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Abstract

Background: Phenol and its derivatives as a toxic and dangerous substance produce by many
industries. This pollutant must be removed from contaminated streams or fluids before discharging.
The aim of this study was to enhancement of nano-photocatalytic removal of 4-chlorophenol (4-
CP) from aqueous solutions applying manganese oxide doped ZnO nanoparticle (MnOs-doped
ZnO) catalyst via experimental designing of surface-response method.

Methods: In this study, MnOs-doped ZnO NPs were fabricated using hydrothermal technique
and ratio of Mn-doped ZnO NPs consisted of O (pure), 0.5, 1 and 1.5%. The characteristics of
the synthesized NPs was studied by scanning electron microscopy (SEM), Fourier transform
infrared spectra (FTIR), X-ray diffraction (XRD) and atomic force microscopy (AFM) analyses. For
determined the doped ZnO quality, variables such as pH, initial 4-CP concentration, NPs dose
and contact time were probed in 4-CP removal.

Results: Results demonstrate that the removal efficiency are significantly affected by the varied
Mn-doped ZnO ratio. The ratio of 1% was optimal. The hexagonal shape of NPs confirmed
by XRD and SEM analysis. The SEM indicated that no agglomeration of NPs observed. The
sharp edges peaks in XRD indicate a proper crystallized ZnO NPs. Regression analysis showed
a quadratic polynomial model was obtained for efficiency prediction. The data providing an
acceptable model assumption for analyzing the variance. It was also realized that increasing the
nanoparticles dose and the contact time led to reduce the removal rat.

Conclusion: Comparing the 4-CP removal efficiency of bare ZnO and Mn-doped ZnO showed
that the Mn-doped ZnO have larger efficiency and improve up to 84%.
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Introduction

Fast-growing of technology, human activities and
the overuse of compound in medical terms has led
introduction of frequently emerging organic compounds
(EOCs) in water environment.! The EOCs includes
amine, antibiotics, and phenols give rise to concern in
environmental contaminants.>* Among these pollutants,
phenol derivatives (like chlorophenol) have been included
in priority pollutant list regulated by the US-EPA’s.* The
primary nonpoint source of chlorophenol compounds
were mainly by the chemical and petrochemical industry,
and also, application of organochlorine pesticides and
chlorination of phenol containing wastewater, burning of
organic materials in the presence of chlorine.’

Among these organic pollutants, 4-chlorophenol (4-
CP) which is used in the production of refrigerants,
bactericides, herbicides, dyes, and pharmaceutical
compounds, This recalcitrant compound is highly toxic
with low biodegradability and very harmful for human
health and ecosystem.® Long-term contacts with this
substance can lead to headaches, fatigue, restlessness,
affecting liver and kidneys, weakness of muscles, nausea,
and finally coma and death.>® Thus, effective removal of
chlorophenols are important for the protection of the
environment and human well-being. So, due to their high
chemical stability and low biodegradability of CPs and the
matters related with generation of toxic sludge, storage,
handling and final disposal of sludge, conventional
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techniques cannot reached effective remove of organic
contaminants.”®

Using heterogeneous photocatalysis (HP) has grown
due to its efficacy in removing EOCs. Among various
semiconductors, ZnO is commonly used in HP due its
high stability, a wide optical and magnetic characteristics,
cost-effectiveness and also the large energy bandgap
(60 meV) and strong exciton binding energy (3.37 eV).
However, ZnO is effective only at the ultraviolet range of
the electromagnetic spectrum. Various strategies such as
doping have been applied to solve this matter. The doping
process as an alternative for changing the chemical and
photophysical properties of semiconductors is a common
method used in HP applications. Manganese with
unexpansive cost compared to other transitions elements
employed to dope ZnO. The Zn**radius is higher than
that of Mn?*, Mn’*can replace Zn**inside ZnO. So,
making the doping process easier.”!!

