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Abstract—The electrochemical route is a promising and environmentally friendly technique for fabrication of metal
organic frameworks (MOFs) due to mild synthesis condition, short time for crystal growth and ease of scale up. A
microstructure Cu,(BTC), MOF was synthesized through electrochemical path and successfully employed for CO, and
CH, adsorption. Characterization and structural investigation of the MOF was carried out by XRD, FE-SEM, TGA,
FTIR and BET analyses. The highest amount of carbon dioxide and methane sorption was 26.89 and 6.63 wt%, respec-
tively, at 298 K. The heat of adsorption for CO, decreased monotonically, while an opposite trend was observed for
CH,. The results also revealed that the selectivity of the developed MOF towards CO, over CH, enhanced with
increase of pressure and composition of carbon dioxide component as predicted by the ideal adsorption solution the-
ory (IAST). The regeneration of as-synthesized MOF was also studied in six consecutive cycles and no considerable

reduction in CO, adsorption capacity was observed.
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INTRODUCTION

Capture of CO, and CH, as the main greenhouse gases has at-
tracted much interest in clean energy researches [1]. Emission of
these gases into the atmosphere threatens the environment and life
on our planet. Increase of sea levels, floods, droughts, species extinc-
tion, and so on are some consequences of global warming caused
by emission of greenhouse gases into the atmosphere [2]. In the
case of CO,, carbon capture and sequestration (CCS) is one of the
novel approaches to mitigate the carbon dioxide emission and also
can protect the environment from global warming hazards. The
CCS technology can be divided into three subcategories: (i) CO,
capture and separation in industries, (ii) compression and trans-
port to injection sites, and (iii) geological storage for further appli-
cations [3].

Natural gas is composed of a large amount of methane and
considerable quantity of light and heavy hydrocarbons along with
other impurities like CO,, N, and H,S. These compounds must be
removed from natural gas since they can cause pipeline corrosion
during down/upstream processing due to their acidic nature. Hence,
it is necessary to mitigate the quantity of CO, in natural gas to 50
ppm [4] for pipeline transportation and liquification and also for
improving the heating value of natural gas. Consumption of meth-
ane as the main constituent of natural gas is increasing as it gener-
ates lower amount of CO and CO,, as well as NO, and SO,, per unit
of energy compared to other fossil fuels [5]. However, there are
some drawbacks restricting the wide-spread use of natural gas: its
low energy density and storage limitations [6].
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Among various techniques, such as membrane process, absorp-
tion, adsorption and cryogenic methods, for removing acid gases
(like CO,) from raw natural gas stream, the processes based on
adsorption have attracted considerable attention due to their sim-
plicity in adsorbent regeneration via thermal or pressure variation
[7]. Physical adsorption, specially by microporous materials, is a
promising and cost-effective approach for storage and separation
of CO,. Numerous porous materials such as zeolites [8,9], carbon
nanotubes [10], nanoporous carbons [11,12], and metal organic
frameworks (MOFs) [13,14], have been used for adsorption of CO,
from fuel/flue streams. Some of these materials suffer from seri-
ous shortcomings such as low adsorption capacity, poor selectivity
over other gases, low physical or chemical stability [3]. Therefore,
finding an appropriate adsorbent to overcome these drawbacks must
be the first aim in gas separation and storage studies.

MOFs are a dlass of crystalline materials that have attracted much
attention over the last two decades [15]. These interesting porous
materials are formed by strong bonds between the metal clusters
or ions and organic ligands. The combination of inorganic and
organic species generates a diverse number of combinations which
have some salient features such as high adsorption capacity, large
specific surface area and high pore volume. In addition, high ther-
mal stability (up to 400 °C), flexible and designable framework, per-
manent porosity and ability to be functionalized or grafted are some
other characteristics of MOFs [16]. Such versatility in design and
configuration has led to the wide applications of MOFs in various
areas such as catalysis, sensors, fuel cell, drug delivery and gas ad-
sorption and separation [17].

