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Abstract. This study aims to remove one of the frequently used dyes in textile industries,
i.e., Methyl Orange, from polluted water with TiO2/ZnFe2O4/glycine catalyst under UV
irradiation. The TiO2/glycine/ZnFe2O4 nanocatalyst was synthesized using the sol{gel
method and characterized by XRD, XRF, FT{IR, UV{visible DRS, BET, FE{SEM, and
EDX analyses. Process factors including initial dye concentration (10{30 ppm), catalyst
dosage (0.5{1.5 g/L), initial pH solution (3{11), and irradiation time (30{150 min) were
investigated by central composite design. The removal e�ciency of methyl orange was 80%
under the optimal conditions, i.e., dye concentration of 20 ppm, catalyst dosage of 1 g/L,
irradiation time of 120 min, and pH = 6.5. The e�ects of mineral salts such as NaHCO3,
NaCl, Na2SO4, KCl, MgSO4, and CaCl2 with the concentrations of 50{800 ppm on the dye
removal e�ciency were evaluated under optimal conditions. Although low concentrations
of NaCl, KCl, and CaCl2 had adverse e�ects on MO removal e�ciency, the dye removal
e�ciency was enhanced at their high levels (RNaCl:800 = 74:52%). An increase in the
concentrations of MgSO4 and Na2SO4 produced deactivation e�ects on the dye removal
e�ciency and reaction rate constant (MgSO4 deactivation: 36%). The pollutant removal
e�ciency and reaction rate constant increased using NaHCO3 (RNaHCO3:800 = 82:4% and
kNaHCO3:800 = 20:84 day�1).
© 2021 Sharif University of Technology. All rights reserved.

1. Introduction

Methyl Orange (MO), which belongs to azo dyes, is
widely used in textile, food, paper, leather, printing,
and pharmaceutical industries [1,2]. Wastewater con-
taining MO has devastating e�ects on the environment
due to its toxicity, carcinogenicity, mutagenicity, non-
biode gradability, and complex chemical structure [3{
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6]. In recent years, researchers have studied the role
of Advanced Oxidation Processes (AOPs) in remov-
ing dyes from wastewater. Based on the generation
of hydroxyl radicals for degrading pollutants, these
techniques are characterized by high removal e�ciency
with no secondary contamination being produced [7,8].
Among AOPs, photocatalysis is a promising technology
for the treatment of dyes from pollutant water due
to its high e�ciency in removing non-biodegradable
contaminants [9{12]. A green photocatalyst, TiO2, has
received considerable attention in the case of photo-
catalysis owing to its high photoactivity, outstanding
stability, and non-toxic nature [13,14]. However, the
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applicability of pure TiO2 in the visible light region
is limited since it experiences a wide bandgap (3.2
eV) and a rapid recombination rate of electron-hole
pairs [15]. In order to modify the TiO2 bandgap and
reduce the recombination rate of electron-hole pairs,
doping this photocatalyst with semiconductors and
non-metal elements is of signi�cance in enhancing TiO2
performance [16]. For this reason, ZnFe2O4 semicon-
ductor has been used owing to its narrow bandgap
energy (1.9 eV), strong photochemical stability, and
low cost [17]. Another dopant is glycine that consists
of carbon and nitrogen elements, and it is also non-
toxic and inexpensive [18].

To the best of our knowledge, no study has
reported the removal of MO from polluted water using
TiO2/ZnFe2O4/glycine catalyst in the presence of min-
eral salts. The objective of this study was to investigate
the treatment of MO from aqueous solution with
TiO2/ZnFe2O4/glycine under UV irradiation. The
catalyst is synthesized using the sol{gel method and is
characterized by XRD, XRF, FT{IR, UV{visible DRS,
BET, FE{SEM, and EDX analyses. Process factors
including initial dye concentration, catalyst dosage,
initial pH solution, and irradiation time were inves-
tigated using Response Surface Methodology (RSM).
Moreover, the e�ects of the concentrations of mineral
salts such as NaHCO3, NaCl, Na2SO4, KCl, MgSO4,
and CaCl2 on the dye removal e�ciency were examined
under optimal conditions.

