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A B S T R A C T   

Wastewater from pharmaceutical and related industries contains many residual pharmaceutical components rich 
in color and high COD contents, which cannot be removed through the traditional wastewater treatment pro-
cesses. Recently, microbial electrolysis ultraviolet cell (MEUC) process has shown its promising potential to 
remove recalcitrant organics because of its merits of wide pH range, iron-free, and without complications of iron 
sludge production. However, its application to the real pharmaceutical-rich industrial wastewater is still un-
known. In this study, the MEUC process was validated with real ciprofloxacin-rich (6863.79 ± 2.21 µg L− 1) 
industrial wastewater (6840 ± 110 mg L− 1 of COD). The MEUC process achieved 100% removal of ciprofloxacin, 
100% decolorization, and 99.1% removal of COD within 12, 60 and 30 h, respectively, when it was operated at 
pH-controlled at 7.8, applied voltage of 0.6 V, UV intensity of 10 mW cm− 2, and cathodic aeration velocity of 
0.005 mL min− 1 mL− 1. Moreover, fluorescence analysis showed that protein- and humic-like substances in such 
wastewater were effectively removed, providing further evidence of its high treatment efficiency. Furthermore, 
eco-toxicity testing with luminescent bacteria Vibro Feschri confirmed that the treated effluent was utterly non- 
toxic. The results demonstrated the broad application potential of MEUC technology for treating industrial 
wastewater.   

1. Introduction 

The global demand for pharmaceuticals has soared in recent decades, 
driven by advances in technology, rapid population growth, and an 
aging population. The global pharmaceutical market was about 1.2 
trillion US dollars in 2018, and it is expected to reach about 1.5 trillion 
US dollars by 2023. This is a vast growth, considering the market size 
was only 390 billion US dollars in 2001 (Haque, 2020; Mikulic, 2019). 
Consequently, a large number of different pharmaceuticals end up in 
wastewater, which thus needs to be treated before discharge (Segura 
et al., 2013). For example, wastewater from antibiotics production in-
dustries tend to contain high in antibiotics residuals (mg L− 1 level), 
which flow in to municipal wastewater treatment plants (WWTPs) 
(Bengtsson-Palme et al., 2019). These pharmaceutical-laden wastewa-
ters are characterized by their complex composition, with high levels of 
color, COD, and salinity, as well as low biodegradability. In light of these 
characteristics, traditional water treatment facilities are unable to treat 

such wastewater effectively, leaving a large number of pharmaceutical 
compounds accumulated in various aquatic environments around the 
world. For example, the total concentration of antibiotics in a large 
reservoir in the south of China was reported as 195–569 ng L− 1. In this 
case, ciprofloxacin (CIP, one of the most frequently detected antibiotics) 
was a large proportion of the total (up to 174 ng L− 1), most likely due to 
its high water solubility (Chen et al., 2020). A similar level of pharma-
ceuticals distribution has also been found in the Yangtze River basin in 
China (Cui et al., 2018). In addition, the investigation also found that 
WWTPs in Europe were also not effective in removing certain antibiotics 
and their metabolites. Specifically, the concentration of antibiotics 
detected in WWTP inflow was between 5 and 3700 ng L− 1, while the 
concentration of antibiotics in WWTP treated effluent was still as high as 
8–2310 ng L− 1 (Szymańska et al., 2019). These studies identified various 
antibiotics and revealed that their related antibiotics resistance genes 
existed extensively throughout a wide variety of water bodies, with the 
potential to threaten ecosystems and humans themselves ultimately 
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(Changotra et al., 2019b; Grenni et al., 2018; Ratola et al., 2012). 
To resolve this issue, pharmaceuticals must be adequately removed 

from wastewater before being discharged. Several studies have high-
lighted effective methodologies for pharmaceuticals treatment, 
including adsorption, coagulation, membrane filtration, advanced 
oxidation processes (AOPs), and their hybrid processes (Changotra et al., 
2019b; Collivignarelli et al., 2020; Gadipelly et al., 2014). However, 
most of these studies have only focused on the treatment within a syn-
thetic wastewater matrix, and only a few have focused on the treatment 
of real pharmaceutical-rich wastewater. Wastewater matrices can 
greatly affect treatment process efficacy, and AOPs are currently 
considered the most promising type of technology capable of treating 
such high-strength wastewater. Amongst these, H2O2-assisted AOPs (e. 
g., Fenton, and nZVI/H2O2 processes) and photocatalytic processes (e.g., 
UV/TiO2 and visible-light/Ag/AgIn5S8) are the main types of AOP that 
have been successfully applied to treating pharmaceuticals in real 
wastewater matrix (Changotra et al., 2019a; Collivignarelli et al., 2020; 
Segura et al., 2013; Talwar et al., 2018). Nevertheless, the above 
methods still face some challenges, which limit their large-scale appli-
cations. Primarily, they consume a large amount of H2O2, which 
inherently leads to high cost and inefficiency and safety issues during 
storage and transportation (Brillas et al., 2009). Secondly, the H2O2 is 
not completely converted during the process. There is currently no 
feasible, economical, and sustainable technology for removing residual 
H2O2 (up to 80% of the initial dose) (Wu and Englehardt, 2012). Thirdly, 
the applicable pH range is very narrow (e.g., 2–4 for Fenton process). 
Transition metals are required as a catalyst to activate H2O2 (e.g., Fe2+), 
which can cause secondary pollution (e.g., iron sludge) and require pH 
adjustment before and after treatment. All these further adds to the 
treatment costs (Nidheesh et al., 2013). Additionally, photocatalytic 
processes are typically associated with high production costs and low 
cycle efficiencies (Bansal et al., 2018; Segura et al., 2013). 

Alternatively, an emerging bio-electro Fenton (BEF) process has been 
developed and shown to be an efficient and cost-effective method for 
treating pharmaceuticals in wastewater. The two main advantages it has 
offered are: 1) in-situ generation of H2O2 via Eq.(1) and elimination of 
residual H2O2 (as an electron acceptor) in the cathode after treatment 
for safe disposal of the treated water; and 2) continuous in-situ cathode 
regeneration of iron leading to a reduction in both the required dose and 
formation of iron sludge (Monteil et al., 2019; Zhang et al., 2015; Zhou 
et al., 2018a). However, acidic reaction conditions and the addition of 
iron as a catalyst are still required, so this challenge remains to be fully 
solved.  

