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Concepción, P.O. Box 297, Concepción, Chile, and
Environmental ScienceCenter EULA-Chile, Universidad de
Concepción, P.O. Box 160-C, Concepción, Chile

Two advanced oxidation processes (AOPs), TiO2/UV/O2

and TiO2/UV/Cu (II), were used to remove color from a Kraft
bleaching effluent. The optimal decoloration rate was
determinedbymultivariateanalysis,obtainingamathematical
model to evaluate the effect among variables. TiO2 and
Cu(II)concentrationsandthereactiontimeswereoptimized.
The experimental design resulted in a quadratic matrix
of 30experiments. Additionally, the pHinfluence on the color
removal was determined by multivariate analysis. Results
indicate that color removal was 94% at acidic pH (3.0)
in the presence of Cu (II) as an electron acceptor. Under
thiscondition, thebiodegradationof theeffluent increased
from 0.3 to 0.6. Moreover, 70% of COD (chemical oxygen
demand) was removed, and the ecotoxicity, measured by
Daphnia magna, was reduced. Photocatalytic oxidation
to remove the color contained in the Kraft mill bleaching
effluent was effective under the following conditions: short
reaction time, acidic pH values, and without the addition
of oxygen due to the presence of Cu (II) in the effluent.
Moreover, residual Cu (II) was a minimum (0.05 mg L- 1) and
was not toxic to the next biological stage. The experimental
design methodology indicated that a quadratic polynomial
model maybeusedtorepresent theefficiencyfor degradation
of the Kraft bleach pulp effluent by a photocatalytic
process.

Introduction
The Kraft bleach pulp effluent is strongly colored. Lignin
derivatives, such as chlorinated organic compoundswith a
lowbiodegradability,emergein thebleachingstageprocess.
These compoundsare classified asenvironmentally hazard-
ousbecauseoftheirtoxicityandslowbiodegradation.Recent
advances in theadvanced oxidation processes(AOPs)using
TiO2indicatethatAEROXIDE(TiO2DegussaP-25)isthemost
effectiveprocesstoimprovethebiodegradationofrecalcitrant
compounds.In theAEROXIDEprocess,oxygen isusedasan
efficient electron trap, preventing electrons from returning
to photogenerated holes. Additionally, the biodegradation
efficiency could be improved by using metallic ions as

electrons acceptors. Previous works have shown that syn-
thetic phenols,chlorophenols,and colored compoundscan
be degraded by using photocatalytic technology, although
the Kraft bleaching process effluent has not been studied
(1- 4).

On the other hand, conventional biological treatments
(e.g., aerated lagoon or activated sludge) were unable to
removeeitherrecalcitrantcompoundsorcolor contained in
theKraft bleachingmill effluent (5,6).Asaresult,biological
treatmentdidnotbiodegradecompoundsofhighmolecular
weight (greater than 1000Da), and thus, to precipitate the
recalcitrant compounds, the implementation of a tertiary
treatment, such as a physicochemical process, is required.
Furthermore,thetreated effluentwith ahigh chemical load
could environmentally impact aquatic ecosystems with
discharges into receiving waters (7, 8).

Therefore, to improve thebiodegradability, an oxidative
pretreatment of theeffluent usingAEROXIDE technology is
necessarytomodifythestructuresofrecalcitrantcompounds
priortobiological treatment.Moreover,fromaneconomical
point of view, replacing oxygen as the electron trap with
copper (II) contained in the Kraft mill effluent could be
beneficial. For these reasons, the goal of this study is to
investigatetheuseofcopper(II)asanelectron trap inducing
color removal from the Kraft bleaching effluent.

Experimental Procedures
Advanced Oxidation. The effluent was obtained from the
first extraction step E1 of theelementarychlorine free(ECF)
bleachingpulp of radiatapinewood.Theexperimentswere
carriedoutinacontinuouslyoperated2L cylindrical reactor
and irradiated insidewith a HPL 120W mercury lamp (Ï >
254 nm), where the lamp’s radiation was measured with
radiometer PMA2200solar light and thedetector PMA2120
UV. Titanium dioxide was provided by Degussa P-25 (80%
anatase and 20%rutilo) and used in suspension. Effluent
decolorization was determined byUV- vis spectrophotom-
etryat 465nm,and thecolor wasexpressed in mgof Pt L- 1.
The copper solution wasobtained fromMerck,and the ion
concentration was determined by atomic absorption spec-
trophotometry.

Toxicity Determination. The acute toxicity assays were
performed before and after photocatalytic treatment, with
Daphniapulex.ToassesstheLC50values,fivedilutionswere
performed for everysamplestep and therespectivecontrol.
In all dilutions,20nematodeswereplaced in four replicates
with 10mL of solution and five specimensof each one.The
test was maintained for 24 and 48h at a temperature of 20
°C, assessing the individual mortality (%) in each dilution.
ThemortalitywasanalyzedwiththestatisticalmethodProbit,
and the LC50 values were calculated with the program
TOSTAD.

Experimental Design.Theexperimentaldesignconsisted
of a statistically significant model of the phenomenon with
a minimum set of well-chosen experiments. The math-
ematicalmodelofmultivariatemethodswasusedtooptimize
processes, to simultaneouslymodify the changeable opera-
tions of a reaction, to identify the weight and the relation
among variables, and to determine the synergies and
antagonisms.Onceresponsesurfacemethodologyistested,
theresultingmodel of responsesurfacemethodologycanbe
used toelaboratecontourplotsthatpredict thevaluesof the
responseatanypoint in theexperimental region of interest.
This experimental design to evaluate of interaction effects
among variables minimizes the number of experiments,
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identifying the statistically most significant experiment to
perform.

