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Abstract
Heterogeneous photo-electro-Fenton oxidation (hPEF) is known to be a robust technique, which can be employed for promot-
ing organic degradation. This paper describes an environmentally friendly approach with the combination of photocatalysis 
and electrocatalysis in less acidic pH, aiming to achieve faster mineralization of a pharmaceutical micropollutant without 
adding any external oxidants.  TiO2/GO/loaded Ag non-active electrodes are synthesized for the degradation of bupropion 
hydrochloride (antidepressant drug). The present work also seeks the parametric modeling and optimization of hPEF process 
parameters by using R programming. Nonlinear kinetic modeling was performed for the determination of kinetic parameters. 
The role of selected process parameters on the mineralization of bupropion was also explained in detail. The OH• and  O2

•− 
showed their active participation in the degradation process, while Ag and UV-C played an active role in the disinfection 
of treated wastewater.

Keywords Heterogeneous photo-electro-Fenton · TiO2/GO/Ag-loaded electrodes · R programming · Response surface 
model · Micropollutants

Introduction

The issue of micropollutants is as of now probably the most 
sizzling topic in environmental engineering, because of their 
ubiquitous presence in natural water bodies (Aliofkhazraei 
2014). One of the most conspicuous transport pathways of 
micropollutants is urban wastewater treatment plants since 
these wastewater treatment plants are usually not equipped 
with the best possible treatment sequences to remove of 

micropollutants from wastewater (An et al. 2019; Cheng 
et al. 2014). Hence, high amounts of micropollutants are 
diluted in the receiving wastewater and led to treatment.

Advanced oxidation processes (AOPs) are efficient to 
treat an extensive range of industrial wastewater and an envi-
ronment-affable green technology (Chèvre 2014). Among 
all the AOPs, photo-Fenton (PF) and electro-Fenton (EF) 
have been demonstrated as promising treatment methods 
for micropollutants along with other pollutants that have 
received great attention for water remediation because of 

Editorial responsibility: iskender AKKURT.

 * P. Kaur 
 parminder.kaur@aalto.fi

1 Department of Chemical and Metallurgical Engineering, 
Aalto University, 00076 Espoo, Finland

2 Department of Separation Science, LUT University, 
50130 Mikkeli, Finland

3 Department of Environmental Engineering, Seoul National 
University of Science and Technology, Seoul 01811, 
South Korea

4 Department of Civil & Construction Engineering, Swinburne 
University of Technology, Melbourne, Australia

5 Department of Chemical Engineering, School of Mining, 
Metallurgy and Chemical Engineering, University 
of Johannesburg, P. O. Box 17011, Doornfontein 2028, 
South Africa

6 Department of Civil Engineering, University Centre 
for Research & Development, Chandigarh University, 
Mohali, Punjab 140413, India

7 Chemistry Department, College of Science, King Saud 
University, 11451 Riyadh, Saudi Arabia

8 Zhejiang Rongsheng Environmental Protection Paper 
Co. LTD, NO.588 East Zhennan Road, Pinghu Economic 
Development Zone, 314213 Zhejiang, P.R. China

http://orcid.org/0000-0002-1826-9257
http://crossmark.crossref.org/dialog/?doi=10.1007/s13762-022-04065-3&domain=pdf


640 International Journal of Environmental Science and Technology (2023) 20:639–652

1 3

being economical, efficient, and having a simple configura-
tion (Farshchi et al. 2019). Nowadays, the synergic effect 
of photo- and electrocatalytic oxidation of environmental 
pollutants has attained a great pace. It has been reported that 
nanostructured materials and modified electrodes materials 
provide high overall pollutant removal efficiency. (Fatta-
Kassinos et al. 2011).

Titanium dioxide  (TiO2) is broadly engaged with 
photo(electro)catalysis. It is ascribable to its vast range of 
properties and could be used in different morphologies and 
energy positions (Feng et al. 2006; Fox et al. 2012; Gao et al. 
2008; Hu et al. 2010). It is also reported that the modified 
 TiO2 as a material or in the form of electrodes provides a 
magnificent electronic shift of photogenerated charge carri-
ers and reduces the recombination rate of electron/hole pair 
(Jia et al. 2016). Therefore, the major goal of the present 
research was to synthesize  TiO2 non-active modified elec-
trodes to eliminate the hindrances for a realistic approach to 
heterogeneous photo-electrocatalysis (hPEF). The major hin-
drance for the use of hPEF in water treatment is a very nar-
row pH range to achieve a maximum efficiency and leaching 
out of electrocatalytic materials into the treated wastewater 
and contributions to additional water pollution, which can-
not be retained in the process. To overcome the bottlenecks 
of the hPEF process, development of a non-active electro-
catalyst is necessary, which will inactively participate in 
the reaction without leaching of catalytic material into the 
water, and a Fenton reagent is required to widen the pH 
range of Fenton reaction. Therefore, in the present study, 
 TiO2–graphene oxide (GO)-loaded silver nanoparticles 
(Ag) non-active electrodes were fabricated and α-Fe2O3/α-
FeOOH was used as Fenton reagent. Bupropion was used as 
a model compound, and its degradation with a non-active 
mixed metal electrode  (TiO2–GO–Ag) by hPEF treatment 
method has not been reported in the literature.