2H+ + 2e- +O2 → H2O2                                                                  (1) 

Recently, a novel microbial electrochemical ultraviolet cell (MEUC) 
has been developed. The MEUC integrates the microbial electrochemical 
management of H2O2 (generation and removal) with UV radiation to 
produce hydroxyl radicals (•OH) via Eq. (2). Thus, the MEUC process 
could meet the key challenges above for efficient and cost-effective 
removal of pharmaceuticals (Zou et al., 2020c). 

H2O2 ̅̅̅→
hv 2 • OH (2) 

In practice, both BEF and MEUC have been moderately successful in 
treating a variety of synthetic wastewaters. For example, BEF has been 
used to treat synthetic textile wastewater (Li et al., 2017b; Zou et al., 
2020a). Furthermore, both BEF and MEUC were demonstrated to reduce 
the levels of trace pharmaceuticals in the WWTPs secondary effluent 
(Zou et al., 2020b, 2020c). However, BEF technologies have been rarely 
tested with real industrial wastewater. Especially, the newly developed 
MEUC has never been tested with real pharmaceutical wastewater. Not 
only that, considering that there is still a large amount of complex dis-
solved organic matter (DOM) in the real pharmaceutical wastewater in 
addition to the residual pharmaceutical, a simple, cost-effective, and 
time-saving approach named excitation-emission matrices (EEMs) 

combined with parallel factor analysis (PARAFAC) was chosen to track 
the quality and quantity changes of DOM existed in such real pharma-
ceutical wastewater through the MEUC treatment process (Sciscenko 
et al., 2020). To the best of knowledge, it is the first time for the 
application of such new wastewater treatment technology to treat real 
pharmaceutical wastewater, not only monitoring the changes of con-
ventional indicators (e.g. color and COD), but also using EEM-PARAFAC 
to show the fingerprint of various DOM components with the treatment 
time. Moreover, only very limited literature has reported the use of the 
EEM-PARAFAC approach to analyze changes in DOM components dur-
ing the treatment of high-concentration industrial wastewater (e.g. 
organosilicon wastewater) (Lin et al., 2020). Besides, since the con-
ventional PARAFAC approach can only reliably deal with the large 
samples (minimum around 50 samples) and/or low covariant parts, we 
have adopted our recently developed new method to overcome the 
above-mentioned drawbacks that may exist in this experiment and 
extract reliably Fluorescence Spectroscopy (Sciscenko et al., 2020). 

Thus, this study aimed to investigate the feasibility of MEUC tech-
nology in treating real CIP-rich wastewater. The effect of operating 
parameters including applied voltage, the cathodic aeration rate, the use 
of varied membrane materials, and initial cathodic pH on the MEUC 
process for such wastewater treatment was first investigated. Subse-
quently, EEM-PARAFAC with the six components model was applied to 
reveal the evolution of DOM throughout the whole treatment process. 
Finally, the ecotoxicity of the treated effluent was evaluated by using 
luminescent bacteria Vibrio fischeri. This study offers insight into the 
potential of MEUC as a complementary process for existing wastewater 
treatment plants. 

2. Material and methods 

2.1. MEUC system construction and operation 

Firstly, a two-chamber lab-scale microbial fuel cell (MFC) reactor 
made of polycarbonate was built (8 cm × 8 cm × 8 cm per chamber -  
Fig. 1). Among them, the effective size is 8 × 5 × 5 cm. The chambers 
were separated by PEM (Nafion 117, DuPont Co., USA) to maintain an 
anaerobic environment in the anode and allow the transportation of 
protons across the membrane towards the cathode chamber. The total 
and working volume of the cathode chamber is 200 mL and 180 mL, 
respectively. A carbon brush with a diameter of 5.9 cm and a length of 
6.9 cm (Mill-Rose, USA) was used for the anode electrode material, as it 
has a large specific surface area for the growth of exoelectrogens. The 
PEM and carbon brush were pre-treated before use, as previously re-
ported (Jin et al., 2017; Li et al., 2017a; Zhang and Angelidaki, 2015). A 
commercial graphite plate (projected size of 4 cm × 4 cm) coated with 
carbon black and an Ag/AgCl electrode (+0.197 V vs SHE, Pine In-
strument Company, USA) was cathodic working electrode and reference 
electrode, respectively. Our detailed method for preparing the working 
electrodes has been described previously (Yu et al., 2015). A titanium 
wire connected the working cathodes and anodes, and a 1000-ohm 
resistor was connected in series. 

Enrichment of the anodic biofilm was carried out as previously 
described (Zhou et al., 2018b). When a stable and repeatable voltage 
output was obtained in MFC mode, the reactor was switched to micro-
bial electrolysis cell (MEC) mode. In MEC mode, the external resistance 
was 10-ohm and the applied voltage was set to 0.3 V by using a DC 
power supply (HQ PS3003, Helmholt Elektronik A/S, Denmark). Addi-
tionally, the domestic wastewater (influent collected from Lyngby 
WWTPs, Copenhagen, Denmark) amended with 1 g L− 1 sodium acetate 
was used as anolyte. An external circulation bottle (200 mL) filled with 
the same solution as the anolyte was then connected to the anode 
chamber, and the anolyte was circulated through it with a peristaltic 
pump (BT100–2 J, Longer, China) at a flow rate of 10 mL min− 1. A 
peristaltic pump continuously aerated the cathode chamber to provide 
enough oxygen for the electrosynthesis of H2O2. The catholyte was 
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stirred at 250 rpm by a magnetic stirrer. The experimental setup (Fig. 1) 
also contained a low-pressure UVC lamp (PL-S, 9 W, Philips, 
Netherlands). The vertical distance from the UV lamp to the reactor is 
2.5 cm. The UV intensity at the surface of water was calibrated as 
10 mW cm− 2 based on a widely used method reported in a previous 
study (Bolton and Linden, 2003) The pharmaceutical-rich wastewater 
was collected from a local water treatment company (Virum, Denmark), 
and stored at 4 ℃ until use. The wastewater has CIP concentration of 
6863.79 µg L− 1, a total organic carbon (TOC) of 2100 mg L− 1, chemical 
oxygen demand (COD) of 6840 mg L− 1, and pH of 7.2. The detailed 
characterization can be seen in Table 1. 

