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Abstract
There are many challenges to advance the industrial applications of photocatalysts such as the difficulty of using ultraviolet 
waves in the photocatalyst applications. The present paper aims to evaluate the use of Ag additive on the photocatalyst deg-
radation efficiency of  Fe3O4/MnO2 in the case of a real wastewater sample. In this study,  Fe3O4/MnO2-Ag nano-photocatalyst 
is synthesized and utilized for the removal of dyes from real wastewater under visible light. In this regard, important variables 
including pH, COD (as an index of dye concentration), Ag amount, and the amount of photocatalyst usage were concerned. 
For evaluating the microstructure and purity of the synthesized photocatalyst, TEM, SEM, FESEM, XRD, and EDS analysis 
were utilized. Response Surface Methodology (RSM) was applied to designing the experiments, evaluating the interaction 
effects, and optimizing the process factors by using Design Expert software V3 software. Based on ANOVA results, the 
high predictive capability of the utilized model was confirmed. The results of analysis and experiments demonstrated that, 
based on TEM and SEM micrographs, the nanocomposite consists of semi-spherical  Fe3O4 particles with a clear  MnO2 
layer. In addition, the synthesized  Fe3O4/MnO2-Ag nano-photocatalyst showed to have suitable optical and photocatalysis 
properties. In addition, it exhibited high photocatalytic activity, with an efficiency of more than 80% even after 6 consecutive 
runs. In addition, the use of Ag enhanced the photocatalytic performance and contributed to the good recovery capability 
of the nanocomposite.

Keywords Fe3O4/MnO2-Ag · Nanocomposite · Photocatalysis · Wastewater treatment · Stability analysis · Response surface 
methodology (RSM) · Dyes degradation · Recovery capability

Introduction

In recent years, water supplies have faced critical condi-
tions (Gheibi et al. 2021). Due to their non-biodegradable 
nature, dyes and other organic pollutants are known as 
significant hazards to the environment and human health 
(Al-Tohamy et al. 2022; Lellis et al. 2019). The increas-
ing trend of industries related to textile and dyeing has 
resulted in massive amounts of wastewater containing 
residual dyes (Yaseen and Scholz 2019). Traditional 
wastewater treatment methods often proved to be very 
costly and ineffective in removing such pollutants and the 
recovery of energy and water in the case of wastewater 

plants is highly suggested (Nasim et al. 2021; Poures-
maeil et al. 2022). In the literature, to remove dyes from 
wastewater, many approaches have been suggested such 
as physical, chemical, and biological methods (Bal and 
Thakur 2022). From these approaches, the photocatalysis 
method was determined to have great economic and effi-
ciency potential (Fierascu et al. 2023).

