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Abstract The aim of the study was to investigate the
degradation kinetics of tetracycline antibiotic by nano-
sized titanium dioxide under ultraviolet irradiation.
Enhancement of photocatalysis by addition of Hydrogen
peroxide was also evaluated. Various experimental
parameters such as initial tetracycline concentrations,
initial titanium dioxide concentration, initial pH, reaction
times, initial Hydrogen peroxide concentrations, as well
as water matrix using ultrapure water, drinking water and
secondary effluent were investigated. The initial rate of
photocatalytic degradation of tetracycline well fitted the
Langmuir-Hinshelwood kinetic model (R? = 0.9926)
with a reaction rate constant of 1.4 mg/L. min. The
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degradation rate depended on initial tetracycline concen-
tration and initial pH. The degradation rate also increased
with higher titanium dioxide density and reached a pla-
teau at titanium dioxide concentration of 1.0 g/L. The
tetracycline degradation rate was higher in drinking water
compared to ultrapure water. The addition of Hydrogen
peroxide to titanium dioxide suspension significantly
enhanced the tetracycline degradation rate and substan-
tially reduced the time required to degrade 100 % of
tetracycline. Changes of chemical oxygen demand values
during photolysis indicated that tetracycline transformed
into intermediate products without complete mineraliza-
tion. The ultraviolet visible spectra obtained before and
after ultraviolet irradiation in the presence of titanium
dioxide can indicate the formation of 4a,12a-anhydro-4-
0x0-4- dimethylaminotetracycline.

Keywords Advanced oxidation process - Hydrogen
peroxide - Kinetics - Photocatalysis - Ultraviolet radiation

Introduction

Over the past few years, antibiotics and their metabolites
have been detected in surface water, ground water,
wastewater, and drinking water at levels ranged from ng/
L to pg/L (Kim and Tanaka 2009; Lopez-Penalver et al.
2010). For instance, residual concentrations of antibiot-
ics have been detected up to 6,000 ng/L in sewage
treatment plant effluent, up to 1900 ng/L in surface water
and up to 470 ng/L in ground water. The highest
concentration of antibiotics detected in the aquatic
environments is 28,000-31,000 pg/L. This was found
in the effluent of a wastewater treatment plant that
serves 90 pharmaceutical plants (Kummerer 2009). The
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introduction of antibiotics residual into environment
through various sources can lead to serious environ-
mental problems including ecological and human health
damages (Daghrir and Drogui 2013). Tetracyclines
(TCs) are a large group of antibiotics with widespread
use in human and veterinary medicine and account for
approximately 29 % of total antibiotic use (Wammer
et al. 2011). After medication, more than 70 % of TC
antibiotics were released in active form into the envi-
ronment (Daghrir and Drogui 2013). In recent years, the
presence of TC in surface water and even in ground
water has been also reported (Liu et al. 2012). For
example, up to 20 mg/L of TC was detected in manure,
and half of the 139 rivers surveyed in the USA had
detection of antibiotics (Chang et al. 2014). The average
concentration of TC, oxytetracycline (OTC), and chlor-
tetracycline (CTC) reported in US surface water were
0.11, 1.34, and 0.15 pg/L, respectively (Lindsey et al.
2011). In addition, they have relatively long half-life, up
to 180 days, depending on environmental conditions
(Jiang et al. 2014). Most conventional wastewater
treatment plants are inefficient in the removal of TC
antibiotic (Homem and Santos 2011; Daghrir and Drogui
2013). Therefore, the development of new efficient
approaches is required to decrease the TC antibiotic
discharge into the environment. In general, advanced
oxidation processes (AOPs) are the most efficient tech-
nology for degradation of various refractory pollutants in
aqueous solutions and, during the last few decades, have
been widely applied for removal of many organic pol-
lutants such as ozonation (Khan et al. 2010), Fenton
(Zgajnar Gotvajn et al. 2013), photo-Fenton (Liu et al.
2012), ultrasound waves (Mahvi 2009; Mahvi et al.
2009), sonochemical (Ifelebuegu et al. 2014), photoso-
nochemical processes (Mahvi and Maleki 2010; Hoseini
et al. 2013b), ultraviolet irradiation (Dobaradaran et al.
2010), and sulfate radical-based oxidation (Tay et al.
2013; Lin et al. 2014; Deng et al. 2014). In recent years,
AOPs have been demonstrated to be an effective tech-
nology for the removal of pharmaceuticals, including TC
antibiotics (Maroga et al. 2012). Among different AOPs,
titanium dioxide (TiO,) photocatalytic process is one of
the most promising and emerging technology. TiO;
photocatalytic process seems to have key advantages,
such as operation at ambient conditions and lack of mass
transfer limitations. The mechanism of this process
includes the activation of a semiconductor (usually an
inorganic semiconductor, such as TiO,) via artificial
light or sunlight (Homem and Santos 2011).

