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The effect of acidic or basic pre-treatment on the adsorption capacity of CO2 on coals was investigated.
Argonne Premium Pocahontas No. 3, Upper Freeport, Pittsburgh No. 8, Lewiston–Stockton, Blind
Canyon, Illinois No. 6, Wyodak, and Beulah–Zap coals were washed in weak solutions of H2SO4 and
NaOH to the pH values of 10, 7, and 2, after an initial washing in acidic water. Attempts to treat the
Wyodak and Beulah–Zap coals were unsuccessful because the base treatment after the initial acid treat-
ment resulted in a suspension which could be separated neither via filtration through a 45 lm filter nor
centrifugation. Equilibration took several days in some cases, although the as-received coal had been
ground to 150 lm. Acid washing preferentially removed Ca (calcite) and Mg. Aluminosilicate clays were
not notably removed. Iron was removed in significant amounts only after base treatment, possibly after it
was converted to hematite. The adsorption capacity of CO2 on the acid treated coals was higher than both
the base treated and untreated coals. The difference in adsorption capacities for acid and base treated
coals was related to the pore sizes and mineral matter removal from the coals, where the calculated aver-
age pore size was higher for acid treated coals than for the base treated coals. It is concluded that the pH
decrease due to CO2 dissolution in cleat water is favored in coal seam sequestration, which resulted in an
increase in storage capacity of coals.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Sequestration of carbon dioxide (CO2) in unmineable coal seams
is one of the geological strategies being considered to mitigate
increasing atmospheric concentrations of CO2 [1,2]. Injected CO2

is expected to flow through the natural fractures within the coal
seam and to diffuse into and be sorbed by the organic matrix of
the coal [3–8]. It is also expected that the injected CO2 will lower
the pH of any water entrained in, or wetting the surface of, the coal
due to the high-pressure dissolution of CO2 [1,9–11]. In addition,
some sequestration scenarios include co-sequestration of the
acidic gases such as SOx and NOx, which would depress the pH fur-
ther [10,12]. Post-sequestration scenarios may also include the
intrusions of fresh water or brines long after the sequestration field
has been abandoned, which could lead to alterations in the pH [13].
It is recognized that the adsorption capacities of coals are depen-
dent on a number of factors including temperature, pressure, rank
and moisture content of coals [1,2,14,15]. However, the effect of
the pH of the surrounding media on the adsorption capacity of
the coal matrix and the stability of the adsorbed CO2 has not been
extensively studied.
Change in pH can affect the coal and CO2 sequestration in sev-
eral ways. A decrease in pH can dissolve and extract mineral mat-
ter associated with the coal [16,17]. A pH change can alter the
surface charge of the coal [18] and disturb the intermolecular
interactions including hydrogen bounding, van der Waals interac-
tion, electrostatic forces, and ionic interactions responsible for the
3-dimentional (3-D) structure of the macromolecular network
[19–21]. Because the aperture size of a pore in the coal is important
for gases to access within the pores and because the maximum
adsorbed amount is related to the pore volume [22], all of these
may affect the storage capacity of the coal and the stability of
the adsorbed CO2.

Injected CO2 into a coal seam will decrease the pH and dissolve
and extract the mineral matter. Mineral matter in coal takes two
forms: inherent mineral matter and extraneous mineral matter.
Inherent mineral matter is found in relatively minor amounts in
the coal [23]. These minerals, once present as nutrients in the orig-
inal plant matter, were trapped in microscopic amounts during the
coalification process and, as a result, have become part of the
organic matrix [24]. The inherent mineral matter is generally found
embedded within the micropore system of the coal, associated
with the organic matrix, and cannot be easily removed [25]. The
second type of mineral matter is referred to as extraneous mineral
matter. These minerals have entered the seam via aqueous seepage
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during the coalification process. Because they tend to fill larger
cleats and fissures, extraneous deposits can range in size from a
few hundred microns to several cubic feet [26]. The bulk of extra-
neous mineral matter is composed mainly of pyrite, calcite, quartz,
and aluminosilicate clays [26]. With the possible exception of
quartz, these minerals are affected by either acidic or basic sur-
roundings through dissolution or ion-exchange. Calcite is particu-
larly sensitive to acidic aqueous surroundings [17].

