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a  b  s  t  r  a  c  t

This  study  shows  the  effect  of  different  titanium  dioxides  in  transforming  the  structural  properties  of
natural  organic  matter  (NOM)  during  photocatalytic  degradation  with  a solar  UV  light  simulator.  Titanium
dioxide  (TiO2)  synthesized  by the  sol–gel  method  coupled  with  the solvothermal  technique  and  Degussa
P-25  TiO2 were  used.  The  evolution  of  NOM  degradation  was  followed  by size  exclusion  chromatography
with  dissolved  organic  carbon,  ultraviolet  and  fluorescence  detection  (SEC-DOC,  SEC-UV254 and  SEC-
eywords:
atural organic matter
eterogeneous photocatalysis
itanium dioxide
olvothermal

Fl254/450). For  both  catalysts,  there  was  a preferential  degradation  of  the  larger  molecules  of NOM  into
medium  and  smaller  molecular  size  fractions.  However,  the  synthesized  TiO2 was  found  to  be  more
efficient  than  Degussa  P-25  TiO2 for  DOC  removal,  especially  UV254 absorption  and  Fl254/450 removal.

© 2012 Elsevier B.V. All rights reserved.
ize exclusion chromatography

. Introduction

Natural organic matter (NOM) is formed from the decompo-
ition of plant and animal residues [1].  It is an extraordinarily
omplex mixture of heterogeneous organic compounds, such as
umic and fulvic acids [2].  The physico-chemical properties of NOM
ary widely, depending on its source, age, fate and seasons of the
ears [3].  A supramolecular model was suggested which shows
umic substances as composed of small and heterogeneous nat-
ral products held together by weak hydrophobic forces, van der
aals and H-bonds in only apparently large molecular sizes. Unlike
acropolymers view stabilized by covalent bonds [4],  the humic

upramolecular structures chemical differences in humic matter
ather to specific structural diversities [5,6].

NOM is the main precursor for the formation of hazardous dis-
nfection byproducts (DBPs) upon reaction with chlorine or ozone
n the water disinfection process. Trihalomethanes (THMs) and
aloacetic acids (HAAs) are the most common DBPs in drinking
aters [7],  which are well-known to be mutagenic and carcinogenic
alogenated compounds [8,9]. As such, it is critical to understand of
OM in established and possibly alternative water treatment steps.

Heterogeneous photocatalysis has widely been reported to

ffectively remove most organic pollutants. Among the various
emiconductors, titanium dioxide (TiO2) has been widely used [10].
here are several methods to synthesize TiO2 nanoparticles, such

∗ Corresponding author. Tel.: +57 4 2196543; fax: +57 4 2196543.
E-mail address: hvalens@gmail.com (S.H. Valencia).

304-3894/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2012.02.003
as chemical vapor deposition [11], flame oxidation, sol–gel and
solvothermal processes [12]. The solvothermal process leads to a
fully anatase phase for the TiO2 with nanocrystalline size and high
surface area, lending itself to easy coating on different support
materials [13].

Several published studies dealing with photocatalytic oxidation
using Degussa P-25 TiO2 showed it to be effective in the removal of
NOM. However, most focused on the reduction of color, THMs, DOC
and UV254 absorbance. These techniques are not adequate to fully
understand the effect of photocatalytic treatment on NOM transfor-
mation, including evolution of the molecular size and changes in the
nature of the NOM (e.g., UV254, UV/vis absorption and fluorescence).
In contrast, only a few studies have focused on the transformations
occurring to the NOM during photocatalysis (e.g., Liu et al. [1] by
high-performance size exclusion chromatography (SEC) with UV
absorption detection (SEC-UV) and Tercero et al. [14] by size exclu-
sion chromatography with DOC and UV254 absorbance detection
(SEC-DOC/UV)).

This work therefore studied the evolution of molecular size
distribution of the NOM of a bog lake during photocatalytic
degradation with simulated solar UV irradiation by size exclu-
sion chromatography with DOC, UV254 and fluorescence detection
(SEC-DOC/UV254/Fl254/450), using TiO2 synthesized by the sol–gel
method, coupled with the solvothermal technique at low temper-
ature (200 ◦C and 2 h) and the molar ratios (water/TIOT) = 3.5 and

(2-propanol/TIOT = 15). The results were compared with Degussa
P-25 TiO2 under identical experimental conditions to study the
influence of different properties of TiO2 samples on NOM  molecular
size distribution.

dx.doi.org/10.1016/j.jhazmat.2012.02.003
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:hvalens@gmail.com
dx.doi.org/10.1016/j.jhazmat.2012.02.003
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Table 1
Properties of synthesized TiO2 by the sol–gel method coupled with the solvothermal
technique (200 ◦C and 2 h), and Degussa P-25.