Several routes have been proposed for MOFs synthesis such as
solvothermal/hydrothermal [18], sonochemical [19], microwave [20]
and electrochemical methods. Solvothermal/hydrothermal method
is a conventional synthesis approach which takes some days and
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operates at high pressures and temperatures. In recent years research-
ers have attempted to find faster routes that produce MOFs with
the same characteristics like sonochemical and microwave ap-
proaches; however, there are few reports on electrochemical meth-
ods. Electrochemical synthesis is a facile and environmentally friendly
approach that can produce nanostructure materials, which may be
hardly achievable by conventional techniques [21]. In this method,
there is more control on the reactant concentration over period of
time due to the absence of pressure buildup. In addition, by con-
trolling the anodic oxidation, different rates of metal ions can be
added to the solution [22]. On the other hand, rapid synthesis at
lower temperatures compared to conventional synthesis methods
and no need to metal salts can add to the advantages of the elec-
trochemical synthesis route. This procedure was first pioneered by
Muller and coworkers [23] in 2005 when they generated MOFs
via electrosynthesis in methanol medium. In this method, instead
of metal salt, an electrode supplies the required metal ions for syn-
thesis. Then, the electrode is placed in the solution which con-
tains ligand and is in most cases accompanied by electrolyte. The
metals dissolve by applying suitable voltage or current and the
released metal ions react with linkers to form MOF near the elec-
trode surface [18].

Cu,(BTC), (also known as HKUST-1) is one of the well-known
MOFs first synthesized by Chui et al. in 1999 [24]. This MOF is
comprised of Cu”* cluster coordinated by carboxylate groups of
1,3,5-benzentricarboxylate acid as an organic linker to form a pad-
dlewheel unit in which four carboxylate groups form a square
(Fig. 1). The Cu" ion fulfills its lack of electrons through a weak
bond and its axial coordination site is occupied by lone pair sol-
vent molecule. Consequently, these building blocks form a three-
dimensional cubic framework with open pore system through
BTC ligands [25]. Ease of synthesis and chemical stability are con-
sidered as the main features making this MOF a suitable candi-

Fig. 1. Molecular structure of Cu;(BTC), (C: gray H: white O: red
Cu: orange).

date for studies [18].

One of the main concerns in researches, especially in engineer-
ing, is the commercialization of academic outputs or scaling up
the pilot studies for industrial applications. In this regard, utiliza-
tion of MOFs at large scales, such as gas storage and separations
units, is one of the issues that should be addressed. Although numer-
ous studies have been reported about the potential of MOFs in
various technological fields, only few academically pure ideas be-
came applicable in reality and daily life [26]. Among very few compa-
nies that developed the utilization of MOFs to larger scales, BASF
was the first showing interest in MOFs and claims to be the pio-
neer in production of MOFs on a large scale [23]. This company
developed an electrochemical approach to synthesize Cu,(BTC),
for industrial purposes since they predicted the technological im-
portance of MOFs, mainly because of their salient properties such
as ultra-high specific surface area, tunability and availability and
cheap reactants for its synthesis [27]. One of the remarkable and at
the same time recent applications of MOFs is in transport indus-
try. Considerable efforts have been made to find solutions for fuel
storage, separation and catalysis. Ecofuel Asia Tour (in 2007) was
the first project in which MOFs were applied for gas storage. The
pellets of Cu,(BTC), were chosen for MOF-tank since it has high
capacity for CNG storage [27].

Gas separation is another possible field where MOFs can be
beneficially applied at industrial scale. In this process, the gas mix-
tures are separated with pressure swing adsorption (PSA) or tem-
perature swing adsorption (TSA) methods; however, PSA has some
advantages over TSA such as high selectivity; high adsorption capac-
ity and facile adsorbent regeneration [28]. Separation of nitrogen
from oxygen (air), nitrogen from carbon dioxide and nitrogen from
methane are some of the examples which were previously done by
zeolitic adsorbents. The key component in this regard is the price
and adsorption capacity of the adsorbent, which plays a significat
role in the process economy.

The main objective of this study was synthesizing Cu,(BTC),
via electrochemical route, investigating its potential for adsorption
of CO, and CH, and predicting its separtion performance by ideal
adsorption theory. Many studies have been done on the adsorp-
tion of CO, and CH, by MOFs which were synthesized by solvo-
thermal method; however, still there is no report on adsorption of
these gases on electrochemically synthesized MOFs. The MOF
structure was characterized by various analyses such as BET, XRD,
FTIR, TGA and FE-SEM. Also, adsorption isotherms and ther-
modynamic studies were performed using appropriate physical
models. IAST was used to model the selectivity of CO,/CH, in the
gas mixture from pure component isotherm data. Finally, reusabil-
ity of the as-synthesized MOF was studied to identify the adsorp-
tion uptake stability.

