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Abstract: CNT-NH,-Cu-BTC was prepared via hydrothermal synthesis for the adsorption and sepa-
ration of CO, /CHy mixtures with 2, 6, and 10% multiwalled carbon nanotube (MWCNT) additions.
NH,-BTC composites were synthesized by changing the organic ligand and adding NH,-BDC (15,
25, 35, and 45%) to improve the adsorption capacity. MWCNTS were loaded to enhance the water sta-
bility of the material. The structure, surface morphology, and pore size distribution of the composites
were characterized using X-ray diffraction, scanning electron microscopy, Fourier transform infrared
spectroscopy, thermogravimetric analysis, and specific surface area and pore structure measurements.
The CO, /CHy selective adsorption performance was studied via breakthrough experiments using a
self-made adsorption device. The CO, adsorption capacity of Cu-BTC increased due to the addition of
NH,-BDC, with 35%NH,-Cu-BTC exhibiting the best CO, adsorption property, i.e., a CO, adsorption
capacity of 1.82 mmol/g and a CO,/CHjy separation coefficient of 1.44 at 35 °C and 20 mL/min.
After adding MWCNTs, 6%CNT-NH;-Cu-BTC exhibited the best CO, adsorption property and water
stability, with the CO, adsorption capacity increasing to 2.06 mmol/g. 6%CNT-NH,-Cu-BTC with
wet impregnation retained 79% of the CO, adsorption capacity of the sample without wet impregna-
tion, demonstrating its excellent water stability under humid conditions. Cyclic experiments with
and without wet impregnation were performed.

Keywords: CO,/CHyseparation; CNT-NH;-Cu-BTC; water stability

1. Introduction

Heat release associated with the combustion of methane (CH,), which is the main
component of biogas and natural gas, can reach 34,000 KJ/m? per unit volume. How-
ever, biogas, in which CHy4 and carbon dioxide (CO,) account for 55-70% and 25-40%,
respectively [1], and natural gas contain a large amount of CO, gas [2], which affects fuel
utilization and reduces the calorific value of fuel combustion. Therefore, separation of CO,
from fuel is essential to achieve carbon emission reduction and effective energy utilization,
and adsorption stands out as a promising method for this purpose [3,4]. Wang et al. [5]
used Ca(Ac); as a precursor to modified CaO, and a favorable adsorption property was
found for CO, adsorption. In the case of water vapor diffusion, the adsorbent also showed
excellent CO, adsorption performance, and the adsorption capacity remained above 65%
after 18 cycles. Claudio et al. [6] prepared hydrotalc (HTCs) to evaluate the CO, adsorption
capacity of HTCs. The CO; adsorption capacity was 1.05 mmol/g at a pressure of 1 bar
and a temperature of 300 °C.

Selecting an appropriate adsorbent is critical for the adsorption separation of CO, and
CHy,4 [7]. At present, solid adsorbents are widely used in the field of gas adsorption [8].
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Specifically, metal-organic framework (MOF) materials are popular as solid adsorbents
because of their variable structure and easy modification. Additionally, MOF materials
have a high specific surface area, flexible frame, and unsaturated metal sites, which are
beneficial for adsorption. Various MOFs have been used for CO, adsorption [9-12], such
as UIO-66, ZIF-8, and Cu-BTC, among which Cu-BTC has attracted increasing attention
recently owing to its high chemical stability, simple preparation, easy availability, and
inexpensive precursors. However, the adsorption capacity, separation coefficient, and
water stability of Cu-BTC at atmospheric pressure are still not satisfactory. Therefore,
improving the selective adsorption and water stability of Cu-BTC materials is necessary for
practical applications.

Recent research aiming to improve the CO, adsorption capacity of Cu-BTC and the
selective adsorption of CO, in the mixed gas has focused on the modification of Cu-BTC.
The affinity of alkali amines for acidic CO; is well known; therefore, functionalization of the
open metal sites in Cu-BTC with various amines provides a promising approach to improve
the CO; capture performance. The addition of polyamides and diamines to the MOF
backbone can considerably improve the CO, adsorption capacity at room temperature and
low pressure. For example, Salehi et al. [13] studied the adsorption capacity and selectivity
of amino-modified Cu-BTC and MOF/NPC adsorbents for CO,, CHy, and N;. Compared
with MOF/NPC, which captures CO, via physical adsorption, amine-modified MOF/NPC
operates via chemical adsorption, which favors the adsorption of CO; over that of CH4 and
Ny, improving markedly the selectivity of the material for CO,. Additionally, carbon-based
materials have been combined with Cu-BTC to improve the CO, adsorption performance of
MOF materials. Ullah et al. [14] successfully synthesized (MWCNT)@Cu-BTC composites,
finding that the CO, adsorption capacity of Cu-BTC and MWCNT@Cu-BTC increased
from 1.92 to 3.26 mmol/g, possibly due to the generation of new pore structures via the
interaction between MWCNTs and Cu-BTC crystals.