Property Units Synthesized TiO2 Degussa P-25

Anatase (80%)
Crystalline type – Anatase

Rutile (20%)

Crystallite size Nm 6.71 30
S.H. Valencia et al. / Journal of Hazar

. Experimental

.1. Materials and methods

Titanium dioxide (TiO2, Degussa P-25), sodium hydroxide (0.1 N,
erck), hydrochloric acid (0.1 M,  Merck), tetraisopropoxide tita-

ium (TIOT) (98% purity, Merck) and 2-propanol (99.8%, Merck)
ere used as received from the supplier. NOM was taken from Lake
ohloh (“Hohlohsee”, labeled HO-24), a bog lake in the Black Forest,
ermany, which is extensively described elsewhere [15]. The lake
ater was filtered through 0.45 �m cellulose nitrate membrane fil-

ers (Merck) and stored in the dark at 4 ◦C. For the experiments, the
ltered water was diluted to �0(DOC) = 10 mg  L−1 with ultrapure
ater (Milli-Q).

.2. Synthesis of TiO2 by the sol–gel method coupled with the
olvothermal technique

Water and TIOT were slowly added to 2-propanol and stirred
or 2 h at room temperature. Then, the gel was  acidified with
.0027 mol  of HCl (3 mol  L−1). The molar ratios of water/TIOT and 2-
ropanol/TIOT were 3.5 and 15, respectively. TiO2 synthesized with
hese molar ratios showed the highest anatase crystallinity and the
ighest NOM photodegradation. The mixture was  next placed in a
eflon-lined stainless-steel reactor (autoclave) and heated at 200 ◦C
or 2 h. The obtained precipitates were filtered using a 0.45 �m fil-
er and washed with 30 mL  of 2-propanol. The recovered material
as dried at 80 ◦C for 1 h and ground to fine powder [13].

Synthesized TiO2 was characterized using powder X-ray diffrac-
ion (XRD) by an X-ray diffractometer (Rigaku Miniflex) with Cu-K�
adiation in 2� range from 10◦ to 60◦. The reflectance diffusion
pectrum UV–vis (UV/DRS) was obtained using an UV–vis Evo-
ution 600 spectrometer, a thermo Electron Corporation with a
eflectance diffuse accessory. Fourier transforms infrared (FTIR)
pectroscopy by Prestige-21/FTIR-8400S spectrophotometer with
n attenuated total reflectance (ATR) device. The superficial area
f Brunauer–Emmett–Teller (BET) was determined using a Gemini

 Miromerities V 2380 Instrument, with N2 physisorption at 77 K,
he sample was out degassed at 150 ◦C for 1 h in a Micromeritics
ac Preo 06 Kbars and purged using nitrogen for 2 h at 150 ◦C, prior

o the surface area measurement [13].

.3. Irradiation procedure

TiO2 was suspended in 50 mL  of filtered water at
0(DOC) ≈ 10 mg  L−1. Up to nine samples, which were stirred
nd open to the atmosphere, were irradiated simultaneously from
bove by a homogeneous light field, using a solar UV simulator
ith an atmospheric attenuation filter (Oriel Corp., Stratford, USA)

nd additional WG 295 filters (6 mm,  Shott Glaswerke, Mainz,
ermany) installed in the radiation beam. The scheme and the
etails of the solar simulator are described elsewhere [16]. The
adiation source was a 1000-W Xe short-arc lamp. The spectral
rradiance was  determined by spectral radiometry [17] in com-
ination with polychromatic actinometry. The spectrum of the
olar UV simulator contained relatively small portions of visible
ight compared to the real sunlight, while the cut-off wavelength
n the UV range was situated nearly at the same wavelength as
n real sunlight [16]. The estimated photon flow in the UV range
290 < � < 400 nm)  of the solar UV simulator was 1.4 × 10−7 mol

−1 (polychromatic actinometry following Defoin et al. [18]). The
xperimental temperature was maintained at 20 ◦C by a cooling
irculator water bath. TiO2 was immediately removed from the
eaction medium by 0.4 �m HTTP membrane filters (Isopore,
illipore, Ireland) before analysis.
BET  m2 g−1 177.70 50
Bandgap indirect eV 3.24 3.23

2.4. Dissolved organic carbon (DOC)

DOC concentrations were measured with a TOC-analyzer (TOC-
V CSN 5050 Shimadzu, Japan). The samples were filtered through
0.45 �m polycarbonate membrane filters (Millipore, Ireland) prior
to analysis.