2. Material and methods

2.1. Materials
The chemicals used for preparation of TiO2/ZnFe2O4/
Glycine nanocatalyst were FeN3O9.9H2O (CAS#
10421484, purity 98%), Zn(NO3)2.6H2O (CAS#
7779886, purity 99%), citric acid (CAS# 77929, purity
99%), glycine (CAS# 56406, purity 99%), tetrabutyl
orthotitanate (CAS# 5593704, purity 99%), ethanol
(CAS#64174, purity 99%), and HCl (CAS#7647010,

purity 30%). Moreover, NaOH (CAS#1310732, purity
95%) and H2SO4 (CAS#7664939, purity 97%) were
used to adjust the pH of the solution. All of the
used chemicals along with MO dye and some mineral
salts such as NaCl, NaHCO3, KCl, Na2SO4, CaCl2,
and MgSO4 were purchased from Merck Company,
Germany. The properties of MO dye are presented in
Table 1.

2.2. Synthesis of TiO2/ZnFe2O4/glycine
catalyst

Based on the screening experiments, the opti-
mal weight ratios of TiO2/ glycine{5% and TiO2/
glycine/ZnFe2O4{35% were taken into account in
this study. First, to synthesize ZnFe2O4 catalyst
(1 g), FeN3O9.9H2O solution (1 M, 8.3 mL) and
Zn(NO3)2:6H2O solutions (1 M, 4.15 mL) were mixed.
Next, citric acid solution (1 M, 18.7 mL) was added
to the above solution. The �nal solution was stirred
at 100�C for 1 h to form a gel. The process ended
with drying of the obtained gel in an oven at 120�C
for 24 h and calcination of ZnFe2O4 catalyst in a
mu�e furnace at 500�C for 2 h [19]. To synthesize
TiO2/ZnFe2O4/glycine (1 g) using the sol-gel method,
tetrabutyl orthotitanate (16 mL) was �rst added drop-
wise into ethanol (20 mL) with a molar ratio of
TiO2/C2H5OH (1:15). In addition, ZnFe2O4 (2 g) and
glycine (0.2 g) were dissolved in ethanol and deionized
water, respectively. Then, the solution underwent
ultrasound at 80�C for 30 min, and HCl, glycine, and
ZnFe2O4 solutions were added dropwise into tetrabutyl
orthotitanate solution, respectively. The obtained
solution was stirred at 80�C to form a gel.

Finally, the gel was dried in an oven at 120�C
for 24 h, and the calcination process was performed
in a mu�e furnace at 450�C for 2 h to achieve
TiO2/ZnFe2O4/glycine nanocatalyst [20].

2.3. Characterization
Some analyses were conducted to characterize
TiO2/ZnFe2O4/glycine catalyst. For instance, XRD

Table 1. Characteristics of MO dye.

Dye name Methyl Orange (MO)

Type Azo dye

Chemical formula C14H14N3NaO3S

Chemical structure

Molecular weight (g/mol) 327.33

Solubility (mg/L) 5000

�max (nm) 465

pKa 3.4
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analysis was employed to detect TiO2 and ZnFe2O4
by an X{ray di�raction device (D{8 Advance, Bruker,
Germany). Based on the XRD analysis and Scherrer
equation, the crystallite size of the nanocatalyst was
determined by Eq. (1).

D =
K�

B cos �
; (1)

where D is the crystallite size (average in �A), K the
shape factor (0.9), � the wavelength of the used X{ray
(1.54 �A), B the width of the maximum peak at half of
its height (FWHM), and � half of the Brag angle (in
terms of radiant).

XRF analysis was performed to determine the
composition of the compounds in the synthesized
nanocatalyst by an X{ray 
uorescence device (S4{
Pioneer, Bruker, Germany). To determine the func-
tional groups of the nanocatalysts, FT{IR analysis
was performed using a Fourier transform infrared
spectrometer device (FT{IR{6899, Jasco, Japan). Fur-
ther, BET analysis was conducted to investigate the
surface area, pore{volume, and average pore diame-
ter of the nanocatalyst by measuring N2 adsorption
at 77 K (Bell 12, Japan). Electron microscopy
images were taken by an FE{SEM device (S{4160,
Hiotachi, Japan), and the morphology and structure
of the nanocatalyst were examined by a scanning
electron microscopy device (SEM, XL series, Phillips
XL30) equipped with EDX analysis (MIRA3, Tescan,
Czechia). Furthermore, UV{Vis DRS analysis was car-
ried out to measure the bandgap energy of the nanocat-
alyst using an ultraviolet{visible spectrophotometer
device (V{670, Jasco, Japan). The bandgap energy
of TiO2/ZnFe2O4/glycine nanocatalyst was calculated
by Tauc plot through the following equations:

�(h�) = (h� � Eg)1=n; (2)

h� =
1240
�

; (3)

where Eg is the bandgap energy (eV), � the absorption
coe�cient, h the Planck's constant, and � the light
frequency. n equals 0.5 or 2 depending on the nature
of the electron transition, and � is the wavelength of
the absorption edge in the spectrum (nm).

