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The aim of this study was to evaluate the use of self-organized TiO2 nanotube arrays (TNAs) as immobilized
catalyst and UV-LED as light source (UV-LED/TNAs) for photocatalytic degradation of the β-blocker metoprolol
(MTP) from aqueous solution. Firstly we employed electrochemical anodization to synthesize self-organized
TNAs, and the eﬀect of anodization potential and annealing temperature was examined. Characterization by
SEM demonstrated a linear relation between the diameter of TiO2 nanotubes produced and the anodization
potential, while Raman measurement revealed the vital role of annealing on crystallographic composition of the
anodic produced TiO2 nanotubes. Regarding their performance in photocatalytic MTP degradation, surface
morphology and crystallographic composition of the TNAs were found to impose crucial inﬂuence: only TNAs
with diameter not smaller than 53 nm enabled rapid MTP degradation, and highest MTP degradation was obtained when a mixture of anatase and rutile were present in the TNAs. Secondly, the eﬀect of operational
parameters, i.e initial MTP concentration, pH, was investigated. Initial MTP concentration at low level had no
detrimental eﬀect on the process performance. Rapid MTP degradation and high total removal were achieved in
a wide pH range (3–11). To evaluate the applicability of TNAs for water treatment, experiments were ﬁrst
carried out in the presence of three diﬀerent commonly present water constituents, i.e bicarbonate ions, phosphate ions, and natural organic matters (NOMs). The results show that bicarbonate and phosphate ions have no
inhibitory eﬀect at concentration levels up to 200 mg/L, and NOMs exhibit detrimental eﬀect when their concentration exceeds 5 mg/L. The total removal MTP degradation reduced from 87.09 ± 0.09% to
62.05 ± 0.08% when tap water samples were applied, demonstrating reasonable eﬃcacy for practical applications. Regarding the degradation mechanism, formic acid and tert-butanol were added as scavenger for photogenerated holes (h+) and hydroxyl radicals (·OH), respectively. The obtained results demonstrate that primary
degradation process occurred in liquid phase with participation of hydroxyl radicals in the liquid phase (·OH
+
and hydroxyl
liquid), while smaller portion of MTP were degraded on the catalysis surface via reaction with h
radicals adsorbed on the catalyst surface (·OH surface). Other reactive species, e.g photo generated electrons and
superoxide radical anions, did also play a minor role in MTP degradation. The mechanistic aspect was further
conﬁrmed by identiﬁcation of degradation products by LC–MS/MS. The TNAs exhibited good stability after
repeated use under varied operation conditions.

1. Introduction
In recent years, a large number of pharmaceuticals have been detected at various concentration levels in the aqueous environment
[1,2], from ground and surface water to even drinking water resources
[2–9]. This issue is gaining concerns because of the potential risks for
aquatic life and human society. On the other hand, the presence of such
pollutants in various water bodies together with treatability studies
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clearly demonstrate the poor eﬃcacy of conventional wastewater
treatment processes and drinking water production processes on removal of wide range of pharmaceutical compounds [3,10,11]. Among
the wide range of pharmaceutical compounds frequently detected in the
environment, a β-blocker, i.e metoprolol (MTP), is considered to be an
emerging contaminant: (1) it has been classiﬁed in the group of pharmaceuticals most commonly present in the environment [2]; (2) it is
widely used in both hospitals and households, and enters surface waters
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(including drinking water sources) at up to μg/L level [12]; (3) environmental risk assessment studies have indicated environmental risks
associated with its presence[13,14]. Therefore, removal of such compounds from aqueous streams, especially during drinking water production, has become an urgent topic, to guard the safety of water supply
and improve the quality of life.
Advanced oxidation processes (AOPs), where a strong oxidizing
species hydroxyl radical (·OH) is the primary oxidant, exhibit suﬃcient
eﬃcacy in elimination of a wide range of organic contaminants including pharmaceuticals [15–17], among which photocatalysis is considered to be a good approach because of its chemical-free nature. Although many semiconductors have photocatalytic activity, TiO2 is the
most used photocatalyst in environmental applications including air
pollution control [18] and water treatment [11], because of its low
toxicity, low cost, high eﬃciency, and high stability. Principles of TiO2
photocatalytic processes have been described elsewhere [12,19]. The
photocatalytic degradation of organic pollutants is usually initiated by
excitation of TiO2 by photons containing energy higher than the TiO2
band gap. Sequentially, electron/hole (e−/h+) pairs are generated on
the catalyst surface. The photo-generated electrons and holes are able
to participate in direct redox reactions with target organic contaminants. Besides, the photo-generated electrons and holes can also
react with oxygen, water, or HO− to generate highly reactive species,
e.g hydroxyl radicals (HO%), superoxide radical anions (O2%−), etc, and
those in-situ generated reactive species are able to oxidize and reduce
many contaminants. Applicability of TiO2 for elimination of a wide
range of organic contaminant has been well documented [20–24].
Recently, regarding real life application, attempts have been made
to employ immobilized catalyst for elimination of organic pollutants
from aqueous streams [20,25–29], in order to achieve better retention
and reuse of the catalyst. Among all kinds of immobilized TiO2, the selforganized TiO2 nanotube arrays (TNAs) exhibit great potential because
of its relatively large surface area, high stability, and oriented electron
transport as well as high electron mobility which could reduce electron/holes (e−/h+) recombination in the material [30,31]. Although
there are various approaches for TiO2 nanotube arrays synthesis, electrochemical anodization has gained the most attention because it is a
fast and facile method [32], and easy to tune the morphology of TiO2
nanotubes produced. Synthesis of TiO2 nanotube arrays via anodization
of Ti material has been previously studied by other researchers
[30,33–35]. Among various factors exerting impact on the characteristics of anodic produced TiO2 nanotube arrays, anodization potential
and annealing temperature are two vital parameters which control the
diameter and crystallographic structure of the TiO2 nanotube arrays,
respectively [36,37]. Furthermore, the diameter and crystallographic
structure are reported to impose impact on photocatalytic performance
of the TiO2 nanotube arrays [38,39]. The use of TiO2 nanotube arrays
for photocatalytic removal of organic pollutants has received attention,
and examples are available in literature [32,39–41].
Regarding implications of photocatalysis, light source is another
vital factor because it imposes signiﬁcant impact on the operational and
maintenance costs. Mercury lamps have been widely used for photocatalytic pollutants elimination processes, which are reported to have
major drawbacks: (1) short working life span (500–2000 h); (2) hazardous materials (mercury) content; (3) fragility [42]. Recent advances in light emitting diode (LED) technology provides better alternative, due to their advantages: short warm-up time, no hazardous
materials content, long working life span, compatibility, narrow light
emission spectra, etc [42]. Therefore, in recent years the use of UV-LED
for photocatalytic treatment of various organic contaminants is gaining
research interests [43–45]. Only very few attempts have been made to
combine the use of TNAs and UV-LED, for dye degradation [41].
To the best of the authors‘ knowledge, no research has been conducted on the photocatalytic treatment of pharmaceutical compounds
using self-organized TNAs as catalyst and UV-LED as light source. In
this context, in the present study we aimed to evaluate the performance