In addition to the extraction of mineral matter, changes in pH
can alter the overall surface charge of coals [18]. It is well recog-
nized that solids in contact with solutions with a pH above their
isoelectric point acquire a net negative surface charge; those in
contact with solutions with a pH below their isoelectric point
acquire a net positive surface charge. The isoelectric point was
reported to be about pH � 3.8 for coals [18]. The CO2 sequestration
in water saturated coal seam will certainly decrease the pH in the
sequestration environment, the degree to which is dependent of
the pressure of the CO2. Thus, the acidic pH would replace the car-
boxylic salts, such as R-CO2M+1 and (R-CO2)2M+2 with the R-CO2H
form [27]. Similarly, less reactive, and less common, phenolic
groups in the coal matrix would be affected, transforming Ar–O–
M+2 to Ar–O–H. Here, Ar– represents the aromatic rings. Ubiqui-
tous nitrogen-containing groups, which are almost always found
in heterocyclic forms, usually take the form of basic pyridine
groups in higher-rank coals, and acidic pyrrole derivatives in lower
ranks [28]. Sulfur also plays a role in the organic matrix; however,
most of it is in the form of –SH groups [26]. Nitrogen and organic
sulfur groups typically do not interact with mineral matter in coal
and therefore can not be removed by acid or base treatment
although their chemical attributes can be changed. Consequently,
the properties of surface of a coal may change due to inherent sur-
face charge and the chemical composition of coal.

Change in surface charge may disrupt the intermolecular inter-
actions responsible for the 3-D structure of the macromolecular
network. The 3-D structure of coal is mainly maintained by the
covalent bonding as well as the secondary forces, the most impor-
tant of which are hydrogen bounding, van der Waals interaction,
electrostatic forces, and ionic interactions [29,30]. Disturbances
in such interactions may destroy the 3-D structure of coals, which
may affect the swelling and shrinkage properties as well as the
porous structure of the coal.

Any changes in pH during the CO2 injection may enhance the
CO2 storage. Literature is limited to clearly indicate the effect of
pH on the adsorption capacity and stability of the adsorbed CO2

on coals. For instance, Larsen et al. [21] showed that demineraliza-
tion did not affect the macromolecular structure of coals apart
from those due to ion exchange and removal of inorganics.
Mahajan and Walker [31] found random and significant changes
in surface areas of coals measured by adsorption of N2 and CO2

after removal of the inorganic matter from the coal by acid treat-
ment. Changes in surface areas of raw coals were attributed to both
physical removal of inorganic matter from the aperture cavity
system and the adsorption of acid on the coal surface. Nishino
[32] showed that CO2 adsorption on demineralized coal increases
proportionally to the concentration of carboxylic groups present
on the coal’s surface. Goodman et al. [33,34] have shown that
CO2 did not interact with the adsorbed water in coal evidenced
by Attenuated Total Reflectance-Fourier Transform Infrared
Spectroscopy (ATR-FTIR). Nevertheless, studies of the effects of
acidic and basic solutions on coal have frequently focused on the
demineralization of the coals [17,19,21,31]. Most of these investi-
gations have involved leaching the mineral matter in coal with
concentrated acid and base solutions at elevated temperatures
[21,31]. Results gathered from these studies are of questionable
applicability to carbon sequestration science because the coals
have been exposed to more extreme acidic or basic concentrations
than they would be in a natural sequestration setting. Additional
studies which attempt to simulate environmental levels of acid
and base is needed to better reflect the chemistry under in situ
conditions.

The current study attempts to investigate the effects of weak
acidic and basic conditions on the coal seam sequestration of CO2.
For this purpose, the various ranks of Argonne Premium coals were
treated in acidic, neutral, and basic pH conditions using diluteH2SO4

and NaOH solutions. In order to eliminate or reduce the influence of
the mineral matter removal during the subsequent pH treatments,
each coal was subjected to an initial acid treatment. Thus, with fur-
ther pH treatment, it was attempted to adjust the surface charge of
the coals to acidic, neutral, and basic pH values in order to compare
the adsorption capacity of CO2 on these treated coals.
2. Experimental

2.1. Coal samples and solutions

Coals were obtained from the Argonne National Laboratory
through the Premium Coal Sample Program [35]. The proximate
and ultimate analyses of the Argonne coals used are shown in
Table 1 [35]. The coal samples were received in glass ampoules
pulverized to a �100 mesh or less than 150 lm of particle size.
The sample handling was performed in an inert gas (helium)
flushed glove bag under a positive pressure of He. Because coals
rapidly and irreversibly adsorb atmospheric oxygen [36], efforts
were devoted to maintain an oxygen-free environment. Vials of
the Argonne Premium coals were opened after they were well-
mixed in accordance with the provided mixing instructions [35].
Coal samples were removed from the glove bag only after they
had been placed in the sample cell and capped.

Two acid solutions, one dilute and the other more concentrated,
were prepared by diluting 1.0 and 5.0 ml portions of �36 N H2SO4

with 125 ml apiece of de-ionized, de-aerated water. Similarly, two
NaOH solutions, one dilute and the other more concentrated, were
prepared by diluting 1.0 and 5.0 ml portions of 50 wt% NaOH solu-
tion with 125 ml de-ionized water. In any case, these dilute and
more concentrated acid (H2SO4) and base (NaOH) solutions are
no more than 3 and 15 wt%, and 0.4 and 2 wt%, respectively.

