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a b s t r a c t

Natural organic matter (NOM) can inhibit the photocatalytic degradation of organic micropollutants
(OMPs) through inner filter effect, reactive oxygen species (ROS) scavenging, and competitive adsorption.
However, previous studies have focused solely on the bulk properties of NOM and our understanding of
the inhibition mechanism by NOM fractions during photocatalytic degradation of OMP is still frag-
mentary. In this study, five well-characterized different NOM samples (i.e., secondary treated wastewater,
river water, and three standard NOM surrogates) were used to elucidate the inhibition mechanisms
during photocatalytic degradation of carbamazepine (a model OMP) using TiO2 and its composites with
carbon nanotubes (CNT-TiO2) under UVC and solar-light irradiation. The results indicated that terres-
trially derived NOM with high aromaticity, a low oxygen/carbon atom ratio, and large molecular weight
is the major fraction that participates in ROS scavenging, competitive adsorption, and inner filter effect.
Furthermore, the modeling analysis suggested that inner filter effect due to NOM and ROS scavenging
was the most influential inhibitory mechanism. In the case of secondary treated wastewater, the pres-
ence of high concentrations of inorganic species (e.g., PO4

3�, Cl�, and NO3
�) together with NOM signifi-

cantly reduced the photocatalytic degradation of carbamazepine. Overall, the methods and the results of
this study provide a comprehensive understanding of the effects of NOM fractions on photocatalysis and
highlight the need to further consider the interplay between NOM and background inorganic constit-
uents in photocatalytic degradation of OMP.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

At suitable wavelengths (i.e., l < 380 nm), titanium dioxide
(TiO2) facilitates the photocatalytic degradation of various organic
micropollutants (OMPs) in aqueous solutions through oxidation
processes (i.e., the formation of hydroxyl radicals (�OH) and su-
peroxide radicals (�O2

�)) (Arlos et al., 2016; Cai and Hu, 2017; Doong
et al., 2001; Haroune et al., 2014; Jallouli et al., 2018). In addition,
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modifications of TiO2 by the addition of supporting carbonaceous
materials (e.g., activated carbon, graphene and carbon nanotube
(CNT)) have been shown to increase the photodegradation rate of
different pharmaceuticals and personal care products, pesticides,
and synthetic dyes due to high conductivity andmodification of the
band gap energy (Awfa et al., 2019, 2018; Koli et al., 2016; Miranda
et al., 2014; Yao et al., 2008; Yuan et al., 2016; Zouzelka et al., 2016).
Moreover, among various carbonaceous materials, CNT showed to
be the most promising supporting material due to high mechanical
strength, high thermal stability, and potential use of inherently
magnetic property for recovery from the solution (Apul et al., 2013;
Apul and Karanfil, 2015; Ateia et al., 2017b; Ersan et al., 2017). Also,
natural organic matter (NOM) such as humic substances is ubiq-
uitous in natural and engineered waters and influences the per-
formance of photocatalysts for the removal of OMPs. For instance,
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low NOM concentrations (i.e., <0.5 mg-C L�1) in water showed
enhancement of the photodegradation rate of carbamazepine by
creating attraction sites on the TiO2 particles; however, adverse
effects at higher NOM concentrations (i.e., >0.5 mg-C L�1) were
observed (Brame et al., 2015; Drosos et al., 2015; Li and Hu, 2018;
Ren et al., 2018; Ye et al., 2019; Yuan et al., 2018). These studies
indicated the importance of inhibition mechanisms by NOM for the
removal of OMPs in water and/or wastewater from treatment
plants, where the typical organic concentrations in the water
supply and wastewater are more than 0.5 mg-C L�1 (Ahmadi et al.,
2016; Raeke et al., 2017). Previous studies have reported that NOM
interferes with photocatalytic degradation via inner filter effect,
radical scavenging, and competition between NOM and target
OMPs over the active sorption sites. First, the presence of NOM in
water acts as an inner filter whichwould decrease the availability of
light (i.e., energy) to produce reactive oxygen species (ROS) (Ye
et al., 2019). Second, in the context of photodegradation, the
NOM can reduce the interaction of targeted contaminants close to
the catalysts active site (i.e., competitive adsorption) (Ren et al.,
2018). Third, the NOM can react with the ROS due to the non-
selective nature of the ROS and reduce the effectiveness of the
ROS in the photodegradation process (Michael-Kordatou et al.,
2015). Among those inhibition mechanisms, Brame et al. (2015)
stated that ROS scavenging and competitive adsorption by NOM
were the most influential inhibitory mechanisms in a TiO2 slurry
system.

Yet, our understanding of the effect of NOM fractions and their
compositions on the photocatalytic degradation of OMP is still
fragmentary. The limited observations in previous studies
(Table S1) are due to a number of critical factors: 1) most of the
studies used high OMP concentrations up to 10 mg/L, which are
atypical of environmental concentrations; 2) these studies are not
necessarily comparable because only a few NOM types were tested
and there were differences in experimental conditions; 3) most of
the previous studies focused on the bulk properties of the back-
ground NOM (i.e., dissolved organic carbon [DOC]) during the OMP
photocatalysis; 4) the light source varied among studies (i.e., UVC
and solar irradiation); 5) almost all of the studies focused on TiO2 as
a photocatalyst and no studies examined the effect of NOM on the
photocatalysis of OMP by carbonaceous composites of TiO2; and 6)
the studies used only NOM surrogates despite the greater accuracy
assessing the inhibition mechanism of NOM in real water samples.
Therefore, there is still a need for improved understanding of the
photocatalysis of OMP by TiO2 and its carbonaceous composites in
the presence of NOM to adequately assess the potential engineering
applications.

