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Abstract—Micro- and mesoporous CuBTCs, referred to as micro- and meso-CuBTCs, were synthesized, and tested for
their capacity to adsorptively remove CO, from a binary mixture of CO,-CH,. Physicochemical analyses of the ther-
mally treated Cu-BTCs were performed. The CO, and CH, adsorption isotherms for the Cu-BTCs at 25 °C in the pres-
sure range 0-3 MPa were experimentally measured and implemented for calculating the CO,/CH, selectivity as a func-
tion of pressure and CO, concentration using the ideal adsorbed solution theory (IAST). The CH, adsorption capacity
of meso-CuBTC at 3 MPa was reduced to 43% of that of micro-CuBTC, whereas the CO, adsorption capacity of meso-
CuBTC at 3 MPa was reduced to 27% of that of micro-CuBTCs. Consequently, meso-CuBTC shows a higher CO,/CH,
selectivity compared to micro-CuBTC. It was also found that the selectivity of the CuBTCs could be enhanced by low-
ering the partial pressure of CO,. This was ascribed to the larger abatement of the adsorption capacity for CH, than for
CO,, resulting from a reduction of the interaction of CH, with the surface of pores of meso-CuBTC of which the pore

size had been augmented.
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INTRODUCTION

Raw natural gas contains methane as its major component, but
also contains considerable amounts of light and heavier hydrocar-
bons along with other contaminants, including CO,, N,, Hg, He,
and H,S. Among them, acid gases, including CO, and H,S, are prob-
lematic because they become acidic and corrosive in the presence
of water, thereby causing corrosion of the pipeline and equipment
during down/upstream processing. Therefore, it is necessary to reduce
the amount of CO, in raw natural gas to 2% and 50 ppm for pipe-
line transportation and liquefaction, respectively. Absorption, ad-
sorption, cryogenic methods, membrane processes, and micro algal
bio-fixation have all been used as acid gas removal technologies.
Of these technologies, those based on adsorption have received sig-
nificant interest because of the simplicity of adsorbent regenera-
tion by thermal or pressure variation [1]. The possibility of using
the adsorption process for the removal of CO, from raw natural
gas has been investigated and various adsorbents including acti-
vated alumina [2,3], activated carbons [4-6], ion-exchange resins
[7], zeolites [8-10], porous silicates [11-13], metal oxides [14-16],
and organic-inorganic hybrid sorbents [17-19] have been studied
to this effect. Metal-organic frameworks (MOFs), formed by the
combination of metallic clusters with organic ligands, have attracted
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particular attention as novel adsorbents due to their large surface
areas and pore volume [20-25]. The disadvantage of most microp-
orous MOFs is their high CH, adsorption capacity at high pres-
sures when they are implemented as adsorbents for removing acid
gas from natural gas. This results in a high methane loss and a low
selectivity for CO,/CH,. The pore size of an adsorbent is a key param-
eter that plays a significant role in determining the interaction of
CH, molecules with the pore wall [26]; therefore, tailoring the pore
size and metrics of the adsorbent is an important factor for optimiz-
ing an MOF for achieving effective adsorptive acid gas removal.

Among the MOFs reported to date, CuBTC (HKUST-1), a highly
porous open-framework material with the formula [Cu;(BTC),
(H,0)],, (BTC is 1,3,5-benzenetricarboxylate), is one of the first
materials of this family to be produced on an industrial scale by
BASEF SE under the commercial name of Basolite C300 [27]. Detailed
information on CuBTC can be found in [28]. Experimental stud-
ies on single component adsorption of CO, and CH, for CuBTC
were reported [29-38]. Molecular simulation studies of the adsorp-
tion of CO,-CH, binary mixtures predicted a high CO,/CH, selec-
tivity for CuBTC [39-43]. Hamon et al. [44] reported experimental
data for the co-adsorption of CO,-CH, binary mixtures for CuBTC.
The pore size plays an important role in determining the selectiv-
ity of MOFs; therefore, tailoring the pore size of CuBTC for acid
gas removal from natural gas is considered necessary for lowering
the CH, adsorption capacity (i.e., reducing CH, loss), and enhanc-
ing the CO,/CH, selectivity, and this remains unstudied to date.

