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ABSTRACT: One of the essential factors for water adsorption on
silica gels is the concentration of silanol groups on the silica surface.
However, no systematic investigation on the adsorption of sour gas
components, methane (CH4), carbon dioxide (CO2), and hydro-
gen sulfide (H2S) on silica gels with different textural properties
and surface silanol concentrations, has been conducted. Three silica
gels of 22, 30, and 60 Å pore sizes, with silanol concentrations of
αtotal = 2.516, 2.340, and 2.152 OH nm−2, respectively, were studied
in this work. The adsorption data for CH4, CO2, H2S, and H2O at
T = 0, 25, and 50 °C on the 22 and 30 Å pore size silica gels were
presented, and a comparison of the data for the 60 Å pore size silica
gel on the same adsorbates was conducted. All three silica gels showed an adsorption affinity in the order of H2O > H2S > CO2 >
CH4. The isosteric heats of adsorption of H2O and H2S had a greater dependence on the silanol concentration than CO2 and CH4.
At p < 10 bar, there was no difference in the adsorption per m2 of CH4 between the silica gels (nads = 1.7 mmol m−2, for all silicas at p
= 10 bar), while higher pressures resulted in greater adsorption capacity in the larger pore volume silica gels (at p = 20 bar: nads = 3.0,
3.3, and 3.4 mmol m−2 for the 22, 30, and 60 Å pore size silicas, respectively). H2S adsorption at low pressures (p < 4 bar) was larger
on the samples with larger silanol concentrations (at p = 3 bar: nads = 6.1, 4.7, and 4.5 mmol m−2 for the 22, 30, and 60 Å pore size
silicas, respectively), but above p = 4 bar, the 60 Å pore size silica had a greater adsorption capacity than the 30 Å pore size (at p = 5
bar: nads = 8.0, 6.0, and 6.2 mmol m−2 for the 22, 30, and 60 Å pore size silicas, respectively).

1. INTRODUCTION
Water removal from natural gas is a necessary industrial
process for mitigating pipeline corrosion, avoiding hydrate
formation within transportation lines, and avoiding solids
within liquefaction. Absorption by glycol is the favored
technology for removing water from natural gas, but solid
desiccants are preferred when low dew points are required
(such as in cryogenic systems) or in remote locations where
space is limited (such as off-shore rigs). Silica gels are a
common desiccant choice as they can reach lower dew points
than glycol units and are inexpensive compared to hygroscopic
zeolites.1

It is well known that water adsorption on silica gels is
impacted by the concentrations of silanol groups on the surface
of the material.2 Water molecules will hydrogen bond with the
exposed silanol groups, which therefore increases the affinity of
the surface to water. Thermal treatment of silica gels can
reduce silanol concentrations, while treatment with water will
regenerate or even add additional silanol groups to the surface
of silica gels.2,3 Further investigation into water adsorption on
silica gels indicates that the silanol groups are expected to be
the most important factor for water adsorption rather than
varying pore sizes of silica gels.4

While the impact of silanol groups on water adsorption has
been readily studied for the past few decades, there are limited
investigations on how silica functionality impacts the

adsorption of other components of natural gas. Note that
natural gas is primarily composed of methane (CH4) but can
also contain carbon dioxide (CO2), hydrogen sulfide (H2S),
water (H2O), and heavier hydrocarbons (ethane, propane,
butane, etc.).5 Of interest, Kim and Jang conducted a
molecular simulation study on the adsorption of CO2 on
amorphous silica surfaces.6 The authors demonstrated that
water adsorption on silica reduces the adsorption of CO2,

6 an
effect also observed in experimental systems.7 Furthermore,
lowering the silanol concentration on the silica surface reduced
the amount of CO2 adsorbed.6 Another molecular dynamics
simulation by Mohammed et al.8 showed that CO2 and CH4
both preferred the silanol sites over CH3-terminated silica
surfaces. These computational studies support increasing the
silanol concentration to increase the affinity of natural gas
components to silica surfaces.

While computational studies indicate that increasing the
surface silanol concentrations of silica gels would increase the
affinity of CO2 and CH4 to the silica, no lab-scale experiments
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have investigated these correlations.9 Correlations for the
adsorption of H2S on a silica surface are uncommon and only
one study reports the isosteric heat of adsorption for H2S on a
silica gel in the literature. Additionally, H2S is a difficult species
to work with due to the inherent toxicity of the fluid;10 thus,
adsorption experiments with pure H2S are uncommon.
Investigations into the adsorption behavior of the major
components of natural gas are important for modeling
applications, where multicomponent adsorption models can
be used to estimate the separation of mixtures on an adsorbent
bed.