Herein, we considered such limitations in the literature and
designed this study to elucidate the effects of NOM on the photo-
catalytic degradation of OMP using TiO2 and CNT-TiO2. CNT-TiO2
was chosen as one modified form of carbonaceous-TiO2 catalysts
that attracted a lot of attention for environmental application,
while TiO2 was used as a benchmark photocatalyst. To this end, the
overall objective was to systematically investigate the photo-
catalytic behavior of carbamazepine as a selected OMP in the
presence of three NOM surrogates (i.e., reverse osmosis isolate
NOM, humic acid, and fulvic acid) by performing kinetic experi-
ments and using a set of NOM characterization techniques (i.e.,
DOC, fluorescence, and UVevis spectroscopy) to document the
characteristics and fate of background NOM during the photo-
catalysis process (i.e., under UVC and solar irradiation). Further-
more, secondary treated wastewater and river water were used to
accurately assessed the inhibition mechanism of NOM in real water
samples. The specific objectives of research were: 1) to reveal the
relationship between the NOM properties and the photocatalytic
degradation rate of carbamazepine, 2) to reveal the role of NOM in
the inhibition mechanisms, and 3) To determine the relative
importance of the inhibition mechanisms (i.e., ROS scavenging,
inner filter effect, and competitive adsorption) in CNT-TiO2 systems
based on inhibition model analysis and comparison to TiO2 system.
We focused on the degradation of carbamazepine (an antiepileptic
drug) which is persistent, stable against biological processes, direct
photolysis, and 3NOM� oxidation (Yan et al., 2017), widely detected
in the aquatic environment (Anumol et al., 2016; Sousa et al., 2018;
Zhang et al., 2018b), and causes serious toxicity to aquatic organ-
isms (e.g., bacteria, algae, invertebrates, and fish) (Ferrari et al.,
2003) and chicken embryos (Kohl et al., 2019). Carbamazepine is
also a suitable anthropogenic indicator marker for assessing the
efficiency of water or wastewater treatment for the removal of
OMPs (Dickenson et al., 2011, 2009).

2. Materials and methods

2.1. Materials

Carbamazepine (�98%, molecular formula C15H12N2O, molecu-
lar weight 236.269 g mol�1), Aeroxide P25 TiO2 (�99.5%, Brunauer-
Emmet-Teller (BET) specific surface area 35e65 m2 g�1, average
particle size < 21 nm) and high-performance liquid chromatog-
raphy (HPLC) grade methanol (�99.8%) were purchased from
Sigma-Aldrich Japan (Japan). Industrial grade multi-walled CNT
(>90%, diameter 10e20 nm, length 10e30 mm, BET specific surface
area 201 m2 g�1) was obtained from Chengdu Alpha Nano Tech-
nology (China). A permanent Nd-Fe-B magnet was purchased from
Magna Co. (Japan). Ethanol, HCl, and NaOH were sourced from
Kanto Chemical (Japan). Sodium oxalate and isopropanol were
purchased from Fujifilm Wako Pure Chemical Industries (Japan).
Suwannee River reverse-osmosis isolates (SRNOM), Suwannee
River humic acid (SRHA), and Suwannee River fulvic acid (SRFA)
were purchased from the International Humic Substances Society
(IHSS; USA). The chemical properties of the NOM samples are
shown in Table S2. All reagents were of analytical grade and were
used as received.

A stock solution of 10 mg L�1 carbamazepine was prepared in
ultrapure water (18.2 MU cm�1). The NOM samples were dissolved
in 0.01 M NaOH solution to prepare a 10 g L�1 NOM stock solution,
and then the pH was adjusted to 7.0 ± 0.2 using 0.1e1 M HCl so-
lutions. The volumes of acid and alkali solutions were recorded and
considered when calculating the final NOM concentration. All stock
solutions were stored at 4 �C in the dark when not in use, and the
desired concentrations were obtained by diluting the stock solu-
tions with ultrapure water. A secondary-treated wastewater
(SWW) sample was collected in February 2019 after secondary
treatment (activated sludge and secondary clarifier) at a municipal
wastewater treatment plant in Tokyo, Japan. Water from the Tama
River (RW) was collected at latitude 35�350 N. and longitude
139�40’ E., about 13 km from the mouth of the river in April 2019.
After collection, the SWW and RW were filtered with a 0.45-mm
PTFEmembrane filter (Omnipore JHWP, 47mmdiameter) andwere
poured into pre-rinsed amber glass bottles (3 L) and stored in a
refrigerator (4 �C). The water quality characteristics of the RW and
SWWare summarized in Table S3. The pH of thewater samples was
adjusted to 7.0 ± 0.2 under temperature-controlled laboratory
conditions prior to performing the photocatalysis experiments.

