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Abstract The room temperature synthesis of ZIF-8
micro- and nano-particles was investigated using a mixed
methanol-water solvent system. ZIF-8 particles of good
quality and high crystallinity were obtained. Response
surface methodology was used to determine the effect of
the synthesis conditions on the ZIF-8 yield, particle size
distribution, and mean particle size. The ligand/metal salt
molar ratio followed by the amount of sodium formate (the
deprotonating agent) and then the amount of water (i.e., the
composition of the mixed solvent) respectively had the
largest effects on both the ZIF-8 yield and particle size.
Results showed that mixing of solvents with different
strengths in producing ZIF-8 crystals is a practical method
to size-controlled synthesis of ZIF-8 particles. This method
is more favorable for industrial-scale ZIF-8 synthesis than
using excess amounts of ligands or chemical additives (like
sodium formate). In addition, ZIF-8 samples with different
mean particle sizes (100, 500, and 1000 nm) were used for
CO adsorption and the mid-sized ZIF-8 particles had the
highest adsorption capacity.

Keywords metal organic frameworks, zeolitic imidazo-
late frameworks, ZIF-8, response surface methodology,
Box Behnken design, CO adsorption

1 Introduction

Nowadays, the organic-inorganic 3D structures so-called
metal organic frameworks (MOFs) gained have great
importance as a unique type of the porous materials. As the
name implies, MOFs are constructed from repeating
molecular scaffolds in which metal atoms or clusters act
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as nodes and are connected by organic ligands which serve
as rigid bridges [1]. Due to the variety of building elements
that can be used, many different molecular designs can be
made and this has resulted in the variety of MOFs with
more types continuously being developed [2]. MOFs
typically have 3D network-like structures and many
excellent properties including high porosities (up to
90%), extremely high surface areas (up to 6000 m?/g),
molecular-sized pores with narrow distributions, desig-
nable pore sizes and shapes, and ease of functionalization
by organic components [3]. Another great feature of MOFs
is their ability to incorporate molecules into their structures
via various host-guest interactions which endows the
MOFs with new properties [4]. In addition to what has
been mentioned above, some MOFs have attractive
properties that are exclusively related to specific groups
contained within those MOFs. For example magnetic
MOFs [5], have magnetic metal nodes or clusters (such as
Fe and Co) in their structures giving them magnetic
properties [6—8]. These many diverse special properties
have resulted in a wide variety of applications for MOFs in
areas such as gas storage [9—11], gas separation [12—16],
heterogeneous catalysis [17-19], drug delivery [20,21],
capture and degradation of toxic gases [22], sensors
[23-25], and energy storage (batteries and supercapacitors)
[26,27].

Zeolitic imidazolate frameworks (ZIFs) are a well-
known category of MOFs that have been extensively
studied since their introduction by Yaghi’s group in 2006
[28]. ZIFs have a zeolite-like structure in which the metal
ions or clusters, and the organic ligands are in the same
configuration as silicon and oxygen in zeolites. The bond
angles between the tetrahedral metal ions (Zn, Co) and the
ligands (imidazolate) are approximately 145°, which is
similar to the M-O-M bonds in zeolites (M = Si and/or Al,
O = oxygen). Their high thermal and chemical stabilities
make ZIFs different from other MOFs since most MOFs
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suffer from low thermal and chemical stabilities and in fact
this has hindered the development of various applications
for MOFs. The most widely studied and used ZIFs is
ZIF-8. This MOF has a sodalite topology with pore sizes of
11.6 A, pore apertures of 3.4 A, a surface area of 1947 m?/g
and a pore volume of 0.663 cm’/g [28]. Owing to its
excellent features, ease of preparation, and its wide
applications, ZIF-8 is produced commercially. There are
several different methods to prepare ZIFs including room
temperature synthesis [29] hydrothermal [30], solvother-
mal [31], sonochemical [32], mechanochemical [33],
electrochemical [34], dry-gel conversion [35], microfluidic
[36], and microwave assisted [37] methods. Among these
methods, room temperature synthesis has the benefits of
being simple since no special or complex experimental
setup is needed and very fast. In addition, this method has
low energy consumption compared to other common
routes like solvothermal and sonochemical methods.
Therefore, room temperature crystallization is a powerful
technique for preparing nano-sized ZIFs even on a large
scale.

