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A B S T R A C T

In this study, 5 urban and 2 industrial wastewater treatment plants (WWTPs) were investigated. Raw wastewaters
and effluents of WWTPs were characterized in terms of both organic and inorganic pollutants and antibiotic
residues. According to the analysis results; organic pollutants for raw wastewaters and influents in urban WWTP
were measured between 412 and 921 mg L�1 for COD, 345–421 mg L�1 for TOC, 61–160 mg L�1 for COD, 48–83
mg L�1 for TOC, respectively. However, in industrial WWTPs, these values were determined in raw wastewaters
between 1404 and 2367 mg L�1 for COD, 821–826 mg L�1 for TOC and in effluents between 272 and 408 mg L�1

for COD and 97–208 mg L�1 for TOC, respectively.
In addition, in the characterization study of antibiotic residues by the results of HPLC/MS-MS measurements,

the amounts of Ciprofloxacin (from the fluoroquinolones), Erythromycin (from the macrolides group) and Sul-
famethoxasol (from the sulfonamide group), which are one of the three main groups of antibiotics in the waste
water samples, were found in high amounts in both urban and industrial WWTPs despite the biological treatment
process. More antibiotic residues (Erythromycin-ERY, Ciprofloxacin-CIP and Sulfamethoxasol-SMX) were detec-
ted in untreated raw wastewater compared to effluent wastewater. While CIP antibiotic was not found only one
urban WWTP, the highest amounts in the effluents of 4 urban WWTPs were measured between 13,800 ng L�1 and
38,800 ng L�1. Moreover, ERY is only detected in high amount in one urban WWTP raw and effluent wastewater
as 23,100 ng L�1 and 5430 ng L�1, respectively. The SMX was detected in 2 separates urban WWTPs at a value of
19,700 ng L�1 in the raw wastewater sample and at a value 10,100 ng L�1 in effluent sample of another urban
WWTP. Antibiotic residue removal ratios after Advanced Oxidation Process using specially prepared NFC-doped
TiO2 photocatalyst immobilized on polystyrene (PS) cup inner surface at amount 0.45 g were determined as 97%–

~100% for CIP, 100% for ERY, 86%–~100% for SMX, 57%–64% for COD and 61,5%–72% for TOC, respectively.
According to the above mentioned results, this study proved that photocatalytic oxidation processes performed

under visible light with a specially prepared immobilized form (PS/Cup–NFC–0.45 g) photocatalyst provide
higher antibiotic removal from both urban and industrial wastewater. Thus, these results showed us that if the
application of NFC-doped Titania, immobilized on polystyrene, can be integrated with an appropriate reactor
design on the real/pilot scale, this technology can be proposed as an efficient technology for sustainable
environment.
1. Introduction

Recent researches have revealed that antibiotics have detrimental
effects on the reproductive system of all living life, and besides these
harmful effects they create alone, they cause more and more damages
re).

rm 1 February 2021; Accepted 2

.

with a synergistic effect when combined [1]. Antibiotics, which are
defined as persistent pollutants that have been polluting the environment
and directly affecting the habitat, although they are in relatively low
concentrations in secondary treatment wastewater, can also cause the
formation of pathogens that will resist some bacteria [2–4].
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Fig. 1. Schematic representation and photo of photocatalytic oxidation test by using immobilized PS/Cup-NFC photocatalyst.

Table 1
LOD, LOQ and Recovery results.

LOD (ng/L)
CIP ERY SMX
150 60 200
LOQ (ng/L)
CIP ERY SMX
450 180 600

Recovery % 100 71 62
Accuracy (%) 99,5 99,3 95,6
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In a study, conducted by Le-Minh et al., in 2012, has been scientifi-
cally demonstrated that even very low antibiotic concentrations in
treated wastewater can cause toxic effects on various types of water and
resistance in natural bacterial populations [5]. In the same year, Gao
et al. found that only 25–30% of antibiotics are metabolized after use by
humans or animals, and 60–75% do not change as their own active in-
gredients or are excreted from the body as metabolites and released in to
wastewater [6].

In general, most of the antibiotics that have been tested to date have
not been easily removed from waste water under aerobic conditions. The
persistence of antibiotics and releasing in to the environment in
increasing rates, cause the formation of antibiotic-resistant bacteria,
which has led to an increase in research on the detection and removal of
antibiotic residues in the areas where the wastewater is discharged. In
recent years, very valuable studies have been carried out showing that
secondary treatment as a conventional method are insufficient to prevent
these systems to threat the most of the antibiotics that are being used
Table 2
Real urban and industrial wastewaters’ conventional and antibiotic characterization.

Sampling Point pH COD mg.L�1

Interval Average Interval

WWTP-1 Urban Influent 7-7,7 7,3 241-554a

WWTP-1 Urban Effluent 7,4-8 7,6 51-111a

WWTP-2 Urban Influent 7,2-8 7,6 322-588a

WWTP-2 Urban Effluent 7,5-8 7,7 60-67a

WWTP-3 Urban Influent 7,3–7,6 7,4 271-550a

WWTP-3 Urban Effluent 7-7,5 7,3 56-70a

WWTP-4 Urban Influent 7,5-8 7,7 107-310a

WWTP-4 Urban Effluent 7,6-8 7,8 57-70a

WWTP-5 Urban Influent 8,4 8,4 921
WWTP-5 Urban Effluent 8,3 8,3 160
WWTP-6 Org.Ind. Dist.Influent 7,6–9,6 8,9 904-2151a

WWTP-6 Org.Ind. Dist.Effluent 8-8,7 8,2 229-307a

WWTP-7 Leather Org.Ind. Dist. Influent 6,4–7,5 7,1 1881-3092a

WWTP-7 Leather Org.Ind. Dist.Effluent 7,9–8,2 8 198-805a

a June–November (Measured seasonal values in June and November).
b Average of June and November.
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more and more day by day [2–4,6–9]. In addition, other scientific studies
have shown that antibiotic-resistant genes frequently occur in waste-
water, groundwater, drinking water, sludge, soil and sediment [2–4,6,10,
11].

