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ABSTRACT

The photocatalytic degradation of tetracycline has been investigated in aqueous solutions
using TiO, as photocatalyst. The experiments were carried out to investigate the factors
influencing the photocatalytic degradation, such as the previous adsorption in the dark,
initial concentration of TC solution, TiO, amount, and the system toxicity during TC
photodegradation. The experimental results show that adsorption is an important parameter
controlling the apparent kinetic constant of the degradation. The photocatalytic degradation
rate was favored by a high concentration of solution with respect to Langmuir-Hinshel-
wood model. The chemical oxygen demand values at the end of the treatment indicated
that the percentage mineralization is a function of the initial TC concentration. The acute
toxicity increased at the beginning of TC photo-oxidation, and treatment times of around
6 h are generally required for the toxicity to be lower than in the original solution.

Keywords: Photocatalysis; Tetracycline; Adsorption isotherm; Langmuir-Hinshelwood model;
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1. Introduction

Tetracycline (TC) represents a major proportion of
the antibiotics currently in use [1,2]. The use of antibi-
otics and growth hormones in human and veterinary
has a significant effect on the quality of surface and
groundwater [3]. Among veterinary pharmaceuticals,
antibiotics are widely prescribed with a prevalence of
the tetracycline family [4]. At present, tetracycline
antibiotics rank second in the production and usage of
antibiotics worldwide [5]. It has been reported that
TCs have been found in soils [6], surface water [7]
and [8], and groundwater [8]. Frequent application of
tetracycline antibiotics has given a cause for concern
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about increased antibiotic resistance of micro-organ-
isms in the terrestrial environment and the effect of
antibiotics on plant growth [5]. The presence of TC
and other antibiotics in natural environments can
cause bacteria to acquire and transmit antibiotic-resis-
tant genes, which potentially threatens ecosystem
functions and human health [9]. Even, low concentra-
tions of pharmaceuticals released from the environ-
mental matrix into water can pose serious
environmental damages. Thus, it is of great impor-
tance to develop some efficient and cost-effective treat-
ment technologies to remove such compounds.

The antibiotic residues or contaminated waters
cannot be efficiently removed by traditional biological
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methods [10-14]. On the other hand, advanced oxida-
tion processes (AOPs) have proved to be an appropri-
ate alternative for rapid degradation of recalcitrant
and non-biodegradable compounds in water [15-19].
They are based on the in situ generation of a powerful
non-specific oxidizing agent, the hydroxyl radical
(OH) which is able to oxidize a broad range of
organic pollutants quickly and non-selectively.

In particular, TiO, photocatalysis has been success-
fully used in the degradation of several kinds of
organic compounds. This technique is based upon the
use of UV-irradiated semiconductors. When TiO, is
irradiated with photons whose energy is equal to or
greater than its band gap energy (Eg = 3.2 eV) i.e. with
A =390 nm, electron-hole pairs are created. In aqueous
system, holes react with H,O or OH ™ adsorbed on the
surface of the semiconductor to produce OH' radicals
which are the most oxidizing species in this process.
On the other hand, electrons are trapped at surface
sites and removed by reactions with adsorbed molecu-
lar O, to form superoxide anion radical O; (or HO;
at lower pH) [20].

The objective of the present study was to analyze
the effectiveness of heterogeneous photocatalysis
degradation of TC. For this purpose, we conducted a
kinetic study of the process, the previous adsorption
in the dark. We also analyzed the influence of opera-
tional variables, including the initial concentration, the
catalyst loading, the chemical oxygen demand (COD),
and system toxicity during TC photodegradation.

2. Experimental
2.1. Chemicals

All solutions were prepared with distilled water
using sulfuric acid or sodium hydroxide (analytical
grade) to adjust the pH of the solution. Tetracycline
was obtained from Fluka-Sigma-Aldrich (St. Quentin
Fallavier, France). A commercially available titanium
dioxide was used as a photocatalyst produced by the
chemical factory “BIOCHEM ChemoPharma” (Quebec,
Canada). This photocatalyst is in an anatase form with
BET specific surface area of 4.61 (m”/g) and 20.2 nm
particle diameter [21]. All chemicals were used as
received without further purification and purchased
from Sigma-Aldrich.

2.2. Procedures
2.2.1. Adsorption isotherm

All batch equilibrium experiments were conducted
in the dark over a 30-min period. Measurements were
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made on suspensions prepared by mixing 100 mL
solutions of various initial TC concentrations
(520 mg/L) at pH free and a fixed amount of TiO,
(1 g/L). Preliminary experiments performed until 2 h
under constant magnetic stirring indicated that
equilibrium was reached after 30 min.