Zhang et al. [15] synthesized Cu-BTC, Mg/Cu-BTC, Cu-BTC@MWCNT, and Mg/Cu-
BTC@MWCNT as CO, adsorbents. The results show that Mg?*- and MWCNT-doped
Cu-BTC can affect the physical properties of the adsorbent. Under the conditions of
25 °C and 100 kPa, Mg/Cu-BTC@MWCNT exhibited the best CO, adsorption capacity
(3.63 mmol/g) and selectivity (14.28 mmol/g). Eshraghi et al. [16] prepared CNT@MIL-
100 and CNT@Cu3(BTC); to research CO, adsorption. The CO, adsorption capacity of
CNT@MIL-100 and CNT@Cu3(BTC), was significantly increased compared to Cu-BTC
at 298 K. The addition of MWCNTs increased the volume of micropores, which may
be the reason for the increase in CO, adsorption capacity. Xiang et al. [17] prepared
CNT@Cu3(BTC), and investigated the selectivity of the equivalent molar CO, /CH,4 mixture.
The selectivity is between 5.5 and 7.0, which is higher than that of activated carbon.

The organic ligands of Cu-BTC can be easily replaced by water molecules in humid
environments, resulting in the collapse of the skeleton structure. At present, common
methods to improve the water stability of MOF materials mainly include the modification
of hydrophobic groups in the ligands [18], using inert metal clusters, or covering the crystal
surface with hydrophobic layers. Li et al. [19] proposed a new method to improve the
water stability of Cu-BTC, which involved the functionalization of Cu-BTC with imidazole
to obtain Imi@Cu-BTC. Compared with Cu-BTC, the water stability of Imi@Cu-BTC was
substantially improved. When Cu-BTC was exposed to humid air for 20 days, it lost nearly
all its crystallinity and retained only 6% of its original CO, adsorption capacity, whereas
Imil/3@Cu-BTC successfully retained its main crystal structure and 78% of its initial CO,
adsorption capacity. The CO, adsorption capacity of Imi@Cu-BTC was 4.4 mmol/g at
atmospheric pressure and room temperature, which is much higher than that of ZIF-§,
UiO-66, and MIL-101. Meanwhile, Yu et al. [20] successfully synthesized a novel hydropho-
bic adsorbent, Cu-BTC-(n)Br, using Cu(NOj3), and BTC-(n)Br as precursors. Compared
with untreated Cu-BTC, Cu-BTC-(n)Br showed obvious hydrophobicity and adsorption
effects in a water environment.
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These investigations proved that Cu-BTC and its modified materials can effectively
improve the CO, adsorption capacity or the water stability of MOFs, but only a few studies
have considered both effects simultaneously. Herein, the preparation of NH,-Cu-BTC and
CNT-NH,;-Cu-BTC composites, which can simultaneously improve the CO, /CHy selective
adsorption performance and water stability, is described. The prepared composites were
characterized via X-ray diffraction (XRD) were supplied by Bruker (Billerica, MA, USA),
scanning electron microscopy (SEM) were supplied by Hitachi (Tokyo, Japan), Fourier
transform infrared (FT-IR) spectroscopy were supplied by Bruker (Billerica, MA, USA),
thermogravimetric analysis (TGA) were supplied by NETZSCH (Selb, Germany), and
Brunauer-Emmett-Teller (BET) specific surface area and pore structure measurements were
supplied by Conta (Punta Gorda, FL, USA). CO,/CHj selective adsorption measurements
were performed using a self-made adsorption apparatus. The influence of temperature,
flow rate, and recycling on adsorption is also discussed. Furthermore, the water stability of
different samples was evaluated by exposing them to a water environment for 12 h.

2. Materials and Methods
2.1. Materials

Copper nitrate trihydrate (99.0%), benzene-1,3,5-tricarboxylic acid (H3BTC, 98.0%),
and N,N-dimethylformamide (DMF, 99.9%) were purchased from Maclean Biochemical
Technology Co., Ltd. (Shanghai, China). Absolute ethanol (99.7%) was purchased
from Sinopharm Chemical Reagent Co., Ltd. (Beijing, China). 2-Aminoterephthalic
acid (98.0%) was purchased from Thermo Fisher Scientific Co., Ltd. (Waltham, MA,
USA). MWCNTs (95%) were purchased from Chengdu Organic Chemical Co., Ltd.,
Chinese Academy of Sciences (Chengdu, China). Concentrated sulfuric acid (98%) and
concentrated nitric acid (68%) were purchased from Nanjing Chemical Pharmaceutical
Co., Ltd. (Nanjing, China). The deionized water used for washing and preparing the
solutions was prepared in the laboratory.