2.4. Photocatalytic removal experiments
Photocatalytic experiments for MO removal were car-
ried out in a cylindrical reactor (200 mL) with a UV
lamp (11 W and 254 nm). The reactor was covered
by a water circulation system and equipped with a
thermometer to adjust the reactor temperature at
25�2�C. Figure 1 shows the experimental setup.

According to Table 2, an MO solution was pre-
pared for each photocatalytic experiment, and H2SO4
and NaOH adjusted the pH of the MO solution via
a pH meter (UB{10, Denver). The MO solution
and a speci�c concentration of TiO2/ZnFe2O4/glycine
nanocatalyst were transferred to the reactor. Followed
by conducting the MO photocatalytic experiments at
the determined irradiation time, a nocatalyst was
separated from the MO solution by a centrifuge device
(Supra 22K, Hanil) at 10000 rpm for 20 min. The
�nal MO concentration was measured using a UV{VIS
spectrophotometer (V{570, Jasco, Japan) at �max =
465 nm. The e�ciency of MO (R) removal was
calculated by Eq. (4):

R =
Ci � Cf
Ci

� 100%; (4)

where Ci and Cf are the initial and �nal concentrations
of MO (mg/L), respectively.

Furthermore, to investigate the e�ects of mineral

Figure 1. Experimental setup.

Table 2. Selected factors and levels for MO removal.

Factors Symbol
Levels

{2 {1 0 +1 +2

pH A 3 5 7 9 11

Dye concentration (ppm) B 10 15 20 25 30

Catalyst dosage (g/L) C 0.5 0.75 1 1.25 1.5

Irradiation time (min) D 30 60 90 120 150
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salts on MO removal e�ciency under optimal condi-
tions, NaHCO3, NaCl, Na2SO4, KCl, MgSO4, and
CaCl2 with concentrations of 50, 100, 200, 400, and 800
ppm, respectively, were taken into account. Reaction
rate constant (k) was calculated by the following
equation at 30 min time intervals:

�rA =
dCA
dt

= kCnA: (5)

In Eq. (5), �rA, k, CA, and t are the reaction rate,
reaction rate constant, MO concentration, and reaction
time, respectively.

2.5. Experimental design
One of the commonly used models of RSM, i.e., Central
Composite Design (CCD), was used to examine the
e�ects of process factors on MO removal e�ciency
using TiO2/ZnFe2O4/glycine catalyst. Based on the
primary screening experiments, the process factors
including pH, dye concentration, catalyst dosage, and
irradiation time were selected, and other parameters
such as temperature (25�2�C) and UV lamp radiation
(11 W, 254 nm) were kept constant. Table 2 presents
the selected factors and levels required for MO removal.

Based on Eq. (6), for four factors, �ve levels,
and six central point replications, 30 experiments were
designed through the Design-Expert 10.0.7 software:

N = 2k + 2k + n0; (6)

where N , k, and n0 are the numbers of total runs,
factors, and central point replications, respectively.

3. Results and discussion

3.1. Characterization of
TiO2/ZnFe2O4/glycine catalyst

The XRD pattern of TiO2/ZnFe2O4/glycine catalyst is
illustrated in Figure 2. The main peaks at 2� values of
25.41�, 38.05�, 48.03�, and 54.94�belonged to Anatase

Figure 2. XRD pattern of TiO2/ZnFe2O4/glycine
catalyst.

Table 3. XRF analysis of TiO2/ZnFe2O4/glycine
catalyst.

Compound Concentration
(W/W%)

TiO2 63.47

Fe2O3 24.26

ZnO 11.033

Al2O3 0.067

Cl 1.08

CuO 0.042

SiO2 0.048

Total 100

Figure 3. FT-IR spectrum of TiO2/ZnFe2O4/glycine
catalyst.

TiO2 phase [21]. In addition, ZnFe2O4 at 2� values
of 29.89�, 35.24�, and 62.28� had major peaks, which
con�rmed the Franklinite phase [22]. However, Figure
2 does not depict the peaks of nitrogen and carbon
due to their low glycine concentration. According to
Eq. (1), the crystallite size of TiO2/ZnFe2O4/glycine
catalyst was calculated as 8.14 nm.

