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Abstract
In this study we report the synthesis and catalytic properties of polyethylene glycol stabilized 
nano zero valent iron particles (PEG-nZVI) added to the dielectric barrier discharge (DBD) 
system to induce photo-Fenton process in the degradation of bisphenol A (BPA) in aqueous 
solution. The influence of operating parameters such as solution pH, initial concentration 
of the modelled pollutant and PEG-nZVI dosage on the extent of BPA degradation was 
investigated. The residual concentration of BPA and its intermediates were determined 
using high performance liquid chromatography (HPLC) and liquid chromatography mass 
spectrometry (LCMS). The high resolution scanning electron microscope (HRSEM), x-ray 
diffraction (XRD), Brunauer–Emmett-Teller (BET) surface area, and x-ray photoelectron 
spectroscopy (XPS) analysis confirmed the formation of filamentous, high surface area iron 
nanoparticles in the zero valent state. The BPA mineralization rate was monitored using total 
organic carbon (TOC) analyser. 100% BPA removal was achieved with DBD/PEG-nZVI 
system within 30 min compared to 67.9% (BPA) with DBD alone after 80 min. The complete 
BPA removal within a short reaction time was attributed to the existence of a synergetic effect 
in the combined DBD/PEG-nZVI system. Five new transformation products of BPA namely: 
4-nitrophenol (C6H5NO3), 4-nitrosophenolate (C6H4NO2), 4-(prop-1-en-2-yl) cyclohexa-
3,5-diene-1,2-dione, (C9H8O2), 4-(2-hydroxylpropan-2-yl)cyclohexane-3,5-diene-1,2-dione 
(C9H10O3), and 1,2-dimethyl-4-(2-nitropropan-2-yl)benzene (C9H10NO4) were identified. BPA 
degradation proceeded via ozonation, hydroxylation, dimerization, and decarboxylation and 
nitration step. The combined DBD/photo-Fenton-induced process was found to be the most 
efficient in the elimination of BPA in aqueous solutions and DBD alone.

Keywords: dielectric barrier discharge system, endocrine disruptors, bisphenol A, nano zero 
valent iron particles
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1.  Introduction

In the last couple of years increased industrial, high-tech and 
agricultural activities have enhanced gross domestic products 
and the standard of living. Conversely, industrial waste such as 
direct discharge of untreated effluents have contributed to the 
higher pollution index and hinder the availability of sustainable 
water supply forcing many citizens to seek and use water from 
unconventional sources. These negative trends are responsible 
for the presence and exposure of living organisms to different 
recalcitrant organic compounds in the environment, which 
have triggered different health challenges among humans and 
other species. Some of these chemical-containing products 
manufactured to meet human needs include: cleansing agents, 
pharmaceuticals (prescribed and over the counter drugs), poly-
vinylchloride pipes, cosmetics, fragrances, and toothpaste to 
mention but a few which are widely used globally. One class of 
compounds of concern that is currently identified and detected 
in the global water cycle is endocrine disrupting compounds 
(EDCs) [1]. Among the EDCs, phenolic compounds such as 
bisphenol A and its metabolites which are ubiquitous in the 
water system have become a topical issue because of their 
endocrine disrupting activities in man and the ecosystem. 
Bisphenol A (BPA) or 2, 2-bis(4-hydroxyphenyl) propane 
has been utilized as a monomer or an intermediate in the pro-
duction of polycarbonate plastics, polyesters, plasticizers, 
pesticides, thermal printing paper and epoxy resins [2, 3].  
BPA enters the receiving waters via discharge of plastic prod-
ucts and household wastewater and is regularly detected in 
municipal and industrial wastewater at ng l−1 to µg l−1 con-
centration [4]. Due to the absence of strong covalent bonds 
between chemical plastic components and BPA, fragmenta-
tion and leaching of BPA from the plastic products under low 
or high temperature occur [5, 6]. A number of studies have 
identified drinking water, manufacturing effluents, dust inha-
lation, agricultural run-off, food and beverage containers as 
possible exposure routes to this chemical [7]. Exposure to 
low doses of BPA can cause changes in body weight, cancers, 
abnormally early puberty, and disorders such as obesity, mis-
carriage predominantly among fish [8, 9]. BPA also prevents 
the endocrine hormones such as sex hormones, thyroxin, insu-
lins and leptins from functioning properly and could result 
in immunotoxic, heptatoxic, carcinogenic and sometimes 
mutagenic effect [10, 11]. Tay et al [6] opined that long term 
exposure to BPA can cause developmental toxicity, carcino-
genicity, neurotoxicity, and estrogenic effect in humans and 
aquatic species. However, there is lack of reliable data and 
inconsistency on the neurotoxicity and tetratogenic effects of 
BPA on animals or humans [10]. Considering the exposure 
rate to BPA, a precautionary approach vis-a-viz treatment of 
industrial and municipal wastewater containing BPA prior to 
discharge into the environment is considered necessary.

However, studies have shown that the degradation of BPA 
cannot be easily achieved using the current wastewater treat-
ment processes such as coagulation/flocculation, activated 
carbon adsorption, ultrafiltration, precipitation, biological 
or chlorination technology due to its lipophilic behaviour, 
mobility, and non-biodegradability and persistent level [12]. 

Therefore, it is imperative to develop alternative and sustain-
able purification techniques to be applied as a polishing step 
to remove BPA and its fragments from water. This is neces-
sary to safeguard sustainable drinking water as well to protect 
aquatic organisms against short and long-term health effects. 
Advanced oxidation technologies (AOTs) have been applied 
to mineralize organic pollutants into CO2 and H2O and other 
less toxic by-products prior to the discharge into the receiving 
freshwater by many researchers [13]. Among several AOTs, 
dielectric barrier discharge (DBD) system has in recent times 
been considered most effective for the conversion of refractory 
emerging organic pollutants into inorganic compounds such 
as carbon dioxide and water. The DBD technology involves 
the passage of a high-voltage electrical discharge between two 
electrodes immersed in an aqueous solution to form plasma 
[14–16]. One of such electrodes is a high voltage electrode, 
while the other is the ground electrode. The plasma generated 
can induce both physical and chemical process. The physical 
process includes strong UV light, local high temperature, and 
intense shock waves, while the chemical processes are genera-
tion of reactive atomic and molecular oxygen-based species 
such as OH•, O3, O•−

2 , HO•−
2 , O, H•, H3O+ amongst others. 

In short, these oxygen species together with UV light, and the 
intense shock wave produced under atmospheric pressure has 
been widely used for water and wastewater treatment specifi-
cally to inactivate microbes and degrade toxic organic pollut-
ants in aqueous solution [17, 18]. The use of the DBD system 
is considered more advantageous than other AOTs because 
DBD alone comprises several individual and combined AOTs 
such as UV-light, H2O2, O3, UV/H2O2, UV/O3, O3/H2O2, or 
UV/H2O2/O3. On the other hand, when properly designed the 
DBD system produces ultra violet light and hydrogen per-
oxide which is not fully maximised within the plasma zone 
for the mineralization of persistent organic pollutants [18, 19].  
In order to properly maximise the UV-light and hydrogen 
peroxide being produced by the DBD system, the addition of 
the polyethylene glycol stabilized nano zero valent iron parti-
cles to the DBD system was used to induce the photo-Fenton 
process and enhance the mineralization efficiency of BPA in 
aqueous solution. However, one problem associated with nano 
zero valent iron particles is rapid oxidation and aggregation 
during and after use which reduces the particles’ surface area 
and affects its performance [20]. To overcome these problems, 
polyethylene glycol was added as stabilizing agent.

