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Hybrid combination of advanced oxidation and biological
processes for the micropollutant removal of carbamazepine
You-Yi Lee1, Chihhao Fan 1✉ and Fatima Haque1

Carbamazepine (CBZ) is a frequently-detected aqueous pharmaceutical due to its extensive use and persistence in the
environment. CBZ could not be efficiently removed by biological processes which led to its disposal in natural water bodies. This
study coupled the Fenton process as pretreatment with the activated sludge process for aqueous CBZ removal. Fenton degradation
studies showed that the application of excessive reagents might cause a decrease in CBZ removal. Apparent CBZ degradation at
neutral pH supported the use of the Fenton process as pretreatment for CBZ removal. Treated with the hybrid combination system,
CBZ, COD, and TOC removal were enhanced. The EEM analysis evidenced the biodegradable intermediates formed during the
hybrid process. CBZ degradation pathways were explored using LC-MS analytical results and literature studies. Given the low
biodegradability of CBZ, using the Fenton process as a pretreatment before sequencing batch reactor-activated sludge (SBR-AS) is
an alternative to improve the aqueous CBZ treatment.
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INTRODUCTION
The occurrence of contaminants of emerging concern (CEC) in
aquatic systems such as wastewater, groundwater, and drinking
water has drawn great attention during the past few decades.
Drug residues, also recognized as pharmaceutically active
compounds, are one of the influential categories of CEC due to
their possible detrimental impacts on aquatic life and human
health1,2. Drug residues entered the hydrological circulation in a
variety of routes, including bodily excretion, improper disposal of
unwanted/expired drugs, discharge of untreated or ineffectively
treated wastewater, etc3,4. Since over 3000 pharmaceutical
ingredients are used nowadays, these substances that are released
into the environment can pose serious threats to the ecosystem
by causing negative effects on organisms and bioaccumulate at
trace levels5. Moreover, pharmaceutically active compounds may
enter human food chains through source water abstraction and
drinking water distribution systems if the substances were not
removed by treatment plants6.
Carbamazepine (CBZ), a popular anticonvulsant and mood-

stabilizing drug used to treat epilepsy and bipolar disorder, has
been one of the most frequently detected pharmaceutical
compounds in the environment7. CBZ is oftentimes discharged
from households and hospitals and reaches municipal wastewater
treatment plants (WWTPs)4,6,8,9. Due to its molecular structure and
chemical properties, CBZ showed persistence in conventional
treatment processes4. Although CBZ removals by several well-
known advanced technologies were reported, few of them were
demonstrated to be effective for CBZ removal in WWTPs10. CBZ
has been proposed as an anthropogenic marker of sewage
contamination to assess water treatment efficiency11,12. The
frequent release of CBZ residuals leads to its widespread
occurrence in natural water bodies. The CBZ distribution may be
further facilitated due to strengthened atmospheric and hydro-
logical circulations caused by the global warming effect10.
Recently, different physical, chemical, and biological treatment

processes have been employed to remove CBZ from wastewater.

The activated carbon separation and nanofiltration were the main
physical technologies that showed an excellent treatment
performance13,14. However, the issues of membrane/adsorbent
regeneration, efficiency maintenance, and high operation cost
need to be considered when applied to the real wastewater
treatment15. Advanced oxidation processes (AOPs) have been
reported to be efficient to remove aqueous CBZ in laboratory
studies5,16 and the Fenton oxidation possesses several advantages
for in-situ application, such as effective performance, simplicity in
design, and low cost of operation. The Fenton process decom-
poses CBZ by generating hydroxyl radicals from hydrogen
peroxide catalyzed by ferrous ions, and the hydroxyl radical act
as the principal component in the Fenton-related degradation
systems17,18. Nevertheless, the practical applications of the Fenton
process are constrained by the acidic reacting environment
required for the best performance, or the possible formation of
detrimental degradation by-products due to incomplete miner-
alization19. Since the pharmaceutical compounds could be toxic to
microorganisms, the CBZ removal using conventional biological
processes such as activated sludge was not favored10. De la Cruz
et al.20 assessed the degradation of several micropollutants at a
given municipal WWTP with the traditional activated sludge
process. No CBZ degradation was observed, implying that the
biological treatment was ineffective and an additional process was
needed if CBZ removal was expected.
The classic Fenton process generates the hydroxyl radical which

has a strong oxidizing ability without selectivity. It can decompose
the organic compounds easily, forming oxidation intermediates or
achieving mineralization with a sufficient amount of oxidants.
Although the contaminants can be fully degraded by the Fenton
process, the mineralization rate of pharmaceutical compounds
remains relatively low12,21. The metabolites formed during
ozonation and sonolysis of CBZ have been reported to be readily
biodegradable22–24. In other words, AOPs may not mineralize CBZ
completely, but they may reduce toxicity and increase its
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biodegradability, suggesting that the AOP may act as a pretreat-
ment process before a biological treatment25.
In light of the above statements, this study aimed to explore the