The most important aspect of the successful degradation 
of organics in wastewater has been parametric optimization 
of process. The traditional process optimization approach 
does not show the collective effect of all the independent 
variables over the responses. Furthermore, a traditional pro-
cess optimization approach is rather time-consuming and 
requires lots of experiments to be performed. The statis-
tical experimental design overcomes these restrictions of 
the traditional process optimization approaches. Response 
surface methodology is an effective optimization tool for the 
simultaneous optimization of process parameters with fewer 
experimental trials. Several commercial optimizations soft-
ware tools provide optimization process approaches; how-
ever, R is open-source software, which allows the execution 
of various statistical techniques by using different packages. 
It offers a broad range of statistical and graphical techniques 
with more updated packages. R software packages are very 
sensitive and useful in the optimization process through the 

validation approach (Kumar et al. 2008). So, for the present 
study, R open-source software by R-Commander (Rcmdr) 
package with RcmdrPlugin. DoE plugin has been used 
for parametric modeling of hPEF process. To the best of 
authors’ knowledge, there are no reports on the use of the 
statistical design of R package for simultaneously optimiza-
tion of hPEF process parameters. Furthermore, the degra-
dation mechanism and disinfection study for the treatment 
of bupropion wastewater by the hPEF treatment has been 
performed. The change in the rate of reaction or reaction 
kinetics has also been studied.

Materials and methods

TiO2/GO/Ag‑loaded nanostructured electrode 
fabrication

A seamless perforated Ti tube (Global Engineers, India) 
with a 165-cm2 area was used as a base material for elec-
trode fabrication. Perforated Ti tube was furbished using 
sandpaper and then cleaned with 70% isopropanol and 
ultrapure water. Graphene oxide was fabricated over the 
surface of  TiO2-perforated seamless tube by the anodiza-
tion method. Ultrasound waves (Branson 2510 sonica-
tor) were used for the mechanical itching of  TiO2 tube 
by using (acetone)1:(water)10 for 60 min. Furthermore, 
(HF)1:(HNO3)4:  (H2O)10 was used for the chemical engrav-
ing of Ti tube for 10 to 20 s. Anodization was performed 
with  TiO2 seamless perforated tube (3 cm) as a positive 
electrode and copper tube (3 cm) as a negative electrode. 
The distance maintained between the electrodes was 1 cm 
in 5% HF electrolyte at 20 V (Astral-PS3005 power supply 
(0–30v)) for 2 h. The fresh anodized electrode was calci-
nated in the muffle furnace at 500 °C (Nabertherm muffle 
furnace L 5/11) for 3 h. Graphene oxide (GO; 10 ml  L−1) was 
deposited on the surface of  TiO2 nanostructured electrode by 
anodization at 15 V for 10 min and then calcinated at 350 °C 
for 2 h. Furthermore, GO–TiO2 electrode was taken as a 
cathode and steel electrode as an anode. Electro-deposition 
was performed (100 ml  L−1AgNO3) for 10 min at 15 V for 
the coating of Ag. Annealing was carried out at 200 °C for 
2 h. To confirm the fabrication electrodes, characterization 
was performed. The crystal structure was examined using 
an X-ray diffractometer (XRD) of the Empyrean series 2 
PANalytical X-ray with Co-anode (40 kW, 30 mA). A high 
dynamic range pixel 3D detector with a monochromator was 
used for the detection of diffracted X-rays. Raman spectros-
copy (HORIBA Jobin Yvon LabRAM HR, model number: 
HR800VIS-UVL-2005-057, 514.53 nm) was performed for 
the detailed information about the chemical structure and 
molecular interaction properties of the electrode. The sur-
face topography and composition of the fabricated electrode 
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were studied by SEM (Hitachi S-4800). Energy-dispersive 
spectrometry (EDS) is an analytical technique used for 
the elemental analysis or chemical characterization of the 
electrodes.

Pharmaceutical drug

Bupropion hydrochloride of the aminoketone class (anti-
depressant) was purchased from Sigma–Aldrich (99.9% 
purity). Its structure closely resembles with diethylpropion 
and is correlated with phenylethylamines. The molecular 
formula is  C13H18ClNO•HCl. Bupropion hydrochloride 
powder is white, crystalline, and highly soluble in water. 
Simulated pharmaceutical wastewater was prepared by dis-
solving 5  mgL−1 (Mettler Toledo micro weighing balance) 
of bupropion hydrochloride. Antidepressants are present in 
the wastewater in very small amounts but highly toxic for 
the environment (Lawson 2014).

Experimental setup

A batch reactor was designed at a laboratory scale for the 
treatment of simulated pharmaceutical wastewater by hPEF 
process with a working volume of 1 L, and sintered bub-
blers were used for injecting air into the electrochemical 
reactor. The reactor was placed in the center of UV chamber 
with two UV-C, 8 W lamps as shown in SI-1. A seamless 
perforated TiO2/GO/Ag-loaded nanostructured electrode as 
anode and cathode was placed inside the glass reactor. The 
current or voltage was controlled using an astral-PS3005 
power supply (0–30 V). The distance between the anode 
and cathode was maintained at one cm. All the experiments 
were performed in a laboratory with excellent exhaustion.

