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ARTICLE INFO ABSTRACT

Magnetic carbon nanotube-TiO, (MCNT-TiO2) composites that rely on the inherent magnetic properties of
carbon nanotubes were synthesized and their photocatalytic activity was evaluated for the degradation of car-
TiO, bamazepine and sulfamethoxazole under solar irradiation and environmentally relevant conditions. Compared
Pharmaceuﬁca_ls with a TiO, reference catalyst, the MCNT-TiO, composites exhibited a higher photodegradation rate due to the
slvegtiiair(;;%::;tmaner high surface area and extended visible light absorption. The photodegradation rate constants for carbamazepine
Regeneration and sulfamethoxazole in pure water were 1.5 and "1.2 times greater than those for TiO,, respectively. The

catalysts were tested in the presence of natural organic matter and rapid photodegradation rates for carbama-
zepine and sulfamethoxazole were observed relative to bare TiO,, indicating that MCNT-TiO, may be suitable for
practical applications. Solar and UVC reactivation were used to recover the photocatalytic activity, and UVC
irradiation was more efficient and maintained the performance of MCNT-TiO,, for consecutive treatment cycles.
MCNT-TiO, with its unique fast kinetics and high photodegradation activity toward micropollutants exhibits
great potential as an alternative method for water and wastewater treatment.
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1. Introduction

Effluents from municipal and industrial wastewater treatment
plants are the main source of pharmaceuticals in natural waters [1,2].
Pharmaceutical concentrations as low as 500ngL~! in natural water
could alter the reproduction and tissue regeneration of living organisms
[3-5]. The production and consumption of pharmaceuticals have in-
creased dramatically over the past few decades. However, current
wastewater treatment technologies (e.g., activated sludge) are not ef-
fective in removing these harmful compounds [6]. The antiepileptic
carbamazepine and the antibiotic sulfamethoxazole are the most fre-
quently detected persistent pharmaceuticals worldwide in natural and
waste water [7], and their average removal efficiencies in water
treatment plants are below 20% and 55%, respectively [6]. Therefore,
efficient water treatment techniques are needed to reduce the release of
pharmaceuticals into the aquatic environment.

Photocatalysis is a promising advanced water treatment process for
degrading pharmaceuticals that may be suitable to replace or assist
conventional treatment approaches [8-10]. TiO, is the most widely
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used semiconductor for photocatalytic processes due to its low cost,
non-toxicity, and high stability [11]. In addition, carbon nanotube
(CNT)-TiO, composites have attracted attention for environmental ap-
plications for several reasons. CNTs concentrate the contaminants by
adsorption, bringing the contaminants closer to the TiO, active sites for
photodegradation [12]. Combining CNTs with TiO, can promote the
separation of the electron-hole charges generated upon irradiation, and
the presence of C-O-Ti linkages reduces the band gap, and thus extends
the absorption wavelength [13]. Previous studies of CNT-TiO, have not
used practical water treatment conditions, such as the presence of
background natural organic matter (NOM) (Table S1). Most experi-
mental studies of CNT-TiO, photocatalysis have focused on the kinetics
and mechanisms for individual contaminants at high pharmaceutical
concentrations (10-100 mg L™1Y) that are 10*-10° times higher than
their practical concentrations [14]. The coexistence of NOM reduces the
photocatalytic activity of TiO, because NOM is present in natural wa-
ters and wastewater at concentrations several orders of magnitude
higher than pharmaceuticals. Thus, NOM interferes with the photo-
catalytic mechanisms via the inner filter effect and radical scavenging,
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and adsorbed NOM competes for active sites with the targeted pollu-
tants [15-17]. The photocatalytic activity increases with the increase in
the number of active reaction sites and the lifetime of photogenerated
electron/hole pairs, which results in higher radical generation [14].
Hence, increasing the specific surface area for photocatalytic reaction
sites in CNT-TiO, would reduce the probability of electron/hole pair
recombination and minimize the inhibitory effect of NOM.