2.2.2. Photocatalytic system

Photocatalytic degradation experiments were car-
ried out in an open Pyrex reactor (1,500 mL) with a
double-walled cooling water jacket to keep the solu-
tion temperature constant (25 +1°C) throughout the
experiments (Fig. 1). Irradiations were carried out
using a 12W halogen lamp (Philips). A 1500-mL
tetracycline (10 mg/L) and a set amount of TiO, were
added to the reactor according to experimental design
values. Prior to illumination, the suspension was
stirred in the dark for 30 min to achieve adsorption
equilibrium. Then, the UV light was turned on, signal-
ing the start of photocatalysis. At given time intervals,
5-mL TC solution samples were collected and filtered
through 0.45 um Millipore filters to remove TiO, parti-
cles for further analysis by spectrophotometer, COD,
and toxicity.

Photolysis experiments were performed, in the
absence of the TiO, catalyst, using the same experimen-
tal setup previously described for the photocatalytic
system.
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Fig. 1. Schematic diagram of the photocatalytic reactor.
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2.2.3. Analysis

TC concentration measurements were made at a
maximum absorption wavelength of 350 nm using a
UV-vis spectrophotometer (Jenway 6305). The toxicity
of TC degradation products was determined by a
standardized biotest (DIN/EN/ISO11348-2) of the
inhibition of Vibrio-fischeri bacteria (NRRL B-11177).
Bioluminescence was measured with a LUMISTox
equipment, and results were expressed as percentage
of luminescence inhibition at 15 min of exposure.
COD was determined according to the Standard
Methods (APHA, 2005) [22]. All the degradation and
toxicity assessment experiments were replicated in
triplicate.

3. Results and discussion
3.1. Preliminary study

Adsorption under dark conditions (TiO,), photoly-
sis (UV), and photocatalysis (UV/TiO,) was compared
for 10 mg/L initial TC concentration (data not shown).
The results show that the photolysis experiment did
not result in any significant TC photodegradation,
after 300 min of irradiation, direct photolysis con-
tributed less than 6% to the degradation process. The
adsorption equilibrium was achieved after 20 min of
contact, and no further TC adsorption on TiO, was
observed after 30 min. However, in the presence of
TiO, with UV radiation, degradation of TC was more
significant compared with both adsorption and direct
photolysis, demonstrating that TC degradation was
carried out at a nearly photocatalytic regime.

3.2. TC adsorption study

Adsorption is important in determining the rate of
photocatalytic degradation of organic molecules. The
pollutant adsorbed on the surface of the semiconduc-
tor particles acts as an electron donor, injecting elec-
trons from the excited state of the semiconductor
under UV irradiation to its conduction band [23].

From the values of the initial concentration Cy and
those obtained at the adsorption equilibrium concen-
tration C,, the specific adsorbed amount of TC was
calculated according to the following equation:

(Co—Ce)V
m

Qe = (1)

where V is the volume of the equilibrium solution and
m is the mass of TiO,. The TC adsorption isotherm
was then established (Fig. 2), which corresponds to
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Fig. 2. Adsorption equilibrium of TC on TiO,.

[TiO,] =1 g/L, pH free.

the specific quantity of adsorbed pollutant (in mol/g)
as a function of the concentration at equilibrium.

Langmuir and Freundlich isotherm models were
employed to describe the TC adsorption equilibrium.

The Langmuir isotherm is valid for monolayer
adsorption onto a surface with a finite number of
identical sites [17,18]. It is given as the following
equation:

Qe Kobsce

= )
Qmax 1+ Kobs Ce

where Q. is the adsorbed quantity of TC (mg/g), Ce. is
the TC concentration (mg/L) at the adsorption
equilibrium, K. is the adsorption constant in the
dark (L/mg), and Qmax is the maximum adsorbed
quantity of TC (mg/g).

The linear transformation of Eq.
expressed by the following equation:

(2) can be

1 1 1 1

Qe Qmax * QmaxKobs Ce (3)
Indeed, when plotting 1/Q. vs. 1/C. as in Fig. 3, a
straight line is obtained and the Langmuir isotherm
provides a good fit of the data. The ordinate at the ori-
gin is equal to the reciprocal of Qmax, Whereas Kops
can be calculated from the slope (1/(QmaxKobs))- The
values Qmax and Kgps estimated from the plots along
with the correlation coefficients are listed in Table 1.

