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Abstract
In the present investigation, a combined approach of electrocoagulation followed by photoelectrocatalytic oxidation of 
aqueous bisphenol-A (BPA) solution using titanium electrode coated by mixed metal oxides (RuO2/IrO2/TaO2) through 
green-synthesized ZnO nanocatalyst (NPs) was performed. The biosynthesized RF-ZnO NPs were confirmed as nanoparti-
cles using UV–Vis, FTIR spectroscopy, BET analysis, SEM, EDAX, HR-TEM, and XRD analysis. In the primary treatment 
process, the aqueous BPA solution was treated by electrocoagulation. The efficient ZnO NPs photocatalytic agent was syn-
thesized from Rubus fairholmianus root extract. The removal of BBA was achieved at 59.83% at 20 min of treatment time. 
After completion of the electrocoagulation process, a secondary treatment process of photoelectrocatalytic oxidation with 
different operating parameters was investigated. The complete mineralization of BBA could be attained at a 25 mA cm−2 of 
current density at treatment time of 90 min by photoelectrocatalytic oxidation. With an aid of supporting electrolyte (NaCl) 
in the basic medium, BPA degradation rates were increased with increasing applied current. GC–MS analysis was used to 
investigate the by-products obtained by degradation and the results were matched with standard NIST database. The kinetic 
parameters for degradation were calculated, which were fitted well with the pseudo-first-order kinetic model.

Keywords  Endocrine-disrupting chemicals · Bisphenol-A (BPA) · Integrated treatment · Electrocoagulation (EC) · 
Photoelectrocatalytic (PEC) oxidation · Biosynthesized RF-ZnO nanoparticles (RF-ZnO NPs)

Introduction

Bisphenol-A [BPA; 2,2-bis(4-hydroxyphenyl) propane] is 
a familiar endocrine disruptor in humans and an emerging 
toxin in diverse environmental compartments (Kang et al. 

2006; Laxma et al. 2018). BPA is greatly employed as the 
raw candidate to produce polysulphonate and phenol res-
ins, unsaturated polyesters, and polyacrylates, nevertheless 
chiefly to generate epoxy resins and polycarbonate plastics 
(Govindaraj et al. 2012; Abdul et al. 2021). The epoxy resins 
are used in aerospace applications, automobile parts, adhe-
sives, metal jar lids, a coating for PVC pipe, and electrical 
and electronic equipment. Polycarbonate plastics are used in 
manufacturing automotive lenses, dental sealants, household 
appliances, rubber chemicals, CDs, DVDs, food packaging, 
and plastic bottles (Kang et al. 2006; Govindaraj et al. 2013).

BPA is commonly found in environmental concentrations 
that vary considerably from ng/L level to g/L level by leach-
ing from final products and some manufacturing industrial 
effluents. BPA has low biodegradability and recalcitrance, 
necessitating the development of an effectual technique for 
removing BPA from water (Abdul et al. 2021). Conventional 
treatment methods have been utilized to treat BPA, including 
chemical, electrochemical oxidation, photocatalytic degrada-
tion, and biological processes. Consequently, it is urgent to 
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find out a harmless, facile, and potential treatment technique 
to remove or degrade BPA (Goulart et al. 2019).

Nidheesh et al. (2021) have applied combination elec-
trocoagulation degradation procedures to successfully treat 
various contaminants in wastewater. In a variety of organic 
and inorganic contaminants, the performance of the electro-
coagulation approach combined with degrading treatment 
was reported. In our previous study, the effectiveness and 
feasibility of the processes to treat BPA aqueous solution by 
hybrid electrocoagulation subsequently by electrochemical 
oxidation techniques were evaluated (Govindaraj and Pat-
tabhi 2015). The electrocoagulation treatment is demon-
strated as a potential wastewater treatment technique and 
it successfully treats different kinds of pollutants (arsenic, 
boron, chromium, phosphate, strontium, organic acid, dyes, 
bacteria, viruses, cysts, etc.), treats various industrial wastes 
(paper, olive oil, petroleum refinery, pesticides, tannery, 
dyes, textiles, etc.), and is able to handle fluctuations in pol-
lutant quantity and quality (Kobya et al. 2011; Govindaraj 
and Pattabhi 2015; Nidheesh et al. 2021). Photoelectroca-
talysis, or photoelectrochemical degradation, is a novel form 
of electrochemistry that combines the techniques of photoca-
talysis technologies with the opportunity to disperse electron 
holes photogenerated (e/h+) and to inhibit their recombi-
nation with electrochemical oxidation techniques to treat 
organic pollutants in water and wastewater in an enriched 
manner (Daghrir et al. 2012; Argote-Fuentes et al. 2021).

Nanotechnology has enormous potential for improv-
ing water and wastewater treatment efficiency while also 
augmenting supply of water supply by means of safe use 
of alternative water sources (Qu et al. 2013). Zinc oxide 
(ZnO) has widely recognized n-type semiconductor with 
unique properties such as a 3.3 eV of direct band gap and 
a large excitation of 60 meV binding energy, which is why 
it is used as a photocatalyst to degrade diverse pollutants 
from aqueous medium. The unique characteristics of ZnO 
nanoparticles and their conjunction with modern treatment 
approaches facilitate ample openings to develop remedia-
tion of polluted waters (Senthilkumar et al. 2017; Majum-
der et al. 2020). Photoelectrocatalytic (PEC) degradation of 
numerous organic contaminants has attracted great atten-
tion with ZnO nanoparticles immobilized on conductive 
substrates.