The objective of the present study was to evaluate the
kinetics of TC degradation by UV irradiation, UV/TiO,
and UV/TiO,/H,0, processes. Various experimental
parameters such as initial TC concentration, initial TiO,
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concentration, initial pH, reaction time, initial H,O, con-
centration as well as water matrix using ultrapure water,
drinking water and secondary effluent were investigated.
This study was performed at Department of Environmental
Health Engineering, School of Public Health, Tehran
University of Medical Sciences in 2013.

Materials and methods
Chemicals

Tetracycline hydrochloride (Cy,H4OgN,-HCI) with a
purity of over 95 % was purchased from Sigma-Aldrich
(Munich, Germany) and was used without further purifi-
cation. Chemical properties of tetracycline hydrochloride
are shown in Table 1. TiO, (P25, Degussa AG, Dusseldorf,
Germany) with a specific surface area of 50 + 15 m%/g,
primary particle diameter of 21 nm, and a crystal distri-
bution of 80 % anatase and 20 % rutile was purchased
from Degussa (Germany). Hydrogen peroxide (30 % w/w)
was purchased from R & M Marketing. All other chemicals
used in this study were reagent grade and used without
further purification. Analytic reagents were obtained from
Merck. Double distilled water was used to prepare the
solutions in all experiments. Stock solution of TC and other
solutions were prepared in distilled deionized water and
diluted as required.

Preparation of the synthetic solution and experimental
procedure

TC stock solution (1,000 mg/L) was prepared weekly
using distilled deionized water and stored in dark at
4 °C. All experiments were performed in laboratory
scale and batch system and at constant temperature
(25 °C) with 250 mL of TC solution in a 500-ml reactor.
After adjusting the initial pH with 1 mol/L of H,SO, or
NaOH, solution was mixed with the required amount of
TiO, and magnetically stirred for 30 min in the dark to
ensure complete equilibration of adsorption/desorption
of TC onto the TiO, surface (efficiency 8 £+ 2 %). After
that the UV lamp was turned on. UV irradiation was
provided by an 18-W lamp emission at 254 nm (with
intensity of 2,500 uW/cmz), which was covered with a
quartz tube and placed in the middle of the reactor.
During photocatalytic experiments, temperature was
maintained at 25 °C by using external water cooling
around the reactor. Schematic of the experiment used in
this study is shown in Fig. 1. At preselected intervals,
2 mL aliquots were taken, filtered through a membrane
filter (0.22 pm), and mixed with 2 mL methanol to
quench the reaction between OH' radicals and the
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Table 1 Chemical properties of tetracycline hydrochloride (Daghrir and Drogui 2013)
Molecule Formula Molecular weight (g/mol) Solubility (mol/L) pKai pKaz pKas
TC Cy,H,4,0OgN,-HCI 480.9 0.041 32+03 7.78 £ 0.05 9.6 £ 0.3
¥ - where Cy and C, are the concentrations of TC before and
L after photocatalytic reaction.
w
®
L e
N G) Results and discussion

6y

Fig. 1 Schematic of the experiment used in this study; (/) magnetic
stirrer, (2) cooling water inlet, (3) quartz tube, (4) UV lamp, (5) stirrer
bar, (6) sampling port, (7) outer jacket, and(8) cooling water outlet

remaining TC before analysis. All experiments were
performed in duplicate, and values are represented as
results with the standard error not exceeding 5 %. In
aliquots containing H,O,, aliquot pH increased imme-
diately after sampling above 10, in order for H,O, deg-
radation and minimized interference in the measurement.
TC concentration was measured by a high performance
liquid chromatography (HPLC) Shimadzu LC-20 AB
pump and  Shim-Pack  VP-ODS-C18  column
(250 x 4.6 mm, 5 ml) with a UV detector (Shimadzu
UV-1600 spectrophotometer), flow rate of 1.0 mL/min,
and injection volume of 20 pL. The mobile-phase ace-
tonitrile/0.01 M oxalic acid solution (31:69, v/v) was
used as eluent at the wavelength of 360 nm. Standard
calibration showed good linearity (R* > 0.999) between
the concentrations of TC and the peak area responses.
The removal efficiency of TC was expressed using fol-
lowing equation:

G

Co —
Removal efficiency = ——
0

x 100 % (1)

