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A B S T R A C T   

Bio-electro-Fenton is emerging as an alternative technology for the efficient and cost-effective removal of re-
fractory micropollutants. Though promising, there are still several challenges that limit its wide application, 
including acidic operating conditions (pH at 2–3), the addition of supporting electrolytes (e.g., Na2SO4), and the 
issue of iron sludge generation. To address these challenges, a novel hybrid persulfate-photo-bioelectrochemical 
(PPBEC) system is proposed to remove model micropollutants (carbamazepine and clorfibric acid), from sec-
ondary effluent at low persulfate (PS) dosage and neutral pH. The effect of crucial operating parameters on the 
process was studied, including input voltage, cathodic aeration velocity, and PS dose. Under optimal conditions 
(0.6 V, 0.005 mL min− 1 mL− 1 and 1 mM), the PPBEC system achieved approx. 0.56–1.71 times greater micro-
pollutant removal with 93% lower energy consumption when compared to the individual processes (UV/PS and 
PBEC). The improved performance was attributed to a faster production of sulfate radicals by UV irradiation, 
hydrogen peroxide activation and single-electron reduction, and hydroxyl radicals generated by UV irradiation. 
Furthermore, the transformation products of carbamazepine and clorfibric acid were identified and the probable 
pathways are proposed. Finally, the ecotoxicity of the PPBEC treated effluent was assessed by using Vibrio 
Fischeri, which exhibited a non-toxic effect.   

1. Introduction 

In recent years, high levels of residual pharmaceuticals have been 
detected in municipal sewage due to the increasing global consumption 
of pharmaceuticals. This in turn brings new challenges to traditional 
sewage treatment facilities. Current wastewater treatment discharge 
standards do not typically have threshold limits for these refractory 
pharmaceuticals, which has resulted in their widespread detection in 
surface water, groundwater, and even drinking water (Monteil et al., 
2019). As a consequence, long-term exposure to these refractory phar-
maceuticals has had measurable adverse impacts on various organisms 
and even humans (e.g., spread distribution of antibiotic-resistant genes) 
(Pazda et al., 2019). 

Among existing treatment methods, AOPs have received widespread 
attention due to their ability to efficiently eliminate refractory phar-
maceuticals in a reliable manner, via the generation of free radicals with 
strong oxidizing capabilities, such as hydroxyl radicals (•OH). Recently, 

bioelectrochemical process-based AOPs, in particular bio-electro-Fenton 
(BEF) process, have become a focal point of AOP research due to several 
advantages. Firstly, they inherit the advantage of the traditional electro- 
Fenton (EF) process that can efficiently treat high-concentration (mg L− 1 

and even to g L− 1) pharmaceutical-containing wastewater through in 
situ production of •OH (Eq. (1)). Secondly, they are highly controllable 
and require only mild operating conditions. Thirdly, the energy con-
sumption of BEF systems is typically low (Ahmed et al., 2017; Monteil 
et al., 2019). 

2H+ +O2 + 2e− →H2O2 (1) 

Despite being such a promising technology, there are still several 
challenges that need to be addressed for BEF processes. Firstly, the use of 
iron as a catalyst in the BEF process can lead to iron sludge problems 
(Nadais et al., 2018). Additionally, as both EF and BEF processes are 
optimized at pH 2–3, pH adjustments are thus needed, both before and 
after treatment, which inevitably increases their operating costs. 
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Furthermore, the addition of supporting electrolytes (e.g. Na2SO4) has 
been required to increase the current flow and the treatment efficiency. 
This can also increase direct operating costs, as well as requiring further 
downstream treatment (e.g. reverse osmosis) before discharge, to reduce 
potential negative effects on receiving water bodies (Nadais et al., 
2018). These bottlenecks have so far restricted the wide application of 
BEF technology. Furthermore, the variability in quantity and quality of 
natural organic matter (NOM) and inorganic ions within real water 
matrices may also adversely affect the treatment due to the 
non-selectivity of •OH radicals, and their subsequent scavenging effect. 

In addition to •OH, sulfate radicals (•SO4
- ) have also been adopted in 

AOPs to oxidize organics due to their advantages of having longer re-
action lifetimes, selective electron transfer, and ability to work effi-
ciently over a wider pH range (2− 8) (Pan et al., 2019; Xu et al., 2017). 
•SO4

- can be generated by activating persulfate (PS) or permonosulfate 
(PMS) in a variety of ways, including the use of H2O2, transition metals, 
ultraviolet (UV) irradiation, visible light, etc (Wang and Wang, 2018a). 
Among them, UV irradiation has been shown as one of the most effective 
ways to activate PS or PMS. So far, the UV/PS process (Eq. (2)) has 
proven to be both more efficient and economical for the removal of 
refractory pharmaceuticals, than the UV/PMS process (Deng et al., 
2013). 

S2O8
2− ⟶hv 2 • S (2) 

However, the performance of the UV/PS process in the treatment of 
real wastewater is often limited because the wastewater characteristics 
including turbidity, chromaticity, and suspended solids could reduce the 
UV transmittance, thereby reducing the formation of •SO4

- . Besides, the 
removal efficiency of the UV/PS process is mainly dependent on the PS 
dosage. This increases both the treatment cost, as well as increases the 
production of SO4

2- waste which requires further processing. In this 
context, the combination of the UV/PS process and the BEF process 
could not only greatly improve the removal efficiency but also overcome 
the shortcomings of the individual UV/PS process and the BEF process 
mentioned above. Specifically, photocatalysis by UV irradiation to 
eliminate pharmaceuticals can also be achieved through direct photol-
ysis, or by activation of the cathodic H2O2 generated in situ, to produce 
•OH (Eq. (3)). These processes can also help to overcome the above-
mentioned drawbacks in the BEF system, including the requirement for 
pH adjustment and iron sludge generation. Moreover, the activation of 
PS by the bioelectrochemical system could be enhanced to overcome the 
influence of UV transmittance (Durán et al., 2017), as it could also 
generate •SO4

- by single-electron reduction reaction (Eq. (4)) and the 
cathodic in situ generated H2O2 activation (Eq. (5)). Furthermore, in 
some cases, the SO4

2- waste can be further utilized as a cathodic sup-
porting electrolyte for the bioelectrochemical system to increase the 
circuit current, and in turn, to enhance H2O2 production. 