Experimental design, data analysis, and modeling 
by R

R is a language and environment for statistical computing 
and graphics. It provides a wide variety of statistical compu-
tations such as linear and nonlinear modeling and classical 
statistical tests. It is easily extensible through functions and 
extensions, and the R community has for its active contri-
butions in terms of packages (Li et al. 2007). R by Rcmdr 
(design) package from CRAN was used for the designing of 
the hPEF experiments. The response surface model (RSM) 
was used for the modeling of hPEF process. pH, time (min), 
voltage (V), and α-Fe2O3/α-FeOOH dose (mM) were taken 
as four independent variables for the hPEF process for the 
degradation of simulated pharmaceutical wastewater with 
respect to the % TOC removal (%T), % mineralization (%M), 
and energy efficiency (EC). Four levels were selected for 
each independent factor, to investigate the interaction of 
these independent factors and its effect over the response. 

Experiments were performed to prove the accuracy using 
the levels/ranges of each selected factor. The response vari-
ables were fitted by a sufficient model and able to describe 
the interaction between the selected responses and the inde-
pendent variables using the regression method. In RSM, the 
relationship between the responses (R) and the independent 
variables ( Iv ) was assumed to be a nonlinear Eq. (1), where 
f is a nonlinear function and � is the random effect of experi-
mental error.

The RSM requires that it must provide data that will 
allow estimation of the coefficients of the model. Among 
the response surface designs, the most popular one is the 
central composite design (CCD). This design allows for the 
sequential augmentation, first allows one block for the fitting 
of first-order model and then adds more blocks if the second-
order model fitting is required. There are two types of blocks 
in CCD, i.e., cube blocks (two-level factorial + center points) 
and star blocks (axis points + center points). The levels of 
the factors are at positions ± 1 and center points at (0,0…,0). 
The design points in the star blocks are at the position of ± α 
along each coordinate axis. The value of α and choices of 
replications of the design points and center points are often 
selected based on the consideration of rotatability and 
orthogonality of blocks (Lin et al. 2019).

The desirability package from CRAN was used for the 
optimization of responses. The synchronized optimization 
is a collective form of overall desirability function approach 
and maximizes desirability within a cuboidal region 
bounded by the value of the axial points. This optimization 
technique can handle discontinuous or non-smooth functions 
that are commonly produced by desirability functions. The 
desirability function within a cuboidal region changes each 
response to congruous desirability ( ∝i ) value between 0 and 
1 as expressed in Eq. (2), where Ri is the response value, Ri-
min and Ri-max are the minimum and maximum admissible 
values of responses i, respectively, and π are weights and a 
positive constant. These are used to determine the scale of 
desirability. The combination of all desirability functions 
provides composite desirability function as shown in Eq. (3), 
where 0 <  = ∝ <  = 1, and Ω is the number of responses (Lin 
et al. 2019).

The samples were analyzed for the selected responses, 
i.e., % T, % M, and EC. % T was determined by using the 
Hach cuvette test LCK 380 (DR 3900 spectrophotometer). 

(1)R = f (Iv) + �

(2)∝i=

{

0
1

[

Ri − Ri−min

Ri−max − Ri−min

] �

(3)∝=
(

∝1 × ∝2 … ∝n

)
1

Ω
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% T was calculated by using Eq. (4), where T1 = initial TOC 
and T2 = final TOC. The %M was analyzed using a double-
beam UV–visible spectrophotometer (HACH, DR 5000, 
USA). The λmax for bupropion was 254 nm, and Eq. (5) 
was used to measure % M, where A1 = initial absorbance 
and A2 = final absorbance. EC response was calculated using 
Eq. (6), where i = current (A), V = voltage (v), t = time (h), 
and � = reactor working volume (l).

Degradation mechanism and disinfection study

UV spectrophotometric, Fourier transform infrared spectros-
copy (FTIR), electron paramagnetic resonance (EPR) with 
spin trapping, and gas chromatography–mass spectrometry 
(GC–MS) were performed to predict the plausible degrada-
tion mechanism of bupropion by hPEF treatment method. 
Treated (by hPEF) and untreated simulated pharmaceutical 
wastewater was analyzed under the UV range of spectro-
photometer to observe the reduction of peaks of bupropion 
before and after treatment. FTIR (Vertex 70, Bruker) was 
used to observe the stretching and breaking of bupropion 
molecule bonds and the formation of new bonds after 
hPEF treatment. EPR (EPRA-9300/CMS 8400) was used 
to observe the generation of radicals during the hPEF treat-
ment process. The compounds identified by GC–MS analysis 
of the treated simulated pharmaceutical wastewater by hPEF 
were analyzed through a comparison of original simulated 
pharmaceutical wastewater. The sample for GC–MS analysis 
was prepared by the liquid–liquid extraction method using 
dichloromethane. GC–MS (Agilent Technologies) with ZB 
drug column (30 m × 0.25 µm internal diameter, 0.25 µm 
thickness) was used for GC–MS analysis. Injector tempera-
ture was 250 °C at splitless injector mode. Carrier gas for 
GC was helium with a flow rate of 0.6 ml/min. The tem-
peratures of the inlet line and ion sources were 250 °C and 
260 °C, respectively. The total time for the GC–MS analysis 
run was 30 min.