2.2. pH treatment of coal samples

A diagram of the sample preparation procedure is shown in
Fig. 1.

2.2.1. Initial acid treatment
Each coal sample was placed into 100 ml of de-ionized water

(resistivity 18.2 MX) in a 500 ml beaker and magnetically stirred
to form an aqueous slurry. The slurry was then titrated to an equi-
librium pH range of 1.90–2.10 with H2SO4 solution delivered in
1.0-ml increments with an auto pipette at room temperature.
The more concentrated acid was used initially then the more dilute
as the desired end point was approached. The pH was measured
frequently using an Orion Ross Ag/AgCl electrode, and the final
two readings were normally several hours apart to ensure com-
plete equilibration. The acid-washed coal was vacuum filtered,
using sterile 45 lm cellulose nitrate filters. The filtrate was saved
for later analysis. The entire process was performed under a N2

atmosphere in a glove bag.

2.2.2. Base treatment
In the glove bag under a N2 atmosphere, the acid-treated coal

was transferred to a clean 500 ml beaker, where it was again slur-
ried with 100 ml of de-ionized water. The slurry was then titrated



Table 1
Proximate and ultimate analyses of the Argonne Premium coal samples [57].

Coal sample Proximate analysis (wt%) Ultimate analysis (wt%, daf)

Seam State Rank Moisture Asha VMa C H O S N

Pocahontas No. 3 VA Low Vol. Bit. 0.65 4.74 18.48 91.05 4.44 2.47 0.50 1.33
Upper Freeport PA Med. Vol. Bit. 1.13 13.03 27.14 85.50 4.70 7.51 0.74 1.55
Pittsburgh No. 8 PA High Vol. Bit. 1.65 9.10 37.20 83.20 5.32 8.83 0.89 1.64
Lewiston–Stockton WV High Vol. Bit. 2.42 19.36 29.44 82.58 5.25 9.83 0.65 1.56
Blind Canyon UT High Vol. Bit. 4.63 4.49 43.72 80.69 5.76 11.58 0.37 1.57
Illinois No. 6 IL High Vol. Bit. 7.97 14.25 36.86 77.67 5.00 13.51 2.38 1.37
Wyodak-Anderson WY Subbit. 28.09 6.31 32.17 75.01 5.35 18.02 0.47 1.12
Beulah–Zap ND Lignite 32.24 6.59 30.45 72.94 4.83 20.34 0.70 1.15
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Fig. 1. Schematic showing the preparation of the coal samples.
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to an equilibrium pH range of 9.90–10.10 with NaOH solutions
delivered in 1.0 ml increments with an auto pipette at room tem-
perature. The more concentrated base was used initially, then the
more dilute as the desired end point was approached. Slow reac-
tion times, especially for the lower-rank coals, often necessitated
several days to achieve complete equilibration. The filtrate was
saved for later analysis. The coal was vacuum filtered, and allowed
to dry under inert gas atmosphere for several hours and approxi-
mately one-third of the coal was reserved for measurements as
the ‘‘Base-Treated” coal.
2.2.3. Neutralization
The remainder of the base-treated coal was slurried with

100 ml of de-ionized water in a clean 500 ml beaker in the glove
bag under a N2 atmosphere. The slurry was neutralized by titrating
with the acid solutions to attain an equilibrium pH in the range of
6.90–7.10. Because the previous washings had removed much of
the buffering capacity, back titrations with NaOH were sometimes
necessary to achieve equilibrium in this pH range. The lower
buffering capacity also resulted in a faster equilibration time. After
treatment, the coal was vacuum filtered and allowed to partially
dry. The filtrate was saved for later analysis. Approximately half
of the coal samples were reserved as the ‘‘Neutralized” coal sample.
2.2.4. Final acid treatment
The remaining coal sample was slurried with 100 ml of de-

ionized water in a clean 500 ml beaker in the glove bag under a
N2 atmosphere. The slurry was then titrated to an equilibrium
pH in the range of 1.90–2.10 with H2SO4 solutions delivered in
1.0-ml increments with an auto pipette at room temperature.
The coal was vacuum filtered, and allowed to dry under the inert
gas atmosphere for several hours. The filtrate was saved for later
analysis. The coal sample was then reserved for measurements as
the ‘‘Acid-Treated” coal.

Finally, all of the treated coal samples were placed in a vacuum
oven contained within a glove bag for an oxygen-free environment
and dried. The coals were dried at 75 �C repeatedly for four-hour
periods until a constant weight (+/� 1%) was obtained for two sub-
sequent weightings.

