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ABSTRACT

The interfacial and surface structures of CeO,-doped TiO, prepared under laboratory conditions have
been investigated in detail by means of X-ray diffraction (XRD), Brunauer—-Emmett-Teller (BET) surface
area measurement, a high-resolution transmission electron microscope, X-ray photoelectron spectros-
copy (XPS) and energy-dispersive spectroscopy (EDS). TiO, and CeO, are in the anatase phase and the
cubic-fluorite phase in CeO,-TiO, mixed oxides, respectively. The mixed CeO,-TiO, nanocomposite
exhibits much higher surface areas than the individual oxides. Field-emission scanning electron micro-
scope analysis showed that TiO, exhibited aggregated spherical particles while a flake-like shape was
observed for CeO,. The peak locations and relative intensities in XRD showed cubic-fluorite crystalline
structure for CeO,. BET analysis results showed that the maximum surface area and pore volume were
obtained at a CeQ, ratio of 15 mg/L CeO,-doped TiO, nanocomposite. The energy dispersive spectrum
of the CeO,-doped TiO, nanocomposite showed that only Ti, Ce and O elements are detected in the
CeO,-doped TiO, nanocomposite and Ce is mixed with TiO,. Maximum color, polyphenols (querce-
tin, fisetin, ellagic acid, carminic acid, luteolin and curcumin) and polyaromatics (2,6-dimethylaniline,
2-aminoanisole, 2,4-toluenediamine, 4,40-thiobisbenzenamine and 3,3-dichlorobenzidine) removal
efficiencies were observed between 97% and 99% in a textile industry wastewater (TI ww) treatment
plant located in Izmir, Turkey, during photodegradation experiments, under 130 W UV light, at 15%
CeO, containing 15 mg/L CeO,-doped TiO, nanocomposite, at 21°C, after 30 min irradiation time. The
results show that the CeO,/TiO, nanocomposite produced has a high photocatalytic activity to remove
pollutants from TT ww.

Keywords: Cerium-dioxide-doped titanium dioxide; Nanocomposite; Polyaromatics; Polyphenols;
Textile industry wastewater

1. Introduction

Textile industries generate a number of pollutants, which
they discharge to the surrounding environment without any
further treatment [1]. These pollutants not only add color to
water but also cause extensive toxicity to aquatic and other
forms of life [2]. About 10%-15% of the total dyes from various
textile and other industries get discharged in wastewater
causing extensive pollution [1,2]. Therefore, the treatment of
industrial effluents containing polyaromatic and polyphenolic
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compounds becomes necessary prior to their final discharge
to the environment. Conventional methods for the effective
removal of phenols, polyphenols, aromatic amines and dyes
are outdated due to certain inherent limitations that they have
[3]. The recalcitrant nature of textile effluents largely contain-
ing high concentrations of dyestuffs, salts, acids, bases, sur-
factants, dispersants, humectants, oxidants and detergents
renders these waters aesthetically unacceptable and unusable.
Textile dyes are well-known mutagens and carcinogens posing
risks to various ecosystems, animals’ health and agriculture [4].
Therefore, the treatment of these high volumes of wastewater
becomes crucial. Available techniques such as physical and

1944-3994/1944-3986 © 2017 Desalination Publications. All rights reserved.



D.T. Sponza, R. Oztekin / Desalination and Water Treatment 71 (2017) 116-135 117

biological adsorption, membrane filtration, oxidation, ozona-
tion and microbial biodegradation are generally employed for
remediation of dye containing effluents. These treatment and
removal practices are not always followed as per the governing
standards and thus ultimately cause serious pollution. These
approaches are expensive and unaffordable for small-scale
industries and processors [5].

It was shown that the complex structures of amino-azo
benzene dyes and their various derivatives may lead to
mutagenesis, which is a major cause of cancer [6]. The
International Agency for Research on Cancer (IARC) has
declared benzidine-like dyes to be extremely powerful carcin-
ogens to many mammals and, alarmingly, human beings [7].
Experiments on Swiss albino rats as model organisms have
shown the toxicity of textile wastewater to animals [8]. The tex-
tile industry wastewater (TI ww) effluents are characterized by
alkaline reaction, significant salinity, intensive color and toxic-
ity [9]. As a result, colored wastewater is emitted to the aquatic
environment, where it creates problems for photosynthetic
aquatic plants and algae [10-12]. Some of them or their degra-
dation products are toxic, mutagenic or cytotoxic [13-15].

In the treatment of TI ww it is impossible to obtain sat-
isfactory effects using only one of them; the integration of
different processes is necessary [16]. Biodegradation is the
cheapest textile wastewater treatment method. It does not
involve any chemicals. The biological processes most often
used lead to the detoxification of dyes [17]. The biodegra-
dation of reactive dyes, especially azo dyes, demands a spe-
cific sequence of the processes. First, anaerobic conditions
must be provided. In strongly reductive conditions double
bonds in aromatic amines and polyphenols can be broken
[18]. The metabolites of aromatic amines and polyphenols
are formed, which are not degraded in the anaerobic pro-
cess. Those amines may be further mineralized under aerobic
conditions [19]. However, the biological processes also have
specific limits. They can be used only for the mineralization
of biodegradable compounds. The toxic dyes and aromatic
amines cannot be biodegraded in biological treatment due
to microorganisms, which are sensitive to toxic compounds
[20,21]. The removal of aromatic amines from wastewater in
textile-dyeing plants occurs through multiple physical, chem-
ical and biological treatment techniques [22]. According to
van der Zee and Villaverde [22], the removal rates of aromatic
amines in azo dye-containing wastewater generally ranged
from 35% to 60% through sequential anaerobic—aerobic reac-
tor systems. However, it is clear that aromatic amines cannot
be completely removed from wastewater due to the sorption
of aromatic amines to sludge via physical and chemical pro-
cesses [23]. Twenty-two aromatic amines have been prohib-
ited by Regulation (European Union) 1907/2006, and 24 have
been banned in China (GB/T 17592-2011) due to their toxic,
carcinogenic and mutagenic characteristics [24].

The textile and dyeing industries discharge high vol-
umes of polluted water including a variety of toxic chemicals
[25,26]. One problem is that treated textile wastewater is gen-
erally dark red-purple in color, even though the chemical oxy-
gen demand (COD) of the treated textile wastewater may be
below the limit for industrial wastewater discharge concentra-
tion. Some dyes, polyphenols and aromatic amines and their
transformation products are carcinogenic [27,28]. Long-term
exposure to carcinogenic chemicals may affect the aquatic

river biota and also human health via drinking water [29,30].
Dyes are poorly biodegradable, so inadequately removed in
conventional activated sludge plants (10%—20%) with conse-
quent possible significant residual amounts in the discharged
effluent. The presence of color in the receiving water body not
only causes a negative aesthetic impact, but also can interrupt
the photosynthesis, thus negatively affecting the aquatic life
[30,31].

Aerobic, anaerobic and sequential anaerobic-aerobic
reactors were used for aromatic amine removals [32-34].
Moreover, biological treatment with chemical physical pro-
cesses such as adsorption on waste sludge and activated car-
bon, photochemical oxidation and membrane nanofiltration
can be used, although the cost is high [34-38].