Tabrizi Hafez Moghaddas et al. (2020) synthesized the 
green pure zinc oxide (ZnO) nanoparticles (NPs) for the 
photocatalytic degradation of methylene blue and demon-
strated that the presence of uniform ZnO (25 nm) led to 
removing 80% of methylene blue within 2 h. Jasrotia et al. 
(2022) provided copper-modified zinc-magnesium nano-
ferrites for degrading dyes and demonstrated a great deg-
radation efficiency and easy separation. In (Neelgund and 
Oki 2020), researchers synthesized ZnO nanocomposite 
onto graphene nanosheets and demonstrated a proper 
degradation of the anionic dye methyl orange compared 
to cationic dyes. Abhilash et al. (2019) synthesized the 
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 Fe2O3/Cu2O nanocomposite and found that the morphol-
ogy, and structure of the synthesized nanocomposite were 
size-dependent and can be controlled by temperature vari-
ations in the process of synthesis. They showed that the 
mentioned nanocomposite had excellent photocatalytic 
activity, degrading model dyes Rhodamine-B and Janus 
green. Chankhanittha et al. (2020) introduced  Bi2MoO6 as 
a great catalyst and demonstrated 90% efficiency in pho-
todegrading of two different azo dyes. Balu et al. (2019) 
presented a procedure to synthesize a novel ternary 
Z-scheme photocatalyst namely g-C3N4/ZnO@α–Fe2O3, 
for organic dye degradation and introduced the potential 
of the ternary nanocomposite in cases of efficient organic 
dye degradation applications. Tran et al. (2021) also intro-
duced  Cu0.5Mg0.5Fe2O4–TiO2 photocatalyst to degrade 
rhodamine B dye and provided outstanding results. Vinay-
agam et al. (2020) synthesized ZnO from the Calliandra 
haematocephala leaves and showed strong photocatalytic 
activity of degrading methylene blue dye under solar radi-
ation. Veziroglu et al. (2020) presented a new method 
of synthesis to prepare a photocatalyst namely Au nano-
cluster (NC) decorated  TiO2 thin film, and showed that 
at low surface coverage, the Au NCs improved the optical 
absorption of  TiO2. Gandamalla et al. (2021) focused on 
the synthesis of a hybrid photocatalyst,  CdMoO4/g–C3N4 
(CMO/CN), and demonstrated its great potential for envi-
ronmental remediation and energy applications. In addi-
tion, many studies are focused on the use of graphene 
oxide (GO) photocatalysis to remove dyes from waste-
water (Idris et al. 2021; Nguyen et al. 2021; Parthipan 
et al. 2021) and provided great results. As can be seen, 
the main focus of researchers is on the synthesis of new 
photocatalysis and less attention has been paid to the 
industrial and semi-industrial applications of these pho-
tocatalysts except for a handful of studies. Senthil et al. 
(2021) synthesized nano-sized AgBr-covered potato-like 
 Ag2MoO4 composite photocatalysts and demonstrated 
that the AgBr/Ag2MoO4 composite as an outstanding pho-
tocatalytic material for industrial wastewater purification. 
However, the high price of material usages is the main 
deficiency of this method. Adabavazeh et al. (2020) sug-
gested a new nanocomposite to degrade parathion under 
visible light and exhibited the high efficacy in the degra-
dation of parathion from a real wastewater.

Many studies have been performed in the case of 
 Fe3O4–MnO2 applications for the redemption of waste-
water. (Zhao et al. 2016) utilized  Fe3O4–MnO2 to remove 
bivalent heavy metals from aqueous systems and provided 
appropriate results. (Liu et al. 2015) used  Fe3O4–MnO2 
to remove 4-chlorophenol from wastewater and the syn-
thesized  Fe3O4–MnO2 showed to have very effective 

structures based on microscopic analysis. Besides many 
applications of photocatalysts, many scholars such as 
(Osman et al. 2020) have suggested to use of active pho-
tocatalysts from waste materials for different applications.

Based on the method and results presented by previous 
researchers, many issues have not yet been resolved. The 
first problem is the fact that the main focus of researchers is 
on the synthesized wastewater in the laboratory. However, 
together with dyes in the wastewater, there can be many 
pollutions, which may affect the performance of the pho-
tocatalyst in removing dyes. In addition, many researchers 
concentrated on the use of expensive metals such as Au to 
improve the optical properties of photocatalysts that highly 
affected the generality of photocatalysts. Finally, despite the 
optical and effective properties of  MnO2, its performance 
has not been exanimated as a photocatalyst for dye removal 
from wastewater under visible wavelengths, satisfactorily, 
and almost all investigations are performed based on UV 
light. Hence, considering these issues, we have synthesized 
the  Fe3O4/MnO2 nano-photocatalysis, and its optical proper-
ties were enhanced by using silver (Ag). Ag-based semicon-
ductors are highly suggested due to their strong visible-light 
absorbing capability together with small bandgap energy. 
The enhanced photocatalyst was then evaluated in the case 
of dye removal from real wastewater based on chemical oxy-
gen demand (COD). In the following, firstly, the purchased 
materials and synthesis methods are briefly introduced, and 
then, the results obtained from material characterization 
methods are presented. Finally, the results of functional 
analysis in the case of photocatalyst performance in dye 
removal were demonstrated.

