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a b s t r a c t
In this research, synthesis, characterization, and photocatalytic degradation of zeolitic imidazolate 
framework-11 was investigated. This framework was synthesized through a solvothermal method 
using the polar solvent, methanol. The characterization analysis included X-ray diffraction analy-
sis, energy-dispersive X-ray spectroscopy, field emission scanning electron microscopy, Brunauer–
Emmett–Teller, Fourier-transform infrared spectroscopy, and contact angle measurement; which 
have been discussed to characterize the as-synthesized nanostructure zeolitic imidazolate frame-
work-11 (ZIF-11). As a result of diffuse reflectance spectroscopy analysis, ZIF-11 was recognized as 
photoactive with a band gap of 5 eV. The contact angle in the synthesized photocatalyst was 166° 
showing that it is hydrophobic. Evaluating the effect of operational factors including pH, photocat-
alyst dosage, and aeration pump flow rate in the photodegradation process was done by perform-
ing 22 experiments via Design-Expert software through the response surface method. The most 
and least effective parameters were identified as pH and aeration pump with contribution per-
centages of 33.82 and 2.57, respectively. A quadratic theoretical model with a P-value of less than 
0.0001 for the photodegradation process was obtained. The optimal degradation percentage of 
methylene blue as organic waste, in minimum aeration pump level, pH equal to 10, and 0.2 g of the 
photocatalyst was observed to be 83.88% under UV light irradiation in 30 min. The value obtained 
for R-squared in this model was 0.9996, which would validate the accuracy and adequacy.
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1. Introduction

Clean water scarcity is reported to be observed in arid 
regions, where over 100 million people live, in 2025 [1]. 
The hazardous components presented in industrial waste-
water are categorized into various groups, including sur-
factants, detergents, greases, hydrocarbons, polyaromatic 
compounds, volatile organic compounds, pharmaceutical 
products, organic dyes, and heavy metal pollutants [2–4].

The textile industry is responsible for one of the great-
est waste streams its main problem is consuming a vast 

majority of water that would be altered to thoroughly con-
taminated wastewater [5–8]. This industrial branch not only 
utilizes the highest amount of consumable water among 
other industries but also produces the greatest amount of 
waste consisting of synthetic organic compounds known as 
dyes [6,9]. Dyes could become a serious threat to the life of 
many different species [3,5,9]. An in-demand yet hazardous 
substance, methylene blue, which is widely used in textile 
production chains, can cause serious discomfort and irri-
tation for human beings from eye burn to breathing diffi-
culty and mental confusion [10]. Consequently, the necessity 
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of discovering an efficient route to overcome this problem 
is a well-known fact [9,10].

Textile factories need to take advantage of special 
advanced water recovery utilities to close the water cycle 
for a sustainable waste treatment process. The most effec-
tive processes include membrane [11,12], adsorptive [13,14], 
biological [6,15,16], and more commonly used; advanced 
oxidation processes (AOPs) [17–19]. Considering the trans-
forming or concentrating the pollutants into one phase, 
within membrane and adsorptive processes, biological 
and AOPs could be a perfect alternative for the complete 
removal of contaminants [3,6,12].

The mineralization could occur as a consequence of 
colliding a photon, having a sufficient amount of energy, 
with the surface of the photocatalyst. The cooperation will 
form electron holes in the valence band and thereafter reduc-
tive or oxidative transformations of organic wastes occur 
[20,21]. Substantial photocatalysts known as semiconduc-
tors (eg., TiO2, ZnO, Fe2O3, CdS, Ag2O, and ZnS) have exten-
sively been applied for toxic and hazardous waste treat-
ments [3,20]. The drawbacks of these materials include the 
corrosion of semiconductors in aqueous media and under 
light irradiation [3], immediate electron–hole pair separa-
tion, and limited adjustable structural behavior [22,23]. To 
address these disadvantages, metal–organic frameworks 
(MOFs) as newly applicable compounds, have recently been 
introduced [3,24]. Following considerations have emerged 
a brilliant notion about MOFs’ application in photocata-
lytic activities. Firstly, some MOFs behave as a semiconduc-
tor, regarding the photoexcitation of metal ions or organic 
linkers. Secondly, the activated organic linker or the unsatu-
rated metal clusters – consisting of these frameworks – could 
perfectly perform catalytic activities [25].