In recent years, advanced oxidation processes (AOPs)
have emerged as potentially powerful methods that are capa-
ble of transforming the pollutants into harmless substances
[39] and that almost all rely on the generation of very reactive
free radicals, such as the hydroxyl radical (OH*) [40]. AOPs,
generally involving H,O,, O, or Fenton’s reagent as oxidative
species for the destruction of contaminants, are alternative
techniques for eliminating dyes and other organics in waste-
water [41-45]. Semiconductor photocatalysis has emerged as
a promising AOP that provides solutions to many environ-
mental pollution problems [41,43-45].

As an important semiconductor material, TiO, has been
widely used as the photocatalyst because of its chemical and
biological inertness, high stability against photocorrosion,
non-toxicity, low cost and excellent degradation for organic
pollutants [46]. However, practical applications of the TiO,
are still quite limited, mainly due to the low quantum effi-
ciency and the broad bandgap responding only to UV light
[47]. In order to improve the photocatalytic properties of TiO,,
much effort has been made, including transitional metal ion
or non-metal element doping [48,49], co-deposition of metals
[50] and dye sensitization [51].

Cerium oxide and CeO,-containing materials have been
studied as a good alternative for the oxidation catalysts and
supports. It has been shown that when associated with tran-
sition metal oxides and noble metals, cerium oxide promotes
oxygen storage and releases to enhance oxygen mobility,
and forms surface and bulk vacancies to improve the cata-
lyst redox properties of the system [52,53]. Coupling of TiO,
with CeQ, attracts much attention because of the special and
electron orbital structure and the special properties of CeO,
[53]. It has been found that the variable valences of Ce such
as Ce* and Ce* make CeQ, possess excellent characteristics
in transferring electrons and enhancing the light absorption
capability in near UV or UV [54]. Meanwhile, doping with
CeO, can double oxygen reserve and transfer capacity of
the TiO, photocatalysis [55]. Introducing CeO, into the TiO,
framework could effectively extend the visible light response
of TiO, [56]. Li et al. [56] have focused on preparing meso-
structured CeO,-TiO, with a large surface area and controlla-
ble pore size to improve its photocatalytic activity. The large
surface area would improve the absorption and mass transfer
of target pollutants [57].

Pirkarami et al. [58] found 70% reactive red 19, 75% acid
orange 7 (AO7) and 74% acid red 18 removals with 30 mg/L
nano-Ni-TiO, photocatalyst at pH 7.0 and 25 C. Shao et al.
[59] found that 33% methylene blue (MB) dye removal was
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obtained with TiO,~C hybrid aerogel nanocomposite under
darkness condition while the MB photodegradation removal
was found as 98%, at 500 W UV light, after 150 min at TiO,/C
mass ratio of 0.902, at 25°C [59]. Besson et al. [60] found that
85.2% of 60 mg/L of MB was successfully decolorized under
1.0 g/L of TiO, dosage and initial pH 10.5, under sunlight
irradiation. Ji et al. [61] reported that with CeO, powder and
light irradiation, 98% of AO7 was decolorized after 11 h.
CeO, nanoparticles can able to decolorize the reactive orange
16 dye in the aqueous solution after 2 h [62]. At a reaction
temperature of 100°C and an initial pH of 5.0, 98.1% color,
89.6% COD and 65.4% total organic carbon (TOC) reduction
were provided with 1 mg/L TiO,-CeO, catalyst [63]. The
10% CeO,-TiO, shows the highest photoactivity under both
UV with a degradation rate of 90.3% [64]. Ameen et al. [65]
reported that the CeO_,-TiO, nanocomposite as photocatalyst
accomplished enormously high degradation (70%) of bro-
mophenol dye within 3 h under UV. Li et al. [66] synthesized
thermally stable mesoporous ZrO,-CeO,-TiO, nanocompos-
ite and demonstrated the photodegradation of rhodamine B
dye by 90% within 160 min under visible light. The photo-
catalytic studies performed with real TI ww until now were
not concerned with the photoremovals of polyphenols and
polyaromatics using CeO,-doped TiO, [67].

The present work focuses on the characterization of CeO,-
doped TiO, nanocomposite synthesized under laboratory
conditions, with emphasis on the effect of the addition of
CeO, on the CeO,-doped TiO, photocatalytic activity and on
the structural and surface properties of developed nanocom-
posite. Nitrogen adsorption-desorption and XRD were con-
ducted to characterize the textural and structural properties

of the oxides. The surface properties of TiO,~CeO, oxides were
investigated by XPS. The CeO,-doped TiO, nanocomposite
was first used for the photocatalytic degradation of pollut-
ant parameters (color, polyphenols and polyaromatics) from
the TI ww treatment plant in Izmir, Turkey, at different oper-
ational conditions such as at increasing photocatalytic times
(0, 10, 15, 20, 30, 60, 90 and 120 min), at different CeO,-TiO,
mass ratios (1%, 3%, 5%, 10%, 15%, 16%, 25%, 30% and 50%),
at different amounts of CeO, (1, 3, 5, 8, 10, 15, 20 and 25 mg/L)
under 130 W UV irradiation, respectively. Removal efficiencies
of color, polyphenols, polyaromatics and their metabolites in
TI ww were detected during photocatalytic experiments.

2. Materials and methods
2.1. Raw wastewater

The TI ww used in this study contained color (>230 1/m),
total phenol (>200 mg/L), COD_,_ . (>770 mg/L) and high
biochemical oxygen demand -5 d (BOD,) (>251 mg/L) con-
centrations with a BOD,/COD,,_ . ratio of 0.39. The char-
acterization of TI ww was shown in Table 1 for minimum,
medium and maximum values.

2.2. Operational conditions

The effects of increasing irradiation times (0, 10, 15, 20, 30,
60, 90 and 120 min) of increasing CeO,-TiO, mass ratios (1%,
3%, 5%, 10%, 15%, 16%, 25%, 30% and 50%) and of increasing
CeO,-doped TiO, nanocomposite concentrations (1, 3, 5, 8, 10,
15, 20 and 25 mg/L) on the photoremovals of polyphenols and
total aromatic amines were investigated. Color, polyphenols

Table 1
Characterization of TI ww (1 = 3, mean values + SD)
Parameters Values
Minimum Medium Maximum

pH 5.10+0.18 5.65 +0.20 6.20 +0.22
DO (mg/L) 1.32+0.05 1.43 +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) 193.00 + 6.8 242.10 + 8.47 291.20 +10.2
COD, ., (mg/L) 932.60 + 32.62 1,171.40 + 41.00 1,410.10 + 49.40
COD,,_ .., (mg/L) 77130 + 27.00 968.8 + 33.91 1,166.30 + 40.82
TOC (mg/L) 463.30 £ 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,/COD,__.q 0.37 +£0.02 0.39 +0.014 0.41+0.02
Total N (mg/L) 25.70 £ 0.90 30.96 +1.08 36.22£1.27
NH,-N (mg/L) 1.87 +0.07 2.25+0.08 2.63 +0.092
NO,-N (mg/L) 8.10+0.28 10.2+0.36 12.20+0.43
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+0.22 8.03 +0.28 9.72+0.34
SO,* (mg/L) 1,250.10 + 43.80 1,560.8 + 54.63 1,871.40 + 65.50
Color (m™) 72.81 +£2.62 400.07 +3.25 507.20 + 3.80
Total phenol (mg/L) 234 +8.2 220+ 16.4 702 £24.6
TAAs (mg benzidine/L) 310+ 10.9 420+21.7 930 +32.6
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(quercetin, fisetin, ellagic acid, carminic acid, luteolin and cur-
cumin) and polyaromatics (2,6-dimethylaniline [2,6-DMA],
2-aminoanisole [MOA], 2,4-toluenediamine [TDA], 2-naph-
thylamine [NA], 4,40-thiobisbenzenamine [TOA], 3,3-dichlo-
robenzidine [DCB] and 3,30-dimethoxybenzidine) removal
efficiencies were observed during photocatalytic experiments
at constant 130 W UV power, at original TI ww pH of 6.2 and
at a temperature of 21°C.