A control experiment was first carried out to verify the feasibility of 
the MEUC system for the efficient treatment of the CIP-rich wastewater 
under following conditions, including MEUC, UV irradiation alone, and 
MEC alone processes. Secondly, batch tests were performed to study the 
impact of key operating factors, including initial catholyte pH (1.6, 2, 3, 
pH was maintained at 7.8 by the pH control system and without pH 
adjustment), cathodic aeration velocity (0, 0.005, 0.01, and 
0.02 mL min− 1 mL− 1), and applied voltage (0, 0.4, 0.6 and 0.8 V) on the 
performance of the MECU treating such wastewater. Samples were taken 
at given times and quenched by adding 50 μL tert-butanol. All experi-
ments were performed in duplicate at ambient room temperature 
(25 ± 2 ℃). 

2.2. Analytical methods and data modeling 

The voltage (V) and cathode potential (V) were acquired through a 
digital multimeter (Model 2700, Keithley Instruments, Inc., Cleveland, 
OH, USA). The circuit currents (I) was calculated according to Ohm law 
(I = V/R). 

The chroma of the pharmaceutical-rich wastewater was character-
ized at 240 nm according to standard methods (Apha et al., 2012). The 
decolorization rate was subsequently calculated based on a previous 
study (Collivignarelli et al., 2020). 

The conductivity was measured by a conductivity meter (CDM 83, 
Radiometer). a pH meter (PHM 210, Radiometer) was used to measure 
sample pH. The COD and TOC were measured as described previously 
(Li et al., 2017a). CIP concentration was quantified using a 
high-performance liquid chromatography (Agilent 1290 Infinity, USA, 
HPLC) system coupled with a tandem mass spectrometer (Agilent 6470 
series, USA, MS/MS). The specific parameters for the HPLC/MS/MS 
system were exhibited in Text S1. 

Fluorescence and absorbance measurements were obtained with a 
HORIBA Aqualog spectrophotometer using a 1 cm quartz cuvette 
(Helma GmbH). Fluorescence emission was detected in the range of 250 
– 800 nm (increment ~3.3 nm) with integration times between 0.5 and 
1 s at excitation wavelengths between 240 nm and 800 nm (increment 
3 nm). The accuracy of the excitation monochromator, emission detec-
tor, and the optical immaculacy of cuvettes were verified daily. 

EEM spectroscopy data were processed in MATLAB (v9.9, Math-
works Inc.) using the drEEM toolbox, version 0.6.2 (Murphy et al., 
2013). Inner filter effects were mitigated with the absorbance-based 
method, and signals in each EEM normalized using the Raman peak 
area of ultrapure water (Kothawala et al., 2013) at 350 nm. First and 
second-order Rayleigh and Raman scatter lines were replaced with 
missing numbers (no interpolation). The underlying components of 
fluorescent DOM in the samples were isolated with Parallel Factor 
Analysis (PARAFAC) using the drEEM toolbox in conjunction with the 
N-way toolbox (Andersson and Bro, 2000; Murphy et al., 2013). To 
avoid high leverages from the most fluorescent samples, all EEMs were 
scaled by the 3/2th root of the standard deviation of each EEM. Models 
with two to seven components were explored. All models were con-
strained to fit components with positive scores and loadings (non--
negativity constraint). Each model was initialized with random 
orthogonalized numbers, and the best model (with lowest SSE, sum of 
squared errors) out of 50 random initializations was selected. A 
maximum of 104 iterations were allowed and a relative change in the fit 
of 10− 8 was chosen as the convergence criterion. The model validation 
was achieved through a split-half validation. Two random halves of the 

Fig. 1. Schematic illustration of the MEUC system.  

Table 1 
Composition of real wastewater used for the experiment.  

Parameters Average value Unit of measurement 

CIP 6863.79 ± 2.21 µg L− 1 

TOC 2100 ± 80 mg L− 1 

Chromaticitya 8.36 ± 0.21  
COD 6840 ± 110 mg L− 1 

BOD5/COD 0.28  
NH4-N 64.2 ± 0.3 mg L− 1 

NO3-N 0.24 ± 0.03 mg L− 1 

Total Phosphor (TP) 10.5 ± 0.5 mg L− 1 

pH 7.22 ± 0.02  
Temperature 21.5 ± 0.5  
Conductivity 8.06 ± 0.15 ms cm− 1 

Suspended solid (SS) 89 ± 4 mg L− 1 

Chloride 3300 ± 200 mg L− 1 

Oil + fat (total) 8.0 ± 0.2 mg L− 1 

Calcium (Ca) 11 ± 1 mg L− 1 

Potassium (K) 380 ± 20 mg L− 1 

Magnesium (Mg) 19 ± 1 mg L− 1 

Sodium (Na) 2500 ± 100 mg L− 1 

Sulfur (S) 71 ± 10 mg L− 1 

a- value of absorbance at 240 nm of wavelength 
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fluorescence dataset were modeled independently to verify if the overall 
solution could also be obtained in random halves of the dataset. 

The major contributor to operational costs of the proposed MEUC 
process on the treatment of the real pharmaceuticals wastewater was 
energy consumption. As such, the method recommended by the inter-
national union of pure and applied chemistry (IUPAC) by calculating 
electrical energy per unit of mass (E/EM) was selected to evaluate the 
cost-effectiveness of the MEUC process and compare it with other AOPs 
(Bolton et al., 2001; Collivignarelli et al., 2020; Malpass et al., 2007). 
More specifically, our calculations of E/EM (kWh kg− 1) values (see Text 
S2) corresponding to 90% of COD removal were carried out as described 
in previous studies (Collivignarelli et al., 2020; Malpass et al., 2007). 