A significant and efficient subclass of MOFs is catego-
rized as zeolitic imidazolate frameworks (ZIFs), which are 
structurally alike the zeolites as the name represents. This 
class of porous polymers could fit precisely in a position 
between MOFs and zeolites possessing the benefits of both 
materials [26]. Zeolitic supports enhance the photoactivity 
of the supported semiconductor by their internal electric 
field [27]. Due to the high adsorption capacity of zeolites, 
organic pollutant molecules would be brought to the sur-
face of the photocatalyst, where hydroxyl and superoxide 
radicals exist [28]. Furthermore, the favorable thermal and 
chemical stability of these frameworks, more specifically 
ZIF-8 and ZIF-11, have attracted great scientific demand 
and funds for their usage in various applications [29]. The 
stability of the aforementioned ZIFs has been proved by 
not being decomposed in a 500°C heating environment and 
harsh ambiances such as boiling benzene, water, aqueous 
sodium hydroxide, and methanol. The outstanding resis-
tance to hydrolysis in these two ZIFs could be best explained 
by the hydrophobic nature of surface structure and pores. 
This structural characteristic prevents ZnN4 unit attack and 
framework dissolution in water [30].

ZIF-11 could be easily synthesized through a solvother-
mal route via different solvents; N,N-diethylformamide 
(DEF) [31,32], and methanol or ethanol [30]. Absorbance 
simulations of ZIF-11 have been studied for both hydrogen 
[33] and carbon dioxide [34]. Adsorption applications were 
also investigated for carbon dioxide [35,36] and polycyclic 

aromatic hydrocarbons [37]. ZIF-11 applicability in mem-
brane processes exhibited cognitive performance for H2 
separation (applying the framework solely [38] and in 
mixed matrix membranes [39–41]) and ethylene diffusion 
[42]. ZIF-11 studies have not yet covered the efficient and 
bio-degradable method for organic waste treatment, which 
is its photocatalytic application.

The methylene blue degradation process was precisely 
studied using ZIF-8 under UV irradiation light (500 W), 
resulting in 82.3% removal in 120 min [43]. The degradation 
process was confirmed by the photoluminescence method 
through hydroxyl radical detection. The effect of initial 
dye concentration and pH value were also investigated. 
The most effective pH value was considered to be alkaline 
mediums for the increased OH radical formation based on 
the higher OH– concentration. The other study investigated 
Rhodamine B removal using ZIF-67 as a photocatalyst to 
activate peroxymonosulfate (PMS). The dye degradation per-
centage was calculated as 90% in 60 min [44]. Other MOFs 
being analyzed are listed below: MOF-199 (99.0% removal 
of Basic Blue 41 in 180 min) [45], MIL-100 (99.2% removal 
of Basic Blue 41 in 180 min) [46], MIL-53(Fe) (complete 
removal of Malachite green in 40 min) [47].

One-factor-at-a-time (OFAT) experiments working on 
just one variable parameter while other factors are constant, 
is a method that is widely used in statistical measurements. 
Even though, by taking advantage of the Design of Expert 
(DOE) and more specifically response surface method sev-
eral variable factors could be investigated simultaneously. 
Moreover, the effect of each parameter on the obtained 
result and the interaction between various factors in the 
DOE method would be achieved more precisely [48].

ZIF-11, as a highly stable and resistant zeolitic imidaz-
olate framework was chosen to evaluate its photoactivity 
in dye degradation performance. This study first examined 
the photocatalytic applicability of ZIF-11 for the methy-
lene blue degradation process. Secondly, it investigated the 
influential parameters in this process using RSM (response 
surface method) in Design-Expert software.

2. Experimental set-up

2.1. Materials

Reagents and chemicals in this study were used with-
out any purification and purchased in analytical grade. 
Benzimidazole (C7H6N2) was purchased from Sigma-Aldrich 
(USA). Zinc acetate dihydrate, hydrochloric acid 37%, 
sodium hydroxide, methylene blue, and acetone were sup-
plied from Merck (Germany). Methanol, toluene, and ammo-
nium hydroxide 30% were purchased from Dr. Mojallali’s 
Industrial Chemical Complex Co., (Iran).

