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a b s t r a c t
The presence of antibiotics in the environment especially in aqueous environments is a major warn-
ing about health and the environment. In this study, the photocatalytic degradation of cefazolin 
antibiotics was studied on the TiO2 nanoparticles coated on the fixed bed, which was treated in 
two light sources including UVC (250 nm) and natural solar. The effects of the operational param-
eters such as the initial concentration of the cefazolin and two light sources were examined and 
compared in both systems. Characterization of the TiO2 samples was performed by field emis-
sion scanning electron microscopy, X-ray diffraction, UV-VIS spectrophotometer, and surface area 
Brunauer–Emmett–Teller measurements. The highest photocatalytic activity for the degradation 
of cefazolin was obtained for the TiO2/UVC and 99% efficiency in 120 min. Also, the highest pho-
tocatalytic activity for the degradation of cefazolin was obtained for the direct TiO2/solar and 84% 
efficiency in 120 min. The photocatalytic degradation reaction of cefazolin was monitored by high 
performance liquid chromatography, total oxygen demand, and gas chromatography–mass spec-
trometry (GC-MS) analyses. The GC-MS analysis results indicate that degradation of cefazolin 
occurs through by-products thiocarbamide acid, thiadiazole, propanone, tetrazole, and dihydrothi-
azine ring cleavages followed by subsequent reactions with OH radicals. Finally, these substances 
become more stable and turn to mineral materials containing sulfate nitrate, and ammonia.
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1. Introduction

Among all the pharmaceuticals, water, and wastewater 
contaminants, antibiotics play an important role because of 
their high consumption in human medicine and veterinary. 
This issue has stirred concern about environmental pollution 
[1]. The concentration of these materials has been reported to 
be in the range of several nanograms per liter to a gram per 
liter [2,3]. A characteristic example of antibiotics is cefazolin. 
This semisynthetic antibiotic is used to treat common 

bacterial infections. For solar play, materials active in the vis-
ible range are more desirable. [4].

Of various treatment techniques to purify the wastewa-
ter containing pharmaceutical compounds, the advanced 
oxidation processes have been proved more feasible in 
comparison with other techniques such as activated carbon 
adsorption, air stripping, and reverse osmosis because these 
techniques only transfer the contaminants from one phase 
to another without destroying them [5,6]. Photocatalysis 
was the acceleration of a photoreaction whit the presence of 
the catalyst. When a semiconductor was irradiated through 



M. Masihpour et al. / Desalination and Water Treatment 184 (2020) 243–251244

above bandgap illumination, the radiation energy was 
absorbed and electrons were promoted since the valence 
band to the conduction band giving increase to the forma-
tion of electron–hole pairs. If the charge carriers reach the 
semiconductor/ water interface they may participate in 
redox reactions. The reactive oxygen species are very active, 
indiscriminate oxidants, especially the hydroxyl radical 
[7,8]. The reactive oxygen species can not only destroy an 
enormous variety of chemical contaminants in water but 
also reason fatal damage to microorganisms. The photo-
catalytic properties of numerous semiconductors had been 
investigated (TiO2, ZnO, Fe2O3) [9,10]. Between these, the 
most commonly used for water treatment applications are 
titanium dioxide (TiO2) and zinc oxide (ZnO). TiO2 and ZnO 
were the wideband semi conductors whose bandgap energy 
of 3.2 and 31.3 eV corresponds to photons of wavelength 
shorter than 400 nm. If the interest is the solar application, 
materials active in the visible range are desirable [11–15].

The purpose of this study is to assess the feasibility of 
the photocatalytic degradation of cefazolin in the presence 
of fixed-bed TiO2. For this purpose, TiO2 nanoparticles 
were coated on a fixed bed treated with two light sources; 
that is, UVC (250 nm) and solar light. Characterization of 
the fixed bed TiO2 samples was performed by field emis-
sion scanning electron microscopy (FE-SEM), X-ray diffrac-
tion (XRD), UV-VIS spectrophotometer, and surface area 
Brunauer–Emmett–Teller (BET) measurements. The degra-
dation reaction was also followed by high performance liq-
uid chromatography (HPLC) and gas chromatography–mass 
spectrometry (GC-MS) analyses.