H2O2⟶hv 2 • OH (3)  

e− + S2O8
2− → • SO4

− + SO4
2− (4)  

H2O2 + S2O8
2− → • SO4

− + • HO2 +HSO4
− (5) 

Herein, a novel hybrid PS enhanced photo bioelectrochemical 
(PPBEC) system was developed, by combining a bioelectrochemical 
system and a UV/PS process, to be used as a tertiary treatment process 
for the removal of refractory pharmaceuticals from the real WWTPs 
secondary effluent at neutral pH. This hybrid system could significantly 
improve the treatment performance, as well as save costs, over previ-
ously developed UV/PS and BEF processes. 

Carbamazepine (CBZ) and clofibric acid (CA) have been widely 
detected in the various water types such as surface water and WWTPs 
effluent (ranging from ng⋅L− 1 to μg⋅L− 1) around the world over recent 
decades (Calisto et al., 2011; Li et al., 2010). For example, it is reported 
that the highest CBZ concentration detected in surface water and 

groundwater were 11,561 and 390 ng L− 1, respectively (Moztahida 
et al., 2019). In addition, the content of CA detected in Canadian surface 
water ranges from 0.101 to 0.175 μgL− 1 (Rebelo et al., 2020). It can be 
expected that these pollutants will continue to accumulate in the envi-
ronment to higher concentrations in the long term due to missing of 
efficient treatment. In addition, by 2016 at least 631 pharmaceutical 
active compounds have been detected in various water bodies (Ramír-
ez-Morales et al., 2020). The total concentration of these compounds can 
easily end up to several mg L− 1. In this study, a higher initial concen-
tration (mg L− 1 level) of CBZ and CA were selected as the model com-
pounds for refractory pollutants to examine the treatment performance 
of the novel PPBEC system. Furthermore, these concentration gradients 
were selected in order to compare the results with the existing studies. In 
many recent studies on the removal of CBZ, the adopted concentrations 
are about 5–15 mg L− 1 (Lai et al., 2021; Thanekar et al., 2018; Yang 
et al., 2021; Yu et al., 2021). The impact of operating parameters 
including input voltage, cathodic aeration velocity, and PS dosage on the 
removal of the CBZ and CA were then evaluated. The major trans-
formation products were also investigated and the effluent ecotoxicity 
was assessed. Furthermore, the applicability of the PPBEC system for the 
removal of two model pharmaceuticals in different water matrices was 
also explored. Finally, the PPBEC system was compared to the UV/PS 
process, the BEF process, and other AOPs such as the EF process, from 
the perspective of both removal efficiencies and economic cost. 

2. Experimental 

2.1. Chemicals 

For detailed information on the main chemicals used in this study, 
see Text S1 (supporting information). As for the detailed water charac-
teristics of the 4 different water bodies, see Table S1. 

2.2. PPBEC system setup and operation 

A laboratory-scale PPBEC reactor was constructed, consisting of two 
identically-sized chambers where the effective size of each chamber was 
8 cm × 5 cm × 5 cm (Fig. S1). Accordingly, the total volume of each 
chamber was 200 mL, with a working volume of 180 mL. The PPBEC 
design and materials for individual reactor components including the 
anode electrode (carbon brush), cation exchange membrane, and Ag/ 
AgCl reference electrode in the cathode chamber, and the corresponding 
pretreatment methods were identical to those documented within our 
previous study (Nadais et al., 2018). In addition to these components, a 
commercial-grade graphite plate (4 cm × 4 cm) coated with carbon 
black was used as a gas diffusion cathode (GDC), and the specific 
preparation method was carried out as previously described (Yu et al., 
2015). A detailed description of running the PPBEC system was shown in 
Text S2. 

2.3. Analytical methods and calculations 

The detection method for the in situ produced H2O2 was the same as 
has been previously described (Nadais et al., 2018). The CBZ and CA 
concentrations and the corresponding transformation products during 
the PPBEC system were quantified by high-performance liquid chro-
matography (Agilent 1290 Infinity, USA, HPLC) system coupled with a 
tandem mass spectrometer (Agilent 6470 series, USA, MS/MS). Detailed 
HPLC-MS/MS parameter settings were listed in Text S3. pH was moni-
tored by a pH meter (PHM210, Radiometer, Denmark). The voltage 
across the 10-ohm resistor and the cathode potential was detected by a 
digital multimeter (Model 2700, Keithley Instruments, Inc., Cleveland, 
OH, USA), and the corresponding system current can be calculated by 
Ohm’s law. 

The removal of four selected model pharmaceuticals was followed by 
pseudo-first-order kinetics during the BEF process and UV/PS process 
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(Nadais et al., 2018), where the apparent rate constant (Kapp) can be 
calculated via Eq. (6). 

Kappt = ln
C0

Ct
(6) 

The electrical energy per order (EEO) was adopted to express electric 
energy consumption, as it was most conducive for comparison with 
other AOPs in terms of energy consumption. The calculations of EEO (see 
Text S4) were conducted as previously described (Pan et al., 2019). 
Specifically, the bulk of the treatment cost of the PPBEC process origi-
nated from two aspects, including electrical energy consumption; and 
(2) chemical reagent (PS) cost. To further facilitate comparisons, the 
energy consumption in this paper was divided into four parts including 
UV lamp consumption, MEC reactor consumption (direct voltage input), 
aeration, and agitation consumption on the treatment of WWTPs sec-
ondary effluent (Lyngby) spiked with CBZ and CA (10 mg L− 1 of each). 
Calculations were based on the local electricity price (Denmark) and the 
PS price (0.25 € kWh− 1 and 0.62 € kg− 1, respectively) and the corre-
sponding total expenditure was further calculated in terms of cost per 
order (Cost/Ototal). 

Finally, one-way analysis of variance (one-way ANOVA) was carried 
out via SPSS 24.0 Statistics software (IBM Crop, USA) to analyze the 
significant difference among the obtained results. When the p value was 
< 0.05, the data were considered statistically significant. 

