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a b s t r a c t

Photocatalytic processes in the presence of titanium dioxide provide an interesting route to destroy haz-
ardous organic contaminants, being operational in the UV-A domain with a potential use of solar radiation.
The solar photocatalytic degradation of paper mill wastewater has been studied over synthesized nano
TiO2. The catalyst was characterized by techniques like X-ray diffraction (XRD), gravimetric-differential
thermal analysis (TG-DTA) and IR. The enhanced photocatalytic activity of the synthesized catalyst is
attributed to the crystallinity, nano-size, large amount of surface hydroxyl species and reduced band-gap.

The results show that prepared TiO2 in the presence of solar light can be employed as an effective
photocatalyst for the removal of chemical oxygen demand (COD) from the wastewater but in optimized
conditions. The effects of catalyst loading and pH have been investigated. The degradation was strongly
enhanced in the presence of electron acceptor such as H2O2. It was found that the photocatalytic degra-
dation of the paper mill wastewater obeys the pseudo-first order kinetic reaction in the presence of the
photocatalyst. At optimum dose of 0.75 g/L TiO2 and pH value of 6.5, 75% COD removal of the wastew-
ater was achieved within 180 min solar irradiation time. A reduction of 80% of total suspended solids

(TSS) from the wastewater was also obtained at the same operating conditions. The experimental results
have also shown that the non-biodegradable substances can be very effectively degraded by the solar
photocatalytic treatment.

The biodegradability of the wastewater treated photocatalytically was measured in terms of BOD5/COD.
A substantial improvement in BOD /COD (0.35) could be achieved, but it required the removal of at least

carb
70.5% of the total organic

. Introduction

Effluents of the pulp and paper industry contain a number
f toxic compounds and may cause deleterious environmental
mpacts upon direct discharge to receiving waters. Pulping pro-
esses utilize large amounts of water, which reappear in the form
f an effluent. The main treatment process used in paper mill
ndustry is primary clarification, and then succeeded by secondly
reatment, generally of a biological nature. But the effluent after
iological treatment still contains appreciable concentrations of
OD, color and toxicity [1]. The COD, which originates from per-

istent substances in the wastewater, cannot be further reduced
y biological process alone. If the treated effluent is discharged

nto water streams or land mass without further treatment, it will
esult in severe environmental pollution [2]. In addition, the paper
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on originally in the water.
© 2011 Elsevier B.V. All rights reserved.

industry is likely to face more stringent regulations on the qual-
ity of effluents entering receiving waters. Thus, the use of tertiary
treatment has to be considered in the future.

In recent years advanced oxidation processes (AOPs) have been
developed to meet the increasing need of an effective wastewa-
ter treatment. AOP generates powerful oxidizing agent hydroxyl
radicals which completely destroy the pollutants in waste water.
Heterogeneous photocatalysis through illumination of UV (or) solar
light on a semiconductor surface is an attractive advanced oxi-
dation process for water treatment applications. Heterogeneous
photocatalysis is a promising technology for the removal of toxic
organic and inorganic contaminates from water. However, the
development of a practical photocatalytic system focuses on the
cost effectiveness of the process by the use of renewable solar

energy source. Photocatalytic degradation of organic contami-
nants using solar radiation can be highly economical compared
with the processes using artificial UV radiation, which require
substantial electrical power input. Abundant solar energy can be
utilized efficiently in the photocatalytic processes for the degra-

dx.doi.org/10.1016/j.cej.2011.01.028
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:omaytarek73@yahoo.com
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2.2. Preparation and characterization of TiO2

Titanium dioxide (TiO2) powder used in this study was synthe-
sized by a conventional sol–gel process. TiCl4 was first dissolved