2.2. Preparation of Cu-BTC

Cu-BTC was prepared as follows [21]: first, Cu(NOs3),-3H,0O (2.5 g) and H3BTC (1.25 g)
were added to a solution containing absolute ethanol/DMEF in a molar ratio of 2:1. The
mixture was sonicated repeatedly for 30 min and stirred for 1 h until a homogeneous
solution was obtained. Next, the homogeneous solution was poured into a hydrothermal
reactor and dried at 100 °C in a blast drying oven for 48 h. The sample was removed, cooled
to room temperature, and washed three times using a mixture of anhydrous ethanol and
deionized water to remove unreacted ions and impurities. The solid product was recovered
via filtration and dried in a vacuum oven at 120 °C for 24 h to obtain the Cu-BTC material.
The as-prepared Cu-BTC material was ground into powder and sealed for storage. Before
each use, reactivation in a vacuum oven for 5 h was performed to remove guest molecules.

2.3. Preparation of NH,-Cu-BTC

Four different NH,-Cu-BTC samples were prepared, i.e., 15%NH,-Cu-BTC, 25%NH,-
Cu-BTC, 35%NH,-Cu-BTC, and 45%NH,-Cu-BTC, using a similar procedure to that of
Cu-BTC except that a certain amount 2-aminoterephthalic acid (15%, 25%, 35%, and 45%
relative to H3BTC, respectively) was added to the mixture of absolute ethanol and DMF.

2.4. Preparation of CNT-NH,-Cu-BTC

Before loading into NH,-Cu-BTC, MWCNTs were impregnated in a mixture of sulfuric
acid and nitric acid at a mole ratio of 3:1 at 50 °C for 24 h while stirring. The suspension
liquid was then washed with deionized water until neutral. Finally, the acidified MWCNTs
were dried at 60 °C for 24 h and collected for subsequent use.

Three different composite adsorbents, i.e., 2%CNT-NH;-Cu-BTC, 6%CNT-NH;-Cu-
BTC, and 10%CNT-NH,-Cu-BTC, were prepared with MWCNT mass fractions of 2%, 6%,
and 10%, respectively. The preparation of 2%CNT-NH,-Cu-BTC is described as an example.
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Here, 2 wt.% (mass percentage of NH,-Cu-BTC expected yield) of acidified MWCNTs was
placed in a mixed solution of NH-BDC, H3BTC, and Cu(NO3),, fully dissolved, and dried
in a blast drying oven at 100 °C for 48 h. Subsequently, the samples were washed with a
mixture of deionized water and ethanol three times, filtered, and placed in a vacuum-drying
oven for 24 h to obtain the composite materials. The as-prepared samples were packed in
sealed bags after grinding into powder and reactivated in a vacuum-drying oven for 5 h
before each use.

2.5. Wet Treatment

The prepared samples were impregnated in an equal volume of deionized water for
12 h. After impregnation, the samples were filtered and heated at 200 °C for 6 h in a blast
drying oven at a heating rate of 5 °C/min.

2.6. Desorption of CNT-NH,-BTC Composites in Cyclic Experiments

The recycling performance of adsorbents is an important index for evaluating their
performance. After each adsorption experiment, the sample was placed in a vacuum drying
oven and vacuum heated at 100 °C for 5 h to degas. Subsequently, they were subjected to
cyclic experiments.

2.7. Characterization

XRD (D8Advance, made by Bruker, Billerica, MA, USA) with Cu Ka radiation op-
erated at 40 kV and 40 mA was used to determine the crystal structure. The scanning
range was 5-90° and the scanning speed was 0.02° /s. SEM (SU8010 made by Hitachi,
Tokyo, Japan) was used to observe the surface morphology of the samples, which were
sprayed with gold before scanning. FT-IR spectroscopy (EQUINOX-55, Bruker) in the
wavenumber range of 5004000 cm ™! was used to determine the functional groups. To
eliminate the influence of moisture on the analysis results, all samples were dried at
120 °C for 4 h before testing. To determine the specific surface area and pore volume of
the material, BET N, adsorption—-desorption isotherms were obtained (Autosorb-IQ2-MP,
made by Canta, FL, USA). All samples were degassed at 100 °C for 8 h before testing.
The specific surface area of the samples was calculated using the BET equation, and the
pore volume and pore size distribution were determined on the basis of the amount of
adsorbed Ny. Furthermore, TGA (STA449C, NETZSCH GmbH) was used to evaluate the
thermal stability of the prepared composites.

2.8. CO, and CHy Adsorption Experiments

The adsorption experiments were conducted using a self-made adsorption apparatus
comprising a gas supply system, a fixed-bed adsorber, and a data acquisition system
(Figure 1). A 4.48VOL%:25.52 VOL% CO,/CH4 mixture was supplied by a gas cylinder.
First, the adsorbent was placed on the fixed bed at the experimental temperature; second,
N, was injected to purify the experimental system; third, the flow rate of the mixed gas
cylinder was adjusted to the experimental value, and the data were recorded in real-time
until the end of the experiment; finally, the next temperature and flow rate were adjusted
and the above steps were repeated. To ensure the accuracy of the experimental results, the
experiments were repeated three times, and average values were considered.