In this work, the adsorption of the natural gas components
H2S, CH4, and CO2 was measured using a manometric
adsorption instrument on two silica materials. The isosteric
heats of adsorption and the adsorption capacities of H2S, CH4,
CO2, and H2O of different silica materials were compared to
the silanol concentration of the silica gels and results on how
the porosity, specific surface area, and silanol concentration of
the silica gels impact the adsorption of the different
components were discussed.

2. RESULTS AND DISCUSSION
2.1. Material Characterization. The specific surface area,

porosity, and silanol concentration of the three silica gels are
reported in Table 1. As expected, the 22 Å pore size silica has
the greatest specific surface area of the three silica gels, and it is
the only silica gel with a measured microporosity from the t-
plot. In addition, TGA of silanol groups on the silica surface
showed that the 22 Å pore size silica had the greatest
concentration of silanol groups. When the N2 physisorption of
the silica gels was analyzed, the 22 Å pore size silica showed a
type I isotherm (Figure 1A), while the 30 and 60 Å pore size
silicas showed type IV isotherms (Figure 1B,C). All three silica
gels showed hysteresis during the desorption, but the 22 Å
pore size silica showed minimal hysteresis around p/po = 0.4−
0.5. The hysteresis loop of the 30 Å pore silica gel resembles
the H2(a) type, typical of silica gels with a complex pore
structure.11 The 60 Å pore silica showed a type H1 hysteresis
loop, typical of uniform mesopores.11 From the distribution of
surface area over the different pore sizes, as shown in Figure
1D, there is a clear maximum surface area for the 30 and 60 Å
pore size silicas at wpore = 35 Å and wpore = 56 Å, respectively.

Table 1. Surface Area, Porosity, and Silanol Concentrations of the Three Silica Gels

22 Å pore size silica 30 Å pore size silica 60 Å pore size silica

ABET/m2 g−1 641 ± 12 470 ± 2 453.5 ± 0.6
Amicropore. t‑plot/m2 g−1 201
Vpore/cm3 g−1 0.40 0.52 1.07
Vmicropore. t‑plot/cm3 g−1 0.10
δtotal/mmol g−1a 2.678 ± 0.001 1.828 ± 0.005 1.621 ± 0.004
αtotal/OH nm−2b 2.516 ± 0.001 2.340 ± 0.006 2.152 ± 0.006
αvicinal/OH nm−2 0.8793 ± 0.0004 0.471 ± 0.001 0.489 ± 0.001
αgeminal+isolated/OH nm−2 1.6371 ± 0.0008 1.869 ± 0.005 1.663 ± 0.005

aThe silanol concentration as mmol g−1. bThe silanol concentration normalized to the number of silanols per nm2.

Figure 1. N2 adsorption isotherms at T = 77 K for the 22 (A), 30 (B), and 60 Å (C) pore size silica gels. For (A−C), black symbols (solid black
lines) represent adsorption and red symbols (dashed red lines) represent desorption. The As versus pore width plot for the 22 Å (red. □), 30 Å
(green, Δ), and 60 Å (blue, ○) pore size silica gels (D). For all four graphs, the lines connecting the points guide the eye.
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In contrast, the 22 Å pore size silica continues to increase in
the micropore region. The number of silanol groups per nm2

(αtotal) for the three silica gels is in the range of αtotal = 2.152−
2.516 OH nm−2, which is lower than Zhuravlev’s number of
αtotal = 4.9 OH nm−2 for the average silanol concentration on
silica gels.12

All three silica gels showed an isolated silanol peak at ∼3740
cm−1 in the diffuse reflectance infrared Fourier transform
(DRIFT) spectra (Figure 2).3 Interestingly, there are three
peaks within the OH stretching range at 3120−3280, 3360−
3520, and ∼3680 cm−1 for all three silica gels, but with varying
peak heights between materials which likely correspond to
hydrogen bonding of adsorbed water to different adsorption
sites. The Si−O−Si peaks were observed in the range of 1060−
1100 and ∼1220 cm−1.13 The 60 Å pore size silica had the
smallest silanol peak at ∼980 cm−1 of the three silicas, while
the 22 and 30 Å pore size silicas showed similar shapes and
sizes for the silanol peak. A qualitative assessment of the
DRIFT results indicates that the 60 Å pore size silica has the
least number of silanol groups of the three silica gels. The 22