Table 1
Composition of the paper mill effluent with 4-folds dilution used in this study.
Fig. 1. General mecha

ation of organic pollutants. Several literatures are available on
hotocatalytic destruction of various organic and inorganic pollu-
ants using artificial UV radiation [3,4]. Photocatalytic oxidation of
hese pollutants using sunlight has also been reported [5–12]. The
eterogeneous photocatalysis has been studied for degrading the
rganic matters dissolved in paper mill effluents [13–16]. The basic
rocess of photocatalysis consists of ejecting an electron from the
alence band (VB) to the conduction band (CB) of the TiO2 semi-
onductor creating an h+ hole in the valence band. This is due to
V irradiation of TiO2 with an energy equal or superior to the band
ap (>3.2 eV) (Eq. (1)):

iO2 + h� → e−
cb + h+

vb (1)

This is followed by formation of extremely reactive radicals (like
H•) at the semi-conductor surface and/or a direct oxidation of the
olluting species (R) (Eqs. (2)–(4)): the ejected electrons react with
lectron acceptors such as oxygen adsorbed or dissolved in water
Eq. (5)). The mechanism is summed up in Fig. 1:

+
vb + H2O → •OH + H+ (2)

+
vb + OH− → •OHad (3)

+
vb + Rads → R+ (4)

−
cb + O2 → O2

•− (5)

Among various semiconducting materials (oxides, sulfides, etc.)
ost attention has been given to TiO2 because of its high photo-

atalytic activity, chemical stability resistance to photocorrosion,
ommercial availability, low cost, non-toxicity and favorable wide
and-gap energy (3.2 eV) [17,18]. Titanium dioxide is a solid semi-
onductor that upon light excitation generates electrons in the
onduction band and holes in the valence band [19]. Also in this
ase the mechanism remains to be fully established: the holes could
nitiate oxidation of the substrate, generating its radical cation.
lternatively, hydroxyl radicals could be generated from water
olecules [20]. As radiation with wavelengths shorter than 380 nm

s absorbed by titanium dioxide, the UV fraction of sunlight can be
mployed in the process. Titanium dioxide is a semiconductor that
s particularly promising in this regard [21]. Extensive works have
een done elsewhere on solar photocatalytic oxidation of organic
ompounds [22–25].

The aim of the present work was to test solar photocatalysis

or the treatment of wastewaters from paper mill industries. In
his work, we focused on the preparation of highly catalytic active
ano size anatase structured TiO2. We have synthesized nano TiO2;
hich absorbs UV and most of the visible light of the solar spec-

rum. The photocatalytic activity of this catalyst was evaluated
of the photocatalysis.

by measuring degradation efficiency of the paper mill wastew-
ater under solar irradiation. The catalyst has been characterized
using X-ray diffraction (XRD) technique, gravimetric-differential
thermal analysis (TG-DTA) and FTIR. For the practical application of
the treatment of paper mill wastewater by TiO2–sunlight process,
there is a need to determine the optimal conditions of experimen-
tal parameters. In the present investigation we have investigated
several parameters such as the catalyst loading, pH and the addi-
tion of electron acceptor such as hydrogen peroxide under specified
climatic conditions (solar intensity and ambient temperature) to
find out the optimum conditions for the removal of COD from the
wastewater.

2. Experimental

2.1. Source and the characterization of the wastewater

The original real wastewater used was obtained from Egyp-
tian board paper mill industrial plant and was provided as a
material of this study. The plant produces 25 ton/day board paper
from recycling wasted paper. Wastewater discharged from the
mill amounted to 1000 m3/day was dumped into a pond nearby
the factory without any treatment. The wastewater produced was
highly contaminated with suspended solids and organic pollu-
tants as well. The samples are taken from the end-of-pipe and
were treated without modifications. These effluents were char-
acterized with a high organic load of chemical oxygen demand
(COD) and low biological oxygen demand (BOD5) indicating low
biodegradability of the organic compounds present in the wastew-
ater requiring advanced treatment. Low ratio (BOD5/COD) of 0.16
proved the non-biodegradability proprieties of the wastewater and
the requirement of advanced treatment. In our study the final efflu-
ent of the industry was diluted to 4-fold before treatment and its
composition was listed in Table 1.
Parameters Unit Value