2. Materials and methods

2.1. Materials

In this research, a cefazolin antibiotic with 95% purity 
was prepared from Razi Company in Iran. Other materials 
used in the experiments, including hydrofluoric acid, meth-
anol, acetonitrile, H2O2, and water grade HPLC, were pur-
chased from Merck, Germany.

2.2. Preparation of TiO2

The TiO2 nanoparticle obtained from the XRD analysis 
showed an average particle diameter of 21 nm, and 79% 
anaphase and 21% rutile phases in a molecular state. The 
purity of this nanoparticle is 99.5% and its effective surface 
is 51.1 m2/g. In this research, the coating method was applied 
on the surface of a glass substrate. First, to create a higher 
effective surface on the glass, the glass surface was placed 
in contact with 30% hydrofluoric acid for 1 h. Next, the sur-
face of the substrate was completely washed with distilled 
water. Afterward, the glass substrate was contacted with 
NaOH with the normality of 1. Subsequently, for making 
the TiO2 solution, the TiO2 powder with 99.5% purity and 
the solution with 3% TiO2 was prepared. In the next step, 
the solution is placed in an ultrasonic apparatus at 50°C for 
90 min to obtain a homogeneous mixture. After distribut-
ing this homogeneous suspension on the glass surface, we 
place it at a normal temperature for 3–4 h. Following this 
period, the water remaining on the residual glass surface is 

removed and the sample is placed at a normal temperature 
for 24 h to dry again. After this step, the glass is placed in 
the furnace for 1 h and a half and the temperature gradually 
increases from 50°C to 500°C to calcify the nanoparticles on 
the substrate surface [16].

2.3. Construction of the reactor

The batch reactor used in this study is a closed system 
schematically shown in (Fig. 1). The light source in the reac-
tor is a UVC lamp with an average pressure and a nominal 
power of 18 W/h and a length of 30 cm, which is placed 
exactly in the center of a mirror cylinder used as the reactor 
cap. In reactor 2, the solar light is used as a light source in 
the photocatalytic process.

2.4. Characterization techniques

To investigate the physical and chemical properties and 
the porosity of materials, scanning electron microscopy and 
XRD was utilized [11]. To measure the light absorbance of 
the TiO2 nanoparticle both in powder and coated form, the 
UV-VIS spectrophotometer 2601UV model at wavelengths of 
200–1,000 nm was used.

2.5. Experiments

In this study, a stoke 1,000 mg/L antibacterial pow-
der of cefazolin was used to prepare the test solutions. 
The treatment periods of 120, 90, 60, 30, 20, 15, 10, 5, and 
0 min were investigated in this work. HPLC was used to 
measure residual concentrations in wastewater. The solu-
tions were prepared as standard concentrations (i.e., 5, 10, 
15, 20, and 25 mg/L) from the stoke sample to obtain peak 
time and a calibration curve. Then, different concentrations 
of cefazolin antibiotics were prepared and a sample with a 
constant concentration of 10 mL with a volume of 1 L was 
added to the reactor. After UVC emission at a wavelength 
of 250 nm at specified times, the sample was placed in the 
HPLC apparatus for analysis [17]. The cefazolin antibiotic 
concentration is measured by a standard HPLC appara-
tus with a C18 column and methanol and water moving 
phase (30:70 v/v) [18]. All experiments were performed in 
laboratory conditions at 25°C ± 2°C.

2.6. GC-MS analysis

To determine the degradation process of the contami-
nants and intermediate materials in the refined solution, the 
residual reactor samples were used in the GC-MS device. 
The samples in this section were tested at 30, 90, and 120 min 
intervals. For sample preparation 9 cc of filtered sample 
along with 5 cc of methanol with gas chromatography (GC) 
grade and 1 cc of chloroform were mixed in falcon tube 
made of polyethylene, and placed in a centrifuge machine 
with 3,500 rpm for 30 min; then, 1 cc of the solution in the 
separated phase was removed from the surface and injected 
into the GC-MS device.