2.2. Photocatalytic degradation experiments

In this study, TiO2 and CNT-TiO2 composites were used as the
catalysts. The detailed preparation and characterization of all cat-
alysts are described in Section S1 in the supporting information.
Photocatalytic degradation experiments were conducted in 100 mL
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aqueous solution in a 200 mL glass beaker. A magnetic stirrer was
used to ensure homogeneous mixing of the catalysts in the solu-
tions. Solutions were prepared having initial concentrations of
500 mg L�1 for carbamazepine and 3 mg-C L�1 for dissolved organic
carbon as either SRNOM, SRFA, or SRHA. The concentrations of
carbamazepine and the DOC values of the NOM were determined
based on reported average concentrations in the surface water and
in the secondary treated domestic wastewater (Carbonaro et al.,
2013; Cardoso et al., 2014; Raeke et al., 2017). The pH values of
the solutions were adjusted to 7.0 ± 0.2 with 0.01 M HCl and NaOH.
The concentration of TiO2 and CNT-TiO2 was 0.1 g L�1. The water
temperaturewas kept constant at room temperature (26 ± 3 �C). An
8W UVC lamp (GLK8MQ; Sankyo Denki, Japan) was installed to
provide ultraviolet radiation with l ¼ 254 nm and light intensity
80 W m�2. In the case of solar irradiation, a solar simulator (MS-
35AAA; Ushio Lighting Edge Technologies, Japan) with light in-
tensity of 1000Wm�2 was used as a light source (Lee et al., 2017b).
For all experiments, prior to irradiation, the suspension was stirred
in the dark for 60 min to allow an adsorption equilibrium of car-
bamazepine to be established on the catalyst surface. It was
confirmed that additional stirring for 120min resulted in no further
adsorption of carbamazepine. During irradiation, an aliquot (50mL)
of slurry was withdrawn after 5, 10, 15, 20, and 30min, respectively.
Blank experiments in ultrapure water and also without catalysts
were conducted to test the photocatalysis in the absence of NOM
and photolysis. All the experiments were performed in duplicate.
Moreover, to elucidate the main oxidizing agents produced by the
CNT-TiO2 system, isopropanol (�OH quencher) and sodium oxalate
(hþ quencher) were employed in the photocatalysis process (i.e., in
ultrapure water) (Zhang et al., 2018a).

The effect of water matrices was evaluated by spiking carba-
mazepine into SWW and RW (500 mg L�1), followed by photo-
catalytic degradation using CNT-TiO2 under UVC irradiation (One
8WUVC lamp, lmax¼ 254 nm, light intensity 80Wm�2, GLK8MQ;
Sankyo Denki). UVC was used as the source of the light irradiation
due to the higher energy (i.e., higher photocatalytic activity). As a
control experiment, 500 mg L�1 of carbamazepine was also spiked
into the SRNOM and compared alongside the SWW and RW. The
SRNOM was selected because its NOM property is similar to that of
the SWWand the RW in terms of fluorescence index [FI] values, and
a UVC lamp was used as an irradiation source, considering the high
energy of this source which would favor the production of radicals.
The experiments were performed under the same operating con-
ditions examined for ultrapure water spiked with NOM standards
(i.e., SRNOM, SRFA, and SRHA). The detailed analytical procedures
(i.e., HPLC, LC-MS/MS, IC, TOC, UV, and fluorescence) are described
in Section S2. The photocatalytic activity of the TiO2 and CNT-TiO2
are described using a pseudo-first-order kinetic equation Eq. (1)
(Ateia et al., 2020):

ln
Ct
Co

¼ � k:t (1)

where Co and Ct are the initial concentration and concentration of
the carbamazepine at a certain time, respectively, k is the pseudo-
first-order rate constant (min�1), and t is the time (min).
2.3. Model application

The NOM inhibition model (Brame et al., 2015) (Eqs. (2)e(7)) for
photocatalytic degradation was applied to elucidate the NOM in-
hibition mechanism (i.e., ROS scavenging, competitive adsorption,
and inner filter effect) in the experiment. The results from photo-
catalytic degradation of carbamazepine under solar irradiation in
the presence of the SRNOM were chosen due to the availability of
relevant parameters in the literature and the similar NOM charac-
teristics to SWW and RW.

dCA
dt

non¼ � kACACROS;S

0
BB@

1
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D
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1
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D

(3)

PROS;0 ¼ kACROS;BCA � kACROS;SKACA
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(4)

dCA
dt

inhibit¼ �PROS;0
1þ kNCNðFþKNSÞ
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10�mLCN (5)

F¼ 1

1þ kACAþkNCN
D

(6)

S¼ 1
1þ KACA þ KNCN

(7)