pH – 6.5
COD mgO2/L 2075
BOD5/COD ratio – 0.16
TSS mg/L 1165



448 M.Y. Ghaly et al. / Chemical Engineering Journal 168 (2011) 446–454

ation

i
w
p
a
r
s
a
3
p
d
d
T
w
p
a
i
t

2

u
p
i

Fig. 2. (a) Schematic diagram of solar catalytic oxid

n an ethanol/water (volume ratio of 4:1) solution, and ammonia
as then introduced into the solution to induce condensation until
H reached 7.5. The resulted gelatinous precipitate was filtered
nd washed to remove chloride and then dried at 80 ◦C in air. The
esulted powder was then dried band to make the catalyst. The
tandard calcinations procedure involved heating the powder at
rate of 50 ◦C/h to 450 ◦C, and holding the powder at 450 ◦C for
h, finally the powder being furnace-cooled. The prepared nano
owder was characterized X-ray diffraction (XRD), gravimetric-
ifferential thermal analysis (DTA) and infra red (IR). The X-ray
iffract meter type Philips, model Brukur D8 Advance-Germany,
arget Cu K�, with secondary monochromator V = 40 kV, A = 40 mA,
ith Ni filter was used to investigate the crystalline phases of the
repared nano powder. DTA [STERAM LabsysTM TG-DSC1600 ◦C]
pparatus with heating rate 5 ◦C/min and IR Fourier transform
nfrared spectroscopy (FT/IR-6300-Jasco spectroscopy) were used
o confirm the obtained phases.

.3. Configurations of the solar collector
The parabola cylindrical concentrator solar photoreactor config-
ration, as shown in Fig. 2(a), was used to perform heterogeneous
hotocatalysis oxidation of the paper mill wastewater under solar

rradiation in a total recirculation loop with a feed tank by a peri-
unit. (b) Solar parabolic collector used in the study.

staltic pump. The solar reactor is consisted of one UV transparent
glass tube with 3.5 m long and internal diameter of 40 mm as a
receiver. An irradiated surface of 3.7 m2 from borosilicate glass is
placed on fixed support as a parabolic concentrating collector that is
to be oriented about a horizontal east-west axis so as to constantly
minimize the angle of incidence and thus maximum the incident
beam radiation [26].

2.4. Solar irradiation experiments

All solar photocatalytic experiments were carried out under
similar conditions on sunny days of summer (August) under clear
skies between 11 a.m. and 3 p.m. The intensity of solar radiation
and ambient air temperature were measured using a weather sta-
tion erected in the outdoor test field of the Solar Energy Department
of NRC, Giza, Egypt. The problem of variation of intensity of sunlight
even under a clear sky is overcome by conducting experiments in
sets simultaneously and comparing the results. At this time, the
UV intensity ranged from 35 to 45 W/m2, which corresponds to

the 30% of the power of the solar irradiation. The photocatalytic
oxidation was carried out in aqueous suspensions of the prepared
TiO2 irradiated by sunlight which was focused on the photoreaction
system. The wastewater and the catalyst at definite concentrations
were continuously fed to the solar reactor from the feed tank by
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Fig. 3. XRD of the prepared TiO

eans of a peristaltic pump as batch process. The solution flow rate,
aintained constant for all of the runs, was 60 L/h. The total irradi-

ted volume was 3.5 L. The schematic diagram of the experimental
et-up is shown in Fig. 2(b).

The experimental runs were carried out by using the follow-
ng procedure: firstly the suspensions were magnetically stirred in
he dark for 10 min to attain adsorption–desorption equilibrium
etween the wastewater and TiO2, the aqueous suspension con-
aining the wastewater and the TiO2 powder was circulated in the
eacting system.