2.7. Reaction kinetics

In this study, (Eq. (1)) was used to calculate the reaction 
kinetics.
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In this equation, C0 is the initial concentration and C is 
the concentration of the wastewater. t is the solution con-
tact time in the reactors and k is the reaction speed constant. 
In this study, Eq. (2) was used to calculate the synergistic 
properties of the reactions [11].
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2.8. Total oxygen demand test

The total oxygen demand (TOC) test was used to control 
the process of mineralization of the samples and to deter-
mine the ingredients of the organic matter of the waste water. 
For this purpose, 10 cc of the sample was taken and after 
injecting 0.1 cc HCl 1 normal, the NPOC method (non purge-
able organic carbon) content of the sample was measured by 
the TOC meter machine at 800°C. The model of the device 
was Jena-C3100 made in Germany [19].

2.9. Boltzmann transport equation test

The Boltzmann transport equation machine was used to 
determine the effective surface of nanoparticles in both pow-
dered forms and after coating conditions. In this experiment, 
the TiO2 sample was first prepared in powder form before 
coating, and then the nanoparticles after coating were pre-
pared to test the effective surface area.

2.10. Solar experiment

All experiments were performed under natural solar 
radiation in Damghan, an Iranian city located in 44°63ʹ to 
63°18ʹ E and 25°3ʹ to 39°47ʹ N, which is a very good posi-
tion to receive solar energy. Tests started at 11 a.m. and 
finished at 15 p.m. local time. Solar and UV irradiance was 
measured with a global UV radiometer (295–385 nm UV and 
400–1,500 nm Solar, Model HAGNER, Sweden). The initial 
temperature of all samples was about 20°C.

3. Results and discussion

3.1. Characterization of the nanocatalyst

The results of the XRD of powdered nanoparticles and 
the layer coated on the glass substrate are shown in (Fig. 1).

In XRD results, both molecular phases of nanoparticles 
are calculated to be 79% anatase and 24% rutile. Also, the 
anatase peak number (101) has a large consistency with the 
angle before the coating. The comparison of the anatase 
and rutile phase before and after the nanoparticle coating 
showed that the coating process, which was carried out 
at 550°C in the vacuum furnace, did not change the struc-
ture of the nanoparticle (Fig. 2). The results of the BET test 
presented in (Table 1) show that during the coating process, 
the size of nanoparticle crystals has increased from 21 nm 
in a powdery state to 35 nm after the coating. Changing the 
size of the nanoparticle crystal can be caused by the high 
calcification on the surface of the glass substrate.

In (Fig. 3a), FE-SEM shows the surface of the glass 
substrate before coating, which caused the contact of the 
substrate with hydrofluoric acid and corrosion on the glass 
surface to provide a suitable substrate for the nanoparticle 
coating. (Fig. 3b), shows the substrate after coating that 
the nano particle is uniformly distributed over the entire 
surface.

Moreover, Fig. 3c shows the size of the particles in the 
indicated layer. After the coating process, the size of the crys-
tals is larger than the powdery state. The effective surface 

 

Fig. 1. Schematic of the reactors used in this study.

 

Fig. 2. XRD diffractograms for TiO2 samples after coating (a) and 
before coating (b).
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of the nanoparticle is 51.1 m2/g in powder form (Table 2). 
After the coating, the effective surface of nanoparticles 
decreased to 47.3 m2/g, probably due to the calcification pro-
cess during the coating process [11]. In this study, the UV 
absorption rate by nanoparticles was investigated at a wave-
length range of 200–1,000 nm by UV-vis diffuse reflectance 

spectroscopy. The results of this analysis show that the 
highest UV absorption is at 250 nm wavelength in the UVC 
wavelength range. The nanoparticle also has a maximum 
absorption rate at wavelengths of 320–360 nm, which are 
located in the UVA wavelength range. This nanoparticle has 
a very low absorption at wavelengths higher than 400 nm, 
which is in the range of the visible light of the sun [4].

3.2. Degradation of cefazolin antibiotics

In the present research, the photocatalytic degradation 
of cefazolin antibiotics was studied on a TiO2 nanoparti-
cles-coated fixed bed treated with two light sources of UVC 
(250 nm) and solar light. To determine the concentration of 
cefazolin by HPLC, the standard concentrations (5–25 mg/L) 
were injected into the device and the chromatogram peaks 
of cefazolin formed at a retention time of 1.2 min were 
recorded. Calibration curves are shown in Figs. 4a and b.