2.5. UV/vis absorbance

The UV/vis absorbance in the range from � = 200 to 750 nm was
measured in a Cary 50 photometer (Varian Inc., USA) equipped with
a quartz cell having a path length of 1 cm [19].

2.6. Size exclusion chromatography with organic carbon,
ultraviolet and fluorescence detection (SEC-DOC, SEC-UV and
SEC-Fl)

Size exclusion chromatograms of the filtered (0.45 �m)  sam-
ples were obtained using a SEC-DOC/UV/Fl system developed
by Huber and Frimmel [20] using Toyo-pearl HW 50S resin
(Tosoh Corp., Japan) as column packing. This resin has a nom-
inal molecular weight separation range from 100 g mol−1 to
18,000 g mol−1 (polyethylene glycols). The dimensions of the col-
umn  were: length = 250 mm,  inner diameter = 20 mm  (Novogrom
columns, Alltech Grom, Germany). Phosphate eluent (1.5 g L−1

Na2HPO4·2H2O + 2.5 g L−1 KH2PO4) flowing at a rate of 1 mL  min−1

as the mobile phase. Samples were diluted 1:5 prior to analy-
sis. The injection volume was  1 mL  and the DOC of each sample
was  calculated on the basis of an external calibration using potas-
sium hydrogen phthalate as a standard. A photochemical oxidation
of the sample components is carried out using a low-pressure
mercury-vapor lamp (relevant emission wave lengths at 185 nm
and 254 nm)  in a special rotating thin-film reactor. Under these
conditions, totally excluded molecules eluted after a retention time
(tr) of 28.7 min, while totally permeating molecules eluted after tr

of 66.3 min. A detailed description of the device and protocol was
reported previously [19].

3. Results and discussion

3.1. Properties of TiO2 synthesized

Table 1 shows the properties of the synthesized TiO2 by
the sol–gel method coupled with the solvothermal technique
200 ◦C and 2 h, with the molar ratios of water/TIOT = 3.5 and 2-
propanol/TIOT = 15, and the properties of Degussa P-25 TiO2. The
synthesized TiO2 presented differences in morphological and crys-
tallographic properties compared with Degussa P-25 TiO2. The
DRX analysis showed that the synthesized TiO2 had four char-
acteristic peaks corresponding to the crystalline phase anatase

(2� = 25.3◦, 38.3◦, 48.2◦ and 54.5◦) and the peak correspond-
ing to rutile phase was not observed (2�  = 27.46◦) [21] (Fig. not
shown), whereas Degussa P-25 TiO2 contains anatase and rutile
phase in a ratio of about 3:1 [22]. The FTIR-ATR spectra show no
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Table 2
Pseudo first-order kinetic (ka, min−1) parameters as a function of synthesized TiO2

dosage over 270 min  of irradiation time.

�(TiO2) (g L−1) ka DOC R2 ka UV254 R2

0.2 0.009 0.900 0.016 0.941
ig. 1. Effect of synthesized TiO2 dosage on NOM adsorption and photodegradation.
0(DOC) = 10 mg  L−1, pH = 5.0, adsorption time = 60 min, photocatalytic degradation

ime = 180 min.

ignificant differences. The average particle size calculated by
pplying the Scherer formula [23] on the anatase diffraction peaks
howed synthesized TiO2 has small particle size, and BET anal-
sis showed this method of synthesis leads to higher surface
rea compared to Degussa P-25 TiO2. However, both catalysts
resented similar indirect bandgap values for anatase, obtained
sing the Kubelka–Munk reemission function [24]. The literature
eports an indirect band gap of 3.23 eV for anatase phase [25].
etailed morphological characterization of synthesized TiO2 by the

ol–gel method coupled with the solvothermal technique has been
eported elsewhere [13].