Since the literature reports that the presence of strong oxidant
pecies can greatly enhance the photooxidation rate of organic
ompounds [27]. The influence of the presence of hydrogen per-
xide (H2O2 solution, 35% (w/w) in stable form provided by Merck)
n the photocatalytic oxidation rate was also investigated. In these
xperiments, hydrogen peroxide was injected before the start of the
olar catalytic oxidation. Samples were taken at regular time inter-
als from the solar reactor and first were centrifuged to get ride off
he residual catalyst and then were analyzed immediately to avoid
urther reaction. In the experiments with the addition of hydrogen
eroxide, the reaction was stopped instantly by adding NaOH to
he reaction samples to decompose any residual hydrogen perox-
de and prevent hydrogen peroxide from reacting with the organic
ompounds present in the wastewater during the analysis, since
ydrogen peroxide cannot proceed at pH >10. The initial pH to the
esired value was adjusted with H2SO4 or NaOH. The dependence
f solar photooxidation rate of the wastewater on catalyst amount,
H and the addition of hydrogen peroxide was investigated.

.5. Analysis

The wastewater effluents were characterized and analyzed for
OD, BOD5, TSS and other physical chemical analysis, according to
he procedures described in Standard Methods for the Examination
f Water and Wastewater (APHA, AWWA, 1995) [28].
The pH was measured by means of a WTW pH-meter 537
quipped with a pH combination electrode E56. Chemical oxygen
emand (COD) was carried out via a Hach-2000 spectrophotome-
er using a dichromate solution as the oxidant in strong acid media
sing closed reflux, colorimetric method according to APHA, 1995
to catalysis calcined at 450 ◦C.

section 5220-D. Total suspended solids (TSS) in samples were mea-
sured by the gravimetric method according to APHA, 1995 section
2540-D. Hydrogen peroxide was detected by a modified iodomet-
ric titration method [29]. BOD5 was measured using a respirometry
system by 5-day BOD test according to APHA, 1995 section 5210-B.
All values of COD and the other parameters of the wastewater are
presented in Table 1.

3. Results and discussion

3.1. Characterization of the prepared TiO2 nanoparticles

X-ray diffraction (XRD) was used to investigate the crystalline
phases (anatase or rutile) of the TiO2 powder. XRD of the prepared
TiO2 photo catalysis calcined at 450 ◦C is shown in Fig. 3. Peaks char-
acterizing anatase with minor amount of rutile phases are detected
in the pattern. The broadness of the peaks indicates the lack of
complete crystallinity of the obtained phases at such calcinations
temperature.

Two major structural forms of titanium dioxide can exhibit pho-
tocatalytic activity: anatase and rutile [30]. Anatase (chains of TiO6
octahedral sharing two edges) has a wider optical band gap of
3.2 eV, and the band gap of rutile (chains of TiO6 octahedral shar-
ing four edges) is 3.0 eV [31]. It is important to develop methods
for the selective preparation of TiO2, because anatase and rutile
are often formed at the same time during the formation of TiO2
and it is desired to synthesize anatase nanoparticle TiO2 since the
anatase form has a higher photocatalytic activity than rutile TiO2
[37]. Different preparation methods and conditions yield differ-
ent particle sizes and phase compositions of the nanostructured
TiO2 that display different morphological, structural, and surface
physiochemical properties, and also give different photocatalytic
activities [32]. These conditions include the types of precursors,
the concentration and molar ratio of reactants, the polarity of the
solvent, the pH, and the temperature of the reacting solution.
Fig. 4 shows TGA thermograph of the calcined TiO2 at 550 ◦C.
About 0.5% weight loss at 165 ◦C was obtained due to the loss
physically adsorbed and entrapped moisture from the surround-
ing medium. IR spectrum of the calcined TiO2 is shown in Fig. 5.
The binding vibration H–O–H at 1624 and weak stretching vibra-
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Fig. 4. TGA of the prepared TiO2 photo catalysis at calcinations temperature of 450 ◦C.
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of the aromatic part of the paper mill wastewater took a longer
time for its removal. Initially the degradation is fast and at the end
of the photocatalytic process the removal rate is slow. This is due
to the formation of intermediate compounds in the wastewater.
Fig. 5. IR spectra of the prepared TiO2 phot

ion O–H at 3372 cm−1 indicate the existence of a small amount
f water and hydroxyl group. The absorption peak at 1405 cm−1

bserved for freshly prepared TiO2 powder by wet process. The
ide peak from 410 to 1000 cm−1 is assigned to Ti–O–Ti starching

ibration.

