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bstract

In this work is investigated the combined treatment of post-bleaching effluent from a cellulose and paper industry. The biodegradability index
etermined by the biochemical oxygen demand (BOD)/chemical oxygen demand (COD) ratio of in natura sample was 0.11, which implies
ittle biodegradability and that it may not be discharged to the environment without previous treatment. First, the effluent was submitted to the
oagulation–flocculation treatment applying FeCl3 as the coagulating agent and chitosan as an auxiliary. In sequence, the aqueous soluble phase
btained from the first treatment was submitted to a UV/TiO2/H2O2 system using mercury lamps. The optimized coagulation experimental conditions
ere chosen: pH 6.0, 80 mg L−1 of FeCl3·6H2O, and 50 mg L−1 of chitosan. The optimized photocatalysis conditions were: pH 3.0 in 0.50 g L−1

f TiO2 and 10 mmol L−1 of H2O2. COD values for the in natura sample was 1303 mg L−1 and after the optimized conditions of coagulation
ithout chitosan and in chitosan presence were 545 and 516 mg L−1, respectively. Effluent turbidity decreased sharply after coagulations (from
0 FTU of in natura samples to 2.5 FTU without chitosan and 1.1 FTU with chitosan). Similarly, a decrease was observed for concentrations of
-ammoniac, N-organic, nitrate, nitrite, phosphate, and sulfate ions after coagulation. Additionally, it was observed an absorbance reduction of
0% at the wavelength of 500 nm and of 70–80% in regions corresponding to aliphatic and aromatic groups (254, 280, and 310 nm). The use of
hitosan for quantitative purposes was not so efficient; however, it improves sedimentation and compaction. COD results of photolyzed samples by
V/H2O2 were 344 mg L−1, UV/TiO2 326 mg L−1, and UV/TiO2/H2O2 246 mg L−1. The reduction in absorbance intensity was approximately 98%

or aliphatic and aromatic chromophores, and 100% for chromophores absorbing at 500 nm with color disappearance. During photodegradation,
O4

2− was formed (∼340 mg L−1 for the coagulated sample to ∼525 mg L−1) suggesting again the mineralization of the pollutant. The combined

ethod (coagulation followed by photocatalysis) resulted in a biodegradability index of 0.71, transparency, and absence of color and odor in the

reated water, suggesting again good water quality. This result is reinforced by the toxicity studies employing Artemia salina bioassay, which
howed that an expressive decrease in toxic pollutants in effluents after treatment, mainly by combined processes. The wastewater treatment carried
ut in association at optimized experimental conditions provided good results.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The cellulose and paper industry employs large amounts of
ater [1–3], and produce equally large amounts of wastewater,

hich constitutes one of the major sources of aquatic pollu-

ion. The lignin and its derivatives contained in this residue
ay produce highly toxic and refractory compounds, some
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otentially mutagenic [4]. The largest volume of pollutants are
roduced in the cellulose pulp bleaching step, which generates
everal chlorinated compounds via chlorination, and others toxic
rganic compounds, including lignin-derived refractory ones.
his pulp and paper mill wastewater is little biodegradable,
ith BOD/COD ratio (biochemical oxygen demand divided by

hemical oxygen demand) values usually around 0.02–0.07 [5].
esearch [6] reports that samples with biodegradability index
maller than 0.3 are not appropriate for biological degradation.
ccording to Chamarro et al. [7], for complete biodegradation,

he effluent must present a biodegradability index of at least
.40.

mailto:nhioka@uem.br
dx.doi.org/10.1016/j.jphotochem.2007.07.007
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Coagulation–flocculation is one of the most used water
ffluent treatments. It employees a cationic metal as a coag-
lant agent that usually promotes water hydrolysis and the
ormation of hydrophobic hydroxide compounds with differ-
nt charges, depending on the solution pH. It may also lead to
he formation of polymeric compounds. The coagulant agents
nteract with colloidal materials by either charge neutralization
r adsorption, leading to coagulation–flocculation usually fol-
owed by sedimentation [8]. Coagulation effectiveness and cost
epend on coagulant type and concentration, solution pH, ionic
trength, as well as both concentration and nature of the organic
esidues in effluent [9,10]. Additionally, natural and artificial
olyelectrolytes can be employed as flocculation auxiliaries,
hus enhancing the processes due to their ability to generate
obust and dense flocks, which in turn may easily form stable
nd compact sediments [4]. Chitosan, a natural [11,12] non-
oxic biodegradable polyelectrolyte [13–15], presents positive
harges in acid medium due to its glucosamin units that interact
nd neutralize negatively charged surface particles, thus allow-
ng their removal [16]. Several researchers have applied chitosan
s a coagulant alone or associated with iron and aluminum salts
11,13,17–19].

