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Abstract 

Easily regenerable adsorbents are highly desirable for CO2 capture. In this regard, a modified 

synthesis method for preparing CuBTC and its graphene oxide (CuBTC@GO) composites as 

adsorbents is developed using a mixed solvent strategy at 323 K for the first time. The addition 

of N, N-Dimethylformamide was vital for the crystallization of CuBTC at low temperature by 

accelerating the nucleation. The newly synthesized CuBTC showed much higher surface area 
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and total pore volume, compared with CuBTC synthesized by conventional method. As a result, 

the as-synthesized CuBTC showed a CO2 adsorption capacity of 8.02 mmol/g at 273 K, 1 bar, 

which was 17-90% higher than the reported CO2 capacity of CuBTC prepared by conventional 

method. The fabraction of CuBTC@GO composites enhanced the CO2 adsorption capacity 

mainly through the improved porosity and dispersion force. Compared with CuBTC, an 

improved CO2/N2 selectivity for CuBTC@1%GO was obtained from the binary breakthrough 

experiments, which is beneficial to practical gas separations. The partition coefficient of 

CuBTC and CuBTC@GO composite were evaluated at different breakthrough levels, e.g., 5%, 

10% and 100%, with an inlet CO2 partial pressure of 0.15 bar. CuBTC@1%GO displayed 

higher partition coefficient values than CuBTC at all three breakthrough levels. The cyclic adsorption 

experiments for regenerability evaluation showed that the CO2 adsorption reversibility for CuBTC@1%GO composite 

could maintain above 90%, while that of CuBTC dropped to less than 74% after five 

adsorption-desorption cycles. The CuBTC@GO composite would be a promising CO2 capture 

adsorbent with both high CO2 adsorption capacity and remarkable regeneration performance. 

Keywords 

Metal-organic framework (MOF), mixed solvent method, graphene oxide (GO) composites, 

CO2 capture, reversible adsorption-desorption 

1. Introduction 

Nowadays, global warming has become an increasingly serious issue and received 
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widespread attention. The reason of global warming mainly lies in the excessive emission of 

greenhouse gases resulting from the burning of fossil fuels associated with human activities 

[1]. Carbon dioxide (CO2) is the major component of greenhouse gases, contributing to over 

60% of the total amount [2]. The atmospheric concentration of CO2 ascends to approximately 

410 ppm today, which is significantly higher than the pre-industrial level of 280 ppm [3]. The 

anthropogenic release of large amounts of CO2 leads to overwhelming threat to both humans 

and the environment, such as glacier melting, sea level rise, and unprecedented climate change 

[3]. Consequently, it is urgent to take measures for the reduction of excessive emission of CO2 

to mitigate the destructive consequences of global warming. In recent years, various techniques 

have been attempted for CO2 capture, such as chemical absorption [4], membrane separation 

[5], and solid adsorbent adsorption [6]. Among all these techniques, the use of solid adsorbents 

for CO2 capture is deemed to be the most cost-effective and eco-friendly technology [7]. The 

choice of highly efficient and easily regenerable adsorbents becomes particularly important 

because it decides the overall efficiency of adsorption technology for CO2 capture in the real-

world application. 

Metal-organic frameworks (MOFs), composed of metal or metal clusters as nodes and 

organic ligands as linkers, are an emerging class of porous materials in recent two decades [8]. 

MOFs have attracted great attention in wide range of applications, such as gas adsorption and 

separation, catalysis, drug delivery, light harvesting and energy conversion, etc. [9], owing to 

https://creativecommons.org/licenses/by-nc-nd/4.0
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their high surface area, various functional sites and pore confinement [10]. Compared with 

traditional porous materials, e.g., activated carbon or zeolites, MOFs are unique because the 

pore size and surface properties are highly tunable through changing the metal nodes and/or 

organic ligands [10]. CuBTC, also called HKUST-1, is one type of well-known MOF 

extensively examined in gas adsorption and separation field [11-15]. In the last two decades, 

the great potential of CuBTC in CO2 capture has been widely explored. Chaffee and co-workers 

[16] investigated the adsorption and separation performance of CO2, N2 and CH4 for CuBTC. 

The CO2 working capacity of CuBTC was almost four times that of the benchmark material 

zeolite 13X at 25 oC. Hamon et al. [11] reported the first experimental binary and ternary 

adsorption data of CO2, CH4, and CO on the CuBTC. The CO2/CH4 selectivity of ∼8 and a 

high delta loading make it an attractive material for PSA applications. Although the CO2 

adsorption and separation performance are satisfactory, the material stability and regeneration 

ability of CuBTC still limit its application in industry. Because the adsorption sites (open metal 

sites) in CuBTC cannot be effectively maintained after a few adsorption-desorption cycles 

while they can be easily degraded in the presence of impurities, e.g., water vapor [15]. 

Therefore, it is highly desirable to engineer CuBTC to enhance its stability and regenerability.  

The fabrication of MOF and graphene oxide (GO) (MOF@GO) composites provides an 

effective strategy to tune the properties of MOFs to improve their gas adsorption performance 

[17-19]. The MOF@GO composite materials usually show increased porosity and dispersion 

https://creativecommons.org/licenses/by-nc-nd/4.0
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force, because the additive GO has high atomic density and large amount of surface functional 

groups [18, 20]. As proven by many researchers, the incorporation of GO to MOFs contributed 

to the enhancement of material stability as well as the gas adsorption performance. Levasseur 

and co-workers found that the improved NO2 breakthrough capacity of the MOF-GO composite 

came from the increased porosity and the enhanced material stability [21]. Bandosz group [15] 

reported MOF/GO-U3 showed enhanced water stability and toluene adsorption capacity, and 

also exhibited excellent regeneration stability and recyclability compared with its parent MOF. 