The following formula was used to calculate the adsorption capacity:

[y L(Co — C)dt

Q=""%1wm

1)

Here, Q is the adsorption capacity (mmol/g), t is the time (s), L is the total gas flow rate
(mL/min), Cy is the initial concentration of CO, or CHy (vol.%), C is the outlet concentration
of CO, or CHy (vol.%), and m is the adsorbent mass (g).
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To evaluate the adsorption selectivity of the adsorbent, the CO, separation coefficient

was obtained as follows:

Q1/p1
= 2
Q2/p2 @
Here, S is the CO; separation coefficient, Q; is the CO, adsorption capacity (mmol/g),
Qy is the CHy adsorption capacity (mmol/g), and p; and p; are the partial pressures of CO,
and CHy in the gas mixture, respectively.

4. U-tube adsorption bed

§ 1.Mixed glcyllnder {Gas cylmder v,

3. Thermostatic water bath :
: 5.Data agquisition device
- Adsorption system  |¢
6. Flue gas analyzer

Gas supply system Data aquisition system

Figure 1. Schematic of the setup for the adsorption experiments.

3. Results and Discussion
3.1. Adsorbent Characterization

Crystal structures of the composites were characterized via XRD. Figure 2 illustrates
the XRD patterns of Cu-BTC, 35%NH,-Cu-BTC, and 6%CNT-NH,-Cu-BTC.

Cu-BTC
——35% NH,-Cu-BTC
6% CNT-NH,-Cu-BTC

11.6

9.5

19.01

1 IW

Intensity(a.u.)

}]* / J__J L_.,J \\_}L\\_#AL/\\_J\‘WJLAJ\JVJ\ L_.**A_/J\»W\A_,NNNJ\_/\JJWM'%_\A _

INAWAN

10 20 30 40
20/degree

Figure 2. X-ray diffraction patterns of Cu-BTC, 35%NH,-Cu-BTC, and 6%CNT-NH,-Cu-BTC.
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The characteristic peaks of Cu-BTC were observed at 26 values of 5.7°, 6.7°, 9.5°,
11.6°, 13.4°, 17.5°, and 19.01°, which are consistent with those previously reported [12].
The XRD patterns of 35%NH,-Cu-BTC and 6%CNT-NH;-Cu-BTC showed similar peaks
to those of Cu-BTC, indicating that the crystal structure was well preserved during the
synthesis process. No significant MWCNT peak was observed due to the low incorporation
ratio of MWCNTs. The intensities of the characteristic peaks for 35%NH,-Cu-BTC and
6%CNT-NH,-Cu-BTC were slightly lower than that of Cu-BTC, which may be ascribed to
the strong binding of the added amines and MWCNTs to Cu-BTC.

Furthermore, FT-IR spectroscopy was used to determine whether the functional groups
were successfully loaded onto Cu-BTC. The FT-IR spectra of Cu-BTC, 35%NH;-Cu-BTC,
and 6%CNT-NH;-Cu-BTC are depicted in Figure 3.

6%CNT-NH,-Cu-BTC
2919
»
C
& | 35%NH,-Cu-BTC
=
i
w
=
£
%2}
=
s
=
L 1 1 1 N 1
4000 3000 1000

000
Wavenumber o fan!

Figure 3. Fourier transform infrared spectra of Cu-BTC, 35%NH;-Cu-BTC, and 6%CNT-NH;-
Cu-BTC.

The complete vibrational spectrum of Cu-BTC was in agreement with published
data [22]. In the spectrum of pristine Cu-BTC, the peaks at 1621.32 and 1446.36 cm™!
correspond to the C-C skeletal vibration of the benzene groups in the BTC linker and
the asymmetric COO stretching, respectively. The peak at 1112.54 cm~! corresponds to
C-O-Cu stretching, and the band around 760.23 cm™! represents the Cu substitution on
the benzene groups. The peak at 1158.50 cm ™! corresponds to the stretching of the C-N
bond, and the new peaks at 3217 cm ! and 833.74 cm~! belong to N-H, further proving the
presence of amino groups in NH,-Cu-BTC. A characteristic peak appearing at 1580 cm ™!
can be attributed to the vibration of the carbon skeleton in the MWCNTs [23], and the new
peak at 2919 cm ! is caused by -OH expansion in -COOH.

SEM analysis was used to study the surface topography of the samples, as depicted in
Figure 4.

Figure 4a,b shows that Cu-BTC exhibits an octahedral structure, as previously re-
ported [13]. When Cu-BTC was impregnated with an equal volume of deionized water for
12 h, the octahedral structure collapsed and Cu-BTC material degraded into a layered struc-
ture, as shown in Figure 4c,d, indicating that the water stability of Cu-BTC was poor. As
shown in Figure 4e,f, some roughness appeared on the surface of Cu-BTC, modified by the
NH,-BDC functional groups. The NH,-BDC modification did not improve the water stabil-
ity of Cu-BTC, and NH,-Cu-BTC still collapsed into a layered structure after impregnation
Figure 4g,h. When an appropriate amount of MWCNTs was added, uneven particles were
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attached to the crystal surface Figure 4i,j. After wet impregnation (Figure 4k,l), 6%CNT-
NH,-Cu-BTC maintained the original Cu-BTC crystal structure, which indicated that the
addition of MWCNTs effectively improved the water stability of the material.