A more complex effluent treatment is the advanced oxi-
ation process (AOP) involving the conversion of organic
ollutants to short species and even to their complete miner-
lization [20] through the generation of highly reactive free
adical oxidants [21]. Some AOP techniques [22] are: H2O2,

3 (ozonation), Fe(II)/Fe(III) with H2O2 (Fenton reaction), UV
rradiation (direct photolysis), UV/H2O2, UV/catalyst/H2O2,
V/{Fe(II)/Fe(III) + H2O2} (Photo-Fenton), UV/O3 (photo-
zonation), and others. Photocatalysis is an important alternative
ecause it can eliminate refractory residues (also known
s photodegradation and photo-oxidation methods). However,
ccording to Gogate and Pandit [23], for successful photo-
atalysis, COD values must be lower than 800 mg L−1 as high
uspended material content leads to light scattering effects. At
he same time, organic matter tends to recover the catalyst sur-
ace (adsorption), which could diminish the amount of photons
hat reaches photo-reactive sites on TiO2 [24,25]. One alterna-
ive for wastewater treatment is to apply a physical–chemical
rocedure such as coagulation to eliminate most of the organic
aterials first, followed by photocatalysis as the second treat-
ent.
UV/heterogeneous treatment using metal oxide semiconduc-

ors like TiO2, ZnO, CeO2, CdS, ZnS, and others [23] as a
atalyst may generates large amounts of free radicals on the
atalyst surface leading to the fast degradation of many refrac-
ory species, usually in larger amounts than by homogeneous
hotocatalysis. In addition, the heterogeneous system is a low
ost technique [23,26]. Titanium dioxide is a catalyst widely
mployed in photocatalysis either in suspension [27] or immo-
ilized [28]. It has low cost, is non-toxic, photo stable in a wide
ange of pH [29], recoverable after wastewater treatment, and

dequate for industrial scale [23]. The solution/effluent pH is an
mportant parameter in heterogeneous photocatalysis. It modu-
ates the catalyst charge and consequently affects both pollutant
dsorption and particle aggregation [30].
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The photocatalytic reaction occurs when the semiconductor
s activated by light. The light radiation energy should be equal or
igher than those necessary to generate the band gap. For TiO2,
he band gap energy is 3.2 eV, which corresponds to absorption
t wavelengths shorter than ca. 390 nm [29]. One electron is
romoted from valence band (producing positive holes, hVB

+)
o conduction band (eCB

−), as describes Eq. (1) [22]:

iO2 + h� → TiO2 (eCB
−) + TiO2 (hVB

+) (1)

In sequence there are some possibilities evolving adsorbed
ompounds at the catalyst surface by reaction with the roles hVB

+

here they are oxidized. The hVB
+ can oxidize adsorbed organic

ompounds directly leading them to degradation (Eq. (2)); the
VB

+ can reacts with adsorbed water (Eq. (3)) and hydroxide ions
Eq. (4)) at the surface producing hydroxyl radicals (HO•). This
adical is considered the main oxidant specie formed in the sys-
em. For the other hand, simultaneously the electron (eCB

−) can
educe the adsorbed oxygen (Eq. (5)) producing hydroperoxyl
adicals (Eq. (6)), hydrogen peroxide (Eq. (7)), more hydroxyl
adicals (Eqs. (8) and (9)), and others [22,31]:

ollutants + hVB
+ → oxidized products (2)

VB
+ + H2O → HO• + H+ (3)

VB
+ + HO− → HO• (4)

CB
− + O2 → O2

•− (5)

2
•− + H+ → HO2

• (6)

HO2
• → H2O2 + O2 (7)

2O2 + eCB
− → HO• + HO− (8)

2O2 + O2
•− → HO• + HO− + O2 (9)

Additionally, hydrogen peroxide can absorb light and directly
orm hydroxyl radicals even in the absence of semiconductor.
he organic compounds (pollutants) present in the medium react
ainly with both hydroxyl and hydroperoxyl radicals; how-

ver, the degradation by hydroxyl radical is cited as the most
ffective in these systems. As hydrogen peroxide is an ade-
uate source of hydroxyl radicals, the addition of this reagent to
he system enhances the efficacy of the photocatalysis process
27,29,32,33].

In the present work, a combined treatment of coagulation–
occulation followed by heterogeneous photocatalysis is
pplied to cellulose and paper industry effluents. All samples
ere analyzed before and after each step. Optimal chemical

ompositions and experimental conditions were investigated
or both processes. A bioassay using micro-crustacean Artemia
alina was performed to certify water purity.

. Experimental procedures
.1. Materials

Titanium dioxide (TiO2 P25, ca. 80% anatase, 20% rutile;
ET area, ca. 50 m2 g−1) was kindly supplied by Degussa Co.
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Brazil). The catalyst was used as received. All of the reagents
sed in this work were analytical grade and were used without
ny further purification.