In this study, we used the inherently magnetic particles present in
pristine CNTs as a green, facile approach to prepare magnetic carbon
nanotubes (MCNTs) [18]. Our facile method is also scalable, in-
expensive, and preserves the external surface of the nanotube walls for
TiO, particles. We investigated the photocatalytic activity of a MCNT-
TiO, composite in the presence of NOM, which is more relevant to
conditions in water treatment plants. We used industrial grade CNTs to
prepare MCNT-TiO, by a simple mixing method. Industrial grade CNTs
was chosen due to its significant lower cost and higher content of me-
tallic residuals (i.e., magnetic particles) compared to the analytical
grade CNTs. The photocatalytic activity of MCNT-TiO, for the photo-
degradation of carbamazepine and sulfamethoxazole was tested under
solar light irradiation with and without NOM, and we compared solar
and UVC irradiation photooxidation reactivation techniques for re-
generating MCNT-TiO,. Further, electrical energy demand (Ego) was
calculated for the evaluation of energy-efficiencies of the new material
at relevant environmental conditions.

2. Materials and methods
2.1. Materials

Carbamazepine (=98%, molecular formula C,5H;,N,0, molecular
weight 236.269 g mol™ 1), sulfamethoxazole (=98%, molecular for-
mula C;0H;1N305S, molecular weight 253.279 g mol ~ '), Aeroxide P25
TiO, (=99.5%, Brunauer-Emmet-Teller [BET] specific surface area
35-65m? g~ !, average particle size < 21 nm), high-performance liquid
chromatography (HPLC) grade methanol (=99.8%), and acetonitrile
(=99.8%) were purchased from Sigma-Aldrich (Japan). Industrial
grade multi-walled CNTs (> 90%, diameter 10-20nm, length
10-30 um, BET specific surface area 201 m?g~ ') were obtained from
Chengdu Alpha Nano Technology (China). A permanent Nd-Fe-B
magnet was purchased from Magna Co. (Japan). Ethanol, HCI, and
NaOH were sourced from Kanto Chemical (Japan). Upper Mississippi
River NOM (URNOM) was obtained from International Humic
Substances Society (USA), and the chemical properties of URNOM are
shown in Table S2. All reagents were of analytical grade and were used
as received. Stock solutions of 10mgL ™! carbamazepine and sulfa-
methoxazole were prepared in ultrapure water (18.2 MQ cm™). The
URNOM sample was dissolved in 0.01 M NaOH solution to prepare a
10g L™' NOM stock solution, and then the pH was adjusted to
7.0 = 0.2 using 0.01 M HCI solution. The volume of acid or alkali so-
lution was recorded and was considered when calculating the final
NOM concentration. All stock solutions were stored at 4 °C in the dark
when not in use.

2.2. Preparation and characterization of MCNT-TiO, composites

MCNTs were prepared using a facile method described in our pre-
vious work [18,19]. As-received CNTs (0.5 g) were dispersed in ethanol
(100 mL) with a sonicator. The magnetic fraction of CNTs was sepa-
rated with the permanent Nd-Fe-B magnet, and the non-magnetic and
low-magnetism fractions were decanted. This procedure was repeated
three times with ethanol followed by three times with water. The
MCNTs were dried in an oven at 105 °C for 24 h, and stored at room
temperature prior to use. The MCNT-TiO, composite was prepared by a
simple mixing method with some modifications [20-23]. The MCNTs
were dispersed in ethanol and sonicated for 60s (solution A). TiO,
nanoparticles were dispersed in ethanol and sonicated for 60s
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(solution B). A mixture of solutions A and B was sonicated for 60s
followed by mixing with a magnetic stirrer for 12h. The MCNT-TiO,
composite was separated from the solution with a permanent magnet
(Fig. S1), washed with ethanol and with water, dried at 105 °C over-
night, and stored prior to use. MCNT-TiO, composites were prepared
with MCNT:TiO, mass ratios of 10:1, 5:1, 1:1, 1:5, and 1:10. The carbon
contents in the MCNTs and the MCNT-TiO, composites were de-
termined using a gravimetry method by calcining the samples at 700 °C
for 2h [24].