Figure 4. Scanning electron microscopy images of (a,b) Cu-BTC, (¢, d) Cu-BTC (wet),
(e,f) 35%NH;-Cu-BTC, (gh) 35%NH,-Cu-BTC (wet), (i,j) 6%CNT-NH,-Cu-BTC, and
(k,1) 6%CNT-NH,-Cu-BTC (wet).

The N, adsorption—desorption isotherms of different samples were determined at
77 K, as shown in Figure 5.

350
300 R
- (R guauuatt A
= annul A
=] u- n-8 A A
%10250 . .'. t A-
= r aaparttt
RO AA:A:‘A‘
5 200 ‘*AAA e /
2 e S " /;/
2 08 " 11; v
3 150 »*:%:;E,,;&?
< “‘,' i ER X2 4 ’
E 'Q«‘ . 5 YV
5 QO L ALl
= 100 vzv/VV" —M- Cu-BTC
> ~ @ Cu-BTC(wet)
~ A 35% NH,-Cu-BTC
50 & —W—35% NH,-Cu-BTC(wet)
6% CNT-NH,-Cu-BTC
< 6% CNT-NH,-Cu-BTC(wet)
L 1 L 1 L 1 L 1
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure(P/P,)

Figure 5. N, adsorption—desorption isotherms at 77 K on Cu-BTC, Cu-BTC (wet), 35%NH;-Cu-BTC,
35%NH;-Cu-BTC (wet), 6%CNT-NH;-Cu-BTC, and 6%CNT-NH;-Cu-BTC (wet) samples.
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As can be seen in Figure 5, the adsorption curves correspond to typical I-type isotherms,
which are indicative of a microporous structure. This was confirmed by the pore size
distributions depicted in Figure 6. The pore volume of 6%CNT-NH;-Cu-BTC is smaller
than that of both 35% NH»-Cu-BTC and Cu-BTC. The crystallinity of 6%CNT-NH,-Cu-BTC
in the XRD image (Figure 2) decreased after the addition of carbon nanotubes, which may
be the reason for the decrease in the pore volume of 6%CNT-NH;-Cu-BTC.

2.5
—8— Cu-BTC
@ Cu-BTC(wet)
\\ —A—35% NH,-Cu-BTC
= 20 F N —¥— 35% NH,-Cu-BTC(wet)
r'E 9 6% CNT-NH,-Cu-BTC
o } 6% CNT-NH,-Cu-BTC(wet)
2151 \
= \
o f _08
> I
2] "i\ \ :«u
9} / 3
=10 /‘bw Sodf
.g ‘3/ I A\ £
5 # \1 /M : X
% | \\\‘\ﬁ,’ 4 A 3 - -
505 3 T
-L@ il > | / 4 Q\ 0 ) ..rc“:l;h/«mn) ! h
ko] ,j\ \ "! ‘/“_z/;v 7N\ \‘ \
L AN
N\
0.0 | b M ) P
" 1 " 1 N 1 L 1 N 1 N
04 0.6 0.8 1.0 1.2 1.4 1.6

Pore width /(nm)

Figure 6. Pore size distribution curves of Cu-BTC, Cu-BTC (wet), 35%NH;-Cu-BTC, 35%NH;-Cu-BTC
(wet), 6%CNT-NH;-Cu-BTC, and 6%CNT-NH;-Cu-BTC (wet).

Moreover, an H4-type obvious hysteresis loop was observed in the adsorption curve of
6%CNT-NH,-Cu-BTC, indicating that the material contained a mixture of micropores and
mesopores after the addition of MWCNT. The hysteresis loop also indicates the occurrence
of different interaction forces between N, molecules and the solid surface during adsorption
and desorption. The mesopores of 6%CNT-NH,-Cu-BTC are shown in Figure 6, with pore
widths ranging from 4 to 4.5 nm.

As depicted in Figure 6, the BJH method was applied to determine the pore size
distribution and revealed that the samples were concentrated at 0.5-0.7 nm, which is
characteristic of an extremely microporous structure conducive to the adsorption and
storage of small gas molecules such as CO,.