MATERIALS AND METHODS

1. Materials

Cu-plates were chosen as cathode and anode electrodes. 1,3,5
Benzentricarboxylate acid (H;BTC, Merck, Germany), Tetrabu-
tylammoniumtetrafluoroborate (TBATFB, Sigma, USA) and etha-
nol (Merck, Germany) were used as ligand, supporting electrolyte
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and solvent, respectively.
2. MOF Synthesis

Two copper electrodes with similar area (8 cm’) were placed in
an electrolysis cell which contained 100 ml ethanol solution. 1g
H,BTC and 0.65g TBATFB as supporting electrolyte were dissolved
in 100 ml ethanol solution. The solution was stirred for 10 min for
complete dissolvation. Then, electrodes with similar area (8 cm?)
were placed in the solution. Nitrogen gas was purged into the elec-
trolysis cell as a sweeping gas in order to omit dissolved oxygen.
The process was continued for 2.5 h under constant voltage (30 V).
Sky-blue precipitates which were a sign of Cuy(BTC), formation
were collected by centrifugation and subsequently dried at 110°C
overnight. Finally, the MOF was activated at 150 °C for 3 h where
the sky-blue precipitates turned to dark blue after activation. This
phenomenon is due to the reduction in coordination number of
Cu from six to four in complex state.
3. Characterization

The surface morphology and microstructures of the developed
MOF were determined by field emission scanning electron micros-
copy (FE-SEM) analysis using Tescan instrument (MIRA3, Czech
Republic) with 5KkV acceleration voltage. For conductivity purpose,
the samples were gold sputtered before the analysis. Crystallinity,
chemical composition and solid phase structure were studied by
X-ray diffraction XRD analysis (X pert Pro, Panalytical, Germany),
which is a non-destructive technique using monochromatic Cu-
Ko radiation (1=1.5406 A°) at 30kV and 20 mA. The surface func-
tional groups were detected by Fourier transform infrared (FTIR)
spectroscopy (Bruker Vertex-70, Germany) using KBr pellet in the
range of 400-4,000cm™". The change in sample weight with respect
to the temperature was measured by thermogravimetric analyzer
(TGA) under air (oxidative) or nitrogen (inert) atmosphere (STA
1500, Rheometric Scientific, USA). This analysis was carried out
to investigate the thermal stability of the samples. The BET sur-
face area and microporous properties were calculated by nitrogen
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Fig. 2. Schematic diagram of volumetric gas adsorption set-up.
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adsorption at 77 K over relative pressure range of 0.01 to 0.99
using a surface area analyzer (BELSORP-mini II, Japan).
4. Gas adsorption Apparatus

Adsorption of pure gases was measured by volumetric method,
which is one of the straightforward methods for gas adsorption. A
schematic representation of the adsorption setup is shown in Fig.
2. The apparatus involved two stainless steel cells (load and ad-
sorption cell) with the same volumes, which were kept at constant
temperature using a water bath. The load cell was connected to
the pressure indicator by pressure transmitter. Prior to each test,
the whole system was degassed by vacuum pump. Then, the regu-
lator and the main valve between gas cylinder and load vessel
were opened and the gas flowed to the vessel till the pressure sta-
bilized at the desired pressure. In the next step, the valve before
adsorption cell was opened and the pressure distributed between
the cells. Meanwhile, the pressure began to drop due to the ad-
sorption of gas by MOE Enough time was given to ensure that the
equilibrium state was achieved and the final pressure was recorded.
The adsorption amount of gases was calculated by material bal-
ance around the load and adsorption vessels, which could be con-
sidered as a closed system. This statement can be expressed by the
following equation:

[NT, +[NJ, = [N],, +[N],, +Ngs @

P a

P>

where subscripts (p) and (a) indicate the pressure cell and adsorp-
tion cell, and subscripts 1 and 2 represent the initial state and final
equilibrium state, respectively. N is the number of moles in each
state which is obtained by real gas equation, N=(PV/ZRT), where
V (m’), P (Pa), T (K) and R (8.314 Jmol 'K") represent volume,
pressure, temperature and the universal gas constant, respectively.
Z denotes the compressibility factor which was calculated by Soave-
Redlich-Kwong (SRK) equation of state. N, is the amount of ad-
sorbed gas onto the sorbent (moles).