To study the disinfection activity standard, colonies 
forming units (CFU) method was used (APHA manual). 
The comparative disinfection properties of the hPEF pro-
cess in the presence of Ag, UV-C, and Ag + UV-C were 
observed. DH α1 cells of Escherichia coli (E. coli) were 

(4)%T =

[

T1 − T2

T1

]

X100

(5)%M =

[

A1 − A2

A1

]

X100

(6)EC =

[

Vti

�

]

Wh

cultivated at 37 °C, maintained on LB plates (Luria–Ber-
tani agar), and then, at exponential phase, harvested by 
centrifugation. Harvested E. coli cells were inoculated in 
the sterile 0.9% NaCl solution. Furthermore, DH α1 strain 
of Escherichia coli (E. coli) was used for the disinfection 
study of synthetic pharmaceutical wastewater by hPEF 
treatment process.

Results and discussion

Electrode characterization

The electrochemical anodization method was used for the 
synthesis of TiO2/GO/Ag-loaded electrodes. The charac-
terization of the electrodes was performed by XRD, Raman 
spectroscopy, and SEM–EDS.  TiO2 phase was confirmed 
by XRD, and Fig. 1a shows the  TiO2 anatase diffraction 
peaks at 29.45°, 31.93°, 48.2°, 63.4°, 74.3°, and 82.07° 
planes (JCPDS CARD No. 21-1272). Anatase phase pro-
vides a better photocatalytic activity by exhibiting more 
charge carriers as compared to the rutile phase by avoiding 
the combination of charge carriers (Lucas and Peres 2009). 
The XRD analysis of TiO2/GO/Ag-loaded fabricated elec-
trode showed peaks at 29.44°, 44.68°, 62.22°, and 74.52° 
(JCPDS No. 65-2871). It provides the information regarding 
the possibility of Ag. It was observed that a few peaks in the 
XRD pattern were overlapped. The loading of GO layer over 
 TiO2 was confirmed by a peak at 40.2°. The presence of Ag 
nanoparticles was not ensured by the XRD analysis.

To ensure the presence of Ag nanoparticles over the car-
bon layer, Raman spectroscopy was performed. The pres-
ence of anatase  TiO2 was confirmed by the presence of 
peaks at ~ 142 (Eg), ~ 396  (B1g), and 514  (A1g) (Metcalfe 
et al. 2010) as shown in Fig. 1b. The presence of D and 
G peaks at ~ 1232  cm−1 and ~ 1403  cm−1, respectively, con-
firmed the presence of graphene layer. The D and G peaks 
are representative peaks of carbon, indicating the presence 
of carbon with impurities, and  E2g carbon mode confirmed 
 sp2-configured two-dimensional hexagonal layer of carbon 
(Mondal et al. 2018). Raman analysis also confirmed the 
possibility of Ag nanoparticle deposition over the electrode.

To confirm the presence of silver nanoparticles over the 
electrodes, the morphological characterization of the fab-
ricated TiO2/GO/Ag-loaded electrode was carried out by 
SEM–EDS. Soft puffed graphene layer was observed clearly 
over the  TiO2 substrate as shown in Fig. 1c (1). Furthermore, 
the electrodeposition of Ag nanoparticles was observed as 
bright circular stable nanoparticles over the  TiO2/GO sur-
face (Fig. 1c (2)). The existence of  TiO2, GO, and Ag nano-
particles was confirmed by the EDS elemental analysis as 
presented in Table SI-1.
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Design of experiments, analysis, and optimization 
with R

Using the Rcmdr (design) package and the response sur-
face central composite design (fractional factorial two-level 
design), the experiments for hPEF treatment process were 
designed. In the full factorial design, four independent vari-
ables were manipulated and all combinations of the levels of 
each independent variable were included. There were three 
selected response variables, namely % T, % M, and EC, and 
four coded predictors, namely X1, X2, X3, and X4. The ranges 
of the selected independent variables were selected based on 
preliminary experiments as shown in Table SI-2. The total 
number of 29 experiments was designed with the five central 
points. The experiments in the laboratory were conducted 
according to the matrix as shown in Table 1. The ‘rsm’ func-
tion was used for parametric modeling. The response surface 
portion was specified by the pure quadratic function because 
the model formula for ‘rsm’ was PQ (pure quadratic).

The interaction between the independent factors and 
dependent factors was estimated by significant model terms 
in the form of significant codes (0 '***': highly significant, 
0.001 '**': significant, 0.01 '*': comparatively significant) 
using response surface model as shown in Table 2. The 
obtained values of different R2 for %T, %M, and EC were 
0.967, 0.968, and 0.951, respectively. The significance 

model terms were identified by processing ANOVA and the 
lack-of-fit F values which were insignificant: 0.763, 0.867, 
and 3.206 for %T, %M, and EC, respectively. P value less 
than 0.05 shows the significance of model terms with 95% 
confidence level as shown in Table 3.