2.4. Eco-toxicity assays 

Microtox tests were conducted through a bioluminescence inhibition 
experiment, using Vibrio fischeri as the toxicity indicator (Zou et al., 
2020b). This method was used to assess the ecotoxicity of both the 
secondary biological treatment effluent and the effluent from the novel 
PPBEC system. 

3. Results and discussion 

3.1. Synergistic effect of PBEC with UV/PS 

Experiments were first conducted by comparing the degradation of 
CBZ and CA via several treatment processes including: a) UV irradiation 
only; b) PS addition only; c) microbial electrolysis cell (MEC); d) UV/PS; 
e) PBEC; f) PBEC with 50 mM Na2SO4 addition; and g) PPBEC (Fig. 1). As 
shown in Fig. 1, the reactor itself and the electrodes have a negligible 
adsorption effect on CBZ and CA. It was found that removal of both CBZ 
(about 4% and 6% in 8 h, respectively) and CA (about 2% and 3% in 8 h, 
respectively) were very low by only PS addition and MEC processes. This 
is due to the weak oxidation ability of H2O2 synthesized within the MEC 
process and directly added PS. This finding is consistent with previous 
studies regarding the removal of emerging pharmaceuticals during UV/ 
PS and BEF processes (Bu et al., 2016; Zou et al., 2020a). Furthermore, it 
was found that CBZ was still not easily removed by direct UV irradiation 
alone (7% after 8 h). In contrast, CA was better degraded by these 
methods (65% after 8 h), which was also consistent with previous 
literature (Ali et al., 2018; Lu et al., 2018). As depicted in Eq. (7) and Eq. 
(8), the degradation of CBZ and CA under direct UV irradiation can be 
divided into two steps. Firstly, the aromatic rings and heteroatoms such 
as nitrogen and chlorine are promoted to an electronically excited state 
under UV irradiation (254 nm) (Eq. (7)), which then react to form a new 
product through chemical decomposition (Ali et al., 2018; Carlson et al., 
2015; Khan et al., 2017) (Eq. (8)). Unlike CA, CBZ contains an amide 
group (RCONH2), which makes further degradation difficult (Ali et al., 
2018). The observed degradation of CA under direct UV photolysis was 
consistent with previous reports, and is in line with pseudo-first-order 
kinetics with a rate constant (Kapp) of 0.128 h− 1 (R2 =0.97) (Khan 
et al., 2014). 

CBZ (CA)⟶hv CBZ ∗ (CA ∗ ) (7)  

CBZ ∗ (CA ∗ )→by − products (8) 

Since individual PS oxidation or MEC processes could not effectively 
remove CBZ and CA, and direct UV photolysis was also ineffective to-
wards CBZ, further processes including PBEC (both with and without 
50 mM Na2SO4 addition), UV/PS, and PPBEC were also investigated. In 
the UV/PS process, degradation was significantly enhanced, achieving 
approximately 84.5% and 100% within 8 h for CBZ and CA, respec-
tively. This can be attributed to the fact that the bond of O-O in PS is 
broken under UV irradiation due to the production of •SO4

− containing a 
lone pair of electrons via Eq. (2). This then has a strong oxidation ability, 
and can therefore quickly degrade both CBZ and CA (Gao et al., 2012). 
The PBEC process also showed a clear improvement in CBZ and CA 
removal, both with and without the addition of 50 mM Na2SO4. Here, 
the pharmaceuticals removal efficiency during the first 8 hrs without 
50 mM Na2SO4 addition was approximately 87.5% and 100% for CBZ 
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0.0
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0.6

0.8

1.0

0 1 2 3 4 5 6 7 8
0.0

0.2

0.4

0.6

0.8

1.0

UV +PS
Absorb
PS only
UV only
MEC only

 PBEC (0 mM Na2SO4)
MFC+UV +PS

 PBBEC
 PBEC (50 mM Na2SO4)

C
t/C

0

Time (h)

CA

UV +PS
Absorb
PS only
UV only
MEC only

 PBEC (0 mM Na2SO4)
MFC+UV +PS

 PPBEC
 PBEC (50 mM Na2SO4)C

t/C
0

Time (h)

CBZ

Fig. 1. Comparison of the removal of CBZ and CA through different treatment 
methods. System operational parameters: The initial CBZ and CA concentra-
tions of 10 mg L− 1 were spiked into the WWTPs secondary effluent (Lyngby), 
and other parameters were determined based on the earlier described tests, 
including PS dosage of 1 mM, applied voltage of 0.6 V, cathodic aeration ve-
locity of 0.005 mL min mL− 1, UV intensity of 10 mW cm− 2 and without 
pH adjustment. 
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and CA, respectively. The efficiency was increased to 100% for both 
compounds within 5 h, with the addition of 50 mM Na2SO4 to the pro-
cess. Similarly, as the UV/PS process was described above, PBEC can 
effectively remove CBZ and CA due to the in situ generation of H2O2. 
Under UV irradiation via Eq. (2), H2O2 is converted to •OH, which has 
an even stronger oxidation ability than •SO4

− (Yuan et al., 2009). The 
addition of Na2SO4, resulted in the improvement of cathodic conduc-
tivity (from 1.45 to 7.81 ms cm− 1) and subsequently led to the increase 
of system current (from approximately 2.25 to 5.50 mA, Fig. S2). This 
ultimately resulted in an increased yield of H2O2 and •OH for the 
degradation of CBZ and CA (Li et al., 2018; Moreira et al., 2017). 

The degradation of CBZ and CA during the above processes were 
found to follow pseudo-first-order kinetics. The Kapp values of CBZ were 
0.235 (R2 =0.99), 0.255 (R2 =0.97) and 0.699 (R2 =0.93) h− 1, followed 
by the Kapp values of CA were 0.683 (R2 =0.99), 0.731 (R2 =0.97) and 
1.476 (R2 =0.99) h− 1 where each value corresponds to UV/PS, PBEC and 
PBEC (with 50 mM Na2SO4) processes, respectively. Although the PBEC 
process with the addition of 50 mM Na2SO4 achieved the highest 
removal efficiencies for our target pollutants, in practice the addition of 
such a high concentration of salts would require further processing 
before discharge, and hence limit its wide application. 