Degradation of TC and COD removal under different
oxidation systems

The results of TC degradation and COD removal under the
optimum conditions by different systems at an initial TC
concentration of 55 mg/L are shown in Fig. 2a, b, respec-
tively. After UV irradiation time of 120 min, the degra-
dation of TC reached to 23.8 % with 12.2 % removal of
chemical oxygen demand (COD). This could be attributed
to this fact that only a limited amount of HO' is formed in
the bulk solution in the presence of UV alone, and pre-
sumably, the removal efficiency was due to direct photol-
ysis or hydrolysis of antibiotic. This result is similar to the
results reported by Kim et al. (2009) and Gao et al. (2012),
who studied degradation of amoxicillin, ampicillin, clox-
acillin, sulfamethoxazole, and TC antibiotics by UV pro-
cess. However, in the presence of TiO,, much faster
degradation of TC (83.2 %) and higher mineralization level
(50.2 % removal of COD) occurred compared to UV
irradiation only. This could be mainly due to the active
species produced during the photocatalytic process such as
OH' radical, hole and superoxide ion. Some researchers
studied the application of UV/TiO, for degradation of TC
antibiotics and concluded that this process was very effi-
cient. Addamo et al. (2005), who studied the application of
this process for TC removal from aqueous solution,
reported that TC removal efficiency above 98 % was
obtained after 120 min with 100 % removal of total
organic carbon. Reyes et al. (2006), who studied TC pho-
todegradation, reported 100 % of TC degradation after
120 min with higher mineralization level (90 %). It has
been shown by Bu and Zhuang (2013) that photocatalytic
processes could be effective to remove more than 80 % of
chlortetracycline. These results are similar with those
obtained by Palominos et al. (2009), who studied degra-
dation of TC using photocatalysis process. The degradation
rate of TC was high (100 %) with 50 % of mineralization.
The addition of H,O, to TiO, suspensions leads to 100 %
of TC degradation and 73.7 % of COD removal after 30
and 120 min, respectively. It practices as an electron
acceptor from conduction band of semiconductor (TiO,) to
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Fig. 2 a Degradation of TC b removal of COD under different
oxidation systems ([TC] = 55 mg/L; [TiO,] =1 g/L;
[H,O,] = 100 mg/L; [COD] = 90 mg/L; pH 5; lamp power: 18 W)

produce additional OH'" radicals (Elmolla and Chaudhuri
2010b). However, the results of COD removal efficiency
suggested that complete mineralization of TC did not occur
in the processes but transformed to byproducts, and TC was
not completely decomposed to harmless inorganic ions.
Therefore, a subsequent treatment is required for complete
removal of the TC byproducts. However, there are distinct
differences in the COD removal efficiencies of antibiotics
using photocatalysis processes. This difference can be
partly due to the molecular structure properties of antibi-
otics. In addition, the different experimental conditions
may also lead to the different COD removal efficiencies of
antibiotics using photocatalysis processes. It was clear that
UV/TiO,/H,0, process was the best and efficient treatment
method for 100 % removal of TC with high mineralization
level.

Kinetic study of TC degradation by UV/TiO, process

Kinetic study could be useful to investigate and under-
stand the mechanisms of pollutant degradation. Several

ﬁ @ Springer

recent researches have reported that kinetics of the
photocatalytic degradation of aqueous pollutants by
TiO, follows the Langmuir-Hinshelwood (L-H) kinetic
model (Lazar et al. 2012; Daghrir and Drogui 2013;
Subramonian and Wu 2014). The kinetic model data
were evaluated by regression analysis method using
Excel software. The L-H kinetic model is expressed as
the following equation:

dc k.KC

T T 1¥ke

(2)

where r is the reaction rate, k, is the reaction rate constant,
K is the reactant adsorption constant, 0 is the fraction of
the surface of TiO, covered by TC, and C is the
concentration of TC at any time ¢. At low concentrations
of TC and weak adsorption (KC <« 1), Eq. (2) can be
simplified to a pseudo-first-order kinetic model as
following equation:

dc
= ——kKC = kot 3
" dr 0 (3)
where ko = &, K.

The integration of Eq. (3) gives:

ln%) = kot 4)
where C, is the initial concentration of TC, C, is the
concentration of TC at time ¢, kg is the pseudo-first-order
reaction rate constant (min~'), and t is the reaction time
(min). The reaction rate constant (k) could be calculated
from the slope of a plot of In (Cy/C,) versus (f). The
influence of various parameters such as initial TC
concentration, initial TiO, concentration, initial pH, and
water matrix on the kinetic of TC degradation was
investigated. The values of kinetic rate constants (k)
related to the various parameters along with their
regression coefficients R* are presented in Table 2.
Higher correlation coefficients R* were acquired from the
pseudo-first-order kinetic model at various initial TC
concentrations. Therefore, the pseudo-first-order kinetic
model well described the TC degradation using UV/TiO,
process. In addition, the higher concentrations of pollutant
influence the kinetic degradation (Wang et al. 2009). The
photocatalytic degradation rate of TC could be expressed
as a function of concentration as the following equation:

_k —KCy

= 5
1+ KCy ®)

o
where ry is the initial rate of photocatalytic degradation of
TC and C, is the initial concentration of TC. With
increasing TC initial concentration from 27 to 103 mg/L,
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Table 2 Influence of various parameters on the kinetic of TC degradation
Parameter Value Equation ko (min~1) R? ty» (min)*
TC concentration 27 y = 0.0249x + 0.1790 249 x 1072 0.9962 27.8

55 y = 0.0163x + 0.2339 1.63 x 1072 0.9915 42.5

74 y = 0.0133x + 0.2159 133 x 1072 0.9951 52.1

103 y = 0.0110x + 0.1761 1.10 x 1072 0.9963 63.0
TiO, concentration 0.25 y = 0.0038x + 0.1653 0.38 x 1072 0.9501 182.4