2.2. Preparation of ZIF‑11

The crystals of ZIF-11 were successfully prepared accord-
ing to the method reported by He et al. [49] with slight mod-
ification. The selection of the solvothermal method among 
other available synthesis routes was done because of the 
better solubility of heavy organic molecules, and acceler-
ation of the nucleation process to rapidly initiate the com-
plex formation [50]. Methanol was chosen for the synthesis 
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procedure because of its higher polarity compared with eth-
anol. 2.88 g benzimidazole was dissolved in 72 mL methanol 
under stirring at 4,000 rpm. Then 64 mL toluene and 18 mL 
Ammonium hydroxide were dropped into the above solu-
tion. After 10 min of stirring, 1.33 g zinc acetate was added, 
and the solution was stirred for 3 h at room temperature. 
After that, the suspension was filtered with filter paper 
and washed with methanol three times to ensure the com-
plete removal of trapped toluene molecules. Then the fil-
ter paper containing wet crystals was located in an oven at 
70°C overnight to achieve the pure ZIF-11 phase. The syn-
thesis procedure is presented in Fig. 1.

2.3. Characterization

Powder X-ray diffraction (PXRD) analysis has been 
performed on an X-ray diffractometer (XRD, D8/Bruker, 
Germany). Energy-dispersive X-ray spectroscopy (EDX) 
and field emission scanning electron microscopy (FESEM, 
TESCAN MIRA3 XMU, Czech Republic) were used to investi-
gate the morphology and molecular composition. Brunauer–
Emmett–Teller (BET) surface area and N2 adsorption–desorp-
tion isotherms were also examined by a BELSORP Max 
Micropore and Chemisorption Analyzer (Japan). The struc-
tural bindings were observed through a Fourier-transform 
infrared spectroscopy test (FTIR, Shimadzu, Japan). The 
powder photocatalytic activity has been measured by a 
diffuse reflectance spectroscopy analysis (DRS, Avantes, 
AvaSpec-2048-TEC, Netherlands). To investigate the hydro-
phobicity of the material CA-ES.10, Fanavary-Ezdiad-
Bardasht-Fars contact angle measuring instrument, Iran was 
applied. Measuring the photodegradation percentage was 
done by a T80plus, PG Instrument, England.

2.4. Photocatalytic degradation experiments

The photocatalytic degradation process was performed in 
a 300 mL photocatalytic reactor. The reactor has a circulation 
system for temperature adjustment using a water pump, an 
aeration pump to supply the oxygen demanded for photo-
activity, and four places for light sources. Four 6-W Philips 
UV lamps had been utilized to provide the light. In a typi-
cal reaction, the photocatalyst powder was added to 100 mL 
water and dispersed in water by placing it on a magnet stir-
rer at 8,000 rpm for 90 min. Methylene blue (10 ppm) was 
also prepared to be added to the photoreactor. The reactor 
was then placed on a magnet stirrer at 2,000 rpm and with 
the aeration pump ON, in the dark for 30 min to ensure 
the occurrence of the adsorption–desorption equilibrium. 
The photoreactor schematic is presented in Fig. 2.

The UV lamps were then lightened to trigger the pho-
toactivation of the photocatalyst. In each 3 min during the 
photocatalytic reaction, 10 mL of solution was collected and 
centrifuged at 5,500 rpm. The degradation amount of dye 
was then measured by a UV-visible spectrophotometer at 
664 nm. The 664 nm wavelength which has been chosen to 
study the methylene blue (MB) degradation trend, is in good 
match with the previous studies. Since maximum UV-Vis 
absorption of MB monomers, oligomers (dimmers and trim-
mers) appeared at 668 and 624 nm, and 606 and 565 nm, 
respectively. Thus, because of easily broken rapidly broken 
MB monomers in comparison to its oligomers in which lon-
ger degradation time is needed, 664 nm has been selected 
for investigations of MB degradation [51]. The degradation 
percentage was calculated according to the Eq. (1):

Degradation% �
�

�
C C
C

f0

0

100  (1)

 

Fig. 1. ZIF-11 synthesis procedure.
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where C0 and Cf represent the MB concentration at the 
beginning and the end of the reaction.

In this study, a new parameter known as R is intro-
duced, which would be replaced with degradation per-
centage. R would be defined as Eq. (2), and it will be the 
main result in the following steps:

R � � �� � �
Degradation

photocatalyst gr time
%

min
 (2)

As observed, the higher amount of R leads to better deg-
radation results. Higher R indicates lower usage of photo-
catalysts and less time, which both account for ecological 
benefits in various industries.