Fortunately, this limitation could be overcome by the addition of PS 
in place of Na2SO4. PS can be activated to produce •SO4

− for the pol-
lutants removal, as well as SO4

2− (as a reaction product) that can increase 
water conductivity, and thus, promote H2O2 generation. As such, the 
synergistic effect of •SO4

− and •OH can be maintained along with the 
subsequently improved removal efficiencies. Durán et al. found that the 
UV/H2O2/PS process can increase pollutant removal rates by more than 
10% compared to the UV/H2O2 process (Durán et al., 2017). Addition-
ally, Pan et al. found that the pollutants removal efficiency in 
UV/pre-Fe0/PS process was over 2.2 times higher than that of the 
UV/Fe0/PS process. In both cases, the improvement of removal was 
mainly attributed to the production of more •SO4

− and •OH (Pan et al., 
2019). Interestingly, our PPBEC process showed significantly higher 
removal rates of CBZ and CA than those reported in the aforementioned 
studies (p < 0.05). In the PPBEC system, the Kapp values increased to 
1.326 (R2 =0.99) and 2.199 (R2 =0.98) h− 1 for CBZ and CA, respec-
tively. This is a significant improvement of system performance (over 
UV/PS or PBEC processes) and can be attributed to the synergistic effect 
of •SO4

− and •OH. This was confirmed by the high synergy factor values 
(1.706 for CBZ and 0.555 for CA), that were calculated based on pre-
vious literature (Pan et al., 2019). A stable system current output 
(Fig. S2) demonstrated the stability of the bioanode-based PBEC system, 
as well as for the derived PPBEC system. Due to the use of bipolar 
membranes, the pH of the entire treatment process increased slightly 
(from 7.60 to 8.28, Fig. S2). Unlike the traditional EF and BEF processes, 
pH adjustment was therefore not required. Overall, the PPBEC process 
was proven the most effective method for the removal of selected 
pollutants. 

3.2. Impact of operating parameters on the removal of CBZ and CA 

3.2.1. Applied voltage 
The circuit current is directly related to the rate of H2O2 generation 

from the cathode (Eq. (1)), which can subsequently affect the formation 
of •OH (Xu et al., 2016; Zhao et al., 2017). Therefore, The PPBEC pro-
cess was further investigated at a range of applied voltages (0, 0.2, 0.4, 
0.6, and 0.8 V). As shown in Fig. 2, the removal of CBZ and CA by the 
PPBEC process was significantly affected by different applied voltages 
(p < 0.05, Table S3). Specifically, the removal rate of CBZ and CA was 
positively correlated with the applied voltage in the range of 0–0.6 V 
(current increased from 0.68 to 4.40 mA, Fig. S3), which is likely due to 
the increase of H2O2 production as noted above. The enhanced H2O2 
production in turn lead to more •OH formation under UV irradiation. 
Moreover, it may also lead more •SO4 production because H2O2 can also 
react with PS to produce further radicals including •SO4

− and •HO2 via 

Eq. (5), thereby improving the removal efficiency of CBZ and CA (Durán 
et al., 2017). 

However, when the voltage was further increased from 0.6 to 0.8 V 
(corresponding to 5.05 mA, Fig. S3), the removal efficiency of CBZ and 
CA showed a downward trend. The Kapp values followed the same trend, 
where the removal of CBZ and CA first reached to the maximum value at 
0.6 V (1.326, R2 =0.99) and (2.199, R2 =0.98)), and then started to 
decline at 0.8 V. There are a number of factors which could contribute to 
the decreasing of removal efficient at high voltage. Firstly, if the current 
was too high, it may trigger side reactions including Eqs.(9–11) and 
reduce the production of H2O2 and further the formation of •OH and 
•SO4

− (Chen et al., 2015; Moreira et al., 2017; Oturan et al., 2018; Zou 
et al., 2021).  

2 H+ + 2e- → H2                                                                            (9)  

H2O2 + 2 H+ + 2e- → 2 H2O                                                         (10) 
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C
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Fig. 2. The impact of applied voltage on system performance. System opera-
tional parameters:. 
The initial CBZ and CA concentrations of 10 mg L− 1 were spiked into the 
WWTPs secondary effluent (Lyngby), and other parameters were determined 
based on the earlier described tests, including PS dosage of 1 mM, cathodic 
aeration velocity of 0.005 mL min mL− 1, UV intensity of 10 mW cm− 2 and 
without pH adjustment. 
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2 H2O2 → 2 H2O + O2                                                                   (11) 

Secondly, excess of H2O2 may further react with radicals including 
•OH and •SO4

− via Eqs. (12–16), thereby resulting in an effective 
decrease of H2O2, •OH and •SO4

− (Durán et al., 2017; Lin et al., 2016).  

H2O2 + •OH → •HO2 + H2O                                                         (12)  

H2O2 + •OH → •O2
− + H+ + H2O                                                  (13)  

•HO2 + •OH → O2 + H2O                                                            (14)  

H2O2 + •SO4
− → •HO2 + SO4

2− + H+ (15)  

•HO2 + •SO4
− → O2 + SO4

2− + H+ (16) 

The residual H2O2 concentrations observed under different input 
voltages could further support the above explanation (Fig. S3) could 
support this explanation. From the above results, 0.6 V was considered 
as the most appropriate input voltage for the PPBEC process. 

