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Abstract

TiO, slurries under UV light irradiation were used for the oxidation and removal of the organic load of effluent from the bleaching of paper
pulp. TOC wasthe main analytical parameter used to characterize the reaction progress, although COD, AOX and color also received periodic
attention. Conditions such as the catalyst load, light intensity, pH, temperature, and concentration of O, and organic matter were changed
through several series of experimentsin order to determine their effect. A zero order kinetics accountsfor the observed variation of TOC with
time during most of the reaction, the rate constant being 0.25-0.40 ppm min~* at 25 °C. This behavior is explained in terms of a Langmuir—
Hinshelwood rate equation in a highly substrate concentrated system. © 1997 Elsevier Science S.A.
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1. Introduction

The pulp and paper industry produces large quantities of
spent bleach effluent. These liquors are highly colored and
contain large concentrations of organic matter, in particular
chlorinated organics, most of them being difficult to eliminate
by conventional waste water treatment processes and, there-
fore, being accumulated in the environment [1-6].

Heterogeneous photocatalytic oxidation is a well known
procedure for waste water treatment, which can be used to
carry out the complete mineralization of a large number of
organic compounds [ 7-10]. It has shown to be particularly
efficient for the attack of chlorinated compounds [11] and,
for that reason, it is potentially suited for the treatment of
paper pulp bleaching effluents.

In the present study samples of bleaching effluents
obtained after chlorine dioxide (ClO,) oxidation of paper
pulp were treated with TiO, in the presence of UV light and
air bubbling. TOC was chosen asthe most general parameter
for the study of the detoxification and organic content
removal, athough other characteristics such as AOX
(adsorbable organic halogen), COD (chemical oxygen
demand) and color were controlled through the experiments.
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The conditions were varied systematically, so that informa-
tion about the effect that the catalyst mass, organic load, pH,
temperature and O, concentration have on the process could
be collected. Specia attention was paid to the reaction kinet-
ics and the potential of the method for complete removal of
TOC content.

2. Experimental section

The effluents used in the present research were obtained in
thelaboratory after bleaching sequencesof apaper pulp made
from Eucaliptus globulus chips. The Kappa index and vis-
cosity of the resulting pulp were 20.6 and 650 cm®g~?
respectively. Thebleaching sequence consisted of threesteps:
(i) acid pretreatment (2mol | ~*H,S0,), (ii) bubbling with
pressurized O, (to reducethelignin content), and (iii) treat-
ment with chlorine dioxide. The effluent from this last step
formed the starting solution of the present research. Only in
the experiments where amuch higher organic matter content
was needed werethe acid pretreatment and O, bubbling steps
avoided.

All chemicals used in this work were at least of reagent
grade and were used as received. The titanium dioxide
(DegussaP25) waspredominantly anatase (80% anataseand
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20%rutile), asshown by X-ray diffraction. The BET surface
area, determined from nitrogen adsorption at —196 °C
(Accusorb 2100 E Micromeritics) was 59.1 m?g~% The
average particle size, determined by scanning electron
microscopy, was 27 nm.

Experiments were conducted in athermostatic cylindrical
Pyrex cell of 130 cm?® capacity. The reaction mixture inside
the cell, consisting of 100 ml of organic effluent and the
precise amount of TiO,, was maintained in suspension by
magnetic stirring. As a light source, a 125 W Philips HPK
medium pressure mercury vapor lampwasused. Theintensity
of the incident light inside the photoreactor, measured
employing a uranyl actinometer, was 9.2 10~° einstein
dm=3min~,

TOC of initial and irradiated sampleswasdetermined, after
filtering the catalyst, with aShimadzu TOC 5000total organic
carbon analyzer. COD was detected spectrophotometrically
at 620 nm with aspecific commercia reagent kit (HachDR/
2000). For AOX measurements a Euroglas analyzer, model
ECS2000, was used. Color determination was carried out in
a double beam spectrophotometer SP8-300 Pye Unicam at
thewavel ength of 465 nm using cuvettes of 10 mmlight path,
according to the standards of the CPPA (Canadian Pulp and
Paper Association, Standard H.5, 1991).

3. Resultsand discussion

The paper pulp treatment effluent, produced as described
in Section 2, contained the following contaminating load:
306 ppm TOC, 515 mg O, |~* COD, 27.7 ppm AOX, and
250 color units. TOC was chosen as the main parameter of
study in the present work becauseit isthe most general quan-
tification of organic matter. Nevertheless determinations of
COD, amoreextensively usedindex for water pollution, were

also carried out. AOX and color, both particularly important
measurements in effluents coming from the paper mill indus-
try, were also sporadically collected.

Blank experiments were carried out in order to ascertain
whether photocatalytic oxidation takes place with such an
organic content. When 100 ml of the effluent were mixed
with 0.2 g TiO,, adecrease of 9.8 ppm (3.2%) in TOC value
after 15 minin the dark was noticed. For longer mixing times
no further TOC removal took place. In contrast, the presence
of UV light produced a reduction of 16.2 ppm (5.3%) TOC
after 15 min, and longer reaction timesinvolved larger reduc-
tions. The initial decrease in TOC in the dark is, thus, a
consequence of pure adsorption and saturation of the catalyst
surface. No appreciable TOC decay was nhoticed when the
solutionwasirradiated during 1 hinthe absence of TiO,. The
mass of TiO, suspended is expected to influence the reaction
efficiency by providing a larger reactive surface. This point
was tested, and the results for three different TiO, loads (1,
2 and 6 gl 1) are shown in Fig. 1. As can be seen, in the
three cases the reaction rates of TOC removal, which arethe
slope of the curves, are similar (approximately 0.25
ppm min~*) and suffer no appreciable changewithtime. The
only difference appearsin theinitial TOC decrease, whichis
clearly larger in the experiment with 6 g|~* catalyst. This
observation agrees with the existence of an initial saturation
of the solid surface which would be larger for larger amounts
of suspended TiO,. The other parameters studied follow sim-
ilar behavior, with larger reductions for increasing mass of
catalyst. In thisway, after 8 h reaction under irradiation and
inthepresenceof 6 g | ~* TiO,, reductions of AOX and COD
of 80% and 64% respectively took place, the reductions
obtained with 2 g 1 ~* being 71% and 49%. Theimprovement
in the color reduction was spectacular, going from 21% to
72% for the above mentioned values of mass in suspension
and the same reaction time.
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Fig. 1. TOC vs. reaction time for three different catalyst loads: 1 gl~* (A),2 gl ' (@), and 6 gl~* (M). AOD sequence effluent, pH= 3, air flow 60

ml min~?%, 25°C, 9.2x 10~ °® einstein min 1.



M. Pérez et al. / Journal of Photochemistry and Photobiology A: Chemistry 109 (1997) 281-286 283

25

N
o
:

% TOC Reduction

0 20 40 60 80 100
% Light Intensity

Fig. 2. Effect of relative light intensity on TOC removal. AOD sequence
effluent, 2 gl~* TiO,, pH=3, air flow 60 ml min~%, 25 °C. Full light
intensity 9.2 X 10~ ° einstein min~ .

Thelight intensity was also avariable studied. Fig. 2 pres-
ents the removal of TOC vs. the percentage of full lamp
intensity used in different experiments. The results clearly
indicatenoimportant changesin TOC removal for lightinten-
sities going from 30% to 100