and 30 Å pore silicas showed similar DRIFT spectra. Analysis
of the silanol concentration of the three silica gels was done by
comparing the ratio of the maximum peaks for the silanol
groups (∼980 cm−1) with the bulk silica (∼1100 cm−1).
Comparing the Si−OH/Si−O−Si ratio from the DRIFT
spectra with the silanol numbers from the TGA experiments
shows a linear correlation with an R2 = 0.9997 between the two
methods, indicating agreement between the two techniques for
the silanol concentrations (Figure 3).
2.2. Adsorption Isotherms. The adsorption isotherms of

CH4 (Figure 4), CO2 (Figure 5), and H2S (Figure 6) are
shown in Figures 4−6 for the 22, 30, and 60 Å pore size silica
gels. The fitting parameters for the modified Tot́h equation are
presented in Table 2, and the isosteric heats of adsorption are
presented in Table 3. The adsorption isotherms for the 60 Å
pore size silica gel were collected previously by Wynnyk et al.9

on the same adsorption instrument and the data were refit for
the modeling used in this work. The adsorption affinity for the
sour gas components on all three silica gels followed the H2O
> H2S > CO2 > CH4 order. Silanol groups are polar moieties

Figure 2. DRIFT spectra of the 22 Å (red), 30 Å (green), and 60 Å (blue) silica gels.

Figure 3. atios of Si−OH (∼950 cm−1) and Si−O−Si (∼1100 cm−1) vs the silanol number of the three silica gels. The solid line indicates a linear
fit.
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capable of hydrogen bonding with species such as H2O. Due to
polarity and polarizability, it is reasonable that the H2S
molecules would have stronger interactions with the silanol
groups than the non-polar and relatively unpolarizable CO2

and CH4 molecules. The data on H2S, CO2, and CH4
adsorption for the 22 and 30 Å pore size silica gels are
presented in the Supporting Information; this included the
uncertainties of the measurements. The water adsorption data

Figure 4. CH4 adsorption isotherms (A−C) for the 22 (A), 30 (B), and 60 Å (C) pore size silica gels. For (A−C) the different symbols (□, Δ)
represent replicates of the experiments and the lines represent a fitted modified Tot́h equation collected at T = 0 °C (blue), 25 °C (green), and 50
°C (red). The isosteric heats of adsorption (D) of CH4 for the 22 Å (black, □), 30 Å (black, Δ), and 60 Å (black, ○) pore size silica gels. The data
for the 60 Å pore size silica gel were obtained and replotted from the work of Wynnyk et al.9

Figure 5. CO2 adsorption isotherms (A−C) for the 22 (A), 30 (B), and 60 Å (C) pore size silica gels. For (A−C) the different symbols (□, Δ)
represent replicates of the experiments and the lines represent a fitted modified Tot́h equation collected at T = 0 °C (blue), 25 °C (green), and 50
°C (red). The isosteric heats of adsorption (D) of CO2 for the 22 Å (black, □), 30 Å (black, Δ), and 60 Å (black, ○) pore size silica gels. The data
for the 60 Å pore size silica gel were obtained and replotted from the work of Wynnyk et al.9
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for the 22 and 30 Å pore size silica gels and the adsorption of
H2S, CO2, CH4, and H2O for the 60 Å pore size silica gel have
been previously reported in the literature.9,14

The isosteric heat of adsorption for water was lower than the
literature values. The CO2 isosteric heat measured on the silica
gels in this work overlaps with the values reported in the

literature. The CH4 isosteric heat is within the range reported
in the literature (Table 3). Differences in silanol concen-
trations can explain the different experimental and literature
values in the isosteric heats presented in Table 3. It should be
noted that the only study we could find reporting the isosteric
heat for H2S on silica gel was the work of Wynnyk et al.9

Figure 6. H2S adsorption isotherms (A−C) for the 22 (A), 30 (B), and 60 Å (C) pore size silica gels. For (A−C) the different symbols (□, Δ)
represent replicates of the experiments and the lines represent a fitted modified Tot́h equation collected at T = 0 °C (blue), 25 °C (green), and 50
°C (red). The isosteric heats of adsorption (D) of H2S for the 22 Å (black, □), 30 Å (black, Δ), and 60 Å (black, ○) pore size silica gels. The data
for the 60 Å pore size silica gel were obtained and replotted from the work of Wynnyk et al.9