2.3. Ecotoxicity assays 

The bioluminescence inhibition test of Vibrio fischeri was performed 
on the samples before and after the treatment to evaluate their corre-
sponding ecotoxicity (Luo et al., 2020; Parvez et al., 2006). Specifically, 
2 mL subsamples were filtered through 0.22 µm filters, and then 100 μL 
of the filtered sample was added to 200 μL of the Vibrio fischeri solution 
and tested in duplicate. The luminescence test was measured using the 
Microtox toxicity test system (Carlsbad, USA), and the results were 
expressed as a percentage (%) of bioluminescence inhibition. 

3. Results and discussion 

3.1. Treatment of pharmaceutical-rich wastewater using MEUC: 
Feasibility validation 

The proof-of-concept study of the MEUC system for treating the real 
pharmaceutical-rich wastewater was first conducted. The MEUC, UV 
irradiation alone, and MEC alone processes were compared regarding 
the removal of CIP, color and COD. As shown in Fig. 2a, only 64.47% and 
6.04% removal of CIP were observed within 48 h by UV irradiation and 
MEC, respectively. The moderate degradation of CIP from the UV irra-
diation is because aromatic ring in the molecular structure of CIP can 
easily absorb photons at 254 nm, forming the electronically excited state 
CIP*(Eq. (1)) (Khan et al., 2014; Lu et al., 2018; Shawaqfeh and Al 
Momani, 2010). After that, CIP* could be further degraded through 
chemical decomposition processes (Eq. (2)), or reduced back to CIP 
through physical inactivation (Eq. (3)). The former may be more 
competitive (Khan et al., 2014). 

CIP→hv CIP∗ (1)  

CIP ∗ →by − products (2)  

CIP ∗ →CIP (3) 

Moreover, although previous studies have confirmed the presence of 
nitrate in real wastewater can generate •OH under direct UV irradiation 
via Eqs. (4), (5), (6) and (7) (Espinoza et al., 2007; Guo et al., 2013), 
which thus plays a certain contribution to to the removal of pollutants. 
However, considering that the nitrate concentration (0.24 mg-N L− 1) in 
the selected wastewater was rather low and the color of wastewater may 
also reduces the UV irradiation to a certain extent, the amount of •OH 
generated could be very limited, and thus its contribution to pollutants 
removal can be ignored. 

NO3
− ̅̅̅→

hv NO2
− +O (4)  

NO3
− →

hv ⋅NO2
− +⋅O− (5)   

O + H2O →2⋅OH                                                                            (6)  

⋅O- + H2O →⋅OH + OH-                                                                  (7) 

The poor removal of CIP observed in the MEC process could be 
attributed to the weak oxidizing ability of H2O2 (E0 = 0.88 V/SHE under 
alkaline conditions), as it can only oxidize part of small molecular or-
ganics like aldehydes and formic acid (Campos-Martin et al., 2006; 
Moreira et al., 2017). 

In contrast, the complete removal of CIP was observed within 48 h by 
the MEUC process. This was mainly due to the solid oxidizing ability of 
•OH formed via UV-catalyzed H2O2 in addition to direct UV photolysis 
(Pan et al., 2019). Similar results were also obtained in previous 
UV/H2O2 studies (Guo et al., 2013; Ou et al., 2016; Yuan et al., 2011). In 
these studies, less reactive radical species (e.g. •HO2, •OCl, •Cl, •ClOH-, 

Fig. 2. Comparison of the removal of CIP, color, and COD through different 
treatment methods. System operational parameters: 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. 

R. Zou et al.                                                                                                                                                                                                                                      



Journal of Hazardous Materials 423 (2022) 127151

5

and •Cl2-) were generated via parasitic reactions (Eq.8 to Eq.13), and 
hence they might attribute to the CIP degradation (Lu et al., 2018; 
Moreira et al., 2017; Shen et al., 2020).  

H2O2 +⋅OH → H2O +⋅HO2                                                              (8)  

Cl- +⋅OH →⋅ClOH-                                                                         (9)  

Cl- +⋅ClOH- →⋅Cl2- + OH-                                                             (10)  

Cl- + 2OH- → OCl- + H2O + 2e-                                                    (11)  

OCl- +⋅OH →⋅ClO+ OH-                                                               (12) 

OCl− →
hv ⋅Cl + O− (13) 

The observed removal of CIP in our study (both by direct UV 
photolysis and the MEUC process) was in line with pseudo-first-order 
kinetics, with rate constants (Kapp) of 0.028 (R2 =0.97) and 0.096 (R2 

=0.98), respectively. The proportion of CIP degradation under direct UV 
photolysis was calculated to be only around 20%, meaning that the 
generated radical species played a decisive role in the degradation of 
CIP. The decolorization and COD removal of the wastewater also 
exhibited a similar trend as CIP removal (see Fig. 2b and c). More spe-
cifically, the decolorization efficiencies within 72 h for the UV irradia-
tion process, MEC, and MEUC were 20.71%, 17.21%, and 78.25%, 
respectively. The corresponding COD removal efficiencies for the three 
processes were 15.43%, 7.18%, and 94.18%, respectively. The above 
results demonstrated that the MEUC combined UV photolysis and MEC 
processes could effectively treat real wastewater containing antibiotics 
such as CIP. 

3.2. Impact of pH 

It is well known that pH increase in the catholyte is a crucial chal-
lenge for electrosynthesis of H2O2. The system performance will be 
reduced when the pH is greater than 9, as the rapid decomposition of 
H2O2 occurs according to Eq. (14) (Jung et al., 2009; Salmerón et al., 
2019).  

H2O2 + OH- → H2O + HO2
-                                                          (14) 

As shown in Fig. S1, the rapid increase of cathodic pH (from 7.2 to 
10.6 within 6 h, reaching 12 at 72 h) during the MEUC process indicated 
further room for improving system efficiency. Therefore, the impact of 
pH on the treatment of real pharmaceuticals wastewater was further 
studied. The initial pH value was adjusted to 1.6, 2, 3, and 7.8 
(controlled by the pH control system at 7.8 during the whole treatment 
process), respectively.In addition, one reactor was set up with an initial 
pH of 7.2 and without pH adjustment during the test. As depicted in  
Fig. 3, pH can significantly affect the removal of CIP, color, and COD. 

