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a b s t r a c t
In this work, the kinetic modeling of methylene blue (MB) photocatalytic degradation was per-
formed using graphene/CoZnAl-MMO/TiO2 as a new photocatalyst. First, CoZnAl-LDH/GO was 
synthesized. It was calcined and dispersed in dimethylformamide (DMF) and was then mixed 
with a dispersion of TiO2 in water, resulting in an active visible light photocatalyst with a band 
gap of 2.7 eV. The effect of the operating parameters such as pH, initial concentration of the dye 
solution, and the amount of the photocatalyst was investigated. The new kinetic model was writ-
ten based on the basic photocatalytic degradation reaction equations. Finally, the model-predicted 
results were compared with the experimental ones. The validity of the proposed model was con-
firmed by the correlation coefficient (R2 = 0.9907), the sum of squared error (SSE = 2.36 × 10–5), 
and root mean square error (RMSE = 1.086 × 10–3).

Keywords:  Nanocomposite; Photocatalytic degradation; Titanium dioxide; Mixed metal oxide; Lay-
ered double hydroxide

1. Introduction

Employing photocatalysts for the elimination of water 
pollution under solar irradiation is a trending topic since 
solar irradiation is a free and abundant energy source. 
Conventional photocatalysts, for example, TiO2 and ZnO, 
are active only in the UV region due to their wide band 
gap, which is not favorable in terms of environmental issues 
and operational costs. For this reason, the synthesis and 
application of new visible-light-active photocatalysts are 
essential. Metal oxides, sulfides, nitrides, and mixed metal 
oxides have been utilized for this purpose [1,2]. The use of 
TiO2 as a photocatalyst is welcomed for its structural sta-
bility, non-toxicity, low cost, and high performance [3]. The 
photocatalytic efficiency of TiO2 is promoted via reducing 
the band gap and electron-hole recombination rate. The 
doping of metals and non-metallic elements on TiO2 and 

the preparation of its composite compounds are usually 
used for this purpose [4,5]. Carbon nanotubes, graphene, 
and layered double hydroxides (LDHs) are the porous 
materials used to produce photocatalytic composites.

Due to plate structure, high surface area, having func-
tional groups, and the possibility of electron resonance 
in their structure, graphene oxide (GO) and graphene are 
used to prepare photocatalytic composite compounds. They 
also inhibit the agglomeration of the photocatalyst and 
the electron-hole recombination [6].

LDHs have a layered structure of divalent and triva-
lent metal hydroxides with interlayer anions. They have a 
general formula as follows [7]:
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with M2+, M3+, and An–
x/n as divalent cation, trivalent cat-

ion, and interlayer anion, respectively. LDHs have found 
many applications in the adsorption of water pollutants 
[8], photocatalysis [9], and the improvement of electrode 
surfaces [10] due to their unique properties, including the 
layered structure with positively charged layers, inter-
layer exchangeable anions, interlayer anion variation, high 
surface area, electrochemical activity, and the convenient 
and inexpensive synthesis [11].

Oxide-based semiconductors derived from the calcina-
tion of LDHs are promising compounds for water decom-
position, CO2 reduction, solar cells, and the application 
as antibacterials and antifungals [12]. Coupling the semi-
conductors with matched conduction and valence bands’ 
energy levels decreases electron-hole recombination, reduces 
the band gap, and consequently, leads to an increased 
photocatalytic activity.

There are some reports on the application of TiO2 
composites with LDHs, or with the mixed metal oxides 
(MMOs) derived from LDHs’ calcination [13]. For example, 
the photocatalytic degradation of orange II and 4-chloro-
phenol by TiO2/Mg2Al1.5-LDH nanocomposite under UV 
irradiation has been reported [13] where the presence of 
Mg2Al1.5-LDH in the composite structure reduced the TiO2 
agglomeration and thereby increased photocatalytic effi-
ciency. The separation of the nanocomposite after the pho-
tocatalytic process was much easier compared with pure 
TiO2. Kumar et al. [14] studied CO2 photocatalytic reduc-
tion using TiO2/CoAl-LDH nanocomposite under xenon 
lamp irradiation which showed more than 90% activity 
and selectivity for the conversion of water-soluble CO2 to 
CO. They concluded that the presence of CoAl-LDH in the 
nanocomposite structure increased the CO2 availability at 
the photocatalyst surface.