In a study conducted by Zhang et al. (2009), it was stated that low
amounts of antibiotics discharged into the environment without being
completely treated, could cause much more harmful and complex effects
when combined than their effects own alone, on living organisms [1–3].
The results of all these studies revealed the necessity of a comprehensive
assessment of the possible environmental impacts of antibiotics due to
the serious and irreversible increase in discharges to the receiving
environment. Yalap and Balcıo�glu (2008) [12] and Rickman and Mezyk
(2010) [7] emphasized the urgency of developing alternative treatment
methods in the control of antibiotics, which are called new generation
pollutants and discharged to the receiving environment through indus-
trial, domestic or hospital waste water treatment facilities [7,12]. In this
context, especially in areas where agricultural activities are carried out, it
is inconvenient to use antibiotic residues in treated water without
removing them, and advanced oxidation processes have gained impor-
tance in removing antibiotics [1,12,13].

Titania is one of the most used photocatalysts in developing AOPs in
recent years due to its low cost, low solubility and toxicity, and high
chemical stability [14,15]. As a research subject, titania-based hetero-
geneous photocatalysts, used in pre-treatment and post-treatment AOP
applications of Conventional Wastewater Treatment Plants (CWWTPs),
have been among the interesting subjects that have been investigated in
recent years in the removal of many refractory pollutants such as anti-
biotics in water and wastewater [16]. Another important feature of
TOC mg.L�1 CIP ng.L�1 ERY ng.L�1 SMX ng.L�1

Average Average

412 ~389b 7190 263 6130
85 83b 26400 <0 5310
486 421b 24900 <0 19700
62 48b 16,100 2950 5140
457 408b 7280 4100 5350
61 52b 13800 4680 10100
209 – – – –

64 48b 16100 2950 5140
921 345 9170 23100 5610
160 60 14000 5430 4970
1404 821b <0 <0 19700
272 208b <0 <0 5100
2367 826b <0 <0 2890
408 97b <0 <0 2990



Fig. 2. SEM Results - The morphology of powdered NFC-doped TiO2 photocatalyst, specially prepared in laboratory.

Graph 4. XRD analysis results of powdered NFC–TiO2.

Table 3
Wavelengths of Raman Scattering events for TiO2.

Eg Eg B1g A1g Eg

TiO2 143 196 396 514 637

Graph 5. Raman shift results of NFC-doped TiO2.
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titania is its ability to absorb approximately 4% of solar radiation from
the earth’s surface. Thus, when this energy is equal to or higher than the
space energy in the band of the semiconductor catalyst, it induces the
formation of the hydroxyl radical with the highest electron absorption,
and a large number of low-degradability contaminants can be easily
oxidized by this radical [17–19].

In the literature, many studies have been reported that Titania is
doped with different elements (Nitrogen, Carbon, Fluoride, Phosphorus,
Sulfur, etc.) as single, double or triple under visible light irradiation to
increase photoabsorption capability [20–25].

In recent studies in the literature, there are studies using immobilized
photocatalysts prepared using Titania and different materials in different
reactor configurations. Miranda-García et al., in their studies conducted
in 2010 and 2014 [26], showed that the Titania mixture (sol gel TiO2 and
3

TiO2–P25), coated on glass spheres by immobilization method, is an
effective method for removing pesticides in wastewater using different



Graph 6. Raman shifts of empty cup (Uncoated cup).

Graph 7. Raman shifts of Immobilized PS/Cup–NFC–Doped TiO2.
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types of reactors. In addition, in many studies in the recent literature, it
has been reported that pharmaceutical residues and dyes in wastewater
can be removed successfully by using TiO2–P25 fixed on the glass ball
surface by UVC radiation.

It is a worrying fact that medicines, antibiotics and personal care
Fig. 3. The morphology of Immobilized PS
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products, which are defined as the next generation activators with
organic content, cannot be completely removed by biological processes
(different mechanisms such as biodegradation, evaporation, air stripping
and adsorption on primary or secondary sludge) in order to ensure the
sustainability and continuity of agriculture. In addition, the presence of
organic pollutants and primary degradation products in the influent
wastewater can inhibit biological processes in wastewater treatment
plants. Since conventional wastewater treatment plants cannot
adequately remove antibiotics that are not biodegradable, the presence
of antibiotic residues in the receiving waters where the wastewater is
discharged restricts the sustainable use of surface waters, especially used
for agricultural irrigation. In order to eliminate this restriction, the sci-
entific world has focused on effective, cheap and easily applicable
advanced oxidation processes in recent years.

Considering all these studies, one of the important points is to remove
refractory pollutants in wastewater, as well as to develop a cheaper and
easily applicable method and type of reactor. For this purpose, we
developed triple-doped Titania nanomaterial (powdered NFC-dopped
added TiO2) as a continuation of our previous work and in this work,
which is an even more advanced stage, and achieved in removing anti-
biotic residues from domestic and industrial wastewater [16,27–31]. We
have demonstrated through experimental studies that it can be reused for
irrigation [16]. So the aim of this study, as a continuation and further
step of this work, carried out in 2019, specially prepared powdered
NFC-doped TiO2 photocatalyst was immobilized in a laboratory-scale
photocatalytic reactor obtained by plastering it on polystyrene (PS)
polymer which is a cheap, inert and non-toxic thermoplastic polymer
with low density. Antibiotic residues were treated and evaluated from
raw wastewater and five urban and two industrial wastewater treatment
plant effluents.

2. Material VE method

2.1. Characterization of raw and effluent wastewaters

5 urban (Malkara-WWTP-1, Lüleburgaz-WWTP- 2, Kırklareli- WWTP-
3, Enez- WWTP- 4, Karpuzlu- WWTP- 5) and 2 industrial (Çerkezk€oy
Organized District WWTP-6, Çorlu Leather Organized District WWTP-7)
CWWTPs were investigated in this study. Raw and effluent samples were
taken from inlet and outlet of all WWTPs at summer, autumn and spring
months according to the TS ISO 5667-10 standart. Hach HQ40D
/Cup–NFC–Doped TiO2 (SEM Results).



