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amine-based solid adsorbent
incorporated zeolitic imidazolate framework-8
membrane for gas separation

Yu Qin, Li Xu, Liying Liu, Xiaoyu Deng, Yucheng Gao and Zhongwei Ding *

A novel gas separation approach is proposed in this work by combining an amine-based solid adsorbent

with a zeolitic imidazolate framework-8 (ZIF-8) membrane. This was achieved by incorporating the

amine-based solid adsorbent during the fabrication of the ZIF-8 membrane on a macroporous substrate.

An amine-based solid adsorbent was prepared using porous ZIF-8-3-isocyanatopropyltrimethoxysilane

(IPTMS) and N-[(3-trimethoxysilyl)propyl]diethylenetriamine (3N-APS) amine compounds. The as-

prepared porous amine-based solid adsorbent (denoted as ZIF-8-IPTMS-3N-APS) possessed excellent

adsorptive CO2/N2 and CO2/CH4 separation performances. As the adsorbent needs to be regenerated,

this could indicate that the CO2 adsorption separation process cannot be continuously operated. In this

work, an amine-based solid adsorbent was applied during the preparation of the ZIF-8 membranes

owing to the following reasons: (i) gas separation by the membrane can be operated continuously; (ii)

the amino group provides a heterogeneous nucleation site for ZIF-8 to grow; and (iii) the reparation of

surface defects on the macroporous substrate can be performed prior to the growth of the ZIF-8

membrane. Herein, the ZIF-8 membrane was successfully fabricated, and it possessed excellent CO2/

CH4, CO2/N2, and H2/CH4 separation performances. The 0.6 mm ultrathin ZIF-8 membrane

demonstrated a high CO2 permeance of 4.75 � 10�6 mol m�2 s�1 Pa�1 at 35 �C and 0.1 MPa, and ideal

CO2/N2 and CO2/CH4 selectivities of 4.67 and 6.02, respectively. Furthermore, at 35 �C and 0.1 MPa, the

ideal H2/CH4 selectivity of the ZIF-8 membrane reached 31.2, and a significantly high H2 permeance of

2.45 � 10�5 mol m�2 s�1 Pa�1.
1. Introduction

The carbon capture and storage (CCS) process has recently
emerged as an increasingly important topic owing to the
worsening issue of global warming.1,2 This process requires
efficient separation of CO2, one of the main greenhouse gases,
from exhaust gas streams. During the CCS process, CO2/CH4

and CO2/N2 separation in post-combustion and pre-combustion
CO2 capturing are usually involved.3 To achieve the separation
of CO2 in exhaust gas streams, membrane technologies have
been employed, and these technologies have been able to
demonstrate continuous operational durability.4 Currently,
various membranes, such as polymers,5 mixed matrices,6 facil-
itated transport,7 zeolites,8 and carbon molecular sieve
membranes,9 have been applied in the separation of CO2.
Despite their generally motivating performances, these
membranes exhibit certain inherent disadvantages that signif-
icantly hinder their mass adoption in industrial-level produc-
tion. For instance, polymeric membranes present a dilemma
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between the selectivity and permeability, mixed matrix
membranes suffer from poor compatibility between the poly-
mer matrix and the selective molecular sieve particles, and
facilitated transport membranes can be easily poisoned by
impurities.10–12 Thus, owing to these limitations, there remains
a strong need to explore alternative membranes that can be
used effectively in CCS.

As a subclass of metal–organic frameworks (MOFs), zeolitic
imidazolate frameworks (ZIFs) are extensively used as molec-
ular sieving membranes owing to their tunable pore sizes,
excellent porosity, and thermal/chemical stability.13 Among the
various ZIFs, zeolitic imidazolate framework-8 (ZIF-8) possesses
sodalite (SOD) topology, with a pore size of ca. 0.34 nm.14,15 It
should be noted that the pore size of ZIF-8 is slightly larger
compared to the kinetic diameter of CO2 (0.33 nm), while it is
smaller as compared to those of CH4 (0.38 nm) and N2 (0.364
nm). Consequently, owing to this suitable pore size, ZIF-8 is
theoretically benecial in the separation of CO2/N2 and CO2/
CH4 pairs. Even though ZIF-8 may present an excellent oppor-
tunity in CCS owing to its pore size, the lattice exibility of the
ZIF-8 membranes typically leads to a poor separation perfor-
mance, as indicated by the selectivity (ratio of the permeability
of gas i and gas j).4 To enhance the selectivity of i and j, it is
RSC Adv., 2021, 11, 28863–28875 | 28863
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essential to increase the difference in the gas permeability.
Additionally, it is noted that gas permeability can be affected by
the gas adsorption capacity, whereby a higher adsorption
capacity generally results in a higher permeability in the
membrane separation system. Thus, increasing the CO2

adsorption capacity can enhance the CO2 permeability, which
in turn benets the separation performances of CO2/CH4 and
CO2/N2. This strategy has been demonstrated in numerous
previously reported gas separation studies on the membrane
technique.14,16–18 Recently, Sasikumar et al. reported polysulfone
membranes that encompass amine-modied SiO2/ZIF-8 nano-
llers for CO2/CH4 and CO2/N2 separation and they found that
the high CO2 affinity of the amine group allowed the selective
transport of CO2 rather than CH4 and N2.19 Consequently, it is
crucial to select a specic amine-modied porous material that
possesses an excellent CO2 adsorption capacity and can also be
applied in the preparation of the ZIF-8 membrane.