Previous studies have shown that the DBD plasma tech-
nology can be applied to decompose toxic organic pollut-
ants in wastewater, such as carbamazepine [21], sulfadiazine 
[22, 23], diclofenac [24], 4-chlorobenzoic acid [25], methylene 
blue [26], pentoxifylline [17]. However, little or no informa-
tion exist on the degradation of endocrine disruptor such as 
BPA using combined DBD system and photo-Fenton induced 
process. According to the literature survey, it was found that 
no single advanced oxidation technology on its own is efficient 
to remove all kinds of contaminants and achieve the desired 
results, thus the current practice requires a combined approach, 
which seems to be an attractive option [27]. It is believed that 
application of combined AOTs will reduce the cost of treatment 
and increase the mineralization efficiency of the pollutant.

Adv. Nat. Sci.: Nanosci. Nanotechnol. 8 (2017) 035013



J O Tijani et al

3

Herein, we investigated the degradation of bisphenol A in 
aqueous solution using a DBD system followed by induced 
photo-Fenton process by addition of polyethylene glycol sta-
bilized nano zero valent iron particles (nZVI). To the best of 
our knowledge, the combination of DBD system and photo-
Fenton induced process for the degradation of BPA has not yet 
been investigated in wastewater treatment. The polyethylene 
glycol stabilized nZVI synthesised by a modified borohydride 
reduction method were characterized using high resolution 
scanning electron microscope (HRSEM), x-ray diffraction 
(XRD), Brunauer–Emmett–Teller (BET) method and x-ray 
photoelectron spectroscopy (XPS). The influence of various 
parameters such as initial pH value, initial concentration of 
BPA, and dosage of nZVI on BPA degradation efficiency and 
kinetics rate constant were investigated. In addition, the pos-
sible transformation products and degradation pathways were 
proposed and explained accordingly.

2.  Experimental

2.1.  Materials

BPA (C15H16O2, 99.5%), iron(III) chloride hexahydrate 
FeCl3.6H2O, 50%), polyethylene glycol (99%), sulphuric acid 
(H2SO4, 30%), sodium chloride (NaCl, >99%) were obtained 
from Sigma Aldrich. While sodium hydroxide solution 
(NaOH, 98%) and sodium borohydride (NaBH4, 99%), were 
purchased from Merck. All chemicals were of analytical grade 
and were used without any further purification. The molecular 
structure of bisphenol-A is represented in figure 1.

2.2.  Synthesis of polyethylene glycol stabilized nano zero 
valent iron particles

Iron nanoparticles were synthesized via a simple borohy-
dride reduction method. The synthesis involved mixing of 
0.75 g FeCl3.6H2O dissolved in 20 ml deionized water with 
20 ml of 3.5 wt% poly ethylene glycol solution which acted 
as a dispersing and stabilizing agent. The colour change of 
the FeCl3.6H2O solution from yellow to orange was observed. 
Thereafter, 0.28 g NaBH4 dissolved in 50 ml deionized water 
was added drop by drop to the mixture of FeCl3.6H2O/poly-
ethylene glycol under vigorous stirring until a black precipi-
tate of nZVI was obtained. The reaction was completed and 
iron nanoparticles were separated using a bar magnet. The 
synthesised iron nanoparticles were washed with ethanol prior 
to freeze drying and then labelled PEG-nZVI (JT17). Non-
stabilized nZVI was prepared without the addition of 3.5% 
polyethylene glycol solution to the mixture of FeCl3.6H2O 
and NaBH4.

2.3.  Characterization of nano zero valent iron particles

The crystal phases as well as the crystallite size of the pre-
pared PEG-nZVI were determined by powder XRD anal-
ysis performed on a Bruker AXS D8 Advance with Cu-Kα 
radiation. The morphology of the synthesised material was 
examined using Zeiss Auriga HRSEM. A mass of 0.05 mg 
synthesised material was sprinkled on carbon adhesive tape 
and sputter coated with Au–Pd using Quorum T15OT for 
5 min prior to analysis. The microscope was operated with 
electron high tension (EHT) of 5 kV for imaging. A XPS 
PHI 5400 equipped with hemispherical sector analyser oper-
ated using non-monochromated Al-Kα x-rays with energy 
1486.6 eV, at 300 W and 15 kV was used to examine the sur-
face elemental composition of the material. The XPSPeak 
4.1 software was used for data analysis and peak fits. In the 
case of BET N2 adsorption, about 100 mg of the sample was 
placed in a sample tube, and was first degassed at 90 °C for 
4 h to remove residual water and other volatile components 
that were likely to block the pores. The BET surface area and 
average pore volume distributions were obtained from the 
plot of volume adsorbed (cm3 g−1 STP) versus relative pres
sure. The N2 adsorption-desorption isotherms were collected 
at  −196 °C using micromeritics ASAP 2020 accelerated sur-
face area and porosimetry analyser.

2.4.  Description of the experimental set-up

Figure 2 represents the schematic diagram of DBD system 
used for the degradation of the BPA. The device comprised 
a DBD reactor that generated powerful oxidants such as 
hydroxyl radicals, hydrogen peroxide, ozone and ultraviolet 
light, using an AC high voltage power supply, step down 
transformer, air flow meter, air pump, ground electrode and a 
reactor vessel containing the model wastewater.

The DBD reactor was a double quartz tube with a quartz 
inner tube and outer tube diameter of 1 mm and 7 mm, respec-
tively. The AC high voltage power supply was set at 25 V, 
delivering a current of 5 A and a power of 125 W, and was 
connected in series to a transformer that steps the AC voltage 
up to a DC output voltage of ~8 kV. The 0.5 mm silver elec-
trode directly connected to the high voltage (output of the 
transformer) was immersed in a 50 g l−1 of sodium chloride 
electrolyte placed in the inner quartz tube of the single cell 
DBD reactor and was also earthed. Air was provided by an air 
pump with a high and low flow speed switch which was con-
nected to both air flow meter and the single outer quartz cell 
reactor tube. An air-flow rate of 3.0 l min−1 was used through 
air flow gap. The DBD reactor was 23 cm long with an inlet 
and outlet for air circulation.

2.4.1.  DBD experimental method.  The 10 ppm (4.4  ×  10−5 M)  
solution of the prepared BPA was used. 1.5 l of the simulated 
wastewater was measured and placed in a 2 l beaker. The orig-
inal depth of the simulated organic wastewater in the reactor 
vessel was about 130 mm and later rose to about 135 mm due 
to the flow of air through the DBD which produced bubbles in 
the solution compartment. The electrical conductivity of the 

Figure 1.  Structure of bisphenol A.
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aqueous solution of BPA was measured to be 20.1 µS cm−1 
with the aid of multi-parameter analyser C3010. The DBD 
experiment was conducted for 120 min at room temperature 
(20 °C) and sampling was done at time intervals of 10 min. The 
efficiency of the DBD process was determined by measuring 
the residual concentration of BPA using HPLC. To investigate 
the influence of pH, the initial solution pH was varied from 
3 to 12 for 120 min by adding 0.5 M H2SO4 or 0.5 M NaOH 
dropwise until the desired pH was achieved. The solution pH 
was measured with a multi-parameter analyser C3010. The 
initial concentrations of BPA solution were varied in the range 
of 10–30 ppm maintained at optimum solution pH of 3.

2.4.2. Treatment of BPA by combination of DBD reactor and 
the stabilized nano zero valent iron (nZVI) particles.  The 
experimental set up remained the same as explained with 
DBD alone above except that the solution pH was adjusted 
to 3. 10 ppm of BPA solution was measured into the solution 
compartment, different amounts of PEG-nZVI (0.02, 0.04, 
0.06, 0.08 and 0.1 g) were added corresponding to concentra-
tions of 0.01, 0.03, 0.04, 0.05 and 0.07 g l−1 in the solution 
compartment. Sampling was done from the reactor vessel 
at time intervals of 10 min and the 2 ml aliquot was filtered 
with a 0.22 µm membrane filter and analysed using HPLC 
method described above. The experiment was repeated twice 
and the average value was reported. The control experiment 
was carried out in the dark with ordinary PEG-nZVI using 
different dosage (0.02–0.10 g) at constant conditions of solu-
tion pH (3), volume of BPA (1.5 l) and concentration of BPA 
(10 ppm) while the DBD system was switched off. The min-
eralization of BPA was monitored in terms of the reduction 
of total organic carbon (TOC) before and after the oxidation 
process using standard thermocatalytic digestion followed by 
non-dispersive infrared (NDIR) detection described by Hu 
et al [27]. The experiments were repeated twice and an aver-
age experimental value with a standard deviation below 5% 
was presented in each case.

