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a b s t r a c t
To improve the photodegradation of methyl blue (MB) by ZnO under visible light irradiation, the 
sol–gel method was used to synthesize ZnO photocatalysts co-doped with Mg and supported on 
activated carbon (AC) with various properties. The photocatalysts synthesized were characterized 
in terms of their structure and optical properties. X-ray diffraction and UV-vis absorption spec-
tra measurements were carried out to examine the structural and optical properties of photocat-
alysts. Such photocatalytic behaviors of photocatalysts preceded the order: Mg:ZnO/AC  >  ZnO/
AC > ZnO. This consequence was ascribed to the small crystallite size, large surface area, the nar-
row bandgap of Mg:ZnO/AC photocatalyst. Besides, first-order kinetics accompanied the deg-
radation of MB on photocatalysis. The active species •OH and •O2

– performed more key roles in 
composite photocatalytic degradation of MB.
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1. Introduction

Wastewaters that include reactive dyes emitted from 
different industries also create many environmental issues 
[1]. Such wastewaters enable the receiving surface water 
bodies to experience any damage to the ecological sys-
tem [2,3]. Several studies have made considerable efforts 
to reach effective treatment approaches to extract toxins 
and contaminants from wastewater originating from var-
ious industries [4–7]. Several chemical and physical dye 
removal approaches have been used from the past to the 
present, involving membranes, adsorption strategies, and 
photocatalytic degradation [8–10]. Lately, photocatalytic 
degradation has been used by many scientists as one of the 
specialized oxidation processes (AOPs) to eliminate dyes 

from wastewaters [11]. The photocatalytic reaction hap-
pens by illumination and catalysis with no alteration in 
the catalysis which may raise the reaction rates within this 
circumstance [12]. Semiconductors perform a catalytic task 
in inappropriate situations due to the low fraction energy 
through power and conduction bands [13]. In the photo-
catalytic step, the energy of two levels equally different is 
required adsorption of this energy that allows electrons to 
travel leading to hole and electron pair formation. Electrons 
may engage in reducing the population of electron acceptors 
and in the oxidation of populations of electron donors [14].

Several of the components used as photocatalysis such 
as TiO2 [15], ZnO [16], ZrO2 [17], CdS [18], MoS2 [19], and 
WO3 [20] have been used to remove the contaminants. TiO2 
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is a typical photocatalysis within these substances and has 
had a maximum application so far. TiO2 has benefits, includ-
ing environmental protection and non-toxicity, chemical 
durability, and recovery and reuse capability. Nevertheless, 
in the ultraviolet area, TiO2 has complications such as high 
price and adsorption band. ZnO is, therefore, a good 
replacement for TiO2 in the photocatalytic system [21].

Zinc oxide is one of the richest structures with a great 
many advantages. Thus, ZnO has many uses for various 
research studies [22]. Multiple technologies such as soft 
chemical method, sol–gel process, vapor phase production, 
vapor–liquid–solid mechanism, electrophoretic precipita-
tion, thermal evaporation, homogeneous precipitation, and 
chemical vapor deposition were used to produce the ZnO 
[23–30].

For the first time in this study, therefore, the Mg-doped 
ZnO has been produced with modified activated carbon, and 
photocatalytic behavior of obtained Mg-doped ZnO has also 
been used to degrade methyl blue (MB) azo dye.

2. Experimental part

In a traditional synthesis, Zn(CH3COO)2·2H2O (0.01 mol) 
was dissipated for 30 min in 60 mL of C2H6O under stirring 
in a water bath (60°C), and then the mixture was called 
solution 1. Solution 2 was formed by combining 5,040 g of 
(COOH)2·2 H2O in 80  mL of C2H6O in water bath stirring 
for 30 min at 50°C. Solution 2 was included dropwise to the 
warm solution 1. The sample was dried in a vacuum stove 
at 80°C for 24 h. Eventually, for 2 h, ZnO was produced via 
thermal processing at 400°C.