An amine-based solid adsorbent is oen employed in the
adsorption and separation of CO2 owing to its desirable CO2

adsorption capacity.20,21 Generally, amine-based solid adsor-
bents are divided into three categories; amine compounds of
class 1 adsorbents involve physical adhesion onto the surface of
the porous support, while amine compounds of the class 2 and
class 3 adsorbents are chemically attached to the pore walls.22

When compared to class 2 and 3, the class 1 adsorbent is
theoretically easier to prepare. However, owing to the weak
physical interaction between the amine compound and the
porous support, this can easily lead to amine leaching, which
ultimately limits the stability of the class 1 adsorbent.23 The
leaching of the amine in class 1 adsorbents for CO2 capturing
applications was initially reported by Jones et al.24 According to
their report, clogging of the adsorption column with leaching
species was observed, and this led to a sharp reduction in the
CO2 adsorption capacity of tetraethylenepentamine (TEPA)-
impregnated mesoporous silica (SBA-15) aer the rst cycle,
and this decreased continuously in the following cycles. In
contrast, class 2 and class 3 adsorbents are able to achieve
a better stability and higher CO2 adsorption capacities as the
amine molecules are chemically bonded to the raw porous
support. For instance, Chang and co-workers synthesized
aminosilane-modied mesoporous silica for the adsorption of
CO2.25 According to their work, the aminosilane-modied
mesoporous silica was able to achieve a high CO2 adsorption
capacity of 2.41 mmol g�1 at 333 K. Huang et al. also prepared
a CO2 adsorbent by modifying mesoporous silica MCM-48 with
3-aminopropyltriethoxy-silane.26 Their reported material was
able to demonstrate the highest reported CO2 adsorption
capacity of 2.05 mmol g�1 at 298.15 K and 100 kPa. Although
these reports have generally revealed the possibility of using
amine-based solid adsorbents for the separation of CO2, the
regeneration process for the adsorbent typically requires the
consumption of energy. As such, even though the energy needed
for the regeneration process has been reduced with recent
advances, this limitation can still severely hinder the contin-
uous operation of the adsorbents in industrial applications.27–30

Thus, a novel strategy is proposed in this work by incorporating
an amine-based adsorbent into the preparation process of the
28864 | RSC Adv., 2021, 11, 28863–28875
ZIF-8 membrane for CO2 separation. This proposed CO2 sepa-
ration strategy can be operated continuously without the need
for regeneration owing to the inherent advantages of the
membrane separation process. Furthermore, the amine-based
adsorbent should provide an excellent CO2 adsorption
capacity that can help to enhance the inherently poor CO2/N2

and CO2/CH4 separation performances exhibited by the pristine
ZIF-8 membrane.

As for the preparation of the ZIF-8 membranes, various
methods have been used, which are conventionally divided into
two categories: in situ growth and secondary growth.31 For these
two methods, the formation of ultrathin ZIF-8 membranes and
the strong adhesion between the ZIF-8 membrane and the
substrate are challenging. Several studies have been reported in
which the ZIF-8 membrane was synthesized and overcome these
challenges through innovative techniques. Zhao et al. success-
fully controlled the thickness of the ZIF-8 membrane layer
within 1 mm through the current-driven synthesis method.32

Meanwhile, the strong adhesion between the ZIF-8 membrane
and the substrate was also achieved owing to the formation of
the ZIF-8 layer in the porous channels of the substrate. Yue and
co-workers prepared ZIF-8 thin membranes through trans-
formation of the ZnO nanoscopic precursors and the connec-
tion strength between the ZIF-8 membrane and the substrate
was improved.33 However, it is essential to develop a more
energy-efficient and versatile synthesis method for ZIF-8
membranes. It is worth mentioning that ZIF-8-3-
isocyanatopropyltrimethoxysilane (IPTMS) hybrid materials
have recently been demonstrated for the fabrication of an
ultrathin ZIF-8 membrane and the adhesion between the ZIF-8
membrane and the substrate was strengthened.34 In addition,
the porous ZIF-8-IPTMS is highly suitable for use as a raw
porous support for the preparation of class 2 solid adsorbents
owing to the high hydroxyl group content on the surface, which
act as reaction sites for the graing of amines. As such, the as-
prepared class 2 solid adsorbent is expected to serve as
a multifunctional deposition layer during the fabrication of ZIF-
8 membranes.

Herein, the amine-based solid adsorbent was fabricated
from ZIF-8-IPTMS hybrid materials and 3N-APS amine
compounds. Based on these results, the as-prepared adsorbent,
denoted as ZIF-8-IPTMS-3N-APS, when applied in the fabrica-
tion of ZIF-8 membranes, offers numerous advantages over the
pristine ZIF-8-IPTMS. Firstly, the loading of the amine
compounds provided more heterogeneous nucleation sites for
the ZIF-8 membranes to grow. Secondly, the weakly alkaline
amine compounds can enhance the adsorption capacities of the
material towards acidic CO2, without signicantly affecting its
adsorption capacities towards both the nonacidic N2 and CH4.
Such a distinction in the adsorption capacities is conducive to
achieving a more efficient separation performance for the ZIF-8
membranes. Lastly, the incorporation of the amine-based
adsorbent into the fabrication process of the ZIF-8
membranes for CO2 separation can facilitate the enhance-
ment of the CO2/CH4 and CO2/N2 separation performances.
Furthermore, this incorporation could also ensure the ability of
the membrane to operate continuously, which is an important
© 2021 The Author(s). Published by the Royal Society of Chemistry
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requirement in industrial applications. Thus, based on these
ndings, the strategy proposed in this work could have
a promising future in CCS applications.