2.5. Design of experiments

Three operational parameters (pH and photocatalyst 
dosage as numeric factors and inlet air as a categorical factor) 
were investigated by the use of central composition design 
(CCD), a subclass in RSM, in Design-Expert software. The 
experiments included eight factorial, eight axial, and six cen-
ter points. Details of parameters and experimental runs are 
represented in Tables 1 and 2, respectively. The pH (Factor 
A) range was selected from 7.00 to 10.00, while the range for 
photocatalyst dosage (Factor B) was between 0.2 to 0.4 g. 
The air flow rate (Factor C) entering the photoreactor was 
set in two minimum and maximum levels.

Finally, a quadratic model [Eq. (3)] has been applied, and 
the analysis of variance (ANOVA) table (Table 3) was ana-
lyzed to fully evaluate the influence of factor interactions 
and individual parameters. The ANOVA table could be 
applied to estimate the parameter’s significance and good-
ness of fitting for the predicted model. The optimal amount 
of each variable was selected due to the desirability func-
tion of the suggested model which should be between 0.0 to 
1.0 from low to high desirability [52].

R a a X a X a X Xi i ii i ij i j� � � � �� � �0
2 �  (3)

where R: predicted result; a0: intercept coefficient; ai: lin-
ear effect of Xi (=A, B, and C); aii: quadratic effect of Xi; aij: 
linear interaction effect between Xi and Xj (=A, B, and C); 
ε: residual term.

3. Results and discussion

3.1. Structural characterization

3.1.1. X‑ray diffraction analysis

Generally, the Scherrer equation is only suitable when the 
crystal grain sizes are less than 100 nm. Besides, when the 
mechanical force is used for the preparation of a composite, 
the applied force creates some strain on the crystal which 
causes the change in d-spacing. Based on the Braggs’ law 
(nλ = 2dsinθ), this d fluctuation results in the change in θ. In 
such a case, the Williamson–Hall (W-H) equation is a better 
method to investigate the grain size. To study the effects of 
size and strain broadening on the crystallite size, simultane-
ously, the W-H equation was used as shown by Eq. (4) [53].

� �
�

� �hkl cos sin�
�

�
�

�

�
� �

k
d

4  (4)

where the first term in the right hand confirms the Scherrer 
equation while the second term shows the effect of inter-
nal strain (or Stokes and Wilson expression). Commonly, 
the β-value can be affected by various factors such as the 
crystallite size, strain, instrumental parameters, and crystal 
defects. When broadening is independent of 1/d, an increase 
in 1/d value increases the effect of the strain broadening. 
Also, when the strain factor ɛ is about zero, the net Scherrer 
equation can be derived from the W-H equation [53].

Williamson–Hall (W-H) equation is a method to investi-
gate the grain size of crystals. When the strain factor in the 
W-H equation becomes zero Deby–Scherrer equation could 
be obtained [53]. Despite other reports considering the 

Table 1
Levels of factors in central composition design (10 ppm 
methylene blue concentration)

Parameter –1 level +1 level –α +α

A pH 7 10 6.38 10.62
B Photocatalyst (g) 0.2 0.4 0.16 0.44
C Inlet air Minimum Maximum – –

Table 2
Central composition design matrix and responses

Run 
number

A: pH B: Photocatalyst 
dosage

C: Inlet 
air

Responsea

1 8.50 0.30 Max. 0.58
2 8.50 0.30 Min. 2.06
3 8.50 0.16 Max. 2.37
4 10.62 0.30 Max. 2.91
5 8.50 0.44 Min. 1.29
6 10.62 0.30 Min. 13.08
7 10.00 0.20 Min. 13.98
8 8.50 0.30 Min. 1.86
9 10.00 0.20 Max. 6.58
10 8.50 0.16 Min. 7.31
11 8.50 0.44 Max. 1.19
12 7.00 0.40 Min. 2.30
13 7.00 0.20 Min. 2.18
14 7.00 0.20 Max. 1.57
15 10.00 0.40 Min. 3.44
16 8.50 0.30 Max. 0.96
17 10.00 0.40 Max. 0.83
18 7.00 0.40 Max. 0.65
19 6.38 0.30 Max. 0.13
20 6.38 0.30 Min. 0.15
21 8.50 0.30 Min. 2.17
22 8.50 0.30 Max. 0.91

aResponse is calculated from degradation percentage according to 
Eq. (2).
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Deby–Scherrer equation for particle size calculations, the 
equation could not be suitably applied to ZIF-11. This is due 
to the Deby–Scherrer validity for particles smaller than 1 µ 
[54], which cannot be reasonable to perform for this photo-
catalyst due to particle size observations in the FESEM result.