Zhao et al. [20] investigated the mechanism of CO2 adsorption on CuBTC and its GO or 

aminated GO composite and found that the adsorption properties of resulting composite was 

fully regenerable for three cycles. All these studies evidenced the vital role of GO addition in 

strengthening MOF porosity, stability, and regenerability. However, most of the MOF@GO 

composites were synthesized by conventional hydrothermal method [12], similar to the 

synthetic route of the parent MOF, which usually involved high temperature and high pressure 

in Teflon-lined autoclaves. Much more facile conditions are needed for the large-scale 

production of MOF@GO composites, aiming at assuring safety and low-energy consumption 

in practical use in the future. 

Herein, we developed a modified synthesis method for preparing CuBTC and CuBTC@GO 

composites using a mixed solvent strategy at 323 K for the first time. CO2 and N2 adsorption 

and separation performance were explored with both static and dynamic conditions. All the 

https://creativecommons.org/licenses/by-nc-nd/4.0
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adsorbents were characterized with XRD, FTIR, SEM, N2 sorption experiments and TGA. The 

ideal CO2/N2 selectivity and isosteric heat of adsorption were calculated based on the unary 

isotherms at different temperatures. The CO2/N2 selectivity involving competitive adsorption 

was assessed by binary column breakthrough experiments. The vacuum swing adsorption 

(VSA) performance was comprehensively evaluated for adsorbents. The regenerability of both 

parent CuBTC and CuBTC@GO composites were studied with a few consecutive adsorption-

desorption cycles.  

2. Experimental 

2.1 Materials 

Cu(NO3)2·2.5H2O (98%) and 1,3,5-benzene-tricarboxylic acid (BTC) (98%) were purchased 

from Alfa Aesar. N, N-Dimethylformamide (DMF) (99.8%) and ethanol (≥99.5%) were 

purchased from Sigma-Aldrich. The graphite powder with a surface area of 9.98 m2/g and total 

pore volume of 0.043 cm3/g was purchased from Acros Organics. Milli-Q water with a 

resistivity of 18.2 MΩ.cm (at 25°C) and a TOC value below 5 ppb was used throughout the 

experimental process. All chemicals were used without further purification. 

2.2 Sample synthesis method 

For the facile synthesis of CuBTC, a mixed solvent method, containing Milli-Q water, 

ethanol, and DMF, was adopted to prepare it at relatively low temperature, i.e., 323 K, in a 

glass reagent bottle. This method is simple and safe without using high temperature and high 

https://creativecommons.org/licenses/by-nc-nd/4.0
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pressure as required by the traditional solvothermal methods which usually take place at 353-

413 K in Teflon autoclave [14, 21-23], as seen in Scheme 1. This is the first time that CuBTC 

was fabricated at 323 K with solvothermal method. The detailed procedures are as follows. 

Firstly, 5.25 mmol Cu(NO3)2·2.5H2O (1.22 g) was dissolved in 15 mL Milli-Q water as 

solution A with magnetic stirring at room temperature. 3.56 mmol BTC (0.7875 g) was 

dissolved in the mixture of 7.5 ml ethanol and 7.5 ml DMF as solution B with magnetic stirring 

at room temperature. Then, solution A and B were mixed together in a 100 mL glass reagent 

bottle and capped tightly. The reaction mixture was stirred magnetically for five minutes and 

then was placed in an oil bath maintained at 323 K with stirring for half an hour. The reaction 

solution was then kept undisturbed for 18 hours for crystallization. After reaction, the sample 

powder was recovered using vacuum filtration and subsequently washed with water (50 ml 

each time for 3 times) and ethanol (50 ml each time for 3 times), followed by desiccation at 

343 K for 12 h and 393 K for another 12 h in a vacuum oven. The as-prepared CuBTC was 

obtained and stored in a glove box. For comparison, CuBTC using above mentioned method 

but without DMF addition was also attempted. The reaction solvent composition was changed 

to 15 mL Milli-Q water and 15 mL ethanol. Other procedures were the same as above. The 

final product was termed as CuBTC-without DMF. 

The CuBTC@GO composites with different weight percentages, i.e., 0.5%, 1%, 3%, and 

5%, of GO were synthesized in the same condition as that for CuBTC, except that 15 mL GO 

https://creativecommons.org/licenses/by-nc-nd/4.0
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solution in DMF (solution C) was added thoroughly and mixed by ultrasonication for 2 hours 

prior to adding solution A and B. GO was prepared using a modified Hummers’ method [24]. 

 

Scheme 1. (a) The comparison of conventional solvothermal method and novel mixed 

solvent method for CuBTC synthesis. (b) The synthesis route for CuBTC@GO composites. 

2.3 Sample characterization 

Powder X-ray diffraction (XRD) (X′Pert3 Powder, PANalytical) was carried out to examine the 

crystallinity and phase purity of the as-synthesized CuBTC, CuBTC-without DMF, and 

CuBTC@GO composite samples. The diffractometer was equipped with a Cu anode of 1.5406 Å λ radiation and the 

operating voltage was 40 kV. Diffraction patterns were recorded within the range of 2θ from 5o to 50o and the scan step size was 0.02o. 