Materials and methods

Materials

Merck  FeCl3,  KMnO4, and  AgNO3 as precursors of  Fe3O4, 
 MnO2, and Ag, respectively, with high purities were pur-
chased from Beckman Coulter Commercial Enterprise Nano 
Particles, China. In the first step,  Fe3O4 is synthesized by 
using  FeCl3 and ammonia under an argon atmosphere. Then, 
the pre-synthesized  Fe3O4 and  KMnO4 are mixed to synthe-
size  Fe3O4/MnO2 mixture. Finally,  AgNO3 was added to the 
mixture contained in dispersed  Fe3O4/MnO2 to synthesize 
 Fe3O4/MnO2–Ag. In the following the detailed process of 
synthesis is presented:
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The synthesis of  Fe3O4/MnO2

It should be noted that the following two steps are per-
formed, simultaneously.

Step 1: The synthesis of  Fe3O4.
Figure shows a schematic of the setup utilized for the 

synthesis process. In the first step, for the synthesis of 
0.5 g  Fe3O4, 1.05 g iron chloride was added to water and 
placed on a magnetic stirrer at 80 °C for 1 h. Argon gas 
was used as a carrier gas during synthesis which pre-
vented the oxidation of  Fe3O4. After these stages, an 
orange-colored solution was formed, which demonstrated 
the presence of iron (II) oxide in water. Then, for chang-
ing iron (II) oxide to iron (III) oxide, ammonia was added 
dropwise in this solution so the solution color was turned 
black at room temperature for an hour. Finally, magnetite 
 Fe3O4 solutions were formed. After this stage, an ultra-
sonic homogenizer was utilized instead of the stirrer due 
to the magnetic properties of iron (III) oxide. Equation (1) 
shows the reaction required to synthesize  Fe3O4 (Mahmud 
et al. 2020). Note that the FAMCO pH meter is utilized to 
measure the pH of samples and 0.5 M  H2SO4 and  NH3 are 
also used to adjust the pH of solutions in different stages.

Step 2: The synthesis of  Fe3O4/MnO2.
For the synthesis  Fe3O4/MnO2, when 0.5 gr  Fe3O4 

was synthesized in DI water (without the drying stage), 
0.91 gr potassium permanganate  (KMnO4) solution was 

(1)FeCl3 + FeCl2 + NH3 + H2O = Fe3O4 + NH4Cl

dropwise added to the mixture resulting in the formation 
of a dark brown suspension. Due to the magnetic behavior 
of the mixture, all processes of dispersing were done by 
an ultrasonic device using an ice water bath for 2 h during 
the synthesis process. After 2 h, the formed nanoparticles 
were collected using a magnet, washed several times with 
deionized water and ethanol, and then dried in an oven at 
a temperature of 60 °C for 12 h. Figure 1 shows a sche-
matic of the setup utilized for the synthesis process.

Synthesis of  Fe3O4/MnO2/Ag nanoparticles

For synthesis of the  Fe3O4/MnO2–Ag nanoparticles, a 
stoichiometric amount of  Fe3O4/MnO2 powder was dis-
persed in DI water by an ultrasonic device for half of 
hour. In the second stage, 55 mg  AgNO3 was dispersed in 
water and then dried at 200 °C (under a nitrogen atmos-
phere) to synthesize solid state Ag. After that synthesized 
Ag was released in the  Fe3O4/MnO2 solution. All of this 
process was performed without the addition of any extra 
growth-controlling agent. The obtained solution was then 
dispersed under ultrasonication for 2 h leading to adsorb-
ing the Ag on the  Fe3O4/MnO2 surface. Afterward, the 
 Fe3O4/MnO2 was collected by using a magnet and washed 
with DI water to clean the excess  AgNO3 from the solu-
tion. Finally, the obtained powder was calcined at 400 °C 
and the resulting powder was washed with DI water and 
dried in an oven at 70 °C. Note that all processes of syn-
thesis were performed under Ar atmosphere as a carrier 

Solution contained wastewater 

and photocatalyst

FeCl3

Ammonia

Dispersed Fe3O4

KMnO4

Ar

Ultrasonic 
Homogenizer

Drying AgNO3 at 200 
oC to obtain Ag

400 oC, 2 h

Fe3O4/MnO2/Ag

Fig. 1  The experimental setup
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gas. All the process of synthesis is summarized in To 
measure the COD of the sample, the HACH DR 6000 
spectrophotometry device is utilized. The standard range 
of between 100 mg/L and 900 mg/L is considered and the 
COD of wastewater samples are measured in the range 
of 20 mg/L to 3000 mg/L by using a spectrophotometer 
device at 600 nm 2.5 h. By dissolving a specific amount 
of dried Potassium Hydrogen Phthalate (KHP) at 110 °C, 
a series of sample solutions with specific COD concentra-
tions are prepared in distilled water. Then, the calibration 
curve was plotted with a regression of 0.999, and the lin-
ear formula of the curve was obtained (Seid-Mohammadi 
et al. 2021).