Here, dCA/dt non is the degradation rate of carbamazepine in the
absence of the SRNOM, dCA/dt inhibit is the degradation rate of
carbamazepine in the presence of the SRNOM, kA is the reaction
rate constant of carbamazepine, kN is the reaction rate constant of
carbamazepine, KA is the Langmuir adsorption constant of carba-
mazepine, KN is the Langmuir adsorption constant of SRNOM, D is
the diffusion coefficient, CROS,B is the concentration of ROS in the
bulk solution, CROS,S is the concentration of the ROS on the surface
of the catalyst, PROS,0 is the production of ROS in the absence of the
SRNOM, PROS is the production of ROS in the presence of the
SRNOM, CA is the equilibrium concentration of carbamazepine, CN
is the equilibrium concentration of the SRNOM, and mL is inner filter
constant. Modeling parameters are given in Table S4. The reaction
rate constants (kA and kN) for �OH and the diffusion constant (D) for
�OH were taken from the literature. The Langmuir adsorption
constants (KA and KN) were taken from the literature sources for
identical CNTs and modified accordingly with the specific surface
area for the CNT-TiO2 used in this work. The degradation rate for
carbamazepine removal in the absence and presence of NOM (dCA/
dt non and dCA/dt inhibit, respectively), CA, and CN were measured
from the experiments (some data were used for validation). The
production of ROS in the absence of NOM (PROS,0) and inner filter
constant (mL) were calculated using Eqs. (2)e(7). After acquiring all
the parameters, prediction of the degradation removal rate of car-
bamazepine in the presence of NOM (dCA/dt inhibit model) was
performed and the results compared with the dCA/dt inhibit values
from experiments (dCA/dt inhibit exp.) to validate the model; this
was followed by calculation of the root mean square error (RMSE).
Nonlinear regression by Microsoft Excel Solver was used to adjust
the constants (i.e., kA, kN, KA, KN, D, Pros,0, and mL). Furthermore,
point elasticity analysis was performed to check the most influen-
tial mechanism for NOM inhibition (Brame et al., 2015). The point of
elasticity is defined as the percent change in the dependent vari-
able (i.e., carbamazepine degradation rate) divided by the percent
change in an independent variable. The KA/KN, kA/kN, and mL pa-
rameters are the major independent variables in the inhibition
model, which can describe the competitive adsorption, ROS scav-
enging, and inner filter effect, respectively (Brame et al., 2015).



Fig. 1. Photocatalysis rate constant of carbamazepine by UVC irradiation (A) and solar
irradiation (B) in ultrapure water (UPW), UPW spiked with isopropanol (IP), and UPW
spiked with sodium oxalate (SO). [Carbamazepine]o ¼ 500 mg L�1, [IP] ¼ 2 mM,
[SO] ¼ 2 mM. Data and error bars indicate the average and standard error from
duplicate experiments.
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3. Results and discussion

3.1. Material characterization

The morphology of the CNT-TiO2 revealed that TiO2 clusters
were attached on the surface of the CNT (SEM image, Fig. S1), which
was further confirmed by TEM-EDX analysis (Figs. S2 and S3). The
surface area, the total pore volume, and the pore distribution of the
samples are listed in Table 1. The specific surface area of the CNT-
TiO2 was three times higher than that of the TiO2. Furthermore, the
CNT-TiO2 showed a narrower bandgap in visible light region
(2.8 eVz 440 nm) than that of the TiO2 (3.3 eVz 376 nm) (Fig. S4),
which suggested that CNT-TiO2 may function as a superior photo-
catalytic material and may be active under both solar and UV
irradiation. The crystalline property of TiO2 and the prepared CNT-
TiO2 was confirmed by XRD analysis (Fig. S5). The diffraction peak
of TiO2 consisted of anatase (main diffraction peak at 2q z 25.3�)
and rutile (main diffraction peak at 2q z 27.4�) TiO2 peaks. The
CNT-TiO2 had four main diffraction peaks at 2q z 26� and 43�,
which were attributed to the CNT graphite-like structure, and at
2q z 25.3� and 27.4�, which were attributed to anatase and rutile
TiO2 peaks, respectively. More details on the characterization of the
CNT-TiO2 are available in a previous report (Awfa et al., 2019).

3.2. Photolysis and photocatalytic degradation of carbamazepine

Photolysis of carbamazepine by UVC and solar irradiation was
well fitted by the pseudo-first-order kinetic model (Fig. S6). Direct
photolysis of carbamazepine under UVC and solar irradiation
showed very low removal (<5%), with photolysis rate constants
(kcarbamazepine) of 5 ± 1 � 10�4 min�1 and 4 ± 0.7 � 10�4 min�1

during UVC and solar irradiation, respectively. The amide bonds in
carbamazepine make it highly resistant to UVC (Deng et al., 2013).
In the case of direct photolysis under solar irradiation, carbamaz-
epine does not have functional groups that absorb radiation
>290 nm (i.e., corresponding to the main solar irradiation spec-
trum) (Wang et al., 2017). During photocatalysis, carbamazepine
was rapidly degraded with kcarbamazepine values of
4.75 ± 0.07 � 10�2 min�1 (UVC/TiO2), 7.0 ± 0.08 � 10�2 min�1

(UVC/CNT-TiO2), 3.95 ± 0.07 � 10�2 min�1 (solar/TiO2), and
5.5 ± 0.06 � 10�2 min�1 (solar/CNT-TiO2), as shown in Fig. 1. Given
that direct photolysis was negligible, it is evident that the removal
of carbamazepine was due mainly to its reaction with radicals
produced by photocatalysis. The participation of radicals in carba-
mazepine photocatalytic degradation was then clarified by the
addition of isopropanol (IP) as a scavenger for �OH and sodium
oxalate (SO) as a scavenger of hþ. As shown in Fig. 1, the addition of
IP and SO resulted in the inhibition of carbamazepine photo-
catalytic degradation, suggesting that both �OH and hþ participated
in the photocatalysis of carbamazepine by TiO2 and CNT-TiO2. In
general, the photocatalytic activity (i.e., k) of CNT-TiO2 was higher
than TiO2 because 1) the excited CNT can inject electrons into TiO2
which increases the photocurrent (Woan et al., 2009), 2) the exci-
tation electron from CNT can combine with dissolved O2 to form
superoxide (Woan et al., 2009), and 3) CNT provides suitable sites
for the sorption of contaminants, which act as an electron sink and
Table 1
Characteristics of TiO2 and CNT-TiO2 used in this study.