2.4.3.  Analytical techniques.  High performance liquid chro-
matography (HPLC) (LC-MS 6230, Agilent, USA) equipped 
with a Waters 1525 binary HPLC pump, Waters 2487 dual 
λ absorbance detector set at 280 nm and Waters 2707 auto-
sampler running on the Breeze software version 2. A Waters 
Spherisorb C18 reversed-phase liquid chromatography col-
umn dimension (150 mm  ×  4.6 mm  ×  5 µm) was used for 
the analysis of BPA concentration. A gradient elution method 
involving two mobile phases (water:acetonitrile 85:15, (v/v) 
solution) and the same components with 0:100 (v/v) with 
a  flow rate of 1 ml min−1 and injection volume of 20 µl at 
26 °C. The Agilent 6230 Time of flight liquid chromatog-
raphy—mass spectrometry coupled with ultra violet light 
set at 280 nm in the negative ionization mode was used for 
qualitative identification of BPA intermediates formed dur-
ing the decomposition by DBD reactor and DBD/photo-
Fenton induced process. The separation of BPA into various 
fragments was accomplished using a symmetry C8 column 
(dimension 15 mm  ×  3.9 mm  ×  5 µm) and a gradient method 
containing water (0.1% formic acid), acetonitrile (0.1% for-
mic acid) in the ratio (85:15, 0:100) in 15 min at a flow rate of 
0.4 ml min−1 and temperature of 20 °C respectively.

3.  Results and discussion

3.1.  HRSEM analysis of non-stabilised and stabilised 
nano zero valent iron particles

High resolution scanning electron microscopy (HRSEM) was 
used to examine the morphology of the prepared nano zero 
valent iron (nZVI) via the modified borohydride reduction 
method. The HRSEM images of the prepared non-stabilized 
nZVI particles (JT16) and polyethylene glycol-stabilised 
nZVI particles (JT17) of different magnification are depicted 
in figure 3.

The HRSEM images of sample JT16 at low and high mag-
nification are shown in figures 3(a) and (b). While HRSEM 
images of sample JT17 at low and high magnifications are 

Figure 2.  The schematic diagram of the dielectric discharge barrier system.
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represented in figures  3(c) and (d). The HRSEM results 
showed that the JT16 (figure 3(a)) did not resemble a discrete 
particles but rather appeared in the form of agglomerated 
and densely packed particles with uneven surface mor-
phologies. In addition, the particles were deposited on one 
another forming nanoclusters, which are clearly seen in JT16 
(figure 3(b)). Thus, the morphology of JT16 at high magnifi-
cation was irregular. On the other hand, JT17 (figures (c) and 
(d)) did not produce agglomerated nanoparticles. Instead, the 
particles are threadlike forming long uniform wires or beads 
on a string like filament. Thus, the formation of filamentous 
morphology may be due to the strong intrinsic magnetostatic 
force of attraction between the Fe nanoparticles. The observed 
structure in JT17 (figures (c) and (d)) may also be due to the 
stabilizing effect of polyethylene glycol which prevented the 
iron nanoparticles from agglomeration into clusters or being 
oxidised by oxygen in air.

3.2.  XRD analysis

The XRD diffractogram of freshly synthesised non-stabilised 
and PEG-stabilised nZVI is depicted in figure 4.

In figure 4, the broad intense diffraction peak for both JT16 
and JT17 at 2θ values of 44.77° which correspond to reflec-
tion plane of 1 1 0 (2.01 Å) revealed the formation of iron in the 
zero valent state, and matched well with JCPDS (00-006-0696). 
Apart from the broad diffraction peaks observed at 2θ values 
of 44.77°, there were two additional low intensity diffraction 
peaks at 2θ value of 65.2° and 82.6° in the PEG-stabilized nZVI 
which are however absent in the non-stabilized nZVI. These 
two diffraction peaks corresponded to a reflection plane 2 0 0 
(1.43 Å) and 2 1 1 (1.17 Å). Therefore, the presence of the three 
prominent peaks in the XRD pattern of the PEG-stabilized iron 
particles at a 2θ value of 44.7°, 65.2° and 82.6° agrees with 

typical nZVI particles. The average particle size was calculated 
using the Debye Scherer’s equation. From the calculation, it was 
revealed that the particle sizes of non-stabilized and stabilized 
nZVI were 19.5 nm and 22.6 nm, respectively. The differences 
in particle size of JT16 (19.5 nm) and JT17 (22.6 nm) could be 
attributed to the stabilization effect of the polyethylene glycol 
which prevented rapid particle agglomeration. Furthermore, no 
other shell or peak corresponding to iron oxide (FeO, Fe2O3, 
Fe3O4) were detected. This result corroborates the XPS anal-
ysis shown in (figure 5), where metallic Fe in zero state was 
observed at 707.5 eV in the case of JT17.

3.3.  XPS analysis of JT17

Figure 5 represents the full XPS profile of polyethylene glycol 
stabilized nZVI particles (JT17) and revealed the presence of 
Fe, C, O and Cu (figure 5(a)). While figures 5(b)–(d) depict 
the photoelectron measurement of individual elements present 
in the sample namely: Fe 2p, C 1s and O 1s, respectively.

Figure 3.  HRSEM micrograph of JT16 (a) at low magnification, (b) high magnification, and of JT17 (c) at low magnification, (d) high 
magnification.

Figure 4.  XRD spectrum of sample: (a) JT16 and (b) JT17.

Adv. Nat. Sci.: Nanosci. Nanotechnol. 8 (2017) 035013
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In figure 5(b), the peak located at 707.5 eV corresponded 
to Fe 2p3/2 in the zero valent state. Besides Fe in the nano-
particles, three different carbon peaks were located separately 
in the binding energy region of 284.8, 286.4 and 288.0 eV 
shown in figure 5(c), which corresponded to C–C, C=C and 
C–OH. The carbon signals probably originated from the poly-
ethylene glycol used as a stabilizing agent. The XPS spec-
trum of the JT17 agreed with the XRD result (see figure 4). 
Similar observation on the presence of Fe0 was reported by 
Xi et  al [28] on nano zero valent iron particles synthesised 
from FeCl3.6H2O and NaBH4. The Cu shown in figure 5(a) 
originated from the Cu sample holder. The XPS profile of O 
1s shown in figure 5(d) revealed three prominent peaks in the 
binding energy positions of 530.4, 531.6 and 532.8 eV respec-
tively. The O 1s peak at 530.4 eV corresponded to OH group 
present in the polyethylene glycol chain while the observed 
value in the binding energy region of 531.6 eV was assigned to 
O–C. The O–C suggests bonding of oxygen to carbon which 
indicates the existence of carbon species from polyethylene 
glycol in the sample JT17. The observed peak in the binding 
energy region of 532.8 eV was assigned to O in FeO, which 
confirmed the existence of Fe oxide particles.

3.4.  BET surface area of JT16 and JT17

The surface area and pore size distribution patterns of sample 
JT16 and JT17 were investigated using micrometrics ASAP 
2020 surface area and porosity analyzer. The results of N2 
adsorption-desorption isotherm of JT16 and JT17 as well as 
pore size distribution are presented in figures 6 and 7.