2.3. Estimation of ash content and metal analysis of washing extracts

The ash contents of the coal samples were obtained according
to ASTM D 2795-95 – Standard Test Method for Analysis of Coal
and Coke Ash. Metal analysis of the extracts was performed using
Inductively Coupled Plasma-Atomic Emission Spectrometry
(ICP-AES).

2.4. Adsorption isotherm measurements

The adsorption isotherms of CO2 on the pH treated and non-
treated Argonne Premium coal samples were obtained by volumet-
ric method. A description of the high-pressure manometric gas
adsorption apparatus and isotherm measurement method can be
found elsewhere [11,15,37,38]. Briefly, the apparatus consisted of
a reservoir cell of approximately 13 ml and a sample cell of about
6 ml; both submerged within a temperature-controlled water bath
(±0.1 �C). The pressure transducers for each sample cell were cali-
brated in the pressure range studied. Cell volumes were estimated
by the He-expansion method. An ISCO syringe pump was used to
deliver pressurized He or CO2 with a purity of 99.997% and
99.999%, respectively. A pressure range of 0–4 MPa was used at
22 �C. A 0.6–1.3 g aliquot of coal was used in each experiment.
Each sample was dried in-situ at 80 �C under vacuum for 36 h
before any measurements were performed. The void volume of
each sample cell, Vo, was estimated by helium expansion method
prior to the measurement of the adsorption isotherms.

After removing the helium under vacuum, the reservoir cell was
pressurized with CO2. About 10 min were allowed to achieve ther-
mal equilibrium, although a stable temperature reading was
achieved in about 3 min. Then, a portion of the gas was transferred
from the reference cell into the sample cell. Pressure and temper-
ature were monitored in both cells to verify thermal and adsorp-
tion equilibration. A 20–30 min of equilibration time was
sufficient for the adsorption of CO2 on powdered coal samples
(150 lm or �100 mesh) to reach equilibrium. The amount of CO2

within both the reference and sample cell were calculated using
the real gas law, which accounts for the gas compressibility [39].
From the mass balance, the difference between the moles of CO2
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transferred from the reservoir cell, nt, and the moles of CO2 calcu-
lated to be present in the He-estimated free-gas phase in the sam-
ple cell, Vo, was considered to be the Gibbs excess adsorption, Dnex.
The reference cell was then pressurized with additional CO2 and
the process was repeated. Adsorption isotherms were plotted as
the total amount of excess adsorbed CO2, nex, versus the measured
equilibrium pressure.

2.5. Evaluation of the adsorption isotherm data

The CO2 adsorption isotherm data were modeled using modi-
fied Dubinin–Astakhov equation, Eq. (1) [11,37,38], assuming a
pore filling mechanism

nex ¼ ð1� q=qaÞnoe
� RT

bEo
lnðPS=PÞ½ � j þ qDV ð1Þ

where nex is the experimentallymeasured amount of adsorption, q is
the density of the gas phase, qa is the density of the adsorbed phase,
no is the adsorption/micropore capacity, b is the affinity coefficient
between CO2 and the coal (b = 0.35 for CO2) [40], Eo is the character-
istic heat of adsorption, j is the structural heterogeneity parameter, Ps
is the saturation pressure, R is the universal gas constant, T is the
temperature, and DV is the unaccounted-for volume due to the gas
solubility in the coal matrix, to the coal swelling, and to any
over- or under-estimation of the void volume (Vo) in the sample cell
due to the assumptions underlying the choice of helium as the refer-
ence gas in the adsorption experiments [41–46]. The saturation pres-
sure (Ps) and the density of the adsorbed phase (qa) were calculated
using the relationships suggested by Reid et al. [47] andDubinin [48],
respectively. The calculated values were Ps = 5.886 MPa and
qa = 3.866 mmole/cm3 at 22 �C. Curve fitting was performed using
the SigmaPlot� spreadsheet regression data analysis.

When Eq. (1) is fit to the excess adsorption isotherm data, the
parameters, such as the adsorption capacity (no), the characteristic
heat of adsorption (Eo), the Dubinin coefficient (j), and the volu-
metric changes (DV) can be obtained from the best fit solution of
the CO2 excess adsorption isotherm data. The surface area, isosteric
heat of adsorption, and the average pore size of coals can also be
calculated using these parameters.

2.5.1. Calculation of surface area of coals
The surface areas of coals is calculated from the CO2 adsorption

capacity using Eq. (2):

S ¼ noNr ð2Þ
where N is Avogadro’s number (6.02 � 1023 molecules/mole) and r is
the cross-sectional area of the adsorbate (0.253 nm2 for one mole-
cule of CO2) [49].