The crystallinities of the composites were determined by X-ray
diffraction (XRD) with an X-ray powder diffractometer (MiniFlex 600,
Rigaku, Japan) using Cu Ka (A = 1.5406 Io\) radiation and over a 20
range of 10-80°. Samples morphologies were analyzed by field emission
scanning electron microscopy (SEM; SU9000, Hitachi, Japan).
Transmission electron microscopy-energy dispersive X-ray spectroscopy
(TEM-EDX) was used to observe the microstructure and elemental
composition of the samples (JEM-2010F, JEOL, Japan). The specific
surface area was measured by the BET method and the pore volumes
were determined from nitrogen adsorption data at 77 K obtained with a
surface area analyzer (ASAP 2020, Micromeritics, Japan). The magnetic
activity of the samples was measured by using a vibrating sample
magnetometer (BHV-50V, Riken Denshi, Japan). All of the magneti-
zation results were normalized to the total weight of the sample. FTIR
spectra (FTIR 4600, JASCO, Japan) were measured in the range of 400
to 4000 cm ™! using a KBr plate.

2.3. Adsorption and photocatalytic degradation experiments

The photocatalytic degradation of carbamazepine and sulfa-
methoxazole (150-500 ug L~ !) were studied in a glass beaker in aqu-
eous solution (200 mL). The concentrations were chosen based on re-
ported concentrations of carbamazepine and sulfamethoxazole in water
and wastewater [25]. The pH values of the solutions were adjusted to
7.0 = 0.2 with 0.01 M HCl and NaOH. The concentration of the cata-
lyst (TiO,, MCNTs, and MCNT-TiO, composites) was 0.1g L. The
temperature was kept constant at room temperature (26 + 3°C). A
solar simulator (MS-35AAA, Ushio Lighting Edge Technologies, Japan)
at an intensity of 1000 W m? was used as a light source [26]. Each
photocatalysis experiment consisted of two steps. i) Adsorption of car-
bamazepine and sulfamethoxazole on the catalyst surface for 60 min in
the dark with or without NOM to reach adsorption-desorption equili-
brium. Additional stirring for 120 min resulted in no further adsorption.
ii) Photocatalytic degradation of carbamazepine and sulfamethoxazole
with or without NOM under irradiation from the solar simulator.

The photocatalytic activity of the composites was investigated in the
presence of NOM by spiking the solution with URNOM and the dis-
solved organic carbon (DOC) was adjusted to 5mg L™, which is the
average concentration in surface water and pre-treated domestic was-
tewater [27,28]. Under dark conditions, samples were collected at 5,
10, 15, 30, 50, and 60 min. During irradiation, the reaction solutions
were stirred continuously and aliquots of the samples were collected at
5, 10, 15, 20, and 30 min. Blank experiments without catalysts were run
to test the photolysis of carbamazepine and sulfamethoxazole in ul-
trapure water and in the presence of NOM for 30 min. All of the ex-
periments were run in duplicate.

2.4. Recyclability of MCNT-TiOz composites

The recyclability of MCNT-TiO, was tested without NOM. Two
different recyclability scenarios were tested. In the first, the spent
MCNT-TiO, after the photocatalytic degradation reaction was collected
with a permanent magnet to separate it from the solution. The MCNT-
TiO, was then used directly for the next photocatalysis cycles. In the
second scenario, xenon short-arc lamp and UVC (A = 254nm, 80 W
m™2) lamp irradiation were used for photooxidation reactivation. The
spent MCNT-TiO, was collected with a permanent magnet, placed in
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ultrapure water, and exposed to solar or UVC irradiation for 1 h. The
photooxidation-reactivated MCNT-TiO, composites were used for the
next cycle of photocatalysis under solar irradiation, as described in
Section 2.3. The weight loss of MCNT-TiO, after the recyclability ex-
periments was negligible.

2.5. Analytical and statistical methods

The carbamazepine and sulfamethoxazole concentrations were
analyzed using an HPLC system (Prominence UFLC, Shimadzu, Japan)
equipped with a UV-vis absorbance detector (SPD-20 UFLC, Shimadzu)
and a C18 column (Kinetex, Phenomenex Co., USA; 5pum,
4.6 x 250 mm). Prior to HPLC analysis, the samples were filtered
through a 0.45 um membrane filter (PES Filter, Membrane Solutions,
Japan). DOC concentrations were quantified using total organic carbon
(TOC) analyzer (TOC-CHP, Shimadzu V-series, Japan). The analytical
methods and their minimum reporting limits are shown in Table S3.

Linear regression analysis was used to examine the relationship
between adsorption capacity and specific surface area (p < 0.05).
One-way analysis of variance (Tukey’s mean comparison test, p <
0.05) was used to compare photocatalytic activity (kapp) for different
catalysts and different recyclability scenarios. Student’s t-test at a 5%
significance level was used to compare the effect of initial concentra-
tions and the presence of NOM for both TiO5 and MCNT-TiO,.