The higher treatment efficiencies in terms of CIP, color, and COD 
removal were achieved with decreasing pH. For example, nearly 100% 
removal of CIP, color, and COD was achieved at an initial pH of 1.6 
within 12 h, 54 h, and 30 h, respectively. Moreover, an even better 
treatment efficiency was obtained when the cathodic pH was automat-
ically maintained at 7.8. The corresponding cathodic pH changes with 
reaction time under different initial pH conditions are shown in Fig. S1. 
The cathodic pH increased sharply to above 9 within 30 h in the reactors 
where the initial pH was 2, 3, and 7.2. Ultimately, the cathodic pH in all 
the reactors reached above 11 after 72 h, except in the reactor where the 
pH was controlled at 7.8. It could because the H2O2 was relatively stable 
under acidic and neutral conditions. Thus, under these conditions, more 
H2O2 was converted into •OH through UV irradiation instead of self- 
decomposing (Eq. (14)), which ultimately leads to higher removal effi-
ciencies (Jung et al., 2009; Salmerón et al., 2019). Additionally, it was 
found that the CIP, color, and COD removal rates under acidic conditions 
was initially faster than that under neutral condition and then gradually 
lower than the latter, which may still be related to pH. More specifically, 

the oxidation ability of •OH under acidic conditions was higher than 
that under neutral conditions (e.g. E0 = 2.80 V at pH 3 vs. 1.90 V at pH 
7) (Burbano et al., 2005). Finally, it was necessary to point out that the 
scavenging of •OH by chloride at neutral pH (above 7.2) is not signifi-
cant, because of a pH-dependent equilibrium being strongly on the side 
of •OH and Cl- via Eq. (15) (Kläning and Wolff, 1985). Thus, the effect of 
chloride ions on the treatment efficiency in this study can be ignored.  

Cl- +⋅OH ↔⋅ClOH-                                                                       (15) 

The removal of CIP and color were in accordance with pseudo-first- 
order kinetics, and the rate constants (Kapp-CIP) were 0.265 (R2 =0.94), 

Fig. 3. The impact of pH on system performance. System operational param-
eters: 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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0.165 (R2 =0.99), 0.123 (R2 =0.99), 0.480 (R2 =0.99), 0.028 (R2 =0.97) 
h− 1 and (Kapp-color) 0.076 (R2 =0.97), 0.042 (R2 =0.97), 0.036 (R2 

=0.99), 0.056 (R2 =0.97), 0.019 (R2 =0.95) h− 1 corresponding to the 
varied initial pH values in the above order. Notably, further lowering the 
initial pH (e.g., to pH 1) may not improve system performance because 
H3O+ would be generated and might eventually lead to a decrease in the 
production rate of •OH (Shah et al., 2018). The stable system current 
and cathode potential (see Fig. S1) further indicated that the MEUC 
process could effectively treat the real refractory wastewater. 

3.3. Impact of membrane materials 

The results obtained in the above section showed that CEM could not 
effectively control the alkalization of the cathode pH without using the 
pH control system. Bipolar membrane (BPM) has been previously 
proven to maintain the cathodic pH effectively in the BEF system 
treating real aniline wastewater (Li et al., 2017a). Thus, BPM and CEM 
were for the first time compared in the MEUC for their removal of CIP, 
color, and COD. Fig. 4 depicted the treatment performance regarding 
CIP, color, and COD removal using BPM or CEM under different initial 
pH. The MEUC process using CEM showed much better treatment ca-
pacity than that using BPM. The removal performance of the MEUC 
process using BPM under different initial pH is presented in Fig. S2. 
When the initial pH was 3 or 7.2, the cathodic pH gradually increased 
and reached about 10 within 72 h. When the initial pH was 2, the 
cathodic pH slowly increased to around 3 at the end of the treatment 
period. The use of BPM resulted in a significant reduction of current 
compared to using CEM (6 vs. 15 mA, Fig. S2). It was possibly due to the 
higher potential loss on the BPM. Similar results were also observed in a 
previous study regarding using BPM based BEF process for industrial 
wastewater treatment (Li et al., 2017a). Therefore, the poor perfor-
mance obtained by using BPM was probably because the relatively lower 
current led to the decrease of the amount of electrochemically synthe-
sized H2O2 (Moreira et al., 2017; Oturan et al., 2018). The removal of 
CIP and color through BPM based on the MEUC process was also 
consistent with pseudo-first-order kinetics. The rate constants (Kapp-CIP) 
were 0.167 (R2 =0.99), 0.111 (R2 =0.99), 0.105 (R2 =0.99) h− 1, and 
(Kapp-color) 0.023 (R2 =0.97), 0.013 (R2 =0.97), 0.012 (R2 =0.96) h− 1 

with initial pH of 2, 3 and 7.2, respectively. 

3.4. Impact of applied voltage 

The applied voltage is a well-known key parameter affecting the 
H2O2 synthesis in electrochemical advanced oxidation processes 
(EAOPs) (Li et al., 2017a; Moreira et al., 2017; Oturan et al., 2018). 
Thus, the impact of applied voltage (0, 0.4, 0.6, and 0.8 V) on the 
treatment capacity was further studied. As shown in Fig. 5, at 0.6 V and 
below, the removal efficiencies of CIP, color, and COD were positively 
correlated with applied voltage. Beyond this level, we did not observe an 
improvement but rather observed a decrease in system performance, 
despite the current increasing continuously with input voltage (see 
Fig. S3). The Kapp values were 0.120 (R2 =0.99), 0.223 (R2 =0.98), 
0.480 (R2 =0.99), 0.149 (R2 =0.98) h− 1 for CIP removal and 0.024 (R2 

=0.95), 0.046 (R2 =0.98), 0.056 (R2 =0.97), 0.031 (R2 =0.99) h− 1 for 
decolorization, respectively. The result could because when the applied 
voltage was in the range of 0–0.6 V, the cathode reaction was dominated 
by the in situ electrosynthesis of H2O2 via Eq. (1). When the applied 
voltage was further increased, side reactions (Eqs. (16) and (17)) might 
occur and compete with H2O2 synthesis for electrons (Moreira et al., 
2017; Oturan et al., 2018).  