Designing the experiment

In the present paper, the Response Surface Method (RSM) 
was employed as an experimental design technique known 
as a statistical and computational approach used for ana-
lyzing complex experiments and optimizing processes, 
widely. The use of RSM method can be used to study the 
relationship between independent and dependent varia-
bles, considering a more precise analysis of the influence 
of each variable on the responses and the identification 
of optimal conditions for the investigated process. For 
the design of the experiment, parameters A, B, C, and D 
were considered, respectively, the amount of silver (Ag), 
the amount of photocatalyst, the COD value, and the pH 
level. The purpose of the experiment was to determine the 
efficiency of the photocatalyst in removing the dyes from 
wastewater. Note that the COD of the utilized wastewater 
real sample was adjusted by adding dyes in water. The 
considered sample had different dyes namely benzene, 
toluene, and xylene (BTX) with a low concentration of 
heavy metal ions such Cr, Pb, etc. with initial pH of 8.5, 
COD around 500, and TDS of 9500. Hence, we controlled 
the COD and pH amounts by increasing the BTX amount 
and acid and base to investigate the effects of their con-
centration on the performance of the photocatalytic pro-
cess. Noted that the standard COD of clean water showed 
to be lower than 60 ppm. For calculating the dye removal 
efficiency, the following relation was 

R1 =

CODaftertreatment − CODinitial

CODinitial

× 100

Characterization

To characterize the synthesized materials different analy-
ses of X-ray Diffraction (XRD) using Cu K radiation with 
graphite monochromator, Transmission Electron Micros-
copy (TEM), Scanning Electron Microscopy (SEM), Field 
Emission Scanning Electron Microscopy (FESEM) of the 
TESCAN MIRA3 model, was used for analysis the raw 
materials and obtained products from the reduction reac-
tion. and Energy-Dispersive X-ray Spectroscopy (EDS) 
analysis. In addition, for measuring the number of water-
soluble substances, a Thermo Scientific Spectrophotom-
eter was utilized.

Results and discussion

Characterization of the synthesized photocatalyst

Figure 2 shows TEM, SEM, and FESEM images along 
with EDS analysis related to  Fe3O4/  MnO2-Ag composite. 
As can be seen, the  Fe3O4 particles in the synthesized 
photocatalyst have a semi-spherical shape and the layer 
of  MnO2 around the  Fe3O4 is also clear. In the case of the 
FESEM image, the semi-spherical microstructure of the 
produced photocatalyst is clear. However, the core–shell 
state was not clear in the FESEM analysis. In addition, 
the EDS analysis confirmed that the impurity value of the 
system is about 0.33% indicating the purity and quality of 
the synthesized photocatalyst.

In Fig. 3, the XRD patterns are related to the syn-
thesized  Fe3O4/MnO2-Ag NPs. As can be seen, there is 
no specific impurity but if there was, it is unlikely in 
an amorphous form. The high purity from the synthe-
sis method was obtained due to controllable synthesis 
conditions, the formation of nano-sized particles, and the 
controlled and separable nature of the process. In addi-
tion, the use of high-purity precursors was also demon-
strated by the utilized XRD patterns. In Fig. 3, the peaks 
between 25° and  45o, are related to  Fe3O4/  MnO2-Ag, and 
the sharpest peak near 35° stands for the  Fe3O4 crystals. 
Based on the Scherrer equation the mean crystal size of 
NPs was determined to be 80 nm. Based on the Scher-
rer equation the mean crystal size was determined to be 
84 nm. Figure 4 demonstrates the UV–visible absorp-
tion spectra related to  Fe3O4/MnO2 and  Fe3O4/MnO2-Ag 
nanocomposites. In comparison with the  Fe3O4/MnO2 
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Fig. 2  The SEM and TEM 
analysis related to  Fe3O4/ 
 MnO2-Ag