The introduction and modeling of the photocatalytic 
properties of MMO composites is a new topic. The first 
purpose of this study was to introduce a new nanocom-
posite MMO photocatalyst (graphene/CoZnAl-MMO/
TiO2), which is derived from LDH compounds and is active 
under visible light. The second and more important goal 
was the kinetic modeling of methylene blue (MB) deg-
radation by the synthesized photocatalyst. MB was used 
here as a model organic pollutant. The effect of different 
operational parameters including pH, initial dye concen-
tration, and catalyst content on MB removal efficiency 
was studied and the validity of the proposed model was 
examined via the comparison of experimental results with 
those obtained from the model.

2. Materials and methods

2.1. Materials

TiO2-P25 with an average size of 25 nm was purchased 
from the Evonik Degussa GmbH Company. ZnCl2·6H2O, 
CoCl2·6H2O, AlCl3·6H2O, H2SO4, H2O2, KMnO4, and NaOH 
were obtained from the Merck Company. Graphite and 
methylene blue were purchased from the local mar-
ket. MB characteristics are presented in Table 1. The pH 
value was adjusted using 0.1 M HCl and NaOH solutions. 
All chemicals were used directly without further purifica-
tion. Distilled water was used in all steps.

2.2. Preparation of graphene/CoZnAl-MMO/TiO2 nanocomposite

Initially, CoZnAl-LDH was prepared by the coprecip-
itation method. CoCl2·6H2O, ZnCl2·6H2O, and AlCl3 were 
dissolved in a flask containing 40 mL of water to obtain a 
Co/Zn/Al molar ratio of 1:1:1. While stirring, the pH was 
adjusted to 10 by the NaOH solution (3 M). The achieved pre-
cipitate was aged at 60°C for 24 h, then centrifuged, washed 
with water, and then dried at 40°C.

The modified Hummers method was used to synthe-
size GO [16]. In a nutshell, 0.5 g of graphite and 0.25 g 
of NaNO3 were mixed in 13 ml of H2SO4 in a flask which 
was put in an ice bath and was stirred for 1 h. Then 1.5 g 
KMnO4 was slowly added to the contents of the flask. The 
contents of the flask were stirred at room temperature over-
night. In the next step, 35 mL of H2O and 6 ml of H2O2 30% 
were added to the above-mentioned solution and the tem-
perature was raised to 98°C. Finally, the precipitate was 
washed with 5% HCl solution and then, distilled water 
for several times. Washing the precipitate continued until 
the eluent was neutral. The GO precipitate was then dried 
at P = 0.02 mbar, T = –70°C during 24 h by a freeze-dryer 
(Christ Alpha, 1-4LDplus, Germany).

To prepare the CoZnAl-LDH/GO nanocomposite, mix-
tures of 0.005 g GO in 10 mL H2O and 0.1 g CoZnAl-LDH 
in 50 mL DMF underwent ultrasound (Parsonic, 2600s-
50 W, Iran) for 40 min in separate containers. Then, the 
contents of these containers were mixed and stirred for 
4 h at 60°C. Following that, the nanocomposite was centri-
fuged and washed with ethanol and dried at 40°C. To pre-
pare the graphene/CoZnAl MMO, the prepared composite 
was calcined at 300°C for 12 h.

Finally, to prepare the graphene/CoZnAl-MMO/TiO2 
nanocomposite, the solutions of 0.15 g TiO2 in 20 ml water 
and 0.05 g graphene/CoZnAl-MMO in 50 mL DMF under-
went ultrasound for 40 min. Then the two solutions were 
mixed together and were then subjected to reflux for 
24 h at 90°C. Finally, the nanocomposite was centrifuged, 
washed once with ethanol and once with water, and dried 
at 40°C. The pH of zero point of charge (pHzpc) of the 
sample was determined in accordance with the method 
described in the previous work [15].