3.2.2. Cathodic aeration velocity 
As illustrated in Eq. (1), cathodic O2 supply can be another crucial 

operational parameter affecting the synthesis of H2O2 and the pharme-
ceuticals removal. Therefore, the impact of O2 supply on the perfor-
mance of the PPBEC process was further studied at varied cathodic 
aeration velocities ranging from 0 to 4 mL min− 1 (corresponding to 
0–0.02 mL min− 1 mL− 1). As shown in Fig. 3, the removal efficiency of 
CBZ and CA was initially improved when the aeration velocity was 
raised from 0 to 0.005 mL min− 1 mL− 1, and then subsequently dropped 
when the aeration velocity was further increased to 0.01 and even 
0.02 mL min− 1 mL− 1. One-way ANOVA (p < 0.05, Table S3) further 
showed a statistically significant difference in aeration rates between the 
four selected groups, suggesting that the contribution of O2 was signif-
icant. This pattern was likely due to the introduction of proper cathodic 
aeration, which may maintain the dissolved O2 concentration in the 
catholyte, and thus maintain the synthesis of H2O2 for better removal 
efficiency than that without aeration. However, when the aeration ve-
locity was further increased, the amount of bubbles also increased, and 
this, in turn could increase the internal resistance of the system. The 
current decreased when the aeration velocity was increased to 0.01 and 
further to 0.02 mL min− 1 mL− 1 (Fig. S4), which is further evidence for 
this hypothesis (Luo et al., 2015; Zhou et al., 2013). Furthermore, the 
bubble sizes generated at faster aeration velocities were larger, which 
may hinder binding to the active site of the cathode(Liu et al., 2007). A 
faster aeration velocity may also lead to a decrease in UV radiation, 
which in turn reduces the production of •SO4

− and •OH for pharma-
ceuticals removal (Moreira et al., 2017). As a result of the above in-
vestigations, an aeration velocity of 0.005 mL min− 1 mL− 1 was deemed 
most appropriate and was therefore chosen for subsequent experiments. 

3.2.3. PS dose in the cathode 
Previous sections have discussed the impact of operating parameters 

related to the in situ production of H2O2 in the PPBEC process. The 
dosage of PS will clearly affect the generation of •SO4

− , and thus, affect 
the overall treatment process. As such, the PPBEC system was further 
investigated with PS concentrations between 0 and 1 mM, as these 
concentration levels are commonly used in the individual PS process (Lu 
et al., 2018; Zhang et al., 2015). The removal efficiency of CBZ and CA 
during the PPBEC process increased as expected with the increase of PS 
dose from 0 to 0.75 mM (Fig. 4), whereafter only a slight improvement 
was achieved at 1 mM. Similar to the above, statistical analysis showed 
that it had a significant effect on CBZ and CA removal rates within the PS 
range studied (p < 0.05, Table S3). The whole process fitted well to 
pseudo-first-order kinetics. At concentrations of 0, 0.25, 0.5, 0.75 and 
1 mM, the corresponding Kapp values of CBZ were 0.255 (R2 =0.99), 
1.097 (R2 = 0.94) 1.123 (R2 = 0.99) 1.322 (R2 = 0.93) and 1.326 (R2 

= 0.98) h− 1, while Kapp values of CA were 0.731 (R2 = 0.97), 1.590 (R2 

= 0.94) 1.694 (R2 = 0.99) 1.958 (R2 = 0.98) and 2.199 (R2 = 0.98) h− 1. 
The overall improvement of CBZ and CA removal was mainly attributed 
to the production of more •SO4

− and •OH with the increase of PS dosage 
via Eqs. (2), (5) and (17) (Durán et al., 2017; Pan et al., 2019).  

•SO4
− + H2O → SO4

2− + •S2O8
2− (17) 

Along with the increase of PS dose, the conductivity of the catholyte 
and the system current both increased (Fig. S5), which resulted in more 
H2O2 production for •OH formation via Eq. (2). When further increasing 
the dosage of PS from 0.75 to 1 mM, the excessive PS might further 
consume the generated •SO4

− and •OH via Eqs. (18–20), thus the 
generated reactive radicals were not linearly related to the PS dosage 
within this higher range (Lu et al., 2018; Pan et al., 2019).  

•SO4
− + S2O8

2− → SO4
2− + •S2O8

2− (18)  

S2O8
2− + •OH → •S2O8

2− + OH− (19)  

•SO4
− + •SO4

− → S2O8
2− (20) 
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Fig. 3. The impact of cathodic aeration velocity on system performance. Sys-
tem operational parameters: the initial CBZ and CA concentrations of 10 mg L− 1 

were spiked into the WWTPs secondary effluent (Lyngby), and other parameters 
were determined based on the earlier described tests, including PS dosage of 
1 mM, applied voltage of 0.6 V, UV intensity of 10 mW cm− 2 and without 
pH adjustment. 
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Taking into account that further increasing the PS dosage will not 
only enhance the above-mentioned suppression effect but also further 
increase the cost of chemicals, 1 mM was chosen as the optimal dose for 
the system. 

3.2.4. Initial CBZ and CA concentration 
Since the initial concentration of pollutants is regarded as one of the 

main influencing factors that determine the treatment capacity of AOPs, 
three concentration gradients of CBZ and CA (5, 10 and 15 mg L− 1) were 
selected to further evaluate the PPBEC process (Ali et al., 2018). Our 
results show that both CBZ and CA were completely removed within 6 h 
by the PPBEC process, within the selected concentration range (Fig. 5). 
The Kapp values of CBZ were 1.401(R2 = 0.98), 1.326 (R2 = 0.98) and 
1.227 (R2 = 0.98) h− 1, and the Kapp values of CA were 2.958 (R2 = 0.96), 
2.199 (R2 = 0.98) and 1.828 (R2 = 0.98) h− 1, under initial concentra-
tion of 5, 10 and 15 mg L− 1, respectively. Then, one-way ANOVA further 
indicated that the studied initial concentration range had a significant 
impact on the removal rate of the selected pollutants (p < 0.05, 

Table S3). The observed trend in the calculated Kapp values was also in 
agreement with previous studies on electrochemical or UV-based AOPs 
for the degradation of pollutants (Deng et al., 2013; Moreira et al., 
2017). On one hand, higher initial concentrations mean that more in-
termediates could be produced under the same conditions. These, in turn 
compete with the parent compounds of CBZ and CA for the non-selective 
free radicals, mainly •SO4

− and •OH, and thus may result in the reduction 
of the removal efficiency of the CBZ and CA (Chen et al., 2019; Deng 
et al., 2013). On the other hand, it may be that at higher initial con-
centrations, the concentration of CBZ and CA and their intermediates in 
the catholyte were also correspondingly higher, thus more UV light 
would be required by them, leading to less UV exposure for H2O2 and PS 
conversion and, ultimately, less •SO4

− and •OH production (Chen et al., 
2019). 