For the preparation of Mg:ZnO/AC, 0.034  g of 
MgCl2·6H2O, and 0.9  g of CH₄N₂O was dissolved in solu-
tion 1. Then, 2.0 g AC was dispersed in 200 mL C2H6O for 
1 h under sonication and 0.2 g ZnO was dispersed in 50 mL 
C2H6O for 20  min. Both solutions were intermixed and 
the mixture was subsequently sonicated for 1  h and then 
stirred for 15  h. The resulting samples were centrifuged 
and dried at 80°C.

The analysis of adsorption of MB on photocatalyst was 
conducted to evaluate the adsorption efficiency of the syn-
thesized photocatalyst. The photocatalyst was applied to 
30  mL of MB solution, then stirred the solution into the 
dark at for 1  h. The collected sample was filtered, and 
MB concentrations were calculated at 465  nm using a 
spectrophotometer UV5100.

In order to study the degradation of MB solution in the 
presence of photocatalyst, photocatalytic measurements 
were carried out using a 500 W Xe lamp as the visible light 
source. Xe lamp power was kept at 500  W and preserved 
an overall irradiation strength of 350  W/m2 across the 
tests. The photocatalyst was transferred to the solution of 
MB. The solution was consistently stirred and held for 1 h 
in the dark to permit an adsorption–desorption balance 
between MB and the photocatalyst. The suspension was 
subsequently displayed under visible light to eliminate MB. 
Each sample was subsequently extracted after degradation 
test to avoid photocatalyst for examination.

X-ray diffractometer (Rigaku XRD), energy dispersive X-ray 
(EDX; JEOL JSM 5800), and UV-vis absorption spectra (Perkin 
Elmer Lambda 2 spectrometer, Waltham, Massachusetts, US) 

measurements were carried out to examine the structural, 
elemental, and optical properties of photocatalysts.

3. Results and discussion

Fig. 1 indicates the photocatalytic degradation of MB 
in the presence of AC- supported ZnO photocatalysts with 
different AC concentrations (5%, 10%, and 20%). Experiment 
conditions: the MB solution volume is 30 mL, the MB concen-
tration is 10 ppm, the pH of the system is 6, and the amount 
of photocatalyst is 10 mg.

As seen in Fig. 1, photocatalytic degradation of MB 
is completed within 98  min in the presence of pure ZnO 
photocatalyst, whereas in the presence of AC-supported 
ZnO photocatalyst, the same reaction was observed to end 
within 50 min. The probable reason for this is that ZnO is 
attached to a support material with a large surface area, 
such as AC, to increase its active surface area. Another rea-
son is thought to be accelerating the electron circulation in 
the environment due to the conductivity structure of AC. 
Moreover, as clearly seen in Fig. 1, when the AC ratio was 
increased from 5% to 10%, it was observed that the degra-
dation experiment was completed sooner. However, it was 
observed that the reaction completion time increases when 
the AC ratio is increased by up to 20%. The reason for the 
longer reaction time when the AC ratio is 20% can be con-
sidered as the saturation of the active surface area. Thus, in 
the light of the results shown in Fig. 1, in the presence of 
AC-supported ZnO photocatalyst with different AC concen-
trations, the optimum AC ratio was determined as 10% in this 
study, and the synthesized sample was named as ZnO/AC.

After determining the optimum AC ratio, the ZnO/AC 
photocatalyst was doped with different Mg concentrations 
(0%, 0.4%, 0.8%, 1.2%, 1.6%, and 2%) to enhance its photocat-
alytic activity. Fig. 2 points out the photocatalytic degrada-
tion of MB in the presence of ZnO/AC photocatalyst doped 

Fig. 1. Photocatalytic degradation of MB in the presence of 
AC-supported ZnO photocatalysts with different AC concentra-
tions (5%, 10%, and 20%).
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with different Mg concentrations. Experiment conditions: 
the MB solution volume is 30 mL, the MB concentration is 
10 ppm, the pH of the system is 6, and the amount of photo-
catalysts is 10 mg.