Catalysts Carbon contents (%) SA (m2 g�1) PVtotal (cm3 g�1) [%]

TiO2 e 56 0.24 [100]
CNT-TiO2 32 151 1.2 [100]

SA: surface area; PVtotal: total pore volume; PVmicro: volume of micropores (PV < 2 nm);
(PV > 50 nm).
facilitates visible light absorption due to the TieOeC linkage (i.e.,
bandgap reduction) (Awfa et al., 2019). Furthermore, UVC photo-
catalysis showed higher kcarbamazepine values than solar irradiation
because the shorter wavelength (i.e., UVC) is associated with a
greater photon energy that can promote electrons to the conduc-
tion band with high kinetic energy (Phong and Hur, 2016).

3.3. Photolysis and photocatalytic degradation of carbamazepine in
the presence of different NOM surrogates

The NOM inhibition mechanisms: The addition of three
different NOM surrogates inhibited the carbamazepine photolysis
under UVC and solar irradiation (Fig. 2). These inhibitions of car-
bamazepine photolysis were due presumably to inner filter effect of
the SRNOM, the SRFA, and the SRHA (Lee et al., 2014). Both the SRFA
and the SRHA with higher aromatic content (i.e., high SUVA254
value) exhibitedmore inhibition than the SRNOM for the photolysis
of carbamazepine. Apparently, the NOM with high aromatic con-
tent can intercept the light transmission and also increase the en-
ergy consumption from UVC and solar irradiation (Guerard et al.,
2009).

Furthermore, the inhibitory effect of NOM on photocatalysis
may also be due to the surface deactivation of TiO2 and CNT-TiO2 by
PVmicro (cm3 g�1) [%] PVmeso (cm3 g�1) [%] PVmacro (cm3 g�1) [%]

0.002 [0.8] 0.13 [53.7] 0.11 [45.4]
0.01 [0.8] 0.65 [54.4] 0.54 [44.8]

PVmeso: volume ofmesopores (2 < PV 50 nm); and PVmacro: volume ofmacropores



Fig. 2. Photolysis rate constants of carbamazepine by UVC and solar irradiation in ultrapure water (UPW) and in the presence of different NOM surrogates.
[Carbamazepine]o ¼ 500 mg L�1 and [SRNOM] ¼ [SRFA] ¼ [SRHA] ¼ 3 mg C L�1. Data and error bars indicate the average and standard error from duplicate experiments.

Fig. 3. Photocatalysis rate constants of carbamazepine by UVC irradiation (A) and solar
irradiation (B) in the presence of different NOM surrogates.
[Carbamazepine]0 ¼ 500 mg L�1 and [SRNOM] ¼ [SRFA] ¼ [SRHA] ¼ 3 mg-C L�1. Data
and error bars indicate the average and standard error from duplicate experiments.
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adsorption and/or radical scavenging (Brame et al., 2015). The
adsorbed NOM was capable of reducing the interaction of carba-
mazepine close to the catalyst active sites for the photodegradation
process (i.e., competitive adsorption) and NOM can also scavenge
the holes (hþ) in the catalyst valence band (Ren et al., 2018). As
indicated in Fig. S7, the competitive adsorption of NOM reduced the
adsorption capacity of carbamazepine onto CNT-TiO2 in the order
SRHA > SRFA > SRNOM. The difference in this competitive
adsorption can be attributed to the higher aromaticity of the SRHA,
as indicated by the SUVA254 value (Ateia et al., 2017a). The presence
of the CNT provided a high surface area with hydrophobic sites in
the CNT-TiO2 composite. However, in the case of TiO2 alone, the
presence of NOM had a minimal effect on the adsorption of car-
bamazepine on TiO2, implying that there was no competitive
adsorption between carbamazepine and NOM. This is apparently
due to the surface hydrophilicity and limited surface area of TiO2
(Yang and Xing, 2009; Yuan et al., 2018). Thus, the inhibitory effect
of NOM was attributed mainly to inner filter effect and the radical
scavenging for TiO2. However, in the case of CNT-TiO2, competitive
adsorption together with inner filter effect and radical scavenging
were responsible for the mechanism of NOM inhibition in photo-
catalytic degradation of carbamazepine.

The role of NOM composition: The addition of the NOM sur-
rogates negatively affected the photocatalytic degradation of car-
bamazepine by TiO2 and CNT-TiO2 under UVC and solar irradiation
(Fig. 3 and Fig. S8), which is consistent with previous studies (Doll
and Frimmel, 2005; Haroune et al., 2014). The degree of inhibition
of carbamazepine photocatalysis by different NOM surrogates fol-
lowed the order SRHA > SRFA > SRNOM, implying the dependence
of the carbamazepine photocatalysis degradation rate on the NOM
characteristics. NOM interferes with the photocatalytic mecha-
nisms via inner filter effect, radical scavenging, and adsorbed NOM
competes for active sites with the targeted OMP. Despite the lower
photodegradation rate in the presence of NOM, the reduction in the
photodegradation rate of CNT-TiO2 (i.e., ~50%e80% inhibition) was
less than that of TiO2 (i.e., ~55%e90%) for both UVC and solar
irradiation perhaps due to the fact that the high surface area of the
composite provided sufficient active sites for the photocatalytic
degradation on CNT-TiO2 in contrast to that for TiO2 (Awfa et al.,
2019). The changes in DOC during photocatalytic degradation are
described in Section S3 in the supporting information.