Attenuated total reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR) was 

carried out to investigate the chemical bonds and functional groups of samples using 

IRAffinity-1 Shimadzu. Experiments were conducted using powder samples without KBr 

addition. The spectra were collected in the range of 500-2500 cm-1 with a resolution of 4 cm-1 

for 32 times and corrected with background noise. 

https://creativecommons.org/licenses/by-nc-nd/4.0
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Scanning electron microscopy (SEM) was performed using Hitachi S-4800 instrument to examine the crystal morphologies of our 

adsorbents at an accelerating voltage of 5.0 kV. The fine sample powder was coated with gold by sputtering before the measurement to avoid 

charging. The working distance (WD) and magnification of samples during this test were in the range of 4.0-7.5 mm and 1-4 

k, respectively. 

N2 adsorption-desorption experiments were performed at 77 K to determine the surface area, pore volume, and pore size distribution using 

a Micromeritics 3Flex. All the samples were pre-activated before the analysis with a VacPrep 061 Sample Degas System at 423 K in vacuum 

overnight, followed by in situ activation at 423 K for another 2 h to thoroughly remove the pre-adsorbed impurities. 

Thermogravimetric analysis (TGA) (METTLER TOLEDO TGA/DSC 1) was used to determine the thermal stability of CuBTC and 

CuBTC@GO composites. The experiments were conducted in nitrogen atmosphere at a flow rate of 50 mL min−1. To obtain the weight 

loss curves, the sample was heated from 298 K to 1173 K with a ramping rate of 10 K min−1. 

2.4 Unary CO2 and N2 gas adsorption and isosteric heat of adsorption  

CO2 and N2 single component gas adsorption were carried out using a Micromeritics 3Flex. Before the start of gas adsorption, all the samples 

were degassed at 423 K in vacuum overnight, followed by in situ activation at 423 K for another 2 h. The sample weight was around 100 mg 

for each gas adsorption analysis. The single component gas adsorption was conducted at three different temperatures, e.g., 273, 283, and 303 

K, respectively. The ideal CO2/N2 selectivity at each temperature was calculated by the following equation [25]. 

S=
x1/x2

y1/y2
          (1) 

where, x denotes adsorption amount and y gas phase pressure. 1 and 2 represent the components 1 and 2, respectively. Besides, the most 

common molar ratio in the simulated flue gas for CO2 : N2 (85:15) was used, and thus here y1 = 0.15 and y2 = 0.85.   

  The isosteric heat of adsorption of CuBTC and CuBTC@1%GO were calculated using the Clausius−Clapeyron equation [26]:  

https://creativecommons.org/licenses/by-nc-nd/4.0


© 2021. This manuscript version is made available under the CC-BY-NC-ND 4.0 

license https://creativecommons.org/licenses/by-nc-nd/4.0/ 

10 
 

ln P = −(ΔH/RT) + C         (2) 

where P (mbar) is pressure, ΔH is isosteric heat of adsorption at a specific amount adsorbed of gas component, T (K) is temperature, R is gas 

constant (8.3145 J mol-1 K-1) and C is an integration constant. The slope of a plot of ln P vs. 1/T determines the isosteric heat (ΔH) of CO2 or 

N2 adsorption on the adsorbents. 

2.5 Breakthrough experiments for binary gas adsorption 

   The breakthrough experiments were conducted with an in-house built fixed bed rig. A breakthrough column with 0.95 cm internal diameter 

and 21.4 cm length was adopted for dynamic adsorption experiments. Around 0.1 g powder adsorbent mixed with glass beads (0.3 cm in 

diameter) for reducing pressure drop was loaded in the column before testing. The sample was activated at 423 K for 6 h with a carrier gas of 

argon (50 mL min-1) to remove impurities. The binary adsorption experiments were conducted at ambient conditions (298 K, 1 atm) with a total 

flow rate of 10 mL min-1 of CO2 and N2 gas mixture. The composition of inlet gas ratio of CO2 and N2 was set as the simulated flue gas of 15/85. 

The composition of outlet gas was determined by a mass spectroscopy detector. The characteristic m/z peak intensity of each gas would be 

recorded every 5 seconds. 

2.6 CO2 adsorption cyclic studies  

The cyclic CO2 adsorption studies were carried out using a TGA instrument to examine the regeneration ability of the adsorbents. 

Appropriately 10 mg of sample was loaded in an alumina crucible and activated in situ at 423 K for 4 h in N2 at a flow rate of 50 mL min-1. 

Then the purging gas was switched from N2 to CO2 once the temperature in TGA decreased to room temperature. The weight change of sample 

was recorded at room temperature in real time until it showed no variation which means the adsorbents get saturated with CO2 at dynamic 

adsorption conditions. After that, the sample was regenerated through N2 purge at 423 K to desorb the adsorbed CO2 molecules. Such a cycle 

of adsorption and desorption was repeated for 5 times to evaluate the regeneration performance of CuBTC and CuBTC@1%GO composite. 

https://creativecommons.org/licenses/by-nc-nd/4.0
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3. Results and discussion 

3.1 Material properties of newly synthesized CuBTC and CuBTC@GO 

  Since we used a new method to synthesize CuBTC and CuBTC@GO composites at 323 K， 

it is important to determine if they were successfully formed as anticipated. Fig. 1a shows the 

XRD patterns of CuBTC, CuBTC-without DMF and the simulated CuBTC from database [27]. 