2. Experimental
2.1. Materials

A ceramic a-Al2O3 tube, with a length, inner diameter, and outer
diameter of 100, 9, and 13 mm, respectively, was supplied by
Foshan Ceramics Research Institute of China. Toluene
($99.5%) and anhydrous methanol ($99.5%) were purchased
from Tianjin Damao Chemicals. IPTMS ($97%), zinc nitrate
hexahydrate (Zn(NO3)2$6H2O, $99%), and 2-methyl imidazole
(HmIM, 99%) were procured from Aladdin. N-[(3-
Trimethoxysilyl)propyl]diethylenetriamine (3N-APS, 97%)
agent was obtained from Thermo Fisher Scientic. The chem-
icals were used in the experiment as received, and the deionized
water (DI water) used in this experiment was made in the lab.

2.2. Preparation of ZIF-8-IPTMS

ZIF-8-IPTMS was synthesized using ZIF-8 crystals and IPTMS
silane coupling agents based on the procedures reported in our
previous work.34 In a typical preparation process, ZIF-8 (0.1 g),
IPTMS (1 g), and DI water (100 g) were rst incorporated into
a round-bottom ask. Aer which, the mixture was heated at
110 �C for 1 h in an oil bath with a reux condenser. Subse-
quently, the reaction system was subjected to centrifugation to
collect the white product. Then, DI water was used to repeatedly
wash the product. Lastly, the washed product was dried at
100 �C under vacuum conditions for 5 h, and it was later ground
into a powder, which was denoted as ZIF-8-IPTMS.

2.3. Fabrication of ZIF-8-IPTMS-3N-APS

The as-prepared ZIF-8-IPTMS was later modied with 3N-APS
amine compounds with various volume concentrations.
Inspired by a previous report, the volume concentrations of the
3N-APS amine compounds were xed as 10 vol%, 15 vol%, and
20 vol%.35 In a typical preparation process, ZIF-8-IPTMS (2.0 g)
was added into toluene that contained varying amounts of 3N-
APS. Then, the mixture was reuxed at 110 �C for 24 h. Aer
which, the reaction system was subjected to centrifugation to
retrieve the product. Subsequently, the product was washed
with toluene repeatedly. Lastly, the washed product was dried at
80 �C in vacuum conditions overnight, and then it was ground
to a powder for subsequent use. Hereaer, the products were
denoted as ZIF-8-IPTMS-3N-APS-X (in which X represents the
volume concentration of the 3N-APS used). For instance, ZIF-8-
IPTMS-3N-APS-15 indicates the sample prepared with 15 vol%
3N-APS.

2.4. Depositing ZIF-8-IPTMS-3N-APS-15 on a macroporous a-
Al2O3 tube

To ensure the smoothness of the surface, the exterior of the
macroporous a-Al2O3 tube was polished with three grades of
sandpaper successively, for example, #500, #800, and #1200.
Aer which, anhydrous methanol was used to eliminate the
© 2021 The Author(s). Published by the Royal Society of Chemistry
impurities from the surface of the tube. Subsequently, a facile
slip-coating method was performed to deposit ZIF-8-IPTMS-3N-
APS-15 onto the surface of the tubular substrate. Simply, the
substrate was activated at 150 �C for 3 h and then the activated
substrate was later immersed in 1 wt% ZIF-8-IPTMS-3N-APS-15
suspension for 20 s with magnetic stirring. Lastly, the substrate
was dried at 60 �C for 12 h.
2.5. Preparation of the ZIF-8 membrane

ZIF-8 membrane was fabricated based on a previously pub-
lished process.36 In a typical preparation process, Zn
(NO3)2$6H2O (0.44 g) and HmIM (9.08 g) were respectively
added into deionized water (80 ml), and it was continuously
stirred until a homogenous solution was obtained. Then, the
ZIF-8-IPTMS-3N-APS-15 coated substrate was introduced into
a Teon-lined hydrothermal reaction vessel vertically, together
with all the above-prepared solutions. Aer which, the hydro-
thermal process was conducted at 120 �C for 7 h. Aer which,
the hydrothermal product was washed with anhydrous meth-
anol thoroughly. Finally, the washed product was soaked in
anhydrous methanol solution overnight. This membrane
preparation process was repeated to mend the defects on the
product.
2.6. Characterizations

The morphologies of ZIF-8-IPTMS and ZIF-8-IPTMS-3N-APS and
the thickness of the as-fabricated ZIF-8 membrane were inves-
tigated using scanning electron microscopy (SEM, Hitachi,
S4800). The crystal structure of the sample was determined
using X-ray diffractometry (XRD, Ultima IV, Rigaku). Fourier
transform infrared spectroscopy (FTIR, Nicolet 8700) was per-
formed to analyze the chemical functional groups in the
samples. Thermogravimetric analysis (TG, TGA/DSC3+) was
conducted to evaluate their thermal stabilities. The specic
surface area and BJH (Barrett, Joyner, and Halenda) pore size of
the materials were determined by recording their N2 adsorp-
tion–desorption isotherms with a volumetric adsorption
analyzer (ASAP 2460). The CO2, N2, and CH4 adsorption
performances of these hybrid materials were recorded at 308 K.
The CO2 adsorption separation performance of ZIF-8-IPTMS-
3N-APS was obtained by conducting breakthrough experi-
ments at 308 K and 0.1 MPa for the CO2/CH4 (85/15 v/v) and
CO2/N2 (85/15 v/v) gas mixtures.
2.7. Gas permeation