possibility of using the Fenton pretreatment to treat the
manufacturing wastewater containing CBZ before merging with
wastewater streams from other sectors (i.e., offices, dormitories,
restaurants) in an industrial/pharmaceutical manufacturing facility.
Usually, wastewater in an industrial factory consists of water
streams from various sectors, including business & operation
offices, restaurants, dormitories, and manufacturing processes, the
wastewater from which usually contains organic loadings resulting
from domestic activities such as washing, showing, cooking, and
excretion. The wastewater from manufacturing processes mostly
contains the residuals of the raw materials. All these water streams
from various sectors were merged and introduced into a
conventional wastewater treatment plant (WWTP, usually contain-
ing an activated sludge process) before being discharged into the
environment.
Thus, the Fenton pretreatment was expected to degrade/

destroy the CBZ to form more biodegradable molecular fractions
before mixing with other wastewater streams. The combined
wastewater was subjected to the activated sludge treatment in
the wastewater treatment system. The CBZ removal efficiencies by
the Fenton process at various reagent dosages were evaluated,
and the experimental condition with the optimal removal
performance was used for subsequent AOP-SBR combination
treatment. The degradation products were examined and the
possible CBZ degradation pathways were investigated. Also, the
overall removing performance of the combined system was
evaluated, the future application of such a combination system
was discussed, and possible implications were addressed.

RESULTS AND DISCUSSION
Degradation and mineralization of CBZ by Fenton process
For CBZ degradation by Fenton process, the initial solution pH was
around 3 and the initial concentration of CBZ was 50 μM. The
Fenton reagents concentrations were at the fixed [H2O2]: [Fe2+]
ratio of 1:1 (starting from 100 μM to 10000 μM following the
stoichiometry of the hydroxyl radical generation reaction in the
Fenton system, Eq. (1)) and the results are shown in Fig. 1A–D. The
CBZ demonstrated a degradation efficiency of 87.08% when H2O2

and Fe2+ were both at the concentrations of 100 μM. CBZ was
completely decomposed in the first 30 s as the reagent dosage
was increased above 500 μM. In contrast to the degradation
efficiencies, the highest mineralization efficiency was 67.60%
when H2O2 and Fe2+ were both at the concentrations of 3000 μM.
Adding more reagents (both the oxidant and catalyst) to the
system did not necessarily increase the mineralization because the
excessive reagents might compete with the target contaminant
for hydroxyl radicals.
Hydrogen peroxide plays an important role in the Fenton

process, which acts as the precursor to generate hydroxyl radicals.
Thus, experiments were conducted at a constant ferrous ion (i.e.,
the catalyst) concentration of 100 μM with various hydrogen
peroxide (i.e., the oxidant) concentrations, and the results are
shown in Fig. 1E, F. CBZ was degraded almost completely in
30min after the reaction took place as the H2O2 concentrations
were raised to 500 μM or more. In the presence of Fe2+, the higher
H2O2 concentration resulted in a more efficient CBZ removal
because of increased hydroxyl radical generation. The mineraliza-
tion efficiency was around 5% at the 100 μM H2O2 concentration
and remained relatively low (<15%) even when the H2O2

concentration increased to 2000 μM. The removal ratio became
even lower when the H2O2 concentration further increased to
5000 μM. Figure 1 shows the incomplete mineralization of CBZ by
the classic Fenton process. Hermosilla et al.26 also reported a

similar result of poor TOC removal (i.e., around 20–30%) in phenol
degradation by the classic Fenton process with 30,000 μM H2O2

and 800 μM Fe2+. A similar result was shown by Ye et al.27 that the
pentachlorophenol mineralization at 2000 μM H2O2 and 5 ppm
Fe2+ was less than 10%.
Equations (1)–(6) are the major reacting mechanism of the

Fenton process19, in which an increase in H2O2 can enhance the
generation of ·OH with the continuous supply of Fe2+ according to
Eqs. (1), (5), (6),

Fe2þþH2O2 ! �OHþ OH� � þFe3þ (1)

H2O2 þ �OH ! H2Oþ �HO2 (2)

�OHþ �HO2 ! H2Oþ O2 (3)

2H2O2 ! 2H2Oþ O2 (4)

Fe2þ þ �OH ! OH� � þFe3þ (5)

H2O2 þ Fe3þ ! �HO2 þ Hþ þ Fe2þ (6)

However, the excessive H2O2 and Fe2+ are detrimental to the
Fenton chain reaction because of the following reasons. First,
excessive H2O2 may act as the hydroxyl radical scavenger. In Eq.
(2), H2O2 can react with the generated ·OH reducing the available
amount of ·OH for target compound degradation, and the
hydroperoxyl radical (·HO2) is generated as well to compete with
the target compound for hydroxyl radicals (Eq. (3))28,29. Second,
the overdose of H2O2 accelerates its self-decomposition and
decreases the available amount of H2O2 for ·OH generation (Eq.
(4))27. Third, excessive Fe2+ promotes partial ·OH scavenging as
indicated in Eq. (5)30. In short, the more Fenton reagents within
the proportional range are in the system, the higher degradation
and mineralization efficiencies might be observed. Overdosing
H2O2 or Fe2+ is not conducive to the facilitation of the Fenton
process.
The rate constants of Eqs. (1), (2), (5), (6) were 6331, 2.7 × 107 32,