Effluent samples were collected after cellulose pulp bleach-
ng. Analytical determinations were carried out with in natura
ffluent and treated samples according to Standard Methods
f Examination of Water and Wastewater [34]. BOD was
etermined by oxygen dosage measured initially and after
ncubation at 20 ◦C for 5 days, following the methodology
escribed [34,35]. Values of COD were obtained by colorime-
ry after digestion by dichromate ion (known excess) in strong
cid media [34]; both analysis were performed in triplicate. It
as also obtained UV–vis molecular absorption spectra in a
arian-Cary 50 UV–vis spectrophotometer to monitor the reduc-

ion of absorbance at 254, 280, 310, and 500 nm, using 4 mL
uartz cuvettes with 10 mm of optical path. The chosen wave-
engths represent the chromophore groups of molecules: 254 nm
orresponds to the aliphatic region; 280 nm is related to aro-
atic groups like phenols, which are usually present in this

ind of effluent; 310 nm corresponds to conjugated aromatic
ings; 500 nm represents visible light-absorbing molecules. pH
Tecnal-3MP) and turbidity (Micronal-B250) measurements
ere also performed. Coagulation–flocculation treatment was

tudied in jar test equipment (Milam, rpm, JT1010).

.2. Coagulation–flocculation process

Coagulation–flocculation was conducted with FeCl3 as a
oagulant and chitosan as an auxiliary coagulant with stock solu-
ions of 0.37 mol L−1 of FeCl3·6H2O and 1% (w/v) chitosan
issolved in 0.1 mol L−1 HCl. The experiments were performed
n jar test using a sample volume of 1000 mL stirred (120 rpm)
or 30 s followed by 15 min of slow agitation (20 rpm). After
0 min, flocks settled down at the bottom of the vessel and the
queous phase was collected. Tests performed at various pH
nd FeCl3 and chitosan concentrations allowed to optimize the
rocess. In some cases, coagulation treatments were made with
eCl3 alone (without chitosan).

.3. Photo-oxidation process

The photocatalysis process was conducted with UV/TiO2,
V/H2O2, and UV/TiO2/H2O2 systems. The aqueous phase

amples from the coagulation–flocculation treatment performed
n optimized conditions in absence of chitosan were kept in a
ridge. These samples were submitted to complementary photo-
atalysis treatment with artificial UV light irradiation provided
y a 250 W low pressure mercury lamp without the glass bulb
Empalux) in the photo-reactor system described: 300 mL of
ffluent was placed in 600 mL borosilicate glass Erlenmeyers
3×) used as reaction vessels. The Erlenmeyers were placed in
wooden made box (80 cm × 50 cm) fit with three lamps on the

op side 15 cm away from the samples. The light power was mea-

ured by a light meter apparatus (Newport Optical Power Meter

odel 1830-C), with the wavelength set at 400 nm. Appropriate
mounts of TiO2 and H2O2 were added to the flask to achieve
he concentrations wanted. The resulting TiO2 suspension was

f
e

F
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tirred during irradiation (magnetic stirrer). Four fans fit on the
ox side walls were used to reduce the heat caused by the lamps.
hotocatalyzed samples were filtered with membranes (Milli-
ore, either 0.22 or 0.45 �m pore diameter) to isolate the treated
ater from TiO2 and kept under refrigeration until analysis. The

lectronic absorption spectra were obtained to determine the
evel of degradation of the effluent. The mineralization of these
ompounds was verified by physical and chemical analysis. The
esidual peroxide after the irradiation was analyzed according
o Silva et al. [36].

The pH optimization was carried out by using 0.50 g L−1 of
iO2 at pH 3.0, 5.0, 7.0 and 10.0 adjusted with 0.10 mol L−1

Cl and 0.10 mol L−1 NaOH. Concentrations of 0.25, 0.50 and
.75 g L−1 TiO2 were used in tests at pH 3.0. To determine the
ptimum H2O2 quantity, effluent with 0.50 g L−1 TiO2 at pH 3.0
as irradiated using different H2O2 concentrations (10, 50, and
5 mmol L−1). The influence of heating on effluent degradation
as studied. The Erlenmeyers were wrapped with aluminum foil

samples in the dark) and placed in the photo-reactor (heating
ontrol). In addition, experiments were performed using UV
adiation (absence of H2O2 and TiO2), UV/H2O2, and UV/TiO2
or comparisons with the UV/TiO2/H2O2 system results.

.4. Biotoxicity method

Biotoxicity assays [37–39] with A. salina were performed
s described [40]. Eggs were hatched in water containing NaCl
3.8 g L−1) under weak white light (6 W) at room temperature.
fter 48 h, 20 crustaceans were transferred to test tubes. Samples
ere prepared by adding 0.5, 1.0, 1.5, 2.0, and 2.5 mL of effluent

o the test tubes, which were filled up to 3 mL with saline water
o produce samples of 17, 33, 50, 67, and 83% (v/v) of effluents.
fter 24 h, the number of surviving organisms in each tube was

ounted. All assays were carried out in triplicate accompanied
y control tests.

. Results and discussion

.1. Coagulation–flocculation studies

.1.1. Optimization of pH
At first, pH optimum operating conditions for effluent coag-

lation with FeCl3 was evaluated using jar tests. To determine
he quality of the final water under treatment, parameters such
s turbidity, COD concentration, and percent absorbance reduc-
ion for chromophore groups in the UV and visible regions were
tilized. The results are shown in Fig. 1.