The major diffraction peaks at (200), (220), (222), and (400) planes for newly synthesized of 

CuBTC are generally consistent with the simulated CuBTC pattern, suggesting that CuBTC 

was synthesized at 323 K successfully. However, the one synthesized without DMF at 323 K 

shows totally different XRD patterns compared with CuBTC, indicting the critical role of DMF 

playing in the formation of CuBTC. As DMF is a polar aprotic solvent, it contributes to the 

motion of negative anions (BTC3-) toward the reaction with cation (Cu2+), instead of forming 

hydrogen bonding, released by some polar protic solvents, to hamper the reaction between the 

metal cation and the ligands [28]. The addition of DMF helped the nucleation of MOF during 

synthesis. If no DMF was added in reaction solution, CuBTC could not be synthesized at the 

relatively low temperature. The XRD patterns (Fig. 1b) of CuBTC@GO composites are similar 

to their parent CuBTC, indicating that CuBTC was the major component in the composites and 

the crystallinity was well preserved. The main diffraction peak of GO situated around 11.6 o 

[29] was not evidently observed, probably due to the low concentration of GO in the composite.  

https://creativecommons.org/licenses/by-nc-nd/4.0
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Fig. 1. XRD patterns of (a) CuBTC, CuBTC-without DMF, and simulated CuBTC. (b) CuBTC@xGO 

composites (x = 0.5, 1, 3, and 5%, respectively). 

Fig. 2 displayed the SEM images of CuBTC, CuBTC-without DMF, and CuBTC@GO 

composites. The morphology of as synthesized CuBTC in Fig. 2a was clearly observed as 

octahedral crystal, which was in agreement with that reported in the literature [22, 30]. The 

inset image in Fig. 2a shows cracks and small holes on the surface of the crystal. The formation 

of such defects could be due to the use of mixed-solvent at relatively low reaction temperature. 

Specifically, DMF was used as the additional reaction solvent in our new method, which can 

help accelerate the nucleation of CuBTC during the synthesis. and thus may lead to the 

formation of some defects in the fast crystallization process [31]. While the morphology of 

https://creativecommons.org/licenses/by-nc-nd/4.0
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CuBTC-without DMF presented a rod-like crystal, shown in Fig. 2b, it was completely 

different from normal CuBTC produced by conventional hydrothermal method. This suggests 

that CuBTC cannot be generated without the addition of DMF at 323 K, as also confirmed by 

XRD pattern presented above. For the morphology of CuBTC@GO composites, the crystal 

defects can also be observed on the surface of some samples, such as CuBTC@0.5%GO and 

CuBTC@1%GO (Fig. 2c and 2d), as they were synthesized using the same method as CuBTC 

at 323 K. Besides, the morphology of GO wrinkle layers adhering to CuBTC were observed 

on the composites, indicating the successful formation of CuBTC@GO composites. The 

crystals in CuBTC@0.5%GO, CuBTC@1%GO, and CuBTC@3%GO were partly covered by 

GO (Fig. 2e), while the crystal in CuBTC@5%GO was almost fully covered by GO (Fig. 2f). 

A sufficiently high loading above 5 wt% of GO can shield the defects of cracks and small holes 

on CuBTC crystals. 

https://creativecommons.org/licenses/by-nc-nd/4.0
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Fig. 2. SEM images of (a) CuBTC in different resolutions, (b) Counterpart CuBTC-without DMF, (c-f) 

CuBTC@xGO composites (x = 0.5, 1, 3, and 5%, respectively). Both CuBTC and CuBTC@GO 

composites show regular octahedral morphology, and thin GO layers can be clearly observed on 

composites. The counterpart without DMF during synthesis shows totally different rod-like morphology. 

Fig. 3 compares the FTIR spectra of CuBTC and CuBTC@GO composites. The FTIR 

spectrum of CuBTC was in good accordance with those reported in literature [15, 21, 32]. 

The band at 1715 cm-1 is corresponding to the carboxylate groups in BTC ligand 

coordinated to the copper sites [32]. The bands in the range of 1645-1550 cm-1 are due to 

https://creativecommons.org/licenses/by-nc-nd/4.0
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the asymmetric stretching vibrations of carboxylate, while the bands at 1445 and 1368 cm-

1 are attributed to the symmetric stretching vibrations of carboxylate. The band at 1109 cm-

1 indicates the stretching vibration of C-O-Cu bond in CuBTC, and the bands at 760 and 

730 cm-1 can be ascribed to copper substitution in benzene groups, reflecting the 

characteristics of CuBTC. The presence of these characteristic peaks provides solid 

evidence of the successful synthesis of CuBTC using our new method. The spectra of 

CuBTC@GO composites were generally the same as that of CuBTC, showing that surface 

chemistry environment of GuBTC@GO composite was similar to that of CuBTC.  

 

Fig. 3. FTIR spectra of CuBTC and CuBTC@xGO composites (x = 0.5, 1, 3, and 5%, respectively). 

As the porosity is a significant parameter for porous materials as gas adsorbents, the 

specific surface area, total pore volume, and pore size distribution of CuBTC and the 

CuBTC@GO composites were analysed by N2 adsorption-desorption isotherms at 77 K. 

All the samples show the typical type I isotherms according to IUPAC classification in Fig. 

4a, suggesting the predominant micropores existing in the materials. The high micropore 
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volume to total pore volume ratio (Vmic/Vt) above 80% can also confirm this point. As seen 

in Table 1, the CuBTC shows a high surface area of 1580 m2 g-1 and pore volume of 0.636 

cm3 g-1. The porosity parameters of some examples of CuBTC synthesized using conventional 

methods are summarized in Table S1 for comparison. Remarkably, the surface area of 

CuBTC synthesized using our new method is much higher than that reported by others 

using conventional method at higher temperature [14, 15, 21, 22, 33, 34].  

The porosity of CuBTC@GO composites first gradually increased and then decreased with the increase of GO addition amount. 

