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Highlight

® Modification of Cu-BTC with Mg?* and MWCNT to produce high performance
composite adsorbent.
CO; adsorption performances of Mg/Cu-BTC@MWCNT were evaluated.

High selectivity of CO from syngas was achieved.
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High CO. content exists in the raw syngas produced from supercritical water
gasification of food waste, CO2 removal to improve quality of the syngas is necessary
before further utilization. In this study, Cu-BTC, Mg/Cu-BTC, Cu-BTC@MWCNT,
and Mg/Cu-BTC@MWCNT were synthesized and characterized as CO> adsorbents.
The adsorption experiments were conducted to investigate the optimal adsorbent and
adsorption conditions. The results indicated that Mg?* and multi-walled carbon
nanotubes (MWCNT) doped into Cu-BTC influenced the physical properties of
adsorbents. Among of all studied adsorbents, Mg/Cu-BTC@MWCNT had the
maximum CO; adsorption capacity (3.63 mmol/g) and selectivity (14.28) at 25 °C and
100 kPa. Analysis of variance (ANOVA) exhibited that adsorption pressure had
significant effects on CO; adsorption capacity of Mg/Cu-BTC@MWCNT. The
influences of different operating parameters on CO> adsorption capacity and selectivity
were discussed in Mg/Cu-BTC@MWCNT. The adsorption isotherms of gas
components on Mg/Cu-BTC@MWCNT can be sorted as follows: CO, > CO> CH4 >H..
In additional, the regeneration experiment with 5 times was conducted and the result
showed that Mg/Cu-BTC@MWCNT has high stability.

Keyword: Cu-BTC, multi-walled carbon nanotubes, CO. adsorption, selectivity,

syngas

1. Introduction

Approximately 1.3 billion tons of the food waste is generated every year in the
world [1]. Traditional technologies such as landfill and incineration to dispose food
waste with high water content have some limitations, especially in terms of efficient
energy consumption and environment pollution [2]. Supercritical water gasification
(SCWG) can to effectively convert high humidity food waste into combustible syngas.
However, one main drawback of this method is high content of CO> produced in raw
syngas, which could be around 35% to 50% of the total volume [3]. The presence of
CO2 could reduce the heating value and limit applications of syngas as chemical
feedstocks [4]. Therefore, to improve the quality of syngas and reduce greenhouse gas
emissions, it is of particular importance to investigate suitable technologies to remove

CO, for desirable syngas.

Commonly used techniques of CO capture include chemical absorption and

physical adsorption [5], [6]. Amine solutions such as mono-ethanolamine (MEA) and



diethanolamine (DEA) are the most widely used industrial chemical absorbent for CO»
absorption [7], [8]. While, the use of amine solution can cause equipment corrosion.
Regeneration of used amine solution requires lots of energy due to the high latent heat
of vaporization, some amine also prone to vaporizing during regeneration by heating,
making the cost of amine adsorption process for CO- is high [9], [10]. Meanwhile, solid
porous adsorbents for CO; capture can overcome the drawback of amine solutions.
Conventional adsorbents such as activated carbon, zeolites 5A, and activated alumina
have been extensively studied for use in CO capture and storage [11], [12], [13].
Researches in the past decades have found that metal-organic framework (MOF) have
great potential for CO> capture and separation owing to its structural adjustability, high
adsorption capacity, selectivity, and thermodynamic stability [14], [15]. Copper
benzene-1,3,5-tricarboxylate (Cu-BTC) with regular octahedral structure has large BET
surface area, high porosity, and the Lewis’s acidity of open metal sites, which has led it
to be regarded as a promising adsorbent for gas adsorption [16], [17]. However, the
hydrophilicity of Cu-BTC resulted in structural damage and poor adsorption when
exposed to gas containing water vapor [18], [19]. For addressing this weakness,
previous studies have shown the structure and characteristics of Cu-BTC could be
changed by modifying coordination bonds-based connections between its organic

linkers and metal-containing nodes [20], [21], [22].