2.6. Calculation of electrical energy per order of the transformation

The energy efficiency of photocatalysis is expressed in terms of
electrical energy per order (Ego) of the transformation, and is defined as
the electrical energy in kilowatt hours required to degrade a con-
taminant by one order of magnitude in 1 m® of contaminated water
[29]. Ego is determined by

Electrical power (kW) x Time(h)

Co

o (€]
where Cy and C, are the initial and final concentrations of each sub-
stance (mg L.

Epo =
Volume(m?) X log(

3. Results and discussion
3.1. Materials characterization

Fig. 1 shows the SEM images of MCNTs, TiO,, and MCNT-TiO,
composites. The number of TiO, clusters increased in the composites as
the MCNT:TiO, mass ratio decreased. TEM-EDX analysis indicated that
there were metallic Co particles inside the tubes and they were the main
source of the magnetic activity of MCNTs (Figs. S2 and S3). This is
consistent with previous studies on commercial CNTs containing metal
impurities (i.e., Fe, Ni, and Co) in the tubes from the production pro-
cesses, which could give the material inherent magnetic properties
[30]. The gravimetric analysis of MCNTs indicated that the magnetic
particles accounted for “6% of the total MCNT mass (Table 1). Previous
MCNT preparation methods that attach magnetic particles (e.g., metal
oxides) and TiO, to the surface of CNT have suffered from photo-
dissolution and release of the metals into solution [22,31,32]. However,
in our MCNTs, these metallic particles are stable and difficult to re-
move, even in concentrated acids at high temperature [18]. Moreover,
the utilization of industrial grade CNT in this study can decrease the
cost for material preparation due to relatively lower price compare to
the analytical grade CNT. Therefore, our approach has the extra ad-
vantage over previously reported methods of avoiding unintentional
contamination of the solution with magnetic particles and low material
cost.

The surface area, total pore volume, pore distribution, and magne-
tization values of MCNTs, TiO,, and MCNT-TiO, composites are listed
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in Table 1. The surface area and total pore volume of MCNT-TiO,
composites were higher than those of pristine TiO,, confirming that
TiO, was anchored to the MCNTs, a high-surface-area adsorbent. The
specific surface area decreased and the total pore volume of the com-
posite decreased as the TiO, loading increased. The pore volume dis-
tribution for all samples showed that mesopores (50nm > pore
size > 2nm) and macropores (pore size > 50 nm) were dominant with
a small percentage of micropores (< 1%). The pores were formed by
TiO, and MCNT bundles, as both materials are non-porous [33,34]. The
magnetization curves showed that all the composites had paramagnetic
properties (Fig. S4) [18], and the saturation magnetization values were
highest for the MCNTs and decreased with increasing TiO, fraction in
the MCNT-TiO, composites. However, all composites showed high
magnetic activity and responded fast (< 1 min) to an external magnetic
field.

XRD diffraction peaks for MCNTs, TiO,, and MCNT-TiO, composites
are shown in Fig. S5. The MCNTs had two main diffraction peaks at 20
=~ 26° and 43° that were attributed to the carbon nanotube graphite-
like structure [18]. However, Co particles were not detected in all
samples because their concentrations were below the detection sensi-
tivity limit of the XRD measurements [30] and the main diffraction
peak of Co (26 = 45°) overlapped with the graphite-like peak (26 =
43°) [35]. The diffraction peak of TiO, consisted of anatase (main dif-
fraction peak at 20 = 25.3°) and rutile (main diffraction peak at 20 =
27.4°) TiO5 peaks. Polymorphous TiO,, consisting of a mixture of
anatase and rutile TiO,, has better photocatalytic activity and a smaller
band gap than the individual phases [36]. For all MCNT-TiO5 compo-
sites, the profile and intensity of TiO, peaks were consistent with the
mass ratio of TiO, in each composite, and an overlap with the MCNT
peaks was observed at lower TiO, masses. The FTIR spectra of the
samples are shown in Fig. S6. The broad peaks at 3730 and 3380 cm ™!
were assigned to O—H stretching. The peaks at 1520 and 970 cm™ arose
from C=C stretching and bending vibrations, respectively. In addition,
the absorption peak at 690 cm™ was characteristic of C—H. The peak for
the Ti—O stretching vibration appeared around 450 cm™ for the TiO,
and MCNT-TiO, composites [37].