Due to the important effect of particle size on the
properties and applications of nanoparticles [38—41],
efficient synthesis methods that provide control over
particle size are usually desirable. ZIF-8 is no exception
and there have been some studies on tuning ZIF-8 particle
sizes. For example, different additives such as triethyla-
mine [42], n-butylamine, sodium formate, 1-methylimida-
zole [43], and NaOH [44] have been introduced to ZIF-8
synthesis mixtures as deprotonating and modulating agents
to improve the yield or manipulate the final crystal size by
controlling the crystallization process. Polyzoidis et al.
used microreaction technology for the high-yield, large-
scale production of ZIF-8 with tunable particle sizes [45].
Other studies have focused on the type of zinc precursor.
For example, Jian et al. studied the effect of six different
zinc precursors on the quality and morphology of ZIF-8
synthesized at room temperature and concluded that Zn
(OAc),, which gave ZIF-8 particles with a rhombic
dodecahedron morphology, was the best [46]. In other
research, Chi et al. used zinc nitrate, zinc acetate and zinc
chloride as precursors and produced particle sizes of 88,
240 and 533 nm, respectively [47].

Herein, solvent composition has been varied in order to
manipulate ZIF-8 particle size. Due to environmental
concerns, replacing organic solvents with water as a cheap,
nontoxic, and nonflammable solvent is always desirable in
any chemical processes. In this regard, the present study
investigates the synthesis of ZIF-8 particles in a mixed
solvent (methanol-water) at room temperature. The effect
of different preparation factors on the ZIF-8 synthesis
yield, particle size distribution and mean particle size were
investigated via response surface methodology. The factors
examined include the ligand content, the amount of sodium
formate additive, and the composition of the methanol-
water solvent. The ZIF-8 particles were characterized by

different methods to investigate their crystallinity, pore
sizes, surface areas, and particle sizes. Finally, the effect of
the ZIF-8 particle size on CO adsorption was also
determined.

2 Experimental
2.1 Materials

Zinc nitrate hexahydrate was obtained from Sigma
Aldrich. All other chemical reagents including methanol,
2-methylimidazole (2-MeIM) and sodium formate were
purchased from Merck Co. and were used directly without
any purification. Carbon monoxide (99.99%) gas was
provided from Farafan Gas Co. and used as received.
Double distilled water was used in any experiments using
water as the co-solvent.

2.2 Methods

2.2.1 Room temperature synthesis of ZIF-8

The synthesis procedure for ZIF-8 was based on the
method reported by Cravillon et al. [48] and the modified
recipe reported by Zhang et al. [49]. In a typical
experiment, the desired amount of zinc nitrate was
dissolved in 25 mL of solvent. Then a second solution
was prepared by dissolving the desired amounts of
2-methylimidazolate and sodium formate in 25 mL of
solvent. In the case of mixed-solvent syntheses, water and
methanol were mixed in the desired ratios to obtain 50 mL
of mixed solvent and this was then divided into two 25-mL
portions and used as stated above. After the two solutions
were prepared the ligand solution was rapidly poured into
the zinc solution with mild stirring (At higher concentra-
tions of 2-MelIM, the mixture immediately became opaque
after blending). The solution was continuously stirred at
room temperature during the course of the reaction. After
24 h, the stirring was stopped and the mixture was
centrifuged at 5000 r/min for 10 min. The solid product
was washed repeatedly with fresh methanol and acetone
and then the products were dried at 50°C overnight before
being subjected to further analysis.

2.2.2 Characterization

X-ray diffraction (XRD) was carried out using a X’Pert
PRO MPD diffractometer (PANalytical Company) with Cu
Ka radiation (A= 1.5406 A) that was operated at 40 kV and
40 mA. Scanning was conducted between 20 values of 5°
and 40° with a step size of 0.026°. The morphology and
particle sizes of the synthesized ZIF-8 were determined by
field emission scanning electron microscopy (FE-SEM). A
small amount of the final solution was decanted and used
as the FESEM sample. FESEM images were captured



Alireza Hadi et al. Mixed solvent synthesis of ZIF-8 nano and microparticles for CO adsorption 581

using a TESCAN MIRA3 field emission scanning electron
microscope. Particle size distributions were obtained by
statistical evaluation of about 100 particles using Image J
1.47V (NIH, USA) software. The mean particle size was
determined by Gaussian fitting of the resultant particle size
distribution. The N, adsorption-desorption isotherm of the
ZIF-8 powder was obtained at 77 K using a Belsorp mini II
(Bel company, Japan) volumetric adsorption measurement
instrument. Thermogravimetric analysis (TGA) was per-
formed using a Rheometric scientific STA 1500, in the
temperature range of 20°C to 700°C at a rate of 10°C/min.
Optical absorbance measurements of the ZIF-8 dispersions
were obtained with an UV—vis spectrometer (Mecasys,
OPTIZEN POP, Korea).