Table 2. Fitting Parameters for the Modified Tóth Equation

pore size fluid n∞/mmol g−1 b°/bar−1 -ΔHTot́h/kJ mol−1 A B/K−1 MSSE

22 Å CH4 4.58 × 102 7.42 × 10−6 9.20 2.46 × 10−1 4.28 × 10−4 4.60 × 10−3

CO2 5.57 × 102 4.29 × 10−6 20.39 1.70 × 10−1 2.89 × 10−5 1.71 × 10−2

H2S 17.46 1.05 × 10−5 26.69 6.46 × 10−1 −7.68 × 10−4 6.9 × 10−3

H2O
15 35.12 2.33 × 10−5 34.9 9.02 −1.98 × 10−5

30 Å CH4 29.04 1.12 × 10−4 7.99 9.67 × 10−1 1.03 × 10−4 6.77 × 10−3

CO2 17.93 2.09 × 10−5 17.43 2.09 × 10−1 1.57 × 10−3 3.24 × 10−2

H2S 73.50 1.09 × 10−5 25.30 1.69 × 10−1 1.10 × 10−4 1.37 × 10−2

H2O
15 22.88 1.38 × 10−4 30.2 3.07 −5.26 × 10−3

60 Å CH4 3.44 × 102 1.08 × 10−5 7.46 1.00 2.12 × 10−4 7.25 × 10−3

CO2 2.00 × 102 4.64 × 10−6 16.55 1.74 × 10−1 4.70 × 10−4 1.08 × 10−2

H2S 11.20 3.48 × 10−5 19.77 −7.64 × 10−2 2.64 × 10−3 4.75 × 10−3

H2O 4.40 × 105 3.34 × 10−4 18.42 9.99 × 10−2 −7.50 × 10−5 1.52 × 10−2

Table 3. Isosteric Heats of Adsorption of the Silica Gels

ΔaH/kJ mol−1 loading/mmol g−1 H2O CH4 CO2 H2S

Literature 48,16 47.9,17 45.618 10.30,19 6.6,20 14.87321 22.3,19 24.96721

22 Å 0 34.78 ± 0.04a 12.5 ± 0.3 26.8 ± 0.4 31.3 ± 1.1
1.5 34.78 ± 0.04a 8.7 ± 0.2 24.7 ± 0.4 31.2 ± 1.1

30 Å 0 30.66 ± 0.06a 9.3 ± 0.2 23.4 ± 0.5 31.1 ± 0.5
1.5 30.20 ± 0.06a 8.4 ± 0.1 19.9 ± 0.5 25.2 ± 0.4

60 Å 0 23.3 ± 1.6b 8.2 ± 0.1b 23.4 ± 0.3b 21.1 ± 0.3b

1.5 18.7 ± 1.3b 7.6 ± 0.1b 18.9 ± 0.2b 19.0 ± 0.3b

aFit from the data of Jacobs et al.15 bFit from the data of Wynnyk et al.9
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reported for the 60 Å pore size silica gel, which was used and
discussed in this work.
2.3. Adsorption Trends. The amount of adsorbed CH4,

CO2, and H2S was modeled using the fitted modified Tot́h
equation at T = 25 °C and shows specific to surface area versus
mass (mmol m−2 instead of mmol g−1) in Figure 7. Surface
specific adsorption was plotted to highlight the influence of the
silanol concentrations on the adsorption of the four sour gas
components. Figure 7A shows no significant difference in the
CH4 adsorption below p = 10 bar. However, at higher
pressures, it is observed that the amount of CH4 adsorbed on
the surface is perhaps weakly related to the silanol
concentrations of the three silicas, where the 60 Å pore size
silica has the highest capacity. In contrast, the 22 Å pore size
silica has the lowest capacity. In the literature, it has been
shown that, on carbon surfaces, changes in the functional
group concentrations can change the bulk attraction of
molecules to the surface.22,23 Important factors from the
computational analysis are the size of the adsorbates and the

intermolecular forces (dipole moments and polarizabilities of
the molecules).