According to the data in Fig. 1(A), the lowest remaining
urbidity and COD values were observed at 5.5 < pH < 6.5,
hich was confirmed by Tukey test with P < 0.05. Likewise,

he best percent absorbance reduction was at 5.5 < pH < 6.5
or chromophores in the UV region (Fig. 1(B)). For colored
ompounds (500 nm), the largest decrease in intensity occurred
t pH <6.5, showing an efficacy higher than the one observed

or UV absorbents. Therefore, the best pH chosen is 6.0 in this
xperimental condition.

At pH 5.0, the main Fen+ species present in solution is
e(OH)2

+, while at pH around 8.0, it is Fe(OH)3 [10]. Fe(OH)2
+
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ig. 1. pH influence on the coagulation of pulp and paper mill effluent: (A) turb
ntensity at several wavelengths. Coagulation performed at 80.0 mg L−1 of FeC

an neutralize negative charge density materials like organic
ubstances and suspended particles [24]. On the other hand,
e(OH)3, a hydrophobic compound, can adsorb contaminants
articles by surface interactions, which in some cases can lead
o polymeric entities [41]. At the chosen pH 6.0, both compounds
re present (mainly Fe(OH)2

+), leading to pollutant aggregation
nd precipitation.

.1.2. Optimization of FeCl3 concentration
Chosen the adequate pH (pH 6.0), the best coagulant quantity

as determined. Analytical data for the coagulated samples are
resented in Fig. 2.

The data in Fig. 2(A) show that both the residual turbid-
ty and COD values against coagulant concentration exhibit a
ery similar profile, similarly to that observed in Fig. 1(A) for
oth parameters. The profile for these two parameters, turbidity
nd COD values, shows a decrease as the coagulant concen-
ration increases, exhibiting the highest effect for 80 mg L−1 of
eCl3·6H2O (Fig. 2(A)) as attested by Tukey test. For higher
oagulant amounts, turbidity remained constant, meaning that
n efficacy limit was reached; while for COD values, the perfor-
ance decreases slightly. Similarly, the results in Fig. 2(B) show

hat the reduction of absorbents species at 254, 280, 310 (not
hown) and 500 nm reached the highest removal at 80 mg L−1,
hose values became constant as the coagulant concentration

as raised.
From these results it is clear that at pH 6.0, the assays

ith 80 mg L−1 of FeCl3·6H2O presented the best performance.
hus, this concentration was applied for the others experiments.

o
b
C
i

ig. 2. Effects of FeCl3 concentrations on final wastewater sample treated by coag
bsorbance intensity at several wavelengths.
alues (�) and concentration (�) of COD. (B) Percent reduction of absorbance

2O.

ven though the use of high FeCl3 quantities does not enhance
rocess efficiency, therefore it allows coagulant saving.

.1.3. Optimization of polyelectrolyte loading
Studies of chitosan as an auxiliary polyelectrolyte coagulant

ere conducted with 80.0 mg L−1 of FeCl3·6H2O and pH 6.0.
he same analytical parameters previously used were employed

o evaluate treated effluent (Fig. 3).
The results illustrated in Fig. 3(A) indicate that the largest

ecrease in turbidity occurred in experiments carried out with
5 and 50 mg L−1 of chitosan, while for COD reduction, it took
0 mg L−1 of chitosan. Absorbent reduction data showed that
oagulant amounts of 50, 60, and 75 mg L−1 neared bleaching
evel for wavelengths corresponding to aliphatic and aromatic
roups, while at 500 nm, coagulant amounts of 25 and 50 mg L−1

ere the most efficient. Thus, 50 mg L−1 of polyelectrolyte was
hosen as the optimized condition.

For comparison sake, the analytical results of samples in
atura, after coagulation–flocculation treatments (FeCl3 and pH
.0) in the absence and in the presence of chitosan are presented
n Table 1.

For convenience, in natura effluent data are also presented
Table 1). The calculated experimental biodegradability (ratio
OD/COD) is 0.11. For indexes below 0.3, it is known that the

ample is not appropriate for biological degradation [6]. More-

ver, for complete biodegradation, the effluent must present a
iodegradability index of at least 0.40 [7]. At the same time, a
OD concentration of 1303 mg L−1 indicates that the effluent

s not suitable for photocatalysis treatment as the first method,

ulation at pH 6.0: (A) turbidity (�) and COD (�). (B) Percent reduction of
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ig. 3. Influence of chitosan concentration on coagulation: (A) turbidity (�) and
calculated taking experimental value without chitosan as reference). All experi

hich requires a COD value lower than 800 mg L−1 for success-
ul treatment [23]. As previously discussed, the turbidity and
OD values decrease sharply after coagulation (Table 1). The

ame pattern is observed for all ions analyzed. The major anion in
n natura wastewater is sulfate, resulting from Kraft technology.
ts concentration fell by almost 50% after coagulation.