The gas adsorption experiments were carried out using high
purity CO, (99.999%) and CH, (99.999%) at the pressure range of
0-22bar and various temperatures (298, 308 and 318 K) which
were provided by water bath. Finally, the adsorption capacity of
Cu,(BTC), was calculated by SRK equation of state in MATLAB
software (R2014b).

RESULTS AND DISCUSSION

1. Characterization Results

The XRD pattern of the electrochemically synthesized Cuy(BTC),
is shown in Fig. 3 where all peaks corresponding to the reflection
planes are indicated. The pattern is in good agreement with those
available in the literature which were synthesized via solvothermal
route. From Fig. 3, sharp diffraction peaks can be observed which
show the highly crystalline nature of the synthesized MOE The
intensive peaks at low 26, i.e. 9.6", 11.8° and 40° can be attributed
to (220), (222) and (400) crystal planes of Cuy(BTC),, respectively
[29]. Moreover, sharpness of mentioned peaks indicates the micro-
porous nature of the developed Cus(BTC), which possesses many
small pores [30]. In electrochemical synthesis, there is a probabil-
ity of copper oxide or copper dioxide formation due to the pres-
ence of water molecules in the solution; however, using ethanol as
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Fig. 3. XRD pattern of the electrochemically synthesized Cu;(BTC),.
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Fig. 4. (a) TBATFB chemical structure and (b) solvation of anionic
part of TBATFB by ethanol molecules.

a solvent can diminish the formation of unwanted impurities in
the medium since the polar segment of ethanol solves the anionic
part of TBATFB (BF,) [31-33] as depicted in Fig. 4. Consequently,
this will cause an increase in solution conductivity;, and no signifi-
cant amount of copper oxide or copper dioxide will form in the
medium.

Thus, as can be seen in Fig. 3 there was not any significant evi-
dence of the existence of CuO (26=35.5") and CuQ, (26=36.43")
in the XRD pattern, which confirms the absence of the mentioned
impurities [34].

The textural properties of the MOF were determined by ad-
sorption of N, at 77 K, which is shown in Fig. 5. It is clear that
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Fig. 5.N, adsorption-desorption isotherms on the developed Cu,
(BTC), MOE
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Fig. 6. (a) MP and (b) BJH plots of Cu;(BTC), MOE

adsorption and desorption isotherms of nitrogen gas on electro-
chemically synthesized Cus(BTC), completely overlapped and fol-
lowed isotherm type I, which belongs to microporous materials
according to the IUPAC dlassification.

Fig. 6 illustrates the pore size distribution of the synthesized
Cuy(BTC), obtained from micropore (MP) and Barrett-Joyner-Hal-
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Table 1. Textural properties of electrochemically synthesized Cu;(BTC), and those synthesized with other techniques

Sger (m’g ") Total pore volume (cm’ g™') Micropore volume (cm’ g ') Mean pore diameter (nm) Ref.
1474.1 0.62 0.60 1.68 This work
4522 0.28 N/A N/A (35]
708 0.48 N/A N/A (36]
1080 0.57 N/A N/A (37]
1370 0.57 0.48 1.67 [38]
1507 0.61 N/A N/A [39]
1119 0.59 N/A N/A [40]
1270 0.65 N/A N/A [40]
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Fig. 7. FTIR spectrum of the synthesized Cu;(BTC),.

enda (BJH) methods. In Fig. 5 the majority of pores were distrib-
uted in the range of 042 to 1 nm, confirming that the as-synthesized
MOF was highly microporous (more than 95% of the total pore
volume). Detailed information about Cu,(BTC), structure including
BET surface area, total pore volume, micropore volume and mean
pore diameter is listed in Table 1, and meanwhile they are com-
pared with similar studies reported for the synthesis of Cu,(BTC),
through other techniques.