H2O2 + 2H+ + 2e- → 2H2O                                                           (16)  

2H2O2 → 2H2O + O2                                                                    (17) 

Furthermore, the cathode potential dropped as the applied voltage 
increased (ranged from − 0.34 to − 0.78 V, Fig. S3), and the values were 

− 0.51 and − 0.65 V when 0.4 and 0.6 V were applied, respectively. The 
result was consistent with the previous study, which reported the 
accumulation of H2O2 in the range of − 0.45 to − 0.65 V (Chen et al., 
2015). Similar trends in pollutants removal, current and cathode po-
tential were also found in the previous BEF studies focusing on dyes and 
pharmaceuticals, bacterial inactivation (Nadais et al., 2018; Zhou et al., 
2018a, 2018b; Zou et al., 2020a). 

Fig. 4. The impact of membrane materials on system performance. System 
operational parameters: applied voltage of 0.6 V, cathodic aeration velocity of 
0.005 mL min mL− 1, and UV intensity of 10 mW cm− 2. 
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3.5. Impact of cathodic aeration rate 

According to Eq. (1), dissolved oxygen (DO) is another important 
parameter affecting the electrosynthesis of H2O2, which could affect the 
treatment efficiency. Since DO in the catholyte came from pumped air, 
the impact of the cathodic aeration rate on the removal of CIP, color, and 
COD was studied. Aeration rates of 0, 1, 2, and 4 mL min− 1 were eval-
uated, corresponding to 0, 0.005, 0.01, and 0.02 mL min− 1 mL− 1 in the 
light of the cathodic working volume. Fig. 6 shows the same trend of CIP, 
color and COD removal as the test of different voltages. The highest 

removal efficiency was observed with a cathodic aeration rate of 
0.005 mL min− 1 mL− 1. The Kapp values were 0.162 (R2 =0.99), 0.480 
(R2 =0.99), 0.285 (R2 =0.99), 0.224 (R2 =0.92) h− 1 for CIP removal and 
0.013 (R2 =0.99), 0.056 (R2 =0.97), 0.048 (R2 =0.98), 0.027 (R2 =0.95) 
h− 1 for decolorization, respectively. The COD removal efficiency at 
aeration rate of 0, 0.005, 0.01 and 0.02 mL min− 1 mL− 1 was 80.99%, 
99.85%, 99.67% and 95.62% within 72 h, respectively. The relatively 
poor removal efficiency under non-aerated conditions could be due to 
the continuous consumption of cathodic DO (Zhou et al., 2013). Due to 

Fig. 5. The impact of applied voltage on system performance. System opera-
tional parameters: pH was maintained at 7.8 by the pH control system, cathodic 
aeration velocity of 0.005 mL min mL− 1, and UV intensity of 10 mW cm− 2. 

Fig. 6. The impact of cathodic aeration velocity on system performance. Sys-
tem operational parameters: pH was maintained at 7.8 by the pH control sys-
tem, applied voltage of 0.6 V, and UV intensity of 10 mW cm− 2. 
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the reactor configuration and continuous stirring, oxygen from the air 
was still continuously diffusing into the catholyte during the whole 
treatment process, although at a much lower rate than active aeration 
conditions. It could explain the good removal capacity observed under 
the “not-aerated” conditions. Overall, faster aeration rates did not 
translate to better system performance. On the contrary, treatment 
performance started to decrease when the aeration was beyond 
0.005 mL min− 1 mL− 1. The result was probably due to excessive air 
bubbles generated by faster aeration rates. It would increase the cath-
olyte resistance, and accordingly, reduce the system current and ulti-
mately decrease H2O2 generation (Luo et al., 2015; Zhou et al., 2013). 
The system currents observed throughout the experiment (Fig. S4) could 
support this hypothesis. Additionally, a faster aeration rate would also 
produce larger-sized air bubbles, which is not conducive to the combi-
nation of oxygen and the active sites of the electrode (Liu et al., 2007). 
As a result, an aeration rate of 0.005 mL min− 1 mL− 1 was selected as the 
optimum value for subsequent experiments. 

3.6. Energy consumption 

The energy consumption of the proposed MEUC process consisted of 
two parts: (1) the MEUC reactor, including UV lamp and input voltage, 
and (2) the energy consumed from the stirring, aeration, and pH control 
systems. According to the earlier investigation, the E/EM values were 
calculated as 195.1 kWh kg− 1 and 67.6 kWh kg− 1 for the two different 
parts. These values were broken down further according to each part of 
the MEUC process. The results are listed in Table 2. Notably, according 
to the E/EM values, the UV lamp and pumping/stirring accounted for 
more than 98% of the total energy consumption (74.19% and 24.25%, 
respectively). In contrast, the energy consumption on the external 
applied voltage only accounted for 0.08%. It is expected that large-scale 
applications would redesign the MEUC reactors to reduce this energy 
consumption. For example, the UV lamp could be placed in the cathode 
chamber instead of the existing placement to improve its light utilization 
efficiency. It has already been shown that energy consumption in the 
UV/H2O2 process will be significantly reduced in large-scale applica-
tions (Miklos et al., 2018). In addition, the MEUC was further compared 
with different technologies on the treatment of pharmaceutical waste-
water (see Table 3). As shown in Table 3, MEUC technology showed a 
much faster and more efficient removal capacity than a sole biological 
treatment process (e.g. MFC). By simply replacing the MFC mode with 
the MEC mode and introducing a UV lamp in the cathode, the treatment 
time can be significantly shortened (from 21 d to 30 h). Regardless, the 
H2O2-assisted photo-electro-catalysis process (UV/H2O2/TiO2/Bias) 
showed a much higher E/EM value (527.3 kWh kg− 1) than the MEUC 
process (262.7 kWh kg− 1) and did not even consider the cost of added 
oxidants (e.g., H2O2) required. Although the E/EM value of a traditional 
EF process was lower than MEUC, this could be due to the lower initial 
COD concentration of the treated wastewater studied with the EF pro-
cess. However, the removal efficiency of EF was far lower than that of 
MEUC. It required iron as a catalyst and the maintenance of acidity in 
the treatment process, which will further increase costs. Of course, both 
electrocoagulation, and electrocoagulation-combined methods exhibi-
ted faster removal efficiencies and lower energy consumptions than the 