Table 4
The HPLC/MS-MS results.

Antibiotic concentration (Before AOP) Antibiotic concentration in immobilized PS/Cup-NFC/0,45 g photocatalyst (After AOP)

CIP ng/L ERY ng/L SMX ng/L

CIP (ng/L) ERY (ng/L) SMX (ng/L)

WWTP-1 Urban Effluent 38800 263 6120 <0 213 <0
WWTP-2 Urban Effluent 16100 2950 5140 <0 191 700,36
WWTP-3Urban Effluent 13800 4680 10100 <0 362 <0
WWTP-5 Urban Effluent 14000 5430 4970 <0 <0 605,8
WWTP-6 Org.Ind.Distr. Effluent <0 <0 5100 <0 <0 686,16

Table 5
Antibiotic removal efficiencies.

Removal Eff.
% CIP

Removal Eff.
% ERY

Removal Eff.
%SMX

WWTP-1 Urban Effluent ~100 99,45 ~100
WWTP-2 Urban Effluent ~100 98,81 86,37
WWTP-3Urban Effluent ~100 97,38 ~100
WWTP-5 Urban Effluent ~100 ~100 87,81
WWTP-6 Org.Ind.Distr. Effluent ~100 ~100 86,55
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Multimeter was used for the parameters measured simultaneously with
sampling. All analysis were done according to the APHA 1998 except
COD and Color. COD and Color analysis were carried out according to the
international standards [32–34].

Çerkezk€oy (with approximately 267 factory) and Çorlu Organized
Industrial Zones (with approximately 100 factory), including pharma-
ceutical, chemical, leather and such processing plants, are two of Tur-
key’s largest and most established industrial zones. There are 17
pharmaceutical factories only in Çerkezk€oy Organized Industrial Zone.
Settlement plant of the zone is given in supplementary file.

2.2. Powder form photocatalyst preparation

The NFC-doped TiO2 sample was prepared and characterized [35].
The re-prepared NFC-doped TiO2 photocatalyst in powder form accord-
ing to the sol-gel method, was precipitated and the precipitate was
washed with distilled water. After centrifugation, after calcination pro-
cess for 2 h at 450 �C NFC-doped TiO2 was characterized.

2.3. Immobilization of photocatalyst by using PS

In order to immobilizate of NFC-doped TiO2 photocatalyst by means
of by coating the inner wall of the PS material (PS/Cup) preferred as the
polymeric substrate (available from Microglass Heim, Internal Diameter
¼ 8.5 cm, weight ¼ 7.187 g). In this immobilization study, two different
volumes of PS/Cups (70 mL and 200 mL) were used.

A 70 mL PS/Cup was used in the photocatalytic oxidation study for
decolorization, and since more samples were needed for HPLC/MS-MS
measurements, a 200 mL PS/Cup was used in the oxidation study for
antibiotic removal. The excess NFC–TiO2 particles on the inner surface of
the PS containers were removed by processing several cycles in the ul-
trasonic bath (Bandelin Sonorex) until a stable load obtained on
NFC–TiO2/PS Cup. The NFC–TiO2/PS containers were then left to dry for
48 h at room temperature and were named as NFC–TiO2/PS-α, where α
PS explained the amount of powdered NFC–TiO2 (in grams) immobilized
on the PS material surface. PS/Cups were plastered with NFC-doped TiO2
powder form photocatalysts, which have been previously prepared in 0.3
and 0.45 g each, to ensure maximum contact with the wastewater. The
immobilized photocatalysts in this PS/Cups form were named as PS/Cup-
NFC/0.3 g and PS/Cup-NFC/0.45 g respectively. These PS/Cups were
used in photocatalytic oxidation studies for photocatalytic activity,
photocatalytic oxidation removal of antibiotic residues and
5

decolorization of real urban and industrial wastewater samples.The PS
cup which not coated by NFC–TiO2 powder was named as “Empty Cup”.

2.4. Testing stabilization capability of immobilized photocatalysts

In order to determine the stability of PS/Cup-NFC photocatalysts, the
test was repeated 4 times successively in a row to measure that the
antibiotic removal efficiency of the photocatalyst did not change during
photocatalytic oxidation in urban or industrial wastewater.

2.5. Prepared photocatalyst particles’ and PS-Cups’ characterization

Photocatalysts were characterized by Dispersive Raman Spectroscopy
(Thermo, DXR Raman) combined with 532–785 nm laser in spatial res-
olution 1 μm and depth resolution 2 μm in the 150–1000 cm�1 range in
the central laboratory of NKU-NAB_ILTEM. Scanning Electron Microscope
(SEM) analysis was performed using the FEI-QUANTA FEG 250 equipped
with Everhardt Thornley ETD, STEM and EDS detectors, which can reveal
micro and nano-sized structures of materials.

2.6. Determination of photocatalytic activity test

Photocatalytic oxidation studies, for the removal of antibiotic resi-
dues and decolorization of urban and industrial effluents, carried out in
the PS/Cup-NFC photoreactor, were shown in Fig. 1.

200 mL PS Cups which was obtained by immobilizing the specially
prepared NFC-doped TiO2 photocatalyst was used as photoreactors
equipped with mini air pump (Qair ¼ 150 cm3 min�1) and a magnetic
stirrer (Jeiotech Multi Channel Stirrer). Experiments were carried out by
using 120 mL real urban and industrial wastewaters, separately. Irradi-
ation was provided by 4 cylindrical UV visible light lamps with a length
of 35 cm and 8 W nominal power for each, lamp at 450–700 nm wave-
length emission. Sample collecting (10–15 mL) were performed at a
constant intervals during the photocatalytic tests. Test reactor was
operated in the dark for 1 h and then 420 min (7 h) under visible light
until to reach the adsorption equilibrium. Treated samples taken hourly
through the reactor at determined time intervals were centrifuged for 15
min at 4000 rpm for sediment removal prior to analysis.