2.5.2. Calculation of isosteric heat of adsorption
The characteristic heat of adsorption, Eo, can be related to the

isosteric heat of adsorption, Qst, Eq. (3) [3] at the fractional filling
/ of e�1 using the enthalpy of vaporization DHv at the boiling point
(17.1548 kJ/mole for CO2) [47].

Q st;/¼e�1 ¼ DHv þ bEo ð3Þ

Table 2
Ash content of pH treated coals.

Coals Ash content (%, moisture free basis)

Non-treated Base washed Neutralized Acid washed

Pocahontas No. 3 4.77 3.92 3.82 3.71
Upper freeport 13.18 12.87 12.69 12.43
Pittsburgh No. 8 9.25 8.86 8.59 8.42
Lewiston–Stockton 19.84 18.90 18.79 18.47
Blind Canyon 4.71 4.11 3.75 3.27
Illinois No. 6 15.48 14.55 13.30 12.75
2.5.3. Calculation of average pore size of coals from CO2 adsorption
isotherm

The Dubinin–Astakhov exponent, j, and the characteristic heat
of adsorption, Eo, are related to the surface heterogeneity of the
adsorbent [40,50]. From these two parameters, the average pore
sizes of coals can be calculated from Medek’s approach [40,50]:

re ¼ ðk=EoÞ1=3

C 3jþ1
3j

� � ð4Þ
where k (=3.145 kJ nm3 mol�1 for CO2) is a constant [50] and C is
the gamma function.
3. Results and discussion

3.1. pH treatment of coals

Eight of the Argonne premium Pocahontas No. 3, Upper Free-
port, Pittsburgh No. 8, Lewiston–Stockton, Blind Canyon, Illinois
No. 6, Wyodak, and Beulah–Zap coals were treated with dilute acid
(H2SO4) and dilute base (NaOH) solutions as described in the
experimental section. Attempts to similarly treat the Wyodak
and Beulah–Zap coals were unsuccessful because the base treat-
ment following the acid treatment resulted in a suspension which
could be separated neither via filtration through a 45 lm filter nor
centrifugation. Therefore, Wyodak and Beulah–Zap coals were
excluded from further evaluation.

Table 2 shows the ash content of the pH treated coals. The goal
of these experiments was to determine what effect surface charge
might have on the adsorption capacity of different coals. In a
sequestration environment, the surface charge of the coal would
be determined by the liquid phase in contact with it. In this study,
pH values of 2, 7, and 10 were chosen as representative of the cen-
tral and extreme values that might be encountered in a sequestra-
tion environment. To differentiate between the effects of mineral
dissolution and surface charge, all samples were initially treated
with weak acid solution prior to the final pH adjustment. As can
be seen, the magnitude of the mineral matter removal was highest
at the end of the initial dilute acid and base treatments, and it was
the least for the subsequent pH adjustments. For instance, the ash
content of Pocahontas No. 3 coal decreased from 4.77% to 3.92% at
the end of the initial acid and base treatments. The subsequent pH
adjustments reduced the ash content to 3.82% and 3.71% for the
neutralization and final acid treatment steps, respectively. The
ash content for the Pittsburgh No. 8 was reduced from 9.25% to
8.86%, 8.59%, and 8.42% at the end of the initial acid and base treat-
ment, neutralization, and final acid treatment steps, respectively.
Similarly, the ash content for the Illinois No. 6 coal was reduced
from 15.48% to 14.55%, 13.30%, and 12.75% at the end of the initial
acid and base treatment, neutralization, and final acid treatment
steps, respectively. Overall, very little mineral matter was removed
from each coal during the pH treatment using dilute acid and base
solutions at room temperature and most of the ash content was
retained in the coal samples. Although, the magnitude of the min-
eral matter removal was larger at the end of the initial dilute acid
and base treatments, subsequent pH treatments did not prohibit
extracting additional inorganics. Thus, considering the isoelectric
pH for coals (pH�3.8) [18], the pH treated coal samples were pre-
pared as negatively charged and positively charged at the end of
their final basic and neutral pH treatments, and the acidic treat-
ment, respectively, with small mineral matter removal.

The filtrates of the pH treated coal samples were analyzed for
their metal contents. Fig. 2 shows some of the metal contents from
the analytical results obtained on the filtrates collected from the
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initial acid treatment, base treatment, neutralization, and final acid
treatment of the Argonne Premium coals. The initial acid treatment
mostly removed calcium (Ca), magnesium (Mg), and iron (Fe). 60–
90% of the calcium reported to be in the coal [35] was removed
during the initial acid washing and 80–100% of it was removed
by the combination of washes. Calcite dissolution is the most likely
the source of calcium under acidic conditions.