of the combination of self-organized TNAs as immobilized catalyst and
UV-LED as light source (UV-LED/TNAs) for photocatalytic degradation
of the β-blocker MTP from aqueous solution. Synthesis and characterization of the self-organized TiO2 nanotube arrays was studied, and the
eﬀect of two operational parameters, i.e. anodization potential and
annealing temperature, on the properties of TiO2 nanotube arrays was
examined. Moreover, the impact of TiO2 nanotube arrays‘ characteristics on their photocatalytic performance was studied. Regarding
photocatalytic degradation of MTP over TiO2 nanotube arrays, the effect of multiple operational parameters and the eﬀect of back ground
water constituents were investigated. Additionally, its applicability in
drinking water was investigated by conducting experiments in tap
water samples. Furthermore, experiments with addition of speciﬁc
scavengers were carried out to understand the mechanistic aspect, and
contributions of the diﬀerent reactive species and reaction mechanism
were identiﬁed. The stability of TNAs in the UV-LED/TNAs photocatalytic system was also evaluated.
2. Materials and methods
2.1. Chemicals
Titanium foil (≥99.5%, 0.3 mm thick) was purchased from the
Titaniumshop (The Netherlands). Ammonium sulphate (≥99.0%),
ammonium ﬂuoride (≥98.0%), tert-Butanol (≥99.0%), formic acid
(≥96%) were obtained from Sigma-Aldrich (Germany). Metoprolol
tartrate salt (≥98.0%) was purchased from Sigma-Aldrich (Germany)
and was used as received. Stock solution of metoprolol tartrate salt was
prepared at MTP concentration of 200 mg/L. Acetone (≥99.7), 2-propanol (≥99.9%), sodium carbonate (≥99.9%), hydrochloric acid
(0.1 mol/L), tri-sodium phosphate dodecahydrate (≥98.0%), and sodium hydroxide aqueous solution (1 mol/L) were purchased from VWR
(Belgium) and was used as received. An aquatic NOM Suwannee River
NOM (2R101N) was obtained from International Humic Substances
Society (IHSS) and received as dry solid extracts. Stock solution of the
Suwannee River NOM was prepared at concentration of 100 mg/L.
Ultrapure water from a Milli-Q Advantage A10 system (Merck
Millipore, Darmstadt, Germany) was used for preparation of stock solutions and reaction solutions.
2.2. Synthesis of TiO2 nanotube arrays by electrochemical anodization
As pretreatment, the Ti foils were ﬁrst degreased by successively
ultra-sonication for 15 min in 2-propranol, acetone and Milli-Q water,
and then were dried in N2 atmosphere. The TiO2 nanotube arrays
(TNAs) were synthesized by electrochemical anodization in a twoelectrode chemical cell connected to an EST150 DC power supply (Delta
Elektronika, The Netherlands). A Ti foil with a size of 3 cm × 4. 5 cm
was used as anode, and a stainless steel foil with a size of
4.5 cm × 5 cm was used as cathode. The distance between the electrodes was 2 cm. The Ti foil was anodized in 100 mL aqueous electrolyte (0.15 mol/L NH4F + 1 mol/L (NH4)2SO4) [46] under designated
voltage for 2 h. Then the obtained foil was ﬁrst rinsed and then further
sonication washed with Milli-Q water to remove residue electrolyte and
impurities on the surface. Subsequently, the treated Ti foil was annealed at designated temperatures for 0.5 h in a furnace (Nabertherm,
Germany) in air atmosphere and was cooled gradually back to ambient
temperature after annealing. The designated anodization potentials and
corresponding annealing temperatures for synthesis of diﬀerent TNAs
are summarized herein in Table 1.
2.3. Characterization of TiO2 nanotube arrays
The surface morphologies of the prepared TNAs were characterized
by scanning electron microscopy (SEM) and the chemical composition
of the prepared TNAs was measured by EDX. The SEM/EDX analyses
172

Applied Catalysis B: Environmental 220 (2018) 171–181

Y. Ye et al.

Table 1
Anodization potentials and annealing temperatures for diﬀerent TNAs samples.

Table 2
Characteristics of the tap water.

Sample

Anodization potential (V)

Annealing temperature (°C)

Parameters

Unit

Values

1
2
3
4
5
6
7
8
9

1
5
10
15
20
25
20
20
20

450
450
450
450
450
450
No annealing
300
600

Cl
NO2−
NO3−
PO43−
SO42−
TC
NPOC
IC
Ca2+
Cu2+
K+
Mg2+
Na+

mg/l
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l
μg/l
μg/l
μg/l
μg/l
μg/l

60.1
< 0.05
8.84
< 0.05
1.75
53.6
4.26
49.3
38100
108
2360
9360
66600

were performed using a JEOL JSM 6480 scanning electron microscope
(JEOL Europe B.V., Nieuw-Vennep, The Netherlands) equipped with a
EDX system. Surface area measurements of TNAs samples prepared
under diﬀerent anodization potentials were performed using a Tristar
3000 Surface area and Porosity Analyzer (Micromeritics, USA), where
nitrogen adsorption isotherms were collected at 77 K (−196 °C) and the
Brunauer-Emmertt-Teller model was used to determine the speciﬁc
surface area. Raman spectra of the prepared TNAs samples were recorded using a Horiba LabRAM spectrometer equipped with a mpc3000
laser (532.2 nm), an 800 mm focal length achromatic ﬂat ﬁeld monochromator (grating of 600 grooves/mm) and a Synapse multichannel
air cooled (−70∘C) CDD detector.