The statistical treatment on the data for the system with
hitosan, Table 1, showed effluent purification improvement
values with different letters in the same line are different).
espite it, the chitosan performance is only moderate so that this

uxiliary coagulant was not used in the next experiments. How-
ver in industrial scale applications, the use of polyelectrolytes
ay be interesting because they promote faster coagula-

ion and better sedimentation, producing compact pollutant
ocks.

The optimized coagulation–flocculation conditions are pH
.0 and 80 mg L−1 of FeCl3·6H2O. This process was used as the
nitial method to treat cellulose and paper industry wastewater.
he aqueous phase obtained was submitted to a second step, the
hotocatalysis process.

.2. Photocatalysis studies
The light source power inside the photo-reactor (3 × 250 W,
ercury lamps) was measured with the light meter probe placed

t the same position of the sample resulting in irradiance of
pproximately 8.9 mW cm−2.

t
q

c

able 1
nalytical characteristics of effluents in natura, after coagulation (80.0 mg L−1 of FeC
H 6.0 and 50.0 mg L−1 chitosan)

arameter In natura

H 9.8
urbidity (F.T.U.) 10
ODa (mg L−1) 1303 ± 25a
ODa (mg L−1) 148 ± 5
-ammoniaca (mg L−1) 1.68 ± 0.00
-organica (mg L−1) 1.1
itratea (�g L−1) 168.5 ± 13.5a
itritea (�g L−1) 44.8 ± 0.3
hosphatea (�g L−1) 871.6 ± 2.3a
ulfatea (mg L−1) 677.6 ± 7.3a

ifferent letters in the same line imply values statistically different (P < 0.05 by Tuke
a n = 3 samples analyzed.
(�) values. (B) Percent reduction of absorbance intensity at several wavelengths
were performed at 80.0 mg L−1 of FeCl3·6H2O and pH 6.0.

.2.1. pH optimization
The effect of pH on photocatalysis efficiency was investi-

ated employing TiO2 in in natura effluent (diluted 1:1, v/v).
he results are shown in Fig. 4.

The major percent reduction in absorbance and the lowest
mount of remaining COD, parameters that indicate the high-
st efficiency, were obtained in the experiment photocatalyzed
t pH 3.0. This result could be explained considering the zero
harge point of the catalyst (pHpcz), which occurs at pH 6.25
or TiO2. As the surface is positively charged at pH values
ower than 6.25 (Ti–OH2

+), it allows the adsorption of water and
ydroxide ions, generating hydroxyl radicals and other oxidizing
pecies (Eqs. (3)–(9)). As the same time there are adsorption of
rganic substances and suspended materials on Ti–OH2

+ sur-
ace by charge and surface intermolecular interactions. Pulp
nd paper mill effluent particles have negative charge density
ue to anionic suspended materials and the presence of oxy-
en, carboxyl, and other negative groups in organic molecules.
herefore, the pollutants react with radical species formed on

he catalyst surface.

.2.2. Optimization of TiO2 concentration
The effluent coagulated in the first step was used in the pho-
odegradation process at pH 3.0 in presence of different TiO2
uantities (Fig. 5).

As shown in Fig. 5, TiO2 increased the photo-reaction pro-
ess efficiency, which can be noted by the increase in percent

l3·6H2O and pH 6.0) and in the presence of chitosan (80.0 mg L−1 FeCl3·6H2O,

After coagulation After coagulation chitosan

4.3 4.2
2.5 1.1
545 ± 18b 516 ± 9c
Not measured Not measured
ND ND
ND ND
16.3 ± 0.4b 7.0 ± 0.5c
ND ND
14.4 ± 0.5b 10.4 ± 0.6c
341.1 ± 4.6b 271.0 ± 9.2c

y test). ND, not detected—below detection limits.
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Fig. 4. Effect of pH on TiO2 photocatalysis: (A) percent reduction of absorbance intensity at several wavelengths. (B) COD concentrations. Sample in natura diluted
1:1 (v/v), irradiated for 360 min in 0.50 g L−1 of TiO2.
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ig. 5. Photocatalysis of coagulated samples: (A) percent reduction of absorba
ombined treatments. Step 1: 80 mg L−1 of FeCl3·6H2O and pH 6.0; step 2: irr

bsorbance removal and the decrease in COD values. For
.50 g L−1 of catalyst, purification efficacy was slightly lower
han that for 0.75 g L−1; however, Tukey’s test proved that the
ercent removal absorbance and COD values for these two TiO2
oncentrations are similar. Although the presence of the catalyst
ncreases photo-oxidation yield, a high TiO2 concentration does
ot necessarily imply a high reaction performance, at least in
ome regions with excess catalyst. The last experimental con-
ition is not convenient for photodegradation because excess
iO2 can cause strong turbidity effects, which make the passage
f light throughout the heterogeneous solution difficult due to

ight scattering effects [22,23]. Therefore, TiO2 concentration
hould be optimized for each effluent and system employed,
ecause degradation efficiency depends on the nature and con-
entration of pollutants as well as on the level of free radicals

p
∼
e
a

ig. 6. Effect of H2O2 concentration on photodegradation efficiency: (A) percent red
ffluent submitted to combined treatments. Step 1: 80 mg L−1 of FeCl3·6H2O and pH
tensity at several wavelengths. (B) COD concentrations. Effluent submitted to
on for 360 min and pH 3.0.

eneration, which is related to the photo-reactor operating con-
itions. In the present case, 0.50 g L−1 of TiO2 and pH 3.0 were
atisfactory.