CaCO3 þHþ ! Caþ2 þHCO�
3 ð5Þ

Filtrates from the base washing contained mostly potassium
(5–40% of the K within the coals). Subsequent neutralization with
H2SO4 consumed little acid. The filtrates contained basically K, Ca,
and Mg. The final acidification removed mostly Fe and some addi-
tional Ca, K, and Mg. The behavior of iron is particularly interesting.
The samples to show iron extraction upon the initial acidification
lends credence to the tentatively reported presence of siderite in
these coals [35]. In some cases, iron was not removed during the
initial acidification, but was removed during the final acidification
Si
Ti Al

P Fe Ca Mg Ba K
0

10

20

30

40

50

60

70

80

90

In
it.

 A
ci

d

B
as

e

Ac
id

N
eu

tr
.

Pe
rc

en
t R

em
ov

al
(%

)
Pocahontas No.3

Si
Ti Al

P Fe Ca Mg Ba K
0

10

20

30

40

50

60

70

80

90

In
it.

 A
ci

d

B
as

e

Ac
id

N
eu

tr
.

Pe
rc

en
t R

em
ov

al
(%

)

Upper Freeport

Si
Ti Al

P Fe Ca Mg Ba K
0

10

20

30

40

50

60

70

80

90

In
it.

 A
ci

d

B
as

e

Ac
id

N
eu

tr
.

Pe
rc

en
t R

em
ov

al
(%

)

Pittsburgh No.8

B

Il

Fig. 2. Analysis of the filtrates collected
subsequent to the base treatment. In these cases, pyrite (FeS2) may
have been removed according to reactions (6) and (7) [17]. The
hematite (Fe2O3) formed in reaction (6) is insoluble in base but sol-
uble in acid as shown in reaction (7).
30NaOHþ 8FeS2 ! 4Fe2O3 þ 14Na2Sþ Na2S2O3 þ 15H2O ð6Þ
Fe2O3 þ 3H2SO4 ! Fe2ðSO4Þ3 þ 3H2O ð7Þ
Other metals (Mn, P, Sr, Ba, and Mg), when present, are removed

in only small amounts (5–10%). Aluminum silicate clays are only
slightly reactive toward acidic and basic solutions at low tempera-
tures. However, it should be cautioned that the lack of solubility of
a certain mineral under these conditions may not be fully indica-
tive of the dissolution that may occur over prolonged periods. In
the current study, equilibration was considered complete when
the pH remained constant over 4 hours. In an actual sequestration
scenario, contact time may extend for hundreds of years. The equi-
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during the pH treatment of coals.
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librium concentrations and the composition of the mineral phases
that will ultimately be present are probably predicted better using
geochemical models.

3.2. Adsorption Isotherms of CO2 on pH treated coals

Fig. 3 shows the adsorption isotherms of CO2 on the pH treated
and untreated Argonne Premium Pocahontas No. 3, Upper Free-
port, Pittsburgh No. 8, Lewiston–Stockton, Blind Canyon, and Illi-
nois No. 6 coals. The isotherms were measured at 22 �C and
pressures up to 4 MPa. The error calculated for the experimental
apparatus was less than 3% [11,37,38]. The lines represent the
best-fit to the modified Dubinin–Astakhov equation, Eq. (1). As
shown in the figure, the excess adsorption isotherms of CO2 on
pH treated coals have similar rectilinear shapes with those of the
untreated coals. The difference in the adsorbed amount is small
at low pressures for each rank of pH treated and untreated coals
whereas the adsorbed amount deviates as pressure increases, espe-
cially for medium and low rank coals.

Eq. (1) has been derived to determine the actual adsorbed
amount or the absolute adsorption from the excess adsorption iso-
therms which are confounded due to volumetric inaccuracies
caused by phenomenon such as, but not limited to, gas solubility
in the solid matrix, to the matrix swelling and shrinkage during
the adsorption and desorption experiments, and to over- or
under-estimation of the coal volume associated with the adsorp-
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Fig. 3. Adsorption isotherms of pH-treated
tion of helium and/or the sieving effect (see Ref. [37] for the
details). The total excess adsorption is dominated by the absolute
adsorption term at low pressures indicating that low-pressure
adsorption studies (usually less than 0.1 MPa) are relatively free
of confounding interferences [38]. However, at higher pressures,
such as those of interest to carbon sequestration studies, the
unaccounted-for volumetric effects become competitive and even-
tually they dominate any incremental increases in observed excess
adsorption [11,37,38]. Thus, Eq. (1) was employed to interpret the
excess adsorption isotherms of CO2 on coals displayed in Fig. 3.