Fig. 1a shows the schematic illustration of a single gas perme-
ation experiment. Before the gas permeation experiment, the
sample was rst rinsed with anhydrous methanol and then
desiccated in a vacuum oven at 50 �C for 6 h. Subsequently, it
was activated under a continuous ow of inert gas. Various
gases, for example, CH4 (0.38 nm), N2 (0.364 nm), CO2 (0.33
nm), and H2 (0.289 nm), were used to investigate the gas
separation performance of the membrane. During the experi-
ment, 0.1, 0.2, 0.3, and 0.4 MPa were successively set as the
transmembrane pressure, and 35 �C was set as the experiment
RSC Adv., 2021, 11, 28863–28875 | 28865
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Fig. 1 Schematic illustration of (a) the single and (b) the binary gas permeation experiment set up based on the Wicke–Kallenbach technique.
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temperature. The permeance Pi of the permeant gas i can be
described using the following equation:

Pi ¼ Ni

DPi$A
(1)

In which DPi represents the pressure difference across the
membrane of component i (Pa), Ni represents the permeating
ux of component i (mol s�1), and A represents the area of the
membrane (m2). The ideal selectivity ai,j can be determined
according to the following equation:

ai;j ¼ Pi

Pj

(2)

As shown in Fig. 1b, the binary gas permeation test was
performed for the sample via the Wicke–Kallenbach method.
During this test, the temperature and the transmembrane
pressure were maintained at 35 �C and 0.1 MPa, respectively.
CO2/CH4 (85/15 v/v), CO2/N2 (85/15 v/v), and H2/CH4 (50/50 v/v)
gas mixtures were applied to the feed side. Gas chromatography
(GC1100) was then employed to determine the compositions of
the feed streams and the permeate, with argon gas serving as
the sweep gas. The separation factor ai/j of gas i and gas j can be
determined using the following equation:
28866 | RSC Adv., 2021, 11, 28863–28875
ai=j ¼
�
yi;perm

�
yj;perm

xi;feed

�
xj;feed

�
(3)

In which x indicates the molar fraction of the component in
the feed, and y indicates the molar fraction of the component in
the permeate.
3. Results and discussion
3.1. Comparing ZIF-8-IPTMS and ZIF-8-IPTMS-3N-APS

According to the SEM results shown in Fig. 2a, ZIF-8-IPTMS
possessed a spherical morphology, which is consistent with
our previous research.34 SEM analysis was also conducted for
ZIF-8-IPTMS-3N-APS prepared by modifying ZIF-8-IPTMS with
various volume concentrations of 3N-APS amine compounds,
and the images are shown in Fig. 2b–d. As shown in the results,
the as-prepared ZIF-8-IPTMS-3N-APS retained the spherical
morphology and appropriate size, which are advantageous to
the reparation of surface defects on the macroporous substrate.
More importantly, it could be observed that ZIF-8-IPTMS-3N-
APS-15 was comprised of more particles, which results from
the attachment of numerous 3N-APS amine compounds on the
surface of ZIF-8-IPTMS.37

Fig. 3a presents the FTIR spectra of the ZIF-8-IPTMS and ZIF-
8-IPTMS-3N-APS. The peak located at ca. 1640 cm�1 is
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM results of (a) ZIF-8-IPTMS, (b) ZIF-8-IPTMS-3N-APS-10, (c) ZIF-8-IPTMS-3N-APS-15, and (d) ZIF-8-IPTMS-3N-APS-20.

Fig. 3 (a) FTIR spectra, and (b) TG profiles of ZIF-8-IPTMS, ZIF-8-IPTMS-3N-APS-10, ZIF-8-IPTMS-3N-APS-15, and ZIF-8-IPTMS-3N-APS-20.
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associated with the surface hydroxyl group (–OH) stretching
vibration in pristine ZIF-8-IPTMS.38 Aer subjecting ZIF-8-
IPTMS to reuxing treatment for 24 h, the intensity of this
peak was weakened, this is mainly attributed to the reaction
between the surface hydroxyl group in ZIF-8-IPTMS with the
alkoxy ligand in the 3N-APS amine compounds.39 Meanwhile,
the intensities of the bands located at 2880–2970 cm�1 (C–H
stretching in CH2CH2CH2–NH2 group) and around 1450 cm�1

(alkane C–H deformation vibrations) were strengthened.40,41 An
infrared (IR) peak with a reduced intensity located at 1569 cm�1