2.2.3  Adsorption of carbon monoxide

Carbon monoxide static adsorption tests were conducted
using a volumetric experimental set-up which is shown
schematically in Fig. 1. First, the samples were degassed
by treating them with nitrogen at 160°C for 4 h. Then, the
samples were kept under vacuum at 85°C for another 4 h in
order to activate the ZIF-8 particles. For adsorption tests,
about 1.5 g of ZIF-8 powder was placed in the gas
adsorption cell. Afterward, the adsorption experiments
were conducted by injecting enough CO gas to reach
pressures between 0 and 10 bar. The temperature was held
constant at 25°C. The temperatures of both the loading and
adsorption cells were precisely controlled using a water
bath. The pressure in the adsorption cell was measured
with a pressure transducer (ECO-1, WIKA) with an
accuracy of 1%. The system was maintained at each
operational pressure for 30 min to establish steady-state
conditions. The adsorption tests were repeated three times
and the average value is reported.

2.2.4 Response surface methodology (Box-Behnken
design)

Response surface methodology (RSM) is an accurate
technique for the systematic investigation and optimization
of different processes in which the effects of individual
variables on a process are unknown [50]. In addition,
interactions between factors can be obtained using RSM.
In this method, mathematical and statistical calculations
are performed based on an experimental design which
leads to process optimization. In this work, Box-Behnken
which is a well-known incomplete 3* factorial design was
used to investigate the synthesis process of ZIF-8. Design
Expert software (version 10.0.1.0, Stat-Ease Inc., Minnea-
polis, MN, USA) was used for the design and analysis of
the experiments, and to plot the results. The amounts of
2-MeIM and sodium formate and the composition of the
solvent (methanol-water mixture) were chosen as the main
factors. According to the Box- Behnken design, these
factors should be studied at three levels so the actual values
of these independent factors were coded to (—1, 0, 4+ 1)
levels according to the equation:

Xi—Xo

1 AX b

where x; is the coded value of each independent factor, AX

is the step change value, and X;, X, are the actual and

central values of the independent factors, respectively.

Table 1 shows the coded and actual values of the selected
parameters.

The relationship between the independent factors and
the responses can be expressed by a polynomial equation
such as linear, quadratic, and cubic models. In this study, a
general cubic model represented by the following equation
was used:
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Fig. 1

Schematic diagram of the experimental apparatus for CO static adsorption
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Table 1 Coded and un-coded values of factors used in Box-Behnken
design

Coded 2-MeIM molar ratio Sodium formate molar ratio Water /vol-%
values (A) B) ©)

-1 2 0 0

0 5 2 25

+1 8 4 50

Y =pB+ Zfﬁixi + Zfﬂiing + Zizjﬂij’xixj
+ Zf i + Z,-Zjﬂiijxizxj
+ 202D B @)

where Y represents the predicted response, x;, x;, and x;
denoted the independent variables, £ is the number of
variables, S, is the model constant, f3; is the coefficient for
the linear parameters, f;; is the coefficient for the quadratic
parameters, f3; is the coefficient for the quadratic crossed
parameters, f;; is the coefficient of the cubic single term,
Biij 1s the coefficient of the cubic two cross product terms,
and f;; represents the coefficient of the cubic three cross
product terms [51].

The effect of the chosen parameters on two important
responses: synthesis yield and mean particle size were
explored. Weighing is a common way to calculate MOF
synthetic yields, but this only gives an approximate yield
because a considerable amount of ZIF-8 particles are lost
during the wvarious process steps especially during
centrifugation and drying of the products (by adhesion to
the experimental vessels). Further, in some experiments,
the yield is too low to determine by weighting. Therefore
weight is not a very suitable way to calculate yield so a
better method was needed. The synthesis yield was
determined by UV-vis spectroscopy. The absorbance of
ZIF-8 dispersion at 660 nm versus ZIF-8 concentration
was measured and shown in Fig. 2. The absorbance is
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Fig. 2 Absorbance of ZIF-8 in methanol-water dispersion (25%
water) at 660 nm versus ZIF-8 concentration
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linear (R* = 0.999) with ZIF-8 concentration and obeys the
Beer-Lambert Law. So the concentrations of ZIF-8 were
determined by simply measuring the absorbance of the
final ZIF-8 dispersions at 660 nm. All samples were diluted
to 200 mL before measuring absorbance. Finally, the yield
was calculated by dividing the concentration of ZIF-8 by
the initial concentration of zinc as a basis. It should be
noted that in all experiments 2-MeIM was used in excess.

The second response, ZIF-8 particle size, was evaluated
using the particle size distribution and the mean particle
size which were obtained from the FE-SEM images.