2.3. Characterization

Powder X-ray diffraction patterns were obtained by 
a Bruker Axs (Germany) model D8 advanced diffractom-
eter using Cu kα radiation (λ = 1.54Å). The morphology of 

Table 1
Characteristics of methylene blue [15]

Structure

Chemical formula C16H18N3SCl
Chemical class Cationic dye
lmax (nm) 660
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the sample was investigated by a field emission scanning 
electron microscopy (FESEM) device, model ULTRA55, 
Carl Zeiss MST AG, (Germany). DRS curves were recorded 
using a T80+ UV/VIS Spectrometer PG Instruments Ltd (UK). 
The absorbance values of the MB solutions were measured 
against water at 660 nm using the same spectrophotometer.

2.4. Photodegradation experiments

To explore the photodegradation efficiency of the 
as-prepared graphene/CoZnAl-MMO/TiO2 nanocompos-
ite, the degradation of MB was examined in a photoreactor 
equipped with a LED lamp (10 W, Tanus, P.R.C, with white 
visible irradiation and no UV light) which was 2 cm above 
the solution surface. Both the adsorption (in the dark) and 
photodegradation (under irradiation) experiments were 
carried out simultaneously. The difference between the 
removal percentages of adsorption and photodegrada-
tion experiments indicated the dye removal percentage by 
photodegradation. All experiments were performed under 
batch conditions at room temperature. In a typical experi-
ment, 0.02 g nanocomposite was added to 50 mL MB solu-
tion, while the solution was stirred by a magnetic stirrer 
(Germany, 814-DL, Labinco). The solution was sampled at 
specific intervals and the absorbance of the samples was 
measured using the UV-Vis spectrophotometer after centri-
fuging the samples. To determine the effect of the initial pH 
of the dye solution, a series of experiments were carried out 
using MB solutions (5 mg/L) with pH values of 4–9. To study 
the effect of initial MB and nanocomposite concentrations, 
similar experiments were conducted by changing their val-
ues. The obtained experimental data were used to analyze 
the effect of operating parameters on MB removal efficiency 
and also to study the photodegradation kinetic model.

The removal efficiency of the MB is expressed as:

R
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where C0 (mg/L) and Ct (mg/L) are the initial and final 
concentrations of MB, respectively. All experiments were 
repeated twice, and the error bar was plotted based on the 

standard deviation values. The Solver tool in Microsoft 
Excel 2013 was used to solve the equations.

3. Results and discussion

3.1. Structural characterization

The XRD patterns of GO, TiO2-P25, CoZnAl-LDH, and 
graphene/CoZnAl-MMO/TiO2 are shown in Fig. 1. Graphene 
oxide exhibited its characteristic peak at 2θ = 12.15° (JCPDS 
No. 41-1487) [17]. CoZnAl-LDH adequately shows the 
characteristic peaks of the LDHs family. Peaks observed at 
2θ = 11.8°, 23.5°, and 35°, and the dual-peak at around 61° 
are related to (003), (006), (110), (113) plans (JCPDS No. 
15-0087) of LDH compounds, respectively [18]. According to 
diffraction peaks, the cell parameters were obtained as fol-
lows: a = 0.994 nm, b = 0.573 nm, c = 1.594 nm, and the basal 
spacing was 0.78 nm. The disappearance of GO and LDH 
peaks in the graphene/CoZnAl-MMO/TiO2 nanocompos-
ite proves that after the calcination of CoZnAl-LDH/GO at 
300°C, CoZnAl-LDH has completely collapsed and graphene 
oxide has been reduced to graphene [19]. According to 
the literature [19], the characteristic peak of graphene is 
around 24° (JCPDS No. 75-1621) [20], which overlapped 
with the TiO2 peak in the XRD pattern of the nanocom-
posite. Due to the low temperature of calcination (300°C) 
and subsequently, the low crystallinity, the related peaks 
of cobalt and aluminum oxides were not observed. Such 
results have already been reported in the literature [21].