.2. Photolysis and adsorption experiments in the dark

The simulated UV irradiation in the absence of the synthe-
ized TiO2 did not produce changes in DOC concentrations during
70 min  of reaction. The adsorption equilibrium of NOM onto syn-
hesized TiO2 in the dark was reached in less than 5 min  (data not
hown). For all experiments that followed, an adsorption time of
0 min  was chosen to ensure the equilibrium state.

.3. Effect of synthesized TiO2 dosage on the adsorption and
emoval of NOM

Fig. 1 shows the remaining DOC as a function of synthesized
iO2 dosage after adsorption in the dark to reach equilibrium
tate, and after photocatalytic degradation. The amount of DOC
dsorbed increased with increasing �(TiO2) up to 0.5 g L−1. Any
urther addition of TiO2 did not change the DOC adsorption. The
OC removal during photodegradation increased with increasing
(TiO2) between 0.1 and 0.4 g L−1 due to an increased number of
ctive sites. At higher �(TiO2), the DOC removal remained constant
ecause the turbidity of the suspension reduced the effective UV

rradiation [26]. Therefore, the optimum �(TiO2) was 0.4 g L−1. The
OC conversion at this �(TiO2) was 94.9% after 270 min  of irradia-

ion.
The Langmuir–Hinshelwood (L–H) model is commonly

mployed to quantitatively describe heterogeneous reactions
27]. For low liquid-phase concentrations of the organic substrate

 pseudo-first-order reaction can be used, ln C0/Ct = −kat [28],
here ka (min−1) denotes the pseudo-first-order reaction rate

onstant and C0 is the initial concentration of substrate or the
pecified UV–vis parameters. To determine the kinetic data for
OC and UV254 during the photodegradation with synthesized
iO2, the relationship between ln C0/Ct and irradiation time was
lotted [29]. It was found that the photodegradation of NOM under

he synthesized TiO2 obeyed first-order reaction kinetics (Table 2).
he ka of UV254 removal is significantly higher than the ka of DOC
emoval, implying that the loss of aromaticity and insaturation of
he substances is easier achieved than their mineralization [30].
0.4 0.012 0.904 0.018 0.937
0.6  0.011 0.923 0.017 0.921

3.4. Changes in molecular weight, UV254 and fluorescence by
SEC-DOC, SEC-UV254 and SEC-Fl254/450

Fig. 2 shows the SEC-DOC (a), SEC-UV254 (b), and SEC-Fl254/450 (c)
chromatograms of the NOM during the photocatalytic degradation
of NOM with synthesized TiO2, using the solar UV simula-
tor (batch reactor), with �0(DOC) ≈ 10 mg  L−1 at pH = 5.0 and
�(TiO2) = 0.4 g L−1. UV254 is mainly absorbed by aromatic rings and
conjugated double bonds [2],  and the fluorescence at �ex = 254 nm
and �em = 450 nm is typical for humic acids [31].

SEC chromatograms (Fig. 2) were divided into three frac-
tions corresponding to the retention time (tr) (numerically
equal to the elution volume in mL  in this case). These frac-
tions were labeled F1–F3. F1 was  defined in the interval
28.0 min  < tr < 45.8 min  and attributed to humic material [32].
F2 was between 45.8 min  < tr < 50.7 min  and contained aromatic
and polyfunctional organic acids, but mainly aromatic organic
acids [33,34]. F3 was  defined between 50.7 min  < tr < 56.5 min  and
included totally permeating molecules, as well as molecules which
elute prematurely due to the difference in electrical conductivity
between sample and buffer [14,32,34].

The shape and distributions of size fractions of NOM in an SEC
is sensitive to minor changes of solutions parameters [35]. The
UV-detection of NOM during SEC may  be negatively affected by
the presence of high concentrations of UV-absorbing inorganic
ions (e.g. nitrate, iron) or UV-scattering particles [36]. The orig-
inal Lake Hohloh water contained �1  �mol  L−1 of each Cu and
Mn,  approx 2 �mol  L−1 for Zn, and approx. 6 �mol  L−1 for Fe, as
measured by inductively coupled plasma optical emission spec-
troscopy (ICP-OES). This elemental analysis data indicate that the
content of inorganic substances in the row water was  low with ref-
erence to Weishaar et al. [37], who  found significant UV absorbance
values at 254 nm only above a concentration of 500 �g L−1 for
Fe and 40 mg  L−1 for nitrate. Therefore, UV-absorption resulting
from the presence of inorganic chromophores is negligible, and
UV-absorption is caused by the NOM.

