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In this study, CeO,-TiO, nanocomposite was used for the photocatalytic degradation of pol-
lutant parameters (Color, polyphenols (quercetin, fisetin, ellargic acid, carminic acid, luteolin,
and curcumin) and polyaromatics [2,6-dimethylaniline (2,6-DMA), 2-aminoanisole (MOA),

2,4-toluenediamine (TDA), 2-naphthylamine (NA), 4,40-thiobisbenzenamine (TOA), 3,3-di-
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chlorobenzidine (DCB) and 3,30-dimethoxybenzidine (DMOB)]. 15% CeO; -TiO, nanocom-
posite shows the highest photodegradation yield of color under both UV and visible-light ir-
radiation, with maximum photo-degradation rates of 99% and 98.5%, respectively, after 30 min
irradiation time. The results show that the CeO./TiO, nanocomposite has a high photocatalytic

activity to remove the pollutants from Tlww.

3. Introduction

As an important semiconductor material, TiO2 has been widely
used as the photocatalyst because of its chemical and biologi-
cal inertness, high stability against photocorrosion, non-toxicity,
low cost, and excellent degradation for organic pollutants [1,2].
However, practical applications of the TiO; are still quite limited,
mainly due to the low quantum efficiency and the broad bandgap
responding only to UV light [3]. In order to improve the photo-
catalytic properties of TiO,, much effort has been made, includ-
ing transitional metal ion or non metal element doping [4,5], co-
deposition of metals [6] and dye sensitization[7].

Cerium oxide and CeO;-containing materials have been stud-
ied as a good alternative for the oxidation catalysts and supports.
It has been shown that, when associated with transition metal
oxides and noble metals, cerium oxide promotesoxygen storage
and release to enhance oxygen mobility, and forms surface and
bulk vacancies to improve the catalyst redox properties of the
system [8,9].

Among them, coupling TiO; with CeO; attracts much attention
because of the special f and d electron orbital structure and the
special properties of CeO- [9]. It has been found that the variable
valences of Ce such as Ce** and Ce*® make CeQ possesses the
excellent characteristics in transferring electrons and enhance
the light absorption capability in near UV or UV [10]. Mean-
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while, doping with CeO, can double oxygen reserve and transfer
capacity of the TiO, photocatalysis [11]. Introducing CeO; into
the TiOzframework could effectively extend the visible light re-
sponse of TiO2 [12]. Many researchers have focused on prepar-
ing meso-structured CeO,-TiO, with a large surface area and
controllable pore size to improve its photocatalytic activity [12].
The large surface area would improve the absorption and mass-
transfer of target pollutants [13].

In the present study, nano-cerium dioxide doped titanium-diox-
ide (CeO,-TiO2) nanocomposite was firstly used for the photo-
catalytic degradation of pollutant parameters (color, polyphenols,
polyaromatics) from the textile industry wastewater (T1 ww)
treatment plant in Izmir, Turkey, at different operational condi-
tions such as at increasin_%photocatalyti_c time (0, 10, 15, 20, 30,

60, 90 and 120 min), at different CeO ;TIO ,mass ratios (1%, 3%,

5%, 10%, 15%, 16%, 25%, 30%, 50%), at the different amounts of
Ce02(1, 3,5, 8, 10, 15, 20 and 25 mg/l) under 130 W UV and 35
W sun lights irradiations, respectively. Color, polyphenols (quer-
cetin, fisetin, ellargic acid, carminic acid, luteolin, and curcum-
in) and polyaromatics [2,6-dimethylaniline (2,6-DMA), 2-ami-
noanisole (MOA), 2,4-toluenediamine (TDA), 2-naphthylamine
(NA), 4,40-thiobisbenzenamine (TOA), 3,3-dichlorobenzidine
(DCB) and 3,30-dimethoxybenzidine (DMOB)] removal effi-
ciencies were observed during photocatalytic experiments.
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4, Materials and Methods
4.1. Raw Wastewater

The T1 ww used in this study contains color (> 70 1/m), total
phenol (> 233 mg/l), CODg, (> 770 mg/l) and high BOD;( >
251 mg/l) concentrations with a BODs/COD ;s ratio of 0.39. The
characterization of Tl ww was shown in (Table 1) for minimum,
medium and maximum values.