Recently, there has been an emergent requirement to 
improve environmentally friendly nanoparticle synthesis 
approaches without using toxic chemicals in the synthesis 
processes. Nanoparticle synthesis by biological methods 
using algae, plants, microorganisms, and enzymes has been 
recommended as an achievable, greener alternative to chemi-
cal and physical routes (Azizi et al. 2013). Green synthesis 
of nanoparticles by using plant extracts is an excellent mate-
rial in the industrial invention of well-dispersed metal NPs. 
These gorgeous green approaches are free from shortfalls 

related to conventional synthetic protocols because of their 
eco-friendliness (Moodley et al. 2018). Rajendran et al. 
2021; Senthilkumar et al. 2017). Green-synthesized ZnO 
nanostructures are more efficient, non-toxic, and low-cost in 
the absorption of a large fraction of the prominent photocat-
alyst activities to degrade several compounds (Senthilkuma-
ret al. 2017; Rajendranet al. 2021). The present investigation 
attempted newly to integrate the treatment of electrocoagu-
lation and photoelectrocatalytic oxidation processes into an 
effective way to treat an aqueous solution. The PEC degrada-
tion of BPA takes place on titanium electrode coated with 
mixed metal oxides (RuO2/IrO2/TaO2) and UV light with 
green-synthesized ZnO nanoparticles simultaneously.

Previously, no study performed the adaptation of hybrid 
electrocoagulation with photoelectrocatalytic oxidation 
treatment methods of the emerging pollutant BPA from 
aqueous solution using titanium (Ti) electrode coated with 
mixed metal oxides (RuO2/IrO2/TaO2) by green-synthesized 
ZnO NPs from Rubus fairholmianus root extracts. The pre-
sent work is designed to prepare ZnO NPs using R. fairhol-
mianus (RF) root extract through a green chemistry approach 
and the application of degradation of BPA. To facilitate opti-
mal operating conditions, the PEC degradation process was 
examined under various solution pHs, ZnO dosages, and 
different current densities. The removal and degradation 
effectiveness of the processes was determined by analysis 
of the removal percentage of BBA and degradation rate.

Material and methods

The reagents were analytical grade and used without any 
purification. A stock solution concentration of 500 mg L−1 
was prepared by dissolving precisely measured amount of 
BPA (MerkChem, Mumbai, India) in double-distilled water, 
and 1 N NaOH was added to enhance solubility (Staples 
et al. 1998). The experimental solution was made by diluting 
the BPA stock solution with distilled water to the preferred 
starting concentration and then adding the various support-
ive electrolyte concentrations (NaCl). All the glassware used 
in the experiments was purchased from Borosil (Mumbai, 
India). All solutions and reagents were prepared using the 
Millipore Milli-Q system (> 18.2 MΩ) of purified water.

Green synthesis of ZnO NPs

Fresh R. fairholmianus plant parts were collected from the 
Avalanchi Range, the Nilgiris, Tamil Nadu, India, for the 
period October 2021. The collected R. fairholmianus parts 
were recognized and authenticated from (Voucher speci-
men number BSI/SRC/5/23/2010–11/Tech.1657) Botani-
cal Survey of India (Southern Circle) Coimbatore, Tamil 
Nadu, India. Green synthesis of NPs by R. fairholmianus 
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plant root has been performed by adopting the method of 
Zheng et al. (2015). The R. fairholmianus root was cleaned 
by running water to eliminate dust and soil, dried out, and 
crushed. The roots powder was extracted sequentially by 
Soxhlet apparatus for 72 h using acetone as a solvent.

The prepared root extract was subjected to dryness at 
low pressure using a rotary evaporator. Then, the dried 
extract (1000 mg) was dissolved in 50 mL of 0.5% dime-
thyl sulphoxide (DMSO). 50 mL of root extract in 0.5% 
DMSO was mixed with 50 mL of 0.5 M Zn(NO3)2·4H2O 
(reagent grade) solution and stirred for 48 h at 80 °C. The 
transformation of reaction solution colour as pale white 
from brownish yellow subsequent to introducing root 
extract with zinc nitrate was observed after 48 h that indi-
cate formation of RF-ZnO NPs (Rajendran et al. 2021). 
After 30  min of centrifugation at 2500  rpm, the pale 
white precipitate was formed, and it was washed using 
double-distilled water. Green-synthesized RF-ZnO NPs 
were gathered and dried in a hot air oven at 40 °C. The 
biosynthesized RF-ZnO NPs were compared with those 
laboratory-synthesized using NaOH according to the tech-
nique of Zheng et al. (2015).

Biosynthesized RE‑ZnO NPs catalyst 
characterization techniques

To ascertain the stability of green-synthesized RF-ZnO 
NPs, a double beam UV–Vis spectrophotometer in the 
200–800 nm of wavelength range was used (Shimadzu 
Pharmaspec-1700, Kyoto, Japan). To elucidate chemical 
and functional groups, Fourier transform infrared spec-
troscopy (FTIR) was used (Perkin–Elmer PE 1600, MA, 
USA). For FTIR analysis, the ZnO NPs were prepared in 
the form of pellets using KBr and analysed 400–4000 cm−1 
of the spectral range. The RF-ZnO NPs crystalline struc-
ture was characterized by X’Pert-Pro, PAN analytical 
X-ray diffraction diffractometer Model, CuK–2.2 kW Max 
with Philips PW1729 (λ = 1.5405 Ǻ with Cu-Kα radiation 
source of 45 kV/40 mA).