SEC-DOC (Fig. 2a) shows a high adsorption of NOM onto synthe-
sized TiO2 in the dark with significant removal for all investigated
fractions. There was  not preferential adsorption for any NOM frac-
tion. However, the larger fraction of NOM (F1) were preferentially
degraded during the irradiation time, and F1 shifted continuously
towards longer retention times (lower weight size). It implies that
mineralization did not proceed directly to CO2, but occurred by
the breakdown of larger molecules into smaller size fractions. After
60 min  of irradiation, there was  near complete removal of F1 with
concurrent increases in F2 and F3. Following 120 min  of irradia-
tion, a complete removal of F1 was reached with a nearly complete
disappearance of F2, whereas F3 continued to grow. Following
180 min, F3 began to decline, whereas F2 was  practically depleted,
and after 240 min, F3 continued to decline.

The SEC-UV254 measurements (Fig. 2b) were qualitatively sim-
ilar to those from SEC-DOC, but the transformations occurred
faster. SEC-UV254 shows a high adsorption of NOM with high UV254
absorption onto synthesized TiO in the dark. There was signifi-
2
cant adsorption for all fractions studied. After 60 min of irradiation,
there was a rapid reduction in F1 with concurrent increases in F2
and F3. Following 120 min  of irradiation, F1 and F2 were completely
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ig. 2. SEC-DOC (a), SEC-UV254 (b) and SEC-Fl254/450 (c) chromatograms of NOM sho
iO2. �(TiO2) = 0.4 g L−1 and pH = 5. Ads: adsorption, gray line is SEC chromatogram

emoved, with a slight reduction in F3. Following 180 min  of irra-
iation, there was no remaining significant UV absorption for the
amples.

SEC-Fl254/450 (Fig. 2c) shows near complete adsorption of fluo-
escents compounds, and the transformation occurred faster than
n SEC-DOC and SEC-UV254, such that at 60 min  of irradiation there
s not significant fluorescence intensity. Thus, phocatalysis with
ynthesized TiO2 broke down the high molecules into smaller
olecules with less intensity fluorescence.
Therefore, the photodegradation of NOM with synthesized TiO2

emonstrated selectivity. The NOM photodegradation proceeded
ith a preferential degradation of larger molecules with high
V254 absorption and fluorescence intensity into smaller with

esser UV254 absorbance and fluorescence intensity. Tercero et al.
14] reported that the preferential photodegradation of the larger
olecules of NOM was due to the preferential adsorption of these
arge molecules onto Degussa P-25 TiO2 in the dark. However, the
EC chromatogram with synthesized TiO2 showed no preferen-
ial adsorption of F1 in the dark, but it did show a preferential
ractions F1–F3 and their time evolution during photodegradation with synthesized
M at t = 0 min  (without adsorption and degradation).

degradation of F1. To this end, the reaction between •OH and NOM
depends on the molecular weight, where •OH reacted preferen-
tially with higher molecular weight structures. They tend to be
more aromatic and may  have a larger number of available reac-
tions [2].  Additionally, Westerhoff et al. [38] observed for different
NOM isolates a positive correlation between the molecular weight
and aromaticity of NOM and the reaction constant between •OH
and the NOM. Neverthless, although •OH also attacks medium and
small fractions (F2 and F3), their rate of formation exceeded their
rate of degradation. Consequently, there was  an overall increase in
the concentration of F2 and F3 at the expense of F1.

3.5. Changes in UV/vis absorption of NOM with TiO2 synthesized

A steady decrease in the UV/vis absorption of NOM was observed

with increasing irradiation time from 60 to 180 min  (Fig. 3). Fol-
lowing 180 min  of irradiation, there was a small amount of organic
matter, which persisted even after 240 min  of irradiation, indicating
that complete mineralization could not be achieved. This resistant
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ig. 3. Effect of irradiation time on UV/vis absorption spectral during photocat-
lytic degradation of NOM with synthesized TiO2. �0(DOC) ≈ 10 mg  L−1 at pH = 5
nd  �(TiO2) = 0.4 g L−1.

raction was composed of refractory compounds found in the orig-
nal NOM solution or byproducts of partial oxidation [30].

