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Abstract
Since it is essential to select the adsorbents, which are prepared with fast, environmentally friendly, and affordable
methods, therefore, in this study, the Cu- and Zn- metal organic framework nanostructures were synthesized in the
shortest route with the high e�ciency by the effective method of ultrasonic assisted inverse micelle (UAIM) method. The
synthesized samples were used as the new adsorbents in the arsine gas adsorption. The physicochemical properties of
the products were examined in detail, so that the adsorbent dosage, temperature and pressure for the preparation of
samples with distinctive characteristics were 0.05 mg, 25.00 °C, and 5.00 bar, respectively. Since the design and control
of experimental parameters to �nd the best conditions for producing the samples with high adsorption e�ciency is
essential in this process, thus, for this purpose, fractional factorial design and response surface methodology were used.
The results indicated the high e�ciency of arsine gas adsorption for the synthesized samples in optimized conditions.
The differences between arsine gas adsorption in this study in comparison with the previous studies could be due to the
characteristic’s improvement using the effective synthetic methods as well as the systematic study of experimental
parameters. 

1. Introduction
Metal organic framework (MOF) are an important category of polymer nanomaterials having applied potential in various
�elds such as energy storage, adsorption, separation and catalyst, with regard to morphology and other
physicochemical properties [1]. These compounds are made of �exible linker and core clusters. Among the various
organic linkers developed for the synthesis of MOF, the carboxylic groups have been used due to rigid structure, variety
of coordination modes, and porosity as an appropriate option for the formation of the framework [2, 3]. 

The experimental conditions of the production process play a crucial role in the properties of the products. Today,
although the porous nanomaterials are made with different techniques such as hydrothermal, mechanochemical, solvo-
thermal and conventional methods, but the control of synthetic parameters has been in particular attention by fast,
effective and controllable ultrasonic and inverse micelle methods. On the other hand, the effects of synthetic parameters
on morphology and crystalline size distributions, which affect their e�ciency considering various economic aspects of
the process, are particularly important [4-6] . 

Arsine (AsH3) is a pollutant gas, which regarding to the environmental effects, it is particularly important for its
adsorption with high e�ciency [7]. Hence, many nanostructures including carbon materials, zeolite and metal
nanoparticles have been used in recent years. The results show that MOFs have been considered for distinct
characteristics such as high surface area, signi�cant porosity, and structural �exibility compared to other compounds.
Moreover, the MOFs have empty sites for adsorption interactions with various gases [8, 9]. 

Although, the adsorption e�ciency in these compounds is affected by the pore volume, surface area, and crystallization
aspects, but improving the gas adsorption performance is a deep challenge [10]. In general, each MOF, as the distinct
adsorbent, relied on the unique synthesis methodology and control the experimental adsorption parameters. The results
of our investigations showed that a little attention has been paid to the relationship between the experimental
systematic studies and production of high e�ciency adsorbents in previous studies [11]. Since the experimental
parameters such as adsorbent dosage, temperature and pressure, as well as their interactions have a great impact on
the adsorption rate, therefore, �nding the best experimental conditions using systematic studies that improve the
properties of the products is particularly important [12]. Moreover, choosing an appropriate type of MOF is highly
important [13]. The results show that the metal series of M-MOF, in which M represents the metal ions such as copper
and cobalt, have a high potential for gas adsorption [14, 15].
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In this study, the inverse micelle (IM) and ultrasonic assisted inverse micelle (UAIM) methods were used for synthesis of
two stable MOFs including copper and zinc with various particle size distributions, surface area, and porosity, and the
effective parameters in synthesis such as surfactant content, time duration, temperature and power of ultrasonic were
optimized. The synthesis products have been evaluated for being used as the arsine gas adsorbents. The effects of
experimental parameters such as adsorbent dosage, temperature and pressure on the gas adsorption rate were
systematically studied and designed by fractional factorial design. 