In this contribution, micro- and mesoporous CuBTC were syn-
thesized and physicochemically characterized by powder x-ray dif-
fraction (PXRD), thermogravimetric analysis (TGA), BET surface
area analysis, and pore volume/diameter analysis. The CO, and CH,
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adsorption capacities were measured at 25 °C in the pressure range
0-3 MPa. Additionally, the CO,/CH, selectivity was estimated by
using ideal adsorbed solution theory (IAST) on the basis of the sin-
gle component isotherms for CO, and CH,.

EXPERIMENTAL

1. Materials

Copper (II) nitrate trihydrate [Cu(NO;),-3H,0 (Junsei Chemical,
98%)], 1,3,5-benzenetricarboxylic acid (H;BTC) (Sigma Aldrich,
95%), and Cetyltrimethylammonium bromide (CTAB) ((C,sH;5)N
(CH,)sBr, Sigma Aldrich, 99%), 1,3,5-trimethylbenzene (TMB) (TCI
Chemicals, >97%) and ethanol (Samchun Pure Chemical, >99.8%)
were purchased.

1-1. Synthesis of Microporous CuBTC

The synthetic procedure was adopted from Hamon et al. [44] with
minor changes. A 100 mL Teflon-lined steel bomb was charged
with 25 mL ethanol to which 1.79 g of H;BTC was added under
stirring. Then 3.05 g of copper (II) nitrate trihydrate, dissolved in
25 mL water, was added to the ethanol/H,BTC suspension and the
reaction mixture was stirred for 30 min at ambient temperature.
The bomb was sealed, placed in an oven, and heated at 120 °C for
18 h. The resulting blue crystals of Cu-BTC were isolated by filtra-
tion and washed with ethanol. This product was designated as micro-
CuBTC and was dried for overnight at 70 °C.

1-2. Synthesis of Mesoporous CuBTC

The procedure for the synthesis of mesoporous CuBTC was adopt-
ed from Qiu et al. [45] with minor changes. A 100 mL Teflon-lined
steel bomb was charged with 25 mL ethanol and placed on a mag-
netic stirrer, after which 1.79 g of benzene-1,3,5-tricarboxylic acid
(H;BTC) was added to the ethanol under stirring. Then 2.5g of
copper nitrate trihydrate [Cu(NO;),-3H,0], dissolved in 25mL
water, was added to the ethanol/H,BTC suspension, to which 1.13 g
CTAB and 0.37 g TMB were subsequently added while stirring.
The reaction mixture was stirred for 30 min at ambient tempera-
ture, after which the bomb was sealed, placed in an oven, and heated
at 180°C for 12h. CuBTC, which precipitated as a blue powder,
was isolated by filtration and washed with ethanol. The templates
CTAB and TMB were removed by Soxhlet extraction for 24 h using
ethanol. This product, which was designated as meso-CuBTC, was
dried for overnight at 70 °C.

2. Measurements

The PXRD patterns for both the micro- and meso-CuBTC sam-
ples were measured at ambient temperature using a PHILIPS Xpert
MPD diffractometer in the 26 range 2-60° at a scan speed of 0.1°/s
using CuKad (4=1.54056 A) radiation. The thermal stability of
the CuBTC compounds was investigated by using TGA (Q50 V20.2
Build 27) at a heating rate of 1°C/ min under an argon atmosphere
in the temperature range 25-400 °C.

The BET surface area, pore volume, and pore diameter of the
Cu-BTCs were determined in a static volumetric gas adsorption
system (Micromeritics Instrument Corporation, USA, model ASAP
2020) using the N, adsorption-desorption isotherm in the pressure
range 0-1 atm at 77.4 K. The BET equation, Horvith-Kawazoe (HK)
method (cylinder pore geometry Saito-Foley), Barrett-Joyner-Hal-
enda (BJH) desorption, and the single point adsorption methods
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were adapted to calculate the surface area, pore diameter, and pore
volume, respectively. Prior to the aforementioned measurements,
the samples were dried at 180 °C under vacuum (6.7x10"> Pa) for
18 h. The actual weight of the dried sample was determined by ob-
taining the weight difference before and after drying. High-pres-
sure CO, and CH, adsorption measurements were performed at
25°C in the pressure range 0-3 MPa in an automated high-pres-
sure gas adsorption system (BELSORP-HP, BEL Japan).