The DRS spectra of TiO2, calcined CoZnAl-LDH/
GO, and graphene/CoZnAl MMO/TiO2 are shown in 
Fig. 2. To calculate the optical band gap, the Davis and Mott 
model [22] was used [Eq. (2)].

ah h Eg
n� �� �( )  (2)

where a is the absorbance, hυ is the photon energy, Eg is the 
optical band gap, and n = 1/2 for allowed direct transition.

Fig. 3 shows the estimated band gap values. The band 
gap energies of the samples were determined by extrap-
olating the linear part of the (ahυ)2 curve against hυ. As 
shown in Fig. 3, a value of 3.1 eV was obtained for the 
TiO2 band gap. The band gaps of calcined CoZnAl-LDH/

 
Fig. 1. XRD patterns of (a) GO, (b) TiO2-P25, (c) CoZnAl-LDH, and (d) graphene/CoZnAl-MMO/TiO2.
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GO and graphene/CoZnAl-MMO/TiO2 were 3.3 and 2.7 eV, 
respectively. Therefore, it is clear that among TiO2, calcined 
CoZnAl-LDH/GO, and graphene/CoZnAl-MMO/TiO2, only 
the last one has photocatalytic activity in the visible light 
region.

Graphene/CoZnAl-MMO/TiO2 scanning electron micro-
scopy images (Fig. 4) show a uniform synthesis of the 
nanocomposite. The presence of graphene plates in the 
structure of the nanocomposite is quite clear (Fig. 4a). TiO2 
and CoZnAl-MMO nanoparticles are evenly distributed 
on the graphene plates (Fig. 4b). Fig. 5 represents the size 
distribution plot of the prepared Graphene/CoZnAl-MMO/
TiO2 particles, showing that most of the synthesized par-
ticles are in nano size. Commercial TiO2-P25 nanoparti-
cles can agglomerate, but the presence of graphene plates 
in the synthesized photocatalyst structure results in a 

flaky morphology that can reduce the agglomeration of 
the nanoparticles. The EDS analysis result of graphene/
CoZnAl-MMO/TiO2 photocatalyst is shown in Fig. 6. 
The peaks related to the metals and carbon of the nano-
composite structure confirm the successful synthesis of 
graphene/CoZnAl-MMO/TiO2. Elemental mapping analy-
sis of the synthesized nanoparticle is presented in Fig. 7. 
The results of this analysis show the uniform distribution 
of the elements in the nanoparticle structure, which is an 
evidence of its homogeneous and uniform synthesis.

The presence of graphene in the structure of the 
nanocomposite was investigated using FTIR analysis 
(Fig. 8) showing the C=C stretching vibration of graphene 
in 1,604 cm–1. The broad band that appears in 3,410 cm–1 is 
related to the O–H bond. Peaks appearing in the range of 
400–1,000 cm–1 are related to the stretching and bending 

 
Fig. 2. UV-Vis spectra of (a) TiO2, (b) calcined CoZnAl-LDH/GO, and (c) graphene/CoZnAl MMO/TiO2.

 
Fig. 3. Estimated band gap of (a) TiO2, (b) calcined CoZnAl-LDH/GO, and (c) graphene/CoZnAl MMO/TiO2.
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vibrations of metal-oxygen bonds, which are related to 
metal oxides in the nanocomposite structure.