.2. Photodegradability

Fig. 6 shows the results of photodegradation with and without
iO2–solar light. In the absence of photocatalyst the wastewater, on
rradiation with the solar light, has been found to be nearly stable.
n the presence of TiO2 (0.75 g/L) and in the absence of solar light,
bout a 12% only of COD removal was observed within 180 min
eaction time. This is due to the adsorption of the organic pollutants
resent in the wastewater on the surface of TiO2. Simultaneous
olar irradiation caused 70.5% COD removal of the wastewater
t catalyst dos of 0.75 g/L and pH value of 6.5 within 180 min
olar irradiation time. The results indicated that the observed high
ecomposition in the presence of both solar light and TiO2 pro-
ess is exclusively attributed to the photocatalytic reaction of the
emiconductor particles. On the other hand, these experiments

emonstrated that both solar light and a photocatalyst, TiO2, were
eeded for the effective treatment of the paper mill wastewater. It
as been established that the photocatalytic degradation of paper
ill wastewater is initiated by photoexcitation of the semiconduc-

or to electron hole pair on the catalyst surface. The degradation
lysis at calcinations temperature of 450 ◦C.
Fig. 6. %COD removal during the treatment of the wastewater by different oxida-
tion processes against reaction time, with solar light only, with TiO2 only and with
solar/TiO2 [TiO2 = 0.75 g/L, pH = 6.5].
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Table 2
Collective table for the experimental runs conditions and results in this study.

Run no. Catalyst loading (g/L) pH Solar radiation H2O2 (ml/L) k0 (min−1) ϕ180 (%)

1 0 6.5 + 0 0.0003 4.7
2 0.75 6.5 − 0 0.0007 12
3 0.75 6.5 + 0 0.0066 70.5
4 0.25 6.5 + 0 0.0036 46.3
5 0.5 6.5 + 0 0.0043 55.1
6 1 6.5 + 0 0.0060 67.3
7 1.25 6.5 + 0 0.0049 57.5
8 1.5 6.5 + 0 0.0038 48.4
9 0.75 3 + 0 0.0032 43.1

10 0.75 5 + 0 0.0039 50.6
11 0.75 8 + 0 0.0068 72.1
12 0.75 10 + 0 0.0076 74.7
13 0.75 6.5 + 1 0.0073 73.9
14 0.75 6.5 + 2 0.0087 77.9
15 0.75 6.5 + 3 0.0065 68.0
16 0.75 6.5 + 4 0.0053 62.0

k
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0 is the pseudo-first-order reaction rate constants in min−1.
180 is the efficiencies of %COD removals within 180 min reaction time.
means with or in the presence of.
means without.

he competition of the intermediate compounds with the parent
olecules in the photocatalytic degradation process slows down

he rate. The removal of COD of the wastewater was analyzed at dif-
erent reaction times and a pseudo-first-order kinetics was found
n all cases. The obtained pseudo-first-order reaction rate constants
k0) in min−1 and the %COD removal at 180 min reaction time (ϕ180)
re shown in Table 2 (Runs 1–3).

.3. Effect of catalyst loading

The amount of catalyst is one of the main parameters for the
egradation studies. In order to avoid the use of excess catalyst

t is necessary to find out the optimum catalyst loading for effi-
ient removal of COD of the wastewater. Several authors have
nvestigated the reaction rate as a function of catalyst loading
n photocatalytic oxidation process [33–35]. The effect of cata-
yst weight on the percentage removal of COD was investigated
rom 0.25 to 1.25 g/L of the catalyst at pH equals 6.5. The results

re shown in Fig. 7. The results clearly show that the increase of
atalyst weight from 0.25 to 0.75 g/L increases the %COD removal
harply from 46.3 to 70.5 at 180 min solar irradiation time. The
inimum percentage COD degradation at lower TiO2 loading can