The BET surface area of JT16 and JT17 as obtained from 
N2 adsorption-desorption were 28.82 and 76.77 m2 g−1, 
respectively. The BET surface area of JT17 was three times 
more than JT16, which can be attributed to the use of polyeth-
ylene glycol as a stabilizer which prevented aggregation of the 
individual particles (see HRSEM images shown in figures 3(c) 
and (d)). According to the International Union of Pure Applied 
Chemistry (IUPAC) nomenclature, the adsorption isotherms 
of both samples were type IV isotherms. Sample JT17 exhib-
ited a strong H3 hysteresis loop characteristics of cylindrical 
shaped pores with wider bodies, which is a characteristic of 
a mesoporous structure. The mesoporous structure of sample 
JT17 exhibited a bimodal pore size distribution at relative 
pressure range of 0.46–1.0. The bimodal pore size distribution 
was not clearly defined in the case of JT16, which may be as a 
result of agglomerations of individual particles. The obtained 
value was far greater than BET surface area of 0.11 m2 g−1 
reported for commercial ZVI [28]. In addition, the pore sizes 
of JT16 and JT17 were closely related with a narrow distribu-
tion range of 1.07–10 nm and 1.22–12.8 nm, respectively. The 
narrow pore size distribution pattern can be linked to intra-
agglomeration among the particles.

3.5.  Effect of initial pH on the degradation of bisphenol A

The pH of the solution influences the oxidation of organic 
compounds in a DBD system and affects the oxidative 
strength of the reactive species such as H2O2, O3, •O and 
OH•. Based on this background, the influence of variation of 
solution pH in the range of 3–12 on the degradation of BPA 

Figure 5.  (a) General XPS survey of sample JT17, (b) high resolution XPS profiles of (b) Fe 2p, (c) C 1s and (d) O 1s in JT17.
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by the DBD system was explored. Figure 8(a) shows the effect 
of pH on the degradation of BPA with time while figure 8(b) 
represents change in solution pH during the plasma discharge 
experiment.

As shown in figure 8(a), it can be seen that the removal 
efficiency of BPA was faster at a lower pH than at a higher pH. 
The removal efficiency of BPA at pH 3, 6, 9 and 12 was found 
to be 70.2%, 57%, 45% and 28.1%, respectively, after 120 min. 
Besides, the removal efficiency of BPA by DBD, the obtained 
experimental data obtained within 10–80 min at different pH 
values were fitted to the pseudo-first order kinetic model (plot 
not shown). It was observed that the apparent reaction rate 
constant (k) of BPA (k  =  0.0136 min−1, R2  =  0.9896) at low 
pH (pH  =  3) reduced to (k  =  0.0038 min−1, R2  =  0.9589) at 

pH 12. This means that acidic conditions favoured the removal 
and degradation of BPA rather than the alkaline medium. At 
low pH, O3 is stable and remains the dominant species and as 
such was assumed to be responsible for the mineralization of 
BPA in solution in acidic conditions. Instead, OH0 radicals 
with higher oxidation potential in acidic conditions, or perhaps 
H2O2, were responsible for the observed high removal effi-
ciency. This is because a substantial amount of O3 generated 
by the DBD escaped from the surface of the solution because 
the DBD was not a closed system. The open DBD system 
reduced the concentration of O3 interacting with the target 
compounds compared to OH0. The other possibility may be 
due to the consumption of oxygen by nitrous (NO) and nitric 
oxide (NO2) which consequently reduced the concentration of 

Figure 6.  N2 adsorption-desorption isotherm plot of (a) JT16 and (b) JT17.

Figure 7.  Pore size distribution of (a) JT16 and (b) JT17.

Figure 8.  Effect of (a) the initial pH value on the degradation of BPA, and (b) decrease in solution pH values during DBD by discharged 
voltage 8 kV, volume of BPA is 1.5 l, air flow rate 3 l min−1, electrode is silver, electrolyte NaCl (50 g l−1), concentration of BPA is10 ppm, 
number of replicates n  =  2.
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O3 in the system. At a higher pH (basic region), the formation 
of OH0 was expected to predominate and accelerate the oxi-
dation of BPA molecules. On the other hand, lower removal 
efficiency of BPA was observed. The most possible reason 
for low removal efficiency under strongly alkaline conditions 
(high pH) could perhaps be linked to the generation of CO2 
during the oxidation of BPA, which perhaps formed carbonate 
ions (CO2−

3 ) and HCO−
3 . These carbonate species (CO2−

3  and 
HCO−

3 ) are known as radical scavengers and consume OH 
radicals owing to their high rate constant value. The decrease 
in the amount of OH radicals in solution would then have 
affected the removal efficiency. The outcome of this study is 
however contrary to the findings reported by [6, 28] on BPA 
oxidation via ozonation process. The two authors found that 
BPA degradation rate increased with the increase in solution 
pH from 2 to 12. The reason for the inconsistency in the result 
reported by the two authors and the outcome of this study 
was that, a radical scavenger (t-BuOH) was added by those 
authors to scavenge and consume available OH0. This action 
eliminated the stronger competition between OH0 and O3 for 
the organic pollutants. Thus, it was demonstrated that only O3 
reacted with BPA. Whereas in this study, radical scavengers 
were not added to the DBD system to consume OH, thus cre-
ating room for stronger competition among O3, OH0 and H2O2 
for the organic pollutants.

Figure 8(b) represents variation in solution pH monitored 
during the oxidation process. It was found that the initial pH 
values reduced significantly on exposure to plasma discharge 
especially at higher pH values as the reaction time increases. 
The decrease in the solution pH upon exposure to plasma gen-
erated via dry air may be due to the formation of carboxylic 
and mineral acids. Furthermore, the release of phenolic frag-
ments by bisphenol A during the oxidation process may also 
contribute to the solution acidity and low pH. The presence of 
OH0 in the solution may also have accelerated the formation 
of NO and NO2 to HNO2 and HNO3 respectively, thus contrib-
uted to the solution acidity index value. A similar decrease in 
solution pH of sulfadiazine or carbamazepine was reported by 
[20] upon exposure to plasma and [22]. Based on the exper
imental data, the optimal degradation pH for BPA was found 
to be 3.0, thus subsequent experiments were carried out at this 
pH value.

3.6.  Effect of initial concentration of BPA

The influence of different initial concentration of BPA on the 
degradation efficiency and yield in the range of 10–30 mg l−1 
under the optimal conditions of pH 3, discharge voltage 8 kV, 
air flow rate 3 ml min−1 were investigated. The removal effi-
ciency and degradation yield of BPA as a function of reaction 
time is shown in figures 9(a) and (b).

As shown in figure 9(a), the BPA removal efficiency after 
80 min reaction time at 10 mg l−1 concentration and at pH 3 
and discharge voltage 8 kV was 70.4%, and however reduced 
to 58.9% as the BPA concentration was increased to 30 mg 
l−1. As expected, the removal efficiency of BPA was greater at 
lower concentration than at higher concentrations. This could 
be attributed to the relative number of BPA molecules com-
peting with the few DBD generated reactive species during 
the plasma discharge. On the other hand, at higher pollutant 
concentration, the number of BPA molecules at the fixed con-
ditions applied increased without a corresponding increase in 
the concentration of the DBD generated free reactive species. 
As a result, the concentration of available oxidant species was 
lower and could not effectively mineralize large numbers of 
BPA molecules into harmless compounds. This resulted in 
lower removal efficiency as seen at higher concentration of the 
pollutants. The other possibility for lower removal efficiency 
could be due to the formation of refractory secondary trans-
formation products at higher pollutant concentrations, which 
probably competed with the original BPA compound for free 
reactive species. The competition between the intermediates 
and initial compound may have prevented further degrada-
tion of the original compound and thus have caused the lower 
degradation efficiency. This observation is in agreement with 
previous studies reported by researchers on endocrine disrup-
tors in spite of the differences the DBD configurations [19, 
23, 29].