The Freundlich isotherm equation is given as
below Eq. (4):

Q. = KeCV/" 4)

Kr and n are the constants of adsorption density and
adsorption intensity, respectively. Eq. (4) can be
linearized as the following equation:
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Fig. 3. Adsorption isotherm of TC on the photocatalyst. In the insert: (a) Langmuir model and (b) Freundlich model.

Table 1
Adsorption isotherm parameters of TC on TiO, at 25°C

[TC] =10 mg/L
pH free
[TiO,] =1 g/L

Langmuir isotherm constants

Freundlich isotherm constants

Qmax =90.91 mg/g
Kops = 0.0014 L/mg
R? =0.9991

Kp=0.1288 L/mg
n =1.0087
R? =0.9982

1
InQ.=1In KF—i—Eln Ce 5)

The value of Kg and 7 can be estimated from the inter-
cept and slope of the linear plot of experimental data
of In Kg vs. In C.. The Freundlich isotherm provides
no information on the monolayer adsorption density
in comparison with the Langmuir model.

The values of Kr and n from the linearized plots
are shown in Table 1 following with the regression
correlation coefficients. Langmuir isotherm model was
slightly better for describing the adsorption equilib-
rium than Freundlich model.

3.3. TC photo-degradation kinetics

The kinetics of the photocatalytic degradation of
TC at different initial concentrations is plotted in
Fig. 4. The quasi-exponential decay observed during

irradiation along with the linear plot of In Ceq/C; vs.
time (Fig. 4, inset) indicates that, in our experimental
conditions, TC degradation follows a pseudo-first-
order kinetic model. The result illustrates that the
removal efficiencies of TC decreased from 99% at
5mg/L to 85% at 20 mg/L, respectively, TC initial
degradation rate (rp) increased with an increase in the
initial concentration, from 0.22 to 0.42 mg/L min.

The photocatalytic reaction rate of most organic
compounds is described by pseudo-first-order kinetic
model which is rationalized in terms of the Lang-
muir-Hinshelwood model, modified to accommodate
reaction occurring at a solid-liquid interface [24-26].

1 1 1 1
n K TKKw G ©

in which 7y is the TC initial degradation rate, C; is the
TC initial concentration, Ky is the equilibrium
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Fig. 4. Kinetics of the photocatalytic degradation of TC at different initial concentrations, inset: the pseudo-first-order

kinetic of TC. pH free, [TiO,] =1 g/L.

constant of TC adsorption on TiO, particles, and K, is
the reaction rate of pollutant oxidation which reflects
the limiting reaction rate at maximum coverage for
the experimental conditions [25].

In Fig. 5 Eq. (6) is plotted at various TC initial con-
centrations. The linearity obtained shows that the reac-
tion occurs at TiO, surface where the pollutant as well
as the OH" radicals generated by catalyst UV irradia-
tion are adsorbed. From the intersection of this
straight line with the ordinate results 1/K; and the
value of the reaction rate is K; = 0.6119 mg/L min. The
adsorption equilibrium constant Ki_gg =0.1129 L/mg
was calculated from the slope.

By integrating Eq. (6) and replacing ¢ with Cy/2
the half-life time ] , was obtained:

CO + In 2
2K, kKp_g

)

tp=

R?=0.9988

0.1 0.15 0.2

1/C,

0.25

Fig. 5. The linearization of
equation using experimental data.

Langmuir-Hinshelwood

On the other hand, the half-life time f;,, may be
calculated from the value of the pseudo-first-order
rate constant krc, determined from experimental
results, as follows:

In 2

Fon ®

tip =

The rate constant k,,,, calculated from the slopes of the
typical linear plot characteristic to the pseudo-first-
order reaction, for various initial pollutant concentra-
tions and half-life time values are presented in Table 2.

Presented data show that ], and f;, are
approximately identical at low initial TC concentration
(6 mg/L). The difference between estimated and
observed half-life times becomes larger with an increase
in the TC concentration. This behavior is due to the
competition between the parent pollutant and its

Table 2

Pseudo-first order rate constant k.p, ] P and t;, of TC

photocatalytic degradation for various initial concentrations

pH free
[TiO] =1 g/L

[TC]y kap (min %) ti/> (min) t s (min)
5 0.0442 15.68 14.12
10 0.0322 21.53 18.20
15 0.0231 30.01 22.29
20 0.021 33.01 26.38
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degradation byproducts for HO radical consumption,
representing an inhibitory effect [25].