3.2 × 108 33, and 0.0134 M−1 S−1, respectively. In the study by Xiao
et al.35, the rate constant of CBZ reacting with ·OH was
4.63 × 109M−1 S−1, which was higher than those of H2O2 and
Fe2+interacting with ·OH. After the Fenton reaction was initiated,
CBZ was degraded by the generated ·OH following Eq. (1). The
excessive Fe2+ consumed the ·OH (Eq. (5)) so the overall removal
and mineralization may be reduced. Also, the excessive H2O2

scavenged the ·OH (Eq. (2)) in a fashion faster than the reduction
of Fe3+ to Fe2+ by H2O2 (Eq. (6)), resulting in the limited CBZ
removal performance. Cui et al.36 proposed a conceptual thresh-
old of H2O2 concentration. If under critical concentration, more
H2O2 leads to a higher ·OH generation and promotes the
decomposition of target contaminants. On the contrary, the
degradation rate may decrease with an increase in oxidant dose if
the critical concentration is reached. Similar results were observed
in the present study. Meanwhile, the high degradation efficiency
with a low mineralization rate implied that the ·OH could only
destroy the CBZ structure into intermediates rather than
mineralize CBZ.

Kinetics study of CBZ removal by Fenton process
In Fig. 1, the CBZ demonstrated a fast decomposition at the
beginning and subsequent slow removal. A similar phenomenon
was reported in the study by Chan and Chu37, in which a two-
stage model including a rapid phase I degradation followed by a
retarded phase II degradation to describe the Fenton kinetics was
proposed. In rapid phase I, the Fenton reaction was characterized
as a process with a rapid initial reaction due to the fast radical
generation by a relatively high ferrous ion concentration. After the
initial production and consumption of oxidative reagents, the
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Fenton process moved to the stagnant stage because of the short-
lived property of hydroxyl radicals and the radical generation
limitation caused by the retardation of the iron ions redox cycle. In
the present study, the observed degradation of the target

contaminant CBZ appeared to be a two-stage degradation. By
using the linear regression method with the least square analysis,
the second-order kinetic was found best fit with the data both in
Phases I and II. The two kinetic rate constants were obtained by

Fig. 1 The removal of CBZ by the Fenton process. The degradation (A, B) and mineralization (C, D) efficiencies with the fixed reagents ratio
of 1:1. The degradation (E) and mineralization (F) efficiencies in various H2O2 concentrations. In graph (A), the efficiency reaches 100% at
concentrations above 500 μM.
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Eqs. (7) and (8).

Phase I :
1

½CBZ� ¼
1

½CBZ�0
þ k1t;when t < tb (7)

Phase II :
1

½CBZ� ¼
1

½CBZ�0
þ k1tb þ k2ðt � tbÞ;when t > tb (8)

where [CBZ]0 is the initial concentration of CBZ (i.e., 0.05 mM). The
breakpoint time, tb (s), was assessed by calculating the intersec-
tion of the two regression lines of Phase I and II. Table 1 shows the
calculated rate constants (k1 and k2) and breakpoint times (tb) at
different experimental conditions.
The regression curves of CBZ at different Fenton reagent ratios

are shown in Fig. 2. With the increasing [H2O2] at a given [Fe2+]
(i.e., 50 μM), the degradation in Phase I was accelerated, increasing
the k1 and reducing the breakpoint time. However, k1 reached its
maximum at an H2O2 concentration of 2000 μM, instead of
5000 μM, indicating that the excessive H2O2 in Phase I decreased
the CBZ removal. This observation showed that the excessive H2O2

increased the hydroxyl radical generation, but the resulting
hydroxyl radicals may not necessarily react with the target
compound and its organic fractions.

Effect of initial pH on the Fenton process
The Fenton process has been reported to be less efficient in
contaminant removal in neutral conditions as compared to the
operation in an acidic environment (i.e., pH= 3) because Fe2+ may
be oxidized into Fe3+ at neutral pH, forming Fe(OH)3 precipitate
by reacting with hydroxyl ions. Under such a circumstance, the
reduction of Fe3+ to Fe2+ by H2O2 (Eq. (6)) becomes unfavorable,
resulting in less available Fe2+ and a decrease in Fenton removal
efficiency38. While H2O2 may auto-decompose in the neutral
environment, its decrease in ·OH generation due to H2O2 self-
depletion is less significant compared to that resulting from the
decreased amount in ferrous ions39.
In the field practice, the wastewater usually has a pH value

ranging between 6 and 940. If the Fenton process is applied in a
neutral condition, maintaining a sufficient amount of Fe2+ for ·OH
generation is important. To assure the success of the real
application of the Fenton process, the CBZ degradation by the
Fenton process was conducted in neutral conditions and the
results are presented in Fig. 3. The CBZ degradation in the acidic
condition is presented for comparison. Also, the wastewater
stream from a manufacturing process usually contains little

buffering capacity, and most of the dissolved substances are
from the residuals of the raw materials.
With the stoichiometry of 100 μM:100 μM for [H2O2]:[Fe2+], the