A plot of the isosteric heats of adsorption versus the surface
silanol concentrations of the three silica gels is presented in
Figure 8 to evaluate the influence of the silanol groups on the
adsorption of sour gas components. For all four components,
the enthalpy of adsorption increased with the silanol
concentration. The isosteric heat versus silanol concentration
slope was greatest for water, followed by H2S, CO2, and CH4.
The difference in slopes shows that the stronger interactions of
hydrogen bonding (H2O) and polarizability (H2S) with the
silica surface are greater than non-hydrogen bonding and low
polarizable molecules such as CH4. A computational study by
Kim et al.24 investigated the adsorption of H2S on α-quartz
surfaces. The computations demonstrated that cleaved silica
was the preferred adsorption site for H2S. The largest
concentration of uncoordinated active sites on the silica
surface will be the edges of the silica pores. It would then stand
to reason that a more porous silica gel would have a greater

Figure 7. Modeled adsorption isotherms of CH4 (A), CO2 (B), and H2S (C) on the 22 Å (red), 30 Å (green), and 60 Å (blue) pore size silica gels.

Figure 8. sosteric heats of adsorption at nads = 0 mmol g−1 (A) and nads = 1.5 mmol g−1 (B) for H2O (blue, ○) as reported in the literature, H2S
(red, +), CO2 (green, Δ), and CH4 (purple, □) versus the silanol concentrations of the three silica gels. The heats of adsorption for the 60 Å pore
size silica were calculated from the data of Wynnyk et al.15 The H2O heats of adsorption for the 22 and 30 Å pore size silicas were calculated from
the data of Jacobs et al.9 Solid lines indicate linear fits.
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concentration of active sites (geminal silanol groups) and thus
have a greater affinity for H2S. This observation is supported
by Figure 8, where the larger concentration of silanol groups
results in a larger isosteric heat of adsorption.

It should be noted that of the three silica gels, the 60 Å pore
size silica has the largest pore volume, while the 22 Å has the
smallest. Thus, it is likely that at pressures greater than p = 10
bar, the adsorption mechanism (for CH4) becomes a volume-
filling mechanism over a surface coverage mechanism. In
Figure 7B (CO2 adsorption), the 60 Å pore size silica gel had a
greater capacity than the 30 Å. However, relative to the 22 Å
pore size silica, the capacities of the 30 and 60 Å pore size
silicas were similar. For the H2S adsorption (Figure 7C), the
30 Å pore size silica gel had a greater capacity than the 60 Å
pore size silica gel until around p = 4 bar, where the 60 Å pore
size silica gel had a higher amount of adsorbed H2S. The
crossover in the amount of adsorbed H2S is likely due to the
larger pore volume of the 60 Å pore silica gel.
2.4. Multicomponent Adsorption Modeling. Multi-

component adsorption of a 0.9:0.05:0.05 CH4/CO2/H2S was
calculated using the fitted modified Tot́h equations for the
silica gels determined above. The multicomponent adsorption
calculations were conducted using the Ideal Adsorbed Solution
Theory (IAST) of Myers and Prausnitz.25 The multi-
component adsorption was calculated at T = 25 °C over the
p = 1−50 bar pressure range. The results of the IAST
calculations are presented in Figure 9. The IAST calculations
show that the 22 and 30 Å pore size silicas adsorb more H2S

than CH4 or CO2, while the 60 Å pore size silica adsorb more
CH4 (Figure 9A−C). The IAST selectivities indicated that the
22 and 30 Å pore size silicas had a much greater selectivity of
H2S over CH4 (SHd2S/CHd4

> 250). The 60 Å pore size silica
showed a higher selectivity for H2S over CH4 (SHd2S/CHd4

> 8);
however, it was not as great as the other silicas. The increased
silanol concentration could explain this difference, as it was
shown in Figure 8 that increasing the silanol concentration had
a more significant impact on the affinity of H2S to the surface
than CH4.

Comparing the total amount adsorbed between the silica
gels (Figure 9D) shows that the larger pore volume silica (60 Å
pore size) had a greater total amount adsorbed than the other
silicas due to the larger available volume for molecules to
occupy. Interestingly, the multicomponent adsorption of the
22 Å pore size silica shows some competition between H2S and
CO2. The 22 Å pore size silica showed higher selectivity for
H2S over CO2 (SHd2S/COd2

> 4.5). The 30 Å pore size silica
showed little competition between H2S and CO2, with a H2S
selectivity (SHd2S/COd2

> 52) an order of magnitude greater than
the 22 and 60 Å pore size silicas. The 60 Å pore size silica
showed the lowest selectivities of the three silicas.