.2.3. Optimization of H2O2 concentration
The coagulated water sample was used to determine the opti-

um concentration of H2O2 to be employed in photocatalysis.
he optimization studies were developed with 360 min of pho-

odegradation time, 0.50 g L−1 of TiO2, and pH 3.0. The results
re illustrated in Fig. 6.

At the monitored wavelengths (except in visible region), the

ercent absorbance removal undergoes a small increase (from
93 to ∼99%) with the addition of 10 mmol L−1 of H2O2. How-

ver, this parameter remains constant for further increases to 50
nd 75 mmol L−1 of H2O2 (Fig. 6(A)). The values of remaining

uction of absorbance intensity at several wavelengths. (B) COD concentration.
6.0; step 2: irradiation for 360 min, 0.50 g L−1 of TiO2 and pH 3.0.
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Fig. 7. Effects of TiO2 and H2O2 on photo-reaction. Residual absorbance mon-
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Table 2
UV-photolysis data of COD and percent COD removal calculated by comparison
to coagulated and in natura samples

CODa

(mg L−1)
COD removal
(calculated against
coagulated) (%)

COD removal
(calculated against
in natura) (%)

UV 441a ± 14 19 66
UV + H2O2 344b ± 2 37 74
UV + TiO2 326c ± 4 40 75
UV + H2O2 + TiO2 246d ± 1 55 81

Irradiation at pH 3.0 and 0.50 g L−1 of TiO2 and 10 mmol L−1 of H2O2. Different
l
t
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i
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r

p
c
5
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u

t
t
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o
t
a
C
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l

3

U
w
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e
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tored at 280 nm as a function of irradiation time. Sample: effluent coagulated;
hotocatalysis at pH 3.0 with: (�) 10 mmol L−1 H2O2 (without TiO2); (�)
.50 g L−1 TiO2 (without H2O2); (�) 0.50 g L−1 TiO2 and 10 mmol L−1 H2O2.

OD (Fig. 6(B)) decreased in the presence of H2O2 (higher effi-
acy); however, at 10, 25, and 50 mmol L−1 H2O2, the results
ere much similar (COD ∼247 mg L−1), with a change for
5 mmol L−1 H2O2, COD ∼205 mg L−1. However, these val-
es are not proportional to the increase in H2O2 concentration
50–75 mmol L−1, 50% increment). Some authors [33] state that
n some circumstances hydrogen peroxide may prejudices het-
rogeneous photocatalysis by direct H2O2 absorption light, thus
iminishing TiO2 photo-excitation. Another possibility is that
art of the hydroxyl radical is annihilated by excess H2O2, con-
erting it to hydroperoxyl radical (HO2

•), which is suppressed
y other hydroxyl radical producing H2O + O2. Therefore, the
roduction of hydroxyl radical decreases as consequence of the
igh amount of H2O2 in solution.

The H2O2 concentration adopted in the next experiments was
0 mmol L−1 at 0.50 g L−1 of TiO2 and pH 3.0. Analysis of the
esidual peroxide during the reaction indicated its clearance after
0 min of irradiation, which is very important, because peroxide
esidues in wastewater are hazardous to the environment.

.2.4. Comparison of photo-reaction conditions
Fig. 7 shows the results for photocatalysis carried out with

ptimized quantities of TiO2/H2O2, and pH, as well as the pho-
ocatalysis results obtained in the presence of the H2O2 and
n the presence of TiO2. Treatment efficiency was analyzed by
bsorbance in the 280 nm region, which is related to aliphatic
nd aromatic groups, including phenols.

As can be observed in Fig. 7, even the UV/H2O2 system
romoted photodegradation, which occurred by direct H2O2
hoto-excitation followed by oxidation. Direct H2O2 photo-
eaction is limited by the need of light at 254 nm and the
ow absorption coefficient of H2O2 at this wavelength. Experi-
ents carried out only with UV light showed that after 360 min
f irradiation, the remaining absorbance at 280 nm was 32%
not shown), while for UV/H2O2, it was 20%, which implies
hat hydrogen peroxide improves the homogeneous photo-
xidation. However, the data (Fig. 7) show that while both

s
p
a
i

etters in the same column imply values statistically different (P < 0.05 by Tukey
ests).

a n = 3 samples analyzed.

V/TiO2/H2O2 and UV/TiO2 systems lead to almost complete
bsorbance removal after 360 min irradiation (a 94% decrease
hen compared to coagulated effluent), the UV/H2O2 system

s not so efficient. Although the UV/TiO2 system shows sim-
lar absorbance removal values at 280 nm in presence and in
he absence of H2O2, H2O2 clearly increases the absorbance
emoval velocity.