The surface-response method is a set of mathematical
and statistical techniques, which applied to develop,
improve and optimize processes in which the desired
surface affected by many variables, and the purpose is to
optimize the response. The surface-response method is
useful for evaluating several input variables that affects
the efficiency scales or qualitative characteristics of the
product or process. This method is also a useful tool
in optimization studies.’? The aim of this study was to
enhancement the photocatalytic removal efficiency of
4-CP from aqueous environment using MnO/ZnO NPs
and the process was optimized using the response surface
methodology (RSM).

Materials and Methods

This research is a practical-experimental, which was
conducted in experimental scale. Determination of
4-CP concentration was performed according to the
standard method book (D 5530) by spectrophotometer
tool (Spectrometer V/VIS, DR-5000, HACH) in 500 nm
wavelength via colorimetric determination of amino
antipyrine.”* A 1000 mg/L stoke solution of 4-CP (Acros
organics, 99%) was prepared in distilled water and used
to prepare different concentrations of 4-CP. In order to
adjust the pH, 1 N solution of HCI (37% purity, Catalog
Number 100314, Merck) and NaOH (98-100% purity,
Catalog Number 106482, Merck) were used. Equation 1
considered to calculate the 4-CP removal percentage'*:

%R =2 x100
¢ (1)
Where R% is removal percentage of 4-CP,
C,=concentration of 4-CP at t=0 (mg/L) and

C,=Concentration of 4-CP at the time of t (mg/L)

Characteristics of the Reactor and UV Radiation Source
As shown in Figure S1, in this probe, the experiments have
been used in a discontinuous flow reactor with a volume

of 500 mL of Plexiglas and 3 low-pressure lamp (6 w) with
20 cm length manufactured by Philips, Netherlands.

Synthesis Method of MnOs-Doped ZnO

We utilized hydrothermal method for synthesis of both of
the pure and doped ZnO NPs in various levels. The zinc
oxide with catalog number 108849, 100% purity from
Merck have been used. In this method, certain molar
percentages (0, 0.5, 1 and 1.5%) of manganese oxide
were added to the zinc oxide solution (2 N) in a Teflon
liner. Then, 10 mL of sodium hydroxide (1 N) was added
and also 0.5 mL of surfactant was added dropwise under
gentle mixing. Then, the liner was placed in an oven for
12 hours at 120 °C. After that time, the liner contents were
material was extracted and washed with distilled water
several times at ambient temperature.’® In the following,
the undoped and doped ZnO with different Mn doping
ratio used for the 4-CP photodegradation and removal
efficiency investigated. So, the optimal doping ratio was
determined

Materials Characterization

The dried product with optimized ratio MnOs-doped ZnO
was subjected to the characterization analysis including
X-ray powder diffraction (Inel, EQUINOX 3000, France),
scanning electron microscopy (SEM) (Tscan, MIRA3,
Czech Republic), Fourier transform infrared spectra
(FTIR) (Bruker-Tensor 27, Germany), atomic force
microscopy (AFM) (Research Ara-Advance, Iran) in
order to determine, the crystal structure, morphology,
and surface chemistry, respectively.

Experimental Design

In this study, Central Composite Design (CCD)-RSM
as one of the experimental design tools and the Design-
Expert software version 7 were applied. The nanoparticle
concentration, range of pH, initial 4-CP concentration
and contact time were determined by the software, and
the software determined the number of thirty thighs of
the test. Surface-response method is a set of statistical
and mathematical methods for modeling and analyzing
in which the proposed response is a function of several
variables. The purpose of this method is to optimize
the response. Table 1 shows the experiments and their
responses.