Data on the adsorption of sour gas components can be used
in modeling applications to estimate multicomponent behav-
ior. The IAST model was used in this work to estimate the
adsorption of a CH4/CO2/H2S mixture at various pressures.
The IAST model is often insufficient for modeling at higher

Figure 9. IAST calculations for a 0.9:0.05:0.05 CH4/CO2/H2S gas mixture at T = 25 °C and p = 1−50 bar for the 22 (A), 30 (B), and 60 Å (C)
pore size silicas. For graphs (A−C), the total amount adsorbed (black) and the amounts adsorbed of CH4 (blue), CO2 (green), and H2S (red) are
presented. Graph (D) compares the total amount adsorbed for the 22 Å (red), 30 Å (green), and 60 Å (blue) pore size silicas. The H2S/CH4 (E),
H2S/CO2 (F), and CO2/CH4 (G) selectivities for the 22 Å (red), 30 Å (green), and 60 Å (blue) pore size silicas are reported.
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pressures or in systems where the strength of the
intermolecular forces of the adsorbates are too dissimilar.26−28

While the IAST calculations agree with the correlations in
Figure 7, there are no experimental multicomponent
adsorption results to validate the IAST calculations.

This work demonstrated that changes in silanol concen-
tration of the silica surface impact the adsorption of natural gas
components beyond water. Specifically, H2S was most
influenced by changes in the silanol concentrations. Multi-
component modeling by IAST demonstrated that as the silanol
concentration increased, so did the adsorption of H2S.
Interestingly, the silica with the intermediate concentration
of silanol groups (the 30 Å pore size silica) had the greatest
selectivity for H2S, while the 22 Å pore size silica showed
greater amounts of CO2 adsorbing. The 60 Å pore size silica
had the lowest H2S and CO2 selectivities of the silicas,
indicating a greater adsorptive competition with CH4.

Silica gels have been used industrially for adsorption
separation since World War I.29 The most common industrial
application of silica gels is as a desiccant. This is due to a high
selectivity toward water over other compounds and a relatively
low cost of production compared to other desiccants, such as
zeolites.

Materials such as zeolites have a very high affinity to water,
and it has been demonstrated that when water is present in
multicomponent sour gas mixtures that the amounts of
adsorbed H2S and CO2 drop significantly.7 The adsorption
of water was not accounted for in the IAST modeling as IAST
is known to fail in the estimation of water adsorption when the
intermolecular forces of other adsorbates are weaker (i.e., CH4
and CO2).

24 The multicomponent adsorption model proposed
by Wynnyk has successfully estimated high-pressure adsorption
equilibria of sour gas on zeolites 4A and 13X, but the model
did not do well for calculating the adsorption on silica gel.14

The optimization of models, such as Wynnyk’s model, requires
experimental multicomponent adsorption data to validate the
model. Unfortunately, for this work, the multicomponent
adsorption of sour gas components could not be collected and
is left for future studies.

3. CONCLUSIONS
It is known that the adsorption of water on silica gels is
primarily affected by the concentration of silanol groups on the
silica surface. However, the role of silanol groups on the
adsorption of other adsorbates is less studied. This work
presents adsorption isotherms for CH4, CO2, and H2S on 22
and 30 Å pore size silica gels at T = 0, 25, and 50 °C. The
isosteric heats of adsorption for CH4, CO2, H2S, and H2O on
the 22 and 30 Å pore size silica gels and a third 60 Å pore size
silica gel were compared to the total silanol concentration of
the silica gels. It was found that the molecules with stronger
intermolecular forces (hydrogen bonding and polarizability;
H2O and H2S) had a more significant dependence on the
silanol surface concentration than the molecule with weaker
interactions (CH4). The comparison of adsorption on the
surface of the three silica gels showed that for CH4 at low
pressures (p < 10 bar) that there was no significant difference
between the three silica gels. However, H2S adsorption at low
surface coverage was higher on silica gels with a higher silanol
concentration. Multicomponent modeling by IAST showed
that silica gels with a higher silanol concentration had a greater
H2S/CH4 selectivity, while the silanol with the lowest
concentration of silanol groups showed the lowest H2S and

CO2 selectivities of the silicas. These results shed light on the
interactions of molecules such as H2S on the surface of silica
gels and how the surface concentrations of silanol groups can
affect the adsorption of sour gas components.