3 Results and discussion
3.1 Characterization

In this study, mixture of methanol and water was used as
solvent for room temperature crystallization of ZIF-8
particles. This procedure has not previously been reported
for ZIF-8 preparation so XRD was used to investigate the
crystallinity and the purity of the samples. Figure 3 shows
the XRD pattern of ZIF-8 prepared in pure methanol along
with a simulated pattern for a standard ZIF-8 sample [28].
The similarity of these two spectra confirms that highly
crystalline pure ZIF-8 particles were obtained in pure
methanol.

— ZIF-8 (in methanol)
—— ZIF-8 simulated pattern

Intensity

10 15 20 25 30 35 40
20/(°)

Fig. 3 XRD pattern of ZIF-8 powder synthesized in pure
methanol, accompanied by ZIF-8 simulated pattern

When water was added to methanol during the synthesis
of ZIF-8, the suspension did not precipitate completely
during centrifugation. So in these cases, both the sediments
and supernatants were subjected to XRD analysis. The
XRD patterns of the products obtained at 1 h in different
compositions of methanol-water are shown in Fig. 4. All of
these spectra, whether for supernatant or sediment, are
quite different from the simulated ZIF-8 pattern. So at 1 h,
the sediment and supernatant both probably contain
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unreacted components, intermediate crystallization pro-
ducts and/or by-products. These have been previously
reported in the synthesis of ZIF-8 in pure water by Nordin
et al. [52] and Jian et al. [46]. In order to better probe the
effect of water on ZIF-8 crystallization, the reaction was
allowed to continue for 24 h.

The XRD patterns of the materials prepared at 24 h are
also shown in Fig. 4. Interestingly, these XRD patterns
have high correspondence with the ZIF-8 simulated
pattern, and prove that the produced particles are pure,
crystalline ZIF-8. The spectra of the ZIF-8 powder
synthesized at 24 h with different methanol-water mixture
(0 to 50% water) are all very similar. The main XRD peaks
for all the ZIF-8 samples are at 20 values of about 7.35°,
10.4°,12.75°,14.73°, 16.48° and 18.07° which correspond
to (011), (002), (112), (022), (013) and (222) crystal facets,
respectively [28]. A closer look at Fig. 4 shows that the 1-h
samples contain some of the ZIF-8 standard peaks,
specifically there are peaks related to the (002), (112),
(013) and (222) crystal facets. The fact that the other peaks
disappear at a longer reaction time (24 h) and that only
peaks for pure ZIF-8 remain, is good evidence that the 1-h
methanol-water products are intermediate products of
ZIF-8.

FE-SEM was employed to observe the morphology of
the ZIF-8 particles prepared at different conditions and a
typical image is shown in Fig. 5. Under all conditions, the
most common ZIF-8 morphology was rhombic octahedral,
although sometimes other morphologies such as cubic-like
and rod-shaped were also observed (Figs. 5(b,c)). These
were fairly rare and were most likely to occur under
conditions which lead to larger particle sizes. It is
noteworthy that both well-defined sharp facets and
rounded edge particles were observed in the different
samples.

Figure 6 shows the N, adsorption-desorption isotherm

BV

W%

and the pore size distribution of the ZIF-8 sample
synthesized in pure methanol. The Type-1 isotherm is
indicative of microporosity in the ZIF-8 particles. The
surface area and pore diameter were calculated using the
adsorption data with the BET method and the results are
given in Table 2. Other information including pore volume,
total pore area, and pore diameter which was derived from
the BJH method is summarized in Table S1 (cf. Electronic
Supplementary Material (ESM) ).

Thermal stability is one of the most important
characteristics for high-temperature applications of porous
materials. So the thermal stability of the prepared ZIF-8
was evaluated by TGA from 20°C to 700°C and the results
are shown in Fig. 7. As the sample was heated, it
underwent three weight loss stages. The first was a 6%
weight loss that occurred at temperatures below 225°C.
This loss is related to release of moisture as the guest
molecules adsorbed by the ZIF-8 powder [53]. Between
225°C and 400°C there is a plateau region with a slight
weight loss of about 5%. This can be attributed to
evaporation of the methanol solvent molecules trapped in
the ZIF-8 structure during synthesis. The third weight loss
occurs between 400 and above 523°C and is about 55%.
This loss is related to the thermal decomposition of the
ZIF-8 structure. These results show that the prepared ZIF-8
has a good thermal stability up to 400°C which is suitable
for many applications.