In addition, five excitation emission matrix (EEM) peaks having
different excitation/emission pairs were investigated to understand
the effects of several NOM fractions with different sources and
relative size variations on the photocatalytic degradation of



Fig. 4. Photocatalysis rate constants of NOM for different peaks.
[Carbamazepine]o ¼ 500 mg L�1 and [SRNOM] ¼ [SRFA] ¼ [SRHA] ¼ 3 mg-C L�1. Data
and error bars indicate the average and standard error from duplicate experiments.
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carbamazepine (Table 2). Adsorption of NOM peaks onto TiO2 and
CNT-TiO2 were in the order peak C > M > A > T > B (Fig. S9). This
order can be explained by the linkage of the terrestrial humic-like
component with larger and more hydrophobic NOM fractions,
which typically have a higher adsorption affinity on the catalysts
(Zhao et al., 2018). Irrespective of the NOM fractions, the adsorption
onto CNT-TiO2 was higher than onto TiO2 because CNT-TiO2 is hy-
drophobic and has a higher specific surface area. In the case of
photolysis (Fig. S10), the highest photolysis degradation of the NOM
fractionwas peak T with an excitationwavelength at 275 nm under
UVC irradiation (UVC irradiation lmax ¼ 254 nm). In contrast, the
NOM fraction degradation under solar irradiation (solar irradiation
lmax ¼ 550 nm) was in the order C >Mz A > T > B. These results
were consistent with previous photolysis studies using UVC irra-
diation (Phong and Hur, 2016) and solar irradiation (Moran et al.,
2000). The highest removal of NOM fractions was found when
the excitation peak wavelengths were close to the maximum irra-
diation wavelength, followed by those with longer to shorter peak
excitation wavelengths (Del Vecchio and Blough, 2002). For pho-
tocatalytic degradation, the order of the NOM photocatalytic
degradation rate (kNOM) was peak C > M > A > T > B for both TiO2

and CNT-TiO2 under UVC and solar irradiation (Fig. 4). A previous
study indicated that the different degradation behaviors of the
NOM peaks can be explained by the catalyst-associated reaction
pathways (Phong and Hur, 2015). The NOM peak that was adsorbed
or adhered to the catalyst’s surface was likely to be more preferably
degraded by hydroxyl radicals and/or react with holes (hþ), leading
to the highest degradation. Therefore, it was presumed that peak C
gives the highest kcarbamazepine inhibition in carbamazepine pho-
tocatalytic degradation.

Previous studies reported that the fluorescence index (FI) can be
a superior indicator for investigation of the changes of NOM during
several water treatment processes such as photocatalysis (Bekbolet
and Sen-Kavurmaci, 2015), photocatalytic disinfection (Birben
et al., 2017), ozonation (Rodríguez et al., 2014), and adsorption
(Ateia et al., 2017a). In this study, the FI values were calculated to
evaluate the preferential removal of NOM fractions during carba-
mazepine photocatalytic degradation. As shown in Table S2, the FI
values for the samples (i.e., before photocatalysis) indicated that
the SRHA and the SRFA were more likely to be terrestrial-derived
NOM (FI < 1.2). However, the SRNOM shared the characteristics
of both terrestrial and microbial aquatic NOM (1.2 < FI < 1.8). As
illustrated in Fig. 5, the FI values of all NOM samples increased after
photocatalysis under UVC and solar irradiation (FI > 1.2). This
indicated the preferential photocatalytic degradation of terrestri-
ally derived compounds. Previous studies tested the same standard
NOM samples, reporting that terrestrially derived NOM is rich in
aromatic moieties (Ateia et al., 2017a) and has a high average mo-
lecular weight (Shimabuku et al., 2017). FI is related to the source of
NOM. Thus, the increase of the FI values further suggests that
terrestrially derived NOM (i.e., NOM fractions with high molecular
weight and high aromatic moieties) were preferentially removed
during the photocatalytic degradation.

Further analysis of the results indicated that kcarbamazepine had
Table 2
The excitation-emission pairs (peak picking) used in this study.

Peak Excitation (nm) Emission (nm) Peak descript

B 275 306 Protein-like c
T 275 340 Protein-like c
A 240 444 Terrestrial hu
M 300 444 Marine humic
C 350 460 Terrestrial hu

a References (Coble, 1996; Lee et al., 2017a).
correlations with the O/C ratio, SUVA254 and FI, and the degradation
rate of Peak C (Fig. 6). Also, NOM with lower O/C ratios tended to
have a higher inhibition in carbamazepine photocatalytic degra-
dation (Fig. 6A). Lower O/C ratios implied the NOM contained fewer
oxygenic groups, especially carbonyl and/or carboxylic groups. A
similar trend was previously observed for the preferential degra-
dation of NOM with low O/C ratio by TiO2 (Lv et al., 2017). In
addition, terrestrially derived NOM (low FI value) with high
aromaticity (high SUVA254 value) exhibited higher inhibition of
kcarbamazepine (Fig. 6B and C), which is in agreement with Fig. 6D,
where higher degradation rates for Peak C (terrestrial humic-like
and high molecular weight components of NOM) led to a
decrease in kcarbamazepine.
ion a

omponent which resembles tyrosine but may be free or combined amino acid
omponent which resembles tryptophan but may be free or combined amino acid
mic-like component and may consist of low molecular weight compounds
-like component and may consist of intermediate molecular weight compounds
mic-like component and may consist of high molecular weight compounds



Fig. 5. Changes in the fluorescence index (FI) for all NOM samples in this study. [Carbamazepine]o ¼ 500 mg L�1 and [SRNOM] ¼ [SRFA] ¼ [SRHA] ¼ 3 mg-C L�1. Data and error bars
indicate the average and standard error from duplicate experiments.