In order to monitor the reduction of TOC and antibiotic residues in
wastewater samples, both absorbance (at λ ¼ 663 nm in the UV–Vis
spectrophotometer, determined by testing at different wavelengths) and
total organic carbon (TOC) measurements (catalytic combustion at T ¼
680 �C with TOC were done on upper phase of the centrifuged samples.).

2.7. Method validation for antibiotic determination

In order to determine the antibiotic content of the raw wastewaters
and effluents of the examinedWWTPs, all samples were filtered by 0,45 μ
filter before the extraction (SPE) carried out under pH 4 to 6 interval by
filtering Oasis HLB cartridges. Each sample was then individually injec-
ted into HPLC/MS-MS with acetonitrile and methanol mobile phase C8
column (100 mm, 3 � 2.7 μm). According to this method, recovery ef-
ficiencies for ERY, CIP and SMX were calculated as 70%, 100% and 62%,



Graph 8. UV–Vis Spectrophotometer measurement results for PS/Cup-NFC/0,30 g and PS/Cup-NFC/0,45 g for urban samples.

Graph 9. UV–Vis Spectrophotometer measurement results for PS/Cup-NFC/0,30 g and PS/Cup-NFC/0,45 g industrial sample according to the UV–Vis results.
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respectively. Thus, the results were considered as high validation that all
three antibiotics could be accurately measured with the specified HPLC
column.
6

3. Results and discussion

3.1. Method validation results

In this study, Solid Phase Extraction (SPE) and Recovery Method,



Table 6
Antibiotic removal efficiencies with immobilized PS/Cup-NFC/0,45 g photo-
catalyst after AOP according to the UV–Vis results.

Removal Eff. % PS/Cup-
NFC/0,3 g

Removal Eff. % PS/Cup-
NFC/0,45 g

WWTP-1 Urban Effluent 90 95
WWTP-2 Urban Effluent 87 91
WWTP-3Urban Effluent 89 94
WWTP-5 Urban Effluent 87 92
WWTP-6 Org.Ind.Distr.
Effluent

83 87

Table 7
COD and TOC removal from biologicaly treated effluents from urban and in-
dustrial effluents with PS Cup-NFC/0.45 g photocatalysts immobilized by NFC-
doped TiO2.

Before
AOP

After
AOP

COD
Removal
Eff. (%)

Before
AOP

After
AOP

TOC
Removal
Eff. (%)

COD (mg.L�1) TOC (mg.L�1)

WWTP-1 Urban
Effluent

94 40 57 83 27 67

WWTP-2 Urban
Effluent

67 24 64 48 15 69

WWTP-3Urban
Effluent

70 27 61 52 20 61,5

WWTP-5 Urban
Effluent

160 63 61 60 22 63

WWTP-6
Org.Ind.Distr.
Effluent

229 98 57 208 58 72
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which is explained in detail in “Material & Method” section, is used for
extraction and recovering antibiotic residues from the raw influent
(input) wastewater of urban and industrial WWTPs and studied samples
provided from the effluent (output) wastewater of biological treatment
process. The analytical limits, detection limits (LOD) and quantity limits
(LOQ) were determined by validating the European Directive/657/EC in
line with the criteria of accuracy, sensitivity, recovery and selectivity. In
line with the data received in positive ESI þ mode, LOD, LOQ and re-
covery results are given in Table 1.

Calibration peaks of standard stock solutions of ERY, CIP and SMX
antibiotics at two different pH (pH 2 and pH 5) are also given at Graph
3.1 and Graph 3.2 together, with HPLC/MS-MS (Tandem-Sequential
Quadropole Mass Spectrometry).

As seen in Graph 3.1 and Graph 3.2, it was preferred to study at pH 5,
where the single and most prominent peak for the ERY antibiotic, the
same intensity peak for the SMX antibiotic and the more intense peak for
the CIP antibiotic were determined. The calibration kinetics of standard
ERY, CIP and SMX antibiotic solutions verifying all these SPE analysis
conditions are also presented in Graph 3.3.
Graph 10. Comparison of photocatalytic activities of immobilized PS/Cup-NFC/0.

Fig. 4. Picture of color removal in WWTP-6. Org.Ind. Di
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As shown in Graph 3.3, the kinetic correlation coefficient (R) of all
three antibiotics was calculated as approximately 1. This proves that this
SPE method is the correct method and validation to be applied for solid
phase extraction and recovery of the studied antibiotics. The main
product peaks and mass/charge (m/z) ratios of main product peaks and
metabolites, obtained as a result of HPLC/MS-MS measurements for
determining CIP, ERY and SMX antibiotic residues, also confirmed these
results. As a result of all these studies, recovery rates of antibiotics were
determined as 62% for SMX, 100% for CIP and 71% for ERY.
3.2. Wastewater characterization results

Characterization results of real urban and industrial wastewaters
3 g and PS/Cup-NFC/0.45 g photocatalysts in investigated urban wastewater.

str.Effluent with PS/Cup-NFC/0.45 g photocatalysts.



Table 8
aColor removal efficiency results of PS/Cup-NFC/0.45 g photocatalysts.

WW Absorbance
Interval

Before
AOP
Color,
m�1

Water
Quality
Class

After
AOP
Color,
m�1

Water
Quality
Class

WWTP- 1 Eff.,
Urban

436 1,8 First
Class

0,0 First
Class525 0,8 0,0

620 0,6 0,0
WWTP- 5 Eff.,
Urban

436 3 Second
Class

0,0 First
Class525 1,5 0,0

620 0,8 0,0
WWTP- 3 Eff.,
Urban

436 1,4 First
Class

0,0 First
Class525 0,4 0,0

620 0,4 0,0
WWTP- 2 Eff.,
Urban

436 1,8 First
Class

0,0 First
Class525 0,9 0,0

620 0,2 0,0
WWTP- 6
Org.Ind.Distr.
Eff.