2.3. Analytical methods

pH, T (°C), oxidation-reduction potential (ORP) (mV),
TSS, TVSS, DO, BOD,, COD, ., COD, . . and TOC were
monitored following Standard Methods 2550, 2580, 2540 C,
2540 E, 5210 B, 5220 D, 5310 and 5520 B, respectively [68].
Total nitrogen, NH,~N, NO,-N, NO,-N, total phosphorous,
PO,-P, total phenol and SO,* were measured with cell test
spectroquant kits (Merck, Germany) on a spectroquant
NOVA 60 (Merck, Germany) spectrophotometer (2003). The
total phenol was monitored as follows: 40 mL of TI ww was
acidified to pH = 2.0 by the addition of concentrated HCI.
Phenols were then extracted with ethyl acetate. The gas
chromatography-mass spectrometry-mass spectrometry
(GC-MS-MS) (Hewlett-Packard 6980/HP5973MSD) was used

Table 2(a)

for the identification and quantification of polyaromatics,
polypehols and their metabolites. Tables 2(a) and (b) present
the retention times, exact masses of the molecular ions (m/z),
mass fragments (ESI), and proposed molecular structures of
polyphenols and their metabolites and molecular structures
of aromatic amines and their metabolites, respectively.

2.4. Preparation of CeO,-doped TiO, nanocomposite under
laboratory conditions

In the synthesis of CeO,-doped TiO, nanocomposite the
procedure given by Liu et al. [64] was partially modified:
0.005 mol of 1-hexadecane-3-methylimidazolium bromide
(C,,MIM*Br") was dissolved in 15 mL of distilled water with
vigorous stirring at 40°C for 30 min. Then certain amounts of
tetrabutyl orthotitanate and Ce(NO,), (total amount of Ti plus
Ce was 0.0015 mol) were added into the above solution. The
molar proportion of Ce in the composition was varied in the
range of 1%, 3%, 5%, 10%, 15%, 16%, 25%, 30% and 50%. After
stirring for 30 min, pH value was adjusted to 9-10 by dropwise
addition of ammonia solution. After stirring for another 2 h,
the mixture was transferred to a 100-mL Teflon-lined stainless
steel autoclave at 100°C for 2 d. Then the product was recov-
ered by filtration, washed thoroughly with deionized water,

Identification of polyphenols and their metabolites in TI ww (15 mg/L CeOz-doped TiO, with a CeO, ratio of 15 wt%, pH = 6.2, after

10 min photooxidation time and at 21°C at a UV power of 130 W)

Polyphenols and their metabolites

RT UV (A_) [M-H] MS fragments Identification Molecular structure
(min) (nm) (m/z) (ESI)
29 343 464.2 4121 Quercetin (QUC) 0Ok
- o, _.-":lH
HG’H.I,#"-E_ A a.—-"[*a.s'ﬁ'l
e gy
OH O
3.29 303 385 408.1 Isorhamnetin (ISO)
4.67 300 303 209.4 Tamarixetin (TMR)
L
HED G, oz 3
T T ¥ Qi
| |
I ™ ':::'H
OH O

(Continued)
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Table 2(a) (Continued)

Polyphenols and their metabolites

RT UV (A_) [M-H]~ MS fragments Identification Molecular structure
(min) (nm) (m/z) (ESI)
5.89 302 297 219.1 Curcumin (CUR) Ij\/n\ /H\AC[
HyCr . c e OCH;
H . OH
23 313 691.7 598.08 Bisdemethoxycurcumin o o
(BDG) /./\M\/\‘\ “\/ !
18 298 234.4 212.3 O-Glucuronide (O-GLC) H
OH
o
o) CH
OH
Q. Q
OH
OH O
19 296 198.2 176.9 Curcumin O-sulfate (COS) o o
MeO. OMe
O\ ,/o X =
BUsNO"0 O O OH
15 323 349 312.09 Carminic acid (CMA) HO
HO
14 310 305.06 300.7 C-Glucoflavokermesic
(C-GFK)
16 312 312.09 310 C-Glucopyranosyl flavok-
ermesic acid (GPDA)
15 310 398.07 389 2-(3,4-Dihydroxy-
phenyl)-5,7-dihy-
droxy-4-chromenone
(LUTEOLIN)
14 299 234.45 289 3'-Methyl luteolin (3-MLN)

(Continued)
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Table 2(a) (Continued)

Polyphenols and their metabolites

RT UV (A, [M-H] MS fragments Identification Molecular structure
(min) (nm) (m/z) (ESI)
12 278 205.09 279 O-Glucuronide (O-GLC)
24.3 301 198.13 197.12 3,7,3' 4'-Tetrahydroxyfla- O
vone (FISETIN) M on
\ « X HyO
0 s
7 on
OH
15 276 123.98 111 3-4-Catechol (3-4-CAT- M A
ECH) Ji>
e
12 254 104.12 56 2,3,7,8-Tetrahy- Hog
droxy-chromeno[5,4,3-cde] g
chromene-5,10-dione
(ELLAGIC ACID)
0
0
o
0
|
H
0.
H
12 560 289 180 3,8-Dihydroxy-6H-diben- H
zopyran-6-one (3,8-DHBP) ‘ g
32 450 290 110
0
0
18 450 340 190 3-Hydroxy urolithin o
(3-HUL) -
18 380 180 89 O
21 650 340 120 7-Hydroxy-3,4-benzocou-
marin (7-HBC)
15 290 160 90
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Identification of polyaromatic amines and their metabolites in TT ww (15 mg/L CeO,-doped TiO, with a CeO, ratio of 15 wt%, pH=6.2,
after 10 min photooxidation time and at 21°C at a UV power of 130 W)

Polyaromatic amines and their metabolites

RT (min) UV (A ) [M-H] MS fragments Identification Molecular structure
(nm) (m/z) (ESI)
18 323 458 340 3,5-Aminoanisole (3,5- H.N
2
MOA)
O—CH,
3,5-cis-1,2-Dihydroxy-3-
methoxycyclohexa-3,5- O OH
diene (3,5-cis-1,2 HMCH)
CHs2
OH
r Yo
HO O
Con0zs1
20 309 216 209 2-Methoxyphenol o
(2-MOPH) —
HO
25 323 483.2 406 Benzene-1,2-diol O H
(CATECHOL)
OH
15 305 123.4 112.8 Phenol (PHE) OH
18 302 116.5 110.3 2,4-Toluenediamine (TDA) CHg
NH,
NH,
18.9 324 213.8 210 4-Acetylamino-2-aminotol- MNH,
uene (4-ACETOL) GH
A |
H,C N

(Continued)
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Table 2(b) (Continued)

Polyaromatic amines and their metabolites

RT (min) UV (A_ ) [M-H] MS fragments Identification Molecular structure
(nm) (m/z) (ESI)
15 320 189.6 170 2,4-Diacetylaminotoluene