(N–H scissoring vibration in secondary amines) and enhanced
peaks located at 3300–3370 cm�1 (symmetric/asymmetric N–H
stretching vibrations of hydrogen-bonded amino groups) could
also be observed.40–43 Based on the changes in these peak
intensities, it can be concluded that 3N-APS was successfully
decorated on the surface of ZIF-8-IPTMS. To determine the
temperature at which ZIF-8-IPTMS and ZIF-8-IPTMS-3N-APS
© 2021 The Author(s). Published by the Royal Society of Chemistry
decomposed, TGA was performed, and the results are shown
in Fig. 3b. A minor weight loss below 350 �C could be observed
for these hybrid materials owing to the elimination of the
surface-adsorbed water.44 According to previous research, the
initial decomposition point of the graed amine bearing chain
is at 300 �C, and it is stable below this temperature.39 Thus, it is
clear that the signicant difference in the weight loss for these
hybrid materials in the temperature range of 350 to 600 �C
could be ascribed to the elimination of their structural and
surface functional groups.40 Hence, the amine loading content
could be conrmed by the weight loss recorded within the
temperature range of 350 to 600 �C. In general, a higher weight
loss would indicate a higher amine loading content. Based on
the above-mentioned characterization analyses, the largest
amount of 3N-APS was bound onto the surface of ZIF-8-IPTMS
when the volume concentration of the 3N-APS amine
compound used was 15 vol%. This conclusion may be owed to
RSC Adv., 2021, 11, 28863–28875 | 28867
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the inability of a lower volume concentration of 10 vol% to
achieve a sufficient graing effect, while a higher volume
concentration of 20 vol%may lead to an excessive occurrence of
self-consumable condensation reactions among the 3N-APS
amine compounds.

Fig. 4a–d shows the N2 adsorption–desorption isotherms of
ZIF-8-IPTMS and ZIF-8-IPTMS-3N-APS. The initial steep slope at
P/P0 < 0.08 can be ascribed to the type I isotherm, which indi-
cates that ZIF-8-IPTMS and ZIF-8-IPTMS-3N-APS are both
microporous materials.45 Based on the BJH pore size distribu-
tion proles shown in Fig. 4e, ZIF-8-IPTMS and ZIF-8-IPTMS-3N-
APS both possess a pore size of ca. 1.8 nm. As such, according to
these results, the graing of amine compounds onto the ZIF-8-
IPTMS does not exert a signicant impact on its pore structure.
Retention of the pore with a large diameter can facilitate the
subsequent operation, whereby it involves the reparation of the
Fig. 4 N2 adsorption/desorption isotherms of (a) ZIF-8-IPTMS, (b) ZIF-8-
APS-20, and (e) the BJH pore size distribution profiles of ZIF-8-IPTMS a

28868 | RSC Adv., 2021, 11, 28863–28875
surface defects on the macroporous support during the ZIF-8
membrane preparation process, and at the same time
achieving a high gas permeation. Interestingly, the surface
areas of the ZIF-8-IPTMS-3N-APS hybrid materials were reduced
to ca. 30 m2 g�1 aer being modied with amine compounds,
which were signicantly lower than those of the pristine ZIF-8-
IPTMS hybrid materials (171 m2 g�1). This signicantly reduced
surface area can be mainly ascribed to the fact that the pore
walls of pristine ZIF-8-IPTMS were partly clogged by the graed
3N-APS amine compounds. This result dramatically decreases
the adsorption capacities of nonacidic gases other than acidic
CO2, and therefore could provide a better CO2 separation
performance.

Fig. 5a–d shows the single-component gas sorption
isotherms, for example, CO2, N2, and CH4, of ZIF-8-IPTMS and
ZIF-8-IPTMS-3N-APS at 308 K. The CO2 adsorption capacities of
IPTMS-3N-APS-10, (c) ZIF-8-IPTMS-3N-APS-15, (d) ZIF-8-IPTMS-3N-
nd ZIF-8-IPTMS-3N-APS.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 CO2, CH4, and N2 sorption isotherms for (a) ZIF-8-IPTMS, (b) ZIF-8-IPTMS-3N-APS-10, (c) ZIF-8-IPTMS-3N-APS-15, and (d) ZIF-8-
IPTMS-3N-APS-20 conducted at 308 K.
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ZIF-8-IPTMS, ZIF-8-IPTMS-3N-APS-10, ZIF-8-IPTMS-3N-APS-15,
and ZIF-8-IPTMS-3N-APS-20 at 100 kPa were 9.71, 9.88, 11.54,
and 10.57 cm3 g�1, respectively. These slightly improved CO2

adsorption capacities can be attributed to the abundant amino
groups incorporated via the graing of amine compounds.46 In
contrast, the insignicant CH4 (ca. 0.67 cm3 g�1) and N2 (ca.
0.27 cm3 g�1) of ZIF-8-IPTMS-3N-APS were adsorbed by the
materials at 100 kPa. We could nd that the CH4 and N2

adsorption capacities were markedly lower than that of the
pristine ZIF-8-IPTMS, which were approximately 1.32 and 0.66
cm3 g�1, respectively. This result could be mainly attributed to
the signicantly reduced surface area of the ZIF-8-IPTMS-3N-
APS compared with the pristine ZIF-8-IPTMS. This distinction
between the CO2 adsorption capacity and the other two gas
adsorption capacities indicates that the as-prepared ZIF-8-
IPTMS-3N-APS, especially the ZIF-8-IPTMS-3N-APS-15, are
potential materials for the separation of CO2/N2 and CO2/CH4

mixtures at 308 K.47 More importantly, when employing the ZIF-
8-IPTMS-3N-APS-15 in the fabrication of the ZIF-8 membrane,
this difference in the adsorption capacities exerts an observable
effect on the gas permeability of the resultant ZIF-8 membrane.
Thus, the excellent CO2 adsorption capacity exhibited by the
ZIF-8-IPTMS-3N-APS-15 is benecial to improving the CO2

permeability, while negligible CH4 and N2 uptake can limit their
permeabilities.
© 2021 The Author(s). Published by the Royal Society of Chemistry
3.2. Breakthrough experiments conducted for the ZIF-8-
IPTMS-3N-APS