with natural initial pH (circum-neutral: 6–7) and no pH adjustment was
applied.
For experiments regarding eﬀect of initial MTP concentration, different initial MTP concentrations ranging from 0.1 mg/L to 1.5 mg/L
were applied, while the initial MTP concentration in all other experiments were set to be 1.0 mg/L. For experiments regarding the eﬀect of
background water constituents, NOMs, bicarbonate ions, or phosphate
ions were added separately to the reaction solutions to designated
concentration levels, and pH was adjusted using HCl standard solution
to circum-neutral (6–7). For experiments regarding performance in tap
water, real tap water (characteristics of the tap water are summarized
in Table 2) was used to prepare the reaction solution, while all other
experiments were conducted in Milli-Q water. For experiments regarding the eﬀect of intial pH, HCl or NaOH standard solutions were
used to adjust the initial pH of the reaction solutions to designated
value. For mechanistic study, certain amount of speciﬁc scavengers
(tert-butanol for ·OH, and formic acid for h+) were added separately in
accordance with a previous study [47].
It should be noticed that MTP does not absorb photons with wavelength longer than 290 nm (Figure SI 2), so no direct photolysis of
MTP could take place in our system.

2.4. Photocatalytic degradation of metoprolol
The photocatalytic experiments were conducted in a Petri dish with
a 450 mW UV-LED light source module placed on the top. The UV-LED
light source module consisted of a UV-LED (NCSU033B, NICHIA,
Japan) and has peak emission wavelength of 365 nm, and an aluminum
plate served as heat dispenser. A schematic of the set-up is shown in
Fig. 1. The experiments were carried out with a reaction solution volume of 60 mL, with presence of desired TNAs (size of 3 cm × 3 cm), at
ambient temperature. The distance between the UV-LED and the surface of TNAs was 2 cm. Continuous mixing started as soon as the reaction solution was added into the Petri dish. Before switching on the
UV-LED, the reaction system was kept in dark for 1 h to establish saturation of any possible adsorption of MTP on TNAs surface. Then the
photocatalytic experiments started, for duration of 120 min. The radiant power of the UV-LED reached the surface of TNAs was 1.9 mW/
cm2, measured by a THORLABS S150C radiant power meter (THORLABS, USA). 1 mL samples were taken at designated time intervals, and
stored in dark at 4 °C till LC–MS/MS analysis. All experiments were
carried out in duplicate. Except for experiments conducted in designated acid or alkaline conditions, all other experiments were conducted

2.5. Analytical procedures
For MTP concentrations and degradation by-products measurement,
an Agilent LC–MS/MS system consisting of Agilent inﬁnity 1260 LCsystem (degasser, binary pump, auto sampler with cooled tray and
column oven) and Agilent 6420 triple Quadrupole Mass Spectrometer
with Electrospray ion source was used. More detailed information of the
analytical method used can be found in our previous study [48].
Fig. 1. Schematic of the experimental set-up.
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Fig. 2. SEM top view images of TiO2 nanotube arrays prepared under diﬀerent anodization
potentials:
a)
anodization
potential = 10 V;
b)
anodization
potential = 15 V;
c)
anodization
potential = 20 V;
d)
anodization
potential = 25 V. All samples were annealed at 450 °C for 30 min.

3. Results and discussion

oxidation of the Ti foil surface to TiO2. As demonstrated in Fig. 3,
complete oxidation, revealing the formation of TiO2, was only achieved
in samples anodized under potential higher than 10 V, while the atomic
percentage of Ti was still rather high in samples anodized under 1 V and
5 V. In addition, a signiﬁcant amount of F (approx. 2 atomic%) entered
the TNTs structures, which is in line with other work using ﬂuoride
containing electrolytes [36].
As can be seen in Fig. 2, anodization potential exerts vital impact on
diameters of the produce TNAs. Self-organized TNAs structure were
formed when applied anodization potential was higher than 10 V, while
no tubular nanostructure was obtained on samples anodized under 1 V
and 5 V, revealing that threshold anodization potential exists to trigger
the growth of TNAs. In those samples with formation of TNAs, anodization potential exerts large eﬀect on the average diameters of formed
TNTs, and a clear anodization potential dependence of the TNAs diameter was observed: the average diameter of TiO2 nanotubes increased
from 26 nm to 106 nm with increased anodization potential from 10 V
to 25 V (Fig. 4). This is in accordance with previous studies. Yasuda, K.
and P. Schmuki studied the parameters to control morphology and
composition of anodic formed self-organized zirconium titanate TNAs,

3.1. Synthesis of TiO2 nanotube arrays
Synthesis of TiO2 nanotubes (TNT) arrays via anodization of Ti
material has been previously studied by other researchers [30,33–35].
Among various factors exerting impact on the characteristics of anodic
produced TNAs, anodization potential and annealing temperature are
two vital parameters which control the diameter of the TNTs and
crystallographic structure of the TiO2, respectively [36,37]. It should be
noticed that those impacts may vary among diﬀerent systems. Therefore, experiments were performed to examine the eﬀect of anodization
potential and annealing temperature on the characteristics of TiO2
nanotube arrays in our applied system.
3.1.1. Eﬀect of anodization potential
The results (Fig. 2 and Fig. 3) show that anodization potential imposes eﬀects on two aspects of the anodized Ti foil surface. Firstly, a
certain threshold anodization potential is needed to achieve total

Fig. 3. Eﬀect of anodization potential on the atomic composition of anodized Ti foil
surface.

Fig. 4. Eﬀect of anodization potential on average TiO2 nanotube diameter and TiO2 nanotube arrays speciﬁc surface area.