Experimental data from XRD pattern shown in Fig. 3, 
is in excellent accordance with the ones reported in the lit-
erature. The pattern peaks at 2θ° of 4.31°, 6.03°, and 7.52°. 
The characteristic peaks match well with the reported XRD 
patterns by Boroglu and Ahenk [39] and Hu et al. [37]. 
This indicates ideal internal structure in the sample which 
has been successfully synthesized. High crystallinity and 
rhombic dodecahedron (RHO) type morphology can be best 
observed according to the ZIF-11 XRD pattern.

3.1.2. FESEM analysis

Fig. 4 represents the FESEM analysis results of ZIF-
11 crystals. The figure exhibits great RHO topology, and 
the particle size was almost about 0.5 to 6 µm which is in 
good match with the reported data [41]. The average size is 
estimated to be approximately 2.5 µm.

3.1.3. Energy‑dispersive X‑ray analysis

EDX analysis confirms the purity of the ZIF-11 crystal 
phase. Four different molecules were identified in the ZIF-11 

Table 3
ANOVA analysis

Source Sum of squares DF Mean square F-value P-value

Model 307.00 17 18.06 536.39 <0.0001 Significant
A-pH 61.70 1 61.70 1,832.70 <0.0001
B-Photocatalyst 12.96 1 12.96 384.95 <0.0001
C-Inlet air 2.21 1 2.21 65.59 0.0013
AB 29.99 1 29.99 890.87 <0.0001
AC 25.76 1 25.76 765.02 <0.0001
BC 5.86 1 5.86 173.95 0.0002
A2 16.78 1 16.78 498.41 <0.0001
B2 6.27 1 6.27 186.32 0.0002
ABC 4.25 1 4.25 126.20 0.0004
A2B 2.98 1 2.98 88.58 0.0007
A2C 9.04 1 9.04 268.53 <0.0001
AB2 1.04 1 1.04 31.01 0.0051
B2C 1.02 1 1.02 30.43 0.0053
A²B² 0.6006 1 0.6006 17.84 0.0134
A²BC 0.5986 1 0.5986 17.78 0.0135
AB²C 2.73 1 2.73 80.97 0.0008
A²B²C 0.5476 1 0.5476 16.27 0.0157
Pure error 0.1347 4 0.0337
Cor. total 307.13 21

Sum of squares is Type III – partial

Std. Dev. 0.1835 R2 0.9996
Mean 3.11 Adjusted R2 0.9977
C.V. % 5.89 Adeq. precision 83.4497

 
Fig. 2. Photoreactor schematic.
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structure due to the EDX analysis taken. All four observed 
molecules were expected to occur in the EDX test in accor-
dance with the initial raw material applied in the synthesis 
procedure (Fig. 5). The highest weight percentage, which 
was 59.35% belonged to carbon. Nitrogen, oxygen, and 
zinc compositions were reported to be 27.10%, 1.51%, and 
12.60%, respectively. There was no sign of impurity due to 
the absence of any other molecules in this test.

3.1.4. Brunauer–Emmett–Teller analysis

The nano-structural phase was proven from the BET 
average pore diameter, which is 1.98 nm (Fig. 6). Nitrogen 

adsorption–desorption isotherms in 77 k indicate the ZIF-11 
isotherm is categorized as type I. This is a sign of a micro-
porous structure. The hysteresis loop occurring in the iso-
therm curves was H4 type in IUPAC classifications. This 
shows meso-structure crystals restricting by dominantly 
microstructural ones in ZIF-11 nature. The interaction 
between pore walls and adsorbate is an obvious reaction 
in the adsorption process. The very low partial pressures 
(0.3 bar) provide better adsorption reactions. BET surface 
area and total pore volume are reported to be 378 m2/g and 
185 mm3/g, respectively.

3.1.5. Fourier‑transform infrared spectroscopy

Fig. 7 exhibits the molecular bands between components 
consisting of ZIF-11, and Fig. 8 shows the peaks that occurred 
in FTIR analysis of ZIF-11. Peaks at 3,029.96; 3,062.75 and 

 

Fig. 3. X-ray diffraction pattern of ZIF-11 crystals.

