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a b s t r a c t
Nowadays, the overuse of dyes and their presence in wastewater can be considered as an environ-
mental concern. In this study, zeolitic imidazole framework-8 (ZIF-8), zinc oxide (ZnO), and their 
composite (ZnO-ZIF-8) were synthesized and characterized by scanning electron microscopy, 
Fourier transform infrared, X-ray diffraction, and zeta potential techniques. The synthesized materi-
als were used for the removal of Malachite green (MG) from aqueous media via a batch adsorption 
process. The adsorption isotherm, and the effects of operational parameters, including adsorbent 
dosage, initial dye concentration, time, and pH on dye removal, were comprehensively studied. 
The adsorption capacity of the composite was 3,654 mg/g. The results showed that the experimen-
tal data were fitted by the Freundlich isotherm model with a high correlation coefficient (0.9676). 
Moreover, the ability of the prepared adsorbents (ZIF-8, ZnO, and ZnO-ZIF-8) for the removal of 
dyes from binary systems containing MG and Rhodamine-B (Rh-B) was evaluated.
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1. Introduction

No one can deny the importance of nature and its 
cleanliness. With the industrial revolution and the signif-
icant growth of factories, a massive amount of industrial 
wastewater was discharged, causing many problems in 
the environment. One of the concerns was the overbalance 

in utilizing dyes in various industrial factories [1–3]. 
Therefore, wastewater treatment and removal of dyes have 
become a necessary strategy to reduce the adverse effects 
[4,5]. Different treatment techniques, such as adsorption, 
membrane, enzymatic, etc., have been utilized in waste-
water treatment [6]. Due to the ease of operation and low 
economic cost, the adsorption process is one of the best 
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methods for the removal of dyes [7–11]. Various adsorbents 
such as nanofibers, metal-organic frameworks (MOFs), etc. 
have been used to remove different dyes from wastewater 
[12,13]. The MOFs, as highly porous minerals, are prom-
ising candidates for the removal of dyes [14,15]. Zeolitic 
imidazole framework-8 (ZIF-8) is a MOF well-known class 
of family for highly effective wastewater treatment thanks 
to its very high surface area created by a super-porous 
structure [16–18]. Malachite green (MG) is a dye molecule 
widely used in the industry, and because of its complex 
structure, its removal process has always been recognized 
as a challenge [19,20]. MG has long-term effects with a 
very high toxic nature, causing eye irritation, headache, 
and heartbeat [21].

Various MOFs (such as ZIF-8) have been used in sev-
eral studies for the removal of contaminants [22]. However, 
a zinc oxide (ZnO)-ZIF-8 composite has not been used to 
adsorb MG. Moreover, the importance of pH has not been 
studied in previous investigations, while pH plays a sig-
nificant role in the process. As another critical factor, it 
was attempted here to apply sonication instead of stirring 
and shaking employed in previous studies. The isotherm 
of the adsorption process was also studied. The prepared 
nanoparticles were characterized by Fourier transform 
infrared (FT-IR), scanning electron microscopy (SEM), and 
zeta potential, and X-ray diffraction (XRD). The influence of 
different parameters (adsorbent dosage, initial dye concen-
tration, time, and pH) on dye adsorption was also assessed.

2. Experimental

2.1. Materials

All chemicals used in this study were analytical grade. 
NaOH, ZnCl2, CuSO4, and Zn(NO3)2·6H2O were purchased 
from Merck (Germany), and imidazole was obtained from 
Sigma-Aldrich (Germany). The MG was purchased from 
Ciba (Switzerland), and Rhodamine-B (Rh-B) was obtained 
from Samchun Pure Chemicals (Republic of Korea).

2.2. Synthesis of materials

NaOH (1 g) was dissolved in 90 mL of distilled water, 
and then ZnCl2 (1 g) was added to the NaOH solution. 
The mixture was stirred for 30 min at room temperature. 

The solution was then heated for 24 h at 100°C. The liquid 
phase was removed, and the solid (ZnO) was washed and 
heated to dryness [23].

1.298 g of 2-methylimidazole (hmim) and 0.587 g of 
Zn(NO3)2·6H2O were dissolved in 40 mL of methanol 
(MeOH). While the Zn2+ solution was being stirred, the hmim 
solution was added, and the mixture was stirred for 2 h at 
25°C. Finally, the crystals (ZIF-8) were separated by centrif-
ugation and washed with anhydrous ethanol, and dried at 
60°C.