In Fig. 2, it is seen that photocatalytic activities of 
Mg-doped ZnO/AC photocatalysts are better than ZnO/AC 
photocatalysts. The activity of these photocatalysts is con-
sidered to be high since the Mg-doped metal increases the 
number of active sites on the surface of the ZnO/AC pho-
tocatalyst. It was found that when the metal concentration 
was increased from 0.4% to 1.6%, the reaction of Mg-doped 
ZnO/AC photocatalyst was completed in a shorter time, 
but the reaction time was longer when the metal ratio was 
increased up to 2%. The probable reason for this is that 
the high Mg concentration decreases the number of active 
regions of the photocatalyst. Thus, in the light of the results 
shown in Fig. 2, in the presence of ZnO/AC photocatalyst 
doped with different Mg concentrations, the optimum metal 
ratio was determined as 1.6% in this current study and 
the synthesized sample was named as Mg:ZnO/AC.

In the presence of Mg:ZnO/AC photocatalyst, using 
different MB concentrations, photocatalytic degradation 
experiments of MB were carried out and the effect of MB 
concentration was investigated. Experiment conditions: 
the MB solution volume is 30 mL, the MB concentration is 
10, 20, 50, and 100 ppm, the pH of the system is 6, and the 
amount of photocatalysts is 10 mg. The plot of degradation 
efficiency vs. time for Mg:ZnO/AC photocatalyst using the 
different MB concentration is revealed in Fig. 3.

The photocatalytic degradation reaction rate of MB 
appears to decrease with increasing concentration of MB. 
Increasing MB concentration rises the adsorption capacity 
on the Mg:ZnO/AC photocatalyst surface, which reduces 
the photocatalytic degradation reaction rate by preventing 
the OH– adsorption occurring on the photocatalyst sur-
face. As a result, the decrease in OH– formation leads to a 

decrease in color removal efficiency. Moreover, based on 
Lambert–Beerer law, the increase in the initial dye concen-
tration decreases the photon penetration into the solution 
and less photon adsorption occurs on the photocatalyst 
surface. As a result, there is a lower reaction rate.

In the presence of Mg:ZnO/AC photocatalyst, using 
different photocatalyst amounts, photocatalytic degrada-
tion experiments of MB were carried out and the effect of 
photocatalyst amount was examined. Experiment conditions: 
the MB solution volume is 30 mL, the MB concentration is 
10 ppm, the pH of the system is 6, and the amount of pho-
tocatalysts is 5, 7, 10, and 15  mg. The plot of degradation 
efficiency vs. time for Mg:ZnO/AC photocatalyst using 
the different photocatalyst amounts is revealed in Fig. 4.

The fastest degradation of MB at 10 mg of photocatalyst 
loading in which took only 20 min to complete the reaction. 
On the other hand, the other catalyst loading was able to 
degrade within the longer irradiation time. According to 
Fig. 4, 10  mg of photocatalyst loading shown the highest 
photodegradation performance which is 98.81% while 5, 
7, and 15  mg of photocatalyst loading resulting in 92.44%, 
94.90%, and 95.88% degradation of MB, respectively. The 
results suggest that the degradation performance increases 
proportionally with the catalyst loading. The best catalyst 
loading for the photocatalytic degradation of MB in the 
presence of Mg:ZnO/AC photocatalyst is 10  mg. However, 
at higher catalyst loading (15 mg), it was observed that the 
degradation efficiency decreased because of agglomeration 
and thus lower the photocatalytic activity.

In the presence of Mg:ZnO/AC photocatalyst, using 
different pH values, photocatalytic degradation experi-
ments of MB were carried out and the effect of pH of the 
system was examined. Experiment conditions; the MB solu-
tion volume is 30 mL, the MB concentration is 10 ppm, the 
pH of the system is 2, 4, 6, 8, and 10, and the amount of 
photocatalysts is 10 mg. The plot of degradation efficiency 

Fig. 2. Photocatalytic degradation of MB in the presence of 
ZnO/AC photocatalyst doped with different Mg concentrations 
(0%, 0.4%, 0.8%, 1.2%, 1.6%, and 2%).

