative agreement with resultsthat have related the CO,
adsorption capacity to oxygen functiondity (Nishino 2001). Thus, it gppearsthat the binding energy found
here falls between simple condensation and the higher energy adsorption onto the more active sites.

Thechangein the heat of adsorptionwithincreasing extent of adsorptionisshowninFigure 3. The
dight drift to higher heet val uesat coverages below 1 mmole/gram amountsto lessthan 2kca/mole. This
may reflect small changes resulting from fresh adsorption Sitesbeing made available during coa swelling.
Coa sswell upon exposureto CO, and the extent of expansion increaseswith increasing CO pressure
(Reucroft and Patdl 1986, Reucroft and Sethuraman 1987). However, the gpplication of an externd load
limitsthe extent of cod swelling (Walker et d. 1988) soitspractical influence on coa-seam sequestration
may be limited by the over-burden pressure. The sharp decrease in the heat of adsorption at coverages
above 1.2 mmole/gram may be due to the saturation of more reactive adsorption sites on the coal.



Effect of pH

The effect of pH on the chemistry of agueous CO, iswel known (Stumm and Morgan 1996). At
apH of 9, dissolved CO, exists as the carbonate ion and mineral carbonates are stable. At apH of 2,
minera carbonates dissolve, the CO, that can remain dissolved existsasH O ;and CO, ;, and CO , gy
isproduced. ThepH of an aqueous solution a so affectsthe surface of amaterid it isincontact with. In
the case of coal, at the higher pH value, the carbonaceous surface, being in an environment above its
isodlectric point, assumes anet negative charge. At thelower pH value, the carbonaceous surface assumes
anet positive charge. WhileapH of 9will favor, and apH of 2 disfavor, the aqueous capture of CO,,
the effect of being above, or below, the carbonaceousisod ectric point isnot so obvious. An example of
theimportance of agueous parametersto cod-gasinteractions can be seen in the case of the cod floatation
process where not only pH but also salinity isimportant for bubble attachment (Li and Somasundaran
1993). Because of the potential importance of pH, we have studied its effect on the ability of the organic
matrix to adsorb CO, in the absence of the agueous phase as a confounding factor.

Theeffect of the cod surface pH wasinvestigated by pre-soaking the coa using aqueousdurries
at pH vauesof 2.4, 6.2, and 12. The coaswerefiltered and dried overnight in avacuum oven at 60°C
prior to being loaded into the sample cells. These three samples were then compared to each other and to
an untreated aiquot of the same cod which had not been oven dried. The effect of these treetments on the
CO, adsorption capacity of the coal isshowninFigure4. Notethat the coa weights have been adjusted
to adry, ash-free (daf) basisto account for the different levelsof mineral matter and moistureintheorigina
sample and these |aboratory-generated samples.

The mgjor difference observed isthe lower extent of adsorption for those samples that were
treated, regardless of treetment. Because these samplesweredl ovendried whereasthe virgin samplewas
not, the assumption that such mild drying would not affect the results may not bevaid. Moistureremova
isknow to affect the porosity and transport properties of cods, especidly lignite and subbituminous cods,
but the effectsare usualy mildfor higher rank coadswhen the drying temperatureisbel ow 100°C (Suuberg
etd. 1993). Y, thistrend isopposite to that found for the methane adsorption capacity which increased
when the moisture was removed from the coal pores by drying (Joubert et al. 1974). Because of the
uncertain effect of the drying, it isreasonable to limit the discussion of pH effectsto the three treated
samples.

Asseenin Figure 4, both acid treatment to apH of 2.4 and abase treatment to apH of 12 result
inanincreasein adsorption capacity compared to the coal treated with only de-ionized water. The Upper
Freeport coa hasalow-temperature ash content of 15%, which includes acid soluble mineralssuch as
calcite(Vorres 1993). The proximateanaysisof the acid-washed coa showed an ash reduction from
13.0%t0 11.8%. If remova of acid-soluble mineralsresulted in increased accessible porevolume, then
increased CO, capacity would be expected. Theash content of the basetreated coa wasreduced by only
0.2%. Inthiscaseit seemsmorelikely that any increase in capacity would be due to surface-adsorbed
NaOH. If water isalso present, alkali metal hydroxides react with CO, to form carbonates. Whatever
the mechanism, the acid treatment appearsto have a greater effect than the base or neutral treatmentsin
theseinitial experiments.



Application

Adsorptionisothermsand related information are needed for effective CO, sequestration modeling.
For example, parameters such asthe heat and rate of CO, adsorption, the heat capacities of the coal seam
components, and thetherma  conductivity of the surrounding mediamust be known or estimated in order
to cal cul ate coal-bed temperaturerisesfor various pumping scenarios. Asshowninthiswork (Figure 2),
the temperature dependence of the adsorption isotherms can serioudy affect the sequestration capacity.
Incompletdy filled cod seams, or timewasted while waiting for aseam to cool, eventud|ly affectsthe cost
of the sequestration. Similarly, the estimated cost of alternative sequestration scenarios, such as co-
sequestration of acid gases, need to take into account changesin the sequestration chemistry, such as
increased pore capacity due to mineral dissolution or other surface changes.

Future Activities

In addition to compl eting the experiments discussed above, atask devoted to the study of these
interactions using techniques adopted from inverse chromatography (1C) will be pursued. Oneof the
mag or advantagesof |Cistheability to generate the entire adsorption and desorption isotherm fromasingle
experiment. Theapplicationof 1Cto physicochemical researchiswell established (Paryjczak 1975) and
hasbeenimplementedin both gaschromatography (GC) and high pressureliquid chromatography (HPLC).
Here, wewill be employing conditions appropriate to supercritical fluid chromatography (SFC) aswell.
In the IC experiment, properties of the solid, stationary phase are investigated using known solutes
(probes), as opposed to the typica chromatography experiment in which aknown stationary phaseisused
to study an unknown gas mixture. Techniquesincluding frontal anaysis, displacement chromatography,
elution-on-a-plateau, thermo-desorption, and pulse injection can be used to obtain physicochemical
measurements such as the extent of irreversible adsorption, adsorption isotherms, and energies of
interactions. Some techniques, such asthosethat require linear chromatography conditions, may not be
possible under the conditions we wish to explore for geologic sequestration, whereas others, such as
elution-on-a-plateau, seem directly applicable.
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The Formation of a Typical CO, Adsorption Isotherm
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Figurel. Formation of the Adsorption Isotherm by Summing the
Incremental Moles Adsorbed

Temperature Effect on
CO2 Adorption of Upper Freeport Coal
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Figure2. Effect of Increasing Temperature on the Upper Freeport
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Heat of Adsorption asa Function
of the Amount of Carbon Dioxide Adsor bed
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Figure3. Changein the Isosteric Heat of Adsorption of CO, asa
Function of Coverage.

Effect of pH on CO, Adsorption Capacity
of Argonne Premium Upper Freeport Coal
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