174

Applied Catalysis B: Environmental 220 (2018) 171–181

Y. Ye et al.

and found a linear correlation between the applied anodization potential and the diameter of TNAs in the range between 1 V and 100 V in
electrolytes containing ammonium sulphate and ammonium ﬂuoride
[49]. Another study conducted by Macak et al. has reported that TiO2
nanotubes diameter is linearly dependent by the anodization potential
(from 2 V to 40 V) in glycerol/water/ammonium ﬂuoride electrolytes
[50]. The slope of the dependencies are diﬀerent, which could be attributed to the diﬀerent conductivity of electrolytes used in diﬀerent
studies which imposes large impact on the eﬀective potential on the
electrodes [37]. This linear correlation between TNTs diameter and the
applied anodization voltage has signiﬁcant potential for expanding
application of TNAs, because based on which tailored TNAs with speciﬁc diameters could be produced. Moreover, speciﬁc surface area of
TNAs was also aﬀected by anodization potential, as shown in Fig. 4. The
speciﬁc surface area of TNAs increased with increasing anodization
potential from 10 V to 20 V, while further increased anodization potential resulted in a decreased speciﬁc surface area.

Fig. 6. Eﬀect of TiO2 nanotube diameters on the photocatalytic MTP degradation.

3.2.1.1. TiO2 nanotubes surface morphology. The eﬀect of TiO2 nanotube
diameters on the eﬃcacy of photocatalytic degradation of MTP was
evaluated with 4 TNAs produced under anodization potentials ranging
from 10 to 25 V, which corresponds to 4 TNAs arrays with average
diameters ranging from 26 to 106 nm. The results (Fig. 6) show that
photocatalytic degradations of MTP follow pseudo-ﬁrst order kinetic
model with good correlation (R2 > 0.99). The kinetic data and the
total removal of MTP after 120 min photocatalytic degradation under
diﬀerent conditions are summarized and shown in Table 3, it should be
noticed that all pseudo-ﬁrst order rate constant values (kapp) in this
study were calculated from experimental data of the whole treatment
time. From the results shown herein, the 26 nm diameter TNAs have
lowest photoactivity: the pseudo-ﬁrst order rate constant is
0.0086 ± 0.0000 min−1, with a total removal of MTP of
63.66 ± 1.65% after 120 min. By increasing the diameter to 53 nm,
photoactivity of the TNAs increases signiﬁcantly: the pseudo-ﬁrst order
rate constant increased by a factor of 67% to 0.0144 ± 0.0002 min−1,
and the total removal of MTP increased from 63.66 ± 1.65% to almost
82.88 ± 0.85%. However, further increasing diameters to 80 nm and
106 nm does not exert signiﬁcant impact on the MTP degradation. This
ﬁnding is in accordance with a previous study conducted by Zhuang
et al. [38] using TNAs for photocatalytic degradation of Methyl Orange
dye. Those authors have reported that TNAs with diameters of 55 nm,
100 nm, and 125 nm have almost the same photoactivity, which was
likely resulted from two facts: (1) the speciﬁc surface area of the TNAs
decreases with increasing tube diameter resulting in a negative impact;
(2) the increasing tube diameter on the other hand increases light
penetration and absorption inside the tubular structure which aﬀects
the photoactivity positively [38]. In the present study, the MTP

3.1.2. Eﬀect of annealing temperature
Many researchers have reported that as-prepared TNAs are typically
mainly in an amorphous form [30,36,46], which has low photoactivity.
Therefore, annealing is a crucial step to convert the amorphous TiO2
into desired crystalline phase to improve photoactivity of the TNAs. To
examine this aspect, TNAs were annealed under three diﬀerent temperatures. The crystallographic structures were characterized using
Raman spectroscopy, as described in the previous section regarding
measurement methods. The results (Fig. 5) demonstrate that TNAs
annealed at 300 °C and 450 °C are present in anatase form, while TNAs
annealed at 600 °C have converted to a mixture of rutile and anatase.
This is in accordance with previous studies [36]. Interestingly, a peak at
around 197 cm−1 was also observed in the as-prepared TNAs, implying
the presence of anatase in the as-prepared sample.
3.2. Photocatalytic degradation of metoprolol using TiO2 nanotube arrays
as photocatalyst
3.2.1. Eﬀect of TiO2 nanotube arrays characterizations
Although the diameter and crystallographic structure of a TNAs are
reported to impose impact on their photocatalytic performance [38,39],
the interactions between catalyst and speciﬁc target pollutants can be
inﬂuenced by the structure of the target pollutants [29], and therefore
the eﬀect of TNAs properties may diﬀer among diﬀerent target pollutants. Therefore, the eﬀect of TNAs characterizations on UV-LED/TNAs
MTP degradation was investigated experimentally.

Fig. 5. Raman patterns of TiO2 nanotube arrays annealed at diﬀerent
temperatures for 30 min. Raman pattern of as-prepared TiO2 nanotube arrays without annealing is also given, as an inset. Anodization
potential = 20 V.
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Table 3
Eﬀect of TiO2 nanotube diameters on the kinetics of photocatalytic degradation of metoprolol.
Nanotube diameter (nm)

kapp (min−1)

R2

Total removal

26
53
80
106

0.0086
0.0144
0.0129
0.0126

0.9927
0.9968
0.9954
0.9987

63.66
82.88
79.19
78.02

±
±
±
±

0.0000
0.0002
0.0011
0.0012

±
±
±
±

Table 4
Eﬀect of TiO2 nanotube arrays crystalline phase compositions on the kinetics of photocatalytic degradation of metoprolol.

1.65%
0.85%
2.72%
2.01%

Annealing
temperature

crystalline
phase

kapp (min−1)

R2

Total removal

As-prepared

Mainly
amorphous
Anatase
Anatase
Rutile
+ Anatase

0.0023 ± 0.0003

0.9512

25.67 ± 4.37%

0.0118 ± 0.0015
0.0129 ± 0.0011
0.0161 ± 0.0005

0.9989
0.9954
0.9819

76.26 ± 4.90%
79.19 ± 2.72%
87.09 ± 0.09%

300 °C
450 °C
600 °C

degradation increased with increasing tube diameter from 26 nm to
53 nm, while further increased tube diameters from 53 nm to 106 nm
impose no signiﬁcant eﬀect. Increasing nanotube diameter would
beneﬁt light transmittance inside the nanotubes, resulting in a
positive impact on the photoactivity of TNAs, according to a previous
study [38]. Therefore, it is likely that certain nanotube diameter is
needed to obtain good photoactivity of TNAs. In addition, the diﬀerence
in speciﬁc surface areas of TNAs with varied diameter may also play a
role. The change in speciﬁc surface area would not only inﬂuence the
primary MTP degradation route, which involves reactive species in the
liquid phase, by aﬀecting diﬀusion of reactive species from TNAs
surface to the liquid phase, but also aﬀect the secondary MTP
degradation route taking place on the TNAs surface via reaction with
h+ and surface adsorbed hydroxyl radicals. The phenomenon observed
in the present study was a result of the synergetic eﬀect of the
abovementioned two facts. To fully understand such synergetic eﬀect,
more advanced analysis are required, e.g Electron Paramagnetic
Resonance studies to provide more details on the diﬀusion behaviour
of photo-generated reactive species from catalyst surface to the liquid
phase.