After this step, the test samples were injected to HPLC to 
determine the remaining concentration (Table 2). The highest 

Table 1
Crystallite sizes, surface areas, bandgap energies Eg and 
absorption wavelengths for the TiO2 samples

TiO2 TiO2 (coating)

BET, m2/g 51.1 47.8
Cristal size, nm 21 35
Purity, % 99.5 99.4
Eg, eV 3.02 3
UVC (max absorption), nm 250 250
Solar light (max absorption), nm 320 320

 
Fig. 3. FE-SEM surface of the glass substrate before coating (a) and after coating with TiO2 (b,c).

Table 2
Main results of the tests presented in the experimental section

Time

Reactor 1 Reactor 2

C0 (mg/L) TiO2/UVC UVC Syn% R2 TiO2/Solar light Solar light Syn% R2

C (mg/L) k C (mg/L) k C (mg/L) k C (mg/L) k

0 10 10 0 10 0 0 10 0 10 0 90
5 10 7.8 0.05 9.9 0.002 96 0.98 8.9 0.02 9.9 0.002 93 0.99
10 10 5.1 0.07 9.6 0.004 94 0.99 7.1 0.03 9.8 0.002 93 0.99
15 10 2.12 0.16 9.3 0.005 97 0.99 6.3 0.03 9.8 0.001 96 0.99
20 10 0.8 0.13 9.1 0.005 97 0.99 5.6 0.03 9.8 0.001 96 0.99
25 10 0.53 0.12 9 0.004 97 0.98 4.1 0.04 9.7 0.001 98 0.98
30 10 0.4 0.11 8.8 0.004 96 0.99 3.2 0.04 9.7 0.001 98 0.98
60 10 0.2 0.06 8.1 0.003 95 0.99 2.7 0.02 9.6 0 99 0.98
90 10 0.1 0.05 7.7 0.003 94 0.98 2.1 0.02 9.6 0 99 0.98
120 10 0.1 0.04 7.3 0.002 94 0.99 1.8 0.01 9.6 0 99 0.98
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efficiency of contaminant removal (i.e., 995) is observed in 
Reactor 1. In Reactor 2, the highest removal efficiency is 80%, 
which occurred after exposure to solar light for 120 min. 
The effect of UVC and solar light was investigated using no 
catalyst. In this state, the highest removal efficiency for the 
UV lamp was 16%, and after being exposed to solar light, a 
removal rate of 3% was obtained. The simultaneous use of 
nanoparticles with any light source indicates that over 98% 
of the synergistic effect is obtained in this photocatalytic 
process (Table 2).

Fig. 5 presents the kinetic reaction of cefazolin at a 
concentration of 10 mg at different times. The results 
show that when UV (250) is in contact with TiO2 nanocat-
alyst, more catalytic degradation occurred. This increase 
in the degradation of the contamination results from the 
production of reactive OH• radicals, which is a strong oxi-
dizing agent.

As shown in Table 1, the most TiO2 nanoparticle 
absorption is in a UV wavelength of 250 nm, which leads 
to cavitation and electron released from the nanoparticle 
and creates Rhodax reaction on the catalyst surface [11]. 

These reactions create free radicals of oxygen in the solu-
tion. These molecules of oxygen tend to be absorbed by 
water molecules and produce OH• radicals [20]. In this 
photocatalytic process, in addition to OH•, which plays an 
important role in the degradation of contaminants, other 
generated molecules such as O2 and H2O2 may be effective 
in decomposing contaminants [21].

3.3. Solar light

Although the rate of cefazolin degradation in Reactor 
2 (i.e., 81%) is lower than that in Reactor 1, this amount of 
contaminant degradation is considerable. As shown in 
Table 1, the light absorption of nanoparticles is higher in the 
wavelength range of 320 to 380 nm, which is the UVA wave-
length range of the sun.