4. METHODS
4.1. Materials. For these experiments, CO2 (Laser grade,

99.9995%), CH4 (99.999%), H2S (99.6%), and nitrogen (N2,
99.998%) were purchased from Praxair Canada Inc. (Mis-
sissauga, Ontario, Canada). Helium (He, 99.9990%, Alphagaz
1) was purchased from Air Liquide. Gas purities were
confirmed by gas chromatography (TCD/FID and SCD).
Two silica gels (22 Å pore size silica gel, high purity, Davisil
Grade 12, 28−200 mesh; 30 Å pore size silica gel, high purity,
Davisil Grade 923, 100−200 mesh) were purchased from
Sigma-Aldrich. A third silica gel (60 Å pore size silica gel: high
purity, Davisil Grade 9385, 130−270 mesh) was purchased
from Merck. The silica gel materials were used without
modification.
4.2. Safety Considerations. The volumetric adsorption

apparatus used to collect CH4, CO2, and H2S was designed to
operate with high-pressure H2S. The adsorption instrument
was located inside a walk-in bay equipped with wall-mounted
gas detectors, high-velocity ventilation, and a caustic scrubbing
system to absorb H2S during the depletion of the instrument.
4.3. Material Characterization. The silica gels’ specific

surface area and pore size distribution were characterized by
N2 physisorption using a 3Flex (Micromeritics) instrument.
The silica gels were degassed at T = 150 °C under a vacuum of
p = 1.33 × 10−7 bar for at least 12 h. Scanning electron
microscopy imaging was conducted with an FEI quanta 250
FEG scanning electron microscope equipped with a GATAN
monoCL4 detector. DRIFT spectroscopy was conducted on
the silica gels by an FT-IR spectrometer with a diffuse
reflectance accessory using Resolutions Pro software. For all
DRIFT experiments, samples were placed in a vacuum oven at
T = 100 °C for 24 h and then promptly mixed with potassium
bromide (KBr) in a 0.02:0.98 sample/KBr mass ratio.

As discussed in the previous literature, the silanol group
characterization was carried out using a continuous flow
thermogravimetric analyzer (SETARAM LABSYS evo) with a
He flow (10 mL min−1).3,15 Following was the temperature
program:

(i) the sample was equilibrated at T = 25 °C for 2 h,
(ii) the system was heated at 5 °C min−1 until a temperature

of T = 200 °C was reached and then the temperature
was maintained for 2 h,

(iii) the system was heated at 5 °C min−1 until a temperature
of T = 400 °C was reached and then the temperature
was maintained for 2 h, and

(iv) the system was heated at 5 °C min−1 until a temperature
of T = 1000 °C was reached and then the temperature
was maintained for 2 h.

The mass lost below T = 200 °C was attributed to
physisorbed water on the silica gels, mass lost in the range of T
= 200−400 °C was attributed to water released due to the
condensation of vicinal silanol groups and the mass lost in the
range of T = 400−1000 °C was attributed to water released
due to the condensation of isolated and geminal silanol
groups.30

4.4. Manometric Adsorption. The CH4, CO2, and H2S
adsorption isotherms were measured using an in-house-built
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manometric adsorption instrument, which has been reported
elsewhere (Figure 10).9,14,31−33 The adsorption isotherms were

collected at T = 0.000 ± 0.005, 25.000 ± 0.005, and 50.000 ±
0.005 °C. The silica gels were activated at T = 150 °C under an
ultra-high vacuum (p = 1 × 10−10 bar) for at least 12 h between
isotherms.

All fluid thermodynamic properties were calculated by the
appropriate equation of state (CO2,

34 CH4,
35 H2S,36 H2O,37

and He38) as provided within the Reference Fluid Thermody-
namic and Transport Properties V9.1 (REFPROP, NIST).39

During the adsorption experiments, the system’s temper-
ature, the pressure of the adsorption cell (pads, bar), and the
pressure of the reference cell (pref, bar) were measured. The
number of moles introduced (nint, mol) to the adsorption cell
was calculated by multiplying the difference in density of the
adsorption cell (ρads, mol L−1) and the reference cell (ρref, mol
L−1) by the dosing loop volume (Vdose, cm3), eq 1. The amount
adsorbed (nads, mol) was then calculated by eq 2.