RESULTS AND DISCUSSION

The PXRD patterns of micro- and meso-CuBTCs are plotted in
Fig. 1. The PXRD pattern of micro-CuBTC is in good agreement
with that in previous literature [44]. The PXRD pattern of meso-
CuBTC resembles that of micro-CuBTC without any changes in
the positions of the peaks, but the intensity of the peaks was reduced,
which indicated a less crystalline material compared with micro-
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Fig. 2. TGA of micro- and meso-CuBTC.
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CuBTC produces a disordered mesostructure [45].

The thermal stability of micro- and meso-CuBTC was analyzed
by TGA and the result is shown in Fig. 2. Both CuBTCs display a
weight loss in the temperature range 50-150 °C, which corresponds
to a loss of surface-adsorbed ethanol and water molecules that were
coordinated to Cu metal centers. A weight loss in the temperature
range 150-230 °C indicates the loss of templates that were not re-
moved by the Soxhlet extraction in the case of meso-CuBTC. From
300 °C onwards, the CuBTCs start to decompose. These results
enabled us to conclude that the thermal stability of meso-CuBTC
is not altered regardless of the introduction of mesoporosity.

Fig. 3 shows the N, adsorption-desorption isotherms of micro-
and meso-CuBTC at 774K and relative pressures (P/P,) and the
BET surface area, pore volume, and pore size values of the two com-
pounds are given in Table 1. The isotherm of micro-Cu-BTC is of
Type-1, which is indicative of its microporous nature. The isotherm
of meso-CuBTC is of both Type-I and Type-IV, indicating that it
has a combined mesoporous/microporous nature. Meso-CuBTC
shows a steep uptake at very low P/P, (0.01), which is characteris-
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Fig. 3. N, adsorption-desorption isotherms of micro- and meso-
CuBTC measured at 77 K in the relative pressure (P/P,) range
0-1 (filled symbols for adsorption and empty symbols for
desorption).

Table 1. Surface area, pore volume, and pore diameter of micro- and

meso-Cu-BTC
Seer A Pore diameter
Sample
p (m’/g) (cm’/g) (nm)
micro-CuBTC 1111.8 0.57 1.09°
meso-CuBTC 957.6 0.54 3.8

“Sger is the BET-specific surface area

*V, is the total specific pore volume determined by using the ad-
sorption branch of the N, isotherm at P/P;=0.99

‘Pore diameter calculated by HK method

“The mesopore diameter is determined from the local maximum of
the BJH distribution of pore diameters obtained in the desorption
branch of the N, isotherm

tic for microporous materials, and a hysteresis loop at P/P, 0.5-0.9,
which is characteristic for a mesoporous material [45]. The result
also shows that the surface area of meso-CuBTC was reduced com-
pared to that of micro-CuBTC. The total specific pore volume (V,,
determined by using the adsorption branch of the N, isotherm at
P/P’=0.99) of micro and meso-CuBTC was 0.58 and 0.54 cm’/g,
respectively. Although there is a difference between the nitrogen
isotherms of micro and meso-CuBTC, as shown in Fig. 3, the total
pore volume of these materials seems to be similar. To evaluate
this, the specific mesopore and micropore volumes of meso-CuBTC
were calculated. The specific mesopore volume (V,,, determined
from the BJH desorption cumulative volume of pores between 1.7
and 300.0 nm diameter) is 0.1 cm’/g. The specific micropore vol-
ume (V,,,,» calculated by subtracting V., from V,) is 0.44 cm’/g.
The V,,..,/ V..o ratio was found to be 0.23, which is similar to the
value of 0.24 reported in [45]. Hence, the meso-CuBTC contains
81.48% micropore volume and 18.52% mesopore volume. Due to
the high percentage of micropores, the total pore volume of meso-
CuBTC appears to be similar to that of micro-CuBTC.

The pore size distribution (PSD) curves, which include the cumu-
lative pore volume and its derivative with the pore diameter (dV/
dD), were calculated by using the BJH method for meso- CuBTC
and the curves are shown in Fig. 4. The meso-CuBTC shows a major
peak at 3.8 nm. The PSD curves reveal the presence of mesopores
in meso-CuBTC, for which the volume and diameter were calcu-
lated as 0.1 cm*/g and 3.8 nm, respectively. The pore size of micro-
CuBTC calculated by HK method is 1.09 nm, which is close to the
value of 1.12 nm reported in [46].