3.2.5. Impact of the water matrix 
Due to the complexity and variability of real water and wastewater 

matrices, the composition of the matrix can have a significant impact on 
the effectiveness of AOPs like BEF and UV/PS processes (Nadais et al., 
2018; Xiao et al., 2016). Therefore, in addition to the WWTP secondary 
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Fig. 4. The impact of PS dosage on system performance. System operational 
parameters: the initial CBZ and CA concentrations of 10 mg L− 1 were spiked 
into the WWTPs secondary effluent (Lyngby), and other parameters were 
determined based on the earlier described tests, including applied voltage of 
0.6 V, cathodic aeration velocity of 0.005 mL min mL− 1, UV intensity of 
10 mW cm− 2 and without pH adjustment. 
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10 mW cm− 2 and without pH adjustment. 
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effluent (Lyngby), three additional types of water matrices including tap 
water, WWTP influent (Lyngby) and secondary effluent from another 
WWTP (Herning) were chosen and their impact on the PPBEC process 
was investigated. As presented in Fig. 6, the removal rates of CBZ and CA 
in different water matrixes were in the following order: tap water 
> WWTPs secondary effluent (Lyngby) > WWTPs secondary effluent 
(Herning) > WWTPs influent (Lyngby). The results of one-way ANOVA 
further confirmed the significant impact of water quality on the degra-
dation of CBZ and CA in the PPBEC process (p < 0.05, Table S3). Like-
wise, the calculated Kapp values also conformed to the above order and 
were as follows: 1.641 (R2 = 0.97), 1.326 (R2 = 0.98), 1.212 (R2 

= 0.96), and 0.674 (R2 = 0.98) h− 1 for CBZ and 2.365 (R2 = 0.99), 
2.199 (R2 = 0.98), 1.377 (R2 = 0.98), and 0.876 (R2 = 0.98) h− 1 for CA, 
respectively. The reasons for Kapp values fluctuation with different water 
matrixes can be summarized as follows. Firstly, NOM may compete with 
H2O2 and PS for UV radiation through photons absorption (Kong et al., 

2016; Xiao et al., 2016). Secondly, the NOM and some inorganic ions (e. 
g., Cl− , HCO3

− , CO3
2− , NO3

− and NO2
− ) may also partially consume the 

generated •SO4
− and •OH (Gu et al., 2019; Guo et al., 2013; Lu et al., 

2018; Xiao et al., 2016). Notably, the scavenging of •OH by Cl− at 
neutral pH (above 7.2) can be neglected according to Eq. (21) (Zou et al., 
2020b).  

•OH + Cl− ↔ •HOCl− (21) 

Although tap water typically contains far less NOM and inorganic 
ions (e.g., Cl− ) than the other tested water matrices, the removal effi-
ciency of CBZ and CA wasn’t significantly higher than that of influent 
and secondary effluents of WWTPs. This could be attributed to the high 
alkalinity of tap water (Table S1), as carbonate and bicarbonate can 
consume •OH and •SO4

− (Lu et al., 2018). As expected, the influent from 
Lyngby WWTPs with a higher concentration of NOM and inorganic ions 
(e.g., Cl− ) led to a stronger inhibitory effect and the lowest pollutants 
removal rate amongst the water matrices tested. 

3.3. Economic analysis 

In general, the EEO and corresponding Cost/Ototal value of PPBEC 
process were much lower than that of UV/PS and PBEC processes 
(Table 1). The results indicate that the hybrid PPBEC process could 
reduce treatment costs by more than 93% when compared to the PBEC 
and UV/PS processes. Notably, the energy consumption of the UV lamp 
and pump for agitation accounted for 73.76% and 24.59% of the overall 
energy consumption, respectively. This means that both the reactor 
configuration and UV lamp type can be adjusted and optimized to 
improve the energy efficiency of UV light and further reduce energy 
consumption (Miklos et al., 2018). Moreover, previous reports on the 
UV/H2O2 process for wastewater treatment have verified that the scale 
of such treatment technology can significantly reduce energy con-
sumption, when scaling up the process from lab-scale to pilot-scale and 
even further to the full-scale application (Miklos et al., 2018). 

The treatment cost of the PPBEC process was further compared with 
some analogous technologies that have been developed for the treat-
ment of pharmaceutical wastewaters. As shown in Table 2, ultrasound- 
activated PS or PMS methods consumed much more energy than the 
PPBEC process when treating secondary wastewater effluent (Yin et al., 
2018; Zhou et al., 2016). Furthermore, individual UV, UV-activated PS, 
UV-activated PMS, or UV-activated H2O2 processes have much higher 
energy consumption than the PPBEC process, even at lower pharma-
ceutical concentrations (Deng et al., 2013; Zheng et al., 2019). In 
addition, the PPBEC process had both significantly lower treatment cost 
and higher removal efficiency than the BEF process (in both lab-scale 
and upscaled forms), without the need to adjust pH before and after 
treatment nor to deal with iron sludge issues (Nadais et al., 2018). 
Although the treatment cost of the PPBEC process was slightly higher 
than that of UV based photocatalysis using a PVDF membrane with 
immobilized TiO2, it was still within the same order of magnitude 
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Fig. 6. The impact of water matrix on system performance. System operational 
parameters:. 
The initial CBZ and CA concentrations of 10 mg L− 1 were spiked into the 
selected water types, and other parameters were determined based on the 
earlier described tests, including PS dosage of 1 mM, applied voltage of 0.6 V, 
cathodic aeration velocity of 0.005 mL min mL− 1, UV intensity of 10 mW cm− 2 

and without pH adjustment. 

Table 1 
Economic analysis for the removal of CBZ and CA in the PPBEC system.  