0.5 y = 0.0083x + 0.2028 0.83 x 1072 0.9856 83.5

1 y = 0.0163x + 0.2339 1.63 x 1072 0.991 425

1.5 y = 0.0153x + 0.2086 1.53 x 1072 0.9956 453

2 y = 0.0156x + 0.2104 1.56 x 1072 0.9938 44.4

5 y = 0.0163x + 0.2339 1.63 x 1072 0.9915 42.5
Initial pH 7 y = 0.0084x + 0.2297 0.87 x 1072 0.9953 82.5

9 y = 0.0073x + 0.1910 0.83 x 1072 0.9906 94.9

11 y = 0.0132x + 0.2534 134 x 1072 0.9926 52.5
Water matrix Uw y = 0.0163x + 0.2339 1.63 x 1073 0.9915 425

DW y = 0.0227x + 0.2211 2.27 x 1073 0.9935 30.5

SE y = 0.0127x + 0.1822 127 x 1073 0.9971 54.5
H>O, concentration 50 y = 0.0303x + 0.426 3.03 x 1072 0.9966 22.7

75 y = 0.05x + 0.6444 5.0 x 1072 0.9993 13.8

100 y = 0.0725x + 1.0217 7.25 x 1072 0.9994 9.5

150 y = 0.0661x + 0.9232 6.66 x 1072 0.9905 10.5

200 y = 0.0442x + 0.614 442 x 1072 0.9996 15.6
* 112 = 0.693/ko
the degradation rate of TC increased from 0.6723 to TiO, + TiOf N TiOf 4 TiO, (6)

1.1227 mg/L min.

Influence of TiO, concentrations on TC degradation

Figure 3a shows the removal of TC at different concen-
trations of TiO, at pH 5 and TC concentration of 55 mg/
L. It can be seen that the degradation rate constants
increased with increasing TiO, density at range of
0.25-1 g/L. and reached a plateau at TiO, concentration of
1.0 g/L. The increase of TC degradation with increasing
the density of nanosized TiO, can be due to increased
number of active sites, higher formation of OH', and more
effective interaction with the TC molecules. However, the
degradation rate constants declined slightly at a very high
concentration of 1.0 g/L. This can be due to reductive
influence of light, enhancing dispersion of light or sedi-
mentation and agglomeration of TiO, under larger catalyst
loadings (Nosrati et al. 2012; Lazar et al. 2012). Fur-
thermore, at a higher catalyst loading, most of the origi-
nally activated TiO, may be deactivated through collision
with ground-state catalysts according to the following
equation:

where TiO, has active species adsorbed on its surface and
TiOgI is the deactivated form of TiO, (Yang et al. 2008). In
addition, accumulation and precipitation of TiO, under
higher catalyst loadings lead to decreasing available cata-
lyst surface for photon absorption and consequently deg-
radation rate decreased. These results are in accordance
with the results reported by other researchers who studied
the effect of TiO, nanoparticles on the degradation of other
organic pollutants in various AOPs (Mahvi et al. 2009;
Dobaradaran et al. 2010; Elmolla and Chaudhuri 2010a;
Hoseini et al. 2013a). In another study performed by Rizzo
et al. (2009), amoxicillin was completely removed from
urban wastewater treatment plant effluent using TiO,
dosage of 0.8 g/L after 120 min of contact time. In another
study performed by Michael et al. (2010), the researchers
reported 60 % ofloxacin removal from wastewater samples
using TiO, dosage of 3 g/L. Photoelectrocatalytic process
has been applied by Palominos et al. (2009) to oxidize the
antibiotic TC in aqueous suspension containing TiO, or
ZnO under simulated solar light. In this study, the optimal
oxidation conditions were 1.5 g/L for TiO, and 1.0 g/L for
ZnO. In another study conducted by Yang et al. (2008), on
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Fig. 3 Influence of a various concentrations of TiO, b initial pH
¢ initial TC concentration d water matrix on TC degradation a:
([TC] = 55 mg/L; pH 5; lamp power: 18 W); b: ([TC] = 55 mg/L;

degradation of paracetamol in aqueous solutions by TiO,
photocatalysis, the optimal TiO, loading was 0.8 g/L. So as
the results showed, the optimum concentration of TiO,
catalyst was 1 g/L.