According to the results of XRF shown in
Table 3, TiO2/ZnFe2O4/glycine nanocatalyst con-
sists of 63.47 Wt% of TiO2 and 11.03 Wt% of
ZnO. The precalculated value of the weight ratio of
ZnFe2O4/(TiO2/glycine) in the catalyst (0.5) was also
successfully obtained.

FT{IR spectrum of the TiO2/ZnFe2O4/glycine
catalyst (Figure 3) shows the peaks of Fe{O, Zn{O, and
Ti{O functional groups at the wavenumbers of approx-
imately 462, 544, and 873 cm�1, respectively [23,24].
Furthermore, C{N, N{O, N{H, and O{H functional
groups had wavenumbers of about 1339, 1462, 1610,
and 3428 cm�1, respectively, con�rming the presence
of Glycine in the catalyst [25].

The UV{Vis DRS spectrum of TiO2/ZnFe2O4/
glycine nanocatalyst (Figure 4(a)) indicates the high
absorption intensity of the nanocatalyst in the vis-
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Figure 4. (a) UV{Vis DRS spectrum of
TiO2/ZnFe2O4/glycine catalyst. (b) Bandgap energy
determination of TiO2/ZnFe2O4/glycine catalyst.

ible light region (absorption edge of 700 nm). As
observed in Figure 4(b), the bandgap energy of
TiO2/ZnFe2O4/glycine nanocatalyst was calculated as
2.1 eV using the Tauc plot (Eqs. (2) and (3)). The
obtained results given in Figure 4 can be veri�ed by the
photogenerated electron transition in the ZnFe2O4 en-
ergy band structure, which increased the mobility and
absorption of the carrier and decreased the bandgap
energy in the catalyst [22] compared to TiO2 with
an absorption edge of 390 nm and bandgap energy of
3.2 eV.

BET analysis of TiO2/ZnFe2O4/glycine is pre-
sented in Table 4. According to the results, the catalyst
covers a BET surface area of 56.239 m2/g, an average
pore diameter of 7.559 nm, and a total pore volume of
0.106 cm3/g.

The EDX spectrum of TiO2/ZnFe2O4/glycine
catalyst (Figure 5) con�rms the presence of several
elements such as Ti (40.25%), O (34.83%), Fe (10.12%),
C (6.41%), Zn (5.62%), and N (2.77%).

Moreover, the FE{SEM image of TiO2/ZnFe2O4/
glycine catalyst (Figure 6(a)) is indicative of the porous
structures with particle sizes of 24.31, 33.54, and
26.73 nm, respectively. Particle size distribution of
TiO2/ZnFe2O4/glycine catalyst was measured using

Table 4. BET analysis of TiO2/ZnFe2O4/glycine
catalyst.

Parameter (unit) Value

BET surface area (m2/g) 56.239

Langmuir surface area (m2/g) 60.269

External surface area (m2/g) 35.494

Microporesurface area (m2/g) 43.652

Total pore volume (cm3/g) 0.106

Average pore diameter (nm) 7.559

Figure 5. EDX spectrum of TiO2/ZnFe2O4/glycine
catalyst.

Image J 1.44p software. According to Figure 6(b), the
particle size distribution of the catalyst was between 1
and 80 nm, and most of particle sizes were below 10
nm.

The point of zero charge (pHpzc) for TiO2/Zn
Fe2O4/glycine catalyst was determined based on the
pH drift method by intersecting the pH curve with
the y = x line [26]. Based on Figure 7, the pHpzc of
TiO2/ZnFe2O4/glycine catalyst was measured as 7.2.

3.2. Results of photocatalytic experiments on
MO removal e�ciency

The results of Analysis of Variance (ANOVA) for MO
removal e�ciency are reported in Table 5. In this
regard, the P{value and F{value were considered as
two indices indicating the signi�cance of factors and
priority of in
uence of factors, respectively. The factor
with a P{value of < 0:05 was a signi�cant factor (con-
�dence interval: 95%). The model presented in Table 5
was also signi�cant (P < 0:0001). Moreover, the
pH, MO concentration, irradiation time, interaction
between the pH and catalyst dosage, and interaction
between the irradiation time and MO concentration
were signi�cant factors. According to F{value, the
MO concentration, irradiation time, pH, and catalyst
dosage had maximum e�ects on MO removal e�ciency
ranked in order.
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Figure 6. (a) FE-SEM image of TiO2/ZnFe2O4/glycine
catalyst. (b) Particle size distribution of
TiO2/ZnFe2O4/glycine catalyst.