= ×n V( )int
ref ads ref (1)

= ×n n V
m

ads

0

int
ads void

(2)

The void volume (Vvoid, cm3) can be calculated by either
helium expansion for excess adsorption or multiplying the
adsorbent’s mass by the adsorbent’s crystal density (ρcrys, g
cm−3). The crystal density can be calculated for amorphous
materials by taking the inverse sum of the bulk material volume
(Vbulk, cm3 g−1) and the adsorbent pore volume (Vpore, cm3

g−1), as described in eq 3.

=
+V V
1

crys
bulk pore (3)

The uncertainty of the manometric experiments was
determined for nads at each recorded pressure by the

propagation of random error. The uncertainties for the 95%
confidence interval are reported in the Supporting Information.
4.5. Adsorption Isotherms. The modified Tot́h equation

(eq 4) was used with fugacity ( f, bar) instead of partial
pressure to model the adsorption isotherms.40

=
+

+ × ×n
n bf

bf
n b f

(1 )t t
ads

1/
o

(4)

where n∞ (mmol g−1) is the infinite capacity, b (bar−1) is the
affinity parameter, t (unitless) is a heterogeneity parameter,
and bo (bar−1) is the infinite adsorption parameter which
contributes to Henry’s constant. Both b and t have a
temperature dependence, shown in eqs 5 and 6.

= × i
k
jjjj

y
{
zzzzb b

H
RT

expo a

(5)

= +t A BT (6)

where ΔaH (kJ mol−1) is the isosteric heat of adsorption and A
(unitless) and B (K−1) are empirical parameters. Here, B
corresponds to a constant change in heat capacity. The
isosteric heat of adsorption was determined by the methods
described in the following section. The value used in the
modified Tot́h equation was the averaged isosteric heat over
the measured loading.

The modified Tot́h equation was fit to the experimental data
by minimizing the mean summed square error.
4.6. Isosteric Heat of Adsorption. The isosteric heat of

adsorption (ΔaH) was calculated using the equations of Titoff
and Hückel from the absolute amount adsorbed.41 The
methods of Defay et al. are used in this work,42 where ΔaH
is estimated by calculating the pure component fugacity for the
corresponding absolute amount adsorbed at different temper-
atures, eq 7.

=
i
k
jjjj

y
{
zzzzH RT

f
T

ln( )

n
a

ads (7)

A least-squares regression is used to obtain the slope for the
fugacities at T = 0.000 ± 0.005, 25.000 ± 0.005, and 50.000 ±
0.005 °C. The fugacities were calculated via a cubic spline fit
and were only interpolated within the measured data and were
not extrapolated. Note that using a spline fit provides a more
direct measurement with respect to surface loading (along with
standard deviation), versus eq 5, which assumes a constant
enthalpy according to the isotherm. From the resulting ΔaH
versus nads plot, a linear regression was fit and used to
determine the ΔaH at nads = 0. In addition, interpolations were
made for comparison at nads = 1.5 mmol g−1, which is within
the majority of the experimental points for all adsorbates.
4.7. Ideal Adsorbed Solution Theory Calculations.

The multicomponent adsorption calculations were conducted
using the IAST theory of Myers and Prausnitz.22 The IAST
model works by defining the fugacity of component i as the
adsorbate mole fraction (xi) multiplied by a hypothetical pure
component fugacity ( f i°, bar) that gives an equivalent
spreading pressure (π) for all components in the mixture.
Note that for this work fugacity was used instead of pressure.

= °f x f ( )i i i (8)

The spreading pressures were defined by eq 9, where yi is the
adsorptive mole fraction. The integral presented in eq 9 does
not have an analytical solution when the pure component

Figure 10. Schematic of the manometric adsorption instrument,
adapted from the work of Wynnyk et al.31 UHPLC stands for ultra-
high-pressure liquid chromatography.
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adsorption isotherm is defined by the modified Tot́h equation.
To solve the integral for the spreading pressures, the algorithm
proposed by Do was used to iteratively solve the IAST
model.23 The initial estimate for the spreading pressure was
determined using the analytical solution for the Langmuir
equation to eq 9 (eq 10), where the ni

∞ and bi values were
obtained from the modified Tot́h equation of species i.

=
=

A
RT

n
f

fd
i

N f
i

i
i

1 0

ads
i

(9)

= + °A
RT

n b fln(1 )i i i (10)

The selectivity between components i and j (Si/j) for the
multicomponent adsorption was calculated as the ratio of
partition coefficients (Ki) for components i and j.

= =S
K
K

n y

n y

( / )

( / )i j
i

j

i i

j j
/

(11)
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