As indicated in Table 1, the as-synthesized Cu;(BTC), showed
higher BET surface area and pore volume as opposed to most of
studies, which confirms the reliability and effectiveness of electro-
chemical synthesis method. Furthermore, optimizing the electro-
chemical synthesis condition can improve the textural properties
of final Cu,(BTC),.

Fig. 7 shows the FTIR spectrum of the synthesized MOE At the
range of 1,500-1,600 cm ™', symmetric COOQ stretches of the carbox-
ylate group can be observed, which forms a complex with Cu*.
This suggests that deprotonation in acidic C=O has occurred. The
peak around 1,575 cm™" can be assigned to C-C skeletal vibration
of benzene groups in BTC linker. The sharp peak around 760 cm™
is attributed to Cu-O stretching vibration, in which Cu is substi-
tuted on benzene groups by forming coordination bond with oxy-
gen atom [41]. A broad band which can be observed in the region
of 3,100-3,600 cm ™ is due to the presence of O-H in the coordinated
polymer. As mentioned, there is no sign of the existence of CuO
and Cu,O crystals during the nucleation of Cuy(BTC),; otherwise,

April, 2018

Fig. 8. Thermogravimetric curve of Cu;(BTC),.

some corresponding peaks should be observed at 410, 500, 610
and 615cm ™ [42].

Fig. 8 illustrates thermo-gravimetric analysis of the MOF with
weight loss when Cus(BTC), is heated to 400°C in the air. The
first weight loss up to 150 °C corresponds to desorption of mois-
ture or guest molecule which was physically adsorbed on the
MOE As can be seen, there was not any significant change in adsor-
bent weight up to 295 °C, which shows the high thermal stability
of Cuy(BTC), at high temperatures and confirms the negligible
amount of impurities in the structure. The second drastic mass
drop (45%) happened around 295 °C due to the decomposition of
the ligand (1,3,5 Benzentricarboxylate acid) and the remaining
was copper oxide (CuO). Therefore, prior to adsorption tests it
was necessary to regenerate Cus(BTC), near its regeneration tem-
perature (150 °C) to remove moisture and adsorbed gases from its
surface [30].

The morphology and the particle shape of electrochemically
synthesized Cu;(BTC), was studied by FE-SEM analysis as shown
in Fig. 9. Octahedral shape of Cuy(BTC), is clearly obvious from
Fig. 9, which is highly similar to those synthesized through solvo-
thermal method [29,41].

2. Adsorption Experiments

To investigate the gas adsorption performance of the electro-
chemically synthetized Cuy(BTC),, CO, and CH, adsorption experi-
ments were carried out at different pressures, and the results were
expressed by physical models to describe the equilibrium uptake.
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Fig. 9. FE-SEM micrographs of the synthesized Cu;(BTC), at different magnifications (a) 200 nm and (b) 500 nm.

There are several isotherm models which can be used for this pur-
pose, among which Langmuir and Sips isotherms are more appro-
priate for gas adsorption. Langmuir model can be expressed as
follows:

K,P

K, p @

Langmuir: q,
where q, is the adsorption capacity (mmol g) at equilibrium pres-
sure P; q,, is the maximum amount of gas adsorbed (mmol g ')
and K; (bar ") is the Langmuir constant.

Sips isotherm model is a three-parameter model that is a com-
bination of Langmuir and Freundlich isotherm models. In most
gas adsorption studies, the Sips model gives more realistic predic-
tion by considering ideal/non ideal interactions between adsor-
bate and adsorbent surface [43]:

. (KSP)I/ n

Sips: q, qm1+(KsP)1/" (3)
where q,, (mmol g™') is the amount of gas adsorbed, K (bar ") is
the Langmuir type constant and n is heterogeneity parameter.