Furthermore, the degradation efficiency of BPA was 
explained in terms of degradation yield (Y) as shown in 
figure  9(b), which represents the rate of oxidation of the 
pollutants per unit energy consumed during the process as 
expressed in following equation

Y =
CVX
100Pt

,� (1)

Figure 9.  Effect of (a) BPA initial concentration, (b) BPA degradation yield at different concentration values by the DBD system at 
discharge voltage 8 kV, pH 3, air flow rate 3.0 ml min−1, electrolyte NaCl (50 g l−1), volume of BPA is 1.5 l, electrode is silver, number of 
replicates is 2.
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where C(g l−1) represents initial concentration of the pollut-
ants, V(l) is the volume of the aqueous solution, P(kW) is the 
average power dissipated, which is expressed as the product 
of the discharge voltage (V) and applied current (A), t(hour) 
is the treatment time, while the conversion X(%) is the same 
as removal efficiency at each treatment time [17]. Contrary to 
the trend observed in figure 9(a), the degradation yield of BPA 
increased with increasing pollutant concentrations. According 
to figure 9(b), the degradation yield of 10 mg l−1 BPA solu-
tion after 80 min treatment time was 1.32  ×  10−4 g kW−1 h−1,  
which however increased to 3.73  ×  10−4 g kW−1 h−1 as 
concentration increased to 30 mg l−1. The degradation yield 
of 30 mg l−1 solution of BPA was 3 and 1.55 times greater 
than that obtained with 10 mg l−1 and 20 mg l−1 solution of 
BPA under the applied experimental conditions. It is obvious 
that the increase in the degradation yield at higher pollutant 
concentration did not depend on the amount of free reactive 
species in the DBD but on the number of molecules taking 
part in the reactions. It was found that increases in the con-
centration of BPA resulted in the corresponding increase in 
the discharge energy and hence the degradation yield. This 
observation supported previous investigation reported for dif-
ferent organic pollutants: 17β-estradiol [19], 4-chlorobenzoic 
acid [25], pentoxifylline [17]. Thus, considering the fact that 
the removal efficiency was faster and consumed less energy at 
a lower concentration, 10 mg l−1 was selected as the optimal 
initial concentration for both compounds in this study.

3.7.  Degradation of BPA by combined DBD and photo-Fen-
ton induced process

The DBD reactor produces H2O2 and intense ultraviolet light 
which are not maximally utilized. Thus, in order to induce 
photo-Fenton process and enhance the degradation rate of 
BPA or 2-NP, different dosage of polyethylene glycol nano 
zero valent iron (nZVI) particles in the range of 0.02–0.1 g 
was added to the DBD reactor. The BPA removal efficiency 
with respect to different dosage of nZVI added to the DBD 
reactor with the reaction time is illustrated in figure 10.

Figure 10(a) shows the control experiment conducted using 
different doses of nZVI sample (JT17) alone without the DBD 
system at the optimum solution pH of 3. It can be observed 

from figure  10(a) that the removal efficiency of BPA using 
nZVI sample JT17 alone was in the range of 5–10% after 2 h. 
This slight percentage decrease of BPA in aqueous solution 
was attributed to the adsorption phenomenon of the catalyst, 
which can be ignored when compared to the removal effi-
ciency obtained either by DBD alone or combined DBD/nZVI.  
Also from figure  10(b), it was found that BPA degradation 
efficiency at 30 min via DBD system alone was 39.3% and the 
value increased till 60 min. Beyond 60 min, there was no fur-
ther increase in the removal efficiency of BPA, which can be 
ascribed to the resistance of transformation products formed 
via the degradation process.

With the addition of 0.02 g nZVI, the pollutants degrada-
tion efficiency was rapid, reaching 57.1% at 30 min reaction 
time. When 0.04 g nZVI (JT17) was added to the DBD reactor, 
the removal efficiency of BPA at 30 min was 73%. With the 
addition of 0.06 g nZVI to the DBD system containing BPA, 
100% or complete removal of BPA were achieved at 30 min. 
The increase in removal efficiency during the initial stages of 
combined DBD and photo-Fenton induced reaction compared 
to DBD alone may probably be attributed to the presence of 
UV/H2O2 in solution which probably facilitated the photore-
duction of hydroxylated ferric ion (Fe-OOH2+) leading to 
formation of ferrous ion (Fe2+) and OH0 radicals according 
following equations [30]

Fe2+ + H2O2/UV → Fe3+ + OH0 + OH−,� (2)

Fe3+ + H2O2 → Fe − OOH2+ + H+,� (3)

Fe − OOH2+ + UV → Fe2+ + OH0.� (4)

Additionally, the rapid oxidation reaction of Fe0 to Fe2+ 
and subsequent reaction of Fe2+ with UV/H2O2 produced 
more OH radicals

Fe0 + H2O2/UV → Fe2+ + 2OH0.� (5)

The two additional sources of OH0 may perhaps be responsible 
for such initial higher removal efficiency and complete elimi-
nation observed at a short reaction time of 30 min. Therefore, 
nZVI exhibited the best catalytic activity at a dosage of 0.06 g. 
The possible explanation for this trend could be that with 
the addition of 0.02 and 0.04 g nZVI, the amount of Fe2+ in 

Figure 10.  Removal efficiency of (a) BPA by different dosage of stabilized nZVI alone (JT17), (b) BPA by DBD combined with different 
dosages of nano zero valent iron (experimental conditions: BPA volume 1.5 l; BPA concentration 10 mg l−1; discharged voltage 8 kV; air 
flow rate 3 ml min−1; solution pH 3; NaCl electrolyte concentration 50 g l−1; electrode (silver), number of replicates  =  2.
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solution required to react with UV/H2O2 to induce the photo-
Fenton reaction and liberate OH0 was small. The low yield of 
OH0 in the solution may be responsible for the lower removal 
efficiency compared to 0.06 g nZVI. Thus, with the addition 
of 0.06 g nZVI to the DBD reactor, it is believe that more of 
Fe2+ was able to react with UV/H2O2 to produce OH radicals 
and Fe3+ (equation (2)).

Conversely, with the addition of 0.08 g and 0.1 g, the BPA 
degradation efficiency decreased abruptly. In fact, the removal 
efficiency in both cases was lower than the removal rate 
obtained with alone DBD alone. This may be due to the fact 
that, the higher nZVI dosage beyond 0.06 g, made the solution 
highly turbid. The high level of turbidity impeded the UV-light 
intensity and penetration path leading to light scattering and 
thus pollutants were not decomposed by free radicals. In addi-
tion to the shielding effect which affects UV light penetration, 
the reaction between Fe2+ and H2O2/UV that leads to the for-
mation of OH0 was affected. Thus, the low concentration of 
OH0 may also be responsible for lower removal efficiency of 
BPA. Goi and Trapido [31] and Trapido et al [32] submitted 
that the effectiveness or performance of a photo-Fenton pro-
cess regarding decomposition of refractory organic pollutants 
depends on the dosage of Fe2+ invariably Fe0. The authors 
affirmed that the photo-Fenton process would be less effective 
in a solution containing excess Fe2+.

3.8. The kinetic model for BPA oxidation

In order to further demonstrate the effectiveness of the com-
bined DBD/photo-Fenton induced process over DBD alone on 
the removal efficiency of BPA, the obtained experimental data 
shown in figure 11 were fitted to the pseudo-first order kinetic 
model in following equation

ln
Cp

Cp0

= −kt,� (6)

where t represents the reaction time (min), Cp0
connotes ini-

tial at time t  =  0, while Cp is the concentration at a given 
time t. The pseudo-first order kinetic plot of experimental 

data obtained via the degradation of BPA by DBD/photo-
Fenton induced reaction is shown in figure 11. The exper
imental data obtained up to 80 min reaction time were used 
for the kinetic plots since no significant improvement in the 
BPA degradation efficiency was noticed after this time. The 
slopes of the individual fitted straight line corresponds to the 
reaction rate constant k. Furthermore, the rate constant and 
correlation coefficient of the DBD/photo-Fenton induced 
process degradation of BPA was determined and represented 
in table 1.