were applied. The highest pseudo-ﬁrst order rate constant and total
removal of MTP degradation were obtained when a mixture of anatase
and rutile were present. The eﬀect of crystalline phases on the
photoactivity of TiO2 remains unclear, and debate still exists because
the results of previous studies are not in line with each other. A study
conducted by Macak et al. [40]compared the photocatalytic
performance of amorphous, anatase phase, rutile phase, mixture of
anatase and rutile phases, and the results show that the anatase phase
has the highest photocatalytic performance. On the contrary, Liang and
Li [51] reported that a mixture of anatase and rutile has highest
photocatalytic performance on degradation of 2,3-dichlorophenol in
aqueous solution. Anatase is well known for its better photoactivity.
Rutile is known to have smaller band gap than anatase (3.2 eV for
anatase and 3.0 eV for rutile) [47], and therefore better response to
photons with longer wavelengths can be expected, which could promise
an increase in photoactivity of the TNAs with its addition. On the other
hand, usually faster recombination of e−/h+ pairs happens in rutile
[52] could exerts negative impact on its photoactivity. Therefore, there
should be an optimal rutile: anatase ratio, below or above which lower
photocatalytic performance is obtained. In depth investigation on this
aspect is of interest for optimization of TNAs. Taking into account that
the highest pseudo-ﬁrst order rate constant and total removal of MTP
degradation were obtained when a mixture of anatase and rutile were
present in TNAs, the TNAs prepared under 20 V anodization potential
and annealed at 600 °C were used in the following sections.

3.2.1.2. TiO2 nanotube arrays crystallographic phase. In addition to tube
diameter, crystallographic phase also exerts impact on photoactivity of
TNAs [39]. Considering the satisfactory performance of TNAs with
diameter ≥ 53 nm, the TNAs prepared under 20 V which have average
diameter of 80 nm was chosen for further investigations. Performance
of TNAs prepared under 20 V anodization potential with diﬀerent
crystallographic compositions was studied. The results (Fig. 7 and
Table 4) show that crystallographic phase imposes signiﬁcant impact on
the photocatalytic degradation of MTP. Only a small portion
(25.67 ± 4.37%) of MTP was degraded over the as-prepared TNAs.
This can be attributed to the fact that the as-prepared TNAs are majorly
in amorphous phase (although very small amount of anatase is present),
which has very low photoresponse. This is in line with literature
reporting that amorphous structured TiO2 has very poor
photocatalytic eﬃcacy [40]. As aforementioned, by annealing the
TNAs at 300 °C and 450 °C, the TiO2 NTs were converted to anatase
form (Fig. 5). Therefore, identical kinetics values and total removal of
MTP were obtained, when the TNAs annealed at 300 °C and 450 °C

3.2.2. Eﬀect of initial concentration of metoprolol
MTP is reported to be present in various water bodies at very low
concentration, at ng/L to μg/L level [12]. Considering this fact, to
evaluate the applicability of the photocatalytic degradation of MTP
using TNAs, it is of importance to examine how would the initial concentration of MTP aﬀect the eﬃcacy of the UV-LED/TNAs system.
Photocatalytic experiments were performed with varied initial MTP
concentrations, ranging from 0.1 mg/L to 1.5 mg/L, to examine this
aspect. The eﬃcacy was evaluated in terms of both pseudo-ﬁrst order
kinetic values and total removal of MTP after 120 min treatment. Unsurprisingly, the results (Fig. 8 and Table 5) show that both the degradation rate constant and total removal of MTP were not negatively
aﬀected by decreasing initial MTP concentration from 1.0 mg/L, and
the MTP degradations followed pseudo-ﬁrst order kinetics model when
initial MTP concentration was in the range of 0.1–1.0 mg/L. On the
other hand, decreased apparent rate constant and total removal of MTP
were observed when initial MTP concentration was increased to
1.5 mg/L. This ﬁnding can be attributed to the following facts: (1) the
availability of reactive species was constant under the same applied
irradiation conditions and catalyst loading [53]; (2) when initial MTP
concentration was 1.0 mg/L, the amount of reactive species was already
at exceed level, resulting in pseudo-ﬁrst order degradation of MTP.
When lower initial MTP concentration was applied, the reactive species
to target pollutant ratio was further increased, therefore at lower initial
MTP concentration the MTP degradation still followed the same
pseudo-ﬁrst order kinetics model. Consequently, lower initial MTP
concentration imposed no negative impact on MTP degradation. The

Fig. 7. Eﬀect of TiO2 nanotube arrays crystalline phase composition on the photocatalytic
MTP degradation.
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Fig. 8. Eﬀect of initial concentration of metoprolol on the photocatalytic MTP degradation.

Fig. 9. Eﬀect of initial pH on the photocatalytic MTP degradation.

oxidation by photo generated holes or hydroxyl radicals adsorbed on
TNAs surface. The high pH induced repulsive eﬀect of the TNAs surface
towards deprotonated MTP molecules resulted in inhibition of the
secondary MTP degradation route. The same eﬀect of alkaline pH has
been reported in a study conducted by Habibi et al. [21], where the
eﬀect of pH on slurry TiO2 photocatalytic degradation of Reactive
Yellow 2 was examined and increasing pH was reported to cause decreased degradation eﬃciency of the dye.