Thismethodologyisused in thepresentresearchtostudy
theinfluenceofTiO2andcopper(II)concentrationswith the
reaction time on the color removal from Kraft bleaching
wastewater. The experimental matrix for three variables is
aquadraticmodel with 30experiments.Beforedetermining
the optimal response, the starting matrix model with 11
experiments was performed to determine the influence of
pH in themodel.Thegeneral polynomial response (eq 1) is
a quadratic polynomial model representing the associated
response function

where b0 is theaverage valueof theexperimental response;
b1 isthemain effectof thecodedvariableX1;b2 isthesecond
effect;b3 is thethird effect;b11,b22,and b33arethequadratic
effects of the coded X1, X2, and X3, respectively;and b12, b13,
and b23 are the interaction effects between the respective
coded variables.

Analytical Methods. The COD (mgof O2 L- 1), TOC (mg
of O2L- 1), and total phenol compounds (mgof O2 L- 1)were
determined following standard method ISO 8466- -1 and
DIN38402A51,ISO8466- -1andDIN 38402A51,and5220-D
and ISO 15705, respectively.

Thebiological oxygen demand (BOD5 mgof O2 L - 1)was
determinedusingpartial oxygenpressure(OXITOP)sensors,
standardmethods5210-D.Thesampleswereinoculatedwith
1 mL of the activated sludge taken from a continuously
operating laboratory reactor that was grown in a pulp
bleaching effluent. The pH was measured by an electrode
bifunction SenTix WTW Inolab, and the effluent color was
determined at 465nm and referenced to a Pt- Co standard
solution (EPA 00080).

Theacutetoxicityassayswereperformedbeforeandafter
photocatalytic treatment with D. pulex. To obtain the LC50

(lethal concentration)values, fivedilutionswereperformed
for every sample step and the respective control. In all
dilutions,20nematodeswereplaced in four replicateswith
10mL of solution and five specimens of each one. The test
was maintained for 24 and 48 h at a temperature of 20 °C,
assessing the individual mortality (%) in each dilution, and
theresultswereanalyzedwith thestatistical method.Probit
and the LC50 values were calculated with the program
TOSTAD.

Results and Discussion
The effluent was obtained from a modified continuous
cooking (MCC) process of a local Kraft mill that uses Pinus
radiatawood.TheECF effluentwasgenerated after thefirst
alkaline extraction of the bleaching sequence with 100%
chlorinesubstitution(D0Eop),andtheglobalparametervalues
for the initial ECF effluent are shown in Table 1.

A quadratic model was used to determine the optimal
experimental variables in photocatalytic oxidation of pulp

mill wastewater. The initial effluent pH was adjusted at pH
3.0 and remained constant during the first modeling.

Table2showstheexperimentalmatrixforthreevariables,
the number of the experiments, and the corresponding
experimental response. All experiments were performed
under identical conditions, pH 3.0 and room temperature,
which remained constant in all experiments. In the same
table, it can beobserved that 99%of thecolor was removed
with the experiment order number 12, with 0.75 g of TiO2,
1.5ppmcopper(II),and30min reaction time.Nevertheless,
theresponsesurfacefor theexperimental design toevaluate
the synergismamongvariables (Figure1) indicates that the
time variable is independent and that the polynomial

TABLE1. Characterization of E1 Stage Effluent fromBleach
Kraft Pulp

parameter value

pH 10.6
color (mg of Pt L- 1) 1500
total phenols (mg L- 1) 5.42
Cu (II) (mg L- 1) 0.5
COD (mg L- 1) 1600
BOD (mg L- 1) 449

Y1 ) b0 + b1X1 + b2X2 + b3X3 + b11X1
2 + b22X2

2 +

b33X3
2 + b12X1X2 + b13X1X3 + b23X2X3 (1)

TABLE2. Experimental Matrix for Natural Variables and
Corresponding Experimental Response to Optimize Color
Removal at pH3.0 and 20 °C

expt
no.

order
no.

TiO2
(g)

Cu (II)
(mg L- 1)

time
(min)

color
removal (%)

1 22 0.5 0.5 30 88
2 1 0.75 0.5 30 94
3 4 1 0.5 30 95
4 7 0.5 1 30 87
5 20 0.75 1 30 87
6 13 1 1 30 95
7 29 0.5 1.5 30 86
8 12 0.75 1.5 30 99
9 9 1 1.5 30 95
10 16 0.5 0.5 90 89
11 27 0.75 0.5 90 92
12 18 1 0.5 90 95
13 3 0.5 1 90 90
14 17 0.75 1 90 94
15 25 1 1 90 96
16 28 0.5 1.5 90 91
17 26 0.75 1.5 90 89
18 23 1 1.5 90 96
19 24 0.5 0.5 150 88
20 14 0.75 0.5 150 83
21 11 1 0.5 150 87
22 5 0.5 1 150 88
23 21 0.75 1 150 89
24 6 1 1 150 89
25 15 0.5 1.5 150 87
26 30 0.75 1.5 150 94
27 10 1 1.5 150 91
28 19 0.75 1 90 93
29 8 0.75 1 90 90
30 2 0.75 1 90 92

FIGURE1. 1.Surfaceresponsetothequadratic experimental design
for the color removal.