Fig. 6. Relationships of photocatalytic degradation rate constants (k) of carbamazepine to (A) O/C atomic ratio, (B) SUVA254, (C) Fluorescence index (FI) and (D) degradation rate of
peak C (kPeak C).
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3.4. The relative importance of each inhibition mechanism in the
photocatalytic degradation

The previous study indicated that the inhibition model gave a
reasonable prediction (R2 > 0.88) for the photocatalytic degrada-
tion of the OMP in the presence of background NOM with TiO2
under UVA irradiation, and the relative importance of NOM inhi-
bition followed the order ROS scavenging > competitive
adsorption > inner filter effect (Brame et al., 2015). Therefore, the
existing inhibition model could also be useful for explaining the
role of each NOM inhibition mechanism in the photocatalytic
degradation of carbamazepine using CNT-TiO2. In this study, the
model predicted the degradation rates of carbamazepine using
CNT-TiO2 with a high degree of accuracy (R2 > 0.8,
RMSE ¼ 0.0005 mg L�1 min�1, Fig. S11). This result validated the
existing NOM inhibition model and showed its capability to predict
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degradation of OMPs in water containing NOM using CNT-TiO2
under solar light irradiation. As shown in Fig. 7, the relative
importance of the NOM inhibition mechanism in CNT-TiO2 photo-
catalysis followed the order ROS scavenging > inner filter
effect > competitive adsorption. This finding was contrary to the
previous study conducted by Brame et al., (2015), where competi-
tive adsorption was found to be relatively more important than
inner filter effect in the case of TiO2. This inhibitory effect depends
significantly on the physicochemical properties of the target com-
pound, the catalyst, and the quality and quantity of NOM. Despite
the fact that a similar NOM (i.e., SRNOM) was used, it should be
noted that the previous study involved TiO2 while in this study,
CNT-TiO2 was used as the photocatalyst. The high surface area of
the CNT-TiO2, unlike TiO2, provided sufficient active sites for the
adsorption. Therefore, the difference in the catalyst properties
affected the relative order of inner filter effect and competitive
adsorption. Yet, the role played by NOM as a ROS scavenging still
provided the most important inhibition mechanism in the photo-
catalytic degradation of OMP for both TiO2 and CNT-TiO2. Further-
more, a change of NOM property would also affect the CNT-TiO2
photocatalysis. In the case of NOM with higher aromaticity and
molecular weight, there would be an increase in the values of KN
(i.e., decrement of KA/KN), kN (i.e., decrement of kA/kN), and mL,
which would equate to a larger influence of the inhibitory com-
pound and therefore lead to a decrement in the degradation rates.
According to the point elasticity values of 0.4, 0.7, and 0.6 for KA/KN,
kA/kN, and mL, a 10% change in competitive adsorption (KA/KN), ROS
scavenging (kA/kN), and inner filter effect (mL) would result in a 4%,
7%, and 6% reduction in the modeled degradation rates,
respectively.
3.5. Photocatalytic degradation of carbamazepine in secondary
treated wastewater and river water

Further insight into the mechanism of NOM inhibition was
Fig. 7. The relative importance of the NOM inhibition mechanism in CNT-TiO2 pho-
tocatalysis for the removal of carbamazepine under solar irradiation. The tested NOM
were SRNOM, SRHA, and SRFA.
gained from studies using SWW and RW. The carbamazepine
photodegradation removal obtained in these waters is summarized
in Fig. 8. The degree of inhibition of carbamazepine photocatalysis
by the different water matrices followed the order SWW > SRNOM
3 mg-C L�1 > RW > SRNOM 1 mg-C L�1, and contrary to the pre-
vious findings where SUVA254 and FI showed a strong linear rela-
tionship with carbamazepine removal (Fig. 6B and C). The lowest
removal rate was obtained with the secondary wastewater (i.e., the
lowest SUVA254 and FI value) with the carbamazepine removal
being around 40%. However, small reductions in photocatalytic
degradation removal (less than 15% after 30 min) were observed
with SRNOM (1 mg-C L�1 and 3 mg-C L�1) and RW water matrices
in comparison to pure water. The highest catalyst deactivation in
SWW was possibly attributed to the combined effect of the pres-
ence of both the different mineral species and organic matter at
relatively high concentration in comparison with other water
matrices (Table S3). The predominant inorganic species in the
SWW were NO3

�, PO4
3�, and Cl�, with the concentrations varying

from 22 mg L�1 to 76 mg L�1. The presence of high concentrations
of inorganic species has been linked to the competition for active
sites and free radicals (i.e., ROS scavenging). In addition to these
inorganic species, SO4

2� was also detected in RW and SWW (data
not shown). Even at low concentrations (<0.01 M), SO4

2�, PO4
2� and

Cl� decreased the photocatalytic degradation rate for targeted
contaminants by reacting with hþ and �OH producing SO4

� radicals,
PO4

� radicals and Cl� radicals, respectively (Abdullah, 1990). SO4
�

radicals, PO4
� radicals and Cl� radicals are known to be less reactive

than �OH radicals. Moreover, SO4
2� can cause stronger deactivation

effect than chlorides because SO4
2� scavenges reactive oxygen

species at higher rate (Rioja et al., 2016). In the case of NO3
�, at high

concentration, NO3
� could be absorbed on the catalyst surface and

compete for the active sites with the target pollutants (Lado Ribeiro
et al., 2019). These phenomenon have been observed for the pho-
tocatalytic degradation of clofibric acid in recycled wastewater
using UVA-TiO2 (Rioja et al., 2016).