3.2. Photocatalytic performance

The influence of operating parameters (initial pH of 
the MB solution, MB concentration, and photocatalyst con-
tent) was investigated on removal efficiency. The obtained 
results are shown in Fig. 9. The pH of photocatalytic oxida-
tion process affects its removal efficiency. The effect of the 
initial pH of the solution depends on the electrical charge 
of the contaminant and the pHzpc of the photocatalyst [23]. 
The pHzpc of graphene/CoZnAl-MMO/TiO2 was obtained 
as 6.21 (Fig. 9a). MB is a cationic dye, as a result, the elec-
trostatic interactions between the negatively charged pho-
tocatalyst surface and MB cations at pH values higher than 
pHzpc increase its adsorption and degradation. At pH 

values lower than pHzpc, the photocatalyst surface is pos-
itively charged, resulting in MB repulsion and a decrease 
in MB adsorption efficiency [24] (Fig. 9b). Decolorization 
experiments were carried out at different pH values 
in the range of 4–9. For photocatalytic removal, pH = 6 
showed the most adequate removal efficiency (Fig. 9c). 
An increase in the photocatalyst content resulted in higher 
MB removal efficiency due to the consequent rise of the 
number of active sites (Fig. 9d). According to Fig. 9e, 
changing the dye concentration in the range of 3–7 mg/L 
seemed to have no significant effect on its photocatalytic  
degradation.

The result of the present work was compared with those 
of similar published research works (Table 2), which shows 
that the result obtained in this work is acceptable consid-
ering the low-power visible-light source employed and 
the catalyst amount used.

 

Fig. 4. SEM images of graphene/CoZnAl-MMO/TiO2 nanocomposite.

 
Fig. 5. Size distribution of the synthesized graphene/CoZnAl-MMO/TiO2 nanocomposite.
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3.3. Effect of different inhibitors

The contributions of hydroxyl radicals (•OH), super-
oxide radical ions (O2

•–), and holes (h+) were investi-
gated in the photocatalytic MB degradation by graphene/

CoZnAl-MMO/TiO2 to understand the reaction mechanism 
[24]. A series of tests were performed in the presence of 
hydroquinone, sodium oxalate, and isopropanol, which are 
the inhibitors of O2

•–, h+, and •OH, respectively. According 
to Fig. 10, the negative effect of various inhibitors on the 

 
Fig. 6. EDS results of graphene/CoZnAl-MMO/TiO2 nanocomposite.

 
Fig. 7. Elemental mapping images of graphene/CoZnAl-MMO/TiO2 nanocomposite.
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photocatalytic reaction efficiency is as follows: sodium oxa-
late < hydroquinone < isopropanol, confirming the superior 
role of hydroxyl radicals and holes in photocatalytic MB 
degradation by graphene/CoZnAl-MMO/TiO2.

3.4. Kinetic modeling of the MB degradation process

The steps of MB photocatalytic degradation using 
graphene/CoZnAl-MMO/TiO2 can be demonstrated by the 
following reactions [29]:

Catalyst h e h� � �� �� �� k1  (3)

e h heat− ++  →k2  (4)

h H O OH H+ • ++  → +2
3k  (5)

h OH OH� � �� � ��k4  (6)

OH e OH� � �� � ��k5  (7)

OH OH h� � �� �� �k6  (8)

OH MB Intermediate Product IP� � � �� � �k7  (9)

OH IP Products P� � � �� � �k8  (10)

Based on reaction (9), the MB degradation rate can be 
written as follows:

� �� �� � �� �� � �� ��
�d

k
dt
MB

OH MB7  (11)

Based on reactions (3) to (10), the change of hydroxyl rad-
ical concentration during the dye degradation process can 
be written as follows:

d
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Based on the steady-state approximation of production 
and consumption of hydroxyl radicals, it can be assumed 
that the concentration of hydroxyl radicals is constant and 
does not change over time. Therefore, we consider the 
rate of hydroxyl radical concentration changes to be zero.

d

dt

OH��� �� � 0  (13)

By applying the above assumption and considering the 
constant water concentration (k3 [H2O] = k′3) the hydroxyl 
radical concentration can be written as follows:

OH
h h OH

e MB IP
�

� � �

�
�� �� �

� �� �� � �� �� � �� ��
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k k

k kk
3 4

5 7 8 ��� � k6

 (14)