Table 1: Characterization values of T1 ww (n=3, mean values + SD).

Values
Parameters
Minimum Medium Maximum
pH 510+0.18 565 0.20 6.20£0.22
DO (mg/l) 1.32£0.05 143£0.05 1.54£0.05
ORP (mV) 86.00+ 3.01 107.55+3.76 129.10+ 4.52
TSS (mg/l) 286.00+10.01 360 £12.6 434.00+ 15.20
TVSS (mg/l) 19300+ 6.8 24210+ 8.47 291.20%10.2
COD e (Mg/l) 932,60+ 32.62 1171.40 + 41.00 141010+ 49.40
CODygiconea(Mg/1) 77130+ 27.00 968.8 + 33.91 1166.30 + 40.82
TOC (mg/l) 46330+ 16.22 582.90 + 20.40 702,40+ 24.60
BOD; (mg/l) 252.60+8.84 315.4+11.04 378.20+13.24
BOD/CODy; 037+0.02 0.39+0.014 041+0.02
TotalN (mg/l) 25.70+ 090 30.96+1.08 36.22+1.27
NHz-N (mg/l) 1.87+0.07 2.25+0.08 2.63+0.092
NOs-N (mg/l) 810+0.28 10.2£0.36 12.20+043
NO-N (mg/l) 0.14+0.005 0.16+0.006 0.18+0.006
Total P (mg/l) 8.90+0.31 11.05+ 0.39 13.20+ 0.46
PO.-P (mg/l) 6.34£022 8.03+028 9.72£034
S0 * (gl 1250.10 + 43.80 1560.8+ 54.63 1871.40+ 65.50
Color (m*) 7180+ 251 89.05+ 3.12 106.30+3.72
Total phenol (mg/l) 234.008.19 702.00 + 24.57 936.00+ 32.76
TAAs (mg benzidine /1) 1790.20 + 62.66 3580.14+125.31 | 5370.10+ 188.00

4.2. Operational Conditions

The operational conditions were summarized in (Table 2). Time
(0, 10, 15, 20, 30, 60, 90 and 120 min), at different CeO,-TiO-
mass ratios (1%, 3%, 5%, 10%, 15%, 16%, 25%, 30%, 50%), at the
different amounts of CeO (1, 3, 5, 8, 10, 15, 20 and 25 mg/l) under
130 W UV and 35 W sun lights irradiations, respectively. Color,
polyphenols (quercetin, fisetin, ellargic acid, carminic acid, lu-
teolin, and curcumin) and polyaromatics [2,6-dimethylaniline
(2,6-DMA), 2-aminoanisole (MOA), 2,4-toluenediamine (TDA), 2-
naphthylamine (NA), 4,40-thiobisbenzenamine (TOA), 3,3-di-
chlorobenzidine (DCB) and 3,30-dimethoxybenzidine (DMOB)]
removal efficiencies were observed during photocatalytic experi-
ments.

4.3. Analytical Methods

pH, T(°C), ORP (mV), TSS, TVSS, DO, BOD,, COD,,,,, COD-
dissolved, @nd TOC were monitored following Standard Methods
2550, 2580, 2540 C, 2540 E, 5210 B, 5220 D, 5310, 5520 B, re-
spectively [15]. Total-N, NH,-N, NO,-N, NO,-N, Total-P, PO,-P,
total phenol and SO 4‘2 were measured with cell test spectroquant
kits (Merck, Germany) at a spectroquant NOVA 60 (Merck, Ger-
many) spectrophotometer (2003). The characterization of Tl ww
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was shown in Table 1 for minimum, medium and maximum
values.