Fig. 3. Photocatalytic degradation of MB in the presence of 
Mg:ZnO/AC photocatalyst using different MB concentrations 
(10, 20, 50, and 100 ppm).
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vs. time for Mg:ZnO/AC photocatalyst using the different 
pH values is indicated in Fig. 5.

The pH value of the system is one of the main reasons 
affecting the photocatalytic degradation reaction. As seen 
in Fig. 5, the photocatalytic degradation efficiency of MB 
enhances with increasing pH value. The probable reason 
for this is the improvement in photocatalytic degradation 
efficiency due to the rise in the number of OH– ions in the 
environment with increasing pH value.

In the presence of Mg:ZnO/AC photocatalyst, the pho-
tocatalytic degradation kinetics of MB was examined 
with the first and second-order-kinetic model. First and 
second-order-kinetic model equations are given below:
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where Ct is the solution concentration at the time t (mg/L), 
C0 is the initial solution concentration (mg/L), k1 is the first-
order adsorption rate constant (1/min), k2 is the second-
order adsorption rate constant (1/min), t is the adsorption 
time (min.)

The plots obtained from the above equations for the 
first and second-order-kinetic model are given in Figs. 6a 
and b, respectively.

The k1/regression and k2/regression coefficients of 
Mg:ZnO/AC photocatalyst were determined as 0.159 
(1/min)/0.948 and 0.067 (1/min)/0.934, respectively. According 
to the regression coefficient, it was observed that the photo
catalytic degradation kinetics of MB fits the first-order-
kinetic model better.

The XRD peaks of all designed photocatalyst are pre-
sented in Fig. 7.

The patterns obtained correspond to the planes (100), 
(002), (101), (102), (110), and (103) of the ZnO hexago-
nal structure. All applicable diffraction data for ZnO cor-
responded well to the data provided (JCPDS 36–1451). 
All photocatalysts have identical XRD patterns, which 
meant that the addition of Mg and AC does not affect 
ZnO’s phase structure. Nevertheless, the XRD patterns of 
Mg:ZnO/AC photocatalyst did not show any apparent char-
acteristic diffraction peaks of Mg, which could be due to 
the low doping level. Additionally, in their reports, Bhirud 
et al. [31] documented the phenomenon. Furthermore, the 
characteristic diffraction peak of AC was not observed in 
Mg:ZnO/AC photocatalyst because of the comparatively 
low diffraction strength of AC. Compared with ZnO, the 
pattern intensity of Mg:ZnO/AC photocatalyst decreased, 
which was relative to the lower concentration of crystalline 
material (ZnO) in a matrix of amorphous matter (AC).

The average crystallite sizes of the ZnO, ZnO/AC, and 
Mg:ZnO/AC photocatalysts were calculated as 16.8, 14.3, 
and 11.6  nm, respectively, using the Debye–Scherrer for-
mula from hexagonal wurtzite (101) peaks. ZnO/AC and 
Mg:ZnO/AC photocatalysts had smaller crystallite sizes 
than ZnO since AC behaves as a gap to crystal growth’s 
limiter action. Mg:ZnO/AC’s crystallite size was 11.6  nm, 
the smallest of all photocatalysts. Smaller particle size may 
be beneficial to improve the photocatalytic behavior of 
photocatalyst.

Using UV vis diffuse absorption spectra, the photoab-
sorption activity of the synthesized ZnO, ZnO/AC, and 
Mg:ZnO/AC photocatalysts were studied. The wavelength 
(nm) vs. intensity (a.u.) plots for photocatalysts are shown 
in Fig. 8a. The graph of (αhν)1/2 vs. the energy of light (hν), 
indicated in Fig. 8b, was used to determine the bandgap 
values of synthesized ZnO, ZnO/AC, and Mg:ZnO/AC 

Fig. 4. Photocatalytic degradation of MB in the presence of 
Mg:ZnO/AC photocatalyst using different photocatalyst 
amounts (5, 7, 10, and 15 mg).