To verify the efficient separation performance exhibited by the
ZIF-8-IPTMS-3N-APS for the CO2/CH4 and CO2/N2 mixtures,
real-time dynamic breakthrough experiments were conducted
at 308 K. In these experiments, the feed gases consisted of CO2/
CH4 (85/15 v/v) and CO2/N2 (85/15 v/v) mixtures. As shown in
Fig. 6a–f, some roll-ups could be observed in these break-
through curves, which can be attributed to the partial replace-
ment of CH4 or N2 with CO2 during the adsorption as
competitive adsorptions between CO2 and other components
were expected.47 It can also be observed from Fig. 6a–f that the
acidic CO2 was preferentially adsorbed on the ZIF-8-IPTMS-3N-
APS when compared to the nonacidic N2 or CH4. Consequently,
the ZIF-8-IPTMS-3N-APS was able to separate the CO2/CH4 (85/
15 v/v) and CO2/N2 (85/15 v/v) mixtures efficiently owing to its
preferential CO2 adsorption. Even though these materials
possess a considerable CO2/CH4 and CO2/N2 mixture separation
performance, the energy consumption is inevitable for the
regeneration of adsorbents, for example, ZIF-8-IPTMS-3N-APS,
during the entire adsorption separation process. Fortunately,
the ZIF-8-IPTMS-3N-APS can be theoretically used for the
fabrication of the ZIF-8 membrane, whereby it can provide
improvements to the membrane separation technique that can
avoid the need for the regeneration process. Amino groups
provide heterogeneous nucleation sites to grow dense ZIF-8
RSC Adv., 2021, 11, 28863–28875 | 28869
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Fig. 6 Breakthrough profiles of (a) CO2/CH4 (15/85, v/v), (b) CO2/N2 (15/85, v/v) for ZIF-8-IPTMS-3N-APS-10, (c) CO2/CH4 (15/85, v/v), (d) CO2/
N2 (15/85, v/v) for ZIF-8-IPTMS-3N-APS-15, and (e) CO2/CH4 (15/85, v/v), and (f) CO2/N2 (15/85, v/v) for ZIF-8-IPTMS-3N-APS-20 at 308 K.
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membranes, and ZIF-8 membranes with a high CO2 permeance
can be obtained through the high CO2 adsorption capacity of
the ZIF-8-IPTMS-3N-APS.14,16–18,48 Thus, abundant amino groups
and a high CO2 adsorption capacity are essential for the
formation of a ZIF-8 membrane with a good CO2 separation
performance. Consequently, based on the collective results, the
ZIF-8-IPTMS-3N-APS-15 was selected for the fabrication of a ZIF-
8 membrane owing to the highest amine loading content and
the highest CO2 adsorption capacity among the rest of the as-
synthesized ZIF-8-IPTMS-3N-APS.
3.3. Characterization of the as-fabricated ZIF-8 membrane

According to the SEM images (Fig. 7a and b), an extended and
dense ZIF-8 membrane with a thickness of ca. 0.6 mm was
successfully fabricated on the macroporous substrate with the
aid of ZIF-8-IPTMS-3N-APS-15. Based on this result, depositing
the ZIF-8-IPTMS-3N-APS-15 onto the surface of the macro-
porous substrate can facilitate the fabrication of an ultrathin
28870 | RSC Adv., 2021, 11, 28863–28875
ZIF-8 membrane, whereby such a membrane is expected to
achieve a high gas permeance. The composition of the sample
was analyzed using XRD, and the result is shown in Fig. 7c. It
can be observed that the positions of the measured diffraction
peaks were consistent with those in the simulated XRD spec-
trum of the ZIF-8 crystals. As such, this result shows that the
sample comprises the pristine ZIF-8.
3.4. Single gas permeation and prolonged stability
evaluation for the ZIF-8 membrane

Fig. 8a shows the ideal selectivity and single gas permeance of the
as-synthesized ZIF-8membrane. According to the result, the ideal
CO2 selectivities over N2 and CH4 were 4.67 and 6.02, respectively,
which were higher than the corresponding Knudsen coefficients,
that is, 1.24 and 1.66, respectively. Meanwhile, the CO2 per-
meance at 35 �C and 0.1 MPa was retained at 4.75 � 10�6 mol
m�2 s�1 Pa�1. In addition, the ideal H2/CH4 selectivity reached
31.2, which was remarkably greater as compared to the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 SEM results of the (a) top perspective, (b) cross-sectional perspective, and (c) XRD patterns of the as-fabricated ZIF-8membrane on the a-
Al2O3 substrate modified with 1 wt% ZIF-8-IPTMS-3N-APS-15. The peaks of the a-Al2O3 support are indicated by *.