CuBTC@1%GO showed the highest surface area and total pore volume up to 1772 m2 g-1 and 0.718 cm3 g-1, respectively, 

among all the composites prepared in this study. All the CuBTC@GO composites displayed improved surface area and pore volume with 

respect to the pristine CuBTC. The extra porosity mainly comes from the interaction between the CuBTC and GO, as the open metal 

sites in CuBTC can coordinate with the oxygen functional groups in GO, providing the formation of new pores [21]. The slightly reduced 

Vmic/Vt ratio in CuBTC@GO composites implies that the newly formed pores are mesopores principally. The pore size distribution 

in Fig. 4b manifests that the pore size of CuBTC and CuBTC@GO are mainly in the range of 5 to 11 angstrom, which are in accordance 

with the dimension of typical apertures and channels of CuBTC [23].  
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Fig. 4. (a) N2 adsorption-desorption isotherms at 77 K, and (b) pore size distribution of CuBTC and 

CuBTC@xGO composites (x = 0.5, 1, 3, and 5%, respectively). 

Table 1 Surface and pore size characteristics of the synthesized CuBTC and CuBTC@xGO composites (x 

= 0.5, 1, 3, and 5%, respectively) calculated from N2 adsorption-desorption isotherms at 77 K. 

Sample  

Specific surface 

area* (m2 g-1) 

Micropore area# 

(m2 g-1) 

Mesopore area$ 

(m2 g-1) 

Total Pore 

Volume@ 

(cm3 g-1) 

Micropore 

Volume# 

(cm3 g-1) 

Mesopore 

Volume+ 

(cm3 g-1) 

Vmic/Vt 

(%) 

CuBTC  1580 1408 172 0.636 0.538 0.098 84 

CuBTC@0.5%GO 1675 1500 175 0.689 0.575 0.114 83 
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CuBTC@1%GO 1772 1553 219 0.718 0.593 0.125 82 

CuBTC@3%GO 1668 1480 188 0.700 0.569 0.131 81 

CuBTC@5%GO 1637 1431 206 0.670 0.546 0.124 81 

Calculations by *=BET, #=t-plot, $=Total area-micropore area, @=single pore vol at p/p0=0.99, +=total pore vol-micropore vol. 

The thermal stability of the as-synthesized CuBTC and CuBTC@GO composites were 

studied in nitrogen atmosphere using TGA. Fig. 5 displays the TG and DTG curves of the 

samples, which can reflect the mass change of samples over time as the temperature changes. 

Two main weight loss and DTG peaks are presented in the five samples, in good agreement 

with those reported by others [15]. The first weight loss prior to 423 K was related to the 

evaporation of adsorbed impurities, such as water and ethanol. Hence, all the samples were 

activated at 423 K prior to all gas adsorption measurement. The second weight loss occurred 

from 558 K to 663 K and showed the highest weight loss rate at 623 K, which was mainly due 

to the decomposition of the MOF structure. The CuBTC@GO composites presented the similar 

TG and DTG curves, implying they possess similar thermal stability as their counterpart 

CuBTC. The addition of GO did not change the thermostability of CuBTC@GO composites.  
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Fig. 5. (a) TG and (b) DTG curves of CuBTC and CuBTC@xGO composites (x = 0.5, 1, 3, and 5%, 

respectively). 

3.2  CO2 adsorption on newly synthesized CuBTC and CuBTC@GO 

The CO2 adsorption on CuBTC and CuBTC@GO composites were first tested at 273 K, 

with all adsorption isotherms shown in Fig. 6. The raw data at each pressure points were in 

Table S2. The CO2 adsorption amount of CuBTC reached up to 8.02 mmol/g at 1000 mbar, 

which is the highest to date among the reported amounts on CuBTC in the literature, i.e., 3.8-

6.49 mmol/g, tested at similar conditions (Table S3) [20, 26, 35]. The greatly enhanced CO2 

uptake on CuBTC synthesized using our new method is attributed to the improved surface area 

and pore volume, which are acknowledged to be the major factors in determining the CO2 
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capacity of porous adsorbents. All the four CuBTC@GO composites showed higher CO2 

adsorption capacity than their parent CuBTC, probably due to the increased porosity. 

Additionally, among all the composite adsorbents, CuBTC@1%GO was the optimal CO2 

capture adsorbent with a capacity of 8.90 mmol/g. The incoroporation of GO into CuBTC 

contributed to the interaction of CO2 with adsorbents due to the enhanced dispersion forces and 

porosity. The CO2 adsorption performance of CuBTC@GO firstly increased and then 

decreased with the increasing of GO concentration from 0.5% to 5%. The tendency of CO2 

adsorption performance change was due to the increasement of surface area and total pore 

volume increased and then decreased, because the improved porosity played the dominant role 

in enhancing the CO2 adsorption capacity. However, the increase in CO2 uptake by 

CuBTC@GO composite in our case was 11% over CuBTC, which was not as much as those 

reported in the literaute, e.g., 22-29% [14, 35, 36]. It should be remarked that our CuBTC itself 

possessed a very high CO2 capacity, and after the fabrication of GO composites the relative 

improvement in terms of porosity was not as high as those in other CuBTC@GO composites, 

thus accounting for a moderate increase in CO2 uptake in this study. Moreover, the water 

resistance of CuBTC and CuBTC@GO composite were studied based on the difference of CO2 

adsorption performance before and after water vapor exporsure. In Figs. 1, the CO2 adsorption 

capacity of CuBTC (273 K, 1 bar) decreased 30.9% from 8.02 mmol/g to 5.54 mmol/g, while 

CuBTC@1%GO only decreased 15.8% from 8.90 mmol/g to 7.49 mmol/g. Clearly, the 
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fabrication of CuBTC@GO composite enhanced the material stability, thus improving the CO2 

adsorption performance with the presence of water moisture. The elevated water stability is 

beneficial for the usability of CuBTC@GO composite for real-word CO2 capture in flue gas. 