Moreover, it can cause generating electrons and cavi-
ties on the catalyst surface, as well as OH• free radicals in 
Reactor 1. The reason for reducing the degradation effi-
ciency in Reactor 2 than the Reactor 1 can be a reduction in 
light absorption at wavelengths more than 320 nm on the 
catalyst surface, as well as the reduction of the sun’s UV 
intensity than the UV produced by the 10-watt argon lamp 
[22,23]. However, due to the geographical area of Damghan, 
which receives 871.1 h of solar light in the spring, the use 
of solar light with this efficiency may provide remarkable 
results (Fig. 6). From an economic point of view, in Reactor 
1, in addition to the cost of purchasing a UV lamp which 
costs between $20 and $40 in Iran, as well as electricity con-
sumption charge to produce UV from a 10-watt lamp, the 
cost of water purification is higher than that in Reactor 2. 
This makes the use of Reactor 2 more efficient using the 
natural light source.

3.4. TOC analysis

The results of this study were analyzed by GC-MS and 
TOC meters to determine the intermediate and by-product 
materials in the mineralization process during the photo-
catalytic process. These results are presented in Table 3. 
The results of the TOC test (Table 3) show that the miner-
alization process started from 19% in 5 min and reached 
80% in 90 min and 86% at the end of the 120 min. However, 
removing pollutants started in 5 min with an efficiency of 

 

Fig. 4. Chromatogram peaks of cefazolin (a) and calibration 
curves (b).

 

Fig. 5. Kinetics of the photocatalytic degradation of cefazolin.
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19%, reached the maximum elimination of 99% in 90 min, 
and remained up to 99% of efficiency until 120 min, leading 
to almost 100% degradation of the cefazolin [24].

3.5. GC-MS analysis

In the GC-MS test, samples of the reactors were extracted 
at times 30, 60, and 120 min. Compounds that were possi-
bly created by the degradation of cefazolin were detected 
by the GC-MS test (Fig. 7). The molecular structure of these 
compounds is shown in Table 4. The samples were assigned 
with numbers of 1 to 12.

3.5.1. By-products after 30 min exposure

The chemical structure of cefazolin consists of B-lactate, 
carboxyl, and amide groups [4]. OH• free radicals created 
in the photocatalytic process can cause breaking structures 
between the C–H, C–N, C–S, O–C bonds. As shown in 
Table 4 and Fig. 7, in the first 30 min of the reaction, after 

the structural breakdown of the contaminant, materials such 
as (1) 1-(1,3-thiazol)-1H, (2) propylthiouracil, (3) 1H-tetrazole 
and (4) 3H-1,2-dithiol-3-one, 4-methyl still were preserved in 
the circular structure. The structure of these compounds is 
shown in Fig. 7 (GC-MS) and Table 4 (molecular structure).

Researchers have studied the degradation of two 
intermediates used for the synthesis of cefazolin, namely 
5-methyl-1,3,4 thiadiazole-2-methylthiol, and 5-methyl-1,3,4-
thiadiazole-2-thiol, by UV/H2O2 [25].

3.5.2. By-products after 60 min exposure

After 60 min, the materials in contact with free rad-
icals are broken down and form a simpler material that 
contains mostly (5) 2-(Methylthio), (6) 5-(2-methyl-1,3-thi-
azol), (7) 2-Propanamine, N-ethyl-N-nitroso, and (8) 
2-Aminothiazoline-4-carboxylic acid. The structure of these 
materials is shown in Fig. 7 and Table 4. Similar studies car-
ried out on cefazolin degradation using the TiO2/UV method 
show that free radicals of OH• produced by photocatalytic 
reactions can break large molecular structures and convert 
them to materials such as decarboxylation. The experimen-
tal results reported for cephalosporin antibiotics confirm 
this finding. Thus, it might be predicted that the dihy-
drodaidzein ring disappears when the β-lactam ring was 
opened [25].