The textural properties of different samples are reported in Table 1. The BET surface
areas and pore volumes decreased after modification. The reason may be that the intro-
duction of -NH; and MWCNTs blocks the pores of Cu-BTC. The BET surface area and
pore volume of the samples decreased after wet impregnation, with 6%CNT-NH,-Cu-BTC
showing the lowest absolute and relative decreases. The relative decreases in the BET
surface and pore volume for 6%CNT-NH,-Cu-BTC were 14% and 10%, respectively. This
indicates that the framework structure of Cu-BTC is destroyed by wet impregnation, but
the addition of MWCNTs is conducive to maintaining the framework structure, most likely
due to the hydrophobicity of MWCNTs protecting the composite from wet impregnation.
These results are consistent with the SEM results.
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Table 1. Textural properties determined by N, adsorption—-desorption experiments at 77 K.
BET . L . L
Sample Surface Area Relative Reductionin ~ Pore Volume Relative Reduction in
(m?/g) the BET Surface Area  (cm®/g) Pore Volume
Cu-BTC 990.6 - 0.48 -
Cu-BTC (wet) 454.1 54% 0.34 29%
35%NH,-Cu-BTC 726.6 - 0.50 -
35%NH,-Cu-BTC (wet) 379.0 48% 0.32 36%
6%CNT-NH,-Cu-BTC 515.2 - 0.42 -
6%CNT-NH,-Cu-BTC (wet) 444.6 14% 0.38 10%

TGA was used to test the thermal stability of Cu-BTC, 35%NH;-Cu-BTC, and 6%CNT-
NH,-Cu-BTC, as shown in Figure 7. For all samples, weight loss occurred mainly in
two stages, i.e., a first stage occurring at 110 °C due to the release of guest molecules such
as water molecules, and a second stage in the temperature range from 300 °C to 350 °C
caused by the collapse of the material skeleton. In the range of 100-300 °C, 6%CNT-Cu-BTC,
and Cu-BTC reached a plateau and then declined slowly, and the NH,-Cu-BTC sample has
a significant weight loss of between 200 and 300 °C.

Cu-BTC
100 35% NH,-Cu-BTC

—— 6% CNT-NH,-Cu-BTC

80 -

70

Weight(%)

50 -

40 |-

30

20 1 . ] . 1 . 1 . 1 . ] . 1
0 100 200 300 400 500 600

Temperature(°C)

Figure 7. Thermogravimetric analysis of Cu-BTC, 35%NH;-Cu-BTC, and 6%CNT-NH,-Cu-BTC.

3.2. Adsorption of CO,/CHy Mixtures and Selectivity

3.2.1. CO, Adsorption Capacity and CO,/CH, Selective Adsorption of NH,-Cu-BTC and
CNT-NH;-Cu-BTC

(1) Effect of NH,-BDC addition on the CO,/CHyj selective adsorption of NH,-Cu-BTC

The breakthrough curves of NH,-Cu-BTC with different NH,-BDC additions (0, 15,
25, 35, and 45%) are shown in Figure 8. The experiments were conducted at 35 °C and
20 mL/min. With increasing NH,-BDC addition, the CO, breakthrough time first increased
and then decreased. Notably, 35%NH;,-Cu-BTC exhibited the longest breakthrough time
(28 min), whereas CO, breakthrough occurred at the beginning of the adsorption for
45%NH,-Cu-BTC. The CO, adsorption capacities of NH,-Cu-BTC with different NH,-BDC
additions are shown in Figure 9. The CO, adsorption capacity of 35%NH,-Cu-BTC was
the highest (1.82 mmol/g), whereas only 0.55 mmol/g CO, was absorbed by 45%NH;-
Cu-BTC. These results are consistent with those shown in Figure 8. The NH,-BDC chains
play a key role during the CO, adsorption process. Specifically, the amino groups react
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with CO; to form methyl carbamate, promoting the CO, adsorption on NH2-Cu-BTC.
However, excessive addition of NH2-BDC may occupy the original adsorption sites of
Cu-BTC, thereby affecting its adsorption effectiveness, thus inhibiting the CO, adsorption.
In this study, an NH,-BDC addition of 35% provided the best results, compared with the
parent material Cu-BTC, the adsorption capacity increased by 1.51 mmol/g. Moreover,
all the samples showed favorable CO,/CHyj selective adsorption properties because the
separation coefficients were all greater than one.
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Figure 8. CO; breakthrough curves of NH,-Cu-BTC with different NH,-BDC additions.

2.0 2.5
—® mo ] ~
18k 1.82 @ s(co,cH, | an
c Q
> L 1 N
g 16 ® 20 S
L | -
g &
= 14
. L
=
& 12 1.5
2 L
Z 10
ON r g
@) 0.8 1.0
0.6
0.4 0.5
0.2

Cu-BTC 15% 25% 35% 45%
NH,-BDC/(wt%)

Figure 9. CO, adsorption capacity and selectivity of NH,-Cu-BTC with different NH,-BDC additions.