According to table  1, it is apparent that addition of dif-
ferent doses of nZVI in the range of 0.02–0.06 g DBD system 
enhanced the degradation rate constant from 0.0274 min−1 to 
0.0815 min−1 for BPA. The degradation reaction rate constant 
of BPA was eight times greater with the addition of 0.06 g 
nZVI to the DBD system than with the DBD alone. The exper
imental data could be better described using pseudo-first order 
kinetics as evident in the correlation coefficient (R2) value that 
was closed to unity. This showed that the addition of nZVI 
at an optimum dose increased the concentration of hydroxyl 
radicals in the solution, which in turn enhanced the degrada-
tion efficiency of the BPA. On the contrary, further addition 
of nZVI dosage beyond 0.06 g resulted in the reduction of the 
reaction rate constant. A slight deviation from pseudo-first 
plot was observed with the increase in dosage of nZVI from 
0.08 to 0.1 g as revealed by the correlation coefficient value 
(R2). This showed that beyond the optimal value of 0.06 g, 
other obtained experimental data precisely from 0.08 g to 
0.1 g dosage poorly fitted the pseudo-first order kinetics. This 
supports that further addition of nZVI to DBD increased the 
wastewater turbidity level, and inhibited the UV-light inten-
sity. Aside from that, the formation of free reactive species 
was limited and the interaction between the pollutants and 
oxidants affected, thus also responsible for such lower rate 
constant. Very recently [23] found that higher concentration of 
Fe2+ in solution did not translate to higher pollutant minerali-
zation rate due to stronger competition between organic pol-
lutants and excess Fe2+ in the solution for free radicals such 
as OH radicals.

Figure 11.  Pseudo-first-order plots for the degradation of BPA by 
combination of DBD with different dosage of nZVI (JT17). The 
experimental conditions are the same as in figure 10.

Table 1.  The pseudo-first rate constant and correlation coefficient 
value for BPA degradation via combined DBD/photo-Fenton 
induced process.

Pollutants
Treatment  
process

Rate constant 
(min−1)

Correlation 
coefficient (R2)

BPA DBD alone 0.0103 0.9921
DBD  +  0.02 g nZVI 0.0274 0.9984

DBD  +  0.04 g nZVI 0.0462 0.9974

DBD  +  0.06 g nZVI 0.0815 0.9999

DBD  +  0.08 g nZVI 0.0075 0.9335

DBD  +  0.1 g nZVI 0.0073 0.9227

Experimental conditions: BPA volume 1.5 l; BPA concentration 10 mg 
l−1; discharged voltage 8 kV; air flow rate 3 ml min−1; solution pH 3; 
NaCl electrolyte concentration 50 g l−1; electrode (silver), number of 
replicates  =  2.
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3.9.  Identification of transformation compounds

The agilent 6230 time of flight liquid chromatograph mass 
spectrometer (TOF LC-MS) in the negative ionization mode 
was used for qualitative identification of the intermediates at 
every 20 min for 2 h. The intermediate compounds formed 
during the degradation of BPA via DBD and DBD/photo-
Fenton induced process is explained as follows.

3.9.1.  BPA and BPA oxidation by-product.  Figure 12 illus-
trates the mass spectra (MS) of BPA standard solution or start-
ing material measured in the electrospray ionization (ESI) 
negative mode, which contained a sharp peak of deprotonated 
molecular ion [M-1]−, m/z at 227.10 within 6.5 min. This 
means that the original mass of BPA was 228.29 but was mea-
sured to be 227.10.

After the exposure of BPA to plasma discharge or radical 
environment (using either DBD alone or combined DBD/
photo-Fenton induced process) several other prominent peaks 
of different relative molecular masses (m/z) were noticed in 
the aliquot with retention time in the range of 1.9 min–5.8 min 
as shown in figure 13.

Within the first 20 min using DBD alone, BPA oxidised to 
five by-products with main fragment (m/z) value of 275.09, 
231.10, 187.10 and 551.19 and 112.98. However, the intermedi-
ates with mass fragment ion at m/z 112.98 could not be detected 
by MS possibly due to low concentration. The LC-MS of the 
four intermediates are shown in figure 13. The mass difference 
between 275.09 and fragment ion at m/z 231.10 was 44, which 
corresponded to the losses of CO2. While the mass differences 
between 275.09 and 187.10 was 88, which indicated two con-
secutive loss of CO2. The fourth intermediate compound with 
a higher molecular weight having a fragmentation pattern (m/z) 
at 551.19 was suspected to be a dimeric or an oligomeric com-
pound. This was a result of secondary reactions between two 
molecules of 275.09. Based on the obtained fragmentation 
patterns as demonstrated in the MS spectra and available MS 
library, the following chemical structure were predicted for BP1, 
BP2, BP3 and BP4: 275.09 (C15H16O5), 231.10 (C14H16O3), 
187.10 (C13H16OH) and 551.19 (C30H30O10), respectively, 
using BPA (C15H16O2) as a starting compound. Furthermore, 
there was no difference in the range of intermediate compounds 
formed after 40 min using DBD alone (MS spectra not shown), 
which showed that the compounds were stable and resistant. 

Figure 12.  LC-MS spectrum of standard BPA solution prior to oxidation process either by DBD alone or DBD/photo-Fenton induced 
process.

Figure 13.  LC-MS spectrum of the intermediates products formed via DBD alone within 20 min reaction time.
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With DBD alone, at 60 min, a new by-product (BP5) with mass 
fragment ion at m/z 138.01 was observed with other intermedi-
ates still in solution (figure 14).

The observed fragmentation pattern at m/z 138.01 indi-
cated cleavage of C-C bond of one of the two aromatic rings 
in BPA molecules into smaller moieties. The cleavage of one 
of the two aromatic rings suggested hydrogen abstraction 
from the methyl group (CH3) by OH radicals. It should be 
noted that electron-donating species such as OH0 increase the 
electron-density of the aromatic rings and made the double 
bonds more susceptible to subsequent attacks. Based on the 
available MS library database, the chemical formula of BP5 
with fragment ion at m/z 138.01 was predicted to be C6H5NO3 
(4-nitrophenol). It had earlier been pointed out that DBD pro-
duces nitrogenous species such as nitrous and nitrite oxide, 
which emanated from the feed dry air. The formation of a 
nitrogeneous species suggested reaction of phenolic moieties 
with NOx in the solution. It should be mentioned that similar 
intermediate compounds observed in solution at 60 min were 
still the same as those found at 120 min. This suggested that 
the intermediates were persistent or resistant to further oxida-
tion by the reactive species.

3.9.2.  Intermediates compound obtained via DBD/photo-
Fenton induced process.  On the other hand, when the 
combined DBD/photo-Fenton induced process was applied 
to decompose BPA, unlike what was obtained with DBD, 
only one intermediate compound was formed within the first 
20 min. The obtained intermediate compound (BP6) with 
fragmentation pattern at (m/z) 243.10 is shown in figure 15. 
Comparing compound BP6 with the parent compound BPA 
(C15H16O2), it was found that the compound (BP6) has one 
additional oxygen which corresponds to an OH0. Based on 
this, the chemical structure of BP6 is proposed to be C15H16O3 
(mono-hydroxylbisphenol A).

At 40 min, the MS spectra revealed only one peak (not 
shown), with mass fragment pattern at m/z 241.89. This cor-
responded to the loss of hydrogen molecules due to oxidation 
when compared to 243.10. According to the fragmentation 
patterns, C15H14O3 is proposed as the chemical formula of 
the BP7. At 60 min, three different deprotonated molecular 
ions were observed on the MS spectra at m/z value of 275.09, 
231.10, and 138.01 as shown in figure 16. This corresponds to 
BP1, BP2 and BP5 which had been previously observed with 
DBD alone.

Figure 14.  LC-MS spectrum of the intermediates products formed via DBD alone at 60 min reaction time.

Figure 15.  LC-MS spectrum of the intermediates products formed via DBD/photo-Fenton induced reaction (JT17) within 20 min reaction 
time.
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At 80 min, three fragmentation patterns at m/z 249.07, 
217.06 and 205.08 for compounds BP8, BP9 and BP10 were 
found on the MS spectrum in figure 17.