3.5.3. By-products after 120 min exposure

After 60 min, the materials in contact with free rad-
icals are broken down and form a simpler material that 
contains most of (9) thiocarbamic acid, (10) dithiocarba-
mic acid, (11) thiourea, trimethyl, and (12) 2-Propanone, 
1-(ethylthio). The structure of these compounds is shown 
in Fig. 7 and Table 4. Subsequently, the circular structure 
of these compounds is further converted to simpler mate-
rials in contact with OH•. These researchers interpreted 
the reaction mechanism in relation to the photogenerated 
OH• radicals and concluded that the two compounds are 

Table 3
Process of mineralization and degradation during the photocatalytic process

TiO2/UVC TiO2/Solar light

Time (min) C0 (mg/L) Degradation TOC Degradation TOC

C (mg/L) % C (mg/L) % R2 C (mg/L) % C (mg/L) % R2

0 10 10 0 9.7 0 10 0 9.8 0
5 10 7.8 22 8.1 19 0.98 8.9 11 9.2 8 0.97
10 10 5.1 49 7.4 30 0.98 7.1 29 8.4 16 0.96
15 10 2.12 79 6.8 32 0.99 6.3 37 8 20 0.98
20 10 0.8 92 5.82 62 0.99 5.6 44 7.4 26 0.98
25 10 0.53 95 5.61 64 0.99 4.1 59 6.6 34 0.97
30 10 0.4 96 5.32 57 0.99 3.2 28 5.9 41 0.97
60 10 0.2 98 2.1 79 0.98 2.7 79 3.6 64 0.97
90 10 0.1 99 1.98 80 0.99 2.1 82 3.2 68 0.98
120 10 0.1 99 1.4 86 0.98 1.8 84 3 70 0.97

 

Fig. 6. Graphic representations of the values of solar UV and 
solar irradiance radiations registered during the degradation.
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Table 4
Molecular structure compounds that were possibly created by the degradation of cefazolin in GC-MS test

Time (min) Products

0

Cefazolin  

(1) 
(2) 

 
(3) 

 

(4) 

 (5)  

(6) 

(7) 
(8) 

(9)  (10) (11) (12) 

30

Cefazolin  

(1) 
(2) 

 
(3) 

 

(4) 

 (5)  

(6) 

(7) 
(8) 

(9)  (10) (11) (12) 

60

Cefazolin  

(1) 
(2) 

 
(3) 

 

(4) 

 (5)  

(6) 

(7) 
(8) 

(9)  (10) (11) (12) 

120

Cefazolin  

(1) 
(2) 

 
(3) 

 

(4) 

 (5)  

(6) 

(7) 
(8) 

(9)  (10) (11) (12) 

Inorganic materials (minerals) resulting from the degradation of cefazolin: NO3 NH3 SO4 CO2[4]

completely converted to by-products that undergo fur-
ther degradation with the breaking of the thiadiazole ring. 
Finally, these molecules become more stable by turning to 
minerals containing sulfate nitrate and ammoniac com-
pound following the oxidation. According to the results of 
the TOC test, 86% of the cefazolin is converted to mineral 
compounds such as carbon dioxide, sulfates, and nitrates, 
and the remaining 14% turns into an intermediate organic 
mineral, most likely propanone and thiocarbamic acid 
[4]. The results compared with those of this study, which 
are presented in the form of the GC graph, shows mate-
rials such as (1), (3), (6), and (8) are consistent with those 
reported in the current research. Also, Gurkan et al. found 
that OH• molecules tend to attack the sulfur structure in 
the cefazolin molecule such that by breaking these bonds, 
stable compounds including sulfates, nitrates, and ammo-
nia are produced [26].

4. Conclusion

It can be said that a TiO2 nanoparticle bed can produce a 
catalytic surface for the photocatalytic process with a coat-
ing on the glass substrate. Both natural and artificial UV 
light sources are capable of generating electrons and cavities 
at the catalyst surface and then creating free radicals such 
as OH•. Free radicals initially show a high tendency to react 
with the molecular structure of Cefazolin and turn it into 
the circular intermediate substance, and then the loops open 
turning in to simpler structures. Ultimately, in the vicinity 
of OH•, these materials convert to minerals such as sulfates 
nitrates, and ammonia. In general, it can be said that the 
Reactor 1 is capable of eliminating cefazolin from the water 
with efficiency above 99% and using a natural light source, 
Reactor 2 can withstand 80% of efficiency without consum-
ing any artificial energy source for eliminating Cefazolin 
from aquatic environments with much lower costs.
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