2. Experimental Section
2.1. Materials and instrumentation

          Copper (II) nitrate hexzahydrate (MW:187.56 g/mol, 99.90%), and Zinc (II) nitrate hexzahydrate (MW: 297.48
g/mol, 99.80%) were purchased from Merck. ligand agent as 2,6-Pyridinedicarboxylic acid (MW: 167.12 g/mol, 99.99%)
and surfactant agent as a sodium dodecyl sulfate (SDS) were purchased from Sigma Aldrich. All materials were used as
received, without further puri�cation. X-ray diffraction (XRD) patterns were used in re�ection mode using a powder X-ray
diffractometer (X'Pert MPD, PANanalytical, Cu Ka radiation, λ= 0.154 nm) between 10" and 90" (2-Theta) with a step
width of "0.010". For scanning electron microscopy (SEM), the MOF nanostructures were coated with Au/Pd using a
Denton Vacuum Desk II (New Jersey, USA ). The coated samples were then imaged using a LEO 1500 with a �eld
emission gun operating at 12 keV. The Fourier transform infrared spectroscopy (FT-IR) spectra of the Cu and Zn-MOF
samples have been recorded between 4000 and 500 cm_1 as KBr pellets on SHIMADZU FT-IR 8400 Spectrometer (Kyoto,
Japan). Pore textural properties including surface area and porosities were measured with an N2 adsorption technique
(Belsorp mini II (Osaka, Japan)) at 77 K.

2.2 Syntheses of Cu and Co-MOFs

2.2.1. Inverse micelle (IM) method

         Cu and Zn-MOFs syntheses using IM procedure were as follows: the solutions of cupper (II) nitrate hexahydrate
(0.068 g in 21 mL distilled water) and zinc (II) nitrate hexahydrate (0.068 g in 18 mL distilled water) were prepared in
0.040 g of 2,6-Pyridinedicarboxylic acid. The resulted solutions were then added to a mixture containing 0.032 mmol of
surfactant (sodium dodecyl sulfate) and 14 mL of n-hexane. The �nal mixtures were then stirred at 60 ◦C for 15 min.
After 60 min, the green and white crystals of Cu and Zn- MOFwere formed, respectively.

2.2.2. Ultrasonic assisted inverse micelle (UAIM) method

         In a typical UAIM process, the solution obtained in the previous sections was entered into the ultrasound reactor
and undergoes optimal conditions of ultrasound irradiation (time duration: 25 min, temperature: 35 °Cand power of
ultrasound: 210 W). After 25 min, the corresponding crystals of Cu and Zn- MOF nanostructureswere isolated. The
schematic representation route for synthesis of samples is showed in Fig. 1. 

2.3 Arsine gas adsorption procedure

To investigate the arsine adsorption by MOF nanostructures, a setup composed of different parts was developed (Fig.
2). Where P, N, R, T, and Z present gas pressure, number of gas moles, general constant of gases, equilibrium
temperature, and compressibility coe�cient in dozer, respectively. Finally, the gas moles adsorbed by Zn-MOF
nanostructures can be calculated by nADS = n1-n2. The compressibility parameters (Z1, Z2) was calculated according to
methodology of our previous study [16]. 
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3. Results And Discussion
3.1. Effective synthesis procedure 

          Fig. 3 indicates the SEM images of Cu and Zn- MOF samples, which have been synthesized by the IM and UAIM
methods. In samples A and C, which are synthesized by the IM method, the particles have a tendency for severe
agglomeration, which caused non-uniform morphology with a spherical shape in the structures. Also, the particle size
distribution in these samples is in the bulk range. Although, the evidence of particle agglomeration can be seen in some
cases of the samples synthesized by the UAIM method, but the dominant distribution of these particles is uniform (Fig.
B and D). The morphology of these compounds is more likely rod-shaped in comparison with the samples synthesized
by IM method. These images represent the less mean particle size distribution in the UAIM method than the IM method,
so that the Cu and Zn- MOF samples synthesized by this method have mean particle size of 35 and 45 nm, respectively.
According to the conditions used to synthesize these samples, it seems that the UAIM method leads to less particle size
distribution, synthesis of samples with minimum agglomeration and uniform morphology. The homogenous
morphology and small particle size distribution of the Cu- and Zn- MOF nanostructures developed by UAIM procedure in
this method are remarkable compared to previous samples [17, 18]. Therefore, the UAIM has been chosen as an
appropriate and effective technique compared to IM for the synthesis of the metal organic framework nanomaterials.