Nonlinear fit of carbon dioxide and methane uptake at equilib-
rium condition and three different temperatures of 298, 308 and
318 K is shown in Fig. 10. Cus(BTC), had preferential adsorption
tendency toward CO, over CH,. Since the cage diameter of Cuy(BTC),
is approximately 0.9 nm, the size exclusion phenomenon cannot
be the mechanism for CO,/CH, separation, since these molecules
have small kinetic diameters (0.33 and 0.38 nm, respectively) that
can pass easily through the pores. Higher adsorption of CO, might
have occurred due to the extra contribution from binding between
CO, and open metal sites, which is stronger than other interac-
tions such as van der Waals type existing between CH, molecules
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Fig. 10. Adsorption isotherms of CO, (black symbols) and CH, (grey
symbols) at different temperatures on Cus(BTC),.

and the adsorbent surface. In fact, the existence of metal ions brings
an enhanced electrostatic interaction between CO, quadrupole
moment and open metal charge (thermodynamic separation) [44];
however, nonpolar nature of methane molecules provides less inter-
action with unsaturated, accessible metal sites [35]. Therefore, the
difference in physical property of gas molecules (CO, and CH,)
determined the amount of adsorption. Table 2 compiles the ad-
sorption constants of Langmuir and Sips isotherm models. It is
clear that the Sips isotherm model fitted the equilibrium data quite
well for both CO, and CH, (high R?) in comparison to the Lang-
muir model. This means that at low pressure range, the Freundlich
isotherm model was dominant, and at higher pressure monolayer

Korean J. Chem. Eng.(Vol. 35, No. 4)
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Table 2. Langmuir and Sips isotherm constants for CO, and CH, adsorption on Cu;(BTC),

CO, CH,

Temperature (K) 298 308 318 298 308 318

Langmuir

q,, (mmol g_l) 31.830 27.546 23.578 8.635 7.005 2.710

K, (bar ) 0.5406 0.5223 0.1733 0.1774 0.1365 0.3757

R’ 0.9954 0.9978 0.9726 0.9958 0.9927 0.9734

Sips

qy» (mmol gﬁl) 29.230 26.040 21.160 8.218 5.703 2.677

K, (bar™) 0.6224 0.5920 0.3716 0.1967 0.2020 0.3579

1/n 1.202 1.134 1.812 1.091 1.452 1.238

R’ 0.9988 0.9993 0.9991 0.9912 0.9985 0.9944

Table 3. Comparison of CO, or CH, uptake by different types of MOFs

Adsorbent CO, uptake (mmol g ) CH, uptake (mmol g ') P (bar) Temperature (K) Reference
ZIF-7 2.75 0.12 1 298 [46]
MIL-125 (Ti) 3.80 0.95 10 298 [47]
HKUST-1 545 0.82 10 298 [35]
HKUST-1 3.63 - 1 298 [36]
HKUST-1 7.56 - 5 298 [37]
MIL-53 2.27 - 1 296 [48]
MIL-96 4.10 - 1 296 [48]
Zn(IT) MOF 123 0.15 1 298 [49]
Cu,(BTC), 8.12 4.10 10 298 This work

adsorption (Langmuir isotherm model) occurred, signifying that
the adsorbent reached its saturation region. In this case, the Freun-
dlich isotherm model was unable to fit the equilibrium data at low
pressures since this model is applied when there is high affinity for
the adsorbent and consequently; the initial slope is very high. On
the other hand, at higher pressures the adsorption behavior reached
to asymptotic plateau; while, if equilibrium data follow Freundlich
isotherm model, the adsorbent does not show clearly limited ad-
sorption capacity [45].

The maximum adsorption capacity of Cu,(BTC), for CO, and
CH, was 842 and 443 mmol g ' at 298 K, respectively, which is
comparable with results obtained from other MOFs synthesized
by conventional routes like solvothermal or hydrothermal meth-
ods. Table 3 compares some recent progress in adsorption of CO,
or CH, using different kinds of MOFs.

As can be seen from Table 3, the amount of CO, and CH, uptake
by the electrochemically synthesized Cuy(BTC), in the present study
was comparable and in most cases even higher than those which
were synthesized by solvothermal route.

3. Kinetic Study

Adsorption kinetics is a significant factor for estimating the per-
formance of fixed bed or any other flow-through system [50]. There
are two main classes of theoretical models that have been pro-
posed to describe adsoption data: adsorption reaction models and
adsorption diffution models. Although both models are used to
define the adsorption kinetics, they are completely different. Ad-
sorption diffusion refers to three consecutive processes, ie. film
diffusion, internal diffusion and mass diffusion, while the adsorp-
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tion reaction is based on chemical reaction kinetics and covers the
whole process of adsorption [51].