Given Eqs. (3)–(6) and the equal concentrations of holes 
and electrons, the changes of [h+] with respect to time can 
be written as:

d
k I k k

k
dt
h

catalyst h H O h

h

+
+ +

+

  =   × −   −   ×  

−

1 2

2

3 2

4
  ×  

−OH  (15)

where I is the radiation intensity. According to Eqs. (5) 
and (6), the holes collide with hydroxide ions or water 

 
Fig. 8. FTIR spectra of graphene/CoZnAl-MMO/TiO2 nanocomposite.
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Fig. 9. (a) Determination of pHzpc of graphene/CoZnAl-MMO/TiO2 ([graphene/CoZnAl-MMO/TiO2] = 5 g/L, [NaNO3] = 0.1 mol/L, 
T = 20°C, agitation rate = 150 rpm, t = 24 h). (b) Effect of pH on MB adsorption. Effect of (c) pH, (d) catalyst dose, and (e) initial dye con-
centration on the photocatalytic degradation of MB. Constant operational conditions of experiments (b–e): [MB]0 = 5 mg/L, [graphene/
CoZnAl-MMO/TiO2] = 0.4 g/L, pH = 6, T = 28°C.
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molecules to produce hydroxyl radicals. Due to the higher 
water concentration than hydroxide ion, especially at neu-
tral pH region where the kinetic modeling experiments 
have been carried out, the expression k4[h+] × [OH−] vs. 
k3[H2O] × [h+] is negligible. Given the steady-state approxi-
mation for the holes, Eq. (15) is rewritten as Eq. (16).

k I k k1 2

2

3catalyst h h  × =   − ′  
+ +  (16)

Two scenarios can be considered:

• The electron-hole recombination is faster than the reac-
tion between the holes and the water molecules.

• The reaction rate between the holes and the water mol-
ecules is greater than the electron-cavity recombina-
tion rate.

In the first scenario, electron-hole recombination is 
very fast, in other words, the assumption k2[h+]2 

» k′3[h+] is 
accepted [30]. In this case, the concentration of the holes 
is calculated as follows:

k I k1 2

2
catalyst h  × =  

+  (17)

h
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1 2k
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I
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In the second scenario, the rate of collision and reac-
tion between the holes created in the valence band and the 
water molecules adsorbed by the catalyst surface is greater 
than the electron–hole recombination rate [31], so the hole 
concentration is calculated as follows:

k I k1 3catalyst h  × = ′  
+  (19)

h
catalyst+  =

 
′

×
2

1
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k
k

I  (20)

Therefore, considering the two scenarios mentioned above 
and the placement of Eqs. (18) and (20) in Eq. (14), two equa-
tions for hydroxyl radical concentration and consequently, 
two equations for rate constant and two equations for 
reaction rate were obtained.
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7 8 6
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 (21)

Table 2
Comparison of MB decolorization with different photocatalytic processes

Catalyst Light source Concentration 
of MB (ppm)

Amount of 
catalyst

Time References

TiO2 mounted pumice UV light (1.6 MW cm–2) 3 0.1 g 48 h [25]
TiO2/ZrP Solar radiation 20 1 g/L 4 h [26]
TiO2/MgAl-LDH Hg UV lamp (100 W) 13 1 g/L 1 h [27]
SnO2/MgAl-LDH Hg UV lamp (6 W) 6 1 g/L 1 h [28]
ZnTi-LDH Xenon lamp equipped with a 

wavelength filter (420 nm, 300 W)
5 1 g/L 100 min [3]

Graphene/CoZnAl-MMO/TiO2 LED lamp (10 W) 5 0.4 g/L 4 h This work

 
Fig. 10. The effect of different inhibitors on the photocatalytic MB degradation by graphene/CoZnAl-MMO/TiO2 ([Catalyst] = 0.4 g/L, 
pH = 6, T = 28°C, [MB]0 = 5 mg/L, [Inhibitor] = 10 mM).
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Eq. (21) includes unknown [MB] and [IP] which are 
impossible to measure. But the following assumption can 
be met to simplify the equation.