The adsorption isotherms of CO, and CH, at 25 °C in the pres-
sure range 0-3 MPa are shown in Fig. 5. The CO, adsorption capac-
ity of micro-CuBTC and meso-CuBTC at 3 MPa was measured as
12.01 and 8.79 mmol/g, respectively. Micro-CuBTC displays a high
CH, adsorption capacity of 7.9 mmol/g, which is in good agree-
ment with the value found in a previous study [44]. The CO, and
CH, adsorption capacity of meso- CuBTC at 3 MPa was 27 and
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Fig. 4. Pore size distribution (PSD) curves including cumulative
pore volume and its derivative with the pore diameter (dV/
dD) calculated by the BJH method for meso-CuBTC.
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Fig. 5. CO, and CH, adsorption isotherms of micro- and meso-
CuBTC measured at 25°C in the pressure range 0-3 MPa
(symbols for experimental data and solid red lines for SSLF
fit).

43% less than those of micro-CuBTC, respectively. The pore size of
an adsorbent is a key parameter that plays a significant role in deter-
mining the interaction of target molecules, in this case CH,, with
the pore wall. It was found that, in microporous adsorbents, at high
pressure the overlapping force fields of the opposing micropore
walls enhances the adsorption potential and facilitates the adsorp-
tion of supercritical CH, even at room temperature [26]. The CO,/
CH, selectivity for different compositions of CO,-CH, binary gas
mixtures was estimated from pure-component isotherms by using
the ideal adsorbed solution theory (IAST), which was described
by Myers and Prausnitz [46], and provides a convincing strategy
by which to anticipate the adsorption selectivity and the adsorp-
tion equilibria of gas mixtures from the pure-component isotherm
data. However, the use of this technique to estimate the selectivity
requires good quality adsorption isotherm data of pure-component
gases and a good curve-fitting model. The ease of this method, which
requires no experimental data for the mixture, makes it particu-
larly advantageous for engineering applications [47]. The ability of
IAST to precisely predict gas mixture adsorption in various zeo-
lites and MOF materials was reported previously [24,48-50].
Hamon et al. [44] utilized the dual-site Langmuir equation to fit
the pure-component CO, and CH, isotherms. However, the fit re-
sults in identical values for the affinity coefficients of the two kinds
of adsorption sites, which is comparable to using the single-site Lang-
muir equation. Obtaining a distinct segregation of the adsorption
isotherms of the two adsorption sites is considered impractical [44].

Table 3. CO,/CH, selectivity of the CuBTCs using IAST for 2-98%
CO,-CH, mixtures at 25 °C in the pressure range 0-3 MPa

Feed gas pressure (MPa) CO,/CH, IAST selectivity
micro-CuBTC meso-CuBTC
0.1 197.16 230.65
0.5 119.84 142.67
1.0 93.89 114.64
1.5 82.93 103.02
2.0 76.89 96.67
2.5 73.06 92.66
3.0 70.42 89.90

In this work, he single-site Langmuir-Freundlich (SSLF) equation
was capable of successfully fitting the single component isotherm
data for CO, and CH,.

The SSLF model can be expressed as follows:

q:qmbpllvx/(1+bp1/n) (1)

where p is the pressure of the bulk gas at equilibrium with the ad-
sorbed phase (MPa), q is the adsorbed amount per mass of adsor-
bent (mmol/g), q,, is the saturation capacity (mmol/g), b is the affin-
ity coefficient (MPa ™), and n represents the deviations from an ideal
homogeneous surface. Fig. 5 shows the experimental and calcu-
lated CO, and CH, adsorption isotherms of micro-CuBTC and
meso-CuBTC, where the red solid line represents the SSLF model
fit. The fitting parameters for the SSLF model, including the cor-
relation coefficients (R?), are tabulated in Table 2. The R? values
obtained for all the fits are close to 0.99, which indicates that the
SSLF model can be applied favorably for fitting the experimental
CO, and CH, adsorption data.

The adsorption selectivity, S, for CO,-CH, binary mixture is
defined as

Sadng—;x% @)
where q1 and q2 represent the quantity of adsorbed CO, and CH,,
respectively, and pl and p2 represent the partial pressures of CO,
and CH,, respectively.