lon doping and functional group modification are good methods to enhance water
resistance and CO adsorption performance of Cu-BTC [23], [24]. Mg-MOF-74
membrane has outstanding performance in both CO, adsorption capacity of 380 mg
CO2/g and H2/COz selectivity of 10.5 at 25 °C, which is attributed to the free interaction
of unsaturated Mg center sites with COx. [25]. Cu-BTC dopped with alkali metals (Li,
Na and K) have a higher CO, adsorption capacity and CO2/Nz selectivity [26]. In order
to further enhance the CO. adsorption performance of Cu-BTC, multi-walled carbon
nanotube (MWCNT) was used to functionalize Cu-BTC. MWCNT with carboxylic
groups (-COOH) is a kind of light-weight hydrophobic material with high specific
surface area. It also has excellent thermal and electrical conductivity [27], [28]. The
introduction of functional groups (-COOH) into the material can adjust its polarity and
acidity, enhancing affinity to CO2 [29]. MWCNT-modified MOF has some advantages



such as good dispersibility and high hydrophobicity, which are expected to increase the
gas adsorption rate and reduce water sensitivity of MOF [30], [31]. Yang et al. [32]
found that MOF-5 modified by CNT greatly improved the moisture stability under
ambient conditions. Eshraghi et al. [33] reported that the CO; adsorption capacity of
MWCNT/MIL-100 and MWCNT/Cu-BTC increased to 4.3 mmol/g and 2.9 mmol/g
compared with Cu-BTC (0.9 mmol/g), respectively. This was due to the increase of
micropore volume of MWCNT incorporated MOF. Xiang et al. [34] developed the
hybrid composite material of MWCNT/Cu-BTC doping of lithium ions, which resulted
in an improvement of the CO2 and CHs adsorption capacity by 305% and 200%,
compared to only Cu-BTC. However, the knowledge of Mg?* and MWCNT doping Cu-
BTC on syngas upgrading is lacking.

Based on mentioned current research and drawback, this work mainly investigated
the influence of incorporating Mg?* and MWCNT into Cu-BTC on its CO, adsorption
capacity and selectivity from raw syngas of SCWG, for creating the optimal adsorbent

and adsorption conditions.

2. Experimental section

2. 1. Synthesis of Cu-BTC-based composite adsorbents

All reagents were purchased from Aladdin (Shanghai, China), including copper
nitrate trihydrate (Cu(NOs)2 -3H20, 99%), magnesium nitrate hexahydrate (Mg
(NO3)2 -6H20, 99%), benzene-1,3,5-tricarboxylic acid (HsBTC, 95%), N, N-
Dimethylformamide (DMF, 99.8%), nitric acid (HNOz, 99%) and ethanol (99.7%) and
multi-walled carbon nanotube (MWCNT). These chemicals were analytical reagent
grade and used without further purification.

Synthesis of Cu-BTC was performed following the reported procedures by Janabi
et al. [35] with some modifications. First, 2 g of Cu(NO3) -3H20 and 1 g of HsBTC
were immersed in a mixture of deionized water/ethanol/DMF (1:1:1). The mixture was
stirred until complete dissolution. Then, they were transferred to a 100 ml (Teflon-
stainless steel) autoclave and heated at 100 °C for 48 h. After the heating process was
completed and the sample was cooled to room temperature, the resulting blue
precipitate was washed with deionized water and ethanol three times to remove
impurities. Finally, the synthesized adsorbent was dried at 120 °C for 8 h in a vacuum

oven to obtain fine Cu-BTC powder.



For the preparation of Mg/Cu-BTC, the synthesis process was similar to the
synthesis of Cu-BTC. The difference was that Cu(NOs) -3H.0 and Mg(NQs); -6H.0
were added to the mixture solution at a molar ratio of 4:1. The other steps were
remained. The product of this process was denoted as Mg/Cu-BTC.

Before MWCNT was used to functionalize Cu-BTC and Mg/Cu-BTC, MWCNT
was acidified with HNOs. The purpose is to introduce carboxyl groups (-COOH) on the
surface of MWCNT and remove impurities. MWCNT with -COOH supported a
continuous copper framework growth by providing uniform nucleation sites. First, the
synthesis step involved dispersing 1 g MWCNT in 50 ml HNO3 using ultrasonication.
The mixed solution was transferred to a 100 ml round bottom flask and was refluxed
by a rotary evaporator at 110 °C for 24 h. After filtration, the mixture was washed
repeatedly with deionized water till the pH of the filtrate reached approximately 5.5.
Finally, the adsorbent was dried at 80 °C and ground into fine powder.