3.3. CO2 adsorption capacity of the pH treated argonne coals

Fig. 4 compares the adsorption capacity of CO2 on the pH trea-
ted and untreated coal of each rank obtained from the curve fitting
of Eq. (1) to the excess adsorption isotherm data. The adsorption
capacities of coal samples increase with increasing ash removal
with the sequences of the acid and then the base, neutral, and
acidic treatment, respectively. As shown in the figure, the adsorp-
tion capacity of CO2 on base treated coals is generally lower com-
paring to the untreated coal samples. The adsorption capacity of
CO2 on the neutralized coals is more or less the same with the
untreated coals, except for the Illinois No. 6 coal, whereas it is
greater for the acid treated coals. Because the removal of mineral
matter increases the aperture size of pores and creates extra pore
space for adsorption, the removal of the mineral matter from coals
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is expected to increase the adsorption capacity of pH treated coals
comparing to the untreated coal. This is true for the pH-treated
coals such that, as shown in Fig. 4, the adsorption capacity
increases as more and more ash is removed from the coals. How-
ever, as can be seen from the figure, although the mineral matter
removal at the end of the initial acid, and then, the base treatments
is bigger than the subsequent neutralization and acid treatment
steps, the adsorption capacity of the base treated coals is still lower
than that of the untreated coals. The neutralized coals have more
or less the same adsorption capacity with the untreated coals even
though more mineral matter was removed. The acid treated coals
have always higher CO2 adsorption capacity and higher ash
removal compared to base, neutralized, and untreated coals.

The relatively lower adsorption capacity of base treated coals,
albeit their ash contents were reduced, may be explained by the
effect of the surface charge and its effect on the 3-D structure of
coals. At pH greater than the isoelectric point (about 3.8) [18] for
coals, most of the coal surface is negatively charged. The removal
of the Ca and Mg from the coal structure at the end of acidic and
then basic treatment as well as during the neutralization steps
may convert the carboxylic groups in their ionic forms. At pH of
2, which is lower than the isoelectric point for coals (about 3.8),
most of the coal surface is positively charged. The removal of the
Ca and Mg from the coal structure at the end of acidic treatment
may convert the carboxylic groups in their protonated forms rather
than in their salts. The negatively charged surface would possess
stronger surface interactions, which make the coal structure more
rigid. Consequently, the 3-D structure of the coal may be affected
by the negatively or positively charged surfaces of the coal.
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Fig. 6. Characteristic heat of CO2 adsorption on pH-treated Argonne Premium coals.
3.4. Surface area of the pH treated argonne coals

The surface areas of the pH treated and untreated Argonne coals
were calculated from the CO2 adsorption capacity using Eq. (2).
Fig. 5 compares these calculated surface areas of pH treated coals
to the surface areas from the literature, which were calculated
from data obtained under more traditional, low-pressure experi-
mental conditions [42]. Because the volumetric effects are small
at low pressures, the literature data obtained at low pressures
report surface areas which are relatively free of error. The compar-
ison in Fig. 5 shows that the surface area estimated from high pres-
sure adsorption isotherms in Eq. (2) are in good agreement with
the low pressure adsorption isotherm values reported by Larsen
et al. [42] for the same set of Argonne coals. Only Illinois No. 6 coal
failed to give equivalent results, which is mostly due to the differ-
ent moisture content of coals as indicated by these authors [42].
Good agreement is obtained only if the volumetric effect, DV, is
taken into account. When the DV effects were not accounted for
in the high-pressure data, the estimated surface areas were about
15% to 40% higher for these coals. As shown in the figure, the sur-
face area of the acid treated coals is higher than the base treated,
the neutralized, and the untreated coals. The surface area of base
treated coals usually lower than the acid treated, and the neutral-
ized coal while the neutralized coals follow similar trend with the
untreated coals.
3.5. Isosteric heat of adsorption

Fig. 6 shows the isosteric heat of adsorption of CO2 on the pH
treated and untreated coals. As shown in the figure, the isosteric
heat of adsorption is generally higher for the base treated coals
compared to the acid treated, neutralized, and untreated coals.
The isosteric heat of adsorption is generally similar for the neutral-
ized and untreated coals whereas the isosteric heat of adsorption is
generally lower for the acid treated coals. The literature data
related to the isosteric heat of adsorption of pH treated coals is lim-
ited for comparison. Here, the agreement between the isosteric
heat of adsorption obtained for the Illinois No. 6 using the modified
D-A equation, Eq. (2), and that reported by Glass and Larsen [51]
using the inverse gas chromatography is in excellent agreement.
The range and magnitude of these values suggests a physical-
adsorption mechanism rather than a chemisorption mechanism.

It is recognized that the heat of adsorption is related to the
degree of interaction between the adsorbed CO2 and the chemical
groups on the surfaces of the coal as well as the pore size of the
coal [40,51]. Therefore, the higher isosteric heat of adsorption for
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the base treated coals may be due to the stronger interaction of
CO2 with the negatively charged surface groups such as ionized
carboxylic and deprotonated amine groups [32]. Or, as will be
shown next, the higher isosteric heat of adsorption may be due
to the narrower pore sizes resulted in the pH treatment of coals.
A wider pore volume requires a low isosteric heat of adsorption,
and a narrower pore size requires a higher isosteric heat of adsorp-
tion due to overlapping the surface potential of a pore [48].