degradation and mineralization efficiencies were 87.08% and
6.04% in acidic conditions and decreased to 76.05% and 4.41% in
the neutral condition, respectively. A similar CBZ degradation
result reported by Xiang et al.41 in nearly neutral circumstances
(i.e., pH= 6) by FeS/PDS advanced oxidation process has shown a
71.2% removal in 60 min, indicating that the Fe2+ may remain
soluble with an appreciable amount for ·OH production. CBZ
contains an amide (azepine) group which was a strong electron-
withdrawing functional group (EWG)42. The EWGs display a
relatively stable anion property43 that may lead to the chelation
between CBZ and ferrous ion to prevent Fe(OH)3 formation at
neutral pH. More information regarding the CBZ-Fe3+ formation
was included in the supplementary material. While Fe2+ remained
in the solution, the Fenton reaction can proceed continuously,
causing the observed CBZ removal and pH drop. It is worth noting
that the pH value has dropped from 7 to 3.8 because of the
emergence of intermediate acids during the degradation process.
Reduction in pH shifted the system to an acidic condition and
facilitated the degradation of CBZ.

Carbamazepine removal by combining the Fenton process
with activated sludge
The CBZ degradation was conducted by combining the Fenton
process with an activated sludge system, and the results are
shown in Table 2. The low removal efficiency in the biological
process only revealed that the activated sludge treatment process
was not effective in removing CBZ from wastewater. Since CBZ is
moderately hydrophobic, its removal via sorption onto activated
sludge has been reported to range between 5 and 20%10,44. Hai
et al.4 summarized the CBZ removal rates in various activated
sludge systems and reported that the removal is almost negligible.
Several studies also reported that CBZ exhibited very poor
biodegradability and low sorption capacity in an activated sludge
system45,46. Moreover, Urase and Kikuta47 have proposed that the
maximum adsorption ratio of CBZ is less than 30%. As stated
earlier, the electron-withdrawing function group of amide in the
CBZ molecular structure makes it resistant to biodegradation48. In
this study, the CBZ removal by the activated sludge system might
be attributed to (1) biological degradation, (2) sludge sorption,
and (3) complexation and sedimentation with coexisting com-
pounds in the activated sludge system. However, CBZ removal by
sorption seemed limited in a biological treatment system.
Since the COD removal ratio was calculated based on the COD

removing performance after the pretreated solution was intro-
duced into the SBR (i.e., 0 h of activated sludge treatment), the
COD removal ratio would be affected by the COD base value. In
neutral pretreatment, the degradation efficiency was less than
that in the acidic environment, so the concentrations of CBZ and
its intermediates in the influent were higher, resulting in a higher
calculated COD removal ratio.
Given the apparent CBZ removal in the Fenton process at

neutral conditions, a combination of the Fenton process and
activated sludge treatment was employed to explore the CBZ
removal in this hybrid process. The Fenton process was operated
as a pretreatment to decompose CBZ before biodegradation, and
the results are presented in Table 2 and Fig. 4. In Fig. 4, the
degradation, mineralization, and COD removal showed that the
activated sludge was able to degrade the oxidation by-products of
CBZ after the Fenton pretreatment. The pretreatment with 200 μM
H2O2 and 100 μM Fe2+ in acidic conditions showed the highest
relative degradation and mineralization of 97.90% and 28.87%,
respectively, implying that the oxidation by-products of CBZ were
more readily biodegradable than the parent compound of CBZ.

Table 1. Determination of the kinetic parameters of the proposed
two-stage model of the degradation of CBZ with various [H2O2]:[Fe

2+]
ratios at [Fe2+]= 50 μM.

H2O2

(μM)
Phase I Phase II

k1 (mmol
L−1 s−1)

R2 k2 (mmol
L−1 s−1)

R2 tb (s)

50 0.0918 0.7235 0.0143 0.9642 189.60

100 0.371 0.9893 0.0568 0.9662 112.86

200 0.5279 0.975 0.0871 0.9909 97.09

500 1.4464 1* 0.3001 0.9908 48.59

1000 2.5664 1* 0.5193 0.9941 36.24

2000 3.2434 1* 0.4086 0.9912 33.50

5000 2.2793 1* 0.3232 0.9962 31.97

The k1 and k2 are the rate constants of phases I and II, and tb is the
breakpoint time.
aThe reaction at high H2O2 concentration proceeds fast, and two observed
data were used for phase regression.
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Fig. 2 The regressions of CBZ degradation by the Fenton process using a two-stage model. The [Fe2+] is fixed at 50 μM with various
[H2O2]:[Fe

2+] ratios in (A–G).
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The Zahn-Wellens test of CBZ and its oxidation (by-)products for
evaluating their inherent biodegradability was performed by
Monsalvo et al.5. Their results showed that CBZ inhibited microbial
activity. The biodegradability of CBZ oxidation (by-)products by
the Fenton process was enhanced and their toxicity was reduced.
A similar result was reported by Nguyen et al.49 that the CBZ
removal rate by the anoxic biological process in groundwater after
Fenton-like pretreatment (i.e., PMS/Fe2+ system) has been
enhanced. In this hybrid combination process, the Fenton process
was used to decompose the non-biodegradable organic structures
into fragments that would be readily degraded by microorgan-
isms. The results showed that the utilization of the Fenton process
as a pretreatment before activated sludge could be an alternative
to improve aqueous CBZ removal.