3.2. Adsorption and photodegradation of pharmaceuticals

3.2.1. Adsorption phase

The adsorption of the contaminants on or close to the catalyst sur-
face plays an important role in the effective photodegradation of the
contaminants. The increase in the adsorption capacity and pore volume
of MCNT-TiO, can increase the overall photocatalytic activity due to
the synergetic effect of adsorption and photocatalysis. At initial car-
bamazepine and sulfamethoxazole concentrations of 150 ugL™!, all
MCNT-TiO, composites exhibited adsorption equilibria in the range of
1-1.4mgg~!, which were much higher than that of bare TiO,
(0.2mg g~ 1) (Fig. S7). The adsorption equilibrium of the materials was
positively correlated with their surface area, as indicated by the R*
values (> 0.99, p < 0.001). The main mechanisms for the adsorption
on the surface of TiO, are the electrostatic attraction and ligand ex-
change [38]. On the other hand, the presence of the CNT, in case of
MCNT-TiO,, enhances the adsorption mechanism via hydrophobic in-
teraction, s-;t interaction, hydrogen-bonding interactions, and electro-
static interactions [39]. Carbamazepine is a neutral species; therefore,
the mass transport of carbamazepine is mainly governed by hydro-
phobic and mt-rt interactions [40]. In contrast, sulfamethoxazole has two
acidic dissociation constants of pK,; = 1.85 and pK, > = 5.6 [41], in-
dicating that sulfamethoxazole molecules were present in anionic form
under the neutral pH conditions in this study, and the adsorption me-
chanism onto MCNT-TiO, and TiO, could be affected by electrostatic
interactions.

3.2.2. Photodegradation phase
The results showed that for direct photolysis without catalysts under
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Fig. 1. SEM images of (a) MCNTSs, (b) TiOy, (¢) MCNT-TiO5 101, (d) MCNT-TiOj s:1y, (€) MCNT-TiO5 (1.1), (f) MCNT-TiO; (1.5, and (g) MCNT-TiO; (1.10). The values

in the brackets following the composite name show the MCNT:TiO, mass ratio.

solar irradiation, carbamazepine showed negligible removal (< 2%),
whereas the sulfamethoxazole concentration decreased significantly by
20-50% (Fig. S8). The carbamazepine removal was negligible under
direct photodegradation because it does not have functional groups that
absorb radiation at > 290 nm, which is the main solar irradiation
spectrum [42]. The higher removal of sulfamethoxazole is related to its
phenylamine functional group, which absorbs radiation at > 290 nm
[43]. The photocatalytic degradation for both compounds using all
composites was tested. The photodegradation reactions were described
quantitively by the Langmuir-Hinshelwood model and the pseudo-first-

order rates (k,pp) were used to examine the photodegradation effi-
ciencies [44]. k,p, of carbamazepine followed the trend MCNT-TiO,
@:5) > MCNT-TiOy (1:10) > TiO, = MCNT-TiO; (1.1 (not significantly
different) > MCNT-TiO, (s:1) > MCNT-TiOy 1.1y (p < 0.001) (Fig. 2).
The highest carbamazepine photodegradation was observed with
MCNT-TiO; (1:5y (kapp = 6.8 X 10”2 min™), which was almost 1.5 times
the value for bare TiOy (kupp = 4.6 X 10~ >min™), and the maximum
synergetic effect between TiO, and MCNT was achieved with MCNT-
TiOz (1:5). The solar light reactivity of TiO, was enhanced significantly
in the presence of MCNT due to: 1) the excited MCNT can inject
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Table 1

Characteristics of TiO,, MCNTs, and MCNT-TiO, composites used in this study.