Figure 7. pHpzc for TiO2/ZnFe2O4/glycine catalyst.

Figure 8(a) indicates that the experimental re-
sults were well �tted with the data of the predicted
model in terms of MO removal e�ciency. The values
of R2(0:9985) and adjusted R2(0:9972) proved the

Figure 8. Plots of (a) predicted values vs. actual results,
(b) normal probability vs. residuals, and (c) internally
studentized residuals vs. predicted results for MO removal.

accuracy and acceptability of the model used in this
study. Figure 8(b) con�rms the e�ciency of the
proposed model by plotting the normal probability of
the residuals. Furthermore, Figure 8(c) presents a com-
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Table 5. ANOVA for MO removal.

Source Sum of
squares

df Mean
square

F -value p-value Status

Model 7064.01 14 504.57 737.27 < 0:0001 Signi�cant

A (pH) 5.95 1 5.95 8.69 0.0100 Signi�cant

B (MO concentration) 3202.82 1 3202.82 4679.90 < 0:0001 Signi�cant

C (catalyst dosage) 0.5370 1 0.5370 0.7847 0.3897 Not signi�cant

D (irradiation time) 2377.85 1 2377.85 3474.47 < 0:0001 Signi�cant

AB 6.57 1 6.57 9.59 0.0074 Signi�cant

AC 227.63 1 227.63 332.61 < 0:0001 Signi�cant

AD 0.2783 1 0.2783 0.4066 0.5333 Not signi�cant

BC 0.3752 1 0.3752 0.5482 0.4705 Not signi�cant

BD 33.32 1 33.32 48.69 < 0:0001 Signi�cant

CD 0.0150 1 0.0150 0.0219 0.8843 Not signi�cant

A2 653.17 1 653.17 954.40 < 0:0001 Signi�cant

B2 0.2166 1 0.2166 0.3164 0.5821 Not signi�cant

C2 379.08 1 379.08 553.90 < 0:0001 Signi�cant

D2 4.73 1 4.73 6.91 0.0190 Signi�cant

Lack of �t 7.00 10 0.7004 1.07 0.4996 Not signi�cant

parison between the internally studentized residuals
and predicted results, indicating the high e�ciency of
the presented model or the assumption of the constant
variance.

The quadratic model for MO removal e�ciency is
shown in Eq. (7).

R(%) = + 70:16� (0:49�A)� (11:55�B)

+ (0:15� C) + (9:95�D) + (0:64�AB)

+ (3:77�AC)�(0:13�AD)�(0:15�BC)

+ (1:44�BD)�(0:03� CD) + (4:88�A2)

� (0:09�B2)�(3:72� C2)�(0:41�D2): (7)

The percentage e�ect of each factor on MO removal
e�ciency was determined by Pareto analysis (Eq. (8)):

Pi = (
b2iP
b2i

)� 100%; (8)

where bi is the coe�cient of each factor, and Pi is the
percentage e�ect.

The results revealed that MO concentration (B :
46:44%) had the most signi�cant e�ect on MO removal
e�ciency.

3.3. E�ects of process factors on MO removal
e�ciency

The e�ects of MO concentration and irradiation time
on MO removal e�ciency are presented in Figure 9(a)

(catalyst dosage = 1 g/L and pH = 7). Although
MO removal showed maximum e�ciency at low dye
concentrations, it decreased at high concentrations of
MO. When MO concentration increased from 10 to 20
ppm at the irradiation time duration of 90 min, MO
removal e�ciency decreased from 92.9 to 70.2%. With
further increase in MO concentration to 30 ppm at the
same irradiation time, MO removal e�ciency decreased
to 46.7%, mainly because the catalyst surface was satu-
rated at high MO concentrations, thus attenuating the
activation of the catalyst in generating electron-hole
pairs and hydroxyl radicals [27,28]. As shown in Figure
9(a), the removal of MO with TiO2/ZnFe2O4/glycine
nanocatalyst occurred within a longer irradiation time
span due to the complex structure of the dye [29]. In
an MO concentration of 20 ppm, MO removal e�ciency
increased from 48.6 to 70.2%, with the irradiation time
increasing from 30 to 90 min. Then, MO removal
e�ciency reached 88.4% after 150 min. Moreover, in
MO concentrations of 10{13 ppm, MO was completely
removed within approximately 120 min. However, at
MO concentrations greater than about 13 ppm, the
removal e�ciency reached 100% after 150 min mainly
due to the interaction between irradiation time and
MO concentration. Figure 9(b) shows the e�ects of
catalyst dosage and MO concentration on MO removal
e�ciency (pH = 7 and irradiation time = 90 min).
Upon an increase in TiO2/ZnFe2O4/glycine catalyst
dosage from 0.5 to 1 g/L in an MO concentration of 20
ppm, MO removal e�ciency �rst increased by 15.2%
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Figure 9. Counter plots of MO removal e�ciency as (a)
irradiation time and MO concentration, (b) catalyst
dosage and MO concentration, and (c) MO concentration
and pH.