EEMs for CBZ degradation by the hybrid system
The excitation-emission matrix (EEM) by fluorescence spectro-
metry has been employed to characterize the dissolved organic
matter in water. The EEMs of different pretreatment conditions are
shown in Fig. 5. The general EEM features and the positions of
fluorophores reflecting organic molecular structures are presented
in Fig. 5A. Area A (yellow empty box) reflects fluvic acid-like (FA-
like) structures and emerges in the λex/λem range of 220–270 nm/
380–550 nm. Area C (red empty box) implies the emergence of
humic acid-like (HA-like) substances and occurs in the λex/λem
range of 300–370 nm/ 400–500 nm. Area B (white empty box)
suggests the occurrence of Tyrosine-like materials and takes place
in the range of λex/λem around 225–237 nm/ 309–321 nm. Area T
(pink empty box) represents Tryptophan-like molecules and is
found in the range of λex/λem around 225–237 nm/ 340–381 nm50.
In Fig. 5D, G, J, apparent signals were observed in Area C after

the Fenton oxidation in comparison to Fig. 5A, indicating the
formation of oxidation products containing HA-like structures after
CBZ degradation by ·OH attack. The pretreated solution was
introduced into the aerated activated sludge reactor for biological
treatment, and the signal intensities of Area C in Fig. 5E, H, K
decreased because of the dilution effect. The peak intensities of
Areas A, B, and T in Fig. 5B were considered as the reference
background of activated sludge. Low biodegradation was
observed without the Fenton pretreatment, as given in Table 2,

and a similar situation was also observed in the EEMs spectrum
shown in Fig. 5B, C. With the Fenton pretreatment, the biological
removal of CBZ shifted the fluorescence signals towards the
regions with shorter wavelengths (i.e., blue-shift, as shown in Fig.
5F, I, L). To be more specific, the peaks in Areas A and C were blue-
shifted along the excitation/emission axes. The blue-shifting
phenomenon of EEM signals may be associated with the following
reasons: (i) the decomposition of aromatic moieties, (ii) the
breakage of large molecules into smaller fragments, (iii) the
decrease in the number of aromatic rings, (iv) the decrement of
conjugated bonds in a chain structure, (v) the conversion of a
linear system to a nonlinear system, and (vi) the elimination of
particular functional groups including carbonyl, hydroxyl, and
amine groups51. The blue-shifted results of the observed EEM
spectrum indicated the decomposition of the aromatic structure
of CBZ and the formation of molecular fractions through the
activated sludge treatment. Tyrosine- and tryptophan-like (i.e.,
signals in Areas B and T) compounds are small organic matter
predominant in wastewater and suitable for microbial degrada-
tion52. The occurrence of peaks in Area T represented the
formation of organics under microbial oxidation after biological
treatment, confirming the enhancement of the overall CBZ
biodegradability.

Mass spectrometry for CBZ degradation by the hybrid system
The oxidation products of CBZ during the hybrid combination
process were characterized using liquid chromatography-mass
spectrometry (LC-MS). The chromatographic illustration of
extracted mass spectrometry is presented in supplementary data
(Supplementary Figs. 1–4). Table 3 shows the oxidation products
that were also reported by the previous studies5,53,54. Hydro-
xycarbamazapine (m/z= 275.0791) has isomers (e.g., Carbamaze-
pine-10,11-epoxide) due to the position variation of additional
hydroxyl groups, leading to the peaks of different retention times,
which was similar to hydroxyacridine (m/z= 196.0757). Most of
the oxidation products have lower intensities at the [H2O2]:[Fe2+]
ratio of 2:1 than that of 1:1, indicating that the oxidation products
might be further oxidized with additional hydroxyl radicals
generated by extra H2O2. In contrast, Acridine-9-carboxylic acid
and C15H12N2O3 have higher intensities at [H2O2]: [Fe2+] ratio of

Fig. 3 CBZ removal in different pH environment. The degradation and mineralization efficiencies of CBZ by Fenton process at initial pH
3 and 7.
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2:1 than 1:1, inferring that they may be formed as secondary
oxidation products.
In a biological system, bacteria play a key role in contaminant

removal. The organic contaminant was consumed and various
intermediates might be formed, depending on the microbial
community involved in the degradation55,56. The purpose of the
present study is to evaluate the removal performance using the
Fenton process as a pretreatment for an activated system treating
pharmaceutical wastewater and the microbial composition of the
biological system was not further determined. In a biological
system, the degradation pathway may vary significantly depend-
ing on the participating bacterial genera. The reacting mechanism
is not like those in chemical degradation, in which an oxidant may
attack certain sites or atoms to form intermediates. This point can
be reflected by the fact that very few studies regarding the
degradation pathway of a biological wastewater treatment system
were reported. In the present study, the LC-MS analysis showed
that the degradation products by the Fenton oxidation (i.e., the
Fenton pretreatment) were also observed in the sample collected
after the combined system. These intermediates were not shown
again in Fig. 6 for clarity. For the combined system, the signal
intensities before and after the activated sludge system varied due
to the biological reactions that might degrade the parament
contaminant (while a portion of CBZ was not degraded in the
pretreatment) and its intermediates. In the meantime, the
biological reactions may combine two molecular fractions to form
byproducts with higher molecular weight as well.
Five unidentified compounds (P1~P5) listed in Table 4 were