ig. 7. %COD removal during the treatment of the wastewater by solar photocat-
lytic oxidation against solar irradiation time at different loading of TiO2 [pH = 6.5].
be attributed to the fact that more light is transmitted through the
reactor and the transmitted light is not utilized in the photocat-
alytic reaction [36]. At 0.75 g/L of TiO2, the percentage degradation
of the wastewater increases this enhancement of removal rate is
due to (i) the increase in the amount of catalyst weight which
increases the number of organic pollutants adsorbed and (ii)
the increase in the density of particles in the area of illumina-
tion.

But at concentrations more than 0.75–1 g/L the %COD removal
is almost constant. This limiting value (0.75 g/L) may be due to the
enhancement of light reflectance by the catalyst and decrease in
light penetration, aggregation of TiO2 particles at high concentra-
tions, causing a decrease in the number of active surface sites, and
increase in opacity and high scattering of TiO2 particles at high
concentrations leading to a decrease in the passage of irradiation
through the sample, hence the part of the catalyst surface become
unavailable for photon absorption, and degradation rate decrease.
Similar results have been reported in previous studies [37]. Thus,
the decreased percentage degradation at higher catalyst loading
(higher than 1.25 g/L TiO2 in our study) may be due to deactivation
of activated molecules by collision with ground state molecules.
Shielding by TiO2 may also take place (Eq. (6)):

TiO2
∗ + TiO2 → TiO2 + TiO2

# (6)

where TiO2* is the TiO2 with active species adsorbed on its surface
and TiO2

# the deactivated form of TiO2.
It should be pointed out that, the catalyst loading affects both

the number of active sites on photocatalysts and the penetration of
solar light through the suspension. Although, as the catalyst loading
increases, the number of active sites increases but the penetration
of solar light decreases due to shielding effect [38,39]. The photo-
catalytic degradation rate, which is influenced by both the number
of active sites and the penetration of solar light, must therefore
pass through a maximum at optimum catalyst loading. The similar
results were observed previously by others [40–46]. It should also
be noted that the optimum value of catalyst loading will strongly be
dependent on the type and initial concentration of the pollutant and
the operating conditions of the photoreactor [47]. So the optimum
catalyst loading is different by varying the photocatalytic set-up

and pollutant type and concentration. The optimum concentration
of the catalyst for efficient solar photodegradation for the paper
mill wastewater taken in this study is found to be 0.75 g/L. The
pseudo-first-order reaction rate constants obtained for the solar
photodegradation of the wastewater with the efficiencies of %COD
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ig. 8. %COD removal during the treatment of the wastewater by solar photocat-
lytic oxidation against solar irradiation time at different pH values [TiO2 = 0.75 g/L].

emovals within 180 min solar irradiation time at different TiO2
oading (Runs 3–8) are listed in Table 2.

.4. Effect of pH

The most important parameter that influences the photocat-
lytic degradation is the pH of the medium since the generation
f hydroxyl radicals is a function of pH. Numerous experimental
ata have been published dealing with the effect of pH on photocat-
lytic degradation of various organic compounds [48]. The effects
f pH from 3 to 10 on the photocatalytic degradation are shown in
ig. 8. In all the experiments pH was adjusted by adding appropriate
mount of 0.02 N H2SO4 or 0.02 N NaOH solution.

Increase of pH of the wastewater from 3 to 10 increases the
OD removal from 43.2 to 72.1% at 180 min solar irradiation time.
he %COD removal was observed to be faster in alkaline pH than
n acidic pH range. Similar observations have been reported ear-
ier [49,50]. At acidic pH range the removal efficiency is low. This
s due to two reasons: (i) at low pH value TiO2 particle agglomera-
ion reduces the adsorption as well as photon absorption [51]. (ii)
he concentration of H+ is in excess at low pH and H+ ions interact
ith aromatic linkage of the organic pollutants present in paper
ill wastewater decreasing the electron densities at the polycyclic

roups. Consequently, the reactivity of hydroxyl radical by elec-
rophilic mechanism decreases. An increase of pH from acidic to
lkaline resulted in a significant reduction of adsorption. The point
f zero charge (Pzc) for TiO2 ≈ 6:8 [52]. In acidic solution the pH
s lower than Pzc and hence the TiO2 surface is positively charged
Eq. (7)). In the basic solution the surface is negatively charged as
iven in Eq. (8).