and then, decreased by 14.6% at a catalyst dosage
of 1.5 g/L. These results can be con�rmed based on
the report of the active sites for the catalyst. At
low catalyst dosages, MO removal e�ciency would rise

owing to the detected active sites on the surface of the
catalyst and the increased UV permeation through the
catalyst. However, high catalyst dosages would lessen
MO removal e�ciency since the catalysts blocked the
UV permeation and developed the turbidity [7,30]. The
e�ects of pH and MO concentration on MO removal
e�ciency are illustrated in Figure 9(c) (catalyst dosage
= 1 g/L and irradiation time = 90 min). There was
a 20.5% decline in MO removal e�ciency with an
increase in pH from 3 to 7 in the dye concentration
of 20 ppm. In addition, a rise in pH from 7 to
9 led to an increase in MO removal e�ciency from
70.2 to 74.5%, and the removal e�ciency increased
to 88.7% at pH = 11. Under acidic conditions,
TiO2/ZnFe2O4/glycine catalyst is positively charged
for pH < pHpzc. Therefore, MO removal e�ciency
increased due to electrostatic attraction [31]. After
that, MO removal e�ciency declined following an
increase in pH to 7. At an alkaline pH, hydroxyl
radicals are produced more rapidly thanks to their high
concentrations [32], resulting in reacting more readily
with MO and increasing MO removal e�ciency.

The predicted removal e�ciency of MO was 80.2%
under optimal conditions (dye concentration = 20 ppm,
catalyst dosage = 1 g/L, irradiation time = 120 min,
and pH = 6.5). To verify the prediction results of
the presented model, experiments were carried out
under optimal conditions and the removal e�ciency
was measured at 80%.

3.4. E�ects of mineral salts on MO removal
e�ciency

To investigate the e�ects of mineral salt concentra-
tions on MO removal e�ciency, the removal e�ciency
was considered at 80% under the following optimal
process conditions: MO concentration of 20 ppm,
TiO2/ZnFe2O4/glycine catalyst dosage of 1 g/L, irra-
diation time of 120 min, and pH = 6.5. The impacts of
mineral salts, including NaHCO3, NaCl, Na2SO4, KCl,
MgSO4, and CaCl2 on MO removal e�ciency under
optimal conditions are reported in Table 6.

3.4.1. Chloride ions
Low concentrations of NaCl, KCl, and CaCl2 had ad-
verse e�ects on the dye removal e�ciency and reaction
rate constant due to the formation of fouling on the
catalyst [33], such that NaCl at a concentration of
50 ppm experienced the minimum removal e�ciency
of 66.96% and reaction rate constant of 13.27 day�1.
However, ionic strengths of NaCl, KCl, and CaCl2 at
high concentrations increased MO removal e�ciency
and reaction rate constant (kNaCl:800 = 16:36 day�1

and RNaCl:800 = 74.52%). This increase occurred
because high ionic strength reduced the dye resistance
to the surface of the catalyst by compressing the
electric layer, resulting in greater adsorption [33].
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Table 6. E�ects of mineral salts on MO removal e�ciency and reaction rate constant (TiO2/ZnFe2O4/glycine catalyst
dosage: 1 g/L, MO concentration: 20 ppm, pH: 6.5, and irradiation time: 120 min).