detected in the single batch activated sludge treatment experi-
ments of CBZ. P1, P2, and P3 were the oxidation products that
were also found in the Fenton oxidation, implying that the
activated sludge and Fenton treatment might have a few common
oxidation pathways that generated similar products. P4 and P5
were the CBZ biodegradation products that did not appear in the
Fenton oxidation. The intensities of these five products increased
after a 4-h biological reaction, evidencing themselves as the
biodegradation products.
Six different m/z ratios, which were P1 to P5, and hydro-

xycarbamazepine, were further discussed to evaluate the degra-
dation mechanism of the combined treatment system. The
degradation products occurring at the m/z= 275.0791 showed a
decreasing trend of their intensities in the activated sludge
treatment, indicating that these compounds could be further
biodegraded after the Fenton oxidation. In the hybrid system, P1
was removed at the beginning of the biodegradation. The
concentration of P2 and P3 increased as the biodegradation
continued, implying that the formation of P2 and P3 might occur
through the decomposition of the resulting intermediates from
the Fenton process. The observed intensities of P4 were enhanced
after 3 h, suggesting that P4 is a later degradation product. The MS
signal of P5 increased during the activated sludge treatment and
the double peaks showed the possibility of isomer existence. The
exact compound formulas and chemical structures of unknown
CBZ degradation products were not observed in this study.

Degradation pathway of CBZ by the hybrid system
Based on the products identified by LC-MS, the CBZ degradation
pathway was proposed (Fig. 6). The reactions in the Fenton
process were mostly hydroxylation due to the involvement of ·OH,
and the hydroxylation preferentially happened at the sites with
higher frontier electron density (FED)54. The generated ·OH
directly attacked the unsaturated double bond on the benzene
ring and/or the central heterocycle of CBZ, forming hydroxylated
products (i.e., hydroxycarbamazepine) through the addition of
·OH, and the resulting hydroxycarbamazepine could be further
transformed to C15H12N2O3

57. The potential energy surface
profiles for ·OH reactions with CBZ were studied by Xiao et al.35.Ta
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For ·OH reactions, all reactions were thermodynamically favorable
except for the single electron transfer pathway and two additional
carbon sites (i.e., C4 and C5 of CBZ). Thus, radical addition on the
unsaturated carbon bonds of the heterocyclic and bilateral
aromatic rings was possibly the dominant oxidation pathway
due to its low energy barrier, forming the hydroxylated products
of hydroxycarbamazepine.
Hydroxycarbamazepine underwent further hydroxylation at the

olefinic double bond on heterocycle and carbamazepine-10,11-
epoxide was formed through an elimination step58. Dihydrox-
ycarbazepine and carbamazepine-o-quinone formation occurred
through continuous ·OH attacks of carbamazepine-10,11-epoxide.
With hydrogen rearrangement, the ring size of the central
heterocycle was reduced and acridine-9-carbaldehyde was
formed. Subsequently, the contraction process could happen on
the ring of dihydroxycarbazepine and convert the formed
molecule into acridine59. Acridine-9-carbaldehyde is an important
intermediate for the ring-cleavage process and might be
hydroxylated to other oxidized compounds by ·OH (i.e., acridone,
acridine-9-carboxylic acid, acridine, hydroxyacridine). Degradation
products might tend to break down via the ring cleavage process
and generate low molecular weight compounds such as single
aromatic ring acids and simple organic acids53. The unknown
degradation products P1–P5 are also shown in Fig. 6. P1, P2, and
P3 were found both after the Fenton oxidation and biodegrada-
tion; P4 and P5 were found only after the activated sludge

treatment. For the hybrid system, the molecular structures in
Tables 3 and 4 were observed in the effluent with different
concentration levels as compared to the effluent from the Fenton
pretreatment.
In summary, Carbamazepine removal by the Fenton process

was investigated at various H2O2 and Fe2+ concentrations. At the
fixed [H2O2]: [Fe

2+] ratio of 1:1, CBZ removal reached almost 100%
when [H2O2] was 500 μM or above. The best mineralization
(67.60%) occurred at [H2O2]: [Fe2+] ratio of 3000:3000, showing
that the optimum reagent dosage for best CBZ removal was not
necessarily having the highest applied doses. With a given Fe2+

concentration, increasing H2O2 concentration may not necessarily
promote mineralization. Excess in H2O2, and Fe2+ could be the
hydroxyl radical scavengers in the Fenton chain reactions, causing
the reduction in CBZ mineralization. The CBZ removal by the
Fenton process was assessed using a two-stage kinetic model and
the breakpoint time was found shorter as the Fenton reagent
concentrations increased. The second-order kinetic model was
found best fitted with the CBZ degradation in both stages.
In the activated sludge process, the CBZ removal ratio was

10.03%, implying that the physicochemical properties of CBZ
showed resistance to the degradation by the activated sludge. In
the combined treatment system, the CBZ treatment efficiency of
80.70% was achieved by the Fenton pretreatment under neutral
conditions, thus suggesting that it is promising to combine the
Fenton pretreatment and biological treatment for CBZ removal in

Fig. 4 The removal of CBZ by the hybrid system. The A degradation, B mineralization, and C COD removal efficiencies of CBZ by combined
Fenton pretreatment and activated sludge treatment.