Results and Discussion

4-CP Photocatalytic removal efficiency under UV
radiation by undoped ZnO and Mn-doped ZnO in
different ratios shown in Figure 1. It was found that Mn-
doped ZnO removed 4-CP much higher than undoped
ZnO. Deposit a transition metal like manganese ions
into the ZnO NPs cause modify magnetic, electrical and
optical characteristic of material. Similar research has
shown that the band gap for ZnO lattice after modification
was smaller than the undoped ZnO."® The experiment
demonstrated that the photodegradation efficiency of
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Table 1. Test design with RSM

o Bt B2 S e G
A: pH Con. (/L) Con. (min) Removal
(mg/L) (%)
8 1 Blockl 10 3 80 30 38.1
5 2 Block1 3 0.5 80 30 12.2
12 3 Block1 10 3 10 120 78.9
3 4 Block1 3 3 10 30 59.4
14 5  Block1 10 0.5 80 120 249
2 6  Block1 10 0.5 10 30 40.9
18 7 Block1 6.5 1.75 45 75 64.3
15 8 Blockl 3 3 80 120 54.86
9 9  Blockl 3 0.5 10 120 59.6
17 10 Block1 6.5 1.75 45 75 67.3
20 11 Block2 6.5 1.75 45 75 65.98
6 12 Block2 10 0.5 80 30 19.2
11 13 Block2 3 3 10 120 83.9
7 14 Block2 3 3 80 30 30.11
16 15 Block2 10 3 80 120 69.1
1 16 Block2 3 0.5 10 30 329
13 17 Block2 3 0.5 80 120 19.2
10 18 Block2 10 0.5 10 120 49.19
4 19 Block2 10 3 10 30 66.3
19 20 Block2 6.5 1.75 45 75 61.9
22 21 Block3 10 1.75 45 75 59.1
27 22 Block3 6.5 1.75 45 30 58.2
24 23 Block3 6.5 3 45 75 79.6
26 24 Block3 6.5 1.75 80 75 52.1
25 25  Block3 6.5 1.75 10 75 81
28 26 Block3 6.5 1.75 45 120 80.6
21 27  Block3 3 1.75 45 75 51.6
30 28 Block3 6.5 1.75 45 75 60.91
23 29 Block3 6.5 0.5 45 75 44.6
29 30 Block3 6.5 1.75 45 75 58.5
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Figure 1. Photodegradation of 4CP Under UV Radiation in Different Ratio
of Mn-Doped ZnO (4-CP concentration: 50 mg/L, NPs concentration: 1 g/L,
pH: 6.5, Contact time: 60 min)

4-CP removal by manganese oxide doped ZnO nanoparticles

1%Mn-doped ZnO was significantly better than that of 0,
0.5 and 1.5 %. This is due to the particles size and particle
agglomerate in 1% Mn-doped ZnO that is lowest rather
than other percent and by rising in the weight ratio of
manganese up to 1% Mn, the surface area of synthesized
catalyst increases, but make smaller after that. Therefore,
the surface area in 1% Mn-doped ZnO is highest. The
results of the experiments are consistent with Abdollahi
and colleagues’ studies."”

Structure and Morphology of Nanoparticles

The SEM image of pure ZnO and 1% M MnOs-doped
ZnO with a magnification of 500 nm have been illustrated
in Figure S2. The SEM image indicated that the MnO;-
doped ZnO NPs in this study has a hexagonal structure
with a size smaller than 60 nm, which is suitable size in
NPs range. In addition, the SEM image indicated that
no agglomeration was observed for nanoparticles, and
particles are completely separated and homogeneous
distribution of particle size.

The X-ray diffraction (XRD) analysis of the synthesized
pure ZnO and 1% MnO;- doped ZnO are represent
in Figure 2. The XRD spectrum provides information
about phases and the structure of crystalline materials
and indicate that the three major peaks in these spectra
are (100), (002) and (101), are related to the crystalline
structure of ZnO in the miller index. The XRD diagrams
illustrate that the hydrothermal ZnO nanoparticles
were effectively synthesized. The synthesis of stable
hexagonal wurtzite polycrystalline nanostructures of
ZnO was confirmed from XRD analysis indicating a good
quality of ZnO formation, and also these findings have
been proofed by SEM. The sharp edges peaks indicate a
proper crystallized ZnO NPs. The maximum intensity
of the spectra in the plan (101) appears at the angle of
20=36.045."8