The applicability of both micro- and meso-CuBTCs for polishing
natural gas streams with a CO, content of 2% (i.., pipeline (2%
CO,) to LNG quality (50 ppm CO,)) was examined by using a binary
mixture composition of 2-98% CO,-CH,. The CO,/CH, selectiv-
ity of the CuBTCs as estimated by IAST for 2-98% CO,-CH, mix-
tures at 25 °C in the pressure range 0-3 MPa is shown in Fig. 6 and
tabulated in Table 3. The results show a reduction in the adsorption
selectivity with an increase in the pressure. More importantly, the

Table 2. The SSLF fitting parameters for CO, and CH, adsorption on micro- and meso-CuBTCs

CO, CH,
Sample - 5 - >
q (mmol/g) b (MPa™') R q (mmol/g) b (MPa™') R
micro-CuBTC 12.60 4.34 0.9987 11.03 0.94 0.9983
meso-CuBTC 9.27 4.81 0.9991 6.06 1.18 0.9951
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selectivity of meso-CuBTC was always determined to be higher than
that of micro-CuBTC. The CO,/CH, selectivity difference between
the CuBTCs at 0.1 and 3 MPa is 33.49 and 19.48, respectively. The
higher selectivity for CO, at 0.1 MPa might be a result of its high
affinity for the CuBTCs owing to its quadrupole moment, whereas
CH, does not have any quadrupole moment. The higher CO,/CH,
selectivity of meso-CuBTC compared to that of micro-CuBTC is
presumably due to a decrease in the interaction between CH, and
the pore walls as the pore size increases. On the other hand, an in-
crease in the interaction between CH, and the pore walls as a result
of increasing pressure could lead to an abatement of the CO,/CH,
selectivity; as shown in Fig. 6.

The CO,/CH, selectivity for 1-5% CO, as estimated using IAST
at 25°C at 3 MPa is plotted in Fig. 7 and tabulated in Table 4. The
selectivity of meso-CuBTC is higher than that of micro-CuBTC under
the given conditions, reaching a selectivity of 142.27 and 181.63
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Fig. 6. CO,/CH, selectivity for a 2-98% CO,-CH, mixture estimated
from IAST at 25 °C and in the pressure range 0-3 MPa.
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Fig. 7. CO,/CH, selectivity for 1-5% CO, estimated using IAST at
25°C and 3 MPa.

Table 4. CO,/CH, selectivity for 1-5% CO, estimated using IAST at

25°C and 3 MPa
Feed gas concentration (%) CO,/CH, IAST selectivity
CO, CH, micro-CuBTC  meso-CuBTC
1.0 99.0 142.27 181.63
20 98.0 7042 89.90
3.0 97.0 46.46 59.32
4.0 96.0 34.49 44.03
5.0 95.0 27.30 34.86

CO,/CH, (1% CO,) for micro- and meso-CuBTCs, respectively.
The selectivity of the CuBTCs decreases with increasing CO, con-
centration, because of the saturation of the strongly adsorbing sites
on the surface at the higher partial pressure of CO, in the feed gas
mixture. However, lowering the CO, concentration further would
substantially increase the CO,/CH, selectivity, because of the com-
paratively higher adsorption capacity of CO, in the low-pressure
region.

CONCLUSIONS

Two adsorbents, micro- and meso-CuBTC, were synthesized and
tested for their ability to selectively remove CO, from a binary mix-
ture of CO,-CH,. The PXRD, TGA, and BET measurements revealed
that meso-CuBTC, of which the pore size had been tailored, was
successfully synthesized with a slight reduction in its BET surface
area, while maintaining its thermal stability. The isotherms of CO,
and CH, were experimentally measured in the pressure range 0-
3 MPa and implemented for calculating the CO,/CH, selectivity
using the IAST. Even though meso-CuBTC exhibited lower CO,
and CH, adsorption capacities than micro-CuBTC, the CO,/CH,
selectivity of meso-CuBTC is higher than that of micro-CuBTC,
owing to a larger abatement of the adsorption capacity for CH,,
resulting from a reduction in the extent to which CH, interacts
with the walls of the pores of meso-CuBTC, which have an aug-
mented size.
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