Journal of Water Process Engineering 31 (2019) 100836

Catalysts Carbon Contents SA (m%g™")  PVipu (cm®*g™1) PVimicro (cm® g™ 1) PVineso (cm®g™ 1) PVimacro (cm® g™ 1) Magnetization (emu g~ ')
(%) [%] [%] [%] [%]

TiO, - 56 0.24 [100] 0.002 [0.8] 0.13 [53.7] 0.11 [45.5] -

MCNT 94 201 1.50 [100] 0.01 [0.7] 0.75 [50] 0.74 [49.3] 0.68

MCNT-TiO; 101y 87 188 1.92 [100] 0.01 [0.5] 1.11 [57.9] 0.80 [41.6] 0.45

MCNT-TiO; 5.1y 71 177 1.44 [100] 0.01 [0.7] 0.76 [52.9] 0.67 [46.4] 0.44

MCNT-TiO; .1y 51 156 1.26 [100] 0.01 [0.8] 0.66 [52.1] 0.59 [47.1] 0.41

MCNT-TiO; 1.5y 32 151 1.20 [100] 0.01 [0.8] 0.65 [54.4] 0.54 [44.8] 0.34

MCNT-TiO3 (1:10p 28 144 1.18 [100] 0.01 [0.8] 0.61 [52] 0.56 [47.2] 0.33

SA: surface area; PViy,: total pore volume; PV ico: Volume of micropores (PV < 2nm); PV, volume of mesopores (2 < PV 50 nm); and PV ,,c0: Volume of

macropores (PV > 50 nm).

o Tio2
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Fig. 2. Adsorption and photodegradation of carbamazepine for each photocatalyst (Co = 150 ug L™, solar irradiation time = 30 min, catalyst dose = 0.1g L™,
pH =7 £ 0.2, temperature = 26 = 3°C). Inset graphs show the photodegradation rate. The values in the brackets following the composite name show the
MCNT:TiO, mass ratio. Data and error bars indicate the average and standard deviation from duplicate experiments.

electrons into TiO, which increases the photocurrent, 2) the excitation
electron from MCNT can combine with dissolved O, to form super-
oxide, and 3) MCNT provides suitable sites for the sorption of con-
taminants, acts as an electron sink, and renders visible light absorption
due to Ti-O-C linkage (i.e., band gap reduction). However, increasing
the TiO:MCNT mass ratio further (MCNT-TiO, (3:10y) reduced the de-
gradation efficiency, mainly because of the aggregation of TiO, on the
MCNTs, which limited the number of active sites for sorption and
photocatalysis [45]. Moreover, an excessive amount of MCNTs (MCNT-
TiO2 (10:1) and MCNT-TiO; (s.1y) also decreased the photodegradation
rate of carbamazepine by screening the light and preventing the pho-
tocatalytic reaction [46]. Therefore, MCNT-TiO, (1.5) was selected for
the subsequent experiments as the optimum MCNT:TiO, mass ratio for
achieving the maximum photocatalytic degradation of the target con-
taminants.

We evaluated the photodegradation rate at initial concentrations of
carbamazepine and sulfamethoxazole of 150 and 500ugL~!. The
photodegradation rate of carbamazepine decreased significantly at the
higher initial concentrations for both TiO5 and MCNT-TiO, (p < 0.01)
(Fig. S9). This reduction may be related to the absorption of light by
carbamazepine and the degradation intermediates, which may interfere

with the photocatalytic degradation reaction. However, the effect of the
increased initial concentration was small for sulfamethoxazole.
Hydroxylation processes (i.e., hydroxyl radical oxidation) have been
reported as a main degradation mechanism of carbamazepine by TiO,-
based photocatalysis [47,48]. In contrast, degradation mechanism for
sulfamethoxazole happened due to hydroxylation process and also di-
rect degradation (i.e., direct photolysis) via the cleavage of the S—N
bond [41]. At fixed catalysts concentration and irradiation times, the
total hydroxyl radicals amounts are constant [49]. Therefore, the effect
of increased initial concentration at fixed catalyst concentration on the
degradation rate was more prone in case of carbamazepine than sul-
famethoxazole; where direct photolysis also take part in the total de-
gradation rate for the latter case.