SEM FESEM

Elt O Fe Mn Ag

W% 51.23 32.89 15.54 0.33

Fig. 3  The XRD patterns related to the synthesized  Fe3O4/  MnO2-Ag 
NPs

Fig. 4  The UV–visible absorption spectra related to  Fe3O4/MnO2 and 
 Fe3O4/MnO2-Ag nanocomposites
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nanoparticles,  Fe3O4/MnO2-Ag demonstrated different 
absorption properties.  Fe3O4/MnO2 absorption behavior 
demonstrated an edge near 350 nm that can be due to the 
 MnO2 intrinsic band-gap absorption. In the case of  Fe3O4/
MnO2-Ag, as can be seen, there was a new symmetric 
peak in the wavelengths between 400 and 500 nm attrib-
uted to the characteristic surface plasmon band of Ag NPs 
as mentioned in (Chidambaram et al. 2016). As a result, 
the possible enhancement in the photocatalysis behav-
ior of  Fe3O4/MnO2-Ag compared to  Fe3O4/MnO2 can be 
due to the Surface Plasmon Resonance (SPR) property. 
In addition, Ag acts as an electron acceptor to gather pho-
togenerated electrons from the surface of the photocata-
lyst. It also can enhance electron-hole recombination and 

higher charge separation, leading to an increase in the 
photocatalytic activity of  Fe3O4/MnO2. In addition, the 
energy band structure of the photocatalyst can be modi-
fied by the use of Ag, enabling more effective charge 
transfer pathways.

The photocatalyst efficacy in the degradation 
of dyes

Table 1 shows the obtained results for dye removal from 
real samples using a photocatalyst modified with Ag 
under, considering different factors pH (3–10), photocat-
alyst dose (0.5–1 gr), COD (500–2500), and Ag amount 
(0.002–0.005 gr). Note that a fixed residence time was 
considered for all experiments (1 h) and the COD value 
for developing experiments was controlled by adding 
predicted amounts of dyes in wastewater. Noted that the 
design expert software V3 was utilized for the statistical 
analysis. Table 2 shows the variance results related to 
samples.

Analysis of CCD and ANOVA

In the design expert, ANOVA tables can be considered 
for evaluating the coefficient of each parameter as well 
as the related interactions. As a result, the F-value for the 
considered model in cases of photocatalysis degradation 
of dyes by using  Fe3O4/MnO2-Ag nano-photocatalyst was 
determined to be 44.97 by a P-value lower than 0.0001. It 
can greatly verify the practicability and its statistically of 
this material. The lack of Fit for the F-value and p-value 
was determined to be 0.9612 and 0.2615 respectively, and 
the software labeled it as “not significant”. The fitting 
quality of the model was proved because of obtaining a 
Predicted  R2 equal to 0.9299 and an appropriate Adjusted 
 R2 (0.9565). Based on the obtained results, the high per-
formance of the considered approach was confirmed in 
the case of a suitable prediction of experimental data. 
In the following, we provided the polynomial equation 
related to the model:

Figure  5 shows the obtained experimental results 
against predicted data related to the photocatalytic 