Y.-Y. Lee et al.

8

npj Clean Water (2022)    60 Published in partnership with King Fahd University of Petroleum & Minerals



neutral pH conditions, which could solve the practical problem of
pH adjustment when applying the classic Fenton process to treat
the real wastewater. In this study, the hybrid combination system,
in which CBZ was pretreated by the Fenton process and the
resulting (by-)products were introduced into a biological process,
was effective in removing CBZ.
The degradation products generated from the Fenton process

and activated sludge were analyzed by EEM and LC-MS. The blue-
shifted signal inferred the decomposition of aromatic rings and
the formation of smaller fragments. Tyrosine- and tryptophan-like

signals that represent the organics subjected to microbial
oxidation appeared after the biological treatment, supporting
the enhancement of the overall CBZ biodegradability using the
hybrid combination process. This study showed the possibility of
using the Fenton process as a pretreatment before the conven-
tional biological treatment when treating aqueous emerging
contaminants that contain electron-withdrawing functional
groups in the structure.

Implications for field practices
The present study demonstrated the feasibility of using a hybrid
combination of the Fenton and activated sludge processes to treat
CBZ in industrial wastewater. As reported in the literature, the
Fenton process is effective when operating in acidic conditions.
However, our investigation showed that CBZ degradation by the
Fenton process at neutral conditions was >75% due to its
electron-withdrawing molecular structure, implying the possibility
of using the Fenton process as a pretreatment to degrade CBZ
without further pH adjustment in the field application.
With the Fenton pretreatment, the CBZ molecules were

degraded into smaller organic fractions before biological treat-
ment (i.e., activated sludge in the present study). By inspecting the
treatment efficiencies for the inflow, flow after the Fenton
pretreatment, and outflow from the activated sludge, the COD
removal was increased as the wastewater traveled along with the
treatment process, showing the potential to include the Fenton
pretreatment in a biological process. However, the improvement
of treatment efficiency for TOC was not as significant as for COD.
For effluent control, BOD/ COD (instead of TOC) was often
regulated since the main function of a biological system is to
decrease oxygen demand rather than to mineralize the target
compound. The hybrid combination system is especially promis-
ing in treating pharmaceutical wastewater containing target
compounds that have functional groups with strong electron-
withdrawing ability.

Fig. 5 The EEM fluorescence spectra of the CBZ degradation at different stages of the hybrid combination of the Fenton process and
activated sludge treatment. Panels (A–C) employed the activated sludge treatment without Fenton pretreatment; panels (D–F) used Fenton
pretreatment at [H2O2]=[Fe2+] = 100 μM in acidic environment; panels (G–I) utilized Fenton pretreatment at [H2O2]= 200 μM; the Fenton
pretreatment is done in neutral pH in graph (J–L).

Table 3. Oxidation products detected by LC-MS during CBZ
degradation by acidic Fenton pretreatment.

Compound name CAS number ESI (+) MS
detected m/z

Formula

Carbamazepine 298-46-4 259.0842 C15H12N2O

Hydroxycarbamazepine 68011-66-5,
68011-67-6

275.0791 C15H12N2O2

Carbamazepine-10,11-
epoxide

36507-30-9 275.0791 C15H12N2O2

Dihydroxycarbazepine 35079-97-1 293.0897 C15H14N2O3

Carbamazepine-o-
quinone

1135202-29-7 289.0584 C15H10N2O3

- - 291.0740 C15H12N2O3

Acridine 260-94-6 180.0808 C13H9N

Acridine-9-carbaldehyde 885-23-4 208.0757 C14H9NO

Acridine-9-
carboxylic acid

5336-90-3 246.0526 C14H9NO2

Acridone 578-95-0 196.0757 C13H9NO

Hydroxyacridine 22817-17-0,
7132-70-9

196.0757 C13H9NO
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In a pharmaceutical factory, wastewater streams from different
departments (e.g., offices, restaurants, dormitories, manufacturing
processes, etc.) were collected and introduced into a wastewater
treatment system to meet the required regulation. The wastewater

from manufacturing processes mostly contains raw materials (e.g.,
CBZ in this study), in which the Fenton pretreatment could be
applied before its mixing with other wastewater streams to avoid
the scavenging effects by co-dissolved organic matters. On the

Fig. 6 Proposed degradation pathway of CBZ by the combined system. The oxidation pathway with known chemical structures is displayed
on the left of the figure; the unidentified products generated by biological and oxidation processes are shown on the right and bottom of the
figure.
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other hand, wastewater may contain trace inorganic elements
(e.g., Fe2+ and Fe3+)60 which can trigger the Fenton reaction and
reduce the addition of required catalyst.