Treatment process UV/PS PBEC PPBEC 

Kapp (h− 1)  0.310  0.343  1.385 
EEO/UV (kWh m− 3 order− 1)  1016.13  918.37  64.98 
EEO/agitation (kWh m− 3 order− 1)  338.71  306.13  21.66 
EEO/aeration (kWh m− 3 order− 1)  0  20.53  1.44 
EEO/MEC (kWh m− 3 order− 1)  0  0.12  0.02 
EEO/total (kWh m− 3 order− 1)  1354.84  1245.15  88.10 
Cost/OUV (€ m− 3 order− 1)  254.03  229.59  16.25 
Cost/Oagitation (€ m− 3 order− 1)  84.68  76.53  5.42 
Cost/O aeration (€ m− 3 order− 1)  0  5.13  0.36 
Cost/OMEC (€ m− 3 order− 1)  0  0.03  0.01 
Cost/OPS (€ m− 3 order− 1)  0.15  0  0.15 
Cost/Ototal (€ m− 3 order− 1)  338.86  311.29  22.18  
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(33–58 vs. 88.10 kWh m− 3), with the benefit of a faster removal rate 
(Paredes et al., 2019). Biological processes are well-known to be 
amongst the more cost-effective treatment methods, but are also typi-
cally far less efficient for pharmaceutical and trace chemicals removal 
(Monteil et al., 2019). Overall, the PPBEC process shows huge potential 
for the removal of residual pharmaceuticals in wastewater, not only due 
to its high efficiency, but also due to its cost-effective nature. 

3.4. Transformation products and probable pathways 

The transformation products from the degradation of CBZ and CA 
through the PPBEC process were investigated by using HPLC-MS/MS 
with the m/z ranged from 60 to 300 in ESI positive and negative full 
scan modes, respectively. The system operating parameters for these 
trials were adopted according to the results obtained in Section 3.2. 

3.4.1. CBZ 
Total ion chromatography and MS2 spectra showed that ten major 

transformation products were produced during the PPBEC treatment 
process (Figs. S8 and S9). These products were observed with elution 
times at 0.82 min (m/z 141.9, 102.1 and 98), 2.42 min (m/z 224), 
3.78 min (m/z 180 and 109) and 6.06 min (m/z 196, 208, 226 and 85). 
Their probable molecular structures were inferred based on a combi-
nation of m/z, MS2 spectrum, along with related published literature, 
and the corresponding pathways are shown in Fig. 7a. Electron transfer 
in the central ring of the olefin bond CBZ with high boundary electron 
density caused by •SO4

− generated a short-lived intermediate TP-A (m/z 
239, not detected). This was then converted into transformation prod-
ucts with a m/z 208 (possible structures TP-B1 and B2) and a m/z 224 
(possible structures TP-C1 and C2) by the attack of •SO4

− and •OH and 
the loss of a group of –CONH2 (Bo et al., 2017; Jelic et al., 2013; Wang 
and Wang, 2017; 2018b). Acridine-9-carboxaldehyde has been previ-
ously identified in the degradation of CBZ by AOPs (e.g. ozonation and 
photocatalytic processes), with a m/z 208 (Azaïs et al., 2017; Bo et al., 
2017). Interestingly, this transformation product was not found by 
standard product verification within our study (Fig. S10). The 

transformation product of m/z 208 was found to be further converted 
into intermediates m/z 226 (possible structures TP-D1 and D2) and m/z 
180 (possible structure TP-E) through •OH addition followed by ring 
contraction (Bo et al., 2017; Jelic et al., 2013; Wang and Wang, 2017; 
2018b). The products of TP-C1, TP-C2 and TP-E were further hydrox-
ylated to intermediate m/z 196, with four possible structures high-
lighted by literature (Azaïs et al., 2017; Bo et al., 2017; Jelic et al., 
2013). Finally, •SO4

− and •OH radicals caused cleavage of the benzene 
ring to produce various small molecular transformation products (TP-G 
to TP-K) which were eventually converted into CO2 and H2O (Bo et al., 
2017; Jelic et al., 2013). Fig. S11 also shows the trend of the abundance 
of various transformation products of CBZ versus time. Notably, the 
results indicate that all transformation products first increased and but 
then decreased in abundance as the reaction proceeds, and were finally 
completely removed. 

3.4.2. CA 
In addition to CBZ, the degradation products of CA were also 

investigated to infer its possible degradation pathways. Since the 
structure of CA was less complex than CBZ, it was easier to remove and 
mineralize accordingly. Therefore, unlike the CBZ degradation process 
which detected many products, only a few were detected during CA 
degradation (Figs. S12 and S13). Specifically, three major trans-
formation products were detected, with elution times at 
3.754–4.173 min (m/z 168.9, 212.9 and 222.9), 5.790–6.157 min (m/z 
168.9 and 212.9), and 6.192–6.602 min (m/z 168.9 and 212.9). The first 
transformation product corresponded to m/z 222.9, and the full pro-
posed transformation pathway is presented in Fig. 7b. More specifically, 
CA can be transformed into m/z 168.9 (possible structures TP-A1 and 
A2) by decarboxylation, or CA was dechlorinated by substitution of •OH 
and then further attacked by •SO4

− and •OH radicals to produce trans-
formation product m/z 212.9 (possible structures TP-B) (Sun et al., 
2015; Zhu et al., 2019a). Subsequently, the adjacent carbon on the 
benzene ring of TP-A1 was oxidized and the benzene ring was broken to 
produce product m/z 222.9 (possible structures TP-C1 and C2). A similar 
phenomenon has been observed in a previous study on the removal of 

Table 2 
Comparison of energy consumption on the removal of pharmaceuticals via different treatment technologies.  

Treatment technologies Water types Pharmaceuticals types Initial 
concentration 
(mg L− 1) 

Degradation 
efficiency 

Energy 
consumption (E/ 
EO, kWh m− 3) 

Treatment cost 
(€ m− 3) 

Reference 

Ultrasound/Fe0/PS Deionized 
water 

Sulfadiazine 20 90% 185.7 – (Zhou et al., 
2016) 

Ultrasound/ 
peroxymonosulfate 

Drinking wtaer Sulfamethazine 50 99% in 30 mins 1510 – (Yin et al., 
2018) 

UV and UV/CaO2 Secondary 
wastewater 
effluent 

CBZ and primidone 
(PMD) 

2 of CBZ and 5 of 
PMD 

90% CBZ: 550.9 and 
41.4; PMD: - and 
108.9 

– (Zheng 
et al., 2019) 

UV based photocatalytic by 
using a PVDF membrane 
with immobilized TiO2 

Secondary 
wastewater 
effluent 

CBZ and another 4 
pharmaceuticals 

0.2–0.4 in total More than 80% in 
1 h 

33–58 – (Paredes 
et al., 2019) 

