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Water-based synthesis of zeolitic imidazolate
framework-8 for CO, capturet

Zhuo Shi,? Yinghao Yu, ©*2 Chao Fu,” Lefu Wang? and Xuehui Li®

This paper studies the impacts of five key synthesis parameters of zeolitic imidazolate framework-8 (ZIF-8)
in an aqueous solution, namely zinc resource, pH value, temperature, reaction time, and the concentration
of water in the ligand (H,O/Hmim). It was found that the crystallization of ZIF-8 samples is strongly
impacted by these synthesis parameters. ZIF-8 synthesized at a temperature of 85 °C, reaction time of
5 min, and pH value of 11.4 had a large special surface area and pore volume, and thus had a high CO,
adsorption capacity of 3.04 mmol g1 The CO, capture capacity remained constant after eleven
consecutive adsorption—desorption experiments. Further applications of the hydrothermal synthesis
method are promising considering the remarkable CO, adsorption capacity and cyclic regeneration ability.

1. Introduction

CO, is one of the major anthropogenic greenhouse gases,
accounting for about 80% of all greenhouse gas emissions."
Currently, the carbon dioxide concentration in the atmosphere
stands at 404 ppm, which is 120 ppm higher than that in pre-
industrial times.> High CO, concentration leads to the green-
house effect, affecting the climatic environment as well as
people's lives.* It becomes more and more important to capture
CO, effectively and efficiently. A commonly used method of
capturing CO, is based on the chemical absorption using dilute
aqueous solutions of alkanolamines.* This method is advanta-
geous due to the simple operation and high absorption capacity.
However, the energy demand of regeneration is relatively high.® In
addition, the corrosion and degradation of the amine solution
cannot be neglected.®’

A large number of efforts have been devoted to developing
new technologies for CO, capture.®** Yaghi et al."* have system-
atically synthesized and named a series of zeolitic imidazolate
frameworks (ZIFs), and successfully applied them to CO, capture.
ZIFs are a new type of metal organic frameworks (MOFs) with
high porosity, ultrahigh specific surface area, low density and
adjustable channel. Meanwhile, ZIFs have structures analogous
to traditional inorganic zeolites which have similar properties,
such as high thermal stability and chemical stability in a variety
of organic solvents, acid or alkali solution.* As one of the typical
ZIFs, zeolitic imidazolate framework-8 (ZIF-8) is formed with
transition metal cations (e.g. Zn**) and 2-methylimidazole
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anions, which has been widely used as a CO, adsorbent.'*>* The
traditional synthesis method of ZIF-8 is the solvent thermal
synthesis in one given organic solvent in large quantities, such as
methanol,*® N,N-dimethyl formamide,* acetone* and so on.
However, organic solvents are generally expensive and inevitably
cause potential pollution to the environment. Moreover, organic
solvents may interact with ZIF-8, and thus reside in the particle
which are difficult to be removed in the subsequent separation
processes.”® Other methods have since been developed, such as
mechanochemistry,” microwave,” ultrasonic method* and
micro-emulsion synthesis.** However, the operation is relatively
complex and often needs appropriate special techniques to assist
the synthesis. A simple synthesis method is reasonably the first
choice particularly for industrial applications. Pan et al®" re-
ported the first method for rapid synthesis of ZIF-8 in an aqueous
system in 2011. Not only the reaction time is considerably
shortened to 5 min, but also the reaction is operated at room
temperature. Although this is a great improvement for synthe-
sizing ZIF-8, the usage of ligands during synthesis must be
excessive. The minimum ratio between the ligand and the zinc
resources is at least 70 since the deprotonation of 2-methyl-
imidazole is difficult in the aqueous solution. To improve the
atom economy, many studies have focused on reducing the
amount of 2-methylimidazole used in the process of hydro-
thermal synthesis.?**

It is well acknowledged that the morphology and size of the
particles have great influence on the physical and chemical
properties of the crystals. A large number of studies show that
the synthesis parameters of ZIFs play a key role on the
morphology and size.**** Although those studies reported the
influences of reaction parameters on the morphology and size
of ZIF-8 during the process of synthesis, the effects on the CO,
adsorption capacity are rarely considered. In this study, we not
only investigate the main operating parameters in the synthesis
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process, but also further present the evidence linking them with
the CO, adsorption capacity.