Influence of initial pH on TC degradation

The initial pH is one of the most effective parameters in
photocatalytic processes which influences on the degrada-
tion and adsorption capacity of the target organic com-
pounds by influencing on the surface electrical charge
characteristics of photocatalyst and dictates the ionization
state of the catalyst surface. In order to evaluate the
influence of initial pH on the removal efficiency, experi-
ments were conducted in various concentrations of TC and
pH in the range of 5-11. As shown in Fig. 3b, the removal
efficiencies after 120-min irradiation were 83.4, 63.3, 57.1,
and 76.7 % at pH 5, 7, 9, and 11, respectively. The results
are in accordance with the results reported by Elmolla and
Chaudhur (2010a), who studied photocatalytic degradation
of amoxicillin, ampicillin, and cloxacillin antibiotics by
UV/TiO, and UV/H,0,/TiO, processes. However, it is
difficult to interpret the influence of pH value on
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power: 18 W)

photodegradation process due to its multiple roles. The pH
value influences on the adsorption and dissociation
capacity of compounds, the charge distribution on the
catalyst surface, and the oxidation potential of the valence
band of catalyst. Firstly, pH changes can influence the
adsorption of TC molecules onto the TiO, surfaces. The pH
point of zero charge (Pzc) of the TiO, (Degussa P25) is
widely reported at pH ~ 6.25. Thus, under pH < Pzc, the
positive charge of the TiO, surface increases with
decreasing pH, and in pH < Pzc, the negative charge of the
TiO, surface increases with increasing pH (Ahmed et al.
2010). Secondly, HO' radicals can be formed by the reac-
tion between hydroxide ions and positive holes. The posi-
tive holes are as the main oxidation species at acidic pH,
whereas OH' radicals are as the major species at neutral or
alkaline pH (Liu et al. 2006). Third, the TiO, particles in
the aqueous solutions tend to agglomerate under acidic
condition. Therefore, the surface available area of catalyst
decreased for TC and photon adsorption (Zhu et al. 2013).
On the other hand, it has been found that TC predominantly
existed as positively charged molecule at acidic pH (Wang
et al. 2011a, b, c). In acidic pH, both the TiO, surface and
TC molecule are positively charged, and so, the adsorption



Int. J. Environ. Sci. Technol. (2015) 12:603-616

609

of TC on the surface of TiO, decreased at acidic pH. The
high removal of antibiotics at acidic pH compared to that at
neutral pH can be due to hydrolysis of antibiotics (Elmolla
and Chaudhuri 2010a). In alkaline, pH both the TiO, sur-
face and TC molecule are negatively charged, and thus,
repulsive forces between the TiO, and TC are developed.
Higher removal of TC in alkaline condition may be due to
this fact that at alkaline pH and OH' radicals were easier to
be formed by oxidizing more hydroxide ions available on
TiO, surface (Yang et al. 2008).

Influence of initial TC concentration on TC degradation

Figure 3c shows the influence of initial TC concentration on
the removal efficiency of tetracycline. The results showed
that the removal efficiency decreased with the increasing
initial TC concentration. Irradiation of TC solution with the
initial concentrations of 27, 55, 74, and 103 mg/L for
90 min leads to degradation of 91.4, 82.6, 76.4, and 69.3 %
of TC, reflecting the low removal efficiency at higher TC
concentrations. In order to quantitatively investigate the
degradation rate of TC, the experimental data fitted by
pseudo-first-order kinetics and the fitting results showed
(Table 2) that TC degradation rate constants (k) were cal-
culated to be 2.49 x 1072 1.63 x 1077 1.33 x 1072, and
1.1 x 107> min™" at initial TC concentration of 27, 55, 74,
and 103 mg/L, respectively. Increase of initial TC con-
centration leads to the decrease of the TC degradation rate
constants. This could be due to the transition from the
kinetic control regime at low concentrations to mass
transfer limitations at high concentrations. Also at higher
concentrations, because of increasing concentrations of
intermediate products, hydroxyl radicals become the lim-
iting reactant and so degradation rate constants decreased
(Dimitrakopoulou et al. 2012). Moreover, with increasing
the initial TC concentration, more TC molecules are
adsorbed on the surface of TiO, nanoparticles. The high
amount of adsorbed TC leads to an inhibitive influence on
the reaction of TC molecules with photogenerated holes or
hydroxyl radicals, due to the lack of any direct contact
between them. This could be due to increase of internal
optical density, which resulting the solution becomes
impervious to UV light (Sin et al. 2011). Furthermore,
increasing TC concentration leads to the absorption of light
by the TC molecules, and thereby, the photons never
reached the photocatalyst surface, and the photocatalytic
removal efficiency decreased (Mohammadi et al. 2012). In
addition, the reduction in removal efficiency with increas-
ing initial TC concentration could be due to this fact that
under the same conditions, the amount of reactive radicals
formed was equal in all solutions; therfore, the reaction of
TC molecules with radicals becomes more likely at lower

TC concentrations. This can lead to a decrease in the deg-
radation efficiency of TC molecules (Nosrati et al. 2012).
These results are similar with results obtained by Gomez-
Pacheco et al. (2012) and Jiao et al. (2008b), who studied
the degradation of TC using UV irradiation concluded that
the TC photolysis rate constants decreased with increase of
the initial concentration of TC. In another study, Klauson
et al. (2010), who studied amoxicillin (AMX) degradation
in the range 10-100 mg/L with 1 g/l Degussa P25 under
UV-A, reported that with increasing AMX concentration,
degradation rate decreased from 90 to 30 % at 10 and
100 mg/L, respectively.