Table 2: Operational conditions under 130 W UV and 35 W sun light irradia-
tions

Parameters

. . Ce02-TiO2 mass .
Time (min) ratios (%) CeO2 (mg/L) polyphenols Polyaromatics
0 1% 1 quercetin 2,6-dimethylaniline
(2,6-DMA)
10 3% 3 fisetin 2-aminoanisole (MOA)
. 2,4-toluenediami
15 5% 5 ellargic acid oluenediamine
(TDA)
20 10% 8 carminic acid 2-naphthylamine (NA)
30 15% 10 Juteolin 4,40-th_|0b|sbenze-
namine (TOA)
60 16% 15 curcumin 3,3-dichlorobenzidine
(DCB)
-dimethi i-
90 25% 20 3,30 qlmet oxybenzi
dine (DMOB)
120 30% 25

50%

Gas chromatography/mass spectrometry (GC/MS) was used for
the identification, gas chromatography nitrogen phosphorous
detection (GC-NPD) for the quantification and gas chromatog-
raphy flame ionization detection (GC-FID) for the determina-
tion of purity. The base peak of DCB, N-acetyl-DCB and N,N’-
diacetyl-DCB was 252 m/z. The other main peaks were 294 m/z
for N-acetyl-DCB, and 294 and 336 m/z for N,N’-diacetyl-DCB.

Polyphenols measurement was performed following the Stan-
dard Methods 5520 B [15] with a gas chromatography-mass
spectrometry (GC-MS) (Hewlett-Packard 6980/HP5973MSD).
Mass spectra were recorded using aVGTS 250 spectrometer
equipped with a capillary SE 52 column (0.25 mm ID, 25 m) at
220°C with an isothermal program for 10 min. The total phe-
nol was monitored as follows: 40 mL of Tl ww was acidified to
pH=2.0 by the addition of concentrated HCI. Phenols were then
extracted with ethyl acetate. The organic phase was concentrat-
ed at 40°C to about 1 mL and silylized by the addition of N,O-
bis(trimethylsilyl)acetamide (BSA). The resulting trimethylsilyl
derivatives were analysed by GC-MS (Hewlett-Packard 6980/
HP5973MSD). Polyphenols such as quercetin, fisetin, ellargic
acid, carminic acid, luteolin, curcumin and polyaromatics such
as2,6-DMA, MOA, TDA, NA, TOA, DCB and DMOB were de-
termined GC-MS (Hewlett-Packard 6980/HP5973MSD).

4.4. Preparation of Nano CeO: doped TiO2 Nanocomposite
under Laboratory Conditions

0.3 g of cerium nitrate (Ce(NO,),.6H,0, 98.5%, Daejung chemi-
cals) was dispersed in 20 ml ethanol and a separate solution
of titanium butoxide (97%, Sigma-Aldrich) in a mixture of
ethanol:deionized (DI) water (20 ml/10 ml) was prepared. Af-
terwards, both the solutions were mixed and pH of 10 was main-
tained by the dropwise addition of ammonia solution (NHs, 98%,
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Daejung chemicals). The entire reaction solution was transferred
into the teflon-beaker and sealed into a stainless steel autoclave
and kept at 120°C for 48 h. After completion of the reaction, the
autoclave was cooled at room temperature and the product was
filtered, washed thoroughly with DI water, and dried overnight at
80°C. The as-synthesized material was calcined at 450°C with the
ramp rate of 5°C/min.

5. Results and Discussion
5.1. Polyphenols in TI ww

The dyes in the textile industry is the main source of the color. The
dyes used to color textiles are flavonoid compounds carotenoids,
hydroxyketones, anthraquinones, naphthoquinones, flavones, fla-
vonols, flavonones, indigoids and related compounds. Polyphe-
nolic compounds that are expected to be found in the textile dyes
are ellagic acid (simple phenolic acid); catechin, rutin, myric-
etin, luteolin, kaempferol, apigenin, morin, fisetin (flavonoids);
curcumin (curcuminoid), carminic acid, purpurin and alizarin
(having a core anthraquione structure). Among these polyphe-
nols; quercetin, fisetin, ellagic acid, carminic acid, luteolin and
curcumin concentrations were monitored as color polyphenols in
TIww.