Y= + 87.14 − 0.5517A+ 6.93B − 3.47C+ 22.13D
+ 7.41AB − 7.35AC+ 2.97AD+ 0.1275BC
− 0.7600BD+ 0.0100CD − 1.95A2s − 2.21B2

− 0.4591C2 − 12.01D2

Table 1  The performance of photocatalysis for dye removal from real 
samples

Run A: Dose (gr/lit) B: Ag (gr) C: COD D: pH R1

1 0.75 0.002 1500 3 46
2 0.5 0.002 1500 6.5 82.12
3 0.75 0.005 500 6.5 95.28
4 1 0.0035 500 6.5 98.04
5 1 0.0035 1500 10 96.88
6 0.5 0.0035 2500 6.5 87.7
7 0.75 0.0035 1500 6.5 84.94
8 0.5 0.0035 1500 3 55.09
9 0.75 0.002 500 6.5 78.84
10 0.75 0.0035 2500 10 94.17
11 0.75 0.0035 500 10 98.23
12 0.75 0.0035 2500 3 49.9
13 1 0.0035 2500 6.5 72.14
14 0.75 0.0035 500 3 54
15 0.75 0.005 1500 3 56.8
16 1 0.002 1500 6.5 67.01
17 0.75 0.005 2500 6.5 90
18 0.5 0.0035 500 6.5 84.21
19 0.75 0.0035 1500 6.5 90.33
20 0.5 0.0035 1500 10 93.08
21 0.75 0.0035 1500 6.5 90
22 0.75 0.0035 1500 6.5 91.45
23 0.75 0.002 1500 10 92.14
24 0.5 0.005 1500 6.5 82.94
25 0.75 0.0035 1500 6.5 79
26 1 0.0035 1500 3 47
27 1 0.005 1500 6.5 97.45
28 0.75 0.005 1500 10 99.9
29 0.75 0.002 2500 6.5 73.05
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degradation of dyes based on the mentioned polyno-
mial model. Based on Fig. 5, it was demonstrated that 
the rate of disagreement between experimental and pre-
dicted results was very low that another approving for the 
accuracy of the utilized relation for regression. Figure 6 
shows response surfaces in cases of interaction between 
Ag amount and pH. An increase in the amount of Ag 
usage led to an enhancement in the optical properties of 
photocatalysts and performance. Figure 7 illustrates the 
response surface for interaction between COD and pH. 
As can be seen, the pH parameter, as well as the COD, 
can be two determinative variables in the case of photo-
catalytic degradation percentage. However, even at high 
CODs, increasing the pH value caused the degradation 
percentage to be increasing. At high levels of pH, the 
adsorption of positively charged reactants is facilitated 
by more negatively charged on the photocatalyst surface. 
In addition, the presence of increased hydroxide ions as 
a result of increasing pH level leads to preventing the 
electron–hole recombination so more electrons partici-
pate in the oxidation of dyes. As it is clear in Fig. 6, Ag 

Table 2  Analysis of variance of samples

Source Sum of squares df Mean square F-value p-value

Model 8034.56 14 573.90 44.97  < 0.0001 Significant
A-Dose 3.65 1 3.65 0.2862 0.6011
B-Ag 576.99 1 576.99 45.22  < 0.0001
C-COD 144.49 1 144.49 11.32 0.0046
D-pH 5879.06 1 5879.06 460.73  < 0.0001
AB 219.34 1 219.34 17.19 0.0010
AC 215.94 1 215.94 16.92 0.0011
AD 35.34 1 35.34 2.77 0.1183
BD 2.31 1 2.31 0.1811 0.6769
CD 0.0004 1 0.0004 0.0000 0.9956
A2 24.58 1 24.58 1.93 0.1869
B2 31.76 1 31.76 2.49 0.1370
C2 1.37 1 1.37 0.1071 0.7483
D2 934.88 1 934.88 73.26  < 0.0001
Residual 178.65 14 12.76
Lack of fit 70.61 10 7.06 0.2615 0.9612 Not significant
Pure error 108.03 4 27.01
Total 8213.21 28

Source Sequential p-value Lack of fit P-value Adjusted  R2 Predicted  R2

Linear  < 0.0001 0.1659 0.7714 0.7138
2FI 0.3285 0.1724 0.7848 0.6351

 < 0.0001 0.9612 0.9565 0.9299 Suggested
Cubic 0.8827 0.8653 0.9340 0.8374 Aliased