3.3. Adsorption and photodegradation of pharmaceuticals in the presence of
NOM

The presence of NOM is of particular concern because it competes
for the adsorption sites and quenches advanced oxidation processes
[50]. The photocatalytic degradation of carbamazepine (Fig. 3) and
sulfamethoxazole (Fig. S10) using TiO, and MCNT-TiOx, (1.5, was tested
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B MCNT-Tio2 ® MCNT-TiO2 [NOM]

l Adsorption

| | Photodegradation |
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MCNT-TiO,
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Fig. 3. Adsorption and photodegradation of carbamazepine at an initial concentration of 500 pg L™ ! in the presence of NOM (DOC = 5mg DOC L}, solar irradiation
time = 30 min, catalyst dose = 0.1g L', pH = 7 + 0.2). Inset graphs show the photodegradation rate. Data and error bars indicate the average and standard

deviation from duplicate experiments.

in the presence of NOM, which significantly decreased the adsorption of
carbamazepine and sulfamethoxazole onto TiO, and MCNT-TiO, (1.5,
(p < 0.05). The competitive adsorption of NOM reduced the interac-
tion between the pharmaceuticals and the catalysts [16]. These ob-
servations also confirmed the advantage of using MCNT-TiO,, because,
despite the competition, the high surface area of the composites pro-
vided enough active sites for the adsorption of carbamazepine and
sulfamethoxazole on MCNT-TiO, in contrast to TiO,. The hetero-
geneous nature of NOM affects the molecular sieving behavior of TiO,
and CNTs. In the presence of NOM, TiO, preferentially adsorbs small to
medium molecular weight species (> 0.1kDa) [15], whereas CNTs
adsorb species with molecular weights of 1-3 kDa [39].

The presence of NOM significantly reduced the photodegradation
rate of TiO, for carbamazepine and sulfamethoxazole from 4.2 x 10~ 2
and 4.7 x 102 min’, respectively, in the absence of NOM, to 6 x 103
and 5x 10° min? (p < 0.01). For MCNT-TiO; (1.5, the photo-
degradation rates of carbamazepine and sulfamethoxazole were also
decreased significantly from 5.3 x 10”2 and 4.9 x 10 2min™, re-
spectively, in the absence of NOM, to 1.2 X 102 and 7 x 10 min™,
respectively (p < 0.01). The significant decrease in photodegradation
rates of carbamazepine and sulfamethoxazole were due to competitive
adsorption [51], scavenger effect of NOM toward "OH radicals [17] and
superoxide [52], as well as absorbing light via the inner filter effect
[53,54]. NOM absorbs in both the UV and visible light spectrum, di-
minishing the illumination intensity that available for the production of
reactive oxygen species (ROS). Further, the non-selective nature of ‘OH
radicals and superoxide lead to the ROS loss due to reaction with either
the targeted pharmaceuticals or the non-targeted compounds (i.e.,
background NOM). Besides those reasons, the adsorbed NOM (i.e.,
electron-rich compounds) were also capable of scavenging the holes
(h*) in the catalysts valence band and reduced the interaction of the
pharmaceuticals close to the catalysts active site for the photo-
degradation processes [16]. The inhibitory effect of NOM depends
strongly on the properties of the target compounds, NOM quality and
quantity, and the catalysts. In our study, despite the lower

photodegradation rate in the presence of NOM, the reductions in the
removal efficiency and the photodegradation rate of MCNT-TiO5 (1.5,
were less than those of bare TiO, under the operational conditions.
These findings highlight the effect of NOM on the photocatalytic de-
gradation using MCNT-TiO,, although future studies will be necessary
to understand fully the effects of NOM types and concentrations on the
removal efficacy of photocatalytic degradation.

The comparison of photocatalytic performance of fabricated MCNT-
TiO, with peer CNT-TiO, composites is summarized in Table SI1.
Previous studies set out that the total removal of pharmaceuticals was
ranging from 50 to 99% for various CNT-TiO, composites. However, the
removal of carbamazepine and sulfamethoxazole from this study
were > 60% and > 40%, respectively. The photocatalytic activity of
CNT-TiO2 composites mainly related with the photocatalysts
morphologies, pharmaceuticals physicochemical properties, initial
concentrations of pharmaceuticals, source of the lights or intensities,
and the effect of water chemistries (e.g., pH, background co-existing
organic or inorganic species) [14]. It was noted that most of the pre-
vious studies evaluate the photocatalytic activity of CNT-TiO, under UV
irradiation (Apax = 254-366) and in ultrapure water matrices. There-
fore, this different might be largely because the difference in the source
of the light and the water matrices. Compared with the others, the
fabricated MCNT-TiO, in this study exhibits a promising photocatalytic
performance under solar irradiation and in the presence of co-existing
background NOM.