Scale-up BEF process (20 L) Deionized 
water 

CBZ, CA and another 4 
pharmaceuticals 

0.5 of each 100% in 26 h – 74.88 (only 
account 
energy) 

(Zou et al., 
2020a) 

Lab-scale BEF process (80 mL) Deionized 
water 

4 of non-Steroidal 
Anti-Inflammatory 
Drugs 

0.04 of each 61–97% in 5 h – 913.46 (only 
account 
energy) 

(Nadais 
et al., 2018) 

Microbial electro-Fenton cell 
using Fe-Mn catalyst 

Synthetic 
medium 

CBZ 10 90% in 24 h – – (Wang et al., 
2018) 

Biological treatment process 
by using white rot funguns 

Secondary 
wastewater 
effluent 

CBZ 5 Stable at 60% 
(continuous flow) 

– – (Zhang & 
Geißen, 
2012) 

Rotating suspension cartridge 
reactor immobilized with 
funguns 

Synthetic 
medium 

CBZ 1 21% in 72 h and 
60–90% 
(continuous flow) 

– – (Li et al., 
2016) 

PPBEC process Secondary 
wastewater 
effluent 

CBZ and CA 10 of each Approx. 100% in 
4 h 

88.10 22.18 In this study 

_ Not reported in the paper. 
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CA by UV/O3 and FeOOH based Fenton-like processes (Sable et al., 
2015; Wang et al., 2019). Finally, TP-B,C1, and C2 were oxidized to CO2 
and H2O. The abundance trend observed for CA degradation products 
was consistent to that observed for CBZ degradation (Fig. S14). This 
indicates that the PPBEC system has a relatively higher mineralization 
ability for our target pollutants than the ones that have been shown for 
other AOPs, such as vacuum-UV oxidation and UV/Cl2 (Wang et al., 
2016; Zhu et al., 2019b). 

3.5. Ecotoxicity assessment 

Evaluating the overall effectiveness and eco-friendliness of new 
proposed technology should be documented according to not only the 
removal efficiency of target pollutants, but also by a toxicity assessment 
of the degradation products. For example, some AOPs (e.g., gamma 
irradiation and ozonation) have been found to produce highly toxic 
intermediate products during the treatment of pharmaceutical- 
containing wastewater (Stalter et al., 2010) which can limit their ap-
plications. Therefore, the ecotoxicity assessment for samples before and 
after treatment through the PPBEC process was carried out. This was 
done by comparing the widely-used luminescence inhibition effect of 
Vibrio fischeri, with assay times of 10 and 20 min. As shown in Fig. 8, the 

percentage of bacterial luminescence inhibition at assay time of 10 and 
20 min fluctuated around 10% throughout the whole treatment process, 
showing a slight increase first and then a continuous decrease and finally 
lower than the initial value before treatment. The ecotoxicity of com-
pounds like CBZ was found in previous studies (Deng et al., 2017; Lai 
et al., 2021). Thus, this indicates that the ecotoxicity of water samples 
did not increase significantly during the treatment process and was 
eventually reduced. A similar phenomenon has been observed on CBZ 
degradation by the catalytic activation of PMS (Deng et al., 2017). It has 
been previously found that the ecotoxicity of CBZ and CA removal by 
direct UV photolysis, photocatalysis or ozonation process tended to be 
monotonically increased because some of the resulting transformation 
products (e.g., acridine and hydroxyl-CA) were more toxic than the 
parent compounds (Donner et al., 2013; Zhu et al., 2019b). It is 
important to note that since the ecotoxicity assessment in this work only 
involved Vibrio fischer, the specific ecotoxicity results should only be 
used as an indicator rather than simply extending the results to other 
species. Nevertheless, the results still indicate that the PPBEC process 
could be considered as an efficient and environment-friendly water 
treatment technology. 

Fig. 7. Proposed transformation pathways of CBZ (a) and CA (b) in the PPBEC system.  
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3.6. Implications 

This work for the first time verified the feasibility and applicability of 
using this novel PPBEC system to effectively to remove residual re-
fractory micropollutants from WWTPs secondary effluent. The PPBEC 
system has several advantages over traditional UV based AOPs (e.g., 
UV/PS and UV/H2O2/PS) and the recently proposed BEF and MEUC 
systems, in terms of treatment efficiency, resilience to high chromaticity 
and turbidity and feasibility of treatment at neutral pH. Though prom-
ising, the following challenges should be addressed before field appli-
cation. Firstly, membrane fouling could be occurred after long-term 
operation. Secondly, high capital cost (e.g., electrodes and membranes) 
for the reactor construction. Thirdly, the reactor configuration should be 
further improved to improve the efficiency of UV utilization together 
with further reducing energy consumption required by aeration. To 
meet the above challenges, future efforts should be devoted to the 
development of new membrane and electrode materials that are inex-
pensive and have strong anti-pollution capabilities (Asghar et al., 2015). 
Moreover, some of the EF reactor design (e.g., flow-through and photo 
EF reactor configurations) could be further developed and employed for 
PPBEC process (Li et al., 2018). 

4. Conclusions 

An innovative PPBEC system was developed and successfully oper-
ated for the efficient and cost-effective removal of model refractory 
micropollutants CBZ and CA. This was achieved at a low PS dosage of 
1 mM, input voltage of 0.6 V, cathodic aeration velocity of 
0.005 mL min mL− 1, UV intensity of 10 mW cm− 2, and at neutral pH 
throughout the process. Our results show good synergy between the 
bioelectrochemical-based PBEC system and the UV/PS process, whereby 
the synergy factor of the PPBEC system was calculated to be as high as 
1.71 for CBZ and 0.56 for CA. Moreover, the PPBEC system was able to 
remove CBZ and CA in different water matrices. Furthermore, the 
transformation products of CBZ and CA were identified and the probable 
degradation pathways were identified. The low number of degradation 
products and their abundance further indicated that the PPBC process 

had a high mineralization capability. Ecotoxicity tests further indicated 
that the system was environmentally friendly and therefore has broad 
prospects for recalcitrant wastewater treatment. 
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