Table 5
Eﬀect of initial concentration of metoprolol on the kinetics of photocatalytic metoprolol
degradation.
Initial MTP concentration (mg/
L)

kapp (min−1)

R2

Total removal

0.1
0.5
1.0
1.5

0.0185
0.0165
0.0161
0.0108

0.9984
0.9968
0.9819
0.9780

89.27
87.03
87.09
74.50

±
±
±
±

0.0014
0.0004
0.0005
0.0005

±
±
±
±

2.04%
0.82%
0.09%
1.30%

3.2.4. Eﬀect of inorganic ions
Regarding real life application of heterogeneous photocatalytic
systems, presence of various inorganic ions should be taken into account, because many of them have been reported to pose detrimental
eﬀect even at low concentration levels [21,55,56]. Therefore, experiments were carried out to examine the eﬀect of presence of some
common inorganic ions, i.e. bicarbonate ions, phosphate ions. To best
represent the real implication, HCl was used to adjust the reaction solutions with phosphate or bicarbonate addition to circum-neutral (6–7).
The obtained results (Fig. 10 and Table 7) show that the presence of
both inorganic ions exerts no detrimental impact on the UV/TNAs
photocatalytic degradation of MTP. Both the pseudo-ﬁrst order rate
constant and the total removal of MTP degradation were not negatively
inﬂuenced by the presence of phosphate ions or bicarbonate ions at
various concentration levels. Moreover, slight increase in the MTP degradation was obtained with the presence of phosphate ions or 50 mg/L
bicarbonate ions. The obtained results herein exhibit great advantage of
TNAs over conventional TiO2 slurry systems. Signiﬁcant detrimental
eﬀect of bicarbonate and phosphate ions on the performance of conventional TiO2 slurry systems has been well documented in literature
and examples are abundant [21,55,57,58]. In a study conducted by
Rioja et al. [57] investigated the eﬀect of water matrix on the photodegradation of cloﬁbric acid, and found that even the presence of
50 mg/L NaHCO3 or NaCO3 caused signiﬁcant decrease in the cloﬁbric
acid degradation. Another study conducted by Rincon et al. [58] investigated the eﬀect of inorganic on photocatalytic inactivation of E.
Coli, and reported that addition of bicarbonate and phosphate ions resulted in a meaningful decrease in photocatalytic E. Coli inactivation.
Although there is a generally known detrimental eﬀect of carbonate
species (HCO3− or CO32−) and phosphate species on AOPs, mainly due
to scavenging of hydroxyl radicals, the possible positive impact should
also be taken into account. For the carbonate species, by reacting with
hydroxyl radicals, carbonate radicals are generated [59,60]. The carbonate radical has relatively high oxidizing potential (E0 = 1.78 V at
pH 7) and tend to attack compounds with electron-rich moieties [59].
Besides, carbonate species can also act as conduction band electrons
quencher [61], which decreases the recombination of e−/h+ pairs and
can in turn impose a positive impact on the photocatalytic degradation
of MTP. To conﬁrm the electron quenching capability of bicarbonate
species, an additional experiment was conducted by irradiating a
200 mg/L bicarbonate aqueous solution with UV light in the presence of

analysis presented here is an indication that application of the UV-LED/
TNAs photocatalytic degradation system in real-life may not be negatively aﬀected by much more diluted MTP concentration, and it could
assist further comprehensive studies assessing the performance of the
UV-LED/TNAs system in real life implications.
3.2.3. Eﬀect of pH
The eﬀect of pH was examined in the range of 3–11 to study the
applicability of the TNAs based photocatalytic pharmaceutical degradation processes, in terms of both degradation kinetics and total
removal after 120 min treatment. The results (Table 6 and Fig. 9) reveal
that the photocatalytic performance of TNAs on MTP degradation remains highly eﬀective in a wide pH range, from 3 to 11. As demonstrated in Table 6 and Fig. 9, the UV-LED/TNAs system can be applied
in a wide pH range: (1) even acute acidic conditions (pH0 = 3) imposes
no adverse impact on the photocatalytic degradation of MTP; (2) a
moderate decrease in MTP degradation was observed under acute basic
conditions (pH0 = 11), but the overall performance was still comparable to that under neutral and acidic conditions. Plausible explanation
of the decrease of photocatalytic MTP degradation over TNAs lies in the
electrostatic repulsive eﬀect between deprotonated MTP and TNAs
surface. MTP has a pKa value of 9.68 [54], making it deprotonated into
negatively charged anion form. Meanwhile, under acute basic conditions (pH0 = 11) the TNAs surface was also negatively charged, according to literature [55]. Consequently, the electrostatic eﬀect would
make TNAs surface repulsive to the deprotonated MTP, which would
pose a negative eﬀect on the degradation of MTP. As addressed in the
mechanistic section, although major MTP degradation occurred in the
bulk liquid phase, secondary MTP degradation routes occurred on the
surface TNAs (TNAs − liquid interface), involving either direct
Table 6
Eﬀect of initial pH on the kinetics of photocatalytic metoprolol degradation.
Initial pH

kapp (min−1)

R2

Total removal

3
6
11

0.0151 ± 0.0033
0.0161 ± 0.0005
0.0104 ± 0.0016

0.9975
0.9819
0.9824

84.29 ± 6.00%
87.09 ± 0.09%
73.83 ± 4.95%
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Fig. 10. Eﬀect of inorganic ions on the
photocatalytic MTP degradation: (a) phosphate ions (b) bicarbonate ions.

Table 7
Eﬀect of inorganic ions on the kinetics of photocatalytic metoprolol degradation.
Background
water
constituents

Concentration
(mg/L)

kapp (min−1)

R2

Total removal

No addition
Bicarbonate

0
50
100
200
50
100
200

0.0161
0.0194
0.0154
0.0149
0.0219
0.0231
0.0206

0.9819
0.9956
0.9941
0.9913
0.9970
0.9947
0.9965

87.09
90.78
85.19
84.57
93.26
94.28
92.19

Phosphate

±
±
±
±
±
±
±

0.0005
0.006
0.004
0.0033
0.0040
0.0024
0.0016

±
±
±
±
±
±
±

0.09%
0.51%
0.82%
5.72%
3.10%
1.47%
1.54%
Fig. 11. Eﬀect of NOMs on the photocatalytic MTP degradation.