436 27,6 Fourth
Class

2,21 First
Class525 21,6 0,28

620 17,1 0,11

a August 10, 2016 and Official Gazette No. 29327, “Implementing Regulation
on the Amendment of the TSWQR, Annex-5: Table 2. Quality Criteria by Classes
in terms of General Chemical and Physicochemical Parameters of the Interna-
tional Surface Water Resources.

Graph 11. Stabilization test results of immobilized PS/Cup-NFC/0.45 g
photocatalyst.
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were given at Table 2 based on conventional (pH, COD, TOC) parameters
and antibiotic (CIP, ERY, SMX) contents.

As illustrated in Table 2, according to the Turkish Surface Water
Quality Regulation (TSWQR)-Annex 5 [36], low concentrations of
organic pollutants were detected in theWWTP-1 in July. Moreover, while
urban WWTP’s samples of WWTP-2, WWTP-3 and WWTP-4 were char-
acterized as low-polluted, they presented as medium-polluted character
at Spring and Autumn months in terms of COD. Besides, influents of
urban WWTPs (2, 3 and 4) had high-polluted characterization as TOC
content. In addition, as expected, influents of WWTP-6 And WWTP-7
exhibited high contaminated organic contents in terms of COD values,
while both industrial wastewater treatment plants have 4 th class of water
quality as bot influent and effluent water in July, according to TSWQR
Annex 5 [36].

However, it is understood that both urban and industrial wastewater
treatment plants met their discharge limits and managed to raise the
wastewater quality to 1st and 2nd class in November and March.

According to the validation study results, it was found that ERY, CIP
and SMX antibiotics included in three main antibiotic groups (macro-
lides-, fluoroquinolones-, Sulfonamides-) were meaningfull to measure at
all WWTPs wastewater samples. Recovery yields were determined as
70% for ERY, 100% for CIP, 62% for SMX, respectively.

Contrary to expectations, the higher antibiotic contents were
measured in effluent wastewater than influent wastewater of WWTPs.
Most of antibiotics in feces can form complexes with soluble organic
substances and their degradation may decrease and remain stable. Some
Table 9
Evaluation of treated effluents by photocatalytic oxidation with immobilized PS/Cup

Waste Water Before AOP

DO
(mg.L�1)

Water Quality
Class*

Conductivity
(mS.cm�1)

Water Quality
Class*

WWTP-1
Eff.,Urban

8,5 First Class 0,5 Class-1

WWTP-2
Eff.,Urban

6,5 Second Class 0,4 Class-1

WWTP-3
Eff.,Urban

5,8 Second Class 0,4 Class-1

WWTP-5
Eff.,Urban

7,0 Second Class 0,9 Class-2

WWTP-6 Org.Ind.
Distr. Eff.

6,6 Second Class 2,7 Class-3
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antibiotics may be henced in feces during biological treatment [37,38].
Then after biological treatment, these antibiotics or their metabolites
may be either released or recycled to the main compounds in waste
water. The degree of degradation and mobility of an antibiotic between
solid and aqueous phases may depend on the properties of the antibiotic
(chemical bond structure) and hydrological effects. More research is
needed to understand the biodegradation kinetics of antibiotics and the
potency and mobility of degraded products of various antibiotics in
different environments.

Antibiotic measurement results of effluent wastewater samples
revealed that he highest amount of CIP antibiotic was measured in
WWTP-1, WWTP-2, WWTP-4, WWTP-5 urban effluent water. WWTP-5
urban effluent water has the highest amount of ERY. SMX was detected
in the highest amount of antibiotic in the effluent water of WWTP-2
urban effluent.

The influent wastewater measurements results showed that SMX was
the highest amount of antibiotic inWWTP-6 andWWTP-7 Approximately
6.6 times higher amount of SMX was detected at WWTP- 6 may be
explained as the pharmaceutical companies located around in WWTP-6.
3.3. Characterization results

3.3.1. Characterization results of powder form of NFC–TiO2 photocatalyst

3.3.1.1. SEM results. Powder form of anatase phase NFC-doped TiO2
photocatalyst, specially prepared in the laboratory, was examined in
terms of the morphology and particle size by using a SEM (Scanning
Electron Microscope) (1.000–20.000�magnification with a resolution of
5 μm) in order to see the effects of NFC dopants on a very fine scale. The
morphology of NFC-doped TiO2 photocatalyst, at an accelerating voltage
of 10 kV, is given in Fig. 2.

The morphology of NFC-doped TiO2 photocatalyst was revealed by
SEM analysis (Fig. 2). As seen in the figures, NFC-doped TiO2
-NFC/0,45 g photocatalyst.

After AOP

DO
(mg.L�1)

Water Quality
Class*

Conductivity
(mS.cm�1)

Water
Quality
Class*

Salinity
(mg.L�1)

10,7 First Class 0,37 First
Class

237

8,5 First Class 0,34 First
Class

218

7,5 First Class 0,35 First
Class

224

9,5 First Class 0,68 First
Class

435

6,5 Second Class 1,85 Second
Class

1184



Graph 12. UV–Vis spectrum of CIP standard stock solution.

Graph 13. UV–Vis spectrum of photocatalytic activity for CIP standard stock solution with powder NFC-doped TiO2.

Graph 14. Comparison of the CIP standard stock solution with powder NFC-doped TiO2 and immobilized PS/Cup-NFC 0.45 g photocatalysts in terms of kinetics of
photocatalytic oxidation reactions.
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photocatalyst exhibited highly porous structure which is available for
photocatalyst oxidation. Aggregated particles are observable in all SEM
figures and the overall network appears homogeneous.
9

3.3.1.2. XRD results. X-ray diffraction (XRD) measurements of the ob-
tained yellow color anatase phase NFC–TiO2 powder form photocatalyst,
were performed with a Philips X’Pert Pro diffractometer using Cu K-



Graph 15. UV–Vis spectrum of ERY standard stock solution.

