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ABSTRACT

The degradation of ibuprofen was investigated in aqueous solution by three-dimensional
particle electrode (TDE) technology. When the initial concentration was between 10 and
40 mg/L, almost 80% of the ibuprofen was degraded at 6 h. However, only about 16.64% of
ibuprofen was mineralized even at 6 h according to total organic carbon measurements. A
combined process of TDE and biological aerated filter (BAF) was therefore developed to
enhance the treatment of ibuprofen contaminated municipal sewage. The effluent quality of
coupled process was substantially improved by TDE due to the degradation of ibuprofen
and related intermediates. The experimental results showed that TDE-BAF is effective for
removing ibuprofen from municipal sewage.
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1. Introduction

Pharmaceuticals and personal care products
(PPCPs) have been found in surface, ground, sewage,
and drinking water samples in different countries [1]
and [2]. Although these compounds are typically
present in very low concentrations in water compart-
ments, they are considered as a potential hazard for
aquatic organisms and human health due to their

potential to bio-accumulate and the possibility of
causing estrogenic and endocrine effects [3]. At
present, conventional full-scale wastewater treatment
plants (WWTPs) are generally not equipped to deal
with pharmaceutical compounds, as they were
designed with the principal aim of removing easily or
moderately biodegradable compounds [4]. The biologi-
cal aerated filter (BAF) is designed with the principal
aim of removing easily or moderately biodegradable
compounds. A great deal of researchers has conducted

*Corresponding author.

1944-3994/1944-3986 � 2015 Balaban Desalination Publications. All rights reserved.

Desalination and Water Treatment 57 (2016) 20470–20475

Septemberwww.deswater.com

doi: 10.1080/19443994.2015.1107856

mailto:cea_fengy@ujn.edu.cn
mailto:qjy_hit@hotmail.com
mailto:345678@qq.com
mailto:wangbo@163.com
mailto:Lixin@163.com
mailto:44254810@qq.com
mailto:wangxinwei@163.com
http://dx.doi.org/10.1080/19443994.2015.1107856


many studies to enhance the efficiency of biological
treatment in the last few years.

Advanced oxidation processes (AOPs), mostly
dependent on the generation of hydroxyl radicals
(�OH), including ozonation [5], Fenton reaction [6],
photolysis [7], sonolysis [8], have been studied as pos-
sible alternatives to destroy PPCPs in water [9].
Another way to eliminate persistent pollutants is
through the use of the electrochemical method. The
three-dimensional particle electrode (TDE) process also
belongs to the electrochemical family. Recent studies
have been conducted on the electro degradation of
PPCPs [10–12]. TDE provides an excellent solution to
the disadvantages which limit the application of two-
dimensional (2D) electrode [13]. Compared to 2D elec-
trode, the addition of granular activated carbon (GAC)
or metal particles may also enhance the conductivity
and mass transfer or the adsorption of pollutants [14].
Also, the large specific surface areas of these particles
can provide more reactive sites than 2D electrode for
pollutants adsorption or even catalytic reactions
[15,16], resulting in higher removal efficiency [17–20].

This study focused on ibuprofen, one of the most
widely used PPCPs. As previous reports shown, TDE
process succeeded to decompose ibuprofen in aqueous
solution but it was rather no effective in mineraliza-
tion [21]. In this regard, TDE combined with a BAF
was developed to remove the ibuprofen and its inter-
mediates from wastewater samples. BAF, a type of
immobilization reactor, has been demonstrated to be a
cost-effective way for the treatment of municipal
sewage [22,23]. The main objectives of this study were
to investigate TDE-induced degradation of ibuprofen
as well as the change of total organic carbon (TOC),
CODcr in aqueous solution. The performance of BAF
alone in parallel with a TDE-BAF for the treatment
of ibuprofen-contaminated municipal sewage was
compared.

2. Materials and methods

2.1. Materials

Sodium 2-(4-isobutylphenyl) propionates, known
as ibuprofen (Ibu), with a purity of 99.9%, was pur-
chased from Aldrich and used without further purifi-
cation. A new red mud particle electrode (RMPEs)
was prepared with the primary material of red mud.