Overall, 0.587 g Zn(NO3)2·6H2O and 0.4 g as-synthesized 
mesoporous ZnO were added in 40 mL of methanol and 
stirred for an hour. 1.298 g hmim was dissolved in 40 mL 
of methanol to achieve a clear solution. After that, it was 
mixed with the previous solution and placed on the stirrer 
at room temperature (theoretical mass ratio of ZIF-8 to ZnO 
was 1:2). Centrifugation was carried out several times, and 
the solid material (ZnO-ZIF-8) was washed with methanol 
and water. Afterward, it was dried at 60°C for 12 h.

3. Results and discussion

3.1. Characterization

An essential and useful tool for determining the poros-
ity, shape, and size distribution of particles is SEM [24]. 
The morphology of the prepared ZnO, ZIF-8, and their 
composite (ZnO-ZIF-8) was examined using SEM, as shown 
in Fig. 2. It can be seen that the particles of ZIF-8 are com-
pounded with ZnO.

The XRD pattern of as-prepared powder is shown 
in Fig. 3. The main diffraction peaks of ZIF-8 at around 
2θ = 7°,  10°,  12°,  18°,  26°,  and 29°  can be  seen  in  this pat-
tern. These characteristic peaks indicate the formation 
of the ZIF-8 crystalline structure with high crystallinity, 
which is in agreement with previously reported literature 
[25]. The synthesized ZnO showed some sharp and intense 
peaks. The diffraction peaks of 31°, 34°, 36°, 47°, 56°, 62°, 
and 67° are related to (111), (002), (101), (102), (110), (103), 
and (102) facet of hexagonal wurtzite, respectively [26–
28]. The high intensity of the mentioned peaks indicates 
the synthesized ZnO has crystallized well. The presence 
of those three intense characteristic peaks of 31°, 34°, and 
36° confirms the presence of wurtzite aggregate. Hence, 
those appeared peaks in the range of 4°–20° are in the same 
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Fig. 1. Structure of (a) MG and (b) Rh-B.
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position to the comparison of single-phase ZIF-8 corrobo-
rate the growth of ZIF-8 on the ZnO beads [29]. No extra 
diffraction peak, which shows impurities, could be found in 
the composite. The significant intensity decrease of all peaks 
could be related to the partial coverage of ZnO beads by 

ZIF-8. Besides, this causes to pore-clogging of ZnO beads 
and some changes in the ZIF-8 particle size [26].

The characteristic bands of pure ZIF-8 in the range of 
1,350–600 cm–1 (Fig. 4) are related to the in-plane bending 
modes of the imidazole ring [30–32], and the intense bands 
at the range of 1,500–1,350 cm–1 are assigned to stretching 
and vibration of the imidazole ring [33–35]. The band at 
1,580 cm–1 indicates the imidazolic stretching vibration of 
C=N [36]. The peaks at 2,960 and 2,930 cm–1 are assigned to 
aliphatic C–H bond, related to the antisymmetric stretch-
ing vibration of CH3 and CH2 in the imidazole ring [35]. 
The aromatic C–H bond of the imidazole ring is signifi-
cant at about 3,135 cm–1 [33,35]. The peak at 3,430 cm–1 can 
be attributed to the O–H bond and could be due to the 
presence of other hydroxylic groups at the ZIF-8 frame-
work and chemisorbed water. A strong absorbance in the 
ZnO spectrum at around 480 cm–1 is related to the ZnO 
stretching vibration bond. Two intense peaks at 1,592 and 
3,448 cm–1 correspond to the O–H bond and might be due 
to the adsorbed water and reaction of ZnO and other deriv-
atives with oxygen [37,38]. The bands at around 600–1,500; 
1,580; 2,960; 2,930; and 3,135 cm–1 in ZnO-ZIF-8 composite 
spectrum show the presence of imidazole rings of ZIF-8 
in the composite. There are some peaks shifted and also 
slightly strengthened, suggesting a fine-ordering structure 
of the composite. Hence, the band at 480 cm–1 is attributed 
to the Zn–O bond, which confirms the presence of wurtzite 
in the composite.

(a) (b) 
 

(c) 

Fig. 2. SEM images (a) ZnO, (b) ZIF-8, and (c) ZnO-ZIF-8 composite.