Graph 16. UV–Vis spectrum of photocatalytic activity for ERY standard stock solution with powder NFC-doped TiO2.
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alpha radiation. XRD analysis is one of the significant techniques for
determining crystal structures and microstructures of chemical compo-
sitions of materials, based on diffraction experiments of atoms in mate-
rials where the diffraction pattern is observed as spectrum in it. The
diffraction pattern hosts information inside for determining the crystal
structures of materials with sharp and significant peaks. The angle of
appearance of the two parallel rays is θ counting to Bragg’s law. XRD
analysis were used for the determination of the crystal phases of NFC-
doped TiO2 photocatalysts. From the results of XRD analysis and the
corresponding characteristics 2θ value about 5� start position to 79� end
position and 240 nm Goniometer Radius of NFC-doped TiO2 samples
(shown in Graph 4) revealed an anatase form-TiO2 peaks observed at
25C� laboratory scale conditions for all NFC-doped TiO2 photocatalysts.

According to the XRD results, an anatase-TiO2 peak is observed at
about 25.4� for all NFC-doped TiO2 photocatalysts indicating that it was
mainly in anatase phase form. Crystallographic structure of NFC-doped
TiO2 became tetragonal after doping of TiO2. Calculated density is
10
3.89 g/cm3 and volume of cell is 136.24.106 pm3.

3.3.1.3. Raman spectrum results. In addition to the XRD results, the
Raman Spectrum measurements revealed that the prepared triple NFC-
doped TiO2 was a photocatalyst in an anatase form. Due to the emer-
gence of different levels of vibration energy after the molecules interact
with the photon, Raman scattering is an important element in the
recognition of substances at certain wavelengths. Table 3 shows the
wavelengths of typical Raman Scattering of TiO2 [39]. Raman shift re-
sults are presented in detail in Graph 5.

Raman shifts and wavelengths in 147, 197, 398, 516, and 637 cm�1

which were given in Graph 5 are similar to the typical Raman Shifts given
in Table 3 [39]. Also, this indicates that NFC-doped TiO2 photocatalyst is
in anatase form.

3.3.2. Characterization results of immobilized PS/cup–NFC–doped TiO2
The band gap energies of the containers prepared with immobilized



Graph 17. Comparison of the ERY standard stock solution with powder NFC-doped TiO2 and immobilized PS/Cup-NFC/0.45 g photocatalysts in terms of kinetics of
photocatalytic oxidation reactions.

Graph 18. UV–Vis spectrum of SMX standard stock solution.

R. Ata et al. Current Research in Green and Sustainable Chemistry 4 (2021) 100065
PS/Cup-NFC photocatalyst to be used in antibiotic removal (0.3 g and
0.45 g NFC doped TiO2) were verified by Raman Shift and SEM mea-
surements and the results were confirmed by Graph 6, Graph 7 and Fig. 3.
According to the Raman shift results (Graph 7); The wavelengths of
typical Raman Scattering at 143, 192, 401, 528 and 642 cm �1, proving
that TiO2 is in fully anatase phase, were shown in Table 3 [39]. Graph 6
reveals that the empty container not coated with NFC-doped TiO2 does
not show raman shifts. Moreover; as it is seen from the SEM analysis
results (Fig. 3.), the morphology of immobilized NFC-Doped photo-
catalyst was exhibited highly porous structure.

Overall network is observable in fibrillar structure providing
comfortable advanced oxidation process in order to treatment of waste
water. In the high magnification SEM image, an increased roughness is
observed on the surface which is indicating the deposition, and isles of
three different molecular structured of nanoparticles manifesting NFC-
Doped TiO2 photocatalyst.
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3.4. Photocatalytic oxidation study results

Efficiency results for the removal of antibiotic residues during and
after photocatalytic oxidation experimental studies were evaluated in the
steps outlined below;

➢ Monitoring by means of measuring samples, taken hourly during
photocatalytic oxidation process reactor, first in the dark and then
under UV visible light by UV–Vis spectrophotometer, and evaluating
the process,

➢ Measuring the residual antibiotic residues, treated by photocatalytic
oxidation process, by HPLC/MS-MS in order to verify the UV–Visible
Spectrophotometer results,

➢ After photocatalytic oxidation process, measurement of COD and TOC
parameters and calculation of treatment efficiency,

➢ Stabilization tests,



Graph 19. UV–Vis spectrum of photocatalytic activity of SMX standard stock solution by powder form NFC-doped TiO2.

Graph 20. Comparison of the SMX standard stock solution with powder NFC-doped TiO2 and immobilized PS/Cup-NFC/0.45 g photocatalysts in terms of kinetics of
photocatalytic oxidation reactions.
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➢ Evaluation of reaction kinetics.

Antibiotic removal efficiency of the urban wastewater samples taken
from WWTP-1, WWTP-2, WWTP-3, WWTP-5 and industrial wastewater
samples taken fromWWTP-6 OSB Industrial WWTPs are given in Table 4
and Table 5.

UV–Vis Spectrophotometer measurement results and antibiotic
removal efficiencies of the treated wastewater samples (WWTP-1,
WWTP-2, WWTP-3, WWTP-5) effluents for urban samples and WWTP-6
Org.Ind.Distr. Effluent for industrial samples, taken hourly during the
photocatalytic oxidation process, are given in Graph 8, Graph 9 and
Table 6. As seen in Graph 10, when the amount of immobilized photo-
catalysts increased from 0.3 g to 0.45 g, it was observed that efficiency of
the photocatalytic activity increasing under visible light for 420 min.
Additionally, results of COD, TOC and Color treatment efficiency were
given in Table 7.

As a result; in photocatalytic oxidation studies carried out with
immobilized PS/Cup-NFC (0,30 g and 0,45 g) photocatalysts, the anti-
biotic removal efficiencies were found to be compatible with the % TOC
and% COD removal results.