Mineral
salts

Concentration
(ppm)

k
(day�1)

R
(%)

pH r2 Mineral
salts

Concentration
(ppm)

k
(day�1)

R
(%)

pH r2

NaHCO3

50 14.89 71.27 7.5 0.9881

NaCl

50 13.27 66.96 6.5 0.9989

100 16.33 74.45 8.3 0.9825 100 15.07 71.58 6.5 0.9950

200 17.65 77.10 8.7 0.9862 200 15.98 73.78 6.5 0.9831

400 17.89 77.49 9.1 0.9822 400 16.06 73.83 6.5 0.9910

800 20.84 82.40 9.1 0.9972 800 16.36 74.52 6.5 0.9958

Na2SO4

50 15.23 72.23 6.5 0.9971

KCl

50 13.83 68.37 6.5 0.9894

100 15.15 71.70 6.5 0.9948 100 15.02 71.43 6.5 0.9923

200 14.64 70.52 6.5 0.9916 200 15.74 73.08 6.5 0.9955

400 13.23 66.81 6.5 0.9956 400 15.75 73.09 6.5 0.9953

800 13.01 66.20 6.5 0.9800 800 15.93 73.48 6.5 0.9966

MgSO4

50 13.42 67.34 6.5 0.9857

CaCl2

50 14.73 70.75 6.5 0.9989

100 13.21 66.76 6.5 0.9861 100 14.93 71.17 6.5 0.9954

200 12.91 65.47 6.5 0.9883 200 15.28 72.10 6.5 0.9969

400 12.65 65.29 6.5 0.9889 400 15.42 72.35 6.5 0.9996

800 12.34 64.26 6.5 0.9874 800 15.47 72.49 6.5 0.9997

The in
uences of NaCl, KCl, and CaCl2 on
the dye removal e�ciency and reaction rate constant
were Ca2+ > K+ > Na+ at low concentrations and
Ca2+ < K+ < Na+ at high levels [21,34].

3.4.2. Bicarbonate ions
NaHCO3 had a major e�ect on MO removal e�ciency
and reaction rate constant; in other words, with an
increase in the NaHCO3 concentration, pH rose from
6.5 to 9.1, thus increasing MO removal e�ciency.
Such an increase results from an increase in pH and
ionic strength in high NaHCO3 concentrations [35,36].
The pollutant removal e�ciency reached 82.4% at
the NaHCO3 concentration of 800 ppm, which was
less than 84.1% for MO removal e�ciency without
mineral salts concentrations at pH = 9 (kH2O = 19:31
day�1). This is because the presence of HCO�3 con-
sumes hydroxyl radicals and generates lower reactive
of CO�3 [37], thus declining MO removal e�ciency [38].

3.4.3. Sulfate ions
According to Table 6, a rise in the concentrations
of Na2SO4 and MgSO4 from 50 to 800 ppm had
deactivation e�ects on the dye removal e�ciency and
reaction rate constant (kNa2SO4:800 = 13:01 day�1

and kMgSO4:800 = 12:34 day�1) mainly because SO��4
produced by the reaction of SO2�

4 with positive holes
and hydroxyl radicals was less reactive [39], which

caused a drop in MO removal e�ciency and reaction
rate constant.

In a study conducted by Zabat et al. in 2019,
the e�ects of some mineral salts such as NaCl, CaCl2,
and Na2SO4 with concentrations of 500 ppm on MO
removal e�ciency were examined. The results re-
vealed that all inorganic anions had inhibitory e�ects
on MO discoloration e�ciency; therefore, an 37.5%
decrease in the dye removal e�ciency with CaCl2 was
observed [40].

A kinetic study of mineral salts on MO removal
e�ciency was conducted under optimal conditions (MO
concentration = 20 ppm, catalyst dosage = 1 g/L,
irradiation time = 120 min, and pH = 6.5). The
results of Eq. (5) proved the viability of the �rst-order
kinetic model for MO removal e�ciency due to its high
determination coe�cient values (r2). The values of k
and r2 are presented in Table 6.

3.5. Recoverability of TiO2/ZnFe2O4/glycine
catalyst for MO removal e�ciency

Reusability of TiO2/ZnFe2O4/glycine catalyst for the
treatment of MO from aqueous solution was investi-
gated under optimal conditions (dye concentration =
20 ppm, catalyst dosage = 1 g/L, irradiation time =
120 min, and pH = 6.5). The results illustrated that the
catalyst was still stable after repeating the experiments
�ve times (MO removal e�ciency = 80%). As a
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result, TiO2/ZnFe2O4/glycine catalyst gained high
stability and recoverability for MO removal e�ciency.
MO removal e�ciency with TiO2/ZnFe2O4 catalyst
was examined under optimal conditions. The results
indicated that there was a 20% increase in MO removal
e�ciency while coating by glycine.