Fig. 3. XRD pattern of materials.
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The zeta potential (Fig. 5) was measured by analyz-
ing 0.004 g of ZnO, ZIF-8, and ZnO-ZIF-8 in 100 mL of 
water. Before zeta potential measurements, all samples 
were sonicated for 30 min. The pH of the samples was 6.5. 
The data indicate that the adsorbents have a negative sur-
face charge, which is suitable for adsorption of cationic 
dye molecules.

3.2. Dye adsorption

3.2.1. Effect of adsorbent dosage

The amount of adsorbent is one of the most important 
factors in the adsorption process. This parameter is also 
momentous to estimate the cost of the adsorption process 
[39]. We used 100 mL of dye solution of MG with 50 mg/L 
concentration (initial) at room temperature for 30 min in pH 
5 to investigate this parameter. An ultrasonic bath (30 kHz 
and power of 200 W) was used to assist dye removal. 
The percentage of dye removal assisted by ultrasound is 
higher than the assisted by stirring due to the considerably 
increasing mass transfer in the adsorption process [10]. Fig. 4. FT-IR spectra of materials.

  

(a) (b) 

 

(c) 

Fig. 5. Zeta potential graph of materials (a) ZnO, (b) ZIF-8, and (c) ZnO-ZIF-8.
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Different adsorbent dosages (0.001, 0.002, 0.003, and 0.004 g) 
for MG solutions were used. Each experiment was sampled 
at specific time intervals. The samples were centrifuged, 
and the amount of dye in the supernatant was determined 
using a spectrophotometer. The charts of dye removal 
(%) vs. time at different adsorbent dosages are shown in 
Fig. 6 for three different adsorbents (ZnO, ZIF-8, and ZnO-
ZIF-8). For all three adsorbents, increasing adsorbent dos-
age increases dye removal percent due to the increased 
availability of active adsorbent sites.

3.2.2. Effect of time

Another critical factor in the adsorption process is the 
contact time. In this article, the influence of this critical fac-
tor is investigated (contact time with different adsorbent 
doses, Fig. 6). As time increased, the dye removal percent 
increased. The active sites of the adsorbent decrease gradu-
ally during the adsorption process, and after a certain time, 
the adsorbent sites are no longer able to absorb more MG 
molecules. This time is called equilibrium time. Equilibrium 
time was 30 min in our experiments.

3.2.3. Effect of dye concentration

Another effective factor in dye removal that was 
investigated in our study was dye concentration. There is 
a direct relationship between the adsorption process and 
the initial dye concentration [37,39]. In this study, differ-
ent concentrations of dye were investigated. As shown in 
Fig. 7, the adsorption rate decreases with increasing dye 
concentration, which is probably due to the saturation 
of active binding sites on the adsorbent surface at higher 
concentrations [40].

3.2.4. Effect of pH

The pH value is a very effective parameter because 
both the adsorbent and dye are affected by this parameter. 
The material surface charge and the adsorbate ionization 
degree is affected by this parameter [41]. Three different 
pH values (3.5, 6.5, and 8.5) were investigated (Fig. 8). 
The removal percentage of MG at different pH values 
is shown in Fig. 8 (pH 3.5: dye removal percentage for 
ZnO =  47%, ZIF-8  =  25%,  and ZnO-ZIF-8  =  75%),  (pH 6.5: 
dye  removal percentage  for ZnO =  62%, ZIF-8  =  55%,  and 

(a) (b) 

 (c) 
Fig. 6. Adsorbent dosage effect on dye removal (a) ZnO, (b) ZIF-8, and (c) ZnO-ZIF-8.
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Fig. 7. Dye concentration effect on dye removal using ZnO, 
ZIF-8, and ZnO-ZIF-8.

Fig. 8. Effect of pH on dye removal using ZnO, ZIF-8, and 
ZnO-ZIF-8.

 
(a) (b) 

(c) 

Fig. 9. Langmuir dye adsorption isotherm (a) ZnO, (b) ZIF-8, and (c) ZnO-ZIF-8.
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ZnO-ZIF-8  =  92%),  (pH  8.5:  dye  removal  percentage  for 
ZnO = 79%, ZIF-8 = 92%, and ZnO-ZIF-8 = 98%). Based on 
observations and experiments, the performance was better 
when pH was 8.5. It can be concluded that the adsorbent 
performance is dependent on the pH value.