(2,4-DIACETAOL)

12 307 165.9 160 4-Acetylamino-2-am-
inobenzoic acid
(4-ACEATOBA)

NH,
0O
* ) %
H,N N~ “CHj
H
27 342 595.1 88 2,4-Diacetylaminobenzoic 0
acid (2,4-DIACETOBA)
COH
MH
>— CH,
HH

H.C
e

0

21 301 234.98 143 2,6-Dimethylaniline (2,6-
DMA)

19 298 222 231 4-Hydroxy-2,6-dimeth-

NH-
HaC \©/CH3
. CH3
ylaniline (4-HDA)
i NH2
HO CHs

(Continued)
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Table 2(b) (Continued)

Polyaromatic amines and their metabolites

RT (min) UV (A ) [M-HJ- MS fragments Identification Molecular structure
(nm) (m/z) (ESI)
16 239 201.87 169 2-Amino-3-methylbenzoic
acid (2-A-3-MBA) O
NH»
CH3
17 235 198. 124 2,6-Dimethylnitrosoben-
zene (2,6-DMNB) ©\ .
N=O w—— ”—OH
Tmage I Image IT
24 343 459.45 232 3,3'-Dichlorobenzidine cl
(3,3-DCB)
Cl
13 278 201 97 N-Acetyl 3,3’-dichloroben-
zidine (N-AC DBC) H . '_H
N
I «c
cl’ |
N.
H™ "H
9 260 202 198 3,3’-Dichlorobenzidine

(N,N-DAC DBC)

Cl
cl
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and dried at 100°C overnight. The synthesized material was
calcined in air at 550°C for 2 h to remove the template.

2.5. Characterizations methods of CeO -doped TiO, nanocomposite

The morphological observations (shape and size of the
nanocomposite) were observed by field-emission scanning
electron microscope (FESEM; Hitachi S-3400). X-ray powder
diffraction (XRD) patterns for the samples were collected at a
scan rate of 1/min in the 20 range of 20°-65° using a Scintag-I
XRD instrument equipped with Cu Ka radiation [69,70].
The working voltage of the instrument was 35 kV, and the
current was 35 mA [71,72]. The mean crystallite size of sam-
ples was calculated from peak broadening by the Scherrer
equation using Jade 6.5 software, where the Scherrer con-
stant K (particle shape factor) was taken as 0.85 as reported
by Munoz-Batista et al. [70]. Nitrogen adsorption—-desorption
isotherms were obtained using a nitrogen adsorption appara-
tus (ASAP 2020, USA) [73]. All the samples were degassed at
200°C prior to measurements. The Brunauer—-Emmett—Teller
(BET) surface area and pore size distribution of CeO, and
TiO, were obtained from eight-point nitrogen adsorption/
desorption analysis with a Quantachrome Autosorb-1 [73].
All samples were outgassed at 220°C prior to the adsorption—
desorption measurements. Micropore surface area and vol-
ume were calculated using the t-method [71]. The pore size
distribution was calculated by applying the Barrett-Joyner—
Halenda (BJH) method on the desorption branch of the iso-
therm curve [71]. The UV Raman spectra were obtained on
a UV-high spectral resolution Raman spectrograph, using
the He-Gd laser of 325 nm as the excitation wavelength
[70,72]. The spectra acquisition consisted of two accumula-
tions of 60 s for each sample, and the spectral resolution was
4 cm™. A spectra range of 30-700 cm™ was obtained. Energy-
dispersive spectroscopy (EDS; Oxford INCA) was utilized
to have an analysis of the chemical composition of the prod-
ucts. X-ray photoelectron spectroscopy (XPS) spectra were
recorded on a Kratos Analytical Axis Ultra spectrometer with
monochromatic aluminum. The X-ray source was operated
at 14 kV and 20 mA. The sample powders were pressed into
5 mm x 5 mm 3 M double-sided tape using a mortar and pes-
tle, and visualized by a stereomicroscope to ensure complete
coverage and powder uniformity over the tape [74]. Prior to
the analysis, oxide samples were dried overnight in an oven
at 120°C under atmospheric pressure. After drying, all sam-
ples were immediately stored in a container and mounted
for analysis [74]. Sample height positions were set from O
1s signal at 529 eV following changing of lateral coordinates
so that the measured signal from the sample powders were
maximized, thus minimizing any possible signal from the
3 M double-sided tape [74]. The 3 M tape was examined
independently, and the characteristic shape of the C 1s line
was not found when compared with the C 1s line collected
from these sample powders. As a reference, C 1s signal of
the adventitious carbon in which it was fixed at 285 eV was
used. A survey scan with analyzer pass energy of 80 eV was
initially recorded for the sample to identify elements present.
The composition and chemical states were determined from
the charge-corrected high-resolution scans with an analyzer
pass energy of 20 eV. To better understand the influence of
cerium, photoluminescence (PL) emission spectroscopy was

studied not only to confirm the presence of surface defects
[69,74]. Hence, PL spectra were plotted in the range of
360-700 nm using an excitation source around 330 nm.

All experiments were carried out three times, and the
results given as the means of triplicate samplings. Individual
TI ww concentrations were given as the mean with standard
deviation (SD) values.

3. Results and discussion
3.1. FESEM analysis results

The morphology of the prepared CeO,-doped TiO, nano-
catalyst was studied using FESEM, and the images are shown
in Fig. 1. Highly aggregated more or less spherical-shaped par-
ticles were observed for the TiO, sample (Fig. 1(a)). Quite big
flake-like morphology was observed for the CeO, (Fig. 1(b)).
The CeO,-doped TiO, sample represented a porous structure
(Fig. 1(c)), and they were homogeneously mixed together.

3.2. XRD analysis results

Fig. 2 shows the XRD patterns of the CeO,-doped TiO,
nanocomposite. The peak locations and relative intensities
are cited from the Joint Committee on Powder Diffraction
Standards (JCPDS) database. The sharp diffraction peaks
at 20 values of 25°, 37°, 47°, 54° and 62° are indexed to the
(101), (004), (200), (105) and (204) planes of the anatase phase
of TiO, (JCPDS No. 21-1272), and the peaks at the 20 of 27°
and 36° are fitted well with the (110) and (101) planes of
rutile phase of TiO, (JCPDS No. 21-1276). It shows that the
TiO, exists in both anatase and rutile phases. The diffrac-
tion peaks of 20 at 25.3°, 37.8°, 40.8°, 53.9°, 55.1°, 62.7° and
75.1° are assigned to the (101), (004), (200), (105), (211), (204)
and (219) planes of TiO,, respectively, as reported by Wang
et al. [69] and Munoz-Batista et al. [70]. The diffraction peaks
at the 2q values of 32°C, 47°C and 57°C are also shown in
Fig. 2. These indicates the cubic-fluorite crystalline struc-
ture of ceria without any other impure phases (JCPDS No.
01-078-0694) fitted well with the (200), (220) and (311) planes.
In the CeO,-doped TiO,, both anatase and rutile phases of
titania were noticed. It indicates the fine dispersion of ceria
on TiO, without further phase segregation. Moreover, it
partly inhibited the growth of rutile phase of TiO, crystal-
lite. The sharp diffraction peaks at 2q values of 26°C, 36°C,
46°C and 53°C are indexed to the (101), (004), (220) and (211)
planes of the CeO,-doped TiO, nanocomposite. This agrees
with previous researches performed by Karunakaran and
Gomathisankar [71] and Santiago-Morales et al. [72].