Fig.5  Experimental data vs. predicted values obtained by using the 
polynomial regression model
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is a very important factor in the response. Even at the 
pH of 7, the response is determined to be about 90% by 
using 0.005 gr Ag. As mentioned earlier, the use of Ag 
increased the band gap of the photocatalyst, and this in 
turn caused better absorption of waves at different wave-
lengths assisted in improving the photocatalytic process. 
Similarly, (Phu et al. 2020) found that Ag doping can 
considerably enhance the photocatalytic activity of the 
 Bi2WO6 NPs. In (Han et al. 2020), scholars also con-
firmed the effective use of elements such as Cu and its 
outstanding results in the case of antibacterial removal 
efficacy against Staphylococcus aureus. (Abbad et al. 
2020) also demonstrated the same results in the case of 
band-gap enhancement by using Ag and showed that the 
band-gap increased as a function of Ag concentration and 
the relation of Ag concentration on the final performance 
of the photocatalyst is demonstrated in the present study. 
The most important challenge in the field of using photo-
catalysts is its operational limitations in terms of the costs 
of using UV lamps. Based on this, the improvement of the 
photocatalytic process by using Ag under visible waves 
(which brings lower costs) is highly recommended and 
effective. Figure 8 shows the response surface of Ag and 
COD. As expected, by increasing the amount of Ag from 
0.1 to 0.5 wt.% the R1 increased, significantly. However, 
low amounts of Ag weight percentages were determined 
to be unpreferable for the degradation of BTX. Table 3 
shows the optimized values in the case of considered 
parameters obtained from the Design expert software. As 
can be seen, for COD of 1500, the optimized dose, Ag, 

Fig. 8  The response surface of Ag and COD

Table 3  The optimized values 
about considered parameters

Factor Opti-
mized 
amount

A: Dose 1
B: Ag 0.5
C: COD 1500
D: pH 6.5
R1 96.77

Fig. 9  The stability analysis of 
the synthesized  Fe3O4/MnO2-
Ag nano-photocatalyst
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COD, and pH were determined with R1 equal to 96.77. 
Note that decreasing the pH value can lead to side effects 
such as corrosion of system pipes and increasing the pH 
value to around 7 can be desirable. Hence, the optimized 
values were chosen considering this fact.

Investigating the reusability of photocatalyst

In this section, the reusability efficiency of photocatalyst 
was investigated in a batch system. For each experiment, 
the solution contained a photocatalyst, and the wastewa-
ter was dried in an oven for 12 h at a temperature of 
70 °C. Then, the resulting powder was used for the next 
experiment. Figure 8 shows the results from the stabil-
ity analysis of the synthesized  Fe3O4/MnO2-Ag nano-
photocatalyst evaluated utilizing 11 consecutive runs of 
wastewater treatment. Due to the magnetic property of the 
photocatalyst after each photocatalytic run, the recovering 
process was performed by separating the NPs from the 
sample using an external magnet, then these NPs were 
washed three times with ethanol and water then dried and 
prepared for the next photocatalytic run. As can be seen, 
even at 8 runs, the efficiency of the photocatalyst was 
higher than 80% which shows the very high capability of 
this photocatalyst in recovery. The addition of Ag to the 
 Fe3O4/MnO2 photocatalyst may have contributed to the 
good recovery capability of the nano-photocatalyst. As 
mentioned in the previous section, Ag has great catalytic 
properties in the oxidation processes of dyes. Incorporat-
ing Ag into the  Fe3O4/MnO2 photocatalyst could enhance 
its photocatalytic activity (Fig. 9).

Conclusion

In this study,  Fe3O4/MnO2-Ag nano-photocatalyst was 
synthesized for the removal of dyes from wastewater, and 
different factors of pH, COD, Ag amount, and the amount 
of photocatalyst were considered. The nanocomposite 
was characterized using TEM, FESEM, EDS, and XRD 
analysis and the RSM method was employed to design 
the experiments, analyze the interaction effects, and opti-
mize the process factors. The ANOVA results confirmed 
the high predictive capability of the utilized model with 
 R2 of 96.77. The characterization of the synthesized 
 Fe3O4/MnO2-Ag nano-photocatalyst revealed that it con-
sisted of semi-spherical  Fe3O4 particles encapsulated by 
a clear  MnO2 layer and there are not any impurities in 

the synthesized photocatalysts. The high photocatalytic 
activity of synthesized photocatalyst was evident with 
efficiency exceeding 80% even after the 6th consecutive 
run. The addition of Ag further improved the photocata-
lytic performance and contributed to the good recovery 
capability of the nanocomposite under visible light and 
0.005 gr Ag resulted in more than 90% reduction of COD. 
For future work, the use of a semi-industrial system based 
on these photocatalysts should be considered. In addi-
tion, the performance of these photocatalysts needs to be 
evaluated for the removal of different pollutants in water 
and wastewater, simultaneously.
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