To analyze the impact of individual independent fac-
tors (variables) such as pH, time (min), voltage (V), and 
α-Fe2O3/α-FeOOH (mM) (Fe dose) on the dependent factors 
(response), i.e., %T removal (X1), %M (X2), and EC (Wh) 
(X3), 3D response surface plots (Fig. 3, SI-2, and SI-3) were 
used. Figure 2a depicts that the %T efficiency was poor in a 
highly acidic medium (pH 3); at pH > 3, %T was begun to 
increase up to pH value of ≈7. Subsequently, in the alkaline 
condition (pH > 8), the %T removal efficiency was abruptly 
decreased (Navalon et al. 2010). It was observed that volt-
age had very less impact on the % T at nearly neutral pH 
range but %T was extremely reduced at a low applied voltage 
(2 V). The interactive effect of Fe dose and time is shown 
in Fig SI-2a. As the hPEF reaction time was increased, the 
%T efficiency increases. But, as compared to higher Fe dose 
≈ > 0.5 mM, the enhancement in %T value with time was 
more protruding for lower values of Fe dose (0.2–0.5 mM). 
In Fig SI-2b, %T was found to increase with the increase in 
pH up to neutral with the increase in Fe dose to 0.5 mM. The 
highest %T was attained in the pH range of 5 to 7 for time 
≈ 16 to 20 min at the lower range of Fe dose ≈ 0.3 to 0.6.

0 20 40 60 80 100 120

2θ [Degree]

TiO2-GO-Ag
TiO2

(1) (2)

(a) (b)

(c)

Fig. 1  a XRD patterns of  TiO2 and Ag-loaded GO/TiO2 electrodes. b Raman spectroscopy of Ag-loaded GO/TiO2 electrodes
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Figure 2b illustrates the interactive impact of voltage 
and pH on mineralization efficiency (%M). The consider-
able advancement in %M was observed when the pH of the 
electrochemical system was increased from 2 to ≈7, for all 
the voltage values. Nevertheless, an increase in pH up to 
≈10 exhibited no change in %M. Comparably, over a whole 
range of Fe dose, maximum %M was achieved at pH ≈ 5–7 
(Fig SI-2c). The impact of voltage over the %M and %T fol-
lowed a similar trend. Hence, the highest %M was observed 
in the pH range 5–6 at applied voltage ≈ 3.5v. With the 
increase in time from 10 to 30 min, %M followed a linear 
trend for all Fe doses values from 0.2 to 0.6 mM (Fig SI-2d). 
In the present study, the finest results for %T and %M were 
achieved at the pH value of 5.8, which was not highly acidic. 
The oxidants involved in the destruction of pollutants were 
generated in the bulk solution or anode surface. Neverthe-
less, the generation of oxidants or efficiency in terms of %T 
and %M removal was comparatively low in highly acidic and 
very low in highly basic pH range. Figure 2c depicts that as 

the voltage of the hPEF system increases with the increase 
in time, there was a sharp increase in the EC. The Fe dose 
and pH had no effect on the EC during the treatment process.

The interactive behavior of the independent parameters 
concerning the responses depicts that the pH range 5 to 7 pro-
moted a bit higher performance in %T and %M. The catalytic 
mineralization process of hPEF voltage plays a powerful role. 
The movement of charge carriers in between  TiO2, GO, and 
Ag and the improvement in the charge separation is directly 
related to the applied voltage (Nidheesh et al. 2017). The %T 
and %M results concerning applied voltages > 3 were higher 
than the flat band potential of  TiO2. The applied voltage > 3 
was enough for the complete band bending to promote the 
separation of the photogenerated charge carriers (Paramasivam 
et al. 2012). Therefore, a greater bias potential was circum-
vented side reactions during the hPEF wastewater treatment. 
But, if the applied voltage was higher than 5 V, it ultimately 
decreased the %T and %M because of the friction between 
the charges due to high voltage. The mineralization of the 

Table 1  Experimental matrix using the central composite design by R

Block Runs pH (X1) Time (min)
(X2)

Voltage (v)
(X3)

α-Fe2O3/α-FeOOH 
dose (mM) (X4)

TOC Removal 
(%T)

Mineralization 
(% M)

Energy 
consumed 
(EC)