Figure S3 demonstrates the infrared spectroscopy
of pure ZnO and 1% MnOs;-doped ZnO. Investigation
of the FTIR spectra indicates that a strong bond is
observed at 469 cm’!, which is related to the Zn-O bond
stretching frequency.” The bond in 1730 cm™ is related
to the starching bond of C=0 in organic compounds.
The starching vibrations for NH is located at 3448 cm
which is related to the NH bond in amine groups and
was produced by addition of n-butyl amine surfactant.
The band in 2930 cm™ is related to H-C stretching bond
to the organic material. In a study by Mote et al, which
doped ZnO with chromium oxide, similar results were
obtained. The band at 400-600 cm™ is related to the Zn-O
stretching bond and the band at 3600-3400 cm™ indicated
the presence of N-H bon.? Also, the effect of introducing
manganese oxide on properties of the obtained manganese
oxide doped ZnO nanoparticles was investigated by AFM
(Figure 3).

It can be seen by AFM analysis that the morphology
of MnO;-doped ZnO was affected by increasing Mn?*
doping percentage. Figure 3 estimated rising in grain size
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Figure 2. XRD Peak Pattern for (a) Undoped ZnO (b) MnOs-Doped ZnO

Figure 3. AFM image (a) undoped ZnO (b) MnOs- doped ZnO

with enhanced surface roughness.”

Analysis of variance (ANOVA) was performed to
assess the significant effects of independent variables on
the response variable as the removal efficiency of 4-CP.
Analysis of variance is the most widely used approach
for predicting of statistical results.”> Applying regression
analysis, a quadratic (second-order) polynomial model
was obtained for efficiency prediction.

In this study, to investigate the adequacy of the
proposed model, various curves were used such as normal
distribution and correlation curve, which were shown in
Figure S4.

Regarding the results from variance analysis in Table 2,
the proposed regression model for the removal efficiency
of 4-CP is statistically significant at 95% confidence level.
Also, for the proposed model was insignificant at 95%
confidence level. The data providing an acceptable model
assumption for analyzing the variance. This shows that
the pattern for the response variable is acceptable and
free of errors from incorrect data recording. In CCD-
RSM model for 4-CP removal rat, it was found that P
value <0.0001, which shows the model parameters are
considerable. It needs to be referred that P values>0.1
indicate that the model is insignificant. In addition, P
value <0.05 demonstrates that the model is significant
in the response, and the P value <0.001 indicates that the
model is highly significant in the response. In Figure $4
(A), the values from the internal residues indicate that
the model is acceptable in satisfying the variance analysis

Table 2. The Results From ANOVA and Predictor Variables in CCD-RSM
Model for Removal Rat of 4-CP

Source Value F I”’r\(:;l:i SS::;ers df
Model 33.71 <0.0001 10451.03 14
A: pH 6.51 0.0242 144.005 1
B: Nano Con. 178.31 <0.0001 3948.05 1
C: 4-CP Con. 146.12 <0.0001 32353 1
D: Time 74.18 <0.0001 1642.41 1
Residual - - 287.85 13
Lack of Fit 5.19 0.1010 27212 10

assumptions. In Figure S4 (B), the proposed model
was consistent with experimental data for the removal
efficiency of 4-CP.

The effect of independent factors on the photocatalytic
removal efficiency of 4-CP are represented in Figure 4.
The speed of chemical reactions directly correlated with
the environment pH, and affects by the production of
hydroxyl radicals.” In this study, pH was investigated
at 3 levels of 3, 6.5 and 10. The results indicated that the
acidic and alkaline pH ranges had less efficiency than
the neutral pH and pH=6.5 was the optimum value
and led to better efficiency (Figure 4A). The reason can
be interpreted to be that the level of H*ions at high pH
is high and the applied chlorophenol was existed as
ion, so H*ions compete with chlorophenol ions.** Also,
in alkaline pH, OH- ions compete with chlorophenol
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Figure 4. 4-CP Photocatalytic Removal Experiments on Pure and Doped ZnO; Effect of (A) pH, (B) NPs Dose, (C) 4-CP Concentration, and (D) Radiation Time