The specific surface area and average pore diameter 
of ZnO nanoparticles [BET (Brunauer–Emmett–Teller)] 
were measured by Quantachrome NOVA 1000 (Boynton 
Beach, FL, USA). The zeta potential analysis was car-
ried out in Zetasizer Nano ZS (Malvern Instruments Ltd., 
GB). To study the morphology of prepared RF-ZnO NPs, 
the JEOL 2100 LaB6 instrument was used to perform HR-
TEM microscopic analysis. RF-ZnO NPs surface morphol-
ogy was characterized by FEI QUANTA 200, USA. To 
understand the element compositions of the RF-ZnO NPs, 
EDAX (FEI QUANTA 200, USA) analysis was performed.

Electrocoagulation cell

The electrocoagulation treatment was accomplished in an 
undivided glass cell. Both the anode and the cathode were 
constituted by aluminium (Al) plates (0.8 cm thickness). The 
total active anodic surface area of Al plates was 102 cm2. Al 
electrode surfaces were meticulously cleaned using emery 
sheets, washed with acetone, and immersed for 10 min in 
a dilute HCl solution. To confirm complete elimination 
of impurities, the electrode was rinsed by distilled water, 
continued by rubbing using abrasive paper before and after 
every experiment. The volume of the vessel was 1.2 L. The 
solution was subjected to stirring continuously at 250 rpm by 
magnetic stirrer during the process. Electric power was pro-
vided by a regulated DC rectifier. The entire electrode setup 
was employed on non-conducting wedges attached to bottom 
plate of the electrocoagulation tank (Govindaraj et al. 2012).

Photoelectrocatalytic oxidation reactor

The photoelectrocatalytic oxidation treatment was conducted 
with 1250 mL glass reactor (Fig. 1) furnished with a UV 
lamp having low-pressure mercury arc lamp (15 W, Philips, 
model TUV, Chennai, India) quartz jacketed immersion 
having a wavelength of 365 nm, and the electrodes were 
arranged in a single compartment cylindrical glass cell. An 
internal light (UV lamp) source was enclosed by a quartz 
jacket. To control the temperature at 27 ± 2 °C, a cooling 
water circulation bath is connected to the photo reactor. The 
reactor’s top side holder holds the UV lamp, electrodes, gas 
outlet, and thermometer (Rathinam and Govindaraj 2021). 
In the photoelectrocatalytic (PEC) oxidation, using titanium 
electrode coated with RuO2/IrO2/TaO2 mixed metal oxides 
(Titanium and Tantalum Products, Chennai, India), each two 
of anodes and cathodes were alternatively looped internally 
to form the anode and cathode assembly, which had a surface 
area of 106 cm2. A gap of 6 mm was kept between anode 

(1) Glass water-jacketed reactor
(2) Quartz jacket
(3) UV lamp
(4) Magnetic stirring bar
(5) Magnetic stirrer
(6) Wastewater inlet
(7) Wastewater outlet
(8 & 9) Cooling water inlet & outlet

(10) Electrodes assembly

(11 & 12) Power supply

(13) Thermometer

(14) Gas outlet 

Fig. 1   Schematic diagram of experimental setup for photoelectrocata-
lytic oxidation reactor
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and cathode to minimize the ohmic losses. The electrodes 
and UV lamp are linked to respective terminals of the regu-
lated DC rectifier. A magnetic stirrer at 250 rpm was used to 
mix the solution of the PEC reactor during the process. The 
treated BPA sample was centrifuged at 5000 rpm for 15 min 
and the supernatant liquid was withdrawn for examination 
(Rathinam and Govindaraj 2021).

Experimental procedure

Initially, the BPA sample was treated with electrocoagula-
tion at several operating circumstances. The solution pH was 
optimized using 0.2 M of H2SO4 or NaOH. The leads of 
anode and cathode were joined to individual terminals of the 
DC rectifier, and electric power was provided by a stabilized 
power source integrated with a digital ammeter and voltme-
ter. The solution was stirred continuously at 250 rpm using 
a magnetic stirrer during the process to allow the chemical 
precipitate to grow large enough for removal. The centrifu-
gation of the sample was performed at 3000 rpm for 10 min 
and the supernatant solution was taken for measurement. At 
the end of the experiment, the power was turned off and the 
electrodes were detached (Govindaraj and Pattabhi 2015). 
The experimented aqueous BPA solution was filtered using 
ordinary filter paper which was subjected to further photo-
electrocatalytic (PEC) oxidation process.

For each PEC degradation experiment, 900 mL of the 
electrocoagulated treated BPA solution was shifted to the 
photoelectrocatalytic reactor, and a different concentration 
of RE-ZnO NPs was mixed with the BPA solution. The 
electrodes were joined to the respective leads of anode and 
cathode in the DC rectifier and energized for the necessary 
period at a constant current. The solution was stirred at 
250 rpm for continuous mixing during the experiment to 
confirm the mass transfer efficiency. The progress of PEC 
degradation of BPA was observed by UV–Vis spectropho-
tometer (UV-1700 Pharma Spec, Shimadzu UV spectro-
photometer, Japan) analysis of treated samples, which were 
collected at fixed time intervals.