(2) Effect of MWCNT loading on the CO, /CHy selective adsorption of CNT-NH,-Cu-BTC

To evaluate the effect of the MWCNT loading on the CO,/CHy selective adsorption
of CNT-NH,-Cu-BTC, experiments were performed using 35%NH;,-Cu-BTC and CNT-
NH,;-Cu-BTC with three MWCNT loadings at 35 °C and 20 mL/min. Figure 10 shows that
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the CO; breakthrough time was considerably extended after the addition of MWCNTs.
The CO, breakthrough time of 6%CNT-NH,-Cu-BTC was 40 min, which is twice as
long as that of NH,-Cu-BTC, followed by 2%CNT-NH,-Cu-BTC and 10%CNT-NH,-Cu-

BTC with CO, breakthrough times of 32 and 28 min, respectively. The CO, adsorption
capacity of samples with different MWCNT loadings is depicted in Figure 11. The CO,
adsorption capacity of 6% CNT-NH,-Cu-BTC reached 2.06 mmol/g, which is higher than
that of the other samples. However, 10%CNT-NH,-Cu-BTC showed the lowest CO,
adsorption capacity, even lower than that of 35%NH;-Cu-BTC. These results reveal that
the loading of MWCNTs is beneficial for CO; adsorption, but the appropriate amount of
MWCNTs should be carefully selected. This can be attributed to the generation of new
mesoporous structures in the composites after MWCNT loading, which enhanced the
adsorption capacity of the materials and increased the saturated CO, adsorption capacity.
According to Figure 4i,j of the SEM image, it can be seen that 6% of MWCNTs doped
on the surface of Cu-BTC formed a mesoporous structure. However, when the doping
amount of MWCNTs reached 10%, excessive MWCNTs would agglutinate on the surface
of Cu-BTC, preventing gas from entering the pore and affecting the adsorption effect. For
the S(CO, /CH,), after the addition of carbon nanotubes, carbon nanotubes combined
with Cu-BTC to form mesoporous structures, and the adsorption of mesoporous is mainly
physical adsorption. Therefore, increasing the loading capacity of carbon nanotubes will
also improve the adsorption performance of CO, and CHjy at the same time, resulting in

a slight decrease in selectivity.
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Figure 10. CO, breakthrough curves of CNT-NH,-Cu-BTC at different multiwalled carbon nanotube
(MWCNT) loadings.
3.2.2. Effect of Temperature on the CO,/CHy Selective Adsorption of CNT-NH,-Cu-BTC

Adsorption experiments were conducted in the temperature range from 5 °C to 35 °C
at 20 mL/min for 6% CNT-NH,-Cu-BTC. The results are depicted in Figures 12 and 13. As
can be seen in Figure 12, as the temperature increased, the breakthrough time gradually
extended. The CO, breakthrough time of 6%CNT-NH,-Cu-BTC was approximately 28 min
when the temperature increased from 5 °C to 25 °C, and the breakthrough time increased

to 40 min when the temperature reached 35 °C.
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Figure 11. Adsorption capacity and selectivity with different MWCNT additions.
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Figure 12. CO, breakthrough curve of 6% CNT-NH,-Cu-BTC at different temperatures.

The CO, adsorption capacity of 6%CNT-NH;-Cu-BTC increased as the temperature in-
creased, being 1.73,1.76, 1.82, and 2.06 mmol/g at 5 °C, 15 °C, 25 °C, and 35 °C, respectively.
Generally, the adsorption capacity decreases with increasing temperature for physical ad-
sorption. However, the opposite conclusion was observed in this study, which suggests
that chemical adsorption dominates the CO, adsorption on CNT-NH,-Cu-BTC. Higher
temperatures could accelerate the chemical reaction between CO, and amino groups, in-
creasing the CO; adsorption capacity. When the temperature increases, the percentage of
activated molecules increases, and the collision frequency and energy between molecules
increase, which is conducive to the reaction between the active site of amine and CO,. The
number of reactive molecules increases, and the breakthrough time is correspondingly
extended. In our study, the experimental result showed that the reaction between amine
and CO, is most intense under 35 °C.
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Figure 13. Adsorption capacity and selectivity of 6%CNT-NH,-Cu-BTC at different temperatures.

3.2.3. Effect of the Gas Flow Rate on the CO,/CHy Selective Adsorption of
CNT-NH;-Cu-BTC

Gas flow rate is an important factor affecting the adsorption performance of adsorbents.
Herein, the effect of the gas flow rate was studied by performing adsorption experiments
at 15, 20, 25, and 30 mL/min and 35 °C for 6%CNT-NH,-Cu-BTC. The results are shown
in Figures 14 and 15. According to Figure 14, the CO, breakthrough time first increased
and then decreased with increasing gas flow rate. The longest CO, breakthrough time of
40 min was observed at 20 mL/min. The CO, breakthrough almost occurred at the start of
the experiment at 30 mL/min, which indicates that the gas flow rate needs to be moderate;
a larger gas flow rate is not beneficial for CO, adsorption. When the gas flow rate increased
from 15 to 20 mL/min, the number of CO; molecules entering the adsorption chamber
per unit time increased; that is, the inlet of CO, concentration is increased, and the kinetic
energy of CO, molecules is increased, and more CO, molecules enter the pores inside the
sample. In this study, the optimal gas flow rate was 20 mL/min.

1.0
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Figure 14. CO, breakthrough curve of 6% CNT-NH,-Cu-BTC at different flow rates.
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Figure 15. Adsorption capacity and selectivity of 6%CNT-NH,-Cu-BTC at different flow rates.