Percentage removal of the COD increases with the increase in
H from 6.5 (the pH of the final effluent of the industry) to 10, the
rganic pollutants adsorption on the photocatalytic surface of TiO2
ecreases from pH 6.5 to 10. This indicates that the effect of dye
dsorption on photocatalytic activity is limited. The photocatalytic
egradation of the wastewater is mainly due to the hydroxyl radical
ttack on the organic molecules. The production of hydroxyl radical
n the acidic medium is different from the basic medium.

In acidic medium photogenerated holes react with water

olecule producing hydroxyl radical as given in Eq. (9). At alka-

ine pH the negative surface of the TiO2 with OH− ions acts as an
fficient trap for the photogenerated holes and produce hydroxyl
adicals (Eq. (10)). At pH >TiO2 zero charge (Pzc) the hydroxyl rad-
cal and O2

− radical can easily diffuse from the negative surface of
Fig. 9. %COD removal during the treatment of the wastewater by solar photo-
catalytic opxidation against solar irradiation time at different doses of hydrogen
peroxide [TiO2 = 0.75 g/L, pH = 6.5].

TiO2 into the bulk of reaction solution [53]. Hence hydroxyl radical
is responsible for wastewater degradation. The pseudo-first-order
reaction rate constants obtained for the solar photocatalytic degra-
dation of the wastewater with the efficiencies of %COD removals
within 180 min solar irradiation time at different pH values (Runs
3, 9–12) are reported in Table 2.

TiOH + H+ → TiOH2
+ (7)

TiOH + OH− ↔ TiO− + H2O (8)

H2O + h+
vb ↔ OH•• + H+ (9)

OH−
surface + h+

�b ↔ OH•
surface (10)

3.5. Effect of H2O2 concentration

The oxidizing agents have a great deal of influence on the pho-
tocatalytic degradation of the organic compounds. The effect of
adding H2O2 on the photocatalytic oxidation of the paper mill
wastewater was investigated. Fig. 9 illustrates the %COD removal
against solar irradiation time for different initial concentration of
H2O2. The experiment was conducted at the concentration range
of 1–4 ml/L H2O2. The pseudo-first-order reaction rate constants
obtained for the solar photocatalytic degradation of the wastewater
with the efficiencies of %COD removals within 180 min solar irradi-
ation time at different initial H2O2 concentrations (Runs 3, 13–16)
are listed in Table 2. The experimental results revealed that hydro-
gen peroxide has a beneficial effect on the %COD removal of the
paper mill wastewater. The %COD removal is found to increase with
increase in H2O2 concentration, this is attributed that the reactive
radical intermediate (OH•) formed from this oxidant by reactions
with the photogenerated electrons can exert a dual function: as
strong oxidant itself and as electron scavenger, thus inhibiting the
electron–hole recombination at the semiconductor surface [54]
according to Eqs. (11)–(13).

H2O2 is a powerful oxidant and electron acceptor so it can
trap the electron of the electron–hole pair photogenerated in the
reaction; therefore, inhibits the electron–hole recombination. Also,
hydrogen peroxide under UV irradiation is split and produces

hydroxyl radicals. So the number of hydroxyl radicals generated in
the photoreaction is directly proportional to the hydrogen peroxide
concentration [55,56].

It must be noted that the addition of peroxide increases the rate
towards real reaction with adequate oxygen supply, because the
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olution phase may at times be oxygen starved as a result of either
xygen consumption or slow oxygen mass transfer.