 

Fig. 6. (a-e) CO2 and N2 adsorption isotherms of CuBTC and CuBTC@GO composites (x = 0.5, 1, 3, 

and 5%, respectively), and (f) the ideal CO2/N2 selectivity obtained through isotherms at 273 K. 

To investigate the potential selectivity of CO2 over N2, the adsorption of N2 with the CuBTC 

and CuBTC@GO composites were also measured at 273 K. Obviously, all the adsorbents 

showed quite low N2 uptake varying from 0.44 to 0.51 mmol/g. This is because CO2 has higher 
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quadruple moment (4.30*1026 esu cm2) and polarizability (29.11* 1025 cm3) than N2 (quadruple 

moment 1.52*1026 esu cm2 and polarizability 17.403* 1025 cm3) [37], giving rise to stronger 

interaction between CO2 and the adsorbent. The ideal CO2/N2 selectivity (SCO2/N2) calculated 

from the simulated flue gas composition (CO2/N2:15/85) of CuBTC and CuBTC@GO 

composites are shown in Fig. 6f. CuBTC displayed the ideal CO2/N2 selectivity of 29, which 

was in accordance with the reported selectivity of CuBTC, e.g., 20-41 [14, 26, 38]. However, 

the CuBTC@GO composite did not show significant advantage in CO2/N2 selectivity when 

compared with pristine CuBTC, which was similarly observed in the studies of Bandosz’s 

group [26] and Sun’s group [14]. This is possibly because the increased porosity of 

CuBTC@GO composites is mostly mesopores, as identified by the increased mesopore volume, 

from 0.098 cm3 g-1 of CuBTC to 0.124 cm3 g-1 of CuBTC@5%GO. These new pores contribute to 

the enhancement of CO2 adsorption capacity but may have little effect on improving the 

CO2/N2 selectivity. The reason for the not improved CO2/N2 selectivity of CuBTC@GO 

composites is that the capacities of CO2 and N2 were both increased due to the improved 

porosity, and thus the selectivity was not improved, even though they can improve the 

adsorption capacity at specific temperatures as proven by our experimental results. 

3.3  The isosteric heat of CO2 and N2 adsorption  

The isosteric heat of adsorption (Qst) is the heat released as a result of the occupation of the 

specific adsorption sites by the adsorbate, implying the affinity between adsorbate and 
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adsorbent [39]. Qst is the absolute value of isosteric enthalpy of adsorption (ΔH), which usually 

determines the selectivity of adsorption and energy input required for the regeneration process 

of adsorbent [26], and this can be obtained from the Clausius-Clapeyron equation as mentioned above. Except the 

adsorption isotherms of CO2 and N2 at 273 K, another two temperatures, i.e., 283 and 303 K (Figs. 2) were adopted for CuBTC and 

CuBTC@1%GO adsorption temperatures. The equilibrium data used in equation 2 were fitted with the single-site Langmuir-

Freundlich model (Table S4). From Fig. 7, we can clearly observe that the isosteric heat of CO2 adsorption 

(27-33 kJ mol-1) on both CuBTC and CuBTC@1%GO were substantially higher than that of N2 (14-19 kJ mol-1), 

demonstrating the stronger affinity between CO2 and the adsorbents compared with N2 and adsorbents, which agrees with the CO2/N2 selectivity 

we calculated. The isosteric heat of CO2 adsorption of CuBTC and CuBTC@GO composite agree 

with the reported literatures [12, 26, 38], which showed the values of 25-30 kJ mol-1, and the 

results of isosteric heat of N2 adsorption of CuBTC was also similar to the previous reports 

(14-15 kJ mol-1) [12, 38]. It is interesting to note that the isosteric heat of CO2 adsorption on CuBTC@1%GO is 

slightly lower than that on CuBTC, indicating that CuBTC@1%GO shows lower affinity to CO2 compared with CuBTC and less energy is 

required for CuBTC@1%GO for regeneration. As some of adsorption sites, e.g., open metal sites, on CuBTC has partially coordinated with the 

oxygen function groups of GO [15], the strength between CO2 and these adsorption sites would be slightly weaken and resulted in a lower Qst 

of CuBTC@GO composite than that of parent CuBTC. In general, the lower values of isosteric heat of CO2 adsorption are beneficial from the 

perspective of a reduced energy requirement for the regeneration of an adsorbent [26] . The composite CuBTC@1%GO should have a better 

regeneration ability, which is an important parameter for an adsorbent in real industrial application. 
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Fig. 7. The isosteric heat of (a) CO2 and (b) N2 adsorption of CuBTC and CuBTC@1%GO. 