Fig. 8 (a) Single gas permeance, for example, CH4, N2, CO2, and H2, of the sample at 35 �C and 0.1 MPa. The inset shows the ideal selectivity. (b)
Single gas permeances and ideal selectivity with the change in feed pressure (0.1–0.4 MPa, 35 �C). (c) Prolonged stability of the sample at 35 �C
and 0.1 MPa.

© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 28863–28875 | 28871
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Table 1 CO2/N2 and CO2/CH4 separation performances of the sample (prepared with 1 wt% ZIF-8-IPTMS-3N-APS-15) recorded at 35 �C and
0.1 MPa based on the W–K model34,50–55

Membranes
Thickness
(mm)

Temperature
(�C)

Gas
separation

Single gas Mixed gases (15 : 85 molar ratio)

Ref.

CO2 permeances
(10�6 mol m�2

s�1 Pa�1)
Ideal
selectivities

CO2 permeances
(10�6 mol m�2

s�1 Pa�1)
Separation
factors

1 wt% ZIF-8-
IPTMS-3N-APS-
15 deposition

35 CO2/N2 128 � 13 2.54 This
work

CO2/CH4 128 � 13 2.25 This
work

ZIF-8 0.6 35 CO2/N2 4.75 � 0.42 4.67 3.49 � 0.26 3.74 This
work

CO2/CH4 4.75 � 0.42 6.02 3.36 � 0.17 4.91 This
work

ZIF-8 0.9 35 CO2/N2 1.99 1.32 34
CO2/CH4 1.99 1.69

ZIF-8 20 150 CO2/N2 0.021 1.71 50
CO2/CH4 0.021 3.38

ZIF-8 20 250 CO2/N2 0.006 4.59 51
CO2/CH4 0.006 8.85

ZIF-8 6 30 CO2/N2 0.036 2.13 52
CO2/CH4 0.036 2.42

ZIF-8 30 25 CO2/CH4 0.027 3.6 53
ZIF-8 50 30 CO2/CH4 0.066 5.07 54

50 CO2/CH4 0.053 4.22
70 CO2/CH4 0.047 4.51

ZIF-8 5 23 CO2/N2 0.18 7.0 55
80 CO2/N2 0.18 4.2
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corresponding Knudsen coefficient of 2.8. In this work, a signi-
cantly high H2 permeance of 2.45 � 10�5 mol m�2 s�1 Pa�1 at
35 �C and 0.1 MPa was also recorded. This excellent separation
performance of H2/CH4 is mainly due to two factors: (i) the
ultrathin thickness of the ZIF-8 membrane; and (ii) the negligible
CH4 adsorption capacity of ZIF-8-IPTMS-3N-APS-15. Additionally,
the single gas permeances and the ideal selectivity as a function
of the feed pressure, which were from 0.1 to 0.4 MPa at 35 �C, are
exhibited in Fig. 8b. We observed that there was negligible uc-
tuation in the gas permeance values of CH4, N2, and CO2 with the
change in feed pressure. This result indicates that the single gas
separation performance of the as-synthesized ZIF-8 membrane is
essentially independent of the feed pressure values. Furthermore,
to investigate the continuous operation performance of the
sample, a prolonged test was performed, and the result is shown
in Fig. 8c. During the prolonged operation, both the gas
Table 2 H2/CH4 separation performances of the sample (prepared with 1
model

Membrane
Thickness
(mm)

H2/CH4 separation performances

Single gas

H2 permeances
(10�6 mol m�2 s�1 Pa�1)

ZIF-8 0.6 24.5 � 1.20

28872 | RSC Adv., 2021, 11, 28863–28875
permeance and ideal selectivity were relatively stable with slight
changes. This result shows that the as-fabricated ZIF-8
membrane possesses an excellent durability, which suggests
that it could be continuously operated without additional energy
consumption. Thus, this result further demonstrates the feasi-
bility and importance of incorporating an amine-based solid
adsorbent into the fabrication of ZIF-8membranes (supported on
a macroporous substrate) in CO2 separation.
3.5. Binary gas permeation test of the as-fabricated ZIF-8
membrane

Table 1 shows the results from the binary CO2/N2 (15/85, v/v)
and CO2/CH4 (15/85, v/v) separation experiments for the
sample. It is shown that the CO2 permeance for the membrane
was retained at 12.8 � 10�5 mol m�2 s�1 Pa�1 aer depositing
1 wt% ZIF-8-IPTMS-3N-APS-15 onto the surface of the
wt% ZIF-8-IPTMS-3N-APS-15) at 35 �C and 0.1 MPa based on theW–K

Mixed gases (50 : 50 molar ratio)

Ideal selectivity
H2 permeances
(10�6 mol m�2 s�1 Pa�1)

Separation
factor

31.2 20.2 � 0.49 24.7

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Comparison of the single and binary H2/CH4 separation
performances of the sample prepared in this work with the previously
reported ZIF membranes and the upper limit. Lower-case and upper-
case letters indicate single gas and binary gas permeation perfor-
mance, respectively.48,56–73
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macroporous substrate. Furthermore, the modied substrate
exhibited inherent selectivities towards CO2/N2 (2.54) and CO2/
CH4 (2.25), which may be due to the distinct differences in the
CO2 adsorption capacity as compared to N2 and CH4 exhibited
by the microporous ZIF-8-IPTMS-3N-APS-15. The binary CO2/N2