Furthermore, comparison of photocatalytic activities of immobilized
PS/Cup-NFC/0.3 g and PS/Cup-NFC/0.45 g photocatalysts in investi-
gated urban wastewaters is given in Graph 10.
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In addition to antibiotic removal, the effect of photocatalytic activity
of immobilized PS/Cup-NFC/0.45 g photocatalyst on color removal ef-
ficiency for urban and industrial wastewater was also evaluated. Color
removal results are presented visually in Figs. 1 and 4 in detail in Table 8.

When the results in Table 8 are analyzed, it was revealed that WWTP-
6 Industrial WWTP biologicaly treated effluent water, which is in the 4th
grade water quality, can be upgraded to first class quality water after
Advanced Photocatalytic Oxidation Process (AOP) performed with
immobilized Cup-NFC/0.45 g photocatalyst.

The decrease in dissolved oxygen, conductivity and salinity parame-
ters after photocatalytic oxidation with immobilized PS/Cup-NFC/0,45 g
photocatalyst were also evaluated and the results are given in Table 9.

As seen in Table 9, treated wastewater qualities have been upgraded
to mostly First Class and Second Class for both urban wastewater samples
and industrial wastewater samples in terms of dissolved oxygen, con-
ductivity and salinity parameters after photocatalytic oxidation process
performed with PS/Cup-N/0,45 g. Therefore, these values show that all
advanced treated wastewaters can be used in irrigational activity.
3.5. Stability and reuseability of PS/cup–NFC–doped TiO2

For the determination of the stability of photocatalytic activity, the
reusability of the immobilized PS/Cup-NFC/0.45 g photocatalyst, wich
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has the highest purification efficiency, was examined by repeating pho-
tocatalytic test for 4 times. As a result of the stability test, as seen in
Graph 11, there was no significant decrease in the removal efficiency of
organic pollutants including antibiotics. This result confirms the stability
of the immobilized PS/Cup-NFC/0.45 g photocatalyst and shows that it
can be reuse at least 4 times in the treatment applications.

3.6. Reaction kinetics of PS/cup–NFC–doped TiO2

Reaction kinetics were examined to understand the mechanism of
photocatalytic activities of all immobilized PS/Cup photocatalysts used
in antibiotic removal from urban and industrial wastewater. Standard
stock solutions for antibiotics were prepared as 1000 mg L�1 in high
purity water that can be used in analytical studies. After that, these
standard stock solutions were diluted to different concentrations 4–250
μg mL�1 and absorbances were measured in Shimadzu UV–Vis Spectro-
photometer using 10 mm quartz cuvette and in pure water as blank
solution.

3.6.1. Reaction mechanism and kinetics for CIP
The UV–Vis Spectrum of the CIP standard stock solution is given in

Graphic 12. As seen in Graphic 12, the CIP showed significant peaks at 6
points. The most prominent of these peaks is at 275 nm. It was deter-
mined that the wavelength at which the first drop of the peak observed
during degradation, was at 275 nm. In addition to these studies, a cali-
bration curve was created for CIP concentrations in the range of 4–32
μg.mL-1 from the stock solution, thus revealing the relationship between
antibiotic concentration and UV–Vis absorbance value. The R2 (correla-
tion coefficient) value of the calibration curve of CIP solutions for known
concentrations was calculated as 0.999 (very close to 1) and it was found
to have a 1st order reaction kinetics. This result showed a linear rela-
tionship between the concentration of CIP standard solution and its
absorbtivity.

After that, photocatalytic oxidation experiments were carried out to
remove the CIP antibiotic in the 4 μg mL�1 aqueous CIP standard stock
solution by means of NFC-doped TiO2. In these experimental studies,
photocatalytic activity of powder NFC-doped TiO2 with the highest rate
of removal of the CIP, is given in Graph 13. Besides, when the kinetics of
the CIP removal photocatalytic activity reaction, with powder form NFC-
doped TiO2, were examined, it was found that the CIP standard stock
solution could be expressed by a first order reaction kinetics of 0.899 R2.
Moreover, comparing the kinetics of the photocatalytic oxidation re-
actions of CIP antibiotics in WWTP-1 Urban Effluent (containing higher
amount of CIP residues compared to other urban wastewater samples)
with PS/Cups–NFC–doped TiO2 photocatalysts powder form NFC-doped
TiO2 and standard CIP solution examined, the reaction rate constants
were found very closed to each other and determined as 0.013, 0.015 and
0.014, respectively (Graph 14).

In addition, the very high correlation value of R in all three-reaction
kinetics showed that there is a strong correlation between the CIP
removal detected by UV–Vis Spectrophotometer measurements and by
HPLC-MS/MS results. This reveals that the photocatalytic activity is not
affected by diffusion [40] and only the NFC–TiO2 photocatalyst, coated
on the PS inner surface, played an active role in the reaction therefore,
advanced oxidation occurred directly. In all three-reaction kinetics, it
was observed that the target pollutant removal reaction after dark
adsorption conformed to the first order kinetic formula.

3.6.2. Reaction mechanism and kinetics for ERY
The UV–Vis Spectrum of the ERY standard stock solution is given in

Graph 15. As seen in the graph, ERY showed distinct peaks at 2 wave-
lengths. The most prominent of these peaks were around 250 nm and
other smaller one around 285 nm. In addition, a calibration curve was
created for CIP concentrations in the range of 35–181 μg mL�1 from the
stock solution, thus revealing the relationship between antibiotic con-
centration and UV–Vis absorbance value.
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The R2 (correlation coefficient) value of the calibration curve for ERY
solutions in known concentrations, was calculated as 0.9946 (very close
to 1) and found to have a 1st degree reaction kinetics. It revealed a linear
relationship between the concentration of ERY standard solution and its
absorbtion capability of UV–visible light. After that, photocatalytic
oxidation experiments were carried out to remove ERY from the 4 μg
mL�1 ERY standard stock solution by using powder formNFC-doped TiO2
photocatalyst. Photocatalytic activity of powder form NFC-doped TiO2
for removal of ERY, is given in Graph 16.