Influence of water matrix on TC degradation

In order to evaluate the influence of the water matrix on TC
degradation, experiments were conducted with ultrapure
water (UW), drinking water (DW), and secondary effluent
(SE). Chemical characteristics of the water used in this
study are listed in Table 3. The influence of water matrix
on the removal efficiency of tetracycline is shown in
Fig. 3d. The experimental data was fitted by pseudo-first-
order kinetics, with a k value of 1.63 x 1072,2.27 x 1077,
and 1.27 x 102> min~'in UW, DW, and SE, respectively
(Table 2). The enhancement of removal efficiency of tet-
racycline in drinking water may be due to the presence of
dissolved organic matter, which acts as photosensitizer and
can induce either direct degradation of organic compounds
via energy transferring or the formation of the reactive
species such as radical. This result is similar to the results
reported by Lopez-Penalver et al. (2010), and Gomez-
Pacheco et al. (2012), who studied the degradation of tet-
racycline in aqueous solution by ultraviolet irradiation.
They concluded that the photodegradation rate was higher
in real water (surface and ground water) and lower in
wastewater compared to ultrapure water. In another study,
Jiao et al. (2008a, b), who studied the influence of humic
acid (HA) on photocatalysis of TC and OTC, concluded
that the removal efficiency of TC and OTC increased in the
presence of HA with the concentration ranging from 0 to
7.5 mg/L. Also, the addition of dissolved organic carbon
(DOC) leads to a higher degradation rate of atrazine
compared to the experiment in deionized water (Ziegmann
et al. 2006). The lower k value obtained for SE compared to
UW may be due to high amount of organic matter, that act
as radiation filter, prevent the production of OH' radicals,
and so decreased the degradation rate constant (Vione et al.
2006). This was verified by the lower detected transmit-
tance (7 = 61.6 %) in SE, and this absorption of UV
irradiation substantially decrease the number of photons
contacting the TC. In this case, the organic matter present in
SE acts as a filter for UV irradiation, decreasing the removal
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efficiency of TC. In addition, hydroxyl radicals can be
scavenged by high concentrations of bicarbonates and
chlorides present in SE to form the respective radicals, which
are lower than the oxidation potential of hydroxyl radicals
(Sirtori et al. 2010; Zacharakis et al. 2013). These results are
similar with those obtained by Dimitrakopoulou et al.
(2012), who studied degradation of amoxicillin by UV-A/
TiO, photocatalysis. They concluded that degradation rate of
amoxicillin in secondary effluent (contains about 8 mg/L of
organic matter, 180 mg/L. bicarbonates and 220 mg/L
chlorides) was lower than ultrapure water (Fig. 4).

Changes of ultraviolet visible (UV—-Vis) spectra
in the UV/TiO, process

In order to investigate the structural changes of TC, the UV—
Vis spectra obtained before and after UV irradiation are shown
in Fig. 4. The UV-Vis spectra obtained before irradiation of
TC show two major absorption bands at 275 and 360 nm. The
absorption of TC in 360 nm was originated from aromatic
rings B-D, including the developed chromophores (Wang
etal. 2011b, c). This absorption band slowly reduced with the
irradiation time, which indicated that the fragmentation of
phenolic groups attached to aromatic ring B (Wang et al.
2011c; Zhu et al. 2013). The decay of absorbance at 270 nm
band was ascribed to the production of acylamino and
hydroxyl groups (Zhu et al. 2013). Furthermore, the reduction
of absorption at 360 nm band associated with a very small
absorption in the visible region that can be attributed to the
forming of 4a,12a-anhydro-4-oxo-4-dedimethylaminote-
tracycline according to Fig. 5 (Addamo et al. 2005):

Photodegradation of TC occurs easily and is trans-
formed to many degradation compounds. Side-chain deg-
radation by deamination, desulfurization and dealkylation
is typical of most photolysis processes. Photodeamination
occurs after the TC exposure to UV irradiation. The
removal of volatile dimethylamine needs the loss of only 2
carbon atoms according to the 22 atoms of tetracycline
(Addamo et al. 2005). Addamo et al. (2005) reported
4a,12a-anhydro-4-oxo-4-dedimethylaminotetracycline as a
major degradation product of TC photolysis by UV,
whereas Jeong et al. (2010) proposed products resulting
from the loss of -NH, from the 2-carboxamide group and
demethylation from the dimethylamine group at C-4, fol-
lowed by loss of —OH at C-3.