Analytical techniques

The aqueous BPA solution pH and changes in treated solu-
tion pH during EC and PEC treatments were checked using a 
pH meter, which was obtained from Elico Li-120 (Chennai, 
India). The percentage of BPA value replicates the general 
organics concentration in solution and had been generally 
employed to estimate degradation of organic species.

UV–Vis spectra analysis

The BPA removal during electrocoagulation and degrada-
tion by photoelectrocatalytic oxidation were measured using 

a UV–Vis spectrophotometer (UV–1700 Pharma Spec, Shi-
madzu, Japan) in a quartz cell between 200 and 800 nm. The 
characteristic peak was observed at 278 nm for pure BPA.

High‑performance liquid chromatography (HPLC) analysis

HPLC (Model–2489, WATERS, USA) equipped with a mul-
tiple wavelength UV–visible detector operated at 278 nm 
was employed to monitor the concentrations of BPA. Sepa-
ration was accomplished on a reverse phase C18 (5 µm x 
250 mm × 4.6 mm) stainless steel column. Acetonitrile 50:50 
(v/v) and water mixture was used in the mobile phase that was 
passed at specified flow rate (1 mL/min) with a volume injec-
tion of 10 μL. The detector output was processed with peak 
empower–2 software. Under these conditions, the retention 
time (tr) for BPA was 6.83 min. At the same experimental 
column condition, the BPA degradation peaks for intermediate 
compounds were monitored (Ju et al. 2012).

Gas chromatography–mass spectrometry (GC–MS) analysis

Photoelectrocatalytic degradation of BPA intermediates was 
identified by GC–MS (GC–2010, Shimadzu, Japan) analysis. 
A 10 ml sample was mixed with 20 ml of dichloromethane 
(DCM) to extract BPA and intermediates into DCM. The 
same procedure was done two to three times. After this, they 
dehydrated the sample using the dehydrating agent anhy-
drous Na2SO4, concentrated it to almost 5 ml, and retained 
it at 4 °C. The carrier gas of helium was used through the 
injection mode of split. GC–MS used a GC furnished with 
a capillary column (DB-5 ms, 30 × 0.25 mm, 0.25 m) and a 
mass spectrometer (MS–QP2010 Plus), which was equipped 
with an electron ionization (EI) source. The following param-
eters were employed towards GC–MS analysis to identify BPA 
intermediates: solvent delay (180 s), split ratio (15:1), oven 
temperature (50 °C 60 s–300 °C 60 s), scan range (50–500 at 
3 scan/s), and ramp rate of 8 °C/min (Abo et al. 2016). The 
GC–MS data corresponded with the data of reference stand-
ard samples compiled by the NIST library and Willey library. 
The species that matched better than 90% were used for the 
identification of BPA degradation by-products during the PEC 
oxidation process.

Calculations

The commercial evaluation of the current technique compared 
with other methods was calculated with respect to electrical 
energy consumption at diverse operating conditions by Eq. (1):

(1)

Energy consumption
(

kWh∕m3
)

=
UItEc

Treated volume (L)
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where U is cell voltage in volts (V), I is current in amperes 
(A), and tEc is time of electrocoagulation process per hour 
(El-Ashtoukhy et al. 2009).

Results and discussion

Characterization of biosynthesized RF‑ZnO NPs

The biosynthesized RF-ZnO NPs were confirmed as 
nanoparticles using UV–Vis, FTIR spectroscopy, BET 
analysis, SEM, EDAX, HR-TEM, and XRD analysis. Fig-
ure 2a displays UV–Vis spectrum of biosynthesized RF-
ZnO NPs. Owing to electron transitions from valence to 

conduction band of RF-ZnO NPs, the typical absorption 
peak at 365.35 nm was observed. The band gap of the ZnO 
catalyst was determined using the Tauc plot method as 
3.47 eV. Figure 2b shows the FTIR spectrum of RF-ZnO 
NPs, illustrating the wavenumbers at 3437, 1635, 1399, 
893, and 541 cm−1, respectively. The presence of absorp-
tion peaks at 3437 cm−1 and 1635 cm−1 can be credited 
to O–H stretching and bending vibrations, respectively. 
The formation of the target RF-ZnO NPs is confirmed by 
the FTIR broad absorption feature positioned at 541 cm−1 
which agrees with stretching vibration of Zn–O (Senthil-
kumar et al. 2017). The BET surface area and pore size of 
ZnO nanoparticles were 9.4585 m2/g and the average pore 
diameter was 97.30 nm.