Pseudo-first-order and pseudo-second-order are the most com-
mon adsorption kinetic models which are applied to describe ad-
sorption kinetics and adsorbate-adsorbent interactions. Pseudo-
first-order model predicts physical adsorption, which is usually
reversible. However, the main assumption of pseudo-second-order
is chemical interactons which are usually formed by strong bonds
between adsorbates and adsorbent [52]. Pseudo-first and pseudo-
second order kinetic models are as follows:

q=q.(1-¢") @)
kzqi
q= quett (5)

where k; (s™') and k, (g-mmol 's™') are rate constants, q, (mmol-
g") and q, are adsorption capacity at time t and equilibrium, respec-
tively.

It would be more convenient to choose the order of the adsorp-
tion reaction as an adjustable parameter. In this study, pseudo-nth
order kinetic model was used to calculate the order of reaction
directly [52]. This equation can be presented as follows:

9=9.-[@)" "+ (m-DK,g """ ©)
where q, (mmol-g ") and q, are adsorption capacity at time t and
equilibrium, respectively, K, (s™') is the rate constant and n is the
order of reaction.

Fig. 11 depicts the adsorption kinetics of CO, and CH, on



Electrochemical synthesis, characterization and application of a microstructure Cu,(BTC), MOF for CO, and CH, separation 981

¥ e
. CO,
] CH‘
= — — —  Pseudo-First Order
v Pagudo-Second Order
E Pseudo-nth Order
-
ey g e e .
om T T N N
0 100 200 300 400 500
time (sec)

Fig. 11. CO, and CH, adsorption kinetics at 298 K and 8 bar.

Cuy(BTC), at 298K and 8bar. It is clear that the adsorption was
very rapid at the early stage of the process until reaching its high-
est uptake and then approached to a plateau form, indicating that
the adsorbent was saturated by gas molecules. This behavior can
be observed for both CO, and CH, molecules. Sharp increase in
the adsorption capacity at the beginning of the process is due to
the vacant and unsaturated active sites which are available for the
adsorbates. After a while, the number of accessible sites decreased,
and at the equilibrium the amount of uptake became almost con-
stant. As can be observed in Fig. 10, carbon dioxide needed more
time to attain its equilibrium state in comparison to methane. This
can be attributed to the molecular weight of CO, which is heavier
than CH,; thus, CO, mobility would be restricted in gas space. Fur-
thermore, small surface diftusivity of CO, is another reason that causes
slow movement of CO, molecules towards the inner pores [53].

The kinetic parameters obtained through non-linear fit of exper-
imental data are summarized in Table 4.

As can be seen from Table 4, pseudo-first-order and second-
order models could not fit the experimental data very well; how-
ever, the nth-order model predicted the kinetic behavior with high
accuracy. Since the values of adjusted parameter for both gases
were close to 1, this implies that the adsorption process was con-
trolled by strong physisorption mechanism.

4. Adsorption Thermodynamic

Isosteric heat (AH,,) is the key parameter for determining the
thermal nature of the process. This parameter is defined by the
Clausius-Clapeyron equation:

dInP

a(3)

q.

AH, =R

{ 5
|® BIC)

Hent of ad o Bon (imal)

Heat of adsoprtion (kJ/mol)
8 8 B £ 5 58 2 8 2 8 8

0 2 4 6 8 10 12 14 16

Wi(%)
Fig. 12. Isosteric heat of adsorption against surface coverage for (a)
CO, and (b) CH,.

To calculate the heat of adsorption, the amount of gas uptake at
different temperatures was used. Fig. 12 depicts the isosteric heat
of adsorption of CO, and CH, on Cuy(BTC), versus the amount
of uptake. The high value of AH,, (56.93kJ mol ") for CO, at the
beginning of the process is due to the direct interaction of adsor-
bate and adsorbent surface which led to the release of large ad-
sorption heat. As the adsorbent sites were occupied by CO, mole-
cules, the heat of adsorption decreased consistently and monotoni-
cally due to the weak contact between gas molecules and adsorbent
surface. However, this trend for methane was completely opposite.
The isosteric heat of adsorption (28.46 k] mol ") increased gradu-
ally as the surface coverage increased. This phenomenon occurs
due to the enhanced intermolecular forces among molecules at
higher surface loadings [54,55].