3.3. Nitrogen adsorption/desorption isotherm results

Fig. 3 shows the nitrogen adsorption/desorption isotherms
of CeO,-doped TiO, nanocomposite. Both isotherms are sim-
ilar to type IV according to International Union of Pure and
Applied Chemistry classification, indicating the mesoporous
texture of the samples as reported by Ghasemi et al. [73].

3.4. BET analysis results

The BET surface area, pore volume and the average pore
for both samples are listed in Table 3. The BET surface area
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Fig. 1. FESEM analysis of TiO, sample (a); CeO, sample (b) and
CeO,-doped TiO, nanocomposite sample (c).

of CeO,-TiO, catalyst is higher than that of bare TiO,. These
results are in agreement with the XRD analysis results. The
particle size of TiO,, CeO, and 15 mg/L CeO,-doped TiO,
nanocomposite with a CeO, ratio of 15% were 198.4, 86.2 and
265 nm, respectively, which were calculated by the Scherrer
equation (Table 3). As the CeQ, ratios in CeO,-doped TiO,
nanocomposite were increased from 1% to 3%, 5%, 10% and
15% the surface area, pore volume and average pore size
increased. Further increasing the CeO, ratio to 25% and 50%

20/(°)
—@-Ti02 -O-Ce02 -[1-Ce02-TiO2

Fig. 2. XRD patterns of TiO,-, CeO,- and CeO,-doped TiO, nano-
composites.

0 01 02 03 04 05 06 07 08 09 1 1.1
Relative pressure (P/P.)

—O-Ti02 —-@-Ce02-TiO2

Fig. 3. N, adsorption/desorption isotherms of TiO, and CeO, in
CeO,-doped TiO, nanocomposite.

Table 3
Surface area, pore volume and average pore size properties of
CeO,-, TiO,- and CeO,-doped TiO,

Nanomaterials Surface Pore volume  Average pore
area (m%*g) (cm®/g) size (A)
TiO, 198.4 0.169 33
CeO, 86.2 0.052 17
CeO,-TiO, (1%) 1485 0.178 35
CeO,-TiO, (3%)  168.2 0.189 53
CeO,-TiO, (5%)  183.9 0.278 56
CeO,-TiO, (10%) 220.2 0.293 66
CeO,-TiO, (15%) 265.2 0.560 82
CeO,-TiO, (25%) 265 0.560 82
CeO,-TiO, (50%) 265 0.560 82
Types
Commercial 2.1 0.022 38
CeQ,
TiO 12.8 0.132 19

2

for the aforementioned parameters of the surface area, pore
volume and average pore size remained the same. The single
oxides exhibited significantly higher surface areas than those
of corresponding commercial CeO, and TiO,. Mixing TiO,
and CeO, in the synthesis stage led to a synergetic increase
of surface area.
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3.5. Raman spectral analysis

The Raman spectra of CeO,-doped TiO, nanocomposite
showed the characteristic signals for the tetragonal phase of
TiO, (anatase) around 156, 410, 547 and 670 cm™ as reported
by Santiago-Morales et al. [72] (Fig. 4). The CeO, fluorite type
phase was detected in the spectrum of the CeO,/TiO, nano-
composite. The band at 460 cm™ corresponded to the cubic
phase of the CeO, fluorite-type phase. Moreover, the band at
595 cm™ was attributed to the oxygen vacancies in the CeO,
lattice as reported by Santiago-Morales et al. [72] and Mufoz-
Batista et al. [70] (Fig. 4).

3.6. EDS analysis

The EDS spectrum of CeO,/TiO, nanocomposite is shown
in Fig. 5. Ti, Ce, O elements were detected with the absence of
other elements, suggesting Ce in the form of CeO, had been
successfully mixed with TiO,.

3.7. XPS analysis results

XPS analysis was conducted to understand the surface
chemical state of Ce and Ti in CeO,-doped TiO, nanocompos-
ite. The Ti 2p core level spectrum of TiO, arrays and CeO,-
doped TiO, arrays are illustrated in Fig. 6(a). The binding
energy at 458.7 and 464.4 eV was attributed to Ti 2p,, and Ti
2p, ,, respectively, in the TiO, arrays as reported by Contreras-
Garciaa et al. [74]. Compared with TiO, arrays, the binding
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Fig. 4. Raman spectra of TiO,- and CeO,-doped TiO,
nanocomposite.
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Fig. 5. EDS spectrum of CeO,-doped TiO, nanocomposite.

energy of CeO,-doped TiO, nanocomposite arrays increased
slightly. This could be due to the different electronic interac-
tion between titanium and cerium, which indicated that Ti®*
species were formed in the CeO,-doped TiO, nanocomposite
arrays [75]. Six XPS peaks were found to be as the charac-
teristic peaks of Ce*, Ce 3d (Fig. 6(b)). v and u indicated the
spin-orbit coupling 3d,, and 3d,, respectively. The peaks of v
and u were assigned to Ce(IV) (3d°4f?) O (2p*) state; the peaks
of v, and u, were assigned to Ce(IV) (3d’4") O (2p°) state; and
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Fig. 6. Ti 2p (a) Ce 3d (b) and O 1s (c) core level spectra collected
for TiO, and CeO,-doped TiO, nanocomposite in XPS analysis.
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the peaks of v, and u, were assigned to Ce(IV) (3d°4f") O (2p°)
state. The peaks labeled as v, and u, were attributed to Ce(IlI)
(3d°4f%) O (2p°) state. Therefore, a mixture of Ce*/Ce*" oxida-
tion states existed on the surface of the sample as reported by
Liu et al. [64]. Fig. 6(c) shows that the O 1s core level was com-
posed of at least two components. The O 1s signal at about
529.6 eV was assigned to the lattice oxygen (O*) for TiO, and
CeO, according to the literature, while the signal at 532.0 eV
was probably due to the oxygen in surface hydroxyl groups as
reported by Qian et al. [76] and Fang et al. [77]. The signal at
532.0 eV can be associated to surface hydroxyl groups [76-78].
The existence of this peak was due to defects in the subsurface.
An optimum concentration of Ce* and more oxygen vacan-
cies may promote photocatalysis activity. It can be noticed
that the introduction of CeQO, species can effectively enhance
the surface hydroxyl groups on the surface of the mesoporous
TiO,. In this study it was found that the highest surface con-
centration of hydroxyls appeared to be CeO,-doped TiO, with
a mass ratio of 15% according to the studies performed [75].

3.8. PL analysis results

The PL spectra were plotted in the range of 360-700 nm
using an excitation source around 300 nm to determine the
influence of cerium, PL emission spectroscopy throughout
surface defects (Fig. 7). Five different main patterns were
observed in the PL spectra: a UV emission peak at 380 nm
was obtained due to phonon-assisted indirect transition from
the edge (X) to the center (T) of the Brillouin zone as reported
by Yu et al. [79]. The emission peak at 429 nm was related to
self-trapped electrons recombining with holes inside the bulk
lattice of TiO, [74]. Emission peaks at 457 and 535 nm were
related to the surface oxygen defect sites as mentioned by
Contreras-Garciaa et al. [74] and Wang et al. [69]. The emis-
sion peak at 491 nm was due to charge transfer from Ti*" to
TiO > octahedral [69].