3.3.1. Effect of TiO, concentration

To observe the effect of TiO, concentration, initial
TiO, concentration was varied in the range of 0.5-2 g/L.
Fig. 6 shows the influence of various TiO, concentrations
on TC initial degradation rate (ry), calculated for the first
5 min of irradiation. Increasing TiO, concentration in the
range of 0.5-1.0 g/L increased ry due to the increased
number of active sites of the catalyst. Further increase in
TiO, concentration above 2.0 g/L produced lower TC
initial degradation rate (rp). This may be due to the
aggregation of TiO, under high particle concentration
which reduces the interfacial area between the reaction
mixture and the photocatalyst, reducing light penetra-
tion [27,28]. Based on the results, the optimum TiO, con-
centration for degradation of TC in aqueous solution is
1.0 g/L.

3.4. TC mineralization and toxicity evaluation

The COD test is widely used as an effective tech-
nique to measure the organic strength of wastewater.
The test allows the measurement of waste in the terms
of the total quantity of oxygen required for the oxida-
tion of organic matter to CO, and water [29].

Fig. 7 shows the evolution of COD during the pho-
todegradation of TC. We can see that there are two
steps. In the first step, a slight decrease in the COD
was obtained, after a period of 210 min; the COD was
reduced to about 30% of its initial value. After this
time, an important decrease in the COD of the solu-
tion was observed; the COD removal rate was reduced
reaching 70% of the initial COD value after 330 min of
irradiation. Consequently, the complete mineralization
of TC required more irradiation time. The result
implies that both degradation and mineralization play

0.4
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1t
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0 0.5 1 1.5 2 25
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Fig. 6. Concentration of TiO, vs. TC initial degradation
rate (rp). pH free [TC]y = 10 mg/L.
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Fig. 7. Evolution of COD during the photodegradation of
TC. pH free [TC]y = 10 mg/L, [TiO2] = 1g/L.

an important role for the photocatalytic effects under
UV irradiation.

As the COD was not completely removed, one of
the most important aspects to be taken into account in
the treatment of antibiotics is the toxicity of the byprod-
ucts that remains after the photocatalytic treatment.
Acute toxicity was evaluated by monitoring changes in
the natural emission of the luminescent bacteria V.
fischeri when challenged with toxic compounds and is
expressed as percentage of inhibition of the bacteria
luminescence. Toxicity (inhibition %) evolution during
the photocatalytic treatment is depicted in Fig. 8. The
initial toxicity of TC solution showed an initial inhibi-
tion of 60% that is considerably increased at 240 min of
irradiation and reaching the value of 84%. It is worth
mentioning that the highest toxicity is observed at
irradiation times where the majority of the TC was
eliminated. Thus, the considerable toxicity increase can
be related to the generation of more toxic products
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Fig. 8. % Inhibition of the marine luminescence bacteria
Vibrio Fischeri as a function of photocatalytic treatment
([TC] =10 mg/L, [TiO,] =1 g/L, pH free).
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during the photocatalytic treatment. Thereafter, inhibi-
tion % decreases reaching the value of 35% after
360 min irradiation, indicating that the formed
byproducts are considerably less toxic against V. fischeri
micro-organisms.

In consequence, TiO, photocatalysis is a valuable
tool to eliminate the harmful environmental effects of
these kinds of substances. It has the added advantage
that after short periods of photocatalytic treatment, the
oxidation byproducts can be treated by a conventional
biological system in an integrated AOP-biological
system as proposed for other substances [30].

4. Conclusions

The photocatalytic degradation of TC in the pres-
ence of TiO, was investigated in detail focusing on the
kinetic and mineralization studies. Results of the pre-
sent study clearly point out that heterogeneous TiO,
photocatalytic treatment is suitable for the elimination
of TC from the aqueous solution. Degradation for TC
followed Langmuir-Hinshelwood model. The removal
efficiency increased with an increase in the TiO, con-
centrations, but the efficiency decreased over 1.0 g/L
of TiO, because of UV-screening effect of the catalyst
itself. A significant abatement of the overall toxicity
was accomplished by transforming the initial substrate
into byproducts with lower toxicity, which could then
be degraded in a subsequent biological step. The
results indicated that TiO, photocatalysis allows a
rapid and efficient removal of tetracycline.
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