Fig. 5. Photocatalytic degradation of MB in the presence of 
Mg:ZnO/AC photocatalyst using different pH values (2, 4, 
6, 8, 10).
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photocatalysts. The determined bandgap value for ZnO, 
ZnO/AC, and Mg:ZnO/AC photocatalysts is 3.32, 2.92, and 
2.76 eV, respectively.

This observation might be explained by the fact that 
Mg:ZnO/AC has an extensive pore configuration which 
induces light to scatter inside and AC to absorb at wave-
lengths slightly higher than pure ZnO. In comparison to 
the pure ZnO, the Mg:ZnO/AC photocatalyst’s band edge 
absorption was red-shifted and demonstrated broad absorp-
tion in the visible-light area, which can be related to the 
movement of load between the Mg 3d state along with to 
the ZnO conduction or valance bands. Thus the absorption 
edge is expanded to visible light, resulting in the production 
of electron–hole couples, which improves the photocatalytic 

capabilities of the Mg:ZnO/AC photocatalyst. The charging 
of the Mg:ZnO on AC gives rise to a narrowing of the band-
gap and an increase in absorbance in the visible zone, which 
is probably as a result of the formation of Zn–O–C as well as 
carbon doping ZnO [32].

EDX spectra of ZnO/AC and Mg:ZnO/AC photocata-
lysts are demonstrated in Figs. 9a and b, respectively. Fig. 8b 
obviously indicates the presence of C, Zn, Mg, and O ions 
in Mg:ZnO/AC photocatalyst. This confirms the successful 
doping process.

4. Conclusions

In the first stage of the present study, photocatalytic 
degradation experiments of MB were carried out in the 
presence of AC-supported ZnO photocatalysts with differ-
ent AC concentrations synthesized using sol–gel technique. 
The photocatalytic degradation rate of 5% AC-supported 
ZnO (ZnO/AC) photocatalyst was found to be higher com-
pared to other concentrations.

In the second stage of the study, ZnO/AC photocatalyst 
was doped with different concentrations of Mg metal. As a 
result of photocatalytic degradation experiments of MB, it 
was observed that the degradation reaction was completed 
in a shorter time in the presence of 1.6% Mg-doped ZnO/AC  
(Mg:ZnO/AC) photocatalyst compared to other concentrations.

In the third stage of the study, it was investigated how 
some parameters (MB concentration, photocatalyst amount, 
and pH of the system) affect the photocatalytic degradation 
reaction of methylene blue in the presence of Mg:ZnO/AC 
photocatalyst. The graphics obtained were interpreted.

In the last stage of the study, the structural and optical 
properties of Mg:ZnO/AC photocatalyst were examined. 
It was observed that Mg (1.6%) and AC (5%) did not change 
the structure of ZnO, which has a hexagonal structure, 
but the crystalline size of ZnO decreased due to AC (5%) 
and Mg (1.6%). Besides, the Mg:ZnO/AC (2.76  eV) photo-
catalyst was found to have a narrower energy band gap 
than ZnO (3.32 eV) and ZnO/AC (2.92 eV) photocatalysts.

(a) (b)

Fig. 6. (a) First-order-kinetic and (b) second-order-kinetic model for the photocatalytic degradation of MB in the presence of 
Mg:ZnO/AC photocatalyst.

Fig. 7. XRD patterns of ZnO, ZnO/AC, and Mg:ZnO/AC photo-
catalysts.
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As a result, such photocatalytic behaviors of photocat-
alysts preceded the order: Mg:ZnO/AC  >  ZnO/AC  >  ZnO. 
This consequence was ascribed to the small crystallite size, 
large surface area, the narrow bandgap of Mg:ZnO/AC 
photocatalyst.
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