Fig. 2   a UV–Vis absorption 
spectra and b FTIR spectra of 
RE-ZnO NPs
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Figure 3a exhibits morphology of green-synthesized RF-
ZnO NPs as detected by SEM. It was observed that indi-
vidual particles aggregated themselves to resemble larger 
spherical particles, which are uniformly distributed. The RF-
ZnO NPs shape was a hexagonal nanochip with a rough sur-
face, and the diameter of the cluster is 2 μm. The chemical 
composition of RF-ZnO NPs was investigated using EDAX, 
as shown in Fig. 3b. The EDAX spectrum illustrates exist-
ence of Zn and O, composed of carbon and oxygen can be 
ascribed to the extract and the high value of zinc (90.0%) 
and oxygen (10.00%), respectively. The synthesized nano-
particles have size range between 1 and 100 nm, and are 
aggregated into a spherical shape as shown. The results of 

the characterization of the RF-ZnO NPs achieved in this pre-
sent study were found to be analogous to previous investiga-
tions on biosynthesis of ZnO NPs using algal and other plant 
extracts (Azizi et al. 2013); however, this is a novel study 
on the green synthesis of RF-ZnO NPs by R. fairholmianus.

HR-TEM analysis is performed to identify the ZnO 
NPs morphology, shape, and size (Fig. 4a). It is observed 
from HR-TEM image that prepared NPs are occurred 
with size range from 25 to 50 nm. The XRD pattern of 
green-synthesized RF-ZnO NPs is illustrated in Fig. 4b. 
The identified peaks match to the ZnO NPs own hex-
agonal phase and originate in the lattice planes (h, k, l) 
of (002), (004), (101), (102), (103), (100), (110), (112), 

Fig. 3   a SEM image and b 
EDAX analysis of RE-ZnO NPs
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(200), (201), and (202) at the following temperatures: 32°, 
34°, 36°, 46°, 58°, 64°, 68°, 69°, 70°, 72°, and 78°. The 
crystalline nature of RF-ZnO NPs was confirmed by the 
green-synthesized nanoparticle planes (JCPDS card no. 
36-1451). The purity of biosynthesized RF-ZnO NPs was 
confirmed by the result. There were no impurity peaks in 
the sample. The mean crystalline size of the RF-ZnO NPs 
calculated from the XRD peaks using Debye–Scherrer’s 
equation was 11.09 nm.

Electrocoagulation process (first step)

In the primary step, the sample was treated by electroco-
agulation using Al electrodes to eliminate BBA at 20 min 
of electrolysis under the optimal process parameters. The 
electrochemical treatment was performed at five cur-
rent density values: 5, 10, 15, 20, and 25 mA cm−2 under 
optimized process variables such as initial pH (7.0), sup-
porting electrolyte (NaCl) concentration (0.05 M), inter-
electrode distance (0.5 cm), treatment time (20 min), and 
stirrer speed (100 rpm). Subsequent to 20 min of treatment, 
the percentage of BBA removals was 31.18, 39.90, 54.69, 
59.83, and 63.71% for current densities of 5, 10, 15, 20, and 
25 mA cm−2, respectively. From Table 1, it can be seen that 
BPA removal due to electrochemical treatment was greater 
when current density was also greater. The electrocoagu-
lation mechanisms are elucidated by the fact that at high 
current, the amount of metal oxidized increases, resulting 
in a larger amount of precipitate and faster elimination of 
contaminants (Comninellis and Chen 2011). The maximum 
BPA removal accomplished was 59.83% after 20 min of 
electrocoagulation treatment at an optimum current density 
of 20 mA cm−2, which was used for the experiments.

Photoelectrocatalytic oxidation process using 
green‑synthesized RF‑ZnO nanoparticle (second 
step)

Application of green-synthesized RF-ZnO NPs was investi-
gated in the photoelectrocatalytic oxidation to achieve com-
plete mineralization of the pretreated BPA solution (elec-
trocoagulation treatment) under RuO2/IrO2/TaO2 coated Ti 
electrodes. To estimate the effectiveness of the degradation 
method of BPA, very important parameters viz. initial solu-
tion pH of BPA, amount of RF-ZnO NPs, applied current 
density, and process time were studied. During the photo-
electrocatalytic degradation experiments, the BPA concen-
tration and the formation of intermediates were analysed by 
UV–Vis, HPLC spectrometry, and GC–MS.

Fig. 4   a HR-TEM image and b XRD pattern of RE-ZnO NPs

Table 1   Effect of treatment time 
and current density on the BPA 
removal by electrocoagulation 
process

Electrolysis 
time (min)

Percentage of BPA removal

Current density

5 mA cm−2 10 mA cm−2 15 mA cm−2 20 mA cm−2 25 mA cm−2

3 13.78 20.87 22.91 25.67 28.15
6 19.07 25.67 28.15 30.12 31.18
9 22.91 28.15 31.18 34.52 40.77
12 28.15 31.25 42.71 48.90 51.71
15 28.15 34.90 48.90 51.71 54.69
18 31.18 37.50 51.71 54.69 57.32
20 34.18 39.90 54.69 59.83 63.71
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Effect of initial pH on BPA degradation rate

To explore an effect of pH on degradation rate of BPA, tests 
were performed in 90 min at pH 3, 5, 7, 11, and the origi-
nal pH 8.2 (after electrocoagulation), with a stirrer speed of 
200 rpm and a current density of 20 mAcm−2 under UV illu-
mination by photoelectrocatalytic oxidation, and the results 
are illustrated in Fig. 5a.The result displays that when the 
sample's original pH of 8.2 was sampled within 90 min treat-
ment process, the degradation rate of BPA increased and 
reached 100%. However, no significant improvement has 
been detected when the pH is increased from 8.2 to 11. This 
is due to the hydrolysis of chlorine yielding the hypochlorite 

ion (OCl−) and hypochlorous acid (HOCl) depending on the 
solution pH (Majumder et al. 2020). The adsorption capabil-
ity of the ZnO nanocatalyst under dark environments was 
identified, and the percentage degradation due to adsorp-
tion of ZnO was 18% at 50 mg L−1 initial concentration of 
catalyst at pH 5 for a 90 min reaction time. Therefore, a pH 
of 8.2 was chosen for successive experiments.