3.2. Structural formula

           Fig. 4 shows the XRD patterns of Cu and Zn- MOF samples synthesized in optimal conditions of UAIM methods.
These patterns properly show the formation of Cu-MOF (JCPDS cards.no: 05-0661) and Zn-MOF (JCPDS cards.no:
234578). In both patterns, the wider and intense peaks in comparison with samples that have been already synthesized
by different methods, are the strong evidence for the smaller crystalline sizes of the Cu- and Zn- MOF samples
synthesized in the present study [15, 19]. Regarding the UAIM method used in this study, it seems that this novel method
has produced samples with desirable crystallographic properties. Furthermore, according to the data indexed from the
XRD patterns, Cu- and Zn- MOF samples have monoclinic and cubic crystallin structures, respectively. 

          The Cu- and Zn- MOF samples synthesized by two different methods were characterized using the FTIR spectra
(Fig. 5). In both samples, the absorption band at 3400 to 3500 cm−1 may be attributed to the coordinated water in the
products [20]. The frequency peaks at 3000 cm−1 are ascribed to the stretching vibration of aromatic C-H. The
absorption peak observed near 2600 to 2500 cm-1 con�rms the presence of -COO- groups of the ionized ligand and the
peak around 1400 to 1200 cm-1 is related to C-N bonds [21]. The absorption band near 900 cm cm-1 is attributed to
the asymmetric and symmetric stretching vibrations of aliphatic C-H and the peaks at 400 to 600 cm-1 are assigned to
the Cu-O and Zn-O bonds. Based on results obtained from FTIR spectra and according to different con�gurations of the
linkers [22], the structures of Figure 6 were suggested for Cu- and Zn-MOF nanostructures samples. 

3.3. Desirable MOF-adsorbent

          According to the N2 adsorption/desorption isotherms shown in Fig. 7, the Cu-MOF sample exhibited type I isotherm
indicates the microporous distribution of pores [23], whereas the isotherms of Zn-MOF sample are similar to the type III,
which shows the mesoporous behaviour in this sample [24]. According to the results of the BET technique, the Cu-MOF
sample has a surface area of 410 m2/g with volume pore of 0.021 cm3, while the corresponding values for Zn-MOF were
1145 m2/g and 0.097 cm3, respectively.

          The BJH method also approves the microporous and mesoporous distribution for Cu- and Zn-MOF samples,
respectively. So, in accordance to the information obtained from this method, the mean pore size is 1.94 nm for Cu-MOF
and 2.59 nm for Zn-MOF sample (See Fig. 8). Although, the synthesis technique developed for these samples is the
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same, but the cause of differences in the textural properties of these samples can be attributed to the type of applied
MOF, and as a result, the variety of structural con�gurations that were discussed in the previous section. Since choosing
the adsorbents with desirable textural properties is particularly important, thus, the Zn-MOF nanostructures synthesized
in this study were selected as a novel candidate in order to study adsorption applications for arsine gas adsorption. 

3.4. Experimental design

          Zn-MOF samples synthesized by the UAIM method, with regard to distinctive features, were used as a novel
candidate for arsine gas adsorption. The adsorption studies of the process underwent systematic design using
fractional factorial method. Since the gas adsorption process was studied by volumetric method, thus, the effective
factors (Table 1) of which were selected based on previous studies including adsorbent dosage (A), temperature (B) and
pressure (C) [25]. Considering these experimental parameters, 18 runs were carried out, and the resulting adsorption
responses are shown in Table 2 (Each experiment was performed two replicates). 