1 1 9 10 5 0.8 24.14 31.14 0.875
1 2 5 10 5 0.4 61.31 71.31 0.621667
1 3 9 20 3 0.8 3.63 13.63 1.47
1 4 5 20 5 0.4 79.01 90.01 1.55
1 5 9 10 3 0.4 20.66 25.66 0.725
1 6 7 15 4 0.6 69.61 79.61 1.05
1 7 9 20 3 0.4 35.94 45.94 1.65
1 8 7 15 4 0.6 52.1 62.1 1.05
1 9 5 20 3 0.8 32.76 42.76 0.85
1 10 9 20 5 0.8 21.51 31.51 1.85
1 11 5 20 5 0.8 39.1 29.1 1.1
1 12 7 15 4 0.6 69.32 79.32 1.05
1 13 7 15 4 0.2 87.66 97.66 1.35
1 14 7 15 4 0.6 68.01 78.01 1.05
1 15 7 25 4 0.6 66.39 76.39 1.95
2 16 9 10 3 0.8 20.8 26.8 0.425
2 17 9 10 5 0.4 15.45 25.45 0.55
2 18 11 15 4 0.6 3.22 9.22 1.45
2 19 5 10 3 0.8 55.43 65.43 0.325
2 20 9 20 5 0.4 48.23 58.23 1.95
2 21 7 15 4 0.6 68.71 77.71 1.05
2 22 7 5 4 0.6 55.28 60.28 0.11
2 23 5 10 5 0.8 40.55 50.55 0.31
2 24 5 20 3 0.4 89.89 99.89 1.35
2 25 5 10 3 0.4 77.99 87.99 0.125
2 26 7 15 2 0.6 20.29 32.29 0.725
2 27 7 15 4 0.6 66.5 75.5 1.05
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drug components was achieved by the synergic effect of the 
photo-Fenton and electro-Fenton processes. Moreover, under 
the synergic effect, there was the photocatalytic, voltage trig-
gered, and electrochemical generation of OH• (Parrino et al. 
2014). The photogenerated and voltage trigger electron in the 
conduction band of  TiO2 (Eqs. 7 and 8) and react with the 
oxygen to generate  O2•- radicals (Eq. 9).

In the case of electro-Fenton, the OH• generated at the 
anode and then adsorbed on the anode surface as explained in 
Eq. (10), and the drug was mineralized through oxidation as 
explained in Eq. (11) (Santoke et al. 2009).

Besides, the hydroxyl radicals can be produced by ultravio-
let irradiation of dissolved oxygen and action of Fenton reagent 
according to Eqs. (12–15) (Steter et al. 2014; Tilley 2019):

Hematite and goethite have a conduction band level 
at − 0.62 and − 0.08 V and a valence band level at + 1.40 
and + 1.94 V, respectively. It has been observed that the excited 
electron  (e−) of hematite conduction band would be easily 
transferred to the conduction band of goethite and an effec-
tive electron separation and transformation occur between the 
mixture of iron oxides (Tippmann 2015). Goethite has higher 
crystallinity and high photocatalytic activity. It supports the 
catalytic activity in weak acidic conditions by the formation 
of  Fe2(OH)2 4+ complex. It can be further photoreduced to 
hydroxyl radical and  Fe2+ (Eq. 16):

It proclaimed that bupropion degradation was due to 
 OH•− mediated oxidation on the electrode and  OH•− and 
 O2

•−-mediated oxidation attributed in the bulk.

(7)TiO2 + hv → TiO2e
− + TiO2h

+

(8)TiO2 + v → TiO2e
− + TiO2h

+

(9)O2 + TiO2e
−
→ O⋅−

2

(10)
TiO2∕GO∕Ag + H2O + v → TiO2∕GO∕Ag(OH

⋅) + H+ + e−

(11)
TiO2∕GO∕Ag(OH

⋅) + R → ROxidized + TiO2∕GO∕Ag + intermediates

(12)O2 + 2H2O + hv → H2O2 + O2 + H2

(13)H2O2 + hv → 2OH⋅

(14)Fe2+ + H2O2 → Fe3+ + OH− + OH⋅

(15)Fe3+ + e− → Fe2+

(16)Fe2(OH)4+
2

+ hv → Fe2+ + OH⋅
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Fig. 2  Interaction of independent parameters with %T, %D, and EC

(a) (b)

332 334 336 338 340

Magnetic field, mT

332 334 336 338

Magnetic Field,mT

Fig. 3  Spin adducts of •OH and •O2
− radicals observed by the EPR spectroscopy
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To optimize the values of operating parameters, the tar-
get was set to maximize %T removal and %M, while keep-
ing EC as a minimum. As a result, the optimum condition 
was found by desirability function approach using R pro-
gramming: pH = 5.8, voltage = 3.6 V, time = 20 min, and Fe 
dose = 0.42 mM with predicted responses as: %T = 89.16%, 
%M = 97.64%, and EC = 1.39 Wh. A set of three experiments 
was conducted at optimized condition (pH = 5.8, V = 3.6v, 
t = 20 min, and Fe dose = 0.42 mM). The predicted responses 
and experimental values at the optimal conditions satisfy the 
suitability of optimization analysis, and the average values 
derived are: %T = 87.86%, %M = 97.09%, and EC = 1.35 Wh, 
which were in good agreement with the predicted values.

Degradation pathway and disinfection study

To study the degradation pathway, transformation products 
play an important role. To determine the transformation by 
products of bupropion hydrochloride, 10 ng  L−1 of drug 
solution was treated by hPEF at achieved optimize condi-
tions for 20 min. This treatment was performed at a higher 
concentration of bupropion hydrochloride, to detect the 
reaction transformants accurately. Samples for the GC–MS 
analysis were withdrawn from the ongoing reaction at spe-
cific intervals of time. The mass spectrum obtained from 
GC–MS analysis for the initial sample (without hPEF treat-
ment) shows a peak at 100 with a mass/charge (m/z) ratio 
(Fig. SI-3). The GC–MS mass spectrum of samples after 
hPEF treatment for 20 min (Fig. SI-3) divulged the forma-
tion of four considerable reaction intermediates. Bupropion 
hydrochloride-transformed products are listed in Table SI-3 
according to their retention time.