TNA. The obtained results (Table SI 2) show that after 120 min irradiation, the total organic carbon of the solution increased from 0 mg/L
to nearly 5 mg/L, which soundly support the hypothesis that the bicarbonate ions in the UV/TNAs system are able to rigorously quench
conduction band electrons. To this end, the detrimental eﬀect of bicarbonate induced by scavenging of hydroxyl radicals would be compensated by the formation of carbonate radicals and following carbonate radical mediated MTP degradation, as well as the quenching of
conduction band electrons by bicarbonate ions. Therefore, the presence
of bicarbonate in this study had no detrimental eﬀect. For the presence
of phosphate, the eﬀect is also two-sided. On the one hand, it can adsorb on to the catalyst surface to decrease the adsorption of target
pollutants and therefore hinder the degradation of target pollutants on
the catalyst surface. However, previous studies have also pointed out
that the adsorption of phosphate ions on the catalyst surface would lead
to enhanced photocatalytic degradation of target pollutants by promoting the separation of e−/h+ pairs via introducing electrostatic ﬁeld
on the catalyst surface [62]. Considering the fact that major MTP degradation takes place in the bulk liquid phase (as described in details in
section 3.4), the adverse eﬀect of phosphate can be neglected. Therefore, a slight increase in MTP degradation was obtained with presence
of phosphate ions.

Table 8
Eﬀect of NOMs on the kinetics of photocatalytic metoprolol degradation.
NOMs concentration (mg/L)

kapp (min−1)

R2

Total removal

0
5
10
15

0.0161
0.0147
0.0053
0.0040

0.9819
0.9967
0.9730
0.9889

87.09
83.72
49.42
38.93

±
±
±
±

0.0005
0.0015
0.0009
0.0007

±
±
±
±

0.09%
2.78%
5.76%
4.20%

concentration increased from 5 mg/L to 10 mg/L, and the total removal
of MTP decreased from 83.72 ± 2.78% to 49.42 ± 5.76%. Further
decrease in MTP degradation was observed by increasing NOMs concentration to 15 mg/L: the degradation rate constant decreased to
0.0040 ± 0.0007 min−1 and the total removal of MTP decreased to
38.93 ± 4.20%.
This observed phenomenon can be attributed to the characteristics
of NOMs. The NOMs have light absorption in UV and near UV range
(See Figure SI 3 in supplementary materials). Moreover, NOMs can also
act as reactive species quencher, which in turn decrease the availability
of reactive species for MTP degradation. Therefore, they impose a
detrimental eﬀect on photocatalytic MTP degradation over TNAs.
Although it is also documented that NOMs can act as photosensitizer
which may mitigate its detrimental eﬀect on target pollutant degradation, the experimental data (Figure SI 4) suggest that NOMs do not act
as photosensitizer in the UV-LED/TNAs system under the applied conditions.

3.2.5. Eﬀect of NOMs
Natural organic matters (NOMs) are present in broad range of water
bodies and are known to be able to interfere with AOPs [63]. Given this
context, to evaluate the applicability of TNAs for photocatalytic degradation of MTP, it is of interest to study the eﬀect of NOMs and
document the bearable NOMs concentrations range. Experiments were
carried out in the presence of various NOMs concentrations from 5 mg/
L to 15 mg/L (corresponding to TOC concentrations from 2 mg/L to
6 mg/L).
The obtained results (Fig. 11 and Table 8) indicate that the presence
of NOMs at concentration levels ≤ 5 mg/L has no noteworthy detrimental eﬀect. Both the pseudo-ﬁrst-order rate constant and total removal of MTP remained at the same level, when 5 mg/L NOMs was
added. With increased concentration levels, the NOMs started to exhibit
a detrimental eﬀect on the photocatalytic MTP degradation. The degradation
rate
constant
decreased
drastically
from
0.0147 ± 0.0015 min−1 to 0.0053 ± 0.0009 min−1 when NOMs

3.2.6. Eﬃcacy of the TiO2 nanotube arrays on photocatalytic metoprolol
degradation in tap water
To further evaluate the applicability of the TNAs, an experiment was
carried out with tap water to examine the eﬃcacy of photocatalytic
MTP degradation by using TNAs as photocatalyst. The pseudo-ﬁrst
order kinetic constant and total removal of MTP degradation demonstrated in Fig. 12 and Table 9. The results show that the degradation
rate constants experienced a decrease from 0.0161 ± 0.0005 min−1 in
Milli-Q water to the value of 0.0076 ± 0.0001 min−1 in tap water. The
total removal of MTP after 120 min of photocatalytic treatment over
TNAs decreased from 87.09 ± 0.09% in Milli-Q water to
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Fig. 13. Contribution of diﬀerent reactive species on the MTP degradation.

Fig. 12. Eﬀect of water matrices on the photocatalytic MTP degradation.

photocatalytic degradation of target-pollutants. This is in accordance
with the present study: only very small portion of MTP degradation
occurred on the surface of TNAs (TNAs − liquid interface), degraded by
either direct oxidation by photo generated holes or hydroxyl radicals
adsorbed on TNAs surface. Additionally, it should be noticed that other
reactive species, likely to be superoxide anion radicals according to
literature [47], did also play a minor role in MTP degradation over
TNAs, which accounts for around 3% of the MTP removal. This ﬁnding
in this study is in agreement with previous studies on TiO2 photocatalytic MTP removal processes [47]. A schematic of the MTP degradation over TNAs was proposed as shown in Fig. 14.
This ﬁnding was further conﬁrmed via by-products analysis by
LC–MS/MS. The LC–MS/MS analysis show that the UV/TNAs photocatalytic degradation of MTP resulted in formation of 25 main degradation by-products (DP). The m/z ratios and corresponding retention times (RT) of detected DPs are summarized in Table SI 3, and the
evolution of those DPs versus time was summarized in Figure SI 7. The
obtained DPs are in agreement with previous studies using TiO2 for
MTP removal [12,47,64], and tentative structures of those DPs have
been proposed by a previous study [64]. By inhibiting the participation
of holes and ·OH, most of the DPs were not formed, and only DP3 (m/
z = 134, RT = 1.22 min), DP4 (m/z = 76, RT = 1.23 min), DP6 (m/
z = 120, RT = 1.23 min), and DP23 (m/z = 284, RT = 5.45 min) were
observed. By inhibiting the participation of ·OH in the bulk liquid
phase, DP3, DP4, DP6, DP23, and DP24 (m/z = 282, RT = 5.66 min)
were obtained.