Table 3 shows the specific absorbance parameters and spec-
roscopy ratios of NOM during photocatalytic degradation with
ynthesized TiO2, using the solar UV simulator (batch reactor),
ith �0(DOC) ≈ 10 mg  L−1 at pH = 5.0 and �(TiO2) = 0.4 g L−1. The

pecific UV absorbance (SUVA, L mg−1 m−1) is defined as the UV
bsorbance per milligram of organic carbon, and the specific color
bsorbance (SCOA436, L mg−1 m−1) is defined as Color436 per mil-
igram of organic carbon.

SUVA254 represents the UV-absorbing aromatic structures and
ouble bonds of NOM [2],  and high SUVA254 values indicates that
he organic matter is composed largely of hydrophobic and high
pparent molecular weight [39]. This parameter can be used to
escribe the composition of water in terms of hydrophobicity and
ydrophilicity. An SUVA254 > 4 indicates mainly hydrophobic and
specially aromatic material, whereas 2 < SUVA254 < 4 represents a
ixture of hydrophobic and hydrophilic NOM and SUVA254 < 2 rep-

esents hydrophilic material [40]. SUVA365 has been demonstrated
hat increase with increasing molecular [41]. The absorbance value
t � = 436 nm (Color436) represents the color-forming moieties, and
t is used to estimate the content of quinones in HS samples [42].

All specific absorbance parameters (SUVA and Color436) sig-
ificantly decreased (Table 3), implying a reduction of aromatic
ompounds and double bonds, a decrease in molecular size, and the
eduction of quinones. Moreover, the NOM composition changed
rom hydrophobic to hydrophilic after 120 min  of irradiation
SUVA254 < 2). This residual organic matter with these properties is
ess reactive with chlorine to form disinfection by-product (DBPs)
uch as trihalomethanes (THMs) [3].  A strong linear correlation

etween DOC and SUVA254, SUVA365 and SCOA436 was found, with
he correlation coefficients (R2) 0.976, 0.983 and 0.976, respec-
ively.

able 3
UVA (m−1 mg−1 L) as a function of irradiation time in NOM photocatalytic degrada-
ion  with synthesized TiO2. �0(DOC) ≈ 10.0 mg  L−1 at pH = 5 and �(TiO2) = 0.4 g L−1.

Time (min) DOC SUVA254 SUVA365 SCOA436

0 10.14 5.27 1.31 0.42
Ads 3.71 4.14 1.19 0.43
60 3.09 2.16 0.31 0.09
120 1.91 1.68 0.09 0.03
180 1.19 0.59 0.07 0.02
240 0.59 0.64 0.10 0.04
Removal (%) 94.1 87.7 92.3 89.6
Fig. 4. E253/E203 and E250/E365 parameters during NOM photocatalytic degradation
with synthesized TiO2. �0(DOC) ≈ 10 mg L−1 at pH = 5 and �(TiO2) = 0.4 g L−1.

Fig. 4 shows the ratios of the UV/vis absorption at 253–203 nm
(E253/E203) and absorption at 250 nm to 365 nm (E250/E365) of NOM
during photocatalytic degradation with synthesized TiO2, using
the solar UV simulator (batch reactor), with �0(DOC) ≈ 10 mg  L−1

at pH = 5.0 and �(TiO2) = 0.4 g L−1. The E253/E203 is low for unsub-
stituted aromatic ring structures and increased for NOM with
hydroxyl, carbonyl, ester and carboxylic functional groups [42].
These groups participate preferentially in reactions to generate
DBPs [43]. The E250/E365 has been reported to correlate with the
molecular size and aromaticity, increasing as the aromaticity and
the molecular size decrease [40]. As seen from the data, there
was  a gradual decrease in molecular size (E250/E365 increased)
and an increase in electrophilic structures and unsaturated bonds
(E253/E203 decreases) during the photocatalytic degradation of
NOM. These results are consistent with SEC analysis.

3.6. Comparison of synthesized TiO2 with Degussa P-25 TiO2 in
the photodegradaton of NOM

The effectiveness of synthesized TiO2 in the photodegradation of
NOM was compared with Degussa P-25 TiO2 under identical exper-
imental conditions except for using �(TiO2) = 0.6 g L−1 of Degussa
P-25. This amount was  found to be optimal for Degussa P-25 (data
not shown). Fig. 5 shows the resulting SEC-DOC (a), SEC-UV254 (b)
and SEC-Fl254/450 (c) chromatograms [44].