400
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Fig. 7. PL signal of CeO,-doped TiO, nanocomposite with 5 and
15 wt% CeO,-doped TiO, nanocomposite calcined at 400°C and
700°C.

A much higher PL intensity was found for 15 wt% CeO,-
doped TiO, at 400°C compared with CeO,-doped TiO,
with 5% CeO,. This higher intensity was mainly due to a
prominent peak at 457 nm showing that Ce increased the
number of surface oxygen defects. This could be related to
the higher radius of Ce*" (0.93 A) than that of Ti* (0.605 A)
inducing a distortion of the TiO, octahedra during the incor-
poration of Ce and generating surface oxygen vacancies
to maintain charge neutrality as reported by Contreras-
Garciaa et al. [74].

Calcination at 700°C led to an important increase of the
PL intensity for 15% CeO,-doped TiO,, and it was character-
ized by a dominant peak at 457 nm; some contributions at
429 and 491 nm. This shows that calcining at 700°C not only
induces the creation of surface defect sites but also strongly
increases the bulk recombination rate inside the TiO, lattice.
Although the addition of CeO, to TiO, with a ratio of 15% at
700°C quenches the PL signal, there was still a discernible
contribution from surface oxygen vacancies. A lower num-
ber of surface oxygen vacancies would be formed with the
increase of the calcination temperature at 15% CeO, contain-
ing 15 mg/L CeO,-doped TiO,.

PL results show that the role of cerium is mainly to gen-
erate surface oxygen vacancies able to trap photogenerated
electrons and leaving photogenerated holes available for oxi-
dation reactions. Cerium also limits the bulk recombination
rate by restricting the anatase crystallite growth. This restric-
tion is related to the creation of surface defects limiting the
bulk recombination rate.

3.9. Effect of the amount of CeQO, ratio in CeO ,-doped TiO,
nanocomposite for the photodegradation of total polyaromatic
amines and polyphenols

The photodegradation of total polyaromatic amines and
polyphenols increased from 50% and 55% up to 90% and
88%, respectively, by increasing the amount of CeO, content
from 1% to 10% in the 15 mg/L CeO,-doped TiO, nanocom-
posite and reaches maximum (98% and 97% for total poly-
phenols and total polyaromatics, respectively) at 15% after
30 min irradiation time at a UV power 130 W (Figs. 8(a) and
(b)). Further increasing the CeO, content to 20%, 30% and
50% in the 15 mg/L CeO,-doped TiO, concentration led to
decreases in photodegradation of the pollutants (to around
90% and 80%). The enhancement of the photocatalytic
activity for degradation could be attributed to the excellent
electric conductivity and large specific surface area of CeO,-
doped TiO, nanocomposite. The photogenerated electrons
are transported to the surface of the nanocomposites more
easily; thus, the recombination between photoinduced elec-
trons and holes was inhibited [3]. Decrease of the photocat-
alytic activity with higher CeO, content may be due to the
fact that the opportunity for the collision of electrons and
holes increases; therefore, the recombination of the photo-
generated electron-hole pairs is promoted. Increasing the
CeQ, ratio in the CeO,-doped TiO, nanocomposite ratio also
lowered the contact surface of TiO, nanoparticles with the
illuminated light [4]. With an optimum CeO, ratio in the
15 mg/L CeO,-doped TiO, nanocomposite the maximum
photodegradation yields were observed for polyphenols
and polyaromatics.
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Fig. 8. (a) Photodegradation of total polyphenol at increasing of
CeQ, ratios in 15 mg/L CeO,-doped TiO, nanocomposite vs. pho-
todegradation time at an UV power of 130 W and at pH = 6.2 and
at a temperature of 21°C. (b) Photodegradation of total aromatic
amines at increasing of CeQ, ratios in 15 mg/L CeO,-doped TiO,
nanocomposite vs. photodegradation time at an UV power of
130 W at a pH =6. 2 and at a temperature of 21°C.

3.10. Effects of bare CeO,, TiO, and CeO,-doped TiO,
nanocomposite concentrations on the photodegradation
yields of color under 130 W UV power

The photocatalytic degradation rate of color with 5,
15, 25 and 50 mg/L pure CeO,, pure TiO, and CeO,-doped
TiO, nanocomposite concentration with a CeO, ratio of 15%
were studied under 30 min with 130 W UV irradiation. As
the CeO,-doped TiO, concentration was increased from 5
to 15 mg/L, the color yields increased from 74% up to 96%
(Fig. 9). Further increase of CeO,-doped TiO, nanocomposite
did not significantly affect the color yield. The color yields at
25 and 50 mg/L remained as is in 15 mg/L CeO,-doped TiO,
nanocomposite level. Fig. 9 also demonstrates that the pure
TiO, and pure CeO, exhibited lower color photodegrada-
tion rates (54% and 48%, respectively) than that CeO,-doped
TiO, nanocomposite since the bare nanocatalysts could not
be effectively activated by visible lights due to big energy
bandgaps of bare TiO, compared with CeO, (3.18 eV for TiO,
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Fig. 9. Effects of CeO, mass ratios in the CeO,-doped TiO, nano-
composite to photocatalytic removals of color in TI ww under
130 W UV irradiation at original TI ww pH of 6.2 at a tempera-
ture of 21 C after 30 min irradiation.

and 2.88 eV for CeQ,) as reported by Liu et al. [64] (data not
shown). Modification of TiO, with CeO, resulted in abrupt
increase of the color photodegradation efficiency owing to
the CeO,-doped TiO, photosensitization as reported by Liu
et al. [64]. This fact is consistent with its smaller particle size,
larger surface area, optimum concentration of Ce* and high-
est concentration of surface hydroxyl (OH*) groups. This
can also be attributed to the fact that when doping content
of CeQ, is an optimum amount, the CeO, particles well dis-
persed on the TiO, surface can act as electron-hole separation
centers. When the doping of the CeO, concentration exceeds
a certain amount (215%), the trap center may become the
recombination center of photogenerated electrons and holes.
Meanwhile, the excessive cerias result in agglomeration of
CeO, nanoparticles, which will scatter the incident light,
lowering the photoquantum efficiency of the photocatalytic
reaction as reported by Liu et al. [64]. After 30 min irradiation
time the color yield remained constant or decreased slightly
at all CeO, to TiO, mass ratios.

The majority of color was degraded within the first
28 min. Thus, the synthesized CeO,-TiO, nanocomposite
could be a good visible-light driven photocatalyst for the
degradation of color originating from the dyes in the TI
ww as catalyst under light illumination. The mechanism
of color photodegradation can be summarized as follows:
Upon 130 W light illumination, CeO, firstly absorbs light,
and the photoexcited electron moves to the conduction band
(CB) of CeO, where the CB level is higher than the CB level
of TiO, nanoparticles. The photoexcited electrons inject into
CB of TiO,, which easily scavenges the electrons to produce
the large amount of reactive holes. The existence of the mix-
ture of Ce*/Ce* oxidation states on the surface of nano-
CeO,-TiO,, denotes the fact that the nanocomposite is not
fully oxidized, so that Ce*" can easily capture electrons and
prevent the combination of photogenerated electrons and
holes, resulting in a higher quantum efficiency of photocat-
alytic reaction [3]. Secondly, the photoinduced electrons in
the TiO, can drift to the CeO, under the inner electric field
between CeO, and TiO, due to the energy band bending in
space charge region. It is more helpful for the separation of
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photoinduced electron-hole pairs in TiO,, resulting in the
improvement of photocatalysis under UV illumination [67].
In addition, with the doping of CeO,, the abundant surface
hydroxyl groups exist on the surface of TiO,, which can be
attacked by photoinduced holes and yield surface OH* radi-
cals with high oxidation capability [64].