The synthesis of MWCNT@Cu-BTC and Mg-MWCNT@Cu-BTC employed the
pre-synthesis modification method. Compare to post-synthesis, the pre-synthesis
operation is simpler and better for activated adsorbent, it also results in less quality loss.
First, 0.4 g MWCNT was separately added to either 2 g Cu-BTC or 2 g Mg/Cu-BTC
solution and each mixture was stirred for 30 min. Then each solution was placed in a
100 ml Teflon-stainless steel autoclave and was heated 100 °C for 48 h. After reaction
completion, the solid product was filtered and washed with anhydrous toluene and
ethanol. Finally, the adsorbent was dried at 120 °C for 8 h. The synthesis process of Cu-
BTC-based adsorbents described in the previous paragraphs was shown in Fig.1.
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Fig.1. Synthesis procedure of Cu-BTC-based composite adsorbents.
2.2. Characterization



The pore properties of adsorbents were measured by N2 adsorption/desorption
isotherms at -196 °C using Micromeritics Tristar 3020 instrument. The physical
properties analyzed include: BET surface area, pore volume, and average pore size.
Characterizations of elemental C, Cu, and Mg?* were obtained using a scanning XPS
microprobe (PHI Versa Probe 111).

2.3. Gas adsorption and measurement
The measurement of the syngas adsorption at different temperatures and pressures

was performed in a static volumetric apparatus, shown in Fig.2.
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Fig.2. Schematic diagram of syngas adsorption apparatus.

First, the adsorbent was placed in the adsorption bed and packed tightly. After that,
the system was fully vacuumed to remove air. The model syngas (40%H2, 5%CO, 15%
CHg4, and 40%CO>) was then introduced into the system and the pressure was recorded.
During the adsorption experiment, gas chromatograph with thermal conductivity
detector (GC-TCD) was used to measure the outlet gas composition at 5 min intervals
until equilibrium was reached. The adsorption capacity was calculated by the difference
of pressure using the ideal gas law by Eq. (1):

_ APV .
=T €))

Where, An (mmol) and AP (Pa) represent the change of the amount of molar and

An

pressure before and after adsorption; V (m?®) represents the total volume of the system;

R (0.008314 J/mmol K) represents the molar gas constant, and T (K) represents

operating temperature.
The selectivity of CO2/Hz and (CO2+CO+CHa)/H: can be defined as follows by



S12 = 2

Where, n,; and n, (mmol) are adsorption capacity in the syngas at equilibrium, p;

and p, (kPa) are the partial pressure of the gas in the initial state.

3. Result and discussion
3.1. Comparison of synthesized Cu-BTC-based adsorbents
3.1.1. Characterization

N2 adsorption/desorption isotherms of adsorbents were displayed in Fig.3.
According to the classification of the international Union of Pure and Applied
Chemistry (IUPAC) [6], the isotherm curve of MWCNT is type Il with a clear
hysteresis. The adsorption curve increased sharply at low pressure (relative pressure at
0-0.2), which implied the existence of micropores within the network. The N:
adsorption behavior over MWCNT (relative pressure at 0.8-1.0) can be attributed to the
phenomenon of mild capillary condensation into the interparticle voids. A small
hysteresis loop demonstrated the existence of a multilayer adsorption. Generally,
multilayer adsorption took place in the mesopores in accordance with the Langmuir
theory [36]. MWCNT has a mesoporous structure, which is also in good agreement
with the measured average pore diameter of 5.74 nm. The N2 adsorption and desorption
curves of Cu-BTC, Mg/Cu-BTC, Cu-BTC@MWCNT, and Mg/Cu-BTC@MWCNT
were nearly vertical in low-pressure range, it had a strong affinity between the adsorbent
and N2 molecule. The adsorption isotherm of Cu-BTC is type | adsorption, it is the
result of Langmuir single-layer reversible adsorption, indicating that Cu-BTC is mainly
microporous material. However, there were hysteresis loops of different sizes in
Mg/Cu-BTC, Cu-BTC@MWCNT, and Mg/Cu-BTC@MWCNT. This was because that
different volume amounts of mesopores existed in different adsorbents, multi-layer
adsorption or capillary condensation caused the delay of N2 removal during desorption
[37]. Inall, adsorbent modifications with Mg?* and MWCNT changed the pore structure

of the composite adsorbents.
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Fig.3. N2 adsorption/desorption isotherms for MWCNT, Cu-BTC, Mg/Cu-BTC, Cu-
BTC@MWCNT, and Mg/Cu-BTC@MWCNT.