3.4. Recyclability of the MCNT-TiO, composite

The recyclability of MCNT-TiO, (1.5) was investigated by repeating
the carbamazepine and sulfamethoxazole photodegradation experi-
ments in the absence of NOM for five cycles of treatment and cleaning
(Fig. 4). Photoreactivation by solar and UVC regeneration were used in
this study, where UVC regeneration gave the best performance, prob-
ably due to the higher energy for the production of radicals. The car-
bamazepine and sulfamethoxazole removal tended to decrease from the
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L~ (catalyst dose = 0.1g/L, pH = 7 + 0.2, temperature = 26 = 3°C). Data and error bars indicate the average and standard deviation from duplicate experi-

ments.

first to the fifth cycle for all of the conditions. Direct recycling of MCNT-
TiO, (1:5) statistically showed the highest decrease in the percentage
removal of carbamazepine ("40% decrease after five cycles), followed
by solar regeneration ("20% decrease after five cycles), and UVC re-
generation ("15% decrease after five cycles) (p < 0.001). A similar
trend was observed for sulfamethoxazole, where UVC regeneration
statistically gave the lowest decrease in the removal efficiency after five
cycles (p < 0.001). Sulfamethoxazole also showed a lower decrease in
removal efficiencies after five cycles than carbamazepine for direct
recycling, solar regeneration, and UVC regeneration. These results
agree with a previous study [55], in which pharmaceuticals with F- and
S-containing groups (e.g., sulfamethoxazole) were more rapidly pho-
todegraded and regenerated than molecules without these groups
(carbamazepine) in TiO, photocatalysis. The decrease in percentage
removal of carbamazepine and sulfamethoxazole may be due to the
accumulation of carbamazepine and sulfamethoxazole or their photo-
degradation byproducts on MCNT-TiO; (1.5, [56].

3.5. Electrical energy determination

The photochemical process of contaminant degradation is energy
intensive and the electrical energy per order (Ego) represents a major
fraction of the total operating cost [57]. This approach allows a simple
comparison, and provides data required for scale-up and economic
analysis. However, comprehensive information about the use of Ego
values in modified TiO,-based photocatalysis applications is still lim-
ited [29]. The Ego values calculated for carbamazepine and sulfa-
methoxazole removal in ultrapure water and in the presence of NOM
are shown in Fig. 5.

In general, the photocatalysis techniques gave lower electrical
consumptions than photolysis for the degradation of the pharmaceu-
ticals, mainly due to the production of radicals, which increased the
degradation rate. The electrical energy consumption for the photo-
catalytic process in the presence of NOM was higher than that without
NOM. The electrical energy consumption depended on the water
quality (e.g., presence of NOM) and the pharmaceutical properties
(stable or prone to direct photodegradation) because photolysis and
photocatalysis are compound-specific processes [58]. Moreover, Ego
values of 2076-19,954 kW h m ™2 order™ were necessary to transform
carbamazepine and sulfamethoxazole in ultrapure water and in the
presence of NOM using pristine TiO,, whereas lower Epo values of

1820-15,054 kW h m ™2 order were needed for MCNT-TiO, due to the
synergetic effect between MCNTs and TiO, in the composite system. It
should be noted that these calculated Ego values were used for com-
parison purposes and they may differ in real water samples where in-
organic species are present.

4. Conclusions

We used a solar-light-driven MCNT-TiO, composite for the photo-
catalytic degradation of carbamazepine and sulfamethoxazole. An op-
timum mass ratio of MCNT to TiO, was needed to achieve maximum
photodegradation of pharmaceuticals. The recyclability of MCNT-TiO,
was assessed through five consecutive cycles of treatment and cleaning.
The removal efficiency decreased as the number of consecutive cycles
increased due to MCNT-TiO, fouling. To recover the photocatalytic
efficiency, solar and UVC irradiation were used for regeneration. UVC
irradiation showed better performance than solar irradiation. Finally,
MCNT-TiO, was tested under more realistic conditions in the presence
of NOM, and MCNT-TiO, still degraded carbamazepine and sulfa-
methoxazole. Compared with pristine TiO,, the photocatalytic activity
of MCNT-TiO, was higher and the electrical energy consumption was
lower. Future studies should test MCNT-TiO, for the removal of other
organic micropollutants (e.g., pharmaceuticals, personal care products,
pesticides, dyes, etc.) in real waters and/or wastewaters and for the
identification of the pathway and the toxicity of the degradation by-
products.
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