MEUC process. However, it should be noted that these processes were 
not intended to eliminate pollutants (Monteil et al., 2019), and as such, 
the sludge produced during the treatment process contained concen-
trated pollutants, which required additional treatment. Additionally, the 
anode material (e.g., aluminum) was also consumed at a high rate by 
these treatment processes, significantly increasing its operating costs. In 
short, the above results indicate that the MEUC technology has a great 
potential to be the efficient and cost-effective treatment of refractory 
wastewater. 

In addition to the operational costs associated with the energy con-
sumption mentioned above, the capital and maintenance costs of the 
MEUC system are also key factors in promoting the industrial applica-
tion of the technology in the future. According to previous estimates, the 
capital cost of the MEUC system in Denmark is approximately 930 € m− 3 

(Zou et al., 2020c). Moreover, with the long-term operation of the MEUC 
reactor, regular maintenance is required to ensure stable performance 
output. Among them, the main maintenance cost comes from membrane 
and electrode fouling and thus the need to clean and even replace (when 
the life period is reached). Therefore, in future work, efforts will be 
made to evaluate maintenance cost through long-term operation and to 
obtain a more accurate value of the cost of the technology. 

3.7. EEM-PARAFAC analysis 

The fluorescence EEM spectra of untreated real pharmaceuticals 
wastewater and treated effluent collected at 6, 12, 24, 30, 36, 48, 54, 60, 
and 72 h were measured separately to study the abatement of fluores-
cence components in the water-extractable organic matter through 
MEUC, UV and MEC treatment (Fig. S5). PARAFAC was used to distin-
guish six different fluorescence components in our study (Fig. 7). These 
six components explained 99.92% of the variability in each data set. 
Component 1 (C1) showed a fluorescent peak at Ex/Em of 276/300 nm. 
C1 has high similarities with protein-like substances, such as tyrosine or 
phenylalanine, and yielded a number of matches with previous envi-
ronmental studies (Murphy et al., 2006; Osburn et al., 2016; Yang et al., 
2019). Component 2 (C2) displayed a fluorescent peak located at Ex/Em 
of 276/349 nm, which is similar to the fluorescence that is emitted by 
tryptophan or chemically related moieties (Derrien et al., 2019; 
Nimptsch et al., 2015; Osburn et al., 2016). The main peak of component 
3 (C3) and component 4 (C4) were placed at Ex/Em of 320/391 and 
348/434 nm, respectively. Among them, C3 is considered to be micro-
bial humic acid-like substance (Peleato et al., 2017; Wang et al., 2020), 
while C4 is considered to be a terrestrial humic acid-like substance 
(Chen et al., 2018; Shutova et al., 2014). Component 5 (C5) is charac-
terized by a bimodal excitation spectrum with peaks at 254 and 396 nm 
and an emission spectrum with a peak at 491 nm, which is also attrib-
uted to be a humic acid-like substances derived from terrestrial envi-
ronments (Peleato et al., 2016; Vines and Terry, 2020). Component 6 
(C6) displayed two excitation peaks located at 252 and 350 nm with the 
meain fluorescence emission peaking at 438 nm. This component is 
most often referred to as humic-like or fulvic-like substances (Brogi 
et al., 2018; Derrien et al., 2018). 

Through the six-component PARAFAC model, the Fmax value (fluo-
rescence at the spectral excitation and emission maximum of each 
component) corresponding to each component in each sample shows 
relative changes in fluorescence intensity of each component at the 
corresponding sampling time. Correspondingly, Fig. 8 indicates the 
change of the removal rate of each fluorescent component in the real 
pharmaceutical wastewater by the MEUC treatment with the reaction 
time, and is also compared with the UV irradiation only and MEC 
treatment. It can be seen that all six PARAFAC components after MEUC 
treatment decrease substantially as the reaction progresses. The final 
removal rates at 72 h were all close to 100%, among which the removal 
rates of C3 and C6 were over 96%, and the removal rates of other C1, C2, 
C4, and C5 were all 100%. The results indicated that each identified 
component could be effectively eliminated by •OH. More specifically, 

Table 2 
Electrical energy consumption of the MEUC process on the treatment of this real 
pharmaceuticals wastewater.  

Electrical energy-consuming components COD 
E/EM (kWh kg− 1) 

MEUC part: UV lamp 194.9 
MEUC part: input voltage 0.2 
Cathodic aeration 20.4 
Stirring 43.3 
pH control system 3.9  

262.7 (Total)  
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the removal rates of all six components exceeded 80% in the first 36 h, 
among which the removal rates of C1, C2, C4, and C5 exceeded 95%. It is 
worth noting that the removal rate of each component (except for C6) 
conforms to the pseudo-first-order kinetics, and the values calculated by 
the Fmax values are 0.22 (R2 = 0.98), 0.07 (R2 = 0.98), 0.07 (R2 = 0.98), 
0.07 (R2 = 0.97), 0.08 (R2 = 0.99) corresponding to C1 to C5, respec-
tively. On the contrary, the direct UV irradiation and MEC processes 
showed no obvious removal effect on these six components, consistent 
with the previously observed CIP removal phenomenon. The EEM- 
PARAFAC results show that MEUC technology can effectively remove 
the antibiotic CIP in the real pharmaceutical wastewater and effectively 
degrade the humic-like and protein-like substances in it. Therefore, 
MEUC treatment can control the problem of membrane fouling itself and 
greatly suppress possible membrane fouling during the subsequent 
desalination process using membrane technology. 