RMPEs were made up of red mud, zeolite slag,
iron powder (Tianjin love Kurt g trade Co., Ltd), and
carbon (Tianjin love Kurt g trade Co., Ltd). Red mud
was taken from Jinan Mining Development Corpora-
tion and zeolite slags were obtained from Weifang
Trading Company Ltd, Shandong Province of China

2.2. Reactor description and operation

2.2.1. Reactor description

Biological treatments were performed using two
same size reactors, diameter of 80 mm, length of
1,500 mm, and effective volume of 6.0 L. The first col-
umn (1#) was tested for the biological treatment alone,
while the second column (2#) was tested for the com-
bined process of TDE-BAF. The second column (2#)
included BAF and TDE separated by a stainless steel
porous cathode plate. The TDE section was crammed
with RMPEs and well joined to a power source. BAF
was filled with zeolite. First of all, municipal wastewa-
ter was poured into the coupled reactor from the
bottom, and then, most of effluent outflowed from the
top. Moreover, the mixed solution between a propor-
tion of effluent and municipal wastewater reflowed to
BAF-TDE by pump, which accomplished the coupling
between BAF and TDE. The municipal sewage con-
taining ibuprofen was pumped into the reactors via a
peristaltic pump. Air stream was continuously intro-
duced at the bottom of the reactors. The ratio of air to
water was fixed at 5:1. For the flow rate of 1.00 L/h,
the hydraulic retention time (HRT) of BAF was
approximately 6 h.

2.2.2. Wastewater characteristics

In order to investigate the decomposition of
ibuprofen and the change of TOC, CODcr, NHþ

4 -N in
aqueous solution, 10–40 mg/L ibuprofen was pre-
pared with double-distilled water. As for the com-
bined process of TDE-BAF, ibuprofen was dissolved
into real surface water to achieve 1–5 mg/L ibupro-
fen-contained water samples as shown in Table 1.

2.2.3. Start-up of reactors

In order to improve the inoculation rate, activated
sludge was introduced to two reactors from wastewa-
ter treatment plant. The experimental parameters were
the same for them. They were backwashed every 48 h.
The two reactors achieved stable running conditions
after 7 weeks.

2.3. Analytical methods

During the whole experiments, influent, and efflu-
ent samples were taken each day at regular intervals
and CODcr and NH3-N were tested according to con-
ventional national standard methods [24]. The ibupro-
fen concentration was measured by high-performance
liquid chromatography (HPLC, Agilent 1200 Series,
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Agilent, USA) equipped with an XDB-C18 column,
according to standard methods [25]. Probes were used
to measure the temperature, pH, and dissolved oxy-
gen during the experimental period. As a whole, influ-
ent and effluent samples were taken at the end of the
filter run, but occasionally samples were also drawn
immediately after backwashing to inspect the recovery
of effluent quality. Due to some limitations and
because the study was focused on TOC, CODcr, and
NH3-N, some quality parameters (5 d biochemical
oxygen demand, nitrate, and nitrite, P) were not
measured in all the samples.

2.4. Ibuprofen degradation experiments by TDEs

Performance of the particle electrodes was investi-
gated by their degradation of ibuprofen. The ibupro-
fen degradation experiment was performed in a TDE
cell. Ti electrode was used as anode and stainless steel
electrode was used as cathode in the TDE. ADC
power was wired between the anode and cathode.
The TDE was filled with RMPEs. An air pump was
applied in the experiment.

Four groups of degradation experiments were
performed in the TDEs. The ibuprofen solution with
an initial concentration of 10, 20, 30, 40 mg/L was
poured separately into the TDE. In every group of
degradation experiment, 0.1 mol/L Na2SO4 was
served as a supporting electrolyte in the TDEs. The
ibuprofen concentration of the solution was measured
at 0.5, 1, 2, 3, 4, 5, 6 h, separately in all four groups
of experiments. The TOC and CODcr of the solution
were also measured at 0.5, 1, 2, 3, 4, 5, 6 h,
separately in the second group of degradation
experiment.

3. Results and discussion

3.1. Degradation of ibuprofen by TDEs

To establish the removal performance of ibuprofen
by TDE, several assays were conducted with initial
concentrations of 10.00, 20.00, 30.00, and 40 mg/L,
using 0.1 mol/L Na2SO4 solutions as the electrolyte.
The experiments were conducted at 30 V, for 6 h each.
Removals of ibuprofen are presented in Fig. 1. As can
be observed, ibuprofen was degraded quickly in

arrange of 10–40 mg/L at 3 h. The removal efficiency
was almost 80% for all the samples at 6 h. Similarly,
L. Cirı́aco showed that electrochemical oxidation have
shown a very good degradation of ibuprofen in 6 h
experiments [26]. Our results are consistent with this
thesis.