3.2 ZIF-8 synthesis mechanism

The possible mechanism for the ZIF-8 crystallization is
shown in Fig. 8 [54]. The ZIF-8 synthesis at room
temperature consists of several stages. First, several
different complexes form between the ligands and the
Zn** cations [43]. Next the ligands become deprotonated at
which time the 2-methylimidazole loses its pyrimidinic

— Precipitate 50% water (24 h)
—— Precipitate 25% water (24 h)
—— Supernatant 50% water (1 h)
—— Supernatant 25% water (1 h)
—— Precipitate 50% water (1 h)

| —— Precipitate 25% water (1 h)

Intensity

Simulated pattern

1 " I

5 10 15 20 25 30

20/(°)

35 40

Fig. 4 XRD patterns of materials prepared in methanol-water mixtures containing 25% and 50% vol water at 1 and 24 h reaction times,

along with the simulated pattern of ZIF-8
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Fig. 5 (a) FE-SEM images showing common rhombic octahe-
dron morphology of ZIF-8 particles (synthesis condition: A =8, B
=2, C= 0); (b) and (c) FE-SEM images which contain other
morphologies rarely observed in ZIF-8 samples (synthesis
conditions for (b)) A=2,B=2,C=50and (c) A=2.B=4,C=25)
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Fig. 6 N, adsorption-desorption isotherm of ZIF-8 sample
produced in methanol; inset: pore size distribution of ZIF-8
using the BJH method

Table 2 BET parameters and analysis for ZIF-8 synthesized in pure methanol

BET parameters BET analysis
c Vel (cm(STP)- g 1) Surface area ag per /(m?+ g ) Total pore volume (p/py = 0.99) /(cm*- g ") Mean pore diameter/ nm
1798.8 279.5 1216.5 0.5302 1.7434

Weight loss/%

1 1 1 1 1 1 1
0 100 200 300 400 500 600 700
Temperature/°C

Fig. 7 TGA curve of ZIF-8 synthesized in pure methanol

hydrogen to form an imidazolium anion. The deprotonated
ligands then coordinate to the zinc cations to form the
primary ZIF-8 building units. This coordination reaction
continues and eventually ZnN, clusters, which are
considered the secondary building units of ZIF-8, are
formed. These clusters then form six-membered rings
resulting in ZIF-8 nucleation sites (the nucleation step).
Other building units then attach to the nuclei causing ZIF-8
crystal growth (the growth step). The nucleation and

growth rates both greatly affect the final ZIF-8 particle size
and synthesis yield [55,56] and this will be discussed in
more detail later.

3.3 RSM model development

A Box Behnken design was used to model the ZIF-8
synthesis process using the selected factors. The experi-
mental conditions and the corresponding responses are
tabulated in Table 3. The analysis of variance of the
obtained reduced cubic models for ZIF-8 synthesis yield
and particle size are presented in Tables S4 and S5,
respectively. These results show that both models are
statistically significant (p-value < 0.05).

For both models, the backward option of Design-Expert
software was used to remove non-significant terms in order
to obtain the final reduced models. For the ZIF-8 yield
model, the interactive effect between 2-MeIM content and
sodium formate content (AB) were insignificant while all
other terms were significant (p-value < 0.05). For the
ZIF-8 particle size model, the interactions between the
2-MeIM and sodium formate contents (AB), and between
the 2-MelIM and water contents (AC) were non-significant
(p-value > 0.05). Table 4 shows the final equations of the
reduced cubic models for ZIF-§ synthesis yield and mean
particle size. The regression coefficients (R?) and adjusted

regression coefficients (Rﬁdj) for both models are very close
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Fig. 8 Simplified diagram of ZIF-8 synthesis mechanism

Table 3 Box- Behnken design matrix and corresponding responses

Un-coded factors Responses
Experiment No. A: 2-MeIM molar B: Sodium formate C: Water volume . . .
content /x¥ molar content /y* percent /vol-% Yield fwt-% Particle size /um

1 8 2 50 7.87 83.4

2 5 2 25 11.31 125.3
3 5 4 50 51.89 185.6
4 5 4 0 48.81 574.8
5 8 2 0 65.54 242.8
6 2 4 25 6.64 687.2
7 8 0 25 11.07 93.98
8 2 2 50 8.11 3876.0
9 5 2 25 12.17 126.3
10 5 0 0 63.56 84.5

11 8 4 25 13.52 116.5
12 5 0 50 48.20 191.3
13 5 2 25 11.68 177.0
14 2 0 25 5.23 706.8
15 2 2 0 1.72 3051.0

a) Zinc nitrate hexahydrate : 2-MeIM : Sodium formate : solvent= 1: x: y: 1000 on molar basis.

or equal to one suggesting that both cubic models properly
fit the experimental data.