2. Experimental
2.1 Materials

Zn(NO3),-6H,0, Zn(OAc), -2H,0, ZnSO,-7H,0, ZnCl,, and 2-
methylimidazole were analytical grade and purchased from
Shanghai Macklin Biochemical Technology Co., Ltd (Shanghai,
China). He (99.999%) and 15.0% CO, (in He balance, v/v) were
obtained from Guangzhou Zhuozheng Gas Co., Ltd (Guangz-
hou, China). All the raw resources in the Experiment section
were purchased and directly used without further processing.

2.2 Synthesis of ZIF-8

ZIF-8 was synthesized based on the method reported by Chen
et al.,*” with modified synthesis parameters. In this work, the
zinc source and 2-methylimidazole were dissolved in a certain
amount of water separately. These two solutions were then
rapidly mixed, and kept stirring for a certain time. The mixture
was then washed with water (50 mL x 3), and the particles were
separated by centrifugation at 10 000 rpm for 10 min. The
particles were collected after being dehydrated at 65 °C for 12 h.
The details of the synthesis parameters are shown in Tables S1-
S5 in the ESL¥

2.3 Characterization

The XRD peaks were obtained with a Bruker D-8 ADVANCE
diffractometer (Rigaku, Japan) using a CuKa-ray source (40 kV,
40 mA) with a scanning step of 0.02° in the range of 5-50°. The
relative crystallinity of the ZIF-8 samples is based on the major
peak at 26 value of 7.30° and the crystal surface (110), which is
defined by the formula (1) as follows:

Relative crystallinity =
peak intensity of sample at (110) plane
peak intensity of reference at (110) plane

% 100% (1)

N, adsorption-desorption experiments were performed with
the micrometrics ASAP-2010 adsorption analyzer (Micro-
meritics, America). The samples were degassed at 150 °C in
a vacuum for 6 h before the measurement to remove guest
molecules. The FESEM images were taken with the PHILPS XL-
30ESEM Field-Emission Scanning Electron Microscope (Carl
Zeiss, Germany) at magnification 50kx with an acceleration
voltage of 0.2-30 kV. The samples were coated with aurum
before scanning because the ZIF-8 samples could not efficiently
conduct electricity. The TGA tests were performed with the
STA449 F3 thermo-gravimetric analyser (Netzsch, Germany) in
the air atmosphere from 25 °C to 800 °C.

2.4 CO, adsorption measurement

The CO, adsorption measurements were carried out using
breakthrough curves in packed columns on a 0.1 g scale. The
adsorbent was firstly treated at 200 °C for 30 min with the He
gas at the flow rate of 30 mL min~". It was then cooled to the
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desired adsorption temperature (35-75 °C, in an increment of
10 °C), which covers the typical temperature range of the flue
gas. The flow of gas was then changed to 15.0 vol% CO, in the
He balance at the flow rate of 30 mL min . The adsorption was
continued until saturation was achieved. The breakthrough
curves were recorded. The CO, adsorption capacity g was
calculated by the formula (2) as follows:

t

g(mmol g™') = % [ 0(Cy — C)dt (2)

JO
where, m is the dry weight of the adsorbents (g), Q is the influent
flow rate (mL s~ '), C, and C are the inlet and outlet carbon
dioxide concentration (vol%).

The stability of the ZIF-8 samples during the prolonged cyclic
CO, adsorption was investigated for 11 cycles of adsorption and
regeneration. The CO, adsorption was performed at 50 °C, while
the regeneration was conducted with the flush of He gas at
200 °C for 30 min. The percentage ratio of the adsorption
capacity of the regenerated adsorbent to the virgin one is
defined as adsorption index (AI) and is calculated by the
formula (3) as follows:

Al= 2 5 100% 3)

91
where, g, and ¢, denote the CO, adsorption capacity of the n'®
(n = 1-11) cycle and the first cycle, respectively.