Effect of the RF‑ZnO NPs catalyst dosage

The efficiency of photoelectrocatalytic degradation was 
increased rapidly in association with increasing the catalyst 
loading at different dosages under the same experimental 

Fig. 5   a Effect of pH and 
b effect of concentration of 
RE-ZnO NPs [current density 
applied of 20 mA cm.−2 and 
treatment time of 90 min]
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conditions (Majumder et al. 2020). Treatment process was 
carried out in the existence of RF-ZnO NPs catalyst in differ-
ent dosages of 25, 50, 75, and 100 mg L−1 and in the absence 
of ZnO NPs at 20 mA cm−2 and at the original pH of 8.2 
(after electrocoagulation treatment) to clarify the effect of 
RF-ZnO NPs catalyst amount on degradation rate of BPA. 
As shown in Fig. 5b, increasing the amount of catalyst in dif-
ferent dosages enhanced the BPA degradation rate. When the 
concentration of the catalyst increased from 25, 50, 75, and 
100 mg L−1 of the RF-ZnO NPs, the rate of BPA degrada-
tion enhanced considerably, but without catalyst use, there 
was 44% degradation achieved after 90 min of electrolysis. 
This was due to increasing the catalyst concentration; ZnO 
displays higher UV absorption and as a consequence, more 
capability to break the BPA (Abdul et al. 2021).

Mineralization of BPA occurs due to oxidation of organic 
pollutants into CO2 and H2O by active species like ozone, 
active chlorine, hydroxide, or hydrogen peroxides that are 
generated and developed during photocatalytic oxidation on 
the surface of RF-ZnO NPs simultaneously in direct electro-
chemical oxidation (Daghrir et al. 2012; Abo et al. 2016). 
Moreover, ZnO discloses a higher capability to degrade BPA 
by liberating more free hydroxyl radicals (˚OH) into the 
aqueous suspension and as a result, about 100% of degrada-
tion could be attained using 100 mg L−1 RF − ZnO NPs after 
90 min of degradation. Based on the results, the consequent 
degradation method was employed by lowest likely catalyst 
loading in view of the conservation of physical and chemi-
cal conditions of water; thus only 75 mg L−1 of the catalysts 
were used (Nidheesh et al. 2021).

Effect of current densities on BPA degradation

The effectiveness of BBA degradation on photoelectrocata-
lytic oxidation with respect to current density is depicted 
in Fig. 6a. As a result, the degradation efficiency increases 
steadily from 38 to 100% while the applied current density 
is enhanced from 5 to 25 mA cm−2, under the experimental 
conditions such as electrode distance (0.6 cm), stirrer speed 
(200 rpm), RF-ZnO NPs dosage (75 mg L−1), and initial pH 
(8.2). It could be ascribed to the increased current density, 
while the rate of oxidant generation also leads to an increase 
in degradation rate of BBA. This may be either due to gen-
eration of a variety of organic molecules or stable interme-
diates during the process with oxidation produced during 
the photoelectrocatalytic oxidation process (Rathinam and 
Govindaraj 2021).

The photoelectrocatalysis (PEC) mechanism relies on 
discharge of electron e−

CB
 on a semiconductor like ZnO from 

full valence band (VB) to the empty conductive band (CB), 
producing e−

CB
∕h+

VB
 pairs by the reaction mechanism given 

below:

The powerful oxidizing photogenerated h+
VB

 carry 
out reactions with adsorbed H2O to form hydroxyl radi-
cal (·OH) from reaction (3) whereas the e−

CB
  react with 

adsorbed oxygen producing superoxide radical (O2
·) 

through reaction (4).

PEC deals with the probability of avoiding recombina-
tion of photogenerated e−/h+ charge carriers by utilizing 
bias potential, making it potential for electrons to be port-
able through external circuit to the counter electrode (Chen-
nah et al. 2021). PEC oxidation activation generates high 
redox potential radicals namely SO4

·− (2.5–3.1 V) and ·OH 
(1.9–2.7 V) (Abdul et al. 2021).

Titanium electrode modified with metal oxide has shown 
significance improvement in results for the photoelectro-
catalytic degradation of BPA. Titanium modified with tin 
oxide (Ti/SnO2), lead oxide (Ti/PbO2), and iridium oxide 
(Ti/IrO2) was applied in the treatment of BPA and required 
2.0 A cm−2 to 90% of degraded BPA in solution (Francois 
et  al. 2012). Anodes of titanium electrodes and boron-
doped diamond (Ti/DDB), titanium and ruthenium oxide 
(Ti/RuO2), titanium with tin oxide and antimony (Ti/Sb-
SnO2) films, and platinum electrode (Pt) mineralized BPA 
by applying 50 mA cm−2 for 10 h of electrolysis (Cui et al. 
2009). Titanium electrodes modified with tin oxide (Ti/
SnO2) and platinum (Ti/Pt) completely degraded the BPA 
by applying a current density of 300 mA cm−2 (Tanaka et al. 
2002). Xie and Li (2006) studied PEO of bisphenol-A by 
using Ti/TiO2 as an anode. The production of H2O2 assisted 
with the TiO2 photocatalysis reaction led to a good perfor-
mance of bisphenol-A degradation.