3.3.1 Effect of factors on ZIF-8 synthesis yield

In order to analyze the impact of synthesis condition on the

yield of ZIF-8 production, it is crucial to know how the
yield is affected by different parameters. Generally, ZIF-8
particles are synthesized through the nucleation and
growth processes. Thus, increasing the nucleation and
growth rates by changing the synthesis condition will
result in the higher ZIF-8 yield. Inversely, Factors that
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Table 4 Reduced cubic models in terms of coded factors for prediction of ZIF-8 yield and mean particle size which obtained using RSM

Response Reduced model R? Rgdj

ZIF-8 yield Yield= + 11.72 4+ 15.89 A — 2.76 B — 3.07 C — 16.02 AC + 4.61 BC — 17.46 A + 1.000 0.9997
14.85 B? 4 26.55 C* 4+ 3.73 A’B — 9.75 A’C — 12.71 AB?

ZIF-8 mean particle size Particle size = + 142.87 — 1462.55 A+ 121.15 B — 70.60 C — 124.0 BC + 1000.08 A2 0.9999 0.9993

— 741.82 B® + 858.01 C? — 120.42 A?B + 424.65 A’C + 1166.67 AB>

hinder the reaction and prevent precursors from participat-
ing in ZIF-8 nucleation and growth suppress the synthesis
yield. In addition, when comparing the absorbance of two
different ZIF-8 suspensions at the same ZIF-8 concentra-
tion, the suspension with larger particles absorb more UV-
vis light which causes an apparent yield seems to be higher.
With this in mind, it is possible to discuss the effect of the
preparation condition on ZIF-8 yield.

Figure 9 shows the impact of chosen parameters on the
yield of ZIF-8. The corresponding 3D RSM plots of the
effect of parameters on the yield of ZIF-8 have been shown
in Fig. 10. The trends showed in Figs. 9(a,b) are unchanged
for the whole studied range as presented in Figs. 10(a,c).
But, the impact of 2-MeIM on the yield becomes different
by variation of water content (Fig. 10(b)) as discussed
below. When the ligand (2-MeIM ) molar content was less
than 3.4, no ZIF-8 was produced (Fig. 9(a)). The ZIF-8

yield increased to a maximum for a 2-MeIM molar ratio of
about 6.3 and larger amounts of 2-MeIM resulted in lower
yields. In general, during ZIF-8 synthesis using a pure
solvent, a higher amount of 2-MeIM with a constant metal
salt content should cause the nucleation to occur more
quickly resulting in a higher crystallization rate which in
turn leads to higher ZIF-8 yields. But, It is noteworthy to
mention that the results presented in Fig. 9 were obtained
with the water content at the middle level (25 vol-%). The
RSM results (Fig. 10(b)) showed that the descending trend
of ZIF-8 yield at high levels of 2-MeIM did not observed
when pure methanol was used for the synthesis. The
different results for the two solvents systems may be
because fewer nuclei are formed in the presence of water
than in pure methanol due to the formation of zinc
hydroxide, and because there are less free ligands in the
water containing mixtures [57].
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Fig. 9 One factor plots showing the effect of (a) 2-MeIM content, (b) sodium formate content, (c) water content on the yield of ZIF-8
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Fig. 10 Response surface plots displaying the effect of (a) 2-MeIM content and sodium formate amount, (b) 2-MelIM content and water
content, and (c) sodium formate content and water content on ZIF-8 synthesis yield

In this synthetic system, sodium formate is both the
modulating ligand and the deprotonating agent. The effect
of the sodium formate molar content on the ZIF-8 yield is
shown in Fig. 9(b). This curve shows a minimum at 2.25.
At low concentrations, sodium formate works more as a
deprotonating agent so it provides more imidazolium ions
that assist in the growth of particles rather than producing
new nuclei. This results in larger particles and a lower
yield. At high concentrations, it seems that sodium formate
works more as the modulating and templating agent, where
it accelerates the production of new nuclei and crystals at
later stages of the process. This occurs by activation of the
remaining metal ions and ligands by altering the
deprotonation and coordination equilibria, which enhances
the ZIF-8 production yield.

The effect of the solvent on the formation process of
ZIF-8 has been previous studied. The solvent can affect the
process by acting as a ligand, a guest or both, and
sometimes it is a structure directing agent [58]. Bustamante
et al. [59] investigated the effect of the solvent on the room