The physical properties of adsorbents were listed in Table 1. The BET surface area
and pore volume of MWCNT were found to be 354 m?/g and 0.4 m®/g. Cu-BTC had
the maximum surface area of 1594 m?/g among five adsorbents, while its total pore
volume and microporous volume were determined to be 0.64 and 0.52 mdp,
respectively. Compared to Cu-BTC, the surface area and pore volume of Mg/Cu-BTC,
Cu-BTC@MWCNT, and Mg/Cu-BTC@MWCNT had lower surface area and pore



volume. However, their micropores proportions were enhanced slightly, it might be
attributed to the structural regulation effect of Mg? and MWCNT on the internal
structure of Cu-BTC. The increase of the average pore size exhibited some extent of
pore blockage during the doping Mg?* or MWCNT into Cu-BTC.

Table 1. Textural properties of adsorbents from N2 adsorption/desorption isotherms.

SBET Vtotal Vmicro DAPD

Adsorbent Vmicro/ Viotal
(m’g)  (m%g) (m*qg) (nm)
MWCNT 354 0.4 0.23 0.57 5.74
Cu-BTC 1594 0.64 0.52 0.81 1.53

Mg/Cu-BTC 1459 0.6 0.48 0.8 1.6

Cu-BTC@MWCNT 1150 0.55 0.46 0.83 1.72
Mg/Cu-BTC@MWCNT 1424 0.57 0.49 0.86 1.55

The XPS spectra of adsorbents were presented in Fig.4. The peaks of MWCNT
showed distinct carbon and oxygen peaks, which were around 285 and 533 eV [38].
For Cu-BTC, Mg/Cu-BTC, Cu-BTC@MWCNT, and Mg/Cu-BTC@MWCNT, XPS
analysis displayed two main peaks of Cu 2p2;z and Cu 2py. located at 934.3 eV and
953.1 eV, which were representative of Cu-BTC-CO and Cu-BTC-O [37]. This showed
that the addition of Mg?* and MWCNT did not affect the coordination bonds between
Cu and BTC. A few peaks between 932.3 eV and 940.5 eV were the appearance of
Cu20 and CuO. For Mg/Cu-BTC and Mg/Cu-BTC@MWCNT, the peak around 49.7
eV was Mg?*, which was from Mg (NO3),, deposited on the Mg/Cu-BTC and Mg/Cu-
BTC@MWCNT. It revealed that Mg?* was successfully added to the adsorbents.
Meanwhile, the atomic ratio of Mg can also be seen in Table 2. Cu-BTC@MWCNT
and Mg/Cu-BTC@MWCNT existed a peak at 285 eV, which represented C1s. It was
worth noting that there was no obvious peak shift or difference that occurred when Cu-
BTC were loaded with Mg?* and/ or MWCNT, which indicated that Cu-BTC has good
stability.
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Fig.4. XPS spectra of the MWCNT, Cu-BTC, Mg/Cu-BTC, Cu-BTC@MWCNT, and
Mg/Cu-BTC@MWCNT.

Table 2. The atomic ratio of C, Cu, and Mg in adsorbents.

Atomic ratio (%)

Adsorbent
C Cu Mg
MWCNT 95.72 / /
Cu-BTC / 7.82 /
Mg/Cu-BTC / 10.3 1.5
Cu-BTC@MWCNT 19.88 6.05 /
Mg/Cu-BTC@MWCNT 18.27 7.61 1.37

3.1.2. CO, adsorption performance

CO; adsorption capacity and CO2/H> selectivity of adsorbents were measured at
25 °C and 100 kPa in Fig.5. MWCNT has a COz adsorption capacity of 1.53 mmol/g.
This is not only because MWCNT has a high BET surface area and pore volume, HNO3
acidification of MWCNT also enhance the interaction between CO, and adsorbent [32].
The CO2 adsorption capacity of Cu-BTC was observed to be at 3.06 mmol/g due to the
presence of unsaturated metal sites and large specific surface area. The CO adsorption
capacity of Mg/Cu-BTC, Cu-BTC@MWCNT, and Mg/Cu-BTC@MWCNT were 3.7%,