3.4 Binary breakthrough evaluation and vacuum swing adsorption (VSA) performance of 

adsorbents 

The above CO2 adsorption capacities and CO2/ N2 selectivities of adsorbents obtained via 

isotherms were based on static thermodynamic equilibrium, which did not take the competitive 

adsorption and dynamic effects into consideration [40]. However, these factors are significant 

for the real-world CO2 capture applications because the industrial flue gases are always gas 

mixtures. Therefore, the binary components CO2 and N2 gas adsorption and separation 

performance are needed to be evaluated by using breakthrough experiments. The whole setup 

can be seen in Scheme 2. For comparison, the parent CuBTC and CuBTC@1%GO were chosen 
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as target adsorbents for breakthrough experiments. Fig. 8 displays the CO2 and N2 breakthrough 

curves tested at 298 K and 1 atm. N2 was first eluted from the column with a very short 

breakthrough time, followed by CO2 with a longer retention time. The steep breakthrough 

curves in the initial adsorption period indicated fast kinetics during the adsorption process. A 

higher CO2 uptake than N2 was achieved on both CuBTC and CuBTC@1%GO, which was in 

accordance with our single gas component adsorption results. However, the CO2 breakthrough 

time of CuBTC@1%GO was substantially longer than that of CuBTC, implying a higher CO2 

adsorption capacity achieved on the former, consistent with the results we summarized in Table 

S5.  

The CO2/N2 selectivity determined by breakthrough experiments showed that CuBTC and 

CuBTC@1%GO exhibited a selectivity of 39.2 and 43.8, respectively, which was in reverse 

trend for unary selectivities on these two adsorbents. This can be ascribed to the fact that the 

selectivities calculated from unary isotherms do not take into account the competitive 

adsorption between CO2 and N2. It is noted that the affinity between adsorption sites and CO2 

is essentially higher than that between adsorption sites and N2, as evidenced by the isosteric 

heat of adsorption results. When the competitive adsorption occurred in the column, the 

replacement of N2 by CO2 on adsorption sites would happen under dynamic conditions, thus 

resulting in the improved CO2/N2 selectivity. Therefore, an outperformed separation 

performance of CuBTC@1%GO under dynamic adsorption process would be much more 
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competitive in future industrial applications.  

 

Scheme 2. The schematic setup of binary dynamic column breakthrough experiments. CO2 and N2 

are the feed gases for adsorption. Argon (Ar) is the carrier gas for sweeping the whole system before 

breakthrough experiments. The mass flow rates are controlled by mass flow controller (MFC). The inlet 

of breakthrough column is the CO2/N2 gas mixture. The outlet gas can be monitored by mass flow meter 

(MFM) and the gas composition is determined by the mass spectrometer (MS). 
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Fig. 8. The CO2 and N2 breakthrough profiles of (a) CuBTC and (b) CuBTC@1%GO at 298 K, 1 

atm, and total flow rate of 10 sccm as CO2/N2 (15/85) feed gas.  

To evaluate the performance of adsorbents more properly and meaningfully, we also 

calculated the partition coefficient (PC) of CuBTC and CuBTC@GO composite at different 

breakthrough (BT) level. Because the PC metric can assess the adsorption performance of 

adsorbents more comprehensively [41, 42]. PC was used to calculated using the following 

equation [43]: 

PC = n / P              (3) 

Where PC is the partition coefficient (mol kg-1 Pa-1), n is the adsorption capacity (mmol/g) 

at specific BT level, P is the partial pressure (Pa) of target gas. The calculation results are shown 

in Table 2. At 298 K, CuBTC showed different PC values, i.e., 5.1×10-3, 1.9×10-3, and 6.0×10-

5 mol kg-1 Pa-1, at respective 5%, 10% and 100% BT levels. Generally, the adsorbent has higher 

PC values at lower BT level as the state of adsorbent is far away from saturation in early BT 

point. We also compared the PC values of CuBTC reported by others (in Table S3), and found 

our synthesized CuBTC showed the highest PC value of 8.0×10-5 mol kg-1 Pa-1 at 273 K. 

Different types of adsorbents, such as activated carbon and zeolites and other type of MOF 

were also evaluated by PC metric in Table S6. Additionally, it was clear that CuBTC@1%GO 

displayed a higher PC values at all three BT levels than CuBTC, indicating an improvement in 

its adsorption ability. The fabrication of MOF@GO composites significantly enhanced the CO2 
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adsorption performance based on the proposed metrics for the real-world application. 

Table 2 CO2 adsorption capacity and partition coefficient based on breakthrough of CuBTC and 

CuBTC@1%GO. 

Sample 

Pin(CO2)# 

(bar) 

Adsorption capacity (in CO2/N2, 

mmol/g） 

Partition coefficient (PC)* 

mol kg-1 Pa-1 

5% BT 10% BT 100% BT 5% BT 10% BT 100% BT 

CuBTC 0.15 0.19 0.28 0.90 5.1×10-3 1.9×10-3 6.0×10-5 

CuBTC@1%GO 0.15 0.22 0.34 1.39 5.9×10-3 2.3×10-3 9.3×10-5 

# Pin(CO2) is the inlet partial pressure of CO2. * Adsorption capacity derived at 5% BT 10% BT and 100% 

BT with the total pressure of 1 bar; Initial concentration of CO2 15% and N2 85%. 

To better evaluate the potential of adsorbents, pressure swing adsorption (PSA) and 

vacuum swing adsorption (VSA) are two main effective methods adopted for configuring 

an adsorption process [44]. PSA process involves regenerating the adsorbents by lowering 

the pressure. If the regeneration pressure is less than 1 atm, the process is referred to as 

VSA. In general, VSA process is considered to be a suitable and promising technology for 

flue gas separation [44]. The selected adsorption and desorption pressures are usually set 

to 1 and 0.1 bar, respectively. Five adsorbents evaluation criteria in Table 3 were chosen 

to assess CuBTC and CuBTC@1%GO with the single gas component isotherms at 303 K, 

which was close to the temperature of post-combustion flue gas. Except the predicted 
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selectivity (α12 
ads) showing similar values, the CO2 uptake (N1 

ads), working CO2 capacity 

(ΔN1), regenerability (R), and the sorbent selection parameter (S) of CuBTC@1%GO were 

distinctly higher than that of CuBTC. The superior VSA performance of CuBTC@GO 

composite indicated that it would be a promising CO2 capture adsorbent for practical use. 