Table 1.

Coded and uncoded levels of adsorbent dosage, temperature and pressure of UAIM method for fractional factorial
design.

Sample

(Level)

Std

order

Center Pt A

(mg)

B

(°C)

C

(bar)

REP

 

Adsorption

(mmol/g)

Level Coded level Uncoded level

  adsorbent dosage

 (mg)

Temperature

 (°C)

Pressure

(bar)

High +1 0.05 35 5

Center 0 0.03 30 3

Low -1 0.01 25 1

Coded formula: , x: -ω …, -3, -2, -1, 0, 1, 2, 3, …. +ω

 

Table 2: Randomized complete fractional factorial design for arsine gas adsorption experiments of Zn-MOF prepared by
UAIM method.
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Sample

(Level)

Std

order

Center Pt A

(mg)

B

(°C)

C

(bar)

REP

 

Adsorption

(mmol/g)

a 9 1 +1 +1 -1 1 64.4

4.22

b 5 1 -1 +1 0 1 73.8

3.92

c 6 1 -1 0 -1 1 5.2

5.32

d 3 1 0 0 +1 1 7.1

6.82

e 2 0 +1 -1 1 1 8.2

8.32

f 8 1 0 +1 -1 1 3.1

 2.02

g 4 1 0 -1 1 1 8.1

 8.02

h 7 1 -1 +1 -1 1 1.7

 1.42

i 1 1 +1 0 +1 1 7.8

7.6 2

 3.5. Systematic study of procedure       

          Fig. 9 shows a different residual plot for adsorption studies of the Zn-MOF samples. Since the positive and
negative levels are approximately equal in all of these plots, thus, it is concluded that dispersions of adsorption
experiments are quite randomized and chance of each one is equal to another. The above cases approve the scienti�c
design of experiments for adsorption studies [26]. 

          The analysis of variance is used in order to study the effects of different experimental parameters including
temperature, adsorbent, and pressure on adsorption response. As reported in Table 3, although all three studied
parameters affect the arsine gas adsorption, but with regard to Pvalues obtained for each, the effect of temperature is
more signi�cant than the other parameters. Also, the effects of experimental parameters and the interaction among
them are con�rmed by Pareto charts in Fig. 10.

          According to the arsine adsorption results reported in Table 2, conditions e, g with highest adsorption rate were
selected as optimal conditions. Although, the adsorption rate in condition e is higher than condition g, but the difference
has not such an impact on adsorption results. Regarding the effect of pressure on gas adsorption, which has been
evaluated in earlier studies, since the lowest value is selected for pressure in conditions f and h, thus, the arsine gas
adsorption is signi�cantly reduced. In conditions a and b, with same temperature and different adsorbent and pressure,
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the adsorption results show the high arsine adsorption rate for condition a. Since in this case, the adsorbent rate is
greater than the pressure, thus, the difference in the adsorbent dosage has a more effect on the adsorption. This
difference is in accordance with the results of the analysis of variance, which approves the great effect of the adsorbent
dosage than the pressure. The adsorption values in c, d, and i are varied depending on the difference in values of
experimental parameters in these cases compared to the optimal conditions.

Table 3

Analyses of variance for arsine gas adsorption of Zn-MOF samples synthesized by UAIM method.