MB IP MB�� �� � �� �� � �� ��0
 (22)

where [MB]0 is the initial dye concentration. The k7[MB] + 
k8[IP] term is then rewritten as follows:

k

k

k k k7 8 7 0 8 0

7

MB IP MB IP MB MB  +   =   −  ( ) +   −  ( )
= ++( )  −  
−   ∼ + ) (

k k

k kk
8 0 7

8 7 8 0

MB IP

MB MB  (23)

According to Eq. (23), Eq. (21) is rewritten:

OH

catalyst

catalyst
��� �� �

� �
�� ���

�
��

�

�
�� �

�
1

3
1

2

1 2

1 2

5
1

k I
k

k

k
k

/

/

��� ���

�
��

�

�
�� � � �� ��� �� �

k
kI k k

2

1 2

1 2
7 8 0 6

/

/ MB
  

 (24)

OH

catalyst

cata
��� �� �

�
�� ���

�
��

�

�
�� �

�

�

1

6

1

2

1 2

1 2

5

6

1

3k
k

k
k

k
k

k

I
/

/

llyst
MB

�� ���

�
��

�

�
�� � �

��

�
�

�

�
� �� �� �

k
k
k

I k

2

1 2

1 2 7 8

6
0

1
/

/

  
 (25)

For the second scenario, with similar steps and assump-
tions to the first scenario, the equation of the hydroxyl 
radical concentration is written as follows:
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By placing Eqs. (25) and (26) in Eq. (11), two equations 
were obtained for the rate.
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By defining the constants α, β, and g, the rate relations 
are simplified.
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By combining Eqs. (11), (32), and (36), the following equa-
tions were derived for the calculated rate constant values 
(kcal).
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Eqs. (37) and (38) were solved by employing the lin-
ear least squares method using the Solver program in 
the Excel software. To calculate the model error, the sum 
of squared error (SSE) and the root-mean-squared error 
(RMSE) were calculated based on the following equations.

SSE cal� �� �
�
� y yi i
i

N

, ,exp

2

1
 (39)

RMSE cal� �� �
�
�1 2

1N
y yi i

i

N

, ,exp  (40)



269M. Sharifi-Bonab et al. / Desalination and Water Treatment 249 (2022) 259–270

where N is the number of data points and yi,pred and yi,exp 
are the predicted and experimental removal efficiencies, 
respectively. The results shown in Table 3 prove that the 
predicted kinetic model based on the assumption of high 
electron–hole recombination rate fits the experimental data 
more adequately.

Finally, by placing Eq. (37) in Eq. (39), the conversion 
fraction was obtained as follows:

X k t� � �� ��1 1exp cal  (41)

Fig. 11 illustrates the relationship between the Xcal and 
the Xexp values. As can be seen, the data obtained from the 

kinetic model are in good agreement with the experimen-
tal data. This proves that the proposed model for the pho-
tocatalytic degradation of MB by graphene/CoZnAl-MMO/
TiO2 works well and can predict MB conversion fraction 
at the studied conditions.

4. Conclusion

A new photocatalyst graphene/CoZnAl-MMO/TiO2 
was synthesized. The addition of graphene and MMO to 
the nanocomposite reduced the band gap and caused the 
photocatalytic activity of graphene/CoZnAl-MMO/TiO2 
in the visible area. The photocatalyst was used to decol-
orize the MB solution. According to the results, the best 

Table 3
Constants, error (SSE, RMSE), and correlation coefficients (R2) of the developed kinetic models

RMSE SSE R2 Constants values Equation constant Equation of kcal

1.086 × 10–3 2.36 × 10–5 0.9907 3.9 × 10–3
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Fig. 11. Comparison of the experimental conversion fractions and those calculated by the developed kinetic model.
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removal conditions were obtained at pH = 6, [MB] = 5 mg/L 
and [catalyst] = 0.4 g/L. According to the obtained R2, 
SSE, and RMSE values, the values obtained for the cal-
culated and experimental rate constants were in good 
agreement. The conversion fractions obtained from the 
pseudo-first-order equation using experimental and calcu-
lated rate constants had good agreement as well.
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