3. Results and discussion
3.1 XRD analysis

The crystallinity of the ZIF-8 samples synthesized under
different reaction parameters is compared in Fig. 1. The char-
acteristic peaks of ZIF-8 at 26 value of 7.30°, 10.36°, 12.68°,
16.40° and 17.98° could be clearly observed from the power XRD
pattern, indicating the ZIF-8 crystals were formed. As shown in
Fig. 1(a), all four zinc salts could form the ZIF-8 crystal in the
aqueous solution. Among them, ZIF-8 synthesized with
Zn(NOj3),-6H,0 had the strongest diffraction peak at the (110)
plane and thus was used as the reference. The relative crystal-
linity of ZIF-8 was ranked in the following order: ZIF-8 from
Zn(NO3),-6H,0 > ZIF-8 from Zn(OAc),-2H,O > ZIF-8 from
ZnS0O,-7H,0 > ZIF-8 from ZnCl,. The influences of the pH value
on the relative crystallinity of ZIF-8 are shown in Fig. 1(b). The
crystallinity was observed to be the highest when pH = 11.4, and
decreased irregularly as the pH value changed. This phenom-
enon can be attributed that 2-methylimidazole is more likely to
be protonated and then more reactive sites are produced on the
ligands to facilitate the reaction with Zn** at the pH of 11.4.
Fig. 1(c) showed that the crystallinity was the highest when the
reaction temperature was set as 85 °C. According to Fig. 1(d), the
relative crystallinity was found to be increased with increased
reaction time, and almost kept constant after 360 min due to
the completeness of the reaction. The reaction stoichiometry
ratio between the zinc resources and 2-methylimidazole (Zn/
Hmim) is supposed to be 1:2 for the ZIF-8 synthesis.
However, Cravillon et al. found the addition of excess 2-meth-
ylimidazole was necessary in the aqueous solution, and Zn/

This journal is © The Royal Society of Chemistry 2017
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Fig.1 XRD of ZIF-8 synthesized with different parameters: (a) metal resources: Zn(NO3),-6H,0, Zn(OAc),-2H,0, ZnSO4-7H,0 and ZnCl,; (b) pH
value: 9.4, 10.1, 11.1, 11.4, 11.9, 12.5 and 13.3; (c) temperature: 25, 45, 65, 85 and 95 °C; (d) time: 5, 10, 30, 60, 360, 720 and 1440 min; (e) H,O/

Hmim:15:1,25:1,40:1,50:1,100: 1.

Hmim was set as 1 : 70 in their study.?® In order to decrease the
amount of 2-methylimidazole, water concentration (H,O/
Hmim) is investigated and the results are shown in Fig. 1(e).
It can be seen that the relative crystallinity tended to increase
with decreased H,O/Hmim. The reason is that the deprotona-
tion processes of 2-methylimidazole are difficult because of its
high pK, value in the aqueous solution. Since H,O/Hmim
decreased and the concentration of the 2-methylimidazole
became higher, 2-methylimidazole with a high concentration
can be regarded as the deprotonation agent due to its alkalinity,
then the main crystal surface of ZIF-8 started to form when the
reaction ratio is changed to 1 : 20 in this study, and thus save
about 70% dosage of 2-methylimidazole in a single reaction.

3.2 N, adsorption isotherm

The N, adsorption-desorption curves of ZIF-8 synthesized
under different reaction parameters are shown in Fig. S1 (ESIT).
The Brunauer-Emmett-Teller specific surface area and pore
volume are compared as shown in Tables 1-3. The results show
that the ZIF-8 samples had larger specific surface areas and pore
volumes when higher temperature, longer reaction time and
lower water concentration was used in the process of synthesis.
As the reaction temperature increased from 25 to 95 °C, the
specific surface area firstly increased from 878.59 to 1140.93 m>
27!, then decreased to 1017.73 m> ¢~ ' and the pore volume
increased from 0.50 to 0.61 m® g~ ', which are consistent with
the surface areas and pore volumes of the ZIF-8 samples
prepared at room temperature.'****>* The specific surface area

This journal is © The Royal Society of Chemistry 2017

and the pore volume showed the same trends with the increase
of the reaction time. It is worth noting that the specific surface
area and the pore volume was only 85.56 m” g~ " and 0.04 m®> g~ "
when H,O/Hmim was 100 : 1, which might be due to the pres-
ence of amorphous materials in the ZIF-8 samples.*® The results
are consistent with the relative crystallinity as shown in Fig. 1.

3.3 SEM

The effects of synthesis conditions on the morphology of ZIF-8
samples were evaluated using SEM, and the results are pre-
sented in Fig. 2. The effect of temperature is illustrated in
Fig. 2(a) and (b), the selected samples were synthesized at 45 °C
and 85 °C. The results show that the shape was more structured
with fewer surface defects, correlating with the higher relative
crystallinity as shown in Fig. 1(b). With the increase of the
synthesis time from 5 min to 360 min as shown in Fig. 2(c)-(e),

Table 1 Effect of the reaction temperature on N, adsorption

Samples” Temperature (°C) Sper (M g™ 1) Ve (em®g™h
A3 25 878.59 0.50
B3 45 1019.62 0.54
C3 65 1140.93 0.59
D3 85 1146.35 0.60
E3 95 1017.73 0.61

¢ The denotation and the corresponding synthesized parameters of all
the samples can be found in the ESI.

RSC Adlv., 2017, 7, 29227-29232 | 29229
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Table 2 Effect of the reaction time on N, adsorption

Samples” Time (min) Sger (M* g™ 1) Ve (em® g™
A4 5 878.59 0.50
C4 30 899.28 0.52
D4 60 923.01 0.54
E4 360 937.06 0.55
G4 1440 1027.20 0.59

“ The denotation and the corresponding synthesized parameters of all
the samples can be found in the ESI.

Table 3 Effect of the water concentration on N, adsorption

Samples® H,O/Hmim Sper (m* g™ ") Ve (em® g™
A5 15:1 1210.11 0.65
B5 25:1 841.72 0.46
C5 40:1 645.57 0.36
D5 50:1 603.53 0.32
E5 100:1 85.56 0.04

% The denotation and the corresponding synthesized parameters of all
the samples can be found in the ESI.

a rugged surface was obtained first, and then rod-like particles
started to form. The growth of the crystal over time could be
observed, but it is worth noting that the shape was unusual,
though their XRD patterns exhibited a typical ZIF-8 crystallinity
phase. The influence of water concentration is presented in
Fig. 2(f)-(h), which show the ZIF-8 crystal prepared with H,0/
Hmim as 15: 1 was spherical and had a bumpy surface. The
morphology was changed to a small dense cylinder first, and
then to a lager cylinder with low crystallinity as H,O/Hmim
increased to 40:1 and 100 : 1, respectively. This is because
when H,O/Hmim increased, the pH of the solution decreased.

Gate 11 /g 2316 )
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Fig. 3 TGA of ZIF-8 synthesized under different synthesis conditions:
45°C, 65 °C, 85 °C, 5 min, 60 min, 360 min, and H,O/Hmim =40 : 1.

Under the decreased pH, 2-methylimidazole was deprotonated
slowly, which in turn postponed the formation of the ZIF-8
crystals.®

3.4 TGA analysis

The thermogravimetric analysis experiments were conducted
under air flow to characterize the thermal stability of the ZIF-8
samples. As shown in Fig. 3, the first mass loss below 250 °C
might be caused by the removal of guest molecules (e.g. H,0)
from the cavities or residual species (2-methylimidazole), which
is comparable to that in the literature.*® Between 250 °C and
445 °C, a long plateau was observed after the formation of the
guest-free phase, indicating a good thermal stability of the ZIF-8
samples. The second mass loss around 445 °C indicates that the
structure of the sample began to collapse. By comparison, the
thermal stability did not change with the varying synthesis
conditions, so long as the ZIF-8 crystal was completely formed.
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Fig.2 SEM images of ZIF-8 synthesized under different conditions: (aand b) T =45 °C, 85°C; (c—e) t = 5 min, 60 min, and 360 min; (f-h) H,O/

Hmim =15:1,40:1, and 100 : 1.
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Table 4 Effects of the synthesis temperature on CO, adsorption
capacity

CO, adsorption capacity g/mmol g~

Samples Temperature (°C) 35°C 45°C 55°C 65°C 75°C
B3 45 2.57 2.42 2.29 2.18 2.18
C3 65 2.96 2.86 2.67 2.65 2.57
D3 85 3.04 2.90 2.82 2.70 2.51
E3 95 2.60 2.53 2.46 2.41 2.32

Table 5 Effects of the reaction time on CO, adsorption capacity

CO, adsorption capacity g/mmol g~

Samples  Time (min) 35°C 45°C 55°C 65°C 75°C
A4 5 2.60 2.52 2.45 2.38 2.24
C4 30 2.78 2.72 2.59 2.53 2.40
D4 60 2.82 2.72 2.62 2.61 2.55
E4 360 2.87 2.79 2.62 2.54 2.49
G4 1440 2.94 2.78 2.70 2.65 2.49

Table 6 Effects of the water concentration on CO, adsorption
capacity

CO, adsorption capacity g/mmol g~*

Sample  H,O/Hmim 35°C 45°C 55°C 65°C 75°C
A5 15:1 2.78 2.67 2.53 2.46 2.35
C5 40:1 2.64 2.55 2.46 2.39 2.29
D5 50:1 2.60 2.48 2.40 2.27 2.26

3.5 CO, adsorption

The CO, adsorption with the ZIF-8 samples was studied as
described in the Experimental section. The breakthrough
curves of the ZIF-8 samples are shown in Fig. S3-S5.1 And the
CO, adsorption capacities of the corresponding samples at the
different adsorption temperature can be found in Tables 4-6.
From Fig. S3-S51 and Tables 4-6, it can be seen that under the
same synthesis condition, the CO, adsorption capacity of ZIF-8
decreased continually when the adsorption temperature
increased from 35 °C to 75 °C. This phenomenon can be
attributed to the fact that the increase of the temperature leads
to the decrease of van der Waals' force between CO, molecules
and the samples. At the same adsorption temperature, the CO,
adsorption capacity of ZIF-8 varied as the synthesis condition
changed. It can be seen from Table 4 that as the synthesis
temperature increased from 45 °C to 95 °C, the CO, adsorption
capacity of ZIF-8 at 35 °C firstly increased from 2.57 mmol g~ * to
3.04 mmol g%, then decreased to 2.60 mmol g~ *. This trend is
consistent with the BET specific surface area. Table 5 shows the
effect of the synthesis time of ZIF-8 on the CO, adsorption
capacity. The results show the ZIF-8 sample had the highest CO,
adsorption capacity (2.94 mmol g~ ') when synthesized under
1440 min. In Table 6, it shows that the CO, adsorption capacity

This journal is © The Royal Society of Chemistry 2017
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Fig.4 CO, cyclic adsorption performance of ZIF-8 synthesized in the
aqueous solution.

of ZIF-8 decreased when H,O/Hmim increased, and similarly,
the changes of the water concentration had the same effect on
the BET specific surface area and pore volume. These results
further demonstrate that the CO, adsorption capacity of ZIF-8 is
closely related to its BET specific surface area and pore volume.

The prolonged cyclic CO, adsorption on ZIF-8 was conducted
as mentioned in the Experimental section, and the results are
shown in Fig. 4. The results show that the adsorption index was
only reduced from 100% to 99.15% at the 11™ run, suggesting
that most CO, molecules can be effectively desorbed during the
regeneration process, and the ZIF-8 samples in the present
study are satisfactorily stable and effective in the prolonged
cyclic operation.

4. Conclusions

In summary, we have synthesized ZIF-8 in aqueous solutions,
and the influences of key operating parameters are investigated.
The XRD analysis shows that the ZIF-8 crystal produced from
Zn(NOj3),-6H,0 exhibited the highest crystallinity. The pH value
had a big impact because it influences the protonation states of
2-methylimidazole. High temperature, long reaction time, and
low water concentration are also found to be favourable in the
formation of high crystallinity. The BET results show that
surface area and pore volume increased gradually with the
increase of temperature and reaction time, and the decrease of
water concentration. The CO, adsorption results show that the
physical adsorption of ZIF-8 on CO, dominated the adsorptive
mode. And the experimental results imply that the CO,
adsorption capacity is influenced primarily by the BET specific
surface area and pore volume rather than the relative crystal-
linity. Meanwhile, the high CO, adsorption capacity and excel-
lent cycling performance of these samples indicate that the
water-based synthesis of ZIF-8 is a promising way for CO,
capture.
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