During hPEF of bupropion hydrochloride wastewater, 
there were two oxidative species predominantly participating 
in the degradation process such as  OH• and  O2

•−. This was 
confirmed by EPR spectroscopy. For EPR, 5,5'-dimethylpyr-
roline N-oxide (DMPO) and 2,2,6,6-tetramethylpiperidine 
1-oxyl (TEMPO) were used for radicals trapping. The spin 
adducts observed by the EPR (DMPO) represent the pres-
ence of four distinctive peaks having an intensity propor-
tion of 1:2:2:1 (Fig. 3a). It ensured the generation of  OH• 
in the hPEF treatment process (Wang et al. 2017), while 
2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO) showed a 
typical signal of three peaks with an intensity of 1:1:1. The 
signal intensity secured the presence of  O2

•− radicals as 
shown in Fig. 3b.

Degradation pathway has been predicted based on the 
generated transformants and involvement of  OH• and 
 O2

•− radicals to degrade the bupropion hydrochloride mol-
ecule (Fig. 4). According to one possible pathway, (ipso 
attack) aromatic characteristics of bupropion molecules 

would be shattered with the addition of the  OH•− radical 
(Xu et al. 2019). The direct attack of hydroxyl radicals would 
break the benzene ring by the dealkylation of the bupropion 
molecule. In this case, possibly N,N-diethyl-2-amino ethanol 
(m/z 117) and 3-butynoic acid or cyclobutene-1,3 dione (m/z 
84) transformants would be formed. The breaking of the 
benzene ring promotes the generation of unstable alcohol 
and acid intermediates (Yang et al. 2013). In another deg-
radation pathway, there is a possibility of an intermediate 
generation (cyclopentadiene carbonitrile with m/z 252.9) by 
decarboxylation due to the attack of active  O2

• species. Com-
plete dealkylation of cyclopentadiene carbonitrile would 
result in the complete mineralization. It was observed that 
the peak area of N, N-Diethyl-2-amino ethanol increased 
concerning an increase in reaction time. A small peak with 
m/z ratio 100 of bupropion was observed after 20 min of 
hPEF treatment (Fig SI-3). It was observed because TOC 
removal (90%) from bupropion-polluted wastewater through 
hPEF treatment was below 100%. Furthermore, generated 
transformants would undergo oxidation, be converted into 
aliphatic compounds, and then ultimately yield  Cl2,  NO2, 
 CO2, and  H2O. The dissociation of bupropion molecules was 
also observed by FTIR spectra.

The FTIR spectrum of before treatment (t = 0) and after 
treatment sample (t = 20 min) is shown in Fig SI-4a. Two 
prominent peaks were observed in the spectrum of before 
treatment sample at 3309.70 and 1633.73  cm−1. These peaks 
were adsorption peaks of amine, hydroxyl functional, and 
carbonyl groups, respectively, present in the molecule of 
bupropion (Ye et al. 2019a). The adsorption intensity of 
these groups was reduced after hPEF treatment. There were 
small peaks generated at 1455, 1745, 2849, and 2923  cm−1 
after hPEF as shown in Fig SI-4a, which was characteristic 
adsorption peaks of H–C–H bend, –C = O, C–H, and C–H 
(weak stretch) groups. Therefore, the FTIR spectrum proves 
that the bupropion molecules were breakdown into transfor-
mants. These transformants undergo further oxidation and 
are converted into simpler compounds. It was also confirmed 
by the UV–visible spectra of initial and treated synthetic 
wastewater sample as shown in Fig SI-4b. An initial sample 
of bupropion simulated wastewater exhibited two maxima at 
208 and 251 nm. However, these peaks significantly dimin-
ished in the spectrum of the treated sample by hPEF.

Bupropion wastewater containing E. coli culture was 
treated without UV-C, to determine the sole effect of Ag to 
disinfect the wastewater at the optimized condition. It was 
observed that after electrochemical treatment, the CFU count 
extensively reduced up to 40,000 CFU from 58,000 CFU. 
The E. coli cells viability was reduced up to 13.8% after 
electro-oxidation treatment (EO). After the (Ag + UV-C) 
hPEF treatment, it was decreased to 5015 CFU. It was 
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observed that Ag solely was effective for the disinfection 
of hPEF treated wastewater, but the combination of Ag and 
UV-C was extremely effective to disinfect the wastewater, 
and the viability of cells was reduced by 91.4% at optimized 
conditions. The presence of E. coli culture in the wastewa-
ter before treatment was observed under the microscope as 
shown in SI-5a and b. It was observed that the metabolic 
activity of the E. coli  cells was reduced to 10% after electro-
chemical treatment and furthermore after (Ag + UV-C) hPEF 
treatment, it was reduced up to 89%. The cytotoxicity was 
high with (Ag + UV-C) hPEF treatment as shown in Fig. 5, 
but the survived E. coli  cells have deformed cell wall or 
naked cells with the effect of UV-C radiation.