11.1%, and 18.5% higher than the pristine Cu-BTC, respectively. It showed that Mg?*
and MWCNT doping increased the adsorption capacity of CO; to a certain extent. The
positive effect of Cu-BTC doped with Mg?* was because an alkaline metal (Mg) had
high affinity to acidic CO2 molecule, replacing some of the unsaturated sites of Cu. The
CO; adsorption capacity of Cu-BTC@MWCNT was higher than Mg/Cu-BTC,
indicating MWCNT with its high specific surface area and pore volume had a more
significant effect than Mg?* in increasing the CO, adsorption. From the result, Mg/Cu-
BTC@MWCNT had the highest CO> adsorption capacity among the studied adsorbents;
at 3.63 mmol/g. This could be explained as the synergistic effect of Mg?* and MWCNT
on Cu-BTC increased the interaction between CO; and adsorbent. Doping of Mg?* into
Cu-BTC provided unsaturated metal sites and affected CO. adsorption. MWCNT
doping into Cu-BTC not only added extra pore volume, but also increased the number
of carboxyl group after being treated by nitric acid, this increased the adsorption of CO;
by the adsorbent.

In addition to discussing CO> adsorption capacity, the selectivity of an adsorbent
towards CO, compared to other gases was also an important property for its effective
application. In Fig.5, the order of CO2/H. adsorption selectivity as follows: Mg/Cu-
BTC@MWCNT> Cu-BTC@MWCNT> Mg/Cu-BTC> Cu-BTC> MWCNT. The
difference in CO2/H> selectivity of Cu-BTC@MWCNT and Mg/Cu-BTC@MWCNT
is because the addition of Mg?* into Cu-BTC@MWCNT increased CO, adsorption
capacity, while it has little effect on the H, adsorption capacity. Among them, Mg/Cu-
BTC@MWCNT had the highest CO2/H. selectivity at 14.28. Therefore, Mg/Cu-
BTC@MWCNT produced both the best adsorption capacity and selectivity among
adsorbents. For that reason, Mg/Cu-BTC@MWCNT can be selected for further

investigations and discussion in the following sections.
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Fig.5. CO. adsorption capacity and CO./H> selectivity of Cu-BTC-based adsorbents at
25 °C and 100 kPa.

3.2. CO; adsorption performance of Mg/Cu-BTC@MWCNT
3.2.1. Influence of operating parameters on CO. adsorption capacity

CO; adsorption isotherms were obtained at different adsorption temperatures and
pressures in Fig.6(a) and (b). The CO, adsorption capacity at 0 °C and 100 kPa was
higher than that at 25 °C and 50 °C by 15.2% and 86.3%, respectively. This was
consistent with the result that the CO; adsorption by Cu-BTC is an exothermic process
[27]. When the adsorption equilibrium is reached, increasing the temperature can inhibit
adsorption reaction. With increasing temperature, the thermal movement of gas
molecules in the pores of the adsorbent was also accelerated, which would promote the
escape of gas molecules from the adsorbent. Lowering adsorption temperature
increased CO» adsorption capacity. Therefore, it is necessary for the syngas from
SCWG or other thermal gasification to be cooled down before CO, removal by MOF.
This also provide extra benefit as the cool syngas is more suitable for further storage
and transportation. Meanwhile, an increase of CO» adsorption capacity with increasing
pressure was observed. When adsorption pressure increased to 500 kPa, CO2 adsorption
capacity was increased by 32.2% and 110.5% at 25 °C and 50 °C. According to previous
studies [39], [40], [41], Cu-BTC is a microporous material, even doped Mg?* and
MWCNT, the BET surface area and micropore-volume of Mg/Cu-BTC@MWCNT also



have a strong contribution to CO; adsorption capacity. Under low adsorption pressure,
gas diffusion primarily happened at the main pores of the adsorbent. By increasing
pressure, CO; entered directly into the unoccupied spaces including unsaturated metal
sites and side pores. These observations suggested that the distribution of pores,
especially (Vmicro/Viotal), Might play a significant contribution in determining the CO:
adsorption performance of Cu-BTC. From Table 1, The Vmicro/Viota 0f Mg/Cu-
BTC@MWCNT is 0.86, this high value is one reason why it has high CO. adsorption.
In order to clearly compare the effect of temperature and pressure, some typical cases
were compared in Fig.6(c). It can be obviously concluded that low temperature and
high pressure is beneficial for CO. adsorption, resulting in a maximum adsorption

capacity of 20.02 mmol/g.
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Compared with other adsorbents in Table 3, Mg/Cu-BTC@MWCNT had more
prominent CO adsorption capacity under similar operating conditions. This indicated
that Mg/Cu-BTC@MWCNT is an adsorbent that could be potential perform very well

when applied for removing CO; from crude syngas.