In Graph 17, constants of the reaction kinetics were calculated for
photocatalytic oxidation performed with WWTP-1 Urban effluent waste
water containing high amounts of ERY residues. ERY standard stock so-
lution were found very close to PS/Cup-NFC 0.45 g photocatalysts and
powder form of NFC-doped TiO2 as 0.013, 0.015 and 0.018, respectively.

Therefore, R correlation value, which was very high as reaction ki-
netics, showed that both there is a strong correlation between the ERY
removal detected by UV–Vis Spectrophotometer measurements and the
exact results performed by HPLC-MS/MS and also photocatalytic activity
was not affected by diffusion spreads [40]. In the reaction under the
photochemical condition, NFC–TiO2 photocatalyst, coated only onto the
inner surface of the PS, played an active role and thus directly photo-
chemical oxidation occurred. Furthermore, in all three-reaction kinetics,
it was observed that the target pollutant removal reaction after dark
adsorption conformed to the first order kinetic formula.

3.6.3. Reaction mechanism and kinetics for SMX
The UV–Vis Spectrum of SMX standard stock solution, which was

harder to degrade than other antibiotics, is given in Graph 18. As seen in
the Graph 18, SMX showed peaks around at 240 nm and at 265 nm. By
the way, a calibration curve for SMX concentrations in the range of
64–251 μg mL�1 was created from the stock solution, revealing the
relationship between antibiotic concentration and UV–Vis absorbance
value.

The R2 (correlation coefficient) value of the calibration curve of SMX
solutions in known concentrations was calculated as 0.998 (very close to
1) and found to have a 1st degree reaction kinetics. It is determined that a
linear relationship between the concentration of SMX standard solution
and its absorbtivity of UV–visible light. Photocatalytic oxidation exper-
iments were carried out to remove the SMX in 4 μg mL�1 aqueous SMX
standard stock solution by powder form of NFC-doped TiO2 photo-
catalyst. Photocatalytic activity of powder form of NFC-doped TiO2, with
the highest rate of removal of the SMX antibiotic, is given in Graph 19.

The reaction kinetics of photocatalytic oxidation, performed with
WWTP-1 Urban effluent, containing high amounts of SMX residues and
SMX standard stock solution were determined as 0.013, 0.015 and 0.011,
respectively (Graph 20). Therefore, the fact that R correlation value was
very high in reaction kinetics proving both there is a strong correlation
between ERY removal detected by UV–Vis Spectrophotometer measure-
ments and the results performed by HPLC-MS/MS and photocatalytic
activity was not affected by diffusion spreads. It means NFC–TiO2 pho-
tocatalyst, coated only on to the inner surface of the PS, played an active
role and provided directly photocatalytic oxidation.

Furthermore, it was determined that the target pollutant removal
reaction, after dark adsorption, complied with the first degree kinetics in
all three reaction kinetics.

When the results of the kinetic reaction analysis were evaluated for all
3 antibiotics, it was determined that HPLC/MS-MS measurements gave
definite results in the removal of antibiotic residues within the scope of
this study. Therefore, UV–Vis Spectrophotometer measurements can be
recommended as an alternative method to monitor the progress of the
process during photocatalytic oxidation and also to monitor the removal
of color and organic contaminants containing antibiotic residues.

4. CONCLUSION

In this study, it was determined that urban wastewater, examined in
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terms of conventional pollutants, has medium level and industrial
wastewater has high organic load in terms of TOC and COD. Considering
the characterization results of the analyzed waste water in terms of
antibiotic residues, despite the biological treatment process, it was
determined that the effluent in the WWTPs has been found to contain
higher amounts of antibiotic residues than the untreated raw influents.-
This indicates that antibiotic removal cannot be achieved with conven-
tional systems and supports the comments in the literature that
metabolite formation during biological oxidation causes an increase in
antibiotic residues in wastewater. As a result of the photocatalytic
oxidation studies, performed using the PS/Cup-NFC photocatalyst
immobilized with powdered NFC-doped TiO2 photocatalyst, the removal
efficiency of antibiotic residues and color contaminants was evaluated
with HPLC/MS-MS, UV–Vis Spectrophotometer, COD and TOC mea-
surement results. Removal ratios for antibiotics and organic substances
with immobilized P/Cup-NFC photocatalyst were found as 97%–~100%
for CIP, 100% for ERY and 86%–~100% for SMX, 57%–64% for COD and
61,5–72% for TOC.

Moreover, in terms of immobilized photocatalysts in PS/Cup form, it
was observed that as the amount of powder photocatalyst plastered onto
the inner surface of PS was increased, antibiotic residue removal per-
formance was also increased and its optimum value was determined as
0.45 g. On the other hand in terms of removal of color pollution, it has
been determined that a 4th class water quality industrial treated waste-
water can be upgraded to 1st class water quality by means of photo-
catalytic oxidation with immobilized PS/Cup-NFC.

In addition, when the antibiotic residue removal efficiencies between
powdered and immobilized photocatalysts were evaluated, it was
determined that the photocatalytic activities of powder photocatalysts
under visible light were almost at the same level with immobilized
photocatalysts. However, considering the advantages of immobilized
photocatalysts such as not leaving chemical waste and reusing in purified
water after photocatalytic oxidation process, it can be recommended as
an alternative to powder photocatalysts. Far better, for the first time,
with this study, it was revealed that UV–Vis Spectrophotometer mea-
surement results, which were found to be compatible with HPLC mea-
surements, can be used as an effective method in experimental studies to
remove antibiotic residues by photocatalytic oxidation.

Finally, according to the results of this study, it was determined that
photocatalytic oxidation processes can be performed under visible light
with specially prepared powder (NFC doped TiO2) and immobilized form
(PS/Cup-NFC/0.45 g) photocatalysts in the laboratory conditions with a
cheap and economic method. This can be an alternative advanced
treatment method to remove antibiotic residues and color residues from
Urban and Industrial wastewater which cannot be treated effectively
treated by conventional WWTPs.
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