At initial, color exhibits the maximum absorption wavelength at
A = 620 nm after 20 min photodegradation at 130 W UV using
15 mg/l CeO,-TiO, nanocomposite with CeO, ratio of 15% (Fig-
ure 1). The maximum absorption wavelength was 560 nm with
only 15 mg/l CeO; concentration while the maximum absorption
wavelengths were 560 and 580 nm at 15 mg/I pure nano-TiO; and
pure nano-CeQO,. The absorbance intensity of color gradually de-
creases with the increase of exposed time from 20 to 30 min, indi-
cating the drastic decrease in the concentration of color originat-
ing from dyes in TI ww. The absorption wavelength A decreased to
110 nm after 30 min for 15 mg/lI CeO,-TiO; nanocomposite with
CeOgratio of 15% while the adsorption wavelenthgs decreased to
around 300 nm in both commercial nanoparticles (Figure 1). A
reasonably high degradation rate of 99.3% of color within 30 min
is detected over the surface of CeO,—TiO, nanocomposite cata-
lyst whereas, very low degradation rates (6% and 23%) is obtained
when TI ww degradation takes place over the surface of commer-
cial CeO;and TiO- catalysts under 130 W UV light illumination.
The high color removal efficiency observed in this photocatalytic
process is due to the fact that azo bond cleavage is easier in color
giving polyphenols.

The maximum polyphenol yields were obtained after 30 min ir-
radiation time under UV (see Figure 2). The maximum photo-
oxidation yields for quercetin, fisetin and ellagic acid polyphenols
were high (99%; 98% and 97%, respectively) while the yields for
carminic acid, luteolin and curcumin polyphenols were sligthly
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low (88%, 82% and 80%, respectively). The electron orbital struc-
ture and the special properties of CeO; has been found that the
variable valences of Ce such as Ce** and Ce*® make CeG, possess-
es the excellent characteristics in transfer- ring electrons and en-
hance the light absorption capability in near ultraviolet or ultra-
violet (Li et al. 2013). Meanwhile, doping with CeO, can double
oxygen reserve and transfer capacity of the TiO photocatalysis
(Li et al. 2013). Based on the catalytic mechanism, the increasing
0O, adsorbed on the surface of particle can easily capture electron,
which prohibits the undesirable recombination of electron-hole
pair and greatly improves the catalytic oxidation activity.
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Figure 1: Absorbances of color versus produced nanocomposite and commer-
cial nanoparticules under 130 W UVirradiation.
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Figure 2: Removals of polyphenols via photooxidation using 15 mg/l CeO2
doped TiO, with a CeO, mass ratio of 15% under 130 W UV and ata pH=6.2
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Figure 3: UV-vis absorbances of individual aromatic amines after photo degra-
dation at 130 W UV power using 15 mg/l CeO, doped TiO, with a CeO, mass
ratio of 15% at pH=6.2 at a temperature of 21°C.
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5.2. Aromatic Amines in Tlww

(Figure 3) shows the UV-Vis absorbance of individual aromatic
amines with the exposed time of 0-120 min. After 20 min pho-
tooxidation the aromatic amines namely 2,6-DMA, MOA, TDA,
NA, TOA, DCB and DMOB exhibited the maximum absorption
wavelength at 515, 520, 580, 600, 540, 590 and 592 nm, respective-
ly. The absorbance intensity of these aromatic amines decreased
to 94, 95, 98, 90 and 88 nm with the increase of exposed time
from 0 to 30 min, indicating the drastic decrease in the concen-
tration of aromatic amines. A reasonably high degradation rate

by 89-99% of aforementioned aromatic amines within 30 min are
detected over the surface of CeO 2TiO nanocomposite catalyst