Table 3. Comparison of various MOF for CO> adsorption capacity.

CO2
Adsorbent adsorpt_lon Pressure ~ Temperature Reference
capacity (bar) (K)
(mmol/g)
K/Cu-BTC 8.64 18 298 [26]
MWCNT@Cu-BTC 4.3 1 298 [33]
Mg/MIL-101(Cr) 3.28 1 298 [41]
MWCNT/
MIL-101(CP) 1.2 0.2 298 [42]
CNT/ ZIF-8 2.1 1.2 273 [43]
Mg/Cu-BTC .
@MWCNT 20.02 5 273 this study

Analysis of variance (ANOVA) was used to evaluate the significance of
temperature and pressure on the CO adsorption capacity. The resulting of Pareto
diagram of standardized effect was presented in Fig.7. The confidence level of all
intervals is 95%. While the adjusted R-squared value of this model is 99.79%, R-
squared predicted value of 99.71%, R-squared value of 99.81%. It means that the data
and the model have a very high consistency. The regression equation of this model can
be expressed by Eq. (3).

Q =0134+0.01265T+4.1130P —0.04494 T * P 3)

Where, Q@ (mmol/g) is CO adsorption capacity; T (K) is temperature; P (kPa) is
pressure; T * P is interaction between temperature and pressure.
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Fig.7. Pareto diagram of standard effect on CO> adsorption capacity.

From Pareto diagram, by comparing the significance level of the influence of
adsorption pressure (P) and adsorption temperature (T) on CO> adsorption, pressure
swing adsorption is more conducive to the effective removal of CO>. At the same time,

the synergic effect of temperature and pressure (T*P) interaction has a significantly

positive influence.

3.2.2. Dynamic adsorption behavior

The process of CO2 dynamic adsorption was investigated at 25 °C and 100 kPa,
and shown in Fig.8. The adsorption dynamic equilibrium was reached as definition,
when the gas adsorption rate went lower than 0.01 mmol/g-min™. The CO, adsorption
capacity of Mg/Cu-BTC@MWCNT was about 3.63 mmol/g. The maximum adsorption
rate and the maximum average adsorption rate were 0.24 mmol/g-mint and 0.16
mmol/g-mint at 16 min. In the early stages, large specific surface area and pore volume
were the main reasons why the adsorbent can quickly adsorb CO». After 16 min, the
pore channels and active sites were occupied, the adsorption rate gradually slowed
down, and the adsorption capacity reached saturation at 34 min.
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Fig.8. CO. adsorption capacity and adsorption rate.

3.2.3. Gas adsorption selectivity

To evaluate the adsorption behavior with syngas, CO2/H, and (CO2+CO+CHa4)/H>
adsorption selectivity were calculated at 25 °C and different pressure. From Fig.9, the
adsorption capacity of all of gas components increased with increasing pressure. CO>
adsorption capacity had the most significant enhancement, from 3.63 at 100 kPa to
15.41 mmol/g at 500 kPa, while H, adsorption capacity only increased from 0.25 to
1.04 mmol/g. There were also small changes to the adsorption of CO and CH4. The
COq2/H> selectivity showed a slight upward trend, rising from 14.28 to 14.80, this
showed the influence of pressure on CO; adsorption is higher than H2. However, the
selectivity of (CO2+CO+CHa)/H2 was sightly decreased from 11.52 to 11.40, this is the
result of a certain amount of CO and CHj4 being adsorbed. From Fig. 9, CO adsorption
capacity increased from 0.17 mmol/g to 0.83 mmol/g, and CH4 adsorption capacity
increased from 0.63 mmol/g to 1.63 mmol/g, respectively within the pressure range of
100 to 500 kPa. So, the ability of syngas components by Mg/Cu-BTC@MWCNT can
be sorted as follows: CO.> CO> CH4> H.. Comparing this with the selectivity of MOF
in previous literatures, Mg/Cu-BTC@MWCNT had a higher CO2/H: selectivity than