Table 3 Evaluation of CuBTC and CuBTC@1%GO for flue gas separation using VSA (CO2/N2: 15/85, 

adsorption pressure at 1 bar, and desorption pressure at 0.1 bar). 

Sample CuBTC CuBTC@1%GO 

CO2 uptake under adsorption conditions, 

N1 
ads (mmol/g) 

0.59 0.67 

Working CO2 capacity,  

ΔN1 = N1 
ads - N1 

des (mmol/g) 

0.48 0.57 

Regenerability (%), 

R = (ΔN1/N1 
ads)×100 

81.3 85.1 

Selectivity under adsorption conditions,  

α12 ads = (N1 
ads/N2 

ads)(y2/y1) 

20.8 21.0 

Sorbent selection parameter,  

S = (α12 ads)2/(α12 des) (ΔN1/ΔN2) 

29.7 34.2 

 

3.5  Regeneration ability of adsorbents for CO2 capture 

We further experimentally studied the regeneration performance of CuBTC and 

CuBTC@1%GO using TGA under dynamic gas adsorption conditions. The cyclic CO2 

adsorption results are shown in Fig. 9. CuBTC@1%GO showed a CO2 adsorption capacity of 
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1.547 mmol/g, which was slightly higher than that of CuBTC with 1.526 mmol/g at 298 K and 

1 atm. The previous reported CO2 uptake for CuBTC under dynamic adsorption tested by TGA 

was in the range of 1.362-2.045 mmol/g (300-303 K, 1 atm) [45, 46], in accordance with the 

capacity we obtained. However, it is worth noting that the regeneration ability of 

CuBTC@1%GO was distinctly higher than CuBTC. After five consecutive runs, the CO2 

uptake dropped more than 26% for CuBTC, while it dropped less than 10% for 

CuBTC@1%GO. The real regenerability of CuBTC@1%GO was even better than that of 

CuBTC, compared with our predicated regenerability by VSA process. Moreover, there was 

negligible change in the last two cycles on CuBTC@1%GO during the cyclic test, indicating 

the good regenerability of CuBTC@GO composite as CO2 capture adsorbent. As suggested by 

previous studies [23], CO2 mainly interacts with the open metal sites of CuBTC, so it was 

difficult to fully recover the adsorption sites after a few adsorption and desorption cycles. 

Izabela et al. obtained a higher CO2 recovery (79.8%) than us using TG-Vacuum system during 

CO2 desorption process for CuBTC, which is more beneficial for the complete removal of 

adsorbed guest molecules on adsorbents. Somehow, the CuBTC@1%GO composite we 

prepared showed an enhanced CO2 capacity recovery (more than 90%) and a better 

regenerability than CuBTC. The fabrication of CuBTC@GO composite has remarkably 

improved the structural stability of adsorbent, thereby enhancing the CO2 regeneration 

performance. 
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Fig. 9. CO2 adsorption capacity for CuBTC and CuBTC@1%GO composite at 298 K and 1 atm over 

multiple cycles of adsorption-desorption process. 

4. Conclusion 

In summary, we adopted a modified synthesis method for the preparation of CuBTC and its 

graphene oxide composites through a mixed solvent strategy. Both CuBTC and a series of 

CuBTC@GO composites were successfully obtained in the glass reagent bottle without high 

temperature and pressure. The addition of N, N-Dimethylformamide is crucial for the 

formation of MOF crystal at 323 K. The newly synthesized CuBTC showed a much higher 

porosity in terms of surface area and total pore volume, compared with CuBTC synthesized by 

conventional methods, and possessed the highest CO2 adsorption capacity at 8.02 mmol/g at 

273 K and 1 bar. Moreover, the fabrication of CuBTC@GO composites enhanced the CO2 

adsorption capacity and regenerability. The optimal CuBTC@1%GO showed a CO2 adsorption 

capacity of 8.90 mmol/g, which was 11% higher than that of CuBTC. The CO2/N2 selectivity 

determined by dynamic breakthrough experiments showed that CuBTC@1%GO exhibited 

substantially higher selectivity (43.8) than CuBTC (39.2). Five adsorbents vacuum swing 

https://creativecommons.org/licenses/by-nc-nd/4.0


© 2021. This manuscript version is made available under the CC-BY-NC-ND 4.0 

license https://creativecommons.org/licenses/by-nc-nd/4.0/ 

32 
 

adsorption (VSA) evaluation criteria showed that CuBTC@1%GO was superior than its parent 

CuBTC. It was important to mention that even though CuBTC@1%GO showed the highest 

CO2 uptake, its isosteric heat of CO2 adsorption was lower than that for pristine CuBTC, 

indicating less energy is needed for regeneration. The following cyclic adsorption experiments also confirmed this 

point. The CO2 adsorption reversibility for CuBTC@1%GO composite could maintain above 90%, while that 

of CuBTC was only below 74% after five adsorption-desorption cycles. The extraordinary CO2 

adsorption capacity and remarkable regeneration performance of CuBTC@GO composite 

indicated that it would be a promising candidate for the real-world CO2 capture in the future. 

The highly regenerable CuBTC@GO composite synthesized by the facile method in this study 

would provide a new route for the design of MOF@GO composites as gas adsorbents. 
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