As depicted in Figure 15, with increasing gas flow rate, the adsorption capacity of
CO, first increases and then decreases, which is consistent with the results of the CO,
breakthrough time. According to the study of Zhang et al. [24], a lower flow rate is
more conducive to the adsorption reaction. The reason may be that the contact time
between the adsorbent and the adsorbed gas is sufficient at a lower gas flow rate, which
prolongs the reaction time. However, in this study, when the gas flow was 20 mL/min,
the adsorption capacity reached a maximum value of 2.06 mmol/g, which is higher than
that at 15 mL/min. It may be that the breakthrough curves at different flow rates exhibit
notable disparities, indicating that flow rate affects the adsorption rate and leads to varying
times required to reach saturation. We calculated the adsorption capacity by assuming that
when outlet concentration reached 95% of inlet concentration and after an adsorption time
of 60 min, as shown in Figure 15, there was still a remaining 5% gas available for further
absorption. Nevertheless, due to the near-saturation of the material, its adsorption rate
became exceedingly slow, resulting in differences in the material’s adsorption capacities at
various flow rates. As shown in Figure 15, the adsorption separation of CO,/CH,4 was best
at 30 mL/min, but the CO, adsorption capacity was the lowest. Therefore, an appropriate
gas flow rate is important for the adsorption process. 6% CNT-NH,-Cu-BTC showed the
best CO, /CHy selective adsorption performance at 20 mL/min.

3.2.4. Water Stability of CNT-NH,-Cu-BTC

The results shown in Figure 16 demonstrate that the novel CNT-NH,-Cu-BTC com-
posite exhibits not only enhanced CO, adsorption performance, but also improved water
stability. The CO, adsorption capacity decreased after wet impregnation for all samples.
The CO, adsorption capacities of Cu-BTC and NH,-Cu-BTC were 0.73 and 0.79 mmol/g,
respectively, after 12 h of wet impregnation in equal volumes of deionized water, which
were only 43 and 72% of those of the adsorption capacities of NH,-Cu-BTC and Cu-BTC
without wet treatment, respectively. However, the CO, adsorption capacity of 6%CNT-
Cu-BTC was 1.63 mmol/g after 12 h of wet impregnation, which was still 79% of the
CO, adsorption capacity of untreated CNT-NH,-Cu-BTC. These results indicate that the
MWCNT addition effectively improved the water stability of the material, which can be
ascribed to the protection of the Cu-BTC skeleton by MWCNTs.
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Figure 16. Adsorption capacity and selectivity of the samples with and without wet treatment.

3.2.5. Adsorption Cycles of CNT-NH,-Cu-BTC

Figure 17 shows the cyclic experiments of 6%CNT-NH;-Cu-BTC with and without
wet impregnation. The CO, adsorption capacity decreased after each cycle. For 6%CNT-
NH,-Cu-BTC without wet treatment, the CO; adsorption capacity was 1.23 mmol/g after
the third cycle, which is 60% of the saturated adsorption capacity of the first cycle. After
the fifth cycle, the CO, adsorption capacity decreased to 35% relative to the first cycle. The
adsorption capacity of the samples subjected to wet treatment decreased to 0.85 mmol/g
after the second cycle, which is only 50% of the initial capacity. After the fifth cycle, the
adsorption capacity only reached 34% of the initial value. The reason for the poor cycles of
6%CNT-NH;-Cu-BTC material may be that when vacuum desorption is performed, the
gas that is desorbed is absorbed by physical adsorption. However, if the gas adsorbed
chemically fails to be released, the reaction product will occupy a part of the pore, resulting
in a decrease in the cycles of the material.
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Figure 17. Cycle experiments.



Processes 2024, 12, 745 16 of 17

4. Conclusions

Herein, a CNT-NH,-Cu-BTC composite with enhanced CO,/CHyj selective adsorption
performance and water stability was prepared via hydrothermal synthesis. The XRD results
showed that CNT-NH,-Cu-BTC had high crystallinity, and the modification did not destroy
the parent Cu-BTC structure. The FT-IR results confirmed the successful loading of the
amine functional group onto Cu-BTC. The BET and SEM results revealed that the pore
structure of Cu-BTC was preserved in CNT-NH»-Cu-BTC after wet impregnation.

The CO; breakthrough experiments for Cu-BTC, NH;-Cu-BTC, and CNT-NH,-Cu-
BTC showed that 6% CNT-NH,-Cu-BTC displayed the best CO, adsorption capacity and
water stability, reaching a CO, adsorption capacity of 2.06 mmol/g under optimal condi-
tions (35 °C, 20 mL/min). The introduction of MWCNTs improved the CO, adsorption
capacity and water stability. The CO, adsorption capacity of 35%NH;-Cu-BTC with wet
impregnation after 12 h was 1.69 mmol/g at 35 °C and 20 mL/min, which constitutes
79% of the CO, adsorption capacity of the sample without wet impregnation. The cycling
experiment showed that after three cycles, 35%CNT-NH;-Cu-BTC retained 60% of the
CO;-saturated adsorption capacity obtained in the first cycle.
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