In this way, the developed anode in this work is very 
promissory to be used in the BPA photoelectrocatalytic 
degradation in consequence of its high photocatalytic activ-
ity mainly at the first minutes of reaction, using current 
densities lower than previously reported. The present work 
is degradation of BPA by titanium (Ti) electrode modified 
coated with mixed metal oxides (RuO2/IrO2/TaO2) by ZnO 
NPs using R. fairholmianus (RF) root extract. As a result, the 
complete degradation of BPA, required 25 mA cm−2, elec-
trode distance (0.6 cm), stirrer speed (200 rpm), RF-ZnO 
NPs dosage (75 mg L−1), and initial pH (8.2).

Figure 6b shows the energy consumption for the degrada-
tion of the BPA as a function of applied current density. The 
energy consumption enhanced from 1.57 to 7.83 kWh/m3 
with respect to increase in the applied current densities from 
5 to 25 mA cm−2 at 90 min. The energy consumption shows 

(2)ZnO + h� → e
−
CB

+ h
+
VB

.

(3)h
+
VB

+ H2O →
⋅ OH + H+

(4)e
−
CB

+ O2 → O⋅

2
.
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an increase when the applied current densities increase by 
RuO2/IrO2/TaO2 coated Ti electrodes using RF-ZnO NPs.

Changes in the UV–visible spectra

Variations in the UV–visible spectra analysis were per-
formed at optimum conditions such as an initial BPA con-
centration (200 ppm) with NaCl solution (0.1 N) (first stage 
of electrocoagulation), initial pH (8.2) after 20 min of elec-
trocoagulation, current density (20 mA cm−2), ZnO dosage 

(75 mg L−1), and a treatment time (90 min). Along with 
PEC, aliquots were collected for the spectrometric analysis. 
The evolution of the UV–visible spectra of the BPA solu-
tion before, after, and during the electrocoagulation and PEC 
treatment processes (Fig. 7). It can be understood that the 
maximum absorbance peak is at 276 nm, which signifies 
the BPA, and it was partially reduced after electrocoagula-
tion treatment and completely disappeared later by apply-
ing 90 min of PEC treatment processes to RuO2/IrO2/TaO2 
coated Ti electrodes using RF-ZnO NPs.

Fig. 6   Effect of applied current 
density: a BPA degradation rate 
and b energy consumption [Ini-
tial pH of 8.2 (after 20 min of 
electrocoagulation), 75 mg L−1 
of ZnO dosage, and treatment 
time of 90 min]
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HPLC analysis of before and after PEC oxidation 
treatment

Changes in BPA concentration were measured at vari-
ous time intervals using HPLC during the PEC oxi-
dation processes at 25  mA  cm−2, 75  mg L−1 of RE-
ZnO NPs dosages. The raw sample indicates a peak 
at 6.83 min of retention time. For the second sample 
(the sample obtained after 20 min of PEC oxidation) 
carried out at 20 mA  cm−2 peaks areas were shifted 
to 6.49  min (Supplementary data: Figure S1). After 
40 min of treatment time, the peak was shifted to many 
retention times during the electrochemical degradation. 
One-ring aromatic compounds, viz. benzoquinone and 
hydroquinone, have been found as crucial intermediates 
in the degradation of BBA (Belgn et al. 2003; Cui et al. 
2009). In this study, the quantities of hydroquinone and 
p-benzoquinone generated by electrochemical oxidation 
were similar.

During the electrolysis of BPA from aqueous solution, 
hydroquinone and benzoquinone could be precursors of 
polymeric compounds. This was possibly the result of 
hydroquinone and benzoquinone polymerization on the 
anodic surface, as it was visibly observed that the solu-
tions were turning light brown and turbid (Inoue et al. 
2008). Aromatic rings cleavage in the development of ali-
phatic acids, such as acetic, maleic, fumaric, and tartaric 
acids, was observed during the PEC degradation aqueous 
solution (Cui et al. 2009; Abo et al. 2016). From this 
result, it is established that BPA was degraded during the 
PEC oxidation process.

Identification of by‑products 
of photoelectrocatalytic oxidation using GC–MS

GC–MS analysis was performed for sample collected during 
the PEC degradation of BPA by RuO2/IrO2/TaO2 coated Ti-
electrodes using RF-ZnO NPs. Various intermediates were 
identified by which one was taken. PEC was degraded in 
0.1 M NaCl electrolyte at a current density of 25 mA cm−2 
with an initial BPA concentration of 200 mg L−1. Differ-
ent ways of degradation of BPA intermediates found out by 
GC–MS analysis are reported in the supplementary material 
(Supplementary data: Figure S2).