 

Fig. 4. Field emission scanning electron microscopy image of 
ZIF-11 crystals representing; the distribution of crystals.

Fig. 5. Energy-dispersive X-ray spectroscopy analysis of ZIF-11.

 
Fig. 6. Brunauer–Emmett–Teller analysis of ZIF-11.
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3,082.04 cm–1 indicated the bonding between C–H. The peaks 
at a wavenumber of 1,467 and 1,610 cm–1 are attributed to the 
stretching of C–C in the benzimidazole aromatic ring [55]. 
The bonding between C–N and Zn–N is observed at 1,280.65 
and 424.31 cm–1, respectively [55]. The only unexpected 
sign of bonding is estimated to be for C–O in 1,244 cm–1, 
which could be because of the bond between carbon in 
benzimidazole and oxygen in methanol.

3.1.6. Differential reflectance spectroscopy

Approximate photocatalytic activity was observed 
to be in 250 to 300 nm, which is in the UV-C region from 
the DRS analysis (Fig. 9). The other fact calculated from 
the data reported in this test is the band gap of ZIF-11. 

 
Fig. 8. Fourier-transform infrared spectra of ZIF-11.

 
Fig. 9. ZIF-11 Tauc plot.

 
Fig. 7. Molecular bonding in ZIF-11.
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Kubelka–Munk equation provides the conversion of reflec-
tance data into a parameter named K, which is proportional 
to the rate between absorption and scattering coefficient K 
[Eq. (5)] is considered as reflectance transformed accord-
ing to Kubelka–Munk equation where R is the reflectance 
obtained using UV-Vis spectra [56]. The band gap in this 
study has been calculated using the Tauc plot. The men-
tioned plot was provided by plotting the amounts of (αhυ)1/2 
vs. hυ. The band gap of 5.0 eV is in good match with the 
band gap reported for ZIF-8 [43].

K
R
R

�
�� �1
2

2

 (5)

3.1.7. Hydrophobicity nature of ZIF‑11

The hydrophobic behavior of ZIF-11 was considered 
through a test measuring the contact angle between com-
pact powder and water. The average contact angle observed 
was about 166°, which is a sign of extreme hydrophobicity. 
Although being hydrophobic for a photocatalyst perform-
ing in water seems to be a drawback, this characteristic 
would be an advantage in the separation process after the 
reaction is completed.

3.2. Photocatalytic performance

The photoactivity of as-synthesized ZIF-11 was evalu-
ated through a dye degradation process. To ensure the reac-
tion was neither catalytic nor photolysis, it was done once in 
the mere presence of ZIF-11 in darkness and another time 
by applying UV lights without using the photocatalyst. 
The result expressed no significant degradation by apply-
ing both methods. Therefore, the reaction turned out to be 
photocatalytic, and consequently, the applicability of ZIF-
11 as a photocatalyst was proved. In addition, functional 
groups and unsaturated metal atoms on organic ligands can 
be used as catalytic activity centers [57].

3.2.1. Analysis of variance

The design of experiments led to 22 photocatalytic runs 
for further investigation of operational parameters and their 
effect on the degradation process. Factors with larger F-values 
and P-values less than 0.05 are recognized as the most signif-
icant ones [58,59]. Dividing the model mean square by the 
residual mean square results in the calculated model F-value. 
Table 3 is the ANOVA analysis, which exhibits an insignifi-
cant lack-of-fit, which is a sign of an adequate model [52]. The 
quadratic equation obtained according to ANOVA analysis:

R A B C AB AC
BC A B

� � � � � �

� � �

1 42 2 78 1 27 0 61 1 94 1 79
0 86 1 32 0 812

. . . . . .

. . . 22 2

2 2 2 2 2

2

0 73 0 86
0 97 0 51 0 33 0 39
0 39

� �

� � � �

�

. .
. . . .
.

ABC A B
A C AB B C A B
A BBC AB C A B C� �0 82 0 372 2 2. .  (6)

The R-squared and adjusted R-squared of the model 
were reported to be 0.9996 and 0.9977, respectively which 
can ensure the model’s validity. The validity of the model 

could also be indicated by the amount of F-value which is 
significant enough [56]. The P-value of the model is less 
than 0.0001 which is a sign of a good model. The number 
calculated for adequate precision by the model is 83.4497. 
Adequate precision of more than 4 represents the suffi-
ciency and adequacy of the model.