mesoporous MCM-41 silica [44]. Based on computer simulation of zeolitic imidazolate



frameworks (ZIF) for separation of binary mixtures of CO2, CH4, N2 and H2 by a

computer simulation, the result showed that CO/H. selectivity of Mg/Cu-

BTC@MWCNT is higher than ZIF-10 [45]. Therefore, Mg/Cu-BTC@MWCNT is

considered as a good material for H, purification.
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Fig.9. Gas adsorption capacity and selectivity of CO2/H, and (CO2+CO+CHa4)/H2 under

different adsorption pressure. Rectangle stands for adsorption capacity of each

component gas; line stands for selectivity.

From the perspective of molecular electronic properties in Table 4, the large

polarizability (2.9 A) and large quadrupole moment (4.3 A) of CO; have to stronger

interaction forces with unsaturated metal sites in adsorbent. CH4 have no quadrupole

moment, resulting in low CHs adsorption capacity. H> adsorption of Mg/Cu-

BTC@MWCNT is mainly driven only by the small molecular diameter of H (2.89 A),

which entered the pores of the adsorbent through diffusion. CO; has a strong interaction

with adsorbent, it will occupy most pore spaces and sites, therefore, H> adsorption

capacity is limited.



Table 4. Electronic properties of Hz, CO, CHa, CO..

Kinetic diameter Polarizability Quadrupole moment
Component
A) (A)? x10°1° (A)?
H> 2.89 0.8042 0.662
CcoO 3.76 0.11 2.5
CHas 3.8 2.6 0
CO2 3.3 2911 4.3

The composition changes of model syngas before and after adsorption was
obtained at 25 °C and 100 kPa in Fig.10. It could be seen that CO. concentration
decreased from 40% to 4.55%, while H> concentration increased from 40% to 85.9%.
Compared to other syngas components, large polarizability (2.9 A) and large
quadrupole moment (4.3 A) of CO; led to stronger interaction forces with unsaturated
metal sites in the adsorbent. These results indicated the high adsorption capacity and
high selectivity of Mg/Cu-BTC@MWCNT towards COz.
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Fig.10. Changes in concentration and adsorption capacity of components of syngas.

3.2.4. Regeneration



The structural stability of adsorbent is one of the most important factors for CO>
adsorption in industrial applications. To evaluate the structural stability of the Mg/Cu-
BTC@MWCNT, CO; adsorption-desorption cycles were done for 5 times. Before each
adsorption, the regeneration of Mg/Cu-BTC@MWCNT was conducted under N
atmosphere at 200 °C for 2 h. From Fig.11, the CO, adsorption capacity of the

regenerated adsorbent was not less than 94.5% of the fresh Cu-BTC after 5 desorption
cycles, suggesting the Mg/Cu-BTC@MWCNT has an excellent regeneration stability.
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Fig.11. CO. adsorption capacity at 1 bar during 5 cycles.

4. Conclusion

Five different adsorbents including MWCNT, Cu-BTC, Mg/Cu-BTC, Cu-
BTC@MWCNT, and Mg/Cu-BTC@MWCNT were used to investigate the
performance of CO; adsorption from syngas. The following observations were
extracted based on experiment results:

1) The doping of Mg?* and MWCNT into Cu-BTC better regulated the BET surface
area and pore structure. Among five adsorbents, Mg/Cu-BTC@MWCNT had the
maximum CO; adsorption capacity with 3.63 mmol/g and adsorption selectivity
with 14.28, and CO; concentration in model syngas decreased from 40% to 4.55%
and Hz concentration increased from 40% to 85.9% at 25 °C and 100 kPa.

2) The analysis of variance (ANOVA) indicated adsorption pressure significantly

affected CO; adsorption capacity. While pressure has a little effect for the



improvement of selectivity Dynamic adsorption results showed the maximum
adsorption rate of 0.24 mmol/g-min™ was at 16 min for CO; adsorption on Mg/Cu-
BTC@MWCNT at 25 °C and 100 kPa.

3) The regeneration experiment with 5 times presented Mg/Cu-BTC@MWCNT has
high structural stability.
Generally, Mg/Cu-BTC@MWCNT had the potential for industrial application

of syngas upgrading. In additional, CO separated from syngas can be used in chemical

compound production, modern agriculture, and oil extraction.
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