Influence of H,O, addition to TiO, suspensions

The addition of H,O, to TiO, suspensions lead to increase
the degradation rate of TC, substantially decreasing the
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Table 3 Chemical characteristics of the waters used in this study

Parameters Drinking water Secondary Ultrapure
(DW) effluent (SE) water (UW)
pH 7.8 8 6.6
Conductivity 334 855 0.067
(nS/cm)
COD (mg/L) ND 24 0
HCO;™ (mg/ 63 156
L)
Cl™ (mg/L) 5.8 92 0
SO,> (mg/lL) 47 74 0
NO;™ (mg/L) <5 23 0
NO,™ (mg/L) <0.1 48 0
Ca*" 68 88 0
Mg>™ 11.5 54 0
T* (%) 97.6 61.6 100

* Transmittance (%) at 254 nm

time required to 100 % degradation of the TC. It appears
that H,O, play a dual role in the photocatalytic degradation
process. It practices as an electron acceptor from conduc-
tion band of semiconductor (TiO,) to produce additional
OH' radicals according to the following equation:

H,O, +e¢” — OH + OH™ (7)

Moreover, it produces hydroxyl radicals according to the
following equation (Elmolla and Chaudhuri 2010b):

H,0, + 0;" — OH + OH™ + O, (8)

The results presented in Table 2 show that by increasing
H,0, concentration in the range of 50-100 mg/L,
degradation rate constants (ko) increased. This is due to
this fact that H>O, acts as the limiting reactant at relatively
low concentrations. The 100 % degradation of all initial
TC concentrations was obtained at H,O, concentration of
100 mg/LL  after 30 min. With increasing H,O,
concentration above 100 mg/L, degradation rate constants
(ko) decreased. This could be due to the recombination of
OH' radicals and the reaction between them and excess
H,0, for H,O formation according to the following
equations (Lopez-Penalver et al. 2010). The influence of
various concentrations of H,O, on the TC degradation is
shown in Fig. 6.

OH + OH — H,0; 9)
OH' + HO, — H,0 + O, (10)
OH' + H,0, — H,0 + HO, (11)
H,0, + h" — H' + HO,. (12)
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Fig. 4 Changes of UV-Vis 2.00
spectra of 55 mg/L aqueous 19
solution of tetracycline during 18
photocatalytic process of UV/ 17
TiO, with irradiation time 0, 10, 16
30, 60, and 90 min, respectively
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Fig. 5 Photodegradation of TC into 4a, 12a-anhydro-4-oxo-4-dedimethylaminotetracycline

The comparison between current and earlier research
on TC photocatalytic degradation using TiO,, the future
trends and perspectives

An overview of the works published on TC degradation by
photocatalysis processes along with present work is pre-
sented in Table 4. As clearly seen in Table 4, UV/TiO,
process has a good ability for efficient TC degradation but
this is not necessarily accompanied with total mineraliza-
tion. Therefore, a subsequent treatment is required for
complete removal of the TC byproducts. However, there
are distinct differences in the performance of photocatal-
ysis processes presented in Table 4. The effectiveness of
photocatalytic processes using TiO, depends on TiO,
concentration, light wavelength and intensity, the initial
pH, reaction time, and initial TC concentration. These
differences can be partly due to the various operational
parameters in each study. Therefore, the different experi-
mental conditions can lead to the different removal

efficiencies of antibiotics using photocatalysis processes. It
is obvious from Table 4 that among these processes, UV/
TiO,/H,O, process is the best and efficient treatment
method for 100 % removal of TC with 74 % chemical
oxygen demand removal. By reviewing recent advances in
this area and to improve the TC degradation using photo-
catalysist, it is suggested that future studies should focus on
the following topics:

1. Promotion of the photocatalytic activity of TiO,
including the synthesis of mesoporous TiO, (Joo
et al. 2012; Nakata and Fujishima 2012), the use of
various TiO, morphologies (nanowires, nanotubes,
and nanospheres; Sun et al. 2012), reduction of the
agglomeration in TiO, powders (Li et al. 2010;
Farbod and Khademalrasool 2011) and surface treat-
ments of TiO, (Monllor-Satoca et al. 2011). Various
TiO, morphologies or surface treatments on TiO, can
be increased the photocatalytic degradation
efficiency.
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Fig. 6 Influence of various concentrations of H,O, on the TC
degradation ([TC] =55 mg/L; [TiO,] =1 g/L; pH=15; lamp
power: 18 W)
2. Immobilization of TiO, on suitable support matrices

Table 4 Removal of tetracycline using different photocatalysis processes

(powder/pellet substrates, soft/thin materials or on
rigid/thick substrates) to prevent the post-separation
and recovery of the catalyst particles from the reaction
mixture in aqueous slurry systems (Shan et al. 2010).
However, there are several other advantages including
higher surface area, excellent adsorption features and
increasing surface hydroxyl groups or decreasing
charge recombination in immobilized systems (Espa-
rza et al. 2010; Jin and Dai 2012).

Recent innovations in the design of photocalatytic
reactors in lab-scale including the use of energy-
efficient UV/Vis light emitting diodes (LEDs) as light
sources (Natarajan et al. 2011) the design of rotating
disc-type reactor models (Chang and Wu 2010), the
construction of TiO,-immobilized catalytic beds and
post-separation/reuse of TiO, powder catalysts (Rao
et al. 2012). Reasonable designed photocatalytic
reactors can reduce energy consumption or can prevent
post-separation stages in photocatalytic processes.
Doping TiO, with metals or non-metals can decrease
the band gap of the doped catalyst and makes possible
the light absorption in the visible region. The improved
catalysts seem to be photo-stable in aqueous solution
and can be used in photocatalytic water purification
(Kuvarega et al. 2011; Barolo et al. 2012).