Table 2 contains COD determinations for experiments after
hotodegradation and percent COD reductions calculated by
omparison to after-coagulation and in natura sample values,
45 and 1303 mg L−1, respectively, for different photolysis
ystems. Irradiated samples were previously treated by coag-
lation).

The COD results in Table 2 show that all photosystems lead
o pollutant degradation. The efficiency improvement follows
he order: UV < UV/H2O2 < UV/TiO2 < UV/TiO2/H2O2, which
gree with absorbance reduction results. However, the presence
f H2O2 on TiO2 improved degradation reasonably (from 40
o 55%), an effect not observed on the decrease in absorbance
t 280 nm; part of the organic matter degradation, expressed by
OD removal, may form products absorbing at this wavelength.

In respect to possible degradation reactions in samples sub-
itted to high temperatures in the dark, it was observed that

t 55 ◦C (the averaged temperature in the photo-reactor), the
hermal reaction did not occur. This result is similar with the
iterature [23].

.2.5. Kinetic studies of photodegradation
The absorption intensities during the irradiation of the

V/TiO2 and UV/TiO2/H2O2 systems monitored at several
avelengths, such as at 280 nm, Fig. 7, were submitted to
inetics mathematical treatment. Despite the low number of
xperimental points, the data reasonable obeyed the first-order
inetic law (Fig. 8) and showed no order changes for different
xperimental conditions, which agrees with the literature [32].

The observed first-order kinetic constants (k) and the half-life
ime (t1/2) for both systems were exhibited in Table 3.

The k and t1/2 values reinforced previous qualitative results,

howing that hydrogen peroxide accelerates the photo-oxidation
rocess over twofold. The photo-reaction of each system showed
lmost the same kinetic parameters at all wavelengths monitored
n the UV region. However, for both photolysis systems, the data
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Fig. 8. Application of first-order kinetic law to photodegradation data at pH 3.0 in the presence of: (A) 0.50 g L−1 of TiO2; (B) 0.50 g L−1 of TiO2 and 10 mmol L−1

of H2O2.

Table 3
Correlation coefficients values (CC), k and t1/2 for effluent irradiated at pH 3.0 in TiO2 and TiO2/H2O2 systems

TiO2 (0.50 g L−1) TiO2 (0.50 g L−1) + H2O2 (10 mmol L−1)

254 nm 280 nm 310 nm 500 nm 254 nm 280 nm 310 nm

CC 0.994 0.994 0.993 0.985 0.999 0.999 0.981
k 1.8 2.7 2.8 3.3
t 39 26 25 21

o
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t
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3
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F −1

1
a

w
3
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t
t
7
g
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e
c

(× 10−2 min−1) 1.1 1.1 1.1

1/2 (min) 63 63 63

btained at 500 nm show faster reaction than the ones monitored
t UV region; for the UV/TiO2/H2O2 system, the kinetics at
00 nm was too fast to be followed. Probably, the high electronic
ensity of the chromophore unit (aromatic rings in high conju-
ation/resonance) that absorbs light in visible regions is more
usceptible to fast attack by the photo-generated free radicals.
he absorption at 254, 280 and 310 nm, wavelengths which is

elated to aliphatic region, aromatic ring (phenol groups) and
estrict conjugated aromatic ring, respectively, correspond to
roups which present lower electronic density, leading to photo-
eaction velocity slower than that one at 500 nm. However the
inetic studies performed by absorbance measurements can give
nformation only for determined wavelengths that do not cover
ll the compounds present in the solution. Therefore it would
e better to use TOC measurements that permit to obtain more
omplete information about complete organic mineralization
or both, kinetic and photodegradation yielding (not performed
xperiments).

In Fig. 9 it is presented data on the sulfate ions formation and
OD decay during irradiation. Sulfate ion appearance, at this

tep produced by organic matter decomposition, is very fast in
he first 60 min. The COD variation profile was similar to that
f absorbance decay.

.3. Combined treatment (coagulation–flocculation and
hotocatalysis): effluent quality

A summary of the quality of in natura effluent sample,
he coagulation–flocculation treated (FeCl3) sample, and of
he sample treated by combination coagulation followed by

hoto-oxidation (UV/TiO2/H2O2) is analyzed as a function of
bsorbance intensity, and COD and ion concentrations. The
xperiments were conducted in optimized conditions (coagula-
ion with 80 mg L−1 of FeCl3·6H2O at pH 6.0 and photocatalysis

t
a
n
p

ig. 9. Coagulated effluent submitted to irradiation in 0.50 g L of TiO2,
0 mmol L−1 of H2O2 and pH 3.0: (�) COD concentrations decrease; (�)
ppearance of SO4

2−.

ith 0.50 g L−1 of TiO2, 10 mmol L−1 of H2O2, pH 3.0 at
60 min of irradiation). The photographs in Fig. 10 show the
emaining samples color.