METHODS
Chemicals and reagents
The reagent grade CBZ with >99% purity was purchased from
Sigma-Aldrich. For the Fenton process, reagent-grade chemicals
H2O2, FeSO4, and Na2S2O3 were obtained from Sigma-Aldrich,
Avantor, and Alfa Aesar, respectively. The deionized water was
used for solution preparation. For pH adjustment, H2SO4 and
NaOH were used to adjust the solution pH to 3 before Fenton
experimentation and to 7 before the solution was introduced into
the biological process. For the HPLC and LC-MS mobile phase, the
reagent grade methanol was purchased from Honeywell.

Fenton treatment process
The initial concentration of CBZ in Fenton experiments was 50 μM,
and the acidic FeSO4 stock solution was added to make a 1000mL
carbamazepine solution under given experimental conditions.
Sulfuric acid was used to adjust pH to 3 to ensure the Fenton
process was operated in an optimal environment. The degradation
experiment started with the addition of a given concentration of
hydrogen peroxide into the solution, and the pH was measured.
Samples were collected at the beginning, 30, 60, 120, 300, 600,
1800 s after the reaction took place. Sodium thiosulfate solution
was used to quench the reaction immediately after samples were
collected. Samples were filtered through the 0.22 μm filter and
analyzed using HPLC, TOC, EEM, and MS.
Similar to those experiments at pH 3, the Fenton degradation

was also conducted at pH 7 using the Fenton reagent doses that
had the optimal treatment efficiency at pH 3. The pH value was
adjusted by adding H2SO4 and/or NaOH before the Fenton
reaction started. However, the buffer addition is not considered in
the present study due to the interference between ferrous ions
and buffer solution, causing a reduction in Fenton degradation
under neutral conditions61,62.

Sequencing batch reactor operation
For the activated sludge treatment process, a sequencing batch
reactor (SBR) was designed to be the bioreactor. The SBR reactor
has a working volume of 4 liters and was equipped with an
aquarium-type air pump and aeration disc diffuser at the bottom
of the reactor for appropriate aeration (maintaining the dissolved
concentration above 3.0 mg/L). SBR was operated sequentially
with a cycle time of 4 h including filling (15 min), aeration
(210 min), settling (10 min), and discharge (5 min). The inoculum
of activated sludge was taken from the wastewater treatment
plant in Tucheng Industrial Park in New Taipei City, Taiwan, and
operated in the laboratory with synthetic wastewater for one
month as the adaptation period. The synthetic wastewater
contained a fixed ratio of COD, nitrogen, and phosphorus at
100:5:1 for maintaining the bacteria growth in the SBR. The main

carbon, nitrogen, and phosphorus sources were CH3COONa 3H2O
(300mg/L COD), NH4Cl (15 mg/L), and KH2PO4 (3 mg/L), respec-
tively. CaCl2·2H2O (9.2 mg/L), MgSO4·7H2O (25.6 mg/L), and
nutrient solution (25 μL/L) were also used to prepare the synthetic
wastewater. The nutrient solution consisted of the following
compounds per liter: FeCl3 (9 g), H3BO3 (1.5 g), CuSO4·5H2O (0.3 g),
KI (1.8 g), MnCl2·4H2O (0.6 g), Na2MoO4·2H2O (4.2 g), ZnSO4·7H2O
(1.2 g), CoCl2·6H2O (1.5 g), and EDTA (1 g).
In the hybrid combination of Fenton and activated sludge

process, CBZ was treated by Fenton pretreatment for 30 min and
subsequently introduced into the SBR for biological treatment.
The solution pH was adjusted to neutrality before introduction
into SBR to ensure the sludge bacteria activity would not be
inactivated by the acidic solution. Being introduced into SBR,
samples were collected 1, 2, 3, and 4 h after the activated sludge
degradation and were analyzed by HPLC, TOC, EEM, and MS.

Analytical methods
The CBZ concentrations were quantified by Thermo Scientific
Ultimate 3000 HPLC with Agilent HC-C18(2) 250 × 4.6 mm, 5 μm
column, and ultraviolet detector at a wavelength of 286 nm. The
sample volume injected was 50 μL and the flow rate was 0.6 mL/
min. The column temperature was maintained at 30 °C. Methanol
and deionized water were the mobile phase reagents and
consisted at 60:40 for 15 min detection duration. Mass spectro-
meter MicrOTOF-QII from Bruker was used to obtain the mass
spectra for peak identifications. The following settings were used:
carbamazepine and its degradation products were detected under
electrospray ionization (ESI) in the positive ion mode. The dry gas
flow rate was set to 6.9 L/min and the dry heater was at 180 °C.
The capillary voltage was set to 4500 V and the end plate offset to
−500 V. MS data were recorded in the full scan mode in the range
from 50 to 1000 m/z.
Total organic carbon (TOC) was measured using OIA 1030W

TOC analyzer by the proven heated persulfate wet oxidation
technique to analyze organic contamination levels in liquid
samples. The EEMs were illustrated using a Perkin Elmer LS-45
fluorescence spectrometer equipped with FL WINLAB software for
data processing. The system comprised a Xenon arc lamp as a
radiation source, and the excitation and emission slits were fixed
at 10 nm. EEMs were recorded in the wavelength range of λem
=250–600 nm, λex=200–500 nm both with a step width of 5 nm.
The scan speed was 500 nm/min in the 3D emission scan mode.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.
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