The fragmentation pattern at m/z 249.07 corresponded to 
loss of the carbonyl group (CO) by a compound with m/z value 
of 275.09. While the elimination of carbon dioxide (CO2) by 
an intermediate with fragmentation pattern at m/z 249.07 pro-
duced compound BP10 with m/z at 205.08. As regards the 
fragmentation patterns at m/z 217.06, the difference between 
this fragmentation pattern and 249.07 was 32, which cor-
responded to the loss of oxygen molecules. The following 
chemical formulas are proposed for BP8 (C13H14O5), BP9 
(C13H13O3) and BP10 (C12H14O3). At 120 min, with combined 
DBD/photo-Fenton induced reaction as shown in figure  18, 
three prominent deprotonated molecular ions appeared at m/z 
241.89, 196.6 and 146.96. However, the molecular formula of 
fragment ion at 103.92 could not be identified by the LC-MS 
instrument probably because it was below detectable limits. 
The presence of low molecular weight compounds at 120 min 
for the combined system suggests the cleavage of the two 

aromatic rings into smaller moieties. According to the MS 
library, the following molecular formulas are proposed: 195.9 
(C9H11NO4) and 146.9 (C9H8O2)

Furthermore, the obtained transformation products during 
the oxidation of BPA via two degradation systems namely: 
DBD alone and DBD/photo-Fenton induced reaction are 
illustrated in the time based scheme in figure 19. As demon-
strated in the time scheme experiment shown in figure 19, it 
is evident that the transformation products obtained via the 
two degradation systems were different. The differences in 
the number of intermediates also demonstrated that BPA fol-
lowed different degradation routes or pathways depending on 
the process applied. It should be noted that a higher number of 
intermediates were obtained via DBD alone, which suggests a 
high level of persistency or stability of intermediates and can 
be ascribed to the low concentration of free reactive species 
generated in the DBD system. On the contrary, similar and 
fewer intermediate compounds were detected in the combined 
DBD/photo-Fenton induced process (JT17) except at 120 min. 
The low number of intermediates in the combined system 

Figure 16.  LC-MS spectrum of the intermediates products formed via DBD/photo-Fenton induced reaction at 40 min reaction time.

Figure 17.  LC-MS spectrum of the products formed via DBD/photo-Fenton induced reaction (JT17) within 80 min reaction time.
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compared to DBD alone suggested fast reaction kinetics 
between the BPA and the reactive species. This also suggested 
higher concentrations of the reactive species in the combined 
systems than in DBD alone, which were responsible for the 
formation of low molecular weight intermediates and further 
indicated the existence of synergetic effects.

All the intermediate compounds formed via the two pro-
cesses are summarised with their proposed chemical structure 
in table 2. The chemical structures are proposed using the MS 
library.

3.10. Proposed degradation pathways for the obtained 
oxidation products from BPA degradation via DBD  
and DBD/photo-Fenton induced reactions

Based on the obtained intermediates shown in table 2, a route 
for the degradation of BPA to BP4 was proposed and illus-
trated in the figure 20.

3.10.1. Formation of BP1–BP4.  The degradation mechanism 
of BPA which resulted in the formation of BP1–BP4 within 
20 min is shown in figure 20. As earlier shown in table 2, the 
number of oxygens increased to 5 when compared to the start-
ing compound with two oxygens, which means three oxygens 
were added, thus suggests that the step I in the oxidation of 
BPA by DBD was ozonation by an electrophilic substitution 
reaction. This indicates that BP1 (C15H16O5) was formed by 
direct electrophilic substitution reaction of ozone with BPA 

to give an ozonide derivative. The ozonide derivative further 
undergoes intramolecular rearrangement to yield BP1. Step 
II involved the loss of CO2 by BP1 (C15H16O5) to give BP2 
(C14H16O3), which otherwise is known as a decarboxylation 
reaction. The third oxidation by-product (BP3) was obtained 
directly via a double decarboxylation reaction on BP1 
(C15H16O5) (Step III). BP4 was a product of the dimerization 
reaction involving two similar intermediate compounds. Since 
the m/z was 551.19 (C30H32O10), it was possible to conclude 
that the step IV (figure 20(b)) was addition of two C15H16O5. 
The proposed mechanism has demonstrated that oxidation of 
BPA proceeds via ozonation, decarboxylation, double decar-
boxylation and dimerization reaction to produce recalcitrant 
intermediate compounds BP1–BP4. The formation of BP1–
BP3 via ozonation and photocatalytic process has previously 
been reported in the literature with exception of BP4 [6, 33].

3.10.2. Formation of BP5–BP7.  Furthermore, the proposed 
degradation pathways for compounds BP5–BP7 is shown 
in figure  21, it is obvious that compound BP6 (C15H16O3) 
was formed via two degradation routes: via a hydroxylation 
step or direct electrophilic substitution of ozone on the aro-
matic rings of BPA. This indicated that the two reactive spe-
cies produced by the DBD were probably responsible for 
the formation of BP6. This corroborates previous studies 
where it was demonstrated that the mechanistic formation 
of BP6 proceeds through both hydroxylation and ozonation 
reactions [6]. The similar intermediate compound during the 

Figure 18.  LC-MS spectrum of the intermediates products formed using DBD/photo-Fenton induced process within 120 min reaction time.

Figure 19.  Time based identification of BPA intermediates via DBD alone and DBD/photo-Fenton induced reaction.
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photodegradation and combined TiO2/UV/O3 treatment of 
BPA are reported in the same vein in [7, 33]. The two authors 
established that BPA undergoes a hydroxylation reaction to 
produce the monohydroxylated compound (C15H16O3). A 
similar molecular formula for BP6 during ozonation process 

of BPA is also reported in [34]. The oxidation of BP6 (which 
is removal of hydrogen) by either hydroxyl radicals or ozone 
produced BP7 (C15H14O3). The attack by hydroxyl radicals 
on the methyl group (CH3) in between the two aromatic 
rings resulted in hydrogen abstraction and C–C bond cleav-
age, which later produced the phenolic moiety and other 
residual intermediate compounds. Subsequently, the attack 
by the nitrogen oxides (NO2 or NO) produced by DBD on 
the phenolic moiety, formed 4-nitrophenol as illustrated in 
figure 21.

3.10.3. Formation of BP8–BP10.  In addition, the degrada-
tion routes of BPA leading to the formation of BP8–BP10 are 
illustrated in figure 22. The step by step attack of BPA mol-
ecules by hydroxyl radicals produced mono-, bi- and poly-
hydroxylated BPA. The polyhydroxylated BPA undergoes 

Table 2.  Transformation products of BPA via the three treatment methods.

Compounds Molecular formula
Molecular 
mass (g mol−1)

Theoretical 
mass (M–H)

Observed fragment ion at 
m/z value (% abundance)

Acquisition or 
retention time

Bisphenol A C15H16O2 228.29 228.26 227.107 (100) 6.5
BP1 C15H16O5 276. 28 276.24 275.09 (97.50) 4.8
BP2 C14H16O3 232.28 232.24 231.10 (97.50) 4.6
BP3 C30H32O10 552.55 552.46 551.19 (97.50) 9.9
BP4 C13H16O 188.23 188.26 187.10 (84.5) 4.5
BP5 C6H5NO3 139.10 139.09 138.01 (45.62) 4.4
BP6 C15H16O3 244.28 244.25 243.10 (97.57) 5.8
BP7 C15H14O3 242.27 242.23 241.89 (66.5) 5.0
BP8 C13H14O5 250.24 249.19 249.07 (94.07) 4.3
BP9 C13H14O3 218.24 218.21 217.08 (57.80) 4.0
BP10 C12H14O3 206.21 206.24 205.08 (66.7) 3.9
BP11 C9H10NO4 196.11 196.18 195.9 (77.8) 3.2
BP12 C9H7O2 147.11 147.15 146.9 (14.2) 2.5
BP13 C9H10O3 166.06 166.14 165.01 (82.7) 2.8
BP14 C6H4NO2 122.10 123.09 121.02 (52.3) 1.9

BP  =  by-product.