3.6. Comparison of MO removal e�ciency
with recent photocatalytic research

Some studies have reported the application of photo-
catalytic processes to removing MO from contaminated
water in recent years. Table 7 presents a comparison of
MO removal e�ciency achieved in this study with that
in other recent studies under optimal conditions. The

results illustrated that TiO2/ZnFe2O4/glycine catalyst
was the most e�cient one in removing MO (80%). In
addition, to the best of the author's knowledge, only
this study investigated the e�ects of dissolved mineral
salts on MO removal e�ciency. In this respect, the
synthesized TiO2/ZnFe2O4/glycine catalyst under UV
irradiation can be employed as an e�ective process for
treating MO dye from polluted water in the presence
of mineral salts, pointing to the novelty of this study.

4. Conclusions

The results indicated that MO concentration, irradi-
ation time, pH, and catalyst dosage had maximum

Table 7. Comparison of MO removal e�ciency via photocatalytic processes in recent years.

Catalyst Operational
conditions

MO removal
e�ciency

(%)
Reference

ZnFe2O4/SnS2

[Catalyst]: 1 g/L,
[MO]: 50 mg/L,
Irradiation time: 120 min,
pH: 3, H2O2 dosage: 2 mL,
Xenon lamp

99 [41]

La2NiO4/ZnO

[Catalyst]: 1g/L,
[MO]: 10 mg/L,
Irradiation time: 60 min,
pH: 7,
Solar light

90 [42]

Ag/RP

[Catalyst]: 0.2 g/L,
[MO]: 50 mg/L,
Irradiation time: 20 min,
pH: 7,
300 W Xe lamp

100 [43]

TiO2/ZnO/rGO

[Catalyst]: 0.5 g/L,
[MO]: 20 mg/L,
Irradiation time: 180 min,
pH:7,
6.5 mW/cm2 UV lamp

99.4 [9]

AgBr/g-C3N4

[Catalyst]: 0.7 g/L,
[MO]: 7 mg/L,
Irradiation time: 30 min,
pH:6,
100 W Tungsten lamp

69 [44]

ZnO/TiO2/CdO

[Catalyst]: 7 g/L,
[MO]: 10 mg/L,
Irradiation time: 40 min,
pH:7,
200 W Vis-Tungsten-bulb

98 [7]
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Table 7. Comparison of MO removal e�ciency via photocatalytic processes in recent years (continued).

Catalyst Operational
conditions

MO removal
e�ciency

(%)
Reference

CdS/ZnFe2O4

[Catalyst]: 1 g/L,
[MO]: 20 mg/L,
Irradiation time: 80 min,
500 W Xe long arc lamp

90 > [15]

FexOy/TiO2/Au

[Catalyst]: 0.35 g/L,
[MO]: 10 mg/L,
Irradiation time: 300 min,
150 W Xe lamp

50 > [45]

Ag doped ZnO nanorods

[Catalyst]: 10 mg,
[MO]: 10 mg/L,
Irradiation time: 120 min,
10 W UV lamp

88 [3]

TiO2/ZnFe2O4/Glycine

[Catalyst]: 1 g/L,
[MO]: 20 mg/L,
Irradiation time: 120 min,
pH: 6.5,
11 W UV lamp

80 This study

e�ects on MO removal e�ciency. The dye removal ef-
�ciency was 80% under the optimal process conditions
(MO concentration: 20 ppm, TiO2/ZnFe2O4/glycine
catalyst dosage: 1 g/L, irradiation time: 120 min,
and pH: 6.5). Low concentrations of NaCl, KCl,
and CaCl2 had adverse e�ects on MO removal e�-
ciency and reaction rate constant, while ionic strength
of NaCl, KCl, and CaCl2 at their high levels en-
hanced the dye removal e�ciency and reaction rate
constant. A rise in the concentrations of Na2SO4
and MgSO4 resulted in deactivation e�ects on the
pollutant removal e�ciency and reaction rate con-
stant. Further, the dye removal e�ciency and re-
action rate constant increased in the presence of
NaHCO3. Based on the �ndings of this study, the
TiO2/ZnFe2O4/glycine/UV light catalyst could be re-
garded as an e�cient process for the treatment of
MO from aqueous solution. For future research, it is
suggested that simultaneous e�ects of the mineral salts
on the contaminated water and their interactions be
studied.
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