The FI values for all water samples before photocatalysis indi-
cated that all water samples shared the characteristics of both
terrestrial and microbial aquatic NOM (1.2 < FI < 1.8). The prefer-
ential photocatalytic degradation of terrestrially derived organic
matter during the photocatalytic degradation of carbamazepine in
the presence of organic matter in SWW and RW was confirmed
(Fig. S12). However, the increase of the FI values for SWW after the
treatment was not higher relative to those in RW and SRNOM. One
possible reason for this is the higher abundance of microbial-
Fig. 8. Photocatalytic degradation of carbamazepine by CNT-TiO2 under UVC irradia-
tion ([Carbamazepine]o ¼ 500 mg L�1, irradiation time ¼ 30 min). Data and error bars
indicate the average and standard error from duplicate experiments.
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derived organic matter (i.e., small molecular weight and low
aromaticity) compared with terrestrial-derived organic matter (i.e.,
large molecular weight and high aromaticity) in the SWW water
sample (Carstea et al., 2016), which is less preferentially degraded
by photocatalysis (Keen et al., 2014). Further, the EEM peaks indi-
cated that photocatalytic degradation removal of NOM peaks fol-
lowed the order peak C > M > A > T > B for both SRNOM and RW
(Fig. S13), which is in agreement with the previous findings in the
presence of NOM surrogates (e.g., SRNOM, SRFA, and SRHA).
However, in the case of the SWW, the removal of NOM peaks fol-
lowed the order peak T > B >M > A > C. This indicates that protein-
like and marine-like components were likely to inhibit the CNT-
TiO2 photocatalysis in the SWW to a greater extent compared to
humic-like components. Although peak T (i.e., microbial derived
NOM) has a low adsorption affinity, due to the higher relative
abundance of microbial derived NOM in SWW and the non-
selective nature of the ROS, the ROS scavenging by peak T (i.e.,
higher removal of peak T) may have occurred. This finding is in
agreement with the calculation of the relative importance of each
inhibition mechanism of NOM (i.e., section 3.4), where ROS scav-
enging was still the most important inhibition mechanism in the
CNT-TiO2 photocatalysis. Another possible reason was that UV
photocatalysis preferentially degraded the aromatic compounds
and phenols in the SWW; because the energy of UV photocatalysis
is limited, the unsaturated bonds would have been transformed
into carboxylic acids, aldehydes, andmore (Meng et al., 2016). Thus,
UV photocatalysis would have increased and/or maintained the
abundance of fulvic acid-like and humic acid-like compounds in the
SWW sample.

The photochemical process of contaminant degradation is
energy-intensive and the electrical energy per order (EEO) repre-
sents amajor fraction of the total operating cost (Vishnuganth et al.,
2016). This approach allows for simple comparison and provides
data required for scale-up and economic analysis. The EEO values
(kWh m�3 order�1) calculated for carbamazepine removal in ul-
trapure spiked with NOM, RW, and SWW are shown in Fig. S14. In
general, the electrical energy consumption for the photocatalytic
degradation of carbamazepine inwater containing NOMusing CNT-
TiO2 ranged from 43 to 231 kWh m�3 order�1, and where the
median EEO values for UV-TiO2 photocatalysis was reported as be-
ing >100 kWh/m3/order (Miklos et al., 2018). Therefore, the syn-
ergetic effect of CNT-TiO2 leads to efficient UV photocatalysis (i.e.,
SRNOM and RW cases) and supports the applicability of photo-
catalysis in water treatment process.

4. Conclusions

The main target of this study was to elucidate the inhibition
mechanisms during photocatalytic degradation of carbamazepine
using TiO2 and CNT-TiO2 under UVC and solar-light irradiations. The
results indicated that terrestrially derived NOM with high aroma-
ticity and large molecular weight is the major fraction of organic
matter that participates in the inhibition process. However, in the
case of SWW, microbial-derived NOM, which is rich in protein-like
compounds, is the major fraction that participates in the inhibition.
Further analysis using NOM inhibition model indicated that the
relative importance of the NOM inhibition mechanism in CNT-TiO2
photocatalysis process followed the order ROS scavenging > inner
filter effect > competitive adsorption. In addition, the presence of
other water reaction chemistries, particularly those involving
inorganic species, affected the photocatalysis performance by
acting as radical scavengers. Overall, CNT-TiO2 may exhibit a pho-
todegradation activity and participate in an energy-efficient pro-
cess for the removal of carbamazepine depending on the nature of
the dissolved organic matter property of the system. By providing a
comprehensive understanding of the effect of NOM in TiO2 and
CNT-TiO2 photocatalysis, this study will promote the introduction
of new treatment strategies to enhance the applicability the pho-
tocatalysis process.
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