Degradation kinetics

Degradation kinetics was performed with pseudo-first-
order, first-order, and second-order model. The pseudo-first-
order model (Eq. 17) follows bupropion degradation from 

Fig. 4  Degradation pathway and 
generated transformants during 
hPEF treatment of bupropion 
hydrochloride
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Fig. 5  Cytotoxicity of hPEF, Ag, and UV-C
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simulated pharmaceutical wastewater by hPEF process at 
any time very well.

where C0 is the initial concentration of bupropion organic 
carbon. At any instant value of Ct and applied voltage, the 
initial bupropion mineralization rate is high but as it attains 
equilibrium, a small fraction of initial bupropion organic 
carbon (C0) was left unoxidized at the experimental condi-
tions. Therefore, the pseudo-first-order model equation was 
modified for a better understanding of the kinetic model 
(Eq. 18) (Ye et al. 2019b).

where CMt  (mgL−1) is the concentration bupropion organic 
carbon at any instant of time (t), whereas CMe  (mgL−1) is the 
concentrations of bupropion organic carbon mineralization 
at equilibrium condition and kP is the reaction rate constant. 
A nonlinear kinetic study was performed at optimized con-
ditions (voltage = 3.6 V, pH = 5.8 ± 0.1, Fe dose = 0.42 mM) 
for the bupropion TOC concentration change concerning 
hPEF reaction time. Marquardt’s percent standard deviation 
(MPSD) (Eq. 19) applying error function was used for the 
fitting of experimental data into the nonlinear regression 
(Zhu et al. 2016):

where the ‘epm’ and ‘calc’ symbolize the experimental 
and calculated values of total organic carbon, respectively, 
and m and n represent the number of measurements and 
parameters, respectively, in the model. Pseudo-first-order 
kinetic model was fitted to experimental data for the min-
eralization of bupropion removal as shown in Fig SI-6. The 
best-fitted parameters for the nonlinear kinetic model are 
shown in Table SI-4. It was observed that reaction equilib-
rium was achieved in 19 min for bupropion degradation. 
Consequently, degradation kinetics of bupropion was inves-
tigated within the time range of 30 min. Pseudo-first-order 
kinetic model was accurately fitted with high R2 (0.99) value 
at the optimized conditions for bupropion degradation by 
hPEF. The correlation between the CMe,exp and CMe,cal values 
proves the accuracy of the pseudo-first-order kinetic model.

(17)ln
C0

Ct

= kt

(18)CMt = CMe

[

1 − eKPt
]

(19)MPSD =
100

√

√

√

√

1

m − n

n
∑

i=1

CMt,v,epm − CMt,v,calc

CMt,v,exp

Conclusion

Hetero-photo-electro-Fenton is a versatile and robust method 
and suitable for the degradation of all types of wastewa-
ters even operating at close to neutral pH range of 5–7. The 
combination of photo- and electrocatalysis using  TiO2/GO/
Ag-loaded electrode is very effective for the mineralization 
of bupropion drug. Hetero-photo-electrocatalysis was suc-
cessfully performed in batch for bupropion-laden wastewater 
treatment. Statistical analysis advocates a high correlation 
between the observed and predicted values. Hetero-photo-
electrocatalysis process was successfully optimized for 
important process parameters with Rcmdr (design) package 
by using the response surface central composite design (frac-
tional factorial two-level design). It was confirmed that two 
oxidative species such as •OH and •−O2

− played an impor-
tant role in the degradation of organics. The maximum TOC 
removal and mineralization at the optimum conditions by 
the hPEF treatment were found to be 87.86% and 97.09%, 
respectively. The mineralization kinetics follows pseudo-
first-order kinetic for hPEF treatment process. hPEF, Ag, 
and UV-C in combination were found to be very effective 
for the disinfection of the wastewater as compared to elec-
trochemical oxidation.

From an environmental point of view, the present study 
concentrates on energy consumption, safe disposal, and 
minimizing the iron (Fenton’s catalyst) and electrocatalyst 
leaching in treated wastewater. To minimize the energy con-
sumption, an approach was used to emerge photocatalysis 
and electrocatalysis, to reduce the degradation time, which 
ultimately minimize the energy consumption (EC = 1.35 
Wh). hPEF treatment energy was also used for the disin-
fection of wastewater by modifying the electrode material. 
It has been reported that graphene oxide has disinfection 
properties (Zickler et al. 2006) but in the presence of Ag 
and UV-C, it provided extremely good disinfection results. 
To make this process safer for the disposable point of view, 
goethite and hematite nanoparticles were used as Fenton’s 
reagent. These help to protect the hydroxyl radicals at higher 
pH range and provide liberty to perform hPEF treatment of 
pharmaceutical wastewater at less acidic pH. To determine 
the iron leaching, iron concentration in the hPEF-treated 
wastewater was observed, which was 0.02 mg/l, revealing 
the fact that iron leaching is quite low as compared to the 
photo-Fenton process.
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