Source DF Seq SS Adj SS Adj MS Pvalue

A 1 93.924 88.5639 29.5213 0.004

B 1 86.44 66.97 25.14 0.01

C 1 68.09 36.78 13.42 0.04

A*B 1 49.57 20.12 17.39 0.06

A*C 1 79.14 59.12 19.74 0.03

B*C 1 87.45 69.22 27.41 0.009

R-Sq: 97.24%      R-Sq(pred): 99.05%   R-Sq(adj): 98.44%

3.6. Optimization parameters

          Regarding the fractional factorial design evaluated in this study and taking into account the regression equations
obtained as an output, three-dimensional images are shown in Fig. 11, which show the relationship between
experimental parameters related to the arsine gas adsorption process. These images are in good agreement with the
results of Table 2. With respect to the regression equation of adsorption (ADS: 1158 - 514 A - 686 B - 500C + 44 D), we able to
conclude that the proposed theoretical model of this study con�rms the experimental results presented in Table   2. 

           Since the purpose of this study is to �nd adsorbents with high adsorption rates, RSM optimization has been used,
and values for each of the experimental parameters (adsorbent dosage, temperature and pressure) with the desirability
of 0.9 were depicted in Fig. 12. According to the formula described in Table 1, these values are converted to non-coded
values which data is reported in Table 4. By comparing the predicted values of arsine gas adsorption by RSM with
previous samples, it seems that the adsorbents developed in this study have a higher adsorption rate than recently
adsorbent such as carbon materials [27], graphene oxide [28], copper-exchanged zeolite [29], monolayer MoS2 [30],
Hf2CO2 monolayer [7] and carbon nanotubes [31] (Fig. 13). Increasing the e�ciency of Zn-MOF sample developed in this
study are related to the systematic studies as well as optimization procedure which these superiorities could distinguish
these adsorbents from previous adsorbents.

Table 4

Response optimization the experimental parameters for arsine gas adsorption obtained by RSM results.
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Response

 

Goal

 

Lower

 

Target

 

Upper

Experimental
parameters

 

Desirability

Predict
response
value

A

(mg)

B

(°C) 

C 

(bar)

Adsorption (mmol/g) maximize 8.20 9.00 12.00 0.032 25.00 4.34 0.9071 8.74

 

4. Conclusion
In this research, two samples of Cu- and Zn- metal organic frameworks with various physicochemical properties were
synthesized by UAIM method. This strategy proposed the chance of producing new nanostructures in the shortest time
with uniform morphology, high surface area, and large volume pore. The �nal products were selected as arsine gas
adsorbents, and the effects of adsorbent, temperature, and pressure were systematically studied by fractional factorial
design. The experimental results showed that the nanomaterials synthesized in this study had a high adsorption rate
compared to other adsorbents, so an effective synthesis method as well as the systematic studies of experimental
parameters can play a key role to increase their e�ciency. These synthesized nanoadsorbents proposed can be open a
new window as high-e�ciency adsorbents, and may extend to different applications.
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Figure 1
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Schematic representation of the synthesis of Cu- and Zn-MOF nanostructures by UAIM method.

Figure 2

Schematic procedure of voltametric setup for Arsine gas adsorption.

Figure 3

SEM images of the Cu-MOF and Zn-MOF (IM method: A, C; UAIM method: B and D).
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Figure 4

XRD patterns of Cu- and Zn- MOF samples synthesized by UAIM method.

Figure 5
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FTIR spectra of Cu and Zn-MOF compounds prepared using the UAIM method under optimal conditions.

Figure 6

The proposed structure of Cu and Zn-MOF compounds synthesized using UAIM methods.
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Figure 7

Adsorption/desorption isotherms of Cu- and Zn- MOF compounds synthesized by UAIM method.

Figure 8

Pore size distributions of of Cu- and Zn- MOF compounds obtained from BJH method.
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Figure 9

Normal probability plots for arsine gas adsorption by Zn-MOF sample.

Figure 10

Pareto charts for Arsine gas adsorption of Zn-MOF sample.
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Figure 11

Surface plots for arsine gas adsorption of Zn-MOF obtained from a regression model.

Figure 12
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Optimization plots for arsine gas adsorption of Zn-MOF using RSM.

Figure 13

Comparing arsine gas adsorption by Zn-MOF prepared in this work with other compounds.