temperature synthesis of ZIF-8 and showed that the solvent
has an important effect on the crystallization rate and the
final crystal size. In addition, the solubility and reactivity
of the zinc precursor have been shown to have an effect on
the preparation of ZIF-8 and its morphology [47]. Here the
zinc precursor and ligand were not changed, but it should
be noted that their solubility may change with solvent
composition. The solubility parameters for methanol,
water and 2-MeIM (including their dispersion, polar, and
hydrogen bond components) were used to explore the
effect of water addition on the affinity between ligand and
solvent. The solubility parameter distance (Ra) is used to
measure the difference between the solubility parameters
of two components [60]. So, in order to evaluate the
solubility of 2-MeIM in methanol with and without water,
the Ra values between the ligand and the various
methanol-water solvents were calculated and the results
are given in Tables S2 and S3. The Ra value decreased
only slightly as the amount of water increased suggesting
that the presence of water in the synthesis solution does not
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significantly reduce the 2-MeIM solubility. In addition,
because the solubility of the zinc salt in water is high,
adding water to methanol does not decrease the zinc salt
solubility in the mixed solvent compared to that in pure
methanol. In order to experimentally investigate the
solubility of the reactants with respect to the water content,
each component (i.e., zinc nitrate, 2-MelM, and sodium
formate) was separately dissolved in pure methanol, and in
methanol-water mixtures (containing 25 and 50 vol-%
water). These solutions were then centrifuged according to
the above-mentioned synthesis procedures. Interestingly,
the foresaid sediment was not present in any of these
centrifuged solutions. This indicates that the reduction in
ZIF-8 yield that occurs with the addition of adding water is
not related to the reduced solubility of the precursors. Thus
the precipitated material is most probably the ZIF-8
intermediates or by-products which is supported by the
XRD data (Fig. 4).

Figure 9(c) shows the effect of the water content on the
yield of ZIF-8. Evidently, the crystallization rate of ZIF-8
varies in different solvents. In our experiments, the
turbidity rate of the synthesis solution against time is
lower in methanol-water mixtures compared to that in pure
methanol which indicates that the ZIF-8 crystallization is
slower in presence of water. At a water content of
25 vol-%, the ZIF-8 yield was at a minimum. These may
be because lower amounts of water reduce the number of
free imidazolium anions in the synthesis solution. This
then hinders the produced nuclei from growing which

negatively affects the ZIF-8 synthesis. The addition of
further water has a different effect on ZIF-8 yield. The
ability of the water to participate in hydrogen bonds makes
ligand deprotonation easier, and enhances the yield by
introducing more ligands for the coordination process
which enhances the yield by particle growth.

3.3.2 Effect of factors on ZIF-8 particle size

The FE-SEM images of the ZIF-8 particles prepared using
the first six experimental conditions in Table 3 are shown
in Fig. 11. The smaller particles have rounded edges
whereas the larger particles have sharper edges. Therefore,
it could be inferred that the rounded particles are due to
faster crystallization processes. The particle size distribu-
tions and Gaussian fits for these samples are given in
Fig. 12. Clearly the ZIF-8 particle size varied greatly with
synthesis conditions. The FE-SEM analysis of the ZIF-8
particles synthesized at all designed experiments are
presented in Fig S1.

Figure 13 shows the effect of synthesis condition on the
ZIF-8 particle size in one-factor plots. The ZIF-8 particle
sizes decreased drastically as the ligand content in the
synthesis medium increased (Fig. 13(a)). This is because
more 2-MeIM in the reaction media leads to a higher
density of nuclei which causes smaller particles. The 3D
RSM plots in Figs. 14(a,b) show this decreasing trend in
particle size with ligand content, except at high levels of
2-MeIM where a small increase in particle size occurs

Fig. 11 (a—f) FE-SEM images of ZIF-8 particles synthesized at experimental conditions 1 to 6 (Table 3), at the same scale (500 nm)
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(Fig. 14(b)). When the amount of zinc is constant, by
increasing in ligand content the number of nuclei reaches
the maximum level, and further amount of ligand is
consumed for the growth of nuclei which leads to a small
rising in particle size. The curve displaying the effect of
sodium formate on ZIF-8 particle size reaches a maximum
at a sodium formate/zinc nitrate molar ratio of about 2.2
(Fig. 13 (b)). Since sodium formate acts as a deprotonating
agent in the synthesis solution, the addition of sodium
formate provides more imidazolate anions for ZIF-8
growth which leads to larger particles. However, at higher
amounts of sodium formate (>2.2), the particle sizes
decrease which is likely because of repulsions between the
ligands and nuclei which arise from the large number of
negatively charged imidazolium ions produced by the
sodium formate. This phenomenon affects the growth step
and makes the ZIF-8 particles smaller. The influence of
water on ZIF-8 particle size is shown in Fig. 13(c). The
smallest particles are obtained with 25 vol-% water. This

could be due the limited number of free imidazolium ions
in the presence of water which reduces the particle size by
hindering the growth step. This trend differs at the higher
water content (50 vol-%) because the addition of more
water facilitates the deprotonation process due to the
ability of water to form hydrogen bonds with ligand. The
excess deprotonated ligands help the ZIF-8 to growth
more. Another possibility is that a large amount of water
causes the formation of zinc hydroxide which hinders the
zinc cations from reacting with the ligands resulting in
lower nuclei density and larger particles. The interactive
effect of sodium formate and water is shown in Fig. 14(c).
At a fixed water content, increasing the sodium formate
concentration leads to a maximum in particle size. At lower
concentrations, increasing the sodium formate content
results in more deprotonation of the ligands and conse-
quently larger particle sizes. At the highest levels of
sodium formate, the high amount of deprotonation creates
more nuclei and also creates repulsions between the ligand



Alireza Hadi et al. Mixed solvent synthesis of ZIF-8 nano and microparticles for CO adsorption 591

and nuclei which cause the formation of smaller particles.
The minimum for 25% water was explained previously in
the discussion of Fig. 13(c).