3.11. Polyphenols and their metabolites in TI ww

The dyes in the textile industry are the main source of
the color. The dyes used to color textiles are flavonoid com-
pounds: carotenoids, hydroxyketones, anthraquinones,
naphthoquinones, flavones, flavonols, flavonones and
indigoids, and related compounds. Among these polyphe-
nols, quercetin, fisetin, ellagic acid, carminic acid, luteo-
lin and curcumin concentrations were monitored as color
polyphenols in TI ww. The polyphenols transformed by
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photodegradation of polyphenols by ring cleavage, decarbox-
ylation and dehydroxylation reactions under UV. By hydrox-
ylation of one -OH group in carminic acid two metabolites
namely c-glucopyranosyl flavokermesic acid (c-GFK) and
glucopyranosyl-dioxoanthracene (GPDA) were produced
under UV. In this study, the levels of these metabolites were
measured as 25 and 19 mg/L after 10 min photodegradation
while the level of the main polyphenol carminic acid was
reduced from an initial 64-48 mg/L after 30 min UV irradia-
tion (Fig. 10(a)). The carminic acid and metabolite concentra-
tions were reduced to 1 mg/L, 1.2 and 1.8 mg/L with metabolte
yields of 98 and 99%, respectively. Although carminic acid
showed negative genotoxicity in a somatic mutation and
recombination test of Drosophila melanogaster, hydroxyl-
ated forms of carminic acid were found to be slightly toxic
[80,81]. Jorgensen and Skibsted [82] found that the photola-
bility of carminic acid increased with deprotonation and was

(d)

t=10 min t=30 min
photooxidation time {min)

g carminic acid conc.(mg/L) mc-GFK (mgil)

BGPDA(malL) AC02Z

omax. Remc-GFK (%) Wmax. Rem GPDA (%)

carminic acid, c-GFK, GPDA, C02

60 100
-+ 90
g 50 1 g 180
8 Llng
g 04 LE
2 + 60 :
T 30 ¢ T 508
5 L 40 E
Q=2n 1 s
= +
a. = 30 g
©Eqp 1 T8¢
= A 110
- T
= 0 t 05K 0
“ =10 min =30 min
% hotooxidation time (min})
2 mluteolin conc.(mg/L) B3-MLN (mgil) m0O-GLC (mglL)
=
- A C02 omax. Rem 3-MLN(%) emax. RemO-GLC (%)
(f)
120 100
Py 1 904
g A 1805
3 1708
8 1602
o 1502
3 1408
8 130E
g 120%
? £
S Py 1 10
g == 0
@ t=0 min t=10 min t=30 min
£ photooxidation time (min)
E ™ curcumin cenc.(mgiL) 8B0C (mg'L)
2 mO-GLC (mg/L) o COS (ma/l)
=1 ACO2 (mal) o max. RemBOC (%)

Amax. Rem0O-GLC (%) e max. RemCOS (%)

Fig. 10. Photodegradation of quercetin (a), fisetin (b), ellagic acid (c), carminic acid (d), luteolin (e) and curcumin (f) to metabolites
removal under 130 W UV irradiation at original TI pH of 6.2 at a temperature of 21°C after 30 min irradiation.
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enhanced with irradiation at 254 nm. Recently, Gosetti et al.
[83] studied the effect of sun irradiation on carminic acid in
aqueous solution. In the presence of TiO,, they found that the
carminic acid degraded under 336 nm UVA and is adsorbed
to the photocatalyst TiO,, and they reported that the photo-
degradation metabolites of carminic acid are not toxic. From
85 mg/L ellagic acid, 43 mg/L 3,8-dihydroxy-6H-dibenzopy-
ran-6-one (3-8-DHBP), 15 mg/L 3-hydroxyurolithin (3-HUL)
and 10 mg/L 7-hydroxy-3,4-benzocoumarin (7-HBC) were
produced after 10 min UV irradiation (Fig. 10(b)). Ellagic acid
is toxic and inhibits the TPA-induced ornithine decarboxylase
activity, the hydro peroxide production and the DNA synthe-
sis [84]. The study performed by Cerda et al. [84] showed that
3-8-DHBP lowered the growth rate in the rats and decreased
the urea and triglyceride concentrations in the blood of rats.
Recent studies showed that 3-HUL and 7-HBC were pro-
duced from the hydroxylation patterns of ellagic acid by the
dehydroxylase pathways in mammals, and they are not toxic
to rats, to the mammals and to mice [85,86]. After 30 min UV
irradiation, the ellagic acid, 3-8-DHBPF, 3-HUL and 7-HBC
concentrations were reduced to 4, 2, 1.8 and 1.5 mg/L, respec-
tively, while the ellagic acid removal was 97% (Fig. 10(b)).
5 mg/L CO, was measured in GC-MS as the photomineraliza-
tion of ellagic acid and its metabolites. Breakage of the luteolin
mainly yields the moieties O-glucuronide (O-GLC) and 3'-
methyl luteolin (3-MLN) as methylated isomers (Fig. 10(c)).
Luteolin was found to be the most potent in inhibiting the
cytokine production with an IC,; of less than 1 and 5 mM for
a tumor necrosis factor-a (TNF-a) release [87]. After 10 min
illumination with 130 W UV, at a nano-CeO,-TiO, concen-
tration of 15 mg/L, 15 mg/L 3-MLN and 12 mg/L o-GLC are
two methylated metabolites of initial 53 mg/L luteolin in vivo
by catechol-O-methyltransferase (Fig. 10(c)). The luteolin
and metabiles concentrations decreased significantly with
removal yields of around 96% and 98% after 30 min under
UV. Although, the non-methylated luteolin showed a strong
antioxidative capacity in rats [88], it was found that luteolin
was cytotoxic toward H4IIE cells inducing an apoptotic cell
death accompanied by induction of oxidative stress measured
as an increase in malondialdehyde formation [87]. The oral
LD, of the lutein concentration in wistar rats was found to be
greater than 2,000 mg/kg body weight [89]. Administration of
the lutein concentrate to rats at doses higher than 400 mg/kg/d
had adverse hematological effects. From 92 mg/L curcumin,
40 mg/L bisdemethoxycurcumin (BDC), 21 mg/L o-GLC
and 6 mg/L curcumin O-sulfate (COS) were produced after
10 min irradiation (Fig. 10(d)). Their concentration decreased
to around 2, 3, 1.6 and 0.2 mg/L after 30 min UV while as a
mineralization of curcumin polyfenol and its metabolites
12 mg/L. CO, was measured. In the literature it was found
that boisduval and oviposition inhibition against female adult
mites were examined under the laboratory conditions in cur-
cumin and BDC O-GLC, COS metabolites [90]. BDC exhibited
the highest acute toxicity to T. cinnabarinus. In other words
BDC showed the highest contact toxicity (LC,,=2.48 mg/mL)
against adult T. cinnabarinus among the parent polyphenol
and second metabolite components, whose LC,, values at 24
and 48 h were 1.18 and 0.51 mg/mL, respectively. Zhang et al.
[91] showed that curcumin and BDC were found as potent
microglia-activation inhibitors and exhibited the strongest
inhibitory activity. They are cytotoxic, including TNF-a and