Table 9
Comparison of the kinetics of photocatalytic metoprolol degradation in tap water and
Milli-Q water.
Water matrix

kapp (min−1)

R2

Total removal

Milli-Q
Tap water

0.0161 ± 0.0005
0.0076 ± 0.0001

0.9819
0.9849

87.09 ± 0.09%
62.05 ± 0.08%

62.05 ± 0.08% in tap water. The characteristics of the tap water were
shown in Table SI 1. Although bicarbonate and phosphate ions exhibit
no detrimental eﬀect on the photocatalytic degradation of MTP over
TNAs as shown in previous section, the degradation of MTP would still
be interfered by the presence of other organic compounds in tap water.
Those organic compounds would compete with the target pollutant for
oxidizing species, screen UV irradiation, and may also adsorb onto the
photocatalyst surface [64]. On the contrary to TNAs based, conventional TiO2 slurry system was much more vulnerable to the mater
matrix. In a previous study conducted by Rioja et al. [57], it is reported
that the target pollutant degradation rate constant decreased drastically
from 0.3468 min−1 in pure water to 0.0033 min−1 in tap water.

3.3. Contribution of diﬀerent photo-induced reactive species
Previous studies on TiO2 based photocatalytic systems have pointed
out that hydroxyl radicals are vital reactive species in degradation of
target-pollutants [23]. However, some researchers clearly pointed out
that other species, including electrons, holes, superoxide anion radicals,
singlet oxygen, can also contribute to degradation of target-pollutants
depending on the characteristics of speciﬁc catalyst [47]. Viewing this
fact, in order to evaluate the mechanistic aspect, experiments with
addition of speciﬁc scavengers were carried out. The results demonstrate that the degradation of MTP was greatly hindered: total removal
after 120 min treatment was decreased to 2.42 ± 2.19% and
10.48 ± 0.50%, with addition formic acid and tert-butanol respectively.
Knowing the fact that formic acid can rigorously quench photo
generated electron holes (h+) on the surface of TNAs once they were
produced, addition of formic acid in the reaction hindered not only the
degradation pathway mediated by electron holes but also degradation
pathways with participation of hydroxyl radicals [47]. Due to extreme
low aﬃnity to TiO2 surfaces, the tert-butanol only scavenges hydroxyl
radicals in bulk liquid phase. From the obtained results, the contribution of diﬀerent degradation routes was obtained. As shown in Fig. 13,
the primary photocatalytic degradation of MTP occurred via reaction
with hydroxyl radicals in bulk liquid phase, which accounts for 88% of
the MTP removal. In a recent study conducted by Arlos et al. [29], it is
reported that highly mobility of hydroxyl radicals allows them diﬀuse
from the surface to liquid phase and therefore interact with compounds
in the liquid phase, and hence adsorption of target contaminants on
catalyst surface is not necessarily a pre-requisite for eﬃcient

3.4. Stability of TiO2 nanotube arrays
Stability of the TNAs was evaluated under acidic (pH0 = 3), neutral
(pH0 = 6), and alkaline conditions (pH0 = 11) in terms of their reuse
performance over 6 cycles. For each cycle, the treatment time was
120 min. The TNAs were washed by Milli-Q water and dried in N2
stream at ambient temperature after each run, and were then reused in
subsequent run. As demonstrated in Fig. 15, photocatalytic MTP degradation by TNAs was not negatively aﬀected during the repeated
treatment cycles under diﬀerent operation conditions, revealing relatively good stability of the TNAs and its potential in real life implications.
4. Conclusions
The synthesis of self-organized TiO2 nanotube arrays (TNAs) and
their application for photocatalytic degradation of a β-blocker metoprolol (MTP) was studied. Self-organized TNAs are found to be a
powerful catalyst for photocatalytic removal of MTP from aqueous
streams. Main conclusions can be drawn from our results are summarized herein:

• For fabrication of self-organized TNAs, anodization potential and

annealing temperature are two key parameters which control the
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Fig. 14. Proposed schematic photocatalytic degradation mechanism
of MTP over TNAs.

fully understand its applicability in real life implications, further
research eﬀorts are required, for instance the performance of TNAs
during long time operation in the presence of various inorganics and
other pollutants, and also the synergetic eﬀect of co-existence of
inorganics and other organics on the performance of the catalyst and
cost of operation of the system should be evaluated systematically.
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Fig. 15. Total removal of MTP after 120 min photocatalytic treatment over TNAs for
repeated use at diﬀerent pH conditions. [MTP]0 = 1 mg/L.

•

•

•

•

•

diameter and crystallographic composition of the anodic produced
TiO2 nanotubes respectively.
The surface morphology and crystallographic composition of the
anodic produced TiO2 nanotubes impose impact on performance of
the TNAs in photocatalytic MTP degradation, respectively. For TNAs
with given average nanotube diameters, photocatalytic MTP degradation was favoured when a mixture of anatase and rutile was
present in the TNAs structure; for TNAs with certain crystallographic composition, rapid MTP degradation was obtained when
the nanotubes diameter reached 53 nm
The UV-LED/TNAs system can be applied in a wide pH range, and
lower initial MTP concentration imposed no negative impact on
MTP degradation. The analysis presented here is an indication that
application of the UV-LED/TNAs photocatalytic degradation system
in real-life may not be negatively aﬀected by much more diluted
MTP concentration, and it could assist further comprehensive studies assessing the performance of the UV-LED/TNAs system in real
life implications.
Regarding real life application, the presence of even high level bicarbonate ions and phosphate ions has no detrimental eﬀect, while
NOMs concentration higher than 5 mg/L does negatively aﬀect the
photocatalytic degradation of MTP. Operation in real tap water
samples leaded to a slight decrease in the process eﬃciency, but the
performance was still reasonable.
The obtained results demonstrate that primary degradation process
occurred in liquid phase with participation of hydroxyl radicals in
the liquid phase (·OH liquid), while smaller portion of MTP were
degraded on the catalysis surface via reaction with h+ and hydroxyl
radicals adsorbed on the catalyst surface (·OH surface). Other reactive
species, e.g photo generated electrons and superoxide radical anions,
did also play a minor role in MTP degradation. The mechanistic
aspect was further conﬁrmed by identiﬁcation of degradation products by LC–MS/MS.
The TNAs exhibit good stability during repeated treatment cycles,
which is an indication of its potential in real life implications. To

Appendix A. Supplementary data
Supplementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.apcatb.2017.08.040.
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