whereas, low photodegradation rates (1, 3, 6, 8 and 10%) are ob-

tained when aromatic amine photodegradation takes place over

the surface commercial TiO and CeO catalysts under visible
2 2

light illumination.
5.3. Aromatic Amine Metabolites

The formation of possible intermediates of 2,6-DMA, MOA,
TDA, NA, TOA and DCB aromatic amines is illustrated in (Table
3). The intermediates of aromatic amines clearly reveal that the
multiple fragmentation of aromatic amine macromolecule can
lead the complete mineralization with the ending products of CO,
and H.O. DCB metabolites are N-acetyl-DCB and N,N’-diacetyl-
DCB while N-phenylacetamide (acetanilide, NPA) and N-acety-
lated metabolites such as 5-OH-2-NA, 7-OH-2-NA and 8-OH-
2-NA were detected as NA metabolites. From 350 mg/l DCB 200
mg/l N-acetyl-DCB and 90 mg/l N,N’-diacetyl-DCB produced.
2000 mg/l 2,6-DMA metabolized principally to 670 mg/l 4-hy-
droxy-2,6-dimethylaniline (4-HDMA), to 450 mg/l 2-amino- 3-
methylbenzoic acid (2-AMBA), to 100 mg/l 2,6-dimethylnitro-
sobenzene and to 34 mg/l 3,5-dimethyl-4-imino-quinone during
130 W UV irradiation within 30 min photooxidation at 21°C at
15 mg/l CeO- doped TiOy, respectively. 250 mg/l MOA was con-
verted to 80 mg/l cis-l,2-dihydroxy-3-methoxycyclohexa-3,5-di-
ene (anisole-2,3-dihydrodiol), to 60 mg/l 2-methoxyphenol, to 20
mg/l catechol, and to trace amounts of phenol (3 mg/l) after 30

min photo-degradation at 21°C with 15 mg/l CeOZdoped TiOz,

respectively. 360 mg/l TDA metabolites were 40 mg/l 4-acetyl-
amino-2-aminotoluene, 80 mg/l 2,4-diacetylaminotoluene, their
phenolic derivatives (40 mg/l 4-acetylamino-2-aminobenzoic
acid, and 10 mg/l 2,4-diacetylaminobenzoic acid) after 30 min ir-
radiation times at 130 W UV power. 300 mg/l TOA metabolites
are 20 mg/l benzidine, 120 mg/l mono-acethyl benzidine, 30 mg/I
acethyl benzidine, 25 mg/I CI-1 and 20 mg/I ethane after 30 min

photo-degradation at 21°C with 15 mg/l nano CeOZdoped TiOZ,

respectively.

DCB metabolites such as N-acetyl-DCB, N,N’-diacetyl-DCB re-
moval efficiencies were 96% and 95%, after 30 min irradiation
time (Table 4). 2, 6-DMA metabolites such as 4-hydroxy-2,6-
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dimethylaniline, 2-amino-3-methylbenzoic acid, 2,6-dimeth-
ylnitrosobenzene, 3,5-dimethyl-4-imino quinone removal ef-
ficiencies were 94%, 97%, 93%, 95%, respectively after 30 min
irradiation time (Table 4). MOA metabolites such as cis-1,2-
dihydroxy-3-methoxycyclohexa-3,5-diene, 2-methoxyphenol,
catechol, trace amount of phenol removal efficiencies were 96%,
95%, 93%, 91%, respectively, after 30 min irradiation time (Table
4). TDA metabolites such as 4-acetylamino-2-aminotoluene,
2,4-diacetylaminotoluene, 4-acetylamino-2-aminobenzoic acid,
2,4-diacetylaminobenzoic acid removal efficiencies were 86%,
84%, 81%, 83%, respectively, after 30 min irradiation time (Ta-

ble 4). TOA metabolites such as benzidine, mono-acethyl ben-
zidine, acethyl benzidine, C1-1, ethane removal efficiencies were

91%, 90%, 90%, 88%, 92%, respectively after 30 min irradiation
time (Table 4)( Figure 4).

Table 3: Removal efficiencies ofpolyphenol metabolite after 10 min and 30 min
irradiation with nano CeO2-TiO2 under 130 W UVpower

o After 30 min
After 10 min ir- Lo
Polyphenol radiation with Removal iradiation Removal
" tabypl_t ceo TO 6t (% with... nano Eff (% Effluent
etabolite name | nano Ce,0,-TiO, - (%) Ce,0,-TiO, -(9) remaining
and Influent under 130 W UV after 10 after 30
: | ] under 130W ) conc. (mg/l)
nc. (m min min
onc. (mg/l) c power | UV power
one. (mg/l Conc. (mg/)
Quercetin
metabolites
Isorhamnetin 156 2 0.4 98 0.4
20 mg/1
Tamarixetin 46 36.34 21 184 96 184
mg/l
Fisetin metabo-
lites
37-4’-catechol 30 25 24 94 24
40mg/l
Ellagic acid
metabolites
3, 8-dihydroxy-
6H dibenzopy- 3205 25 43 90 4.3
ran-6-one 43
mg/l
3Thyldro><yuro- 12 20 1.05 93 1.05
lithin 15 mg/I
7-hydroxy-3,4-
benzocoumarin 78 22 0.6 94 06
10 mg/l
Carminic acid
metabolites
C-glucopyranosyl
flauokermesic 24.3 19 48 84 48
30mg/l
Glucopyranosyl-
dioxoanthracene 15.2 24 28 86 28
20mg/1
Luteolin me-
tabolites
3’-methylluteolin 16.2 19 4 80 4
20mg/1
4-methylisomer 14.22 21 3.96 78 3.96
18 mg/l
Curcumin
metabolites
Blsdemethoxyc- 27.88 18 7.48 78 7.48
urcumin 34 mg/I
O-glucuronide 16 20 52 74 52
20 mg/1
Curcumin O- 6.16 23 2.24 72 224