From the GC analysis, single-ring phenolic compounds 
were identified as the initial stage of the PEC oxidation. 
They are presented in Table 2. Isopropylphenol (m/e = 136, 
tr = 6.73 min), phenol (m/e = 94, tr = 5.81 min), benzo-
quinone (m/e = 108, tr = 6.17  min), and hydroquinone 
(m/e = 110, tr = 6.62  min) have the following retention 
times (tr). In the PEC oxidation of phenolic compounds, 
including BPA, aromatic intermediates, hydroxylated BPA, 
and phenol derivatives, viz. benzoquinone, hydroquinone, 
hydroxybenzoic acid, resorcinol, catechol, isopropylphenol, 
and isopropenylphenol have found out. Aromatic cleavage 
resulting in obtained aliphatic acids has also been investi-
gated with maleic, citric, tartaric, acetic, and formic acids 
(Belgn et al. 2003; Cui et al. 2009; Abo et al. 2016). Inter-
mediate and by-product results were confirmed and matched 
with the NIST database. Consequently, as reported by the 
GC/MS and HPLC examination of intermediate products 
and present experimental records and literature reports, a 
probable BPA degradation pathway was construed as illus-
trated in Scheme 1. The intermediate products present ana-
lytical results of PEC oxidation of BPA that are generally 
coincidence with previous reports. Isopropylphenol and 
hydroquinone as main by-products for the photoelectrocata-
lytic oxidation of BPA were also stated by Cui et al. (2009). 
Other compounds, namely phenol and 2-(4-hydroxyphenyl)-
2-propanol, have been found lot as intermediates by Inoue 
et al. (2008).

Kinetic evaluation

As can be seen from Table 3, the electrocoagulation suc-
ceeded by PEC oxidation of BPA follows the kinetics mod-
elling and exhibits a reasonably good fit towards pseudo-
first-order kinetics with almost the same rate coefficients 
(R2 value) for all the applied current densities (Fig. 8). Uti-
lization of pseudo-first-order reaction kinetic towards PEC 
oxidation processes at an initial pH of 8.2 (after 20 min of 

Fig. 7   Changes in the UV–Vis spectra of untreated BPA, after elec-
trocoagulation and after electrocoagulation followed photoelectrocat-
alytic oxidation processes
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electrocoagulation), current density of 25 mA cm−2, 75 mg 
L−1of ZnO dosage, and treatment time of 90 min. The graph 
illustrates the determined rate constant values 2.99, 4.61, 
6.9, 8.52, and 11.97 min−1 for the applied current density of 
5, 10, 15, 20, and 25 mA cmˉ2, respectively.

Conclusions

The application of biosynthesized RF-ZnO NPs in PEC oxi-
dation after electrocoagulation treatment improves the BPA 
degradation in aqueous solution. The size of biosynthesized 
RF-ZnO NPs is confirmed by SEM analysis, and its size is 
100 nm. In the first stage, the maximum removal of BBA 
was 59.83%, reached under the optimum parameters of the 
electrocoagulation process using an Al–Al electrode, current 
density of 20 mA cm−2, treatment time of 20 min. Oper-
ating variables such as RF-ZnO NPs dosages, initial pH, 
and current density all had a significant impact on the BPA 

degradation rate in the second stages of PEC degradation. 
Within 90 min treatment process, the complete mineraliza-
tion of BBA could be attained at 25 mA cm−2, 75 mgL−1 
dosages of RF-ZnO NPs. The HPLC results showed that 
at the completion of the process, peaks existing as possible 
characteristics of phenolic compounds viz. catechol, hyd-
roquinone, and BPA degradation products of several acids 
were identified. Results of this study obviously demonstrate 
that RF-ZnO NPs have potential application for photoca-
talysis. The degradation by-products were investigated using 
GC–MS and the results were confirmed and matched with 
the NIST database for during the PECO treatment, and a 
BPA degradation mechanism was also proposed. According 
to kinetic analysis, the BPA degradation rate may be obeyed 
as a pseudo-first-order kinetics reaction. It was effectively 
accomplished to complete removal of BPA in aqueous solu-
tion. The novel hybrid electrocoagulation with photoelec-
trocatalytic oxidation treatment methods of the emerging 

Table 2   The degradation 
products during the PEC 
oxidation identified by GC–MS

Peak no. Retention time 
(min)

Molecular structure Molecular 
weight m/z

Chemical names

1 7.03

 

228 BPA

2 6.73

 

136 Isopropylphenol

3 5.81

 

94 Phenol

4 6.62

 

110 Hydroquinone

5 6.17

 

108 Benzoquinone

6 5.92

 

97 2,4-Pentadienic acid

7 4.78 CH3COOH 60 Acetic acid
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pollutant BPA from aqueous solution using titanium (Ti) 
electrode coated with mixed metal oxides (RuO2/IrO2/TaO2) 
by green-synthesized ZnO NPs from R. fairholmianus root 
extracts were effectively achieved.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s11696-​022-​02473-w.
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Scheme 1   Photoelectrocatalytic degradation pathway of BPA

Table 3   Pseudo-first-order rate constants of BPA removal on different 
current densities by PEC oxidation process

Treatment process Applied current 
density (mA/cm2)

K (min–1) × 10–2 R2

PEC oxidation 5 2.99 0.996
10 4.61 0.994
15 6.9 0.998
20 8.52 0.997
25 11.97 0.996

Fig. 8   Pseudo-first-order kinet-
ics of reaction for BPA removal 
efficiency on effect of current 
density [Initial pH of 8.2 (after 
20 min of electrocoagulation), 
75 mg L −1 of ZnO dosage, and 
treatment time of 90 min]
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