As can be seen in Fig. 12, the heat of adsorption of CO, is higher
than CH, due to the geometrical shape of gas molecules. Since
CO, molecule has a claviform shape, it will be affected more by
the pore wall than CH, molecule which has regular tetrahedral
shape; therefore, it produces more energy and heat [56].

5. Ideal Adsorption Solution Theory (IAST)

Ideal adsorption solution theory (IAST), first proposed by Myers
and Praunitz [57], has been widely applied to predict the adsorp-
tion selectivity and mixed gas adsorption using isotherms of pure
components. This model assumes that the adsorbed gas mixture
behaves like an ideal solution at constant spreading pressure and
temperature, i.e., all components in the mixture follow a rule simi-
lar to Raoult’s law [58]. In the present study, IAST was employed
to predict CO,/CH, binary mixture adsorption. The adsorption
selectivity for a binary gas mixture is defined as follows:

Table 4. Constants of kinetic models for adsorption of CO, and CH, on Cu;(BTC),

Pseudo- first order

Pseudo- second order

Pseudo-nth order

Qe (exp) k, e (cad R’ k, e (cal) R’ e (cal) K, n R’
CO, 6.71 0.1366 6.11 0.8749 0.0338 6.57 0.9529 6.590 0.0453 1.29 0.9857
CH, 231 0.7886 2.16 0.9251 0.5107 225 0.9720 2.305 0.6512 1.16 0.9986
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Fig. 13.IAST predicted selectivities for different CO,/CH, composi-
tions adsorbed on Cu;(BTC), at 298 K.
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Fig. 14. Cydlic performance of Cus(BTC), over several cycles of CO,
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where x is the mole fraction in adsorbed phase and y is the mole
fraction in gas phase.

Fig. 13 shows the selectivity of CO,/CH, at different gas mix-
ture compositions. As it is clear, with increase in gas mixture pres-
sure or CO, mole fraction (heavier component), selectivity increases.
This can be attributed to the lateral interactions between CO, mol-
ecules that were enhanced as the mixture pressure increased [59].
6. Assessment of Cu;(BTC), Regenerability in Sequential Cycles

From a practical point of view, the stability of an adsorbent to
sustain its adsorption capacity is one of the important parameters
that must be considered. Fig. 14 represents the adsorption-desorp-
tion profiles of CO, in six consecutive adsorption-desorption runs.
The duration of each sorption-desorption cycle for Cuy(BTC), was
24 h. As seen in Fig. 14, the as-synthesized MOF exhibited accept-
able cyclic performance and kept its maximum adsorption capac-
ity after six cycles (~8.42 mmol g ' at 12.5 bar).

CONCLUSION
We demonstrated that electrochemical synthesis can be a con-
venient approach with high efficiency (yield about 80%) for syn-
thesis of Cu,(BTC), MOF at ambient conditions. Results obtained

April, 2018

from various analyses confirmed the high textural properties, high
crystallinity and good thermal stability of the aforementioned MOE
The amount of CO, and CH, uptake was satisfactory and compet-
itive with those reported for other MOFs synthetized through
other routes. The prediction based on IAST also demonstrated
that Cus(BTC), can adsorb CO, more selectively than CH, at higher
CO, mole fractions. Also, the potential of the adsorbent in keep-
ing its adsorption capacity was examined through six sequential
cycles and no significant loss was observed in CO, uptake, which
confirms that the electrochemically synthetized Cu,(BTC), had
good stability in repeated adsorption runs.

Although, numerous MOFs with high gas adsorption capaci-
ties were developed via other routes such as solovothermal, the
results of the present study demonstrated that the electrochemical
method offers some outstanding advantages over the traditional
routes which are (i) operating at ambient conditions (ie., low
energy consumption), (ii) completeion of synthesis in short period
of time, and (iii) no need for metal salt, which means that one
chemical compound is omitted. Therefore, MOFs can be a suit-
able substitution for conventional adsorbents due to their special
characteristics, and they can be used in packed columns for cap-
turing hazardous components before being emitted to the atmo-
sphere.
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