interleukin-1p [91]. The initial quercetin concentration was
89 mg/L at the beginning of UV irradiation (Fig. 10(e)). After
10 min irradiation curcumin metabolites such as isorhamnetin
(12 mg/L) and tamarixetin (TMR) (32 mg/L) were produced
while the curcumin concentration was decreased to 42 mg/L
(Fig. 10(f)). After 30 min UV, photodegradation products
mineralized with yields around 97% and 97% while 12 mg/L
CO, was recorded. Quercetin concentrations >1,900 mg/kg/d
reduced body weight of rats in comparison with controls.
After 6 months exposition toxic and neoplastic lesions were
observed, but at 2 years toxic and neoplastic lesions were
seen in the kidney of male rats [92]. Isorhanmetin inhibited
epidermal growth factor induced neoplastic cell transforma-
tion cytotoxic activities of anagallisin; its heterogenoside was
found to be weak in rats [93]. 166 nmol/mL TMR caused 97%
acute toxicity to Salmonella typhimurium after 48 h contact time
[93].

3.12. Aromatic amine and their metabolites in TI ww

The formation of possible intermediates of 2,6-DMA,
MOA, TDA, NA, TOA and DCB aromatic amines is illus-
trated in Figs. 11(a)—(d). The intermediates of aromatic amines
clearly reveal that the multiple fragmentation of aromatic
amine macromolecule can lead to the complete mineraliza-
tion with the end products of CO, and H,O. 2,6-DMA is a
nasal carcinogen and modifies the DNA in wistar rats, and it
is mutagenic in the Salmonella typhimurium Ames assay using
strain TA100 [94]. 260 mg/L initial 2,6-DMA photodegraded to
82 mg/L 4-hydroxy-2,6-dimethylaniline (4-HDA), to 41 mg/L
2-amino-3-methylbenzoic acid (2-A-3-MBA) and to 25 mg/L
2,6-dimethylnitrosobenzene (2,6 DMBN) after 10 min UV
irradiation (Fig. 11(a)). The mineralization of parent 2,6-
DMA occurred after 30 min with an effluent concentration
of 1.2 mg/L and converted to 48 mg/L CO, while the con-
centrations of the other metabolites varied between 0.7 and
1.1 mg/L. Recent data from the National Toxicology Program
reported that a principal metabolite, 4-HDA, is carcinogenic
in rats. In addition, the putative metabolite N-hydroxy-
2,6-dimethylaniline has been reported to be mutagenic in
Salmonella typhimurium TA100 [95]. The second metabolite of
2,6-DMA is 2-A-3-MBA and does not produce hepatic lesions
in the rat, except at high doses but is a potent inducer of fatty
degeneration in the dog [96]. 2,6-DMBN, and the third 2,6-
DMA metabolite namely nitrosodimethylamine are found to
be carcinogenic activity to rats and dogs [96]. 180 mg/L ini-
tial DCB was reduced to 6 mg/L after 10 min UV irradiation,
and it was photodegraded to 74 mg/L N-acetyl-DCB (N-AC-
DCB) and to 42 mg/L N,N’-diacetyl-DCB (N,N-DAC-DCB).
After 30 min UV the DCB and its metabolites in the effluent
reduced to around 0.3-1.3 mg/L with 19 mg/L CO,. DCB is
an important intermediate in the production of diarylide azo
pigments and a known animal carcinogen [97] (Fig. 11(b)).
Lee et al. [98] found that 20-40 mg/kg N,N-DAC-DCB in rats
resulted in dose-proportional increases in the total amount
of hemoglobin after 3 weeks. N-AC-DCB undergoes cova-
lent interaction with DNA, and therefore, it is suspected to
be a genotoxic carcinogen [98]. 120 mg/L 3,5-aminoanisole
(3,5-MOA) converted to 23 mg/L cis-1,2-dihydroxy-3-methox-
ycyclohexa-3,5-diene (cis-1,2-HMCH) to 60 mg/L 2-methoxy-
phenol (2-MOPH), to 17 mg/L catechol, and to trace amounts
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Fig. 11. Photodegradation of DBC (a), 2,6-DMA (b), 3,5-MOA (c) and TDA (d) to metabolites, and photodegradation yields of these
metabolites under 130 W irradiation at 21°C and at original TI ww pH of 6.2.

of phenol (PHE) (3 mg/L) after 10 min photodegradation at
21°C with 15 mg/L CeO,-doped TiO,, respectively (Fig. 11(c)).
After 30 min the photodegradation of parent aromatic amine
and all metabolite concentrations decreased to around 0.9
and 2.4 mg/L with a CO, concentration of 20 mg/L. The lit-
erature studies showed that 3,5-MOA exhibited rate-limiting
interactions for aquatic in vivo tests using fish, daphnids,
algae and bacteria [99]. It was found that cis-1,2-HMCH is
toxicity of metabolic intermediates of Escherichia coli J]M109
[100]. Schweigert et al. [101] reported that as a consequence
of the chemical properties and the chemical reactions of cat-
echols, many different reactions can occur with biomolecules
such as DNA, proteins and membranes, ultimately leading to
non-repairable damage. 2-MOPH and PHE are not toxic and
are readily biodegradable as low as 0.001 mg/L concentrations.
Thompson et al. [102] found that 2-MOPH is more toxic in rat
liver slices. 28 mg/L initial TDA photodegraded to 8.25 mg/L
4-acetylamino-2-aminotoluene (4-ACETOL) to 4.5 mg/L
2,4-diacetylaminotoluene (2,4 DIACETAOL), to 2.45 mg/L
4-acetylamino-2-aminobenzoic acid (4-ACEATOBA), and to
2.51 mg/L 2,4-diacetylaminobenzoic acid (2,4 DIACETOBA))
after 10 min irradiation times at 130 W UV power (Fig. 11(d)).
Acute toxicity of 2,4- DIACETOBA is LD50 = 2,850 mg/kg/d
[102].

4. Conclusions

The particle size of CeO,-doped TiO, nanocompos-
ite synthesized under laboratory conditions increased to
265 nm compared with single TiO, (198.4 nm) and CeO,

(86.2 nm), and exhibited a mesoporous texture. CeO, exhib-
ited cubic-fluorite phase in band at 460 cm™ while at band
595 cm™ oxygen vacancies in the CeO, lattice was detected.
15 mg/L CeO,-doped TiO, nanocomposite with a CeQO, ratio
of 15 wt% showed the highest photodegradation yield of
color (98%), polyphenol (quercetin, fisetin, ellagic acid, car-
minic acid, luteolin, and curcumin; 98%) and polyaromatic
amine (2,6c-DMA, MOA, TDA, TOA and DCB- 98%) photo-
degradation rates, respectively, after 30 min irradiation time
at a UV power of 130 W at a pH = 6.2. The photodegrada-
tion yields of metabolites of polyphenols (quercetin, fisetin,
ellagic acid, carminic acid, luteolin, and curcumin) and pol-
yaromatics (2,6-DMA, MOA, TDA, TOA and DCB) varied
between 96% and 99%.
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