3.2.2. Residual plots

Fig. 10 illustrates the perfect match between the calcu-
lated or predicted result and the actual result. It is indicated 
that the mentioned results are located around the bisector line 
which is a sign of an adequate and precise model. The other 
significant plot is the residual plot which is shown in Fig. 11. 
In this figure, the independence of the obtained results and 
reaction run number is observed. Thus, it can be gained from 
the figure that the residual amount is properly distributed.

3.3. Operational parameters

Numerical factors investigated in this research study 
include pH and photocatalyst dosage. The range of these 
two parameters has been chosen by previous experiments. 
The pH range was selected to be from 7.00 to 10.00, while the 
range for dosage was between 0.2 to 0.4 g. It is noteworthy to 
mention that some experiments were done out of this range 
as the Design-Expert software suggestion. This step was 
necessary for modeling and further optimization. The other 
investigated parameter was the air flow rate entering the 
photoreactor, which was considered to be a categorical factor 
and set in two different levels (minimum and maximum).

3.3.1. Effect of initial pH on MB degradation

The calculated R showed a significant increase with the 
increase in pH amount (Fig. 12). This is in direct relation 

 
Fig. 10. Predicted vs. actual data.
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with the pHpzc of ZIF-11. As ZIF-11 pHpzc was 6.4, the behav-
ior of its surface is estimated to be eager to adsorb parti-
cles with positive charges at basic conditions (greater than 
6.4). Considering the effect of pH on the surface charge 
characteristics, on one hand, and very low pKa (less than 
1) of MB as a cationic dye, on the other hand, better deg-
radation performance in basic conditions is achieved. This 
issue is because of better absorbance of effluent and a 
more effective degradation process in the cationic medium 
[43,60]. The same results were obtained by applying ZIF-8 
as a photocatalyst to degrade MB under UV radiation. The 
degradation process showed better performance in alkaline 
media with pH amounts of 12 [43]. The other reason for 
greater degradation in basic mediums could be attributed 
to the further suspension of ZIF-11 in the MB solution. 
Previous reports indicated the influence of pH on nano-
material suspension in aqueous media [61,62]. This was 
observed in the experiments done in this study by having 

more powder attached to walls and on the top of the reac-
tor while working at a lower pH. Moreover, the photoac-
tivity of a catalyst in alkaline mediums is known to be an 
advantage because of the basic nature of most hazardous 
organic wastes, including dyes and caustics [63].

3.3.2. Effect of photocatalyst dosage on degradation process

Several experiments were done with different photo-
catalyst dosages suggested by Design-Expert in the range 
of 0.16–0.44 g (Fig. 13). The results exhibited the optimum 
amount of ZIF-11 for this degradation to be 0.2 g in a 300 mL 
MB solution. The amounts below 0.2 g are too low to be capa-
ble of decomposing dangerous components consisting of 
waste sewage. This was predicted because of having insuf-
ficient active sites on the photocatalyst surface available to 
participate in the reaction [64]. It was also found from the 
experimental results that photocatalyst usages above 0.2 g 
were not improving the reaction process. The reason is the 
sedimentation and agglomeration occurring in the photore-
actor. Besides, having higher amounts of ZIF-11 in the reactor 
will cause turbidity, therefore the light access to MB species 
is limited to make them thoroughly decomposed [65–67].

3.3.3. Effect of inlet air flow rate

The inlet air was set on the actual degrees of minimum 
and maximum (Fig. 14). All the experiments done at mini-
mum air flow rate showed better degradation results than 
the ones carried out at maximum flow. One of the reasons 
leading to this observation would be the larger air bubble 
sizes entering the reaction zone, which consequently reduces 
the required surface area for performing the photodeg-
radation process. The larger bubbles produced, have less 
remaining time in the photoreactor, which minimizes the 
chance of oxidation–reduction reactions [67,68]. It is worth 
to mentioning that when applying hydrophobic photocata-
lysts, the entrance of higher airflow to the reactor increases 
ZIF-11 particle’s tendency to stay on the surface of the reac-
tor rather than the middle of the solution. For this reason, 
there would not be enough photocatalysts to perform the 
degradation and decomposition reaction [61,69].