on the % Removal of 4-CP

molecules, and ultimately the removal efficiency led to be
decreased.” Lathasree et al investigated the effect of pH
on photocatalytic degradation of phenol, o-chlorophenol
and p-chlorophenol using the ZnO/UV process, and the
decomposition level of phenol in mild acidic and neutral
conditions was shown to be desirable.?®

Determination of the dose of NPs is one of the most
important problems due to economic considerations.
The concentration of NPs was investigated in doses of
0.5, 1.75 and 3 g/L. The results indicated that increasing
the catalyst concentration led to increase the removal
efficiency. In the expression of the effect of MnOs-
doped ZnO loading, on the photocatalytic degradation
of 4-CP (Figure 4B), it can be mentioned that increasing
the catalyst concentration, led to increase the number
of absorbed photons, which led to raise the number of
activated sites available at the photocatalyst surface
from which, the number of adsorbed 4-CP molecules
was increased. The effect of initial concentration of
4-CP was investigated at the levels of 10, 45 and 80
mg/L, and the results indicated that the increasing the
initial concentration of the pollutant cause to reduce
the photocatalytic removal efficiency (Figure 4C). The
photocatalytic process by NPs in the presence of UV
light is justified by producing active hydroxyl radicals
and decomposition of 4-CP. By keeping constant the
UV irradiation and increasing the concentration of 4-CP
molecules in a determined volume, the number of active
hydroxyl radicals produced by adding the oxidizable
organic compound per unit volume of solution remains
constant, and on the other hand by increasing 4-CP

concentration, the free sites available to the catalyst can
be reduced by oxidizing the pollutant molecules.”?
In their study which was performed on photocatalytic
removal of day, it was concluded that dye elimination
depends on the produced level of OH" and increasing
the initial concentration of dye, causes the pollutant
molecule to absorb the irradiated UV photons and
prevent it from reaching to the catalyst, resulting in lesser
production of active hydroxyl radicals.?® The contact
time was also being checked at 30, 75 and 120 minutes,
the result showed that the removal efficiency increased
by increasing the contact time (Figure 4D). The reason
is probably due to increase the time and producing the
enough reactive hydroxyl radicals to make reaction, and
also active hydroxyl radicals have enough time to react to
and attack to the 4-CP molecules.**

Figure 5 indicated the overlapping between the
independent variables on the photocatalytic removal
efficiency of 4-CP indicated, and determine which
variables have had a greater impact on elimination process.

In Figure S5, the optimum condition in photocatalytic
removal of 4-CP according to the CCD-RSM model
is illustrated as operating parameters and its removal
percentage has been shown. The optimum conditions
obtained as follow: pH =7.66, concentration of NPs=2.18
g/L, concentration of contaminant=14.07 mg/L, and
contact time=91.23 min. In this condition, the optimum
removal efficiency of 4-CP is 83.18%.

Conclusion
We synthesize bare ZnO and Mn-doped ZnO (0.5, 1
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Figure 5. Overlap Diagram of the Independent Variable Effects on 4-CP Removal Efficiency.

and 1.5 % wt.). Characterization techniques verified
the Mn doping process. The findings revealed that
Mn-doped ZnO have higher removal efficiency. XRD
patterns indicated a reduction in the crystalline size
after the doping process. AFM confirmed the surface
roughness and surface morphology of the thin films and
strongly agreed with SEM results. Modification of the
ZnO morphology provides an excellent opportunity to
improve the performance of 4-CP removal be obtained
by the low-cost, easy, and high yield for photocatalytic
process. Also, the experiment values obtained for the
4-CP removal were found to agree satisfactorily with the
CCD-RSM model values (P<0.0001).
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