sulfate 8mg/1
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Table 4: Removal efficiencies of aromatic amines metabolite after 10 min and
30 min irradiation with nano CeO2-TiO2 under 130 W UVpower

. . A_\fter%o_mm After 30 min
Aromatic amine irradiation R X Effluent
§ . irradiation with | Removal .
metabolite with nano Removal Eff. remain-
. nano Ce202- Eff. (%) .
name and Ce,0,-TiO, (%) after 10 Ti0» under 130 fter 30 ing
influent under 130 W min W EJV a er_ conc.
ower
conc. (mg/l) UV power conc (lr)n " min (mg/l)
conc. (mg/l) -(Mmg
DCB metabo-
lites
N-acetyl-DCB 92 54 8 9% 8
200 mg/I
NN"-diacetyl- 45 50 45 95 45
DCB90mg/I
2,6-DMA
metabolites
4-hydroxy-2,6-
dimethyaniline 549.4 18 40.2 94 40.2
670 mg/I
2-amino-
3-methylben-
Lo 369 18 135 97 135
zoic acid 450
mg/l
2, 6-dimethyl-
nitrosobenzene 81 19 7 93 7
100 mg/I
3, 5-dimethyl-
4-iminoquinone 27.2 20 17 95 17
34
MOA metabo-
lites
cis-1,
2-dihydroxy-
3-methoxycy- 65.6 18 32 96 32
clohexa-3,5-
diene 80 mg/I
Z-methoxyphe- 486 19 3 95 3
nol 60 mg/Il
Catechol 20 16.2 19 14 % 14
mg/l
Trace amounts
of phenol 3 249 17 0.27 91 0.27
mg/l
TDA metabo-
lites
4-acetylamino-
2-aminotoluene 29.6 26 5.6 86 5.6
40mg/l
2,4-diacetyl-
aminotoluene 60.8 24 12.8 84 12.8
80mg/l
4-acetylamino-
2-aminobenzoic 31.2 22 7.6 81 7.6
acid 40 mg/1
2,4-diacetylami-
nobenzoic acid 78 22 17 83 17
10 mg/l
TOA metabo-
lites
Benzidine 20 182 9 18 o1 18
mg/l
Mono-acethyl
benzidine 120 110.4 8 12 90 12
mg/l
Acethyl benzi-
R 276 8 3 90 3
dine 30 mg/I
C1-125mg/l 23.25 7 3 88 3
Ethane 20 mg/1 18.4 8 16 92 16

NA metabolites

DMOB me-
tabolites
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Figure 4: Photo oxidation yields of decomposed T ww for aromatic amines
under 130 W UV power, at 21°C with 15 mg/l CeO, doped TiO,
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Figure 5: Aromatic amine reaction rates

6. Conclusions

The maximum photooxidation yields for quercetin, fisetin and
ellagic acid polyphenols were high (99%, 98% and 97%, respec-
tively) while the yields for carminic acid, luteolin and curcumin
polyphenols were sligthly low (88%, 82% and 80%, respectively).
The maximum yield was observed as 99% for DCB aromatic
amine while the yields for MOA and NA were calculated as 98%
and 97%, respectively after 30 min irradiation time at a power of
130 W UV. It is an economical and environmentally sustainable
method to utilize sunlight as a natural source of energy to treat
dye wastewater through photocatalytic process.
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