As can be seen, the brown color of the in natura effluent par-
ially remained in the coagulated sample and was clarified in
he final treated water. Coagulation reduced absorbance around
0–80% in wavelengths associated to aromatic and aliphatic
roups (254, 280, and 310 nm), while in the combined treatment,
emoval was over 98% when compared to that of in natura efflu-
nt. The COD value of in natura effluent was 1303 mg L−1; after
oagulation, it decreased to 545 mg L−1 and after the combined
reatment it fell to 246 mg L−1. The concentrations of NO −
3
nd PO4

3− in effluent before and after photodegradation showed
o significant changes (∼16 and ∼14 �g L−1, respectively). As
reviously informed, NH3 and NO2

− were eliminated by the
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Fig. 11. Percent death of Artemia salina for samples: in natura, after coagulation,
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ig. 10. Photograph of samples analyzed: (a) after combined treatment; (b) after
oagulation; (c) in natura.

oagulation–flocculation process (step 1). These ions are not
roduced during photocatalysis. However, the quantity of sul-
ate ions changed from 678 mg L−1 (in natura) to 341 mg L−1

coagulated sample) to 525 mg L−1 (after photocatalysis). Part
f the sulfate ions is removed by coagulation and the remain-
ng sulfated organic molecules are degraded during irradiation,
ndicating the mineralization process. Similarly, the increase
n ionic solution conductivity after photo-reaction reinforced
he mineralization direction (data not shown). Although total

ineralization did not take place, these data pointed out that
he inorganic compounds and organic pollutants were removed
nd/or degraded to simpler compounds.

Additionally, another in natura effluent sample was treated
y the coagulation followed by photocatalysis in optimized con-
itions. Values of COD, BOD and biodegradability results are
hown in Table 4.

The sample treated by coagulation showed a strong decrease
n COD (around 56%) and a biodegradability index equal 0.50
higher than 0.40), which means that the effluent can undergo
omplete biodegradation [7]. The COD of the coagulated sam-
le, 514 mg L−1, is lower than 800 mg L−1, which allowed to
nfer the success of the photocatalysis process. The association
f coagulation with 2 and 4 h of photocatalysis lead to biodegrad-
bility index of 0.63 and 0.71, respectively. These results are very
ositive, confirming the high level of elimination of pollutants
rom wastewater and that biological treatment in the next step

ay result in complete organic mater degradation.
These results indicate that the water quality is improved

emoving materials by coagulation followed by the conversion
f pollutants to simpler and biodegradable compounds applying

able 4
hemical and biochemical oxygen demand values and biodegradability index

ample COD (mg L−1)a BOD (mg L−1)a BOD/COD

n natura 1162 ± 3 172 ± 1 0.14
fter coagulation 514 ± 14 257 ± 3 0.50
fter 2 h photocatalysis 204 ± 7 129 ± 2 0.63
fter 4 h photocatalysis 205 ± 6 145 ± 2 0.71

a n = 3 samples analyzed.

w
o
c
a
a

d
i
e

t
r
c
t

nd combined coagulation-photodegradation for several irradiations time. All
olutions were neutralized to pH ∼7 before bioassay. The untreated effluent was
iluted with aqueous NaCl, 3.8 g L−1 (v/v).

hotocatalysis. However, some of the residues formed may be
azardous to aquatic environment. Therefore, biotoxicity exper-
ments were carried out.

Bioassay results of all effluents (in natura and treated in opti-
ized conditions) using A. salina are illustrated in Fig. 11.
Independently of effluent concentration, the index of A. salina

ortality decreased after effluent coagulation for all sample
reatments and was improved by photocatalysis purification.
hotodegradation efficacy showed to be almost the same, inde-
endently of irradiation time, being 1 h seemingly sufficient. As
n example, at 83% effluent, the mortality index in in natura
ample was 97%, while in coagulated effluent, it was 50% and
n photocatalyzed water, it was around 25%, the highest survival
ndex.

These results demonstrate that the combined coagula-
ion/photodegradation method investigated to treat pulp and
aper mill effluents may be used to reduce water toxicity by
he removal and/or degradation of pollutants.

. Conclusion

The best experimental conditions were obtained for both pro-
esses. The first treatment step, coagulation–flocculation using
eCl3 as a coagulant agent, eliminated several impurities from
ater efficiently, allowing the replacement of aluminum salts,
hich may be hazardous health [8,17]). Although the reduction
f turbidity in chitosan presence was observed, this auxiliary
oagulant did not contribute significantly to decrease COD and
bsorbance. However chitosan improves sedimentation velocity
nd compaction.

The addition of hydrogen peroxide to the UV/TiO2 system
id not enhance degradation yields substantially; however it
ncreased the photo-process velocity. UV/TiO2/H2O2 was more
fficient than UV/TiO2, UV/H2O2 and UV were.

The combined method reduced the organic charge and

he inorganic pollutant species in effluent with good
esults. The biodegradability index for effluent submitted to
oagulation–flocculation followed by photocatalysis showed
hat the final sample is suitable for complete biological degrada-
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