Figure 20.  Proposed degradation pathways for the formation of 
BP1–BP4 from BPA using DBD alone. (a) Steps I to III, (b) step IV.

Figure 21.  Proposed degradation pathways for the formation of 
BP5–BP7 from BPA using DBD alone and combined DBD/JT14 or 
DBD/photo-Fenton induced process.
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intramolecular rearrangement leading to C–C bond cleavage, 
loss of H2 molecules thus forming BP1 (C15H16O5).

More so, oxidation of BP1 in the presence of O3/OH radi-
cals or perhaps H2O2 in solution produced BP8 with molec-
ular formula (C13H14O5). This reaction was accompanied with 
loss of C2H2O3 and atomic oxygen (O). Two consecutive CO2 
eliminations from BP1 and further oxidation in the presence 
of O3/OH0 yields compound BP9 (C13H14O3). According to 
[34] compound BP9 was categorised as 3-formylacrylic acid 
derivative. While BP10 (C12H14O3) was obtained from BP8 
via CO2 elimination as illustrated in figure 22.

3.10.4. Formation of BP11–BP14. The formation of BP11–BP14 
starting with BP6 is presented in figure  23.  As shown in  
figure 23, the initial hydroxylation of BP6 by hydroxyl radicals 
or direct attack by OH on the methyl group (CH3) in between 
the two aromatic rings, resulted in hydrogen abstraction and 
subsequently ring cleavage leading to formation of smaller 
fragments (4-isopropenylcatechol and phenolic ion). The sub-
stitution on 4-isopropenylcatechol by one of the nitrogenous 
species (NO2) yielded compound BP11 with molecular form
ula (C9H11NO4). Likewise, the substitution of nitrous oxide 
(NO) on the phenolic ion liberated compound BP14 with 
chemical structure C6H4NO2 (4-nitrosophenolate). The pres-
ence of nitrogenous oxide as part of the oxidation-products 
was a result of dry air used to generate ozone in the DBD 
system as nitrogen is a component of air. Also, oxidation of 
4-isopropenylcatechol involving loss of hydrogen in the pres-
ence of O3/OH0/H2O2 produced compound BP12 (C9H8O2). 

Further hydroxylation of BP12 by hydroxyl on the methylene 
group (CH2) formed compound BP13 with molecular formula 
C9H10O3. Fourteen major transformation products including 
oligomeric compounds were identified during BPA oxidation 
by single and combined AOTs. The following intermediates: 
BP1–BP4, BP6–BP7 have been extensively reported in the lit-
erature [6, 7, 33, 34]. While BP5, BP8, BP9–BP14 have not 
been reported in the literature. The differences in the interme-
diates proposed in this study compared to other studies may 
be attributed to the applied oxidation process and perhaps the 
types of free reactive species produced by the DBD system. 
The DBD produced O3, H2O2, OH0, where air containing 
nitrogen was used as a source of ozone generation. The ozo-
nation process alone were used to study in [6, 34], combined 
TiO2/UV/O3 in [33], while powder commercial TiO2 with UV 
to decompose BPA was utilized in [7]. It is clear from the 
previous studies that different advanced oxidation processes 
produce different free radicals and definitely result in different 
intermediate compounds. Critical analysis of the intermedi-
ates showed that BPA decomposed via ozonation step in the 
DBD while most intermediates in the combined system were 
proposed via hydroxylation and nitration steps respectively. 
In all, the degradation of BPA followed different steps: ozo-
nation, hydroxylation, decarboxylation, and dimerization, 
double decarboxylation and nitration reaction. It is important 
to mention that unlike DBD alone, no dimeric or high molecu-
lar weight compounds were formed as intermediates in the 
two combined systems. This is in accordance with the results 
reported by [11] where there was no formation of oligomeric 
compounds during the degradation of phenol by combined 
pulsed plasma discharge and TiO2 photocatalyst. Additionally, 
the most of the intermediates obtained with the combined sys-
tem were of lower molecular mass compared to high molec-
ular weight intermediates obtained with DBD alone. This 

Figure 22.  Proposed degradation pathways for the formation of 
BP8–BP10 from BPA using combined DBD with either supported 
catalyst or photo-Fenton induced reaction.

Figure 23.  Proposed degradation pathways for the formation of 
BP11–BP14 from BPA using combined DBD with either supported 
catalyst or photo-Fenton induced reaction.
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further demonstrated that the incorporation of polyethylene 
glycol stabilized nano zero valent iron with DBD enhanced 
the mineralization of BPA much more than with DBD alone. 
Complete mineralization of BPA into CO2 and H2O was not 
achieved via the two approaches, which may be attributed to 
the DBD reactor type.

3.11.  Mineralization of BPA

In order to compare the effectiveness of DBD alone and DBD/
photo-Fenton induced process (JT17) for the degradation 
BPA, the mineralization rate was measured in terms of TOC. 
The TOC removal efficiency was evaluated using equation (7)

TOC removal(%) =
TOC0 − TOCt

TOC0
× 100,� (7)

where TOC0 represents the initial value of TOC before expo-
sure to DBD and DBD/photo-Fenton induced process,while 
TOCt is final value of TOC after treatment.

The results of TOC removal of BPA by DBD or DBD/
photo-Fenton induced process is presented in figure 24.

As shown in figure  24, the TOC removal rate of BPA 
increased with an increasing dosage of nZVI. For the DBD 
containing 0.02, 0.04 and 0.06 g nZVI, the TOC removal rate 
of BPA were 37.2%, 41.9% and 47.5% as compared to 20% 
by the DBD alone after 40 min. The argument put forward for 
such increment upon the addition of nZVI has been discussed 
earlier. The TOC removal rate of BPA upon addition of 0.06 g 
nZVI was 47.5% at 40 min. This demonstrated a slower min-
eralization rate when compared to 100% removal rate of BPA 
achieved within 40 min using DBD with 0.06 g nZVI. The 
possible explanation for the slower mineralization rate may be 
due to formation of persistent and stable intermediates which 
resisted further degradation. Nevertheless, the combined 
system significantly increased TOC removal rate compared to 
the DBD alone, as was also evident in the number of interme-
diates generated via each treatment process. The lower TOC 
removal rate by the DBD correlated well with the number of 
intermediate compounds generated. The TOC values found for 
the combined DBD with different dosages of nZVI may due 
to the existence of synergistic effects between the combined 

systems. The TOC value of 47.5% or 43.1% in this study was 
greater than 33% TOC removal rate reported by [22] during 
oxidation of sulfadiazine by DBD reactor containing powder 
ferrous ion. The improvement in the TOC removal rate in this 
study over the outcome reported by [22, 35] may be due to the 
small size, high surface area, and enhanced reactivity of nZVI 
compared to ferrous ion.

4.  Conclusion

The chemistry of the degradation of aqueous solution of BPA 
in a radical environment using DBD alone and combined DBD 
with nano zero valent iron particles stabilised with polyeth-
ylene glycol including the operating parameters that influences 
the performance of the system have been fully established. The 
removal efficiency of BPA was mostly favoured in acidic con-
ditions and at lower concentrations. Maximum BPA removal 
efficiency occurred at low pH (3) at an optimum concentration 
of 10 mg l−1. The BPA degradation yield at 30 mg l−1 concen-
tration of BPA after 80 min treatment time was 3.73  ×  10−4 g 
kW−1 h−1. It was shown that addition of 0.06 g nZVI to DBD 
plasma technology induced photo-Fenton like reaction gave 
100% removal within 30 min and enhanced removal efficiency 
of BPA in aqueous solution which indicated the existence of 
synergetic effects. The TOC reduction value by the combined 
systems was however rather products low due to formation 
of recalcitrant transformation products. The degradation of 
BPA proceeded via ozonation, hydroxylation, dimerization, 
as well as decarboxylation and nitration steps were proposed. 
Five new oxidation products such as (BP5, BP11–BP14) of 
BPA which have not been previously reported in the literature 
were identified. This novel combined advanced technology 
has great potential for environmental remediation in the area 
of wastewater purification.
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