Coupling TiO, photocatalysis with other treatment
process such as electrocatalysis (Daghrir et al. 2012),
sonocatalysis/Fenton process (Torres-Palma et al.
2010), biodegradation (Yahiat et al. 2011) and wetland
technology (Chen et al. 2011) can be more advanta-
geous; particularly in large-scale treatments. The
combination of TiO, photocatalysis with any of these
processes can not only improve the total performance
of the degradation but also has the ability of treating
great amounts of wastewater in real systems. Also, the

TC Matrix Photocatalysis Recommended Summary of results Type of Tio, References
concentration process operating
(mg/L) conditions
10-50 Distilled UV/TiO, 0.4 and 1.0 g/L More than 98 % degradation, 100 %  TiO, Degussa P25 (BET Addamo
water TiO,; pH 6.0 of TOC removal after 120 min specific surface et al.
area = 50 m*/g, 80 %  (2005)
anatase, 20 % rutile)
TiO, Merck (BET
specific surface
area = 10 mz/g,
100 % anatase)
40 Distilled  UV/TiO, 0.5 g/L TiOy; 100 % degradation and 90 % TOC TiO, Degussa P25 (BET Reyes
water pH 6.0 removal using UV 254 nm; 50 % specific surface area of et al.
degradation and 10 % TOC removal 50 m?/g, 80 % anatase  (2006)
using UV 365 nm after 120 min and 20 % rutile)
20 Distilled UV/TiO, 1.5 g/L TiO,; 100 % degradation and 50 % TOC TiO, Degussa P25 (BET Palominos
water pH 8.7 removal after 75 min specific surface area of et al.
52 m*/g, 80 % anatase  (2009)
and 20 % rutile)
27-103 Distilled UV/TiO, 1.0 g/L TiOy; More than 91.4 % of degradation after TiO, Degussa P25 (BET Present
water pH 5 90 min and 50 % COD removal specific surface area of ~ work
after 120 min 50 mz/g, 80 % anatase
UV/TiO 1.0 g/L TiOy; 100 % degradation after 30 min and and 20 % rutile)
H,0, pH 5; 74 % COD removal after 120 min
100 mg/L
H202
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coupling TiO, photocatalysis as a pre-treatment stage
to enhance biodegradability and reduced toxicity with
biological post-treatment can be more beneficial.

Conclusion

Photocatalytic degradation of tetracycline in aqueous
solutions was investigated using TiO, as catalyst to
determination of the optimal operation parameters. A slow
reduction in tetracycline concentration was observed dur-
ing the irradiation with UV alone after 120 min irradiation,
indicating the influences of directs photolysis or hydrolysis.
A more quickly degradation and efficient of tetracycline
degradation occurred under UV irradiation in the presence
of TiO,. The initial rate of photocatalytic degradation of
TC can be well explained by the L-H kinetic model
(R*> = 0.9996) with a reaction rate constant of 1.4 mg/L
min. UV/TiO, process was effective for photodegradation
of tetracycline in aqueous phase, especially at low tetra-
cycline concentrations. The obtained degradation rate
constants showed that the photodegradation process was
pH-dependent. The degradation rate decreased between pH
5 and 9, but markedly increased with increasing pH
between 9 and 11. The degradation rate constants also
increased with higher TiO, density and reached a plateau at
TiO, concentration of 1.0 g/ and declined slightly at a
very much concentration of 1.0 g/L. The addition of H,O,
to TiO, suspension dramatically increased the tetracycline
degradation rate and markedly decreased the time required
to 100 % degradation of the initial tetracycline concen-
tration. The degradation rate constants also increased with
larger H>,O, concentration and reached a plateau at H,O,
concentration of 100 mg/L and decreased at concentrations
above 100 mg/L. The tetracycline degradation rate was
higher in drinking water than in ultrapure water, which
could be due to the presence of dissolved organic matter,
which acted as photosensitizer, hence improved indirect
degradation of tetracycline through the radical species
formation such as OH'. The lower rate constant (ky) value
obtained for secondary effluent compared to ultrapure
water may be due to much value of organic matter, that act
as irradiation filter, inhibit the generation of OH’ radicals,
and so declined the degradation of tetracycline. Chemical

oxygen demand values obtained at the end of the treatment
indicated that complete mineralization of tetracycline did
not occur but transformed to intermediate products and
tetracycline was not completely degraded to harmless
mineral ions. Hence, a subsequent treatment is necessary to
complete degradation of the tetracycline byproducts. The
UV-Vis spectra obtained before and after UV irradiation in
the presence of TiO, indicated the reduction of absorption
at 360 nm band related to a very small absorption in the
visible region that can be attributed to the formation of
4a,12a-anhydro-4-oxo-4-dedimethylaminotetracycline.
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