3.2.5. Dye removal isotherm

The relationship between the amount of dye adsorbed 
onto the adsorbent and liquid phase concentration can be 
explained by isotherm. The Langmuir [39], Freundlich 
[42], and Temkin [23] isotherms are studied in our paper 
(Figs. 9–11). One of the isotherms that have successfully 
described many adsorption processes is the Langmuir iso-
therm. This isotherm can be used to describe the adsorp-
tion of dyes based on the Langmuir theory, according to 
which dedicated adsorption sites are responsible for the 
adsorption process. qe, Ce, KL, and Q0 are adsorbent capac-
ity at equilibrium (mg/g), the equilibrium concentration of 
dye solution (mg/L), the Langmuir constant (L/mg), and 
the maximum adsorbent capacity (mg/g), respectively.  
The experimental data were also compared with the 

Freundlich isotherm. KF is the adsorption capacity per 
unit concentration, and 1/n is the adsorption intensity. 
1/n values indicate the type of isotherm to be irreversible 
(1/n = 0), favorable (0 < 1/n < 1), and unfavorable (1/n > 1). 
The Temkin isotherm precisely examines the interaction 
of the adsorbent species. According to this isotherm, the 
heat of adsorption of all molecules on the adsorbent sur-
face decreases linearly with the amount of surface coverage 
due to the adsorbent–adsorbent interactions. KT and B1 are 
the Temkin constants. Q0 and KL (constants of the Langmuir 
isotherm), KF and 1/n (constants of the Freundlich iso-
therm), and KT and B1 (constants of Temkin isotherm) are 
shown in Table 1. Based on the data shown in Table 1, 
the best and most appropriate isotherm for the composite 
is the Freundlich model. Moreover, Table 2 compares the 
results of this study with those of the literature.

3.2.6. Binary system dye removal

Colored wastewater can have two or more dyes with 
different chemical structures. Dyes may interfere with 
each other causing a negative impact on the adsorption 

(a) (b) 

 
(c) 

Fig. 10. Freundlich dye adsorption isotherm (a) ZnO, (b) ZIF-8, and (c) ZnO-ZIF-8.
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process. To test this issue, we mixed two dyes for prepar-
ing a binary system containing MG and Rh-B. MG and Rh-B 
were added to 1,000 mL of water (pH 6.5). 0.004 g adsor-
bent was used. The results of the adsorption process are as 
follows:  for  MG  dye  removal  percentage  for  ZnO  =  60%, 

ZIF-8  =  55%, ZnO-ZIF-8  =  94%,  and  for  Rh-B  the  percent-
age of dye removal for ZnO = 19%, ZIF-8 = 25%, and ZnO-
ZIF-8  =  22%  (Fig.  12).  Based  on  the  results  of  the  experi-
ments, it can be concluded that the adsorption of MG was 
not affected in a binary system.

  
(a) (b) 

(c) 

Fig. 11. Temkin dye adsorption isotherm (a) ZnO, (b) ZIF-8, and (c) ZnO-ZIF-8.

Table 1
Constants of adsorption isotherms of the synthesized materials

Adsorbent
Langmuir  

Ce/qe = 1/KLQ0 + Ce/Q0

Freundlich  
logqe = logKF + 1/n logCe

Temkin  
qe = B1 lnKT + B1 lnCe

MG

Q0 KL R2 KF 1/n R2 KT B1 R2

ZnO 200 0.0024 0.0019 27.98 1.4470 0.4348 11.25 1,756 0.406
ZIF-8 833 0.1480 0.5700 424.52 0.1400 0.0564 8.76 123 0.085
ZnO-ZIF-8 1,000 0.0028 0.0289 299.92 0.9650 0.9676 2.50 1,934 0.950
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4. Conclusion

This study investigated the performance of ZnO-ZIF-8 
in dye (MG) adsorption from wastewater in the single and 
binary systems. After synthesizing materials and compar-
ing the dye removal ability of ZnO, ZIF-8, and ZnO-ZIF-8 
under similar operating conditions, it was found that com-
bining these materials and preparing ZnO-ZIF-8 composite 
is a suitable method for increasing the adsorbent efficiency 
for removal of MG. The SEM, XRD, FT-IR, and zeta tech-
niques were employed to study the structure of the adsor-
bents. The influence of operating parameters, including 
adsorbent dosage, time, initial dye concentration, and pH 
of the solution, was assessed. Equilibrium data were fitted 
by the Freundlich isotherm model. Finally, it can be con-
cluded that ZnO-ZIF-8 composite had a high adsorption 
capacity for dye removal from colored wastewater.
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