3.8. Toxicity assessment 

Although some water treatment technologies (e.g. ozonation) can 
effectively remove target organic pollutants, they have often resulted in 

the generation of even more toxic intermediate products, which will 
undoubtedly bring challenges to future large-scale applications (Stalter 
et al., 2010; Zheng et al., 2011). Therefore, to comprehensively evaluate 
the MEUC process, Vibrio fischeri assay was used to perform a lumines-
cence inhibition experiment on the raw and the treated wastewater 
samples to determine its ecological toxicity. Experiments were per-
formed to compare the changes of the solution’s luminescence inhibition 
(%) by using Vibrio fischeri during the three treatment processes (i.e., 
UV, MEC alone, and MEUC). The results are shown in Fig. 8. The 
luminescence inhibition of the raw wastewater sample was nearly 
100%, which may be caused by the high concentration of antibiotic CIP 
and other unknown pollutants present in the wastewater. The low ratio 
of BOD5 to COD (0.28) also indicated such wastewater was difficult to 
biodegrade. In Fig. 9a and b, a slight decrease of luminescence inhibition 
(average from 98% to around 80%) were observed at assay time of 
10 min and 20 min during the UV or MEC treatment process, which 
showed these two ways were ineffective in removing the toxicity of the 
wastewater. By contrast, the MEUC process presented an excellent effect 
on the wastewater detoxification. The luminescence inhibition per-
centage dropped from 98% and 99–21% and 17% within 36 h, 

Table 3 
Comparative study on different technologies adapted for pharmaceutical wastewater treatment.  

Treatment methods Wastewater type Initial COD 
concentration (mg 
L− 1) 

Removal efficiency (%) Energy consumption 
(E/EM, kWh Kg− 1 

COD) 

References 

H2O2-assisted photoelectrocatalysis 
on TiO2 meshes 

real pharmaceutical 
wastewater 

1600–1900 24% within 2 h 527.3 (Collivignarelli 
et al., 2020) 

Electrocoagulation coupled to 
nanofiltration 

real pharmaceutical effluent 9357 98% in 20 min 123.3 (Chaabane et al., 
2013) 

Electro-Fenton real pharmaceutical 
wastewater containing 
caffeine and 5-fluorouracil 

120 ± 50 About 80% in 2 h (100% of 
caffeine and 5-fluorouracil in 
2 h) 

94 (Ganzenko et al., 
2018) 

H2O2-assisted photocatalysis and 
photo-Fenton on Fe-TiO2 composite 

real pharmaceutical 
wastewater 

3680 80% in 6 h 61.2 (Bansal et al., 
2018) 

Electrocoagulation real pharmaceuticals 
wastewater containing 
ayurveda 

4200 68% in 2 h 27.1 (Singh et al., 
2016) 

Photobioreactor (PBR) using 
microalgae + photosynthetic 
microbial fuel cell (PMFC) 

real pharmaceutical 
wastewater 

5750 ± 50 97.2% in 21d – (Nayak and 
Ghosh, 2019) 

Anaerobic biologic treatment pharmaceutical wastewater 
containing antibiotics 

2500 68% in 2.5 d (40% of 
erythromycin and 37% of 
sulfamethaxazole in 2.5 d) 

– (Aydin et al., 
2015) 

MFC real-field pharmaceutical 
wastewater 

810 72% in 5 d – (Ismail and 
Habeeb, 2017) 

MEUC real pharmaceutical 
wastewater containing CIP 

6840 ± 110 99.1% in 30 h (100% of CIP in 
12 h) 

262.7 In this study 

-Not reported 

Fig. 7. Top-row: Contour-plots of the six validated PARAFAC components. Bottom-row: Spectral loadings of the six-component PARAFAC models.  
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decreasing to 7% and 4% by 72 h corresponding to assay time at 10 and 
20 min, respectively (Fig. 9a). Overall, the variation trend of bacterial 
luminescence inhibition was consistent with the removal of CIP, color, 
and COD in the above control experiments (Section 3.1). The results 
further supported that •OH plays a major role in the removal of pol-
lutants and the degradation products were non-toxic when the operation 
time was above 36 h. Thus, the results demonstrate that the MEUC 
process is cost-effective and eco-friendly for industrial wastewater 
treatment. 

4. Conclusions 

This study is the first to demonstrate that the emerging MEUC 
technology can efficiently and cost-effectively treat highly concentrated 
organic wastewater from the real pharmaceutical company, which 
presents a stubborn coloration and is not biodegradable. This technology 
can effectively remove the CIP (100% in 12 h), color (100% in 60 h), 
and COD (99.1% in 30 h) that existed in such real pharmaceutical 
wastewater at neutral pH, in which the initial CIP and COD concentra-
tion are 6863.79 ± 2.21 µg L− 1and 6840 ± 110 mg L− 1, respectively. In 
terms of removal efficiency, the system equipped with a conventional 
CEM proved to be more effective than a BPM. Thereafter, combined with 

Fig. 8. Removal of six typical fluorescence components real pharmaceutical industry wastewater through the different treatment processes. Operating conditions: pH 
was maintained at 7.8 by the pH control system, applied voltage of 0.6 V, cathodic aeration velocity of 0.005 mL min mL− 1, and UV intensity of 10 mW cm− 2. 
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a novel and simple solid phase extraction pretreatment, EEM-PARAFAC 
successfully achieved reliable fluorescence component determination in 
the case of a small sample amount and revealed the evolution of DOM 
during the MEUC process. Results obtained from EEM-PARAFAC with 
the six components model indicated that the MEUC technology is more 
efficient on the removal of protein and humic-like substances. In addi-
tion, MEUC technology is also shown to be more cost-effective than 
some traditional AOPs and more efficient than biological treatment 

methods (e.g., MFC and anaerobic biologic treatment). Moreover, the 
non-toxic properties of the treated effluent (verified by Vibrio fischeri 
assay) further confirmed the effectiveness of using MEUC technology in 
treating real pharmaceutical wastewater. Hence, MEUC technology is a 
highly promising approach for the treatment of real industrial 
wastewater. 
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