 
Fig. 11. Residual plot vs. run number.

 Fig. 12. Effect of pH on response (air pump: min and photocata-
lyst dosage: 0.2).

 
Fig. 13. Effect of photocatalyst on response (air pump: min and 
pH value: 10).
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3.3.4. Optimum amounts of operational parameters

The optimal result was achieved when the maximum 
R and minimum amount of photocatalyst dosage were set 
in the optimization section of Design-Expert software. The 
best result was for the experiment in which the pH and 
photocatalyst dosage were respectively 10.0 and 0.2 g, and 
the airflow rate was set at the minimum amount. Specified 
operational parameters resulted in a degradation percentage 
of 82.88% in 30 min of UV light irradiation. Fig. 15 exhibits 
the mentioned result. The obtained degradation percentage 
(82.88%) was approximately close to the amount achieved by 
Jing et al. [43] (82.3%) who applied ZIF-8 to photodegrade 
MB under UV light. The significant difference between the 
present work and the reported one is light source power 
(500 W for ZIF-8 and 24 W for ZIF-11). Applying low-power 
lamps would be economically and environmentally bene-
ficial. Furthermore, the reaction time in the previous study 
under UV light irradiation was longer (120 min) than the 
present work which was 30 min. The above-mentioned 
facts which were related to time and energy-saving aspects, 
indicate more impressive results in this study. Also, the per-
turbation plots of parameters are given in Figs. 16 and 17.

3.4. Kinetic study of the reaction

The prepared photocatalyst in this study followed the 
Langmuir–Hinshelwood (L-H) model, which is an accepted 
model for the kinetic study of degradation processes in 
metal–organic frameworks [70,71]. Therefore, the kinetics 
of ZIF-11 degradation of MB:

y dC
dt

kC� � �  (7)

ln
C
C

kt0 =  (8)

where y, C, and k represent the kinetic rate, MB concentra-
tion, and the apparent rate constant, respectively. Fitting 
the ln(C/C0) vs. the time plot expressed that the MB degra-
dation mechanism using ZIF-11 was perfectly following the 

Langmuir–Hinshelwood kinetic model. Fig. 18 represents 
ln(C/C0) vs. time plot with R2 of 0.9382 which indicates the 
pseudo-first-order kinetic model. The slope of this plot 
which is 0.0309 min–1 is the apparent rate constant.

As stated in most literature, holes generated in ZIF-11 
photocatalyst in the presence of UV light irradiation would 
react with the MB solution to form hydroxyl and superoxide 
radicals. The photogenerated radicals might then decom-
pose dye molecules to form intermediate products known 
as organic acids. Since organic dye and ZIF-11 had primarily 
been mixed in the dark for 30 min to activate photocatalyst 
particles, the first step in the photodegradation mechanism 
would be the adsorption process [20,72]. The other photo-
catalytic reaction decomposition is listed in relative refer-
ences [3,73]. Some intermediate products may also occur 
which have been investigated in literature by GC-MS and ion 
chromatography results in the photodegradation of MB [74].

 
Fig. 14. Effect of air flow rate on response (pH value: 10 and 
photocatalyst dosage: 0.2).

 
Fig. 15. Optimum amounts of pH-photocatalyst dosage in 
minimum air flow rate.

 
Fig. 16. Perturbation plot at A: pH = 8.5, B: photocatalyst = 0.3, 
C = inlet air = max.
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4. Conclusion

The novel photocatalytic application of ZIF-11 crys-
tals under UV irradiation was successfully performed and 
resulted in excellent dye degradation. The photocatalyst 
synthesis was pursued via a facile Solvothermal method. 
The photocatalytic reaction was performed in a photoreac-
tor in which methylene blue was used as an organic effluent. 
Different operational parameters including pH, photo-
catalyst dosage, and airflow rate entering the reactor were 
investigated through a CCD method in Design-Expert soft-
ware. Subsequently, pH was recognized as the most effec-
tive factor, furthermore, improvements in the degradation 
process occurred while working in more basic conditions. 

Ultimately, a theoretical quadratic model was suggested 
from the software which makes it possible to investigate the 
optimization of the discussed process, deeply. Therefore, tak-
ing advantage of a metal–organic framework in the photo-
degradation process of organic waste was carried out and it 
is anticipated to be expanded in more empirical executions.
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