One practical problem in using TiO2 as photocatalysts in photo-
atalytic reactions is the undesired electron–hole recombination,
hich in the absence of proper electron acceptor or donor, is

xtremely efficient and thus represents the major energy-wasting
tep, thereby limiting the achievable quantum yield [57,46]. One
trategy to inhibit electron–hole recombination is to add irre-
ersible electron acceptors to the reaction system, such as H2O2.
he experimental results indicated that the optimal dosage of
2O2 was at 2 ml/L, at which the %COD removal of the paper
ill wastewater on the TiO2 attained the height with 77.9%. At

igher dosage of H2O2 beyond the optimum, the degradation
fficiency of the wastewater decreased. This is because the very
eactive radicals OH• and valence band holes could be consumed
y H2O2 itself as given in Eqs. (14)–(16) [58]. At the same time,
adical–radical recombination as a competitive reaction must be
aken into account, as described in Equation (17) [51].

2O2 + O2
•− → OH• + OH− + O2 (11)

2O2 + h� → 2OH• (12)

2O2 + ecb
− → OH• + OH− (13)

H• + H2O2 → H2O• + H2O (14)

H• + H2O• → O2 + H2O (15)

iO2(hvb)+ + H2O2 → TiO2 + O2 + H+ (16)

H• + OH• → H2O2 (17)

As both OH• and hvb
+ are strong oxidants for organic pollutants,

he photocatalytic degradation of the par mill wastewater will be
nhibited in the condition of excess of H2O2. Furthermore, H2O2
an be adsorbed onto TiO2 particles to modify their surfaces and
ubsequently decrease its catalytic activity.

.6. Effect of solar photocatalytic treatment on the
iodegradability and TSS removal

The experimental results show that the biodegradability of the
aper mill wastewater was enhanced by using the solar pho-
ocatalytic oxidation, converting the non-biodegradable organic
ubstrates into more biodegradable compounds. The ratio of
OD5/COD increased from 0.16 to 0.35 at optimum loading of TiO2
f 0.75 g/L. When 2 ml/L of H2O2 was added, the BOD5/COD ratio
as increased to 0.4 proving the use of solar photocatalytic oxida-

ion as a pretreatment step.
The experimental analysis of the treated paper mill wastewa-

er by the solar photocatalytic oxidation exhibited also efficiency
n the removal in the TSS of the wastewater to 80.4% at optimum
iO2 loading of 0.75 g/L and pH equals 6.5. Addition of 2 ml/L H2O2
ncreased the removal of TSS to 86.5%.

. Conclusions

The solar photocatalytic degradation of wastewater from paper
ill industry was studied using synthesized nano TiO2. The conclu-

ions drawn from this study can be summarized as follows:

(i) The photocatalytic degradation obeys pseudo-first-order kinet-

ics. The rate of degradation with synthesized TiO2 increase
with the increase of catalyst loading till definite amount up to
0.75 g/L. The optimum pH value was 6.5 the same pH of the
effluent and near the point of zero charge (Pzc) for TiO2 ≈ 6:8.
Within 180 min solar irradiation time, 70.5% COD removal of

[
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the wastewater was achieved at 0.75 g/L TiO2 and pH equals
6.5.

ii) The solar photocatalytic oxidation efficiency increased also
with the addition of H2O2 up to a dose of 2 ml/L, since it plays
as electron acceptor.

iii) The higher solar photocatalytic activity of synthesized TiO2 can
be attributed to the nano-size, crystal structure (anatase), crys-
tallinity, large amount surface hydroxyl groups and decreased
band-gap energy of the catalyst which enhances the solar
energy absorption.

iv) Photocatalytic oxidation of the paper mill wastewater reduced
the total suspended solids from the initial effluent with 80.4%.

(v) Solar photocatalytic oxidation of the paper mill wastewa-
ter enhanced the biodegradability of the wastewater since
the BOD5/COD increased from 0.16 to 0.35 proving that the
solar photocatalytic oxidation may be used as an efficient
pre-treatment step to biological post-treatment of paper mill
effluents.
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