3.6. Average pore size of the pH treated argonne coals reported by CO2

The adsorption of CO2 can be used to characterize the microp-
orous structure of coals [48,52,53]. The Dubinin–Astakhov expo-
nent, j, and the characteristic heat of adsorption, Eo, are related
to the surface heterogeneity of the adsorbent [40,50]. From these
two parameters, the average pore size of a porous adsorbent, re,
can be calculated from Medek’s approach [40,50]. Fig. 7 shows
the average pore size of the pH treated and untreated coals. As
shown in the figure, the average pore size for the base treated coals
is generally lower comparing to the acid treated, the neutralized,
and the untreated coals. The pore sizes are generally similar for
the neutralized, and untreated coals. On the other hand, the aver-
age pore size for the acid treated coals is generally higher compar-
ing to that of the base treated, neutralized and untreated coals. The
data suggest that removal of ash from coals creates extra pore
space in pH treated coals, which, as discussed earlier, affects both
the adsorption capacity and the isosteric heat of adsorption of CO2

on coals.

3.7. Volumetric effects

Fig. 8 shows the volume changes estimated from the adsorption
isotherm measurement over the 4 MPa range. As discussed in our
previous papers [11,37,38], the DV term in Eq. (1) results from
either the volumetric changes due to the solubility of CO2 in the
solid coal matrix, to the swelling and shrinkage of coals during
the adsorption isotherm measurements, as well as to any over-
or under-estimation of the skeleton volume of the coal due to
the adsorption of He and/or the sieving effect between the He
and CO2. This volume effects are the origin of the rectilinear shape
of the adsorption isotherm at high pressures. When these volume
changes were not considered in the evaluation of the adsorption
isotherm data, the estimated values of the physical constants in
the absolute adsorption model equation were overestimated [38].
As shown in the figure, magnitude of the volume effects for the
pH treated coals are generally less than the volume effects
obtained for the untreated coals. The less volume change may indi-
cate maintaining a more rigid 3-D structure of the coal.
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isotherms at 22 �C.
Even if initially dry, the coal seam will certainly become wet as
a result of drilling operations, fracturing of the coal bed and over-
lying strata, and the deposition of a combustion gas which may
contain residual water of combustion. Thus, an aqueous phase will
be present and will vary in composition according to its source and
the nature of the coal bed and the surrounding minerals with
which it is in contact. In natural systems, pH is often an important
parameter [54] and it will change during sequestration. Because of
the formation of carbonic acid, the pH within the sequestration
media will drop up to around 3 at high CO2 pressures, favoring
the dissolution of calcite. This may be beneficial if mineral dissolu-
tion provides better access to the organic matrix, but would be
detrimental if dissolution of cap-rock resulted [8,55]. The effect
of the sequestration on pH would be more dramatic for those sce-
narios in which the SOx and NOx were not removed by prior sepa-
ration and are sequestered along with the CO2 [10].

It has long been known that coal is an excellent substrate for gas
adsorption. Studies have shown that the capacity that coals adsorb
CO2 is higher than the gases such as N2 and CH4 [56]. The adsorp-
tion capacity is dependent on the nature of the coal itself such as
rank and moisture content of coals and the sequestration environ-
ment such as temperature and pressure. It has been shown in this
study that pH could also be an important environmental parame-
ter. It directly affects the mineral matter content, the surface
charge, and the associative characteristics of the layered structure
of the coal matrix.
4. Conclusion

Sequestration of CO2 in unmineable coal seams has been pro-
posed one of the geologic strategies to mitigate the increasing con-
centrations of CO2 in the atmosphere. Injection of CO2 into wet coal
seams will certainly result in the dissolution of CO2 in water and
reduce the pH within the cleat system surrounding the coal matrix.
There are two consequences of pH variation in coal seams. One is
the dissolution of mineral matter in coal, and the other is the alter-
ation of its surface charge. The extraction of minerals from a coal is
expected to increase the surface area of the organic matrix avail-
able for CO2 adsorption. Also, acidic pHs would cause to increase
the adsorption capacity by removing the mineral matter from the
pores entrances which block the pore apertures. As a matter of fact
while acidic pHs favor the enhanced CO2 storage capacity, basic
pHs seemed to disfavor it because the negatively charged surface
seems to maintain a more rigid structure of coals with smaller
pores. Therefore, it is concluded that the pH decrease due to CO2

dissolution in cleat water is favored in coal seam sequestration,
which resulted in an increase in storage capacity of coals.
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