(15/85, v/v) and CO2/CH4 (15/85, v/v) separation factors of the
sample were 3.74 and 4.91, respectively, and the CO2 per-
meances were 3.49 and 3.36 � 10�6 mol m�2 s�1 Pa�1,
Fig. 10 Schematic diagram of the hybridization of the amine-based sol

© 2021 The Author(s). Published by the Royal Society of Chemistry
respectively. Both the separation factor and CO2 permeance
obtained from the binary gas permeation experiment were
lower than those obtained from the single gas permeation
experiment. This occurrence is attributed to the competitive
adsorption between the two types of gases during the binary gas
permeation.49 To further evaluate the performance, single and
binary CO2/N2 and CO2/CH4 separation performances of the
sample were compared with those of previously published ZIF-8
membranes. It is worth noting that the ideal CO2/N2 and CO2/
CH4 selectivities of the ZIF-8 membrane reported in our
previous work (prepared by depositing pristine ZIF-8-IPTMS
onto the macroporous substrate) were 1.32 and 1.69, respec-
tively, while the CO2 permeance was 1.99 � 10�6 mol m�2 s�1

Pa�1 at 35 �C and 0.1 MPa.34 When compared to the previously
reported membrane, the CO2 permeance and separation
performance of the ZIF-8 membrane (prepared with ZIF-8-
IPTMS-3N-APS-15) showed a signicant enhancement.
Furthermore, the performance of the ZIF-8 membrane prepared
in this work was superior when compared to that of the other
previously published ZIF-8 membranes.

Additionally, an equimolar binary H2/CH4 separation
experiment was performed, and the result is exhibited in Table
2. According to the result, a H2/CH4 separation factor of 24.7
with a high H2 permeance of 2.02 � 10�5 mol m�2 s�1 Pa�1 was
achieved. The H2 permeance was lower than that recorded from
the single gas permeation experiment, and this could be
attributed to the competitive gas adsorption behavior.49

Furthermore, the single and binary H2/CH4 separation perfor-
mances of the as-prepared ZIF-8 membrane and the previously
reported ZIF membranes were compared and are summarized
id adsorbent and the ZIF-8 membrane.

RSC Adv., 2021, 11, 28863–28875 | 28873
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in Fig. 9. Based on these ndings, both the H2 permeance and
H2/CH4 separation performance of the as-prepared ZIF-8
membrane were superior compared to the majority of the
previously reported ZIF membranes, and it exceeded the upper
limit reported in 2008.
3.6. Elucidating the hybridization of the amine-based solid
adsorbent and the ZIF-8 membrane

Fig. 10 illustrates the hybridization of amine-based solid adsor-
bents, that is, ZIF-8-IPTMS-3N-APS-15, with a ZIF-8 membrane.
Briey, the intrinsic hydroxyl groups present in pristine ZIF-8-
IPTMS provide ample reaction sites for 3N-APS amine
compounds to gra onto, and this can signicantly increase the
amino group content. As class 2 amine-based solid adsorbents,
for example, ZIF-8-IPTMS-3N-APS-15, possess a considerable
adsorptive CO2 separation performance owing to their abundant
and weakly alkaline amino groups, they can exert a strong
attraction towards acidic CO2. In this work, ZIF-8-IPTMS-3N-APS-
15 was selected and incorporated during the preparation of the
ZIF-8 membrane owing to the following reason: among the
various ZIF-8-IPTMS-3N-APS, ZIF-8-IPTMS-3N-APS-15 possessed
the highest amino group content and highest CO2 adsorption
capacity, which can provide ample heterogeneous nucleation
sites for ZIF-8 membranes to grow. Thus, based on the collective
results, the as-prepared ZIF-8 membrane was able to operate
continuously, and it could also exhibit an enhanced CO2 sepa-
ration performance owing to the considerable CO2 adsorption
capacity exhibited by ZIF-8-IPTMS-3N-APS-15.
4. Conclusion

The porous ZIF-8-IPTMS-3N-APS was successfully synthesized in
this work, and it was then used in CO2 adsorption separation
and the subsequent preparation of the ZIF-8 membrane for CO2

separation. Considerable CO2 adsorption separation perfor-
mances were achieved using the as-prepared ZIF-8-IPTMS-3N-
APS owing to their high CO2 and negligible N2 and CH4

adsorption capacities. However, to achieve the continual oper-
ation of CO2 adsorption separation, these adsorbents have to
regenerate which involves energy consumption. To avoid the
need for regeneration, the ZIF-8-IPTMS-3N-APS-15 was selected
and incorporated in the fabrication of the ZIF-8 membrane.
This is because the ZIF-8-IPTMS-3N-APS-15 possesses the
highest amine-loading content and the highest CO2 adsorption
capacity among the rest of the as-prepared ZIF-8-IPTMS-3N-APS.
As shown by the prolonged stability test, the as-fabricated ZIF-8
membrane was able to operate continuously without the need
for regeneration. Furthermore, excellent CO2/N2, CO2/CH4, and
H2/CH4 separation performances were achieved, which could
mainly be ascribed to the 0.6 mm ultrathin ZIF-8 membrane,
and the high CO2 and negligible N2 and CH4 adsorption
capacities of the ZIF-8-IPTMS-3N-APS-15. As such, the as-
proposed strategy for incorporating an amine-based solid
adsorbent into the preparation process of ZIF-8 membranes
may present a promising method for the future preparation of
tubular MOF membranes.
28874 | RSC Adv., 2021, 11, 28863–28875
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