We found two  differences in NOM photodegradation between
Degussa P-25 and synthesized TiO2. First, Degussa P-25 TiO2 pre-
sented a preferential adsorption of the large fraction (F1) in the
dark for DOC, UV254 and Fl254/450 (Fig. 5), whereas synthesized TiO2
presented a high adsorption for all fractions (F1–F3). However, the
sequence of the photodegradation remained constant. For both cat-
alysts, the growth of the smaller fractions (F2–F3) occurred at the
expense of the large fraction (F1).

Second, the synthesized TiO2 was more efficient than Degussa P-
25 for the photocatalytic removal of DOC, especially the removal of
UV254 absorption and Fl250/450, implying higher loss of aromaticity
and conjugated double bonds, which are associated with the main
precursor for DBPs [45]. SEC-DOC with Degussa P-25 TiO2 (Fig. 5a)
shows a larger increase in DOC content for F2 and F3 after 60 min
of irradiation in comparison to synthesized TiO2 (Fig. 2a), although
both catalysts showed only small differences in F1 removal, due
to after 60 min of irradiation there was near complete removal of
F1. Nevertheless, following 120 min  and 240 min of irradiation, the
rate of degradation of F3 was similar for both catalysts; implying
complete mineralization could not be achieved. SEC-UV254 shows

a clear effect of the catalyst on UV254 absorption removal. Degussa
P-25 TiO2 (Fig. 5b) presented a larger increase in UV254 absorption
of F2 and F3 after 60 min  of irradiation in comparison to the syn-
thesized TiO2 (Fig. 2b). SEC-Fl254/450 shows that Degussa P-25 TiO2
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Fig. 5. SEC-DOC (a), SEC-UV254 chromatograms (b) and SEC-Fl254/450 (c) of NOM showing the fractions F1–F3 and their time evolution during photodegradation with Degussa
P −1 gram o

(
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o
d
p
p
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t
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t
s
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t
p
i
a
o
s
l

-25  TiO2. �(TiO2) = 0.6 g L and pH = 5. Ads: adsorption, gray line is SEC chromato

Fig. 5b) presented an increase in Fl254/450 of F2 and F3 after 60 min
f irradiation, whereas synthesized TiO2 lead to complete removal
f all fractions (F1–F3). It shows there was retardation in the degra-
ation of F2 and F3 fractions with Degussa P-25 TiO2. Therefore, the
hotocatalytic process with the synthesized and Degussa P-25 TiO2
roceed at different velocities and lead to different products and
ize distributions of the metabolites of the original NOM, although
he sequence of the photodegradation remained constant for both
atalysts.

The differences in morphological and crystallographic proper-
ies of synthesized and Degussa P-25 TiO2, such as the specific
urface, crystalline size and the crystalline phases (anatase or
natase-rutile) did not affect the selectivity for NOM pho-
odegradation. Nevertheless, they did affect the efficiency of the
hotodegradation process. The reason for this was the differences

n their NOM adsorption in the dark [46]. The synthesized TiO2 had

 higher capacity for NOM adsorption in the dark (63.4% and 47.5%
f DOC for synthesized and Degussa P-25, respectively), and the
ynthesized TiO2 did not present a preferential adsorption of the
arger molecular weight fraction in the dark due to its high surface
f NOM at t = 0 min  (without adsorption and degradation).

area. This emphasized the importance of the specific surface area
in NOM photocatalytic degradation [47].

4. Conclusions

TiO2 synthesized by the sol–gel method with the solvother-
mal  technique in the molar ratios of water/TIOT = 3.5 and
2-propanol/TIOT = 15 showed higher efficiency than Degussa P-25
TiO2 for the photocatalytic degradation of NOM. The results showed
that the high adsorption of the NOM onto synthesized TiO2 in the
dark, due to its high specific surface area, led to a faster rate of NOM
photodegradation. The differences in morphological and crystal-
lographic properties of synthesized and Degussa P-25 TiO2, such
as the specific surface, crystalline size and the crystalline phases
(anatase or anatase-rutile) did not affect the selectivity of pho-

todegradation of NOM. For both catalysts, NOM was preferentially
degraded into medium and smaller molecular size fractions. Subse-
quent degradation led to near complete removal of these molecular
size fractions in the tested samples.
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