In order to investigate the degradation of ibupro-
fen as well as the decrease in TOC and CODcr, the
initial concentration of 20.21 mg/L ibuprofen was elec-
trolyzed. The results are summarized in Table 2. As is
observed on Table 2, Ibuprofen decreased quickly
with time increasing. However, even at the time of
6 h, TOC and CODcr removal efficiencies were only
16.64 and 32.69%, respectively.

3.2. Comparing the performance of BAF alone and TDE-
BAF

Operational parameters affecting removal effi-
ciency are diverse. In order to study ibuprofen
removal characteristics between BAF alone and BAF-
TDE reactors, parameters, such as temperature, DO,
HRT, and voltage, were maintained constant through-
out the study. Temperature is one of the parameters
affecting the removal efficiency [27]. The study was
performed at 21 ± 2˚C. DO plays a important role on
nitrification. If it is <2 mg/L and the biofloccules are

Table 1
Characteristic of ibuprofen-contaminated municipal sewage.

pH NHþ
4 -N (mg/L) CODcr (mg/L) TOC (mg/L) Ibuprofen (mg/L)

6–8 19.14–26.25 101.12–138.30 31.63–45.63 1.22–4.98

Fig. 1. Effect of time on Ibuprofen degradation.
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bigger than 200 μm, it is not beneficial to nitrification
[28]. In TDE reactors, air is sparged for two aims,
one is to promote mass transfer and the other is to
afford oxygen for some electrochemical reactions, e.g.
the cathodic generation of H2O2 [29]. So DO was
maintained at 4 mg/L in the reactors to prevent DO
from being limiting by regulating airflow. For the
case of continuous flow electrochemical reactor and
BAF, HRT is the corresponding important parameter.
HRT was 3 h. Current density/cell voltage is one of
the most important variable parameters in TDE
system since it influences not only the electrochemi-
cal oxidation but also the polarization behavior of
particle electrodes [30]. Consequently, it is necessary
to look for the balance between removal efficiency
and energy consumption by optimization experi-
ments. On the basis of preliminary experiments, the
voltage remains 30.0 V and current density is
1.99 mA cm−2.

The ibuprofen and TOC of influent and effluent in
two reactors are presented in Fig. 2. From Fig. 2(A), it
was found that when the initial ibuprofen concentra-
tion was 1.22–4.98 mg/L, the removal efficiency of
ibuprofen was only 18.13–25.21% in BAF alone reactor.
However, almost average 96.33% decomposition of
ibuprofen was obtained after TDE combined with a
BAF. As shown in Fig. 2(B), BAF and TDE-BAF reac-
tors had average total TOC removals of 71.96 and
84.89%, respectively. The total TOC removal efficiency
was improved 12.93% by using the combined process
of TDE-BAF, compared with by means of BAF treat-
ment alone. Obviously, this was mainly due to the
degradation of ibuprofen by TDE treatment.

For the performance of BAF alone and TDE-BAF,
some comprehensive parameters of the ibuprofen con-
taining municipal sewage, such as CODcr and NHþ

4 -N
in two reactors are shown in Fig. 3. For the biological
treatment alone, the average removal efficiencies of
CODcr and NHþ

4 -N were 74.99% (66.29–80.21%) and

74.45% (70.27–81.92%), respectively, in BAF reactor.
However, for the combined process of TDE-BAF, the
removal efficiencies were 88.63% (84.65–93.13%) and
82.76% (78.06–86.92%), respectively.

Table 2
Decrease of ibuprofen, TOC, CODcr during TDE

Time (h) Ibuprofen (mg/L) CODcr (mg/L) TOC (mg/L)

0 20.21 54.48 14.84
0.5 15.21 50.12 14.24
1 11.11 48.13 14.00
2 9.44 44.31 13.85
3 7.01 40.22 13.76
4 5.14 38.13 13.02
5 4.29 37.00 12.68
6 3.56 36.67 12.37

Fig. 2. Ibuprofen and TOC removal in BAF and TDE-BAF
reactor.
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4. Conclusions

The experiments demonstrated that ibuprofen can
be removed effectively by TDE. In the initial concentra-
tion below 40 mg/L, about 80% removal efficiency was
achieved at 6 h. However, only about 16.64% ibuprofen
was mineralized even at 6 h. For the real ibuprofen
contaminated municipal sewage, the average removal
efficiencies of ibuprofen, TOC, CODcr, and NHþ

4 -N
were 23.06, 71.96, 74.99, and 74.45%, respectively, by
BAF alone. However, for the combined process of TDE-
BAF, the removal efficiencies were improved to 96.33,
84.89, 88.63, and 82.76%, respectively. The removal
efficiency was substantially influenced by TDE.
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