3.3.3 Optimization of ZIF-8 synthesis yield

One of the most useful applications of RSM is to optimize
processes in terms of the selected parameters. Here, two
responses, ZIF-8 yield and mean particle size, were
studied. Since the optimum value of particle size depends
on the desired application for those particles, particle size
was excluded and the optimization was carried out only to
maximize the ZIF-8 synthesis yield. Based on the RSM
results an optimal ZIF-8 yield of 67.13% can be achieved
with a 2-MelM/metal salt ratio of 6.32, a sodium formate/
metal salt ratio of 0.09, and a water content of 0.54 vol-%.
Under these conditions, the ZIF-8 mean particle size is
predicted to be about 105 nm.

3.4 Carbon monoxide adsorption on ZIF-8 particles

There have been few studies on the relationship between
adsorption capacity and MOF particle size [61]. So, ZIF-8
particles with three different particle sizes (100, 500 and
1000 nm) were used for the static adsorption of CO and the
results are shown in Fig. 15. The synthesis conditions used
to prepare these samples are given in Table S6 (cf. ESM).
The highest CO adsorption (0.67 mmol/g at 9.15 bar) was
obtained with the mid-size ZIF-8 particles which is about
5% and 33% higher than those obtained with the large
(1000 nm) and ultrafine (100 nm) ZIF-8 particles at the
same pressure, respectively.

The most crucial aspect of gas adsorption on the MOFs
is the activation of the pores by the removal of the solvent
molecules from the surface pore apertures [62]. This never
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Fig. 15 CO adsorption capacity of ZIF-8 samples with different
particle sizes (PS)

completely happens and so blocked surface pores are a
major problem for gas adsorption on the MOFs. This
problem becomes more pronounced at smaller particle
sizes [61]. By decreasing the particle size, the exposure of
defected surface pores of each ZIF-8 particle to the CO gas
molecules becomes higher which causes the reduction of
CO adsorption capacity in fine ZIF-8 nanoparticles (about
100 nm). On the other hand, an increase in the particle size
results in smaller specific surface areas which also
adversely affects the adsorption process. Therefore, as
confirmed experimentally (Fig. 15), the optimum ZIF-8
particle size for adsorption of CO molecules is the mid-
sized particles. It should be noted that there is an unstable
region at low pressures (0—4 bar) where the adsorption
capacity trends are different. This behavior could be due to
the swinging of the imidazolate linker and gate opening
effect of ZIF-8 particles occurs at higher pressures [63].

4 Conclusions

ZIF-8 particles were synthesized at room temperature in
mixed solvents in order to study the effect of the synthesis
parameters on yield and particle size. The prepared
particles were characterized using various techniques. N,
adsorption-desorption isotherm confirmed the micro-
porosity of the ZIF-8 particles and TGA verified the high
thermal stability of the ZIF-8 structure up to 400°C. The
sizes of the prepared particles were measured using FE-
SEM. Response surface methodology was used to explore
the effect of the synthesis parameters on the ZIF-8 yield
and particle size. A cubic form model best described
(p-value < < 0.05) both the ZIF-8 yield and mean particle
size at different synthesis conditions. The ligand content
had a large effect on both the ZIF-8 preparation yield and
particle size. Almost all synthesis conditions produced
ZIF-8 particles with relatively narrow size distributions.
ZIF-8 particles with a wide range of sizes (83 nm to
3.8 um) were easily prepared by changing the synthesis
condition. Results revealed that ZIF-8 particle size could
be controlled by solvent composition. The size variations
were the result of the different hydrogen donation abilities
of methanol and water, the formation of zinc hydroxide,
and the difference in ligand availability in the presence of
water. The remarkable effect of solvent composition on the
ZIF-8 particle size shows that this mixed solvent system is
a versatile technique for the manipulation of ZIF-8 particle
size by controlling the crystallization rate. These ZIF-8
samples with different particle sizes were used for CO
adsorption and the 500-nm particles were the optimal size
for the adsorption process.

Electronic Supplementary Material Supplementary material is available
in the online version of this article at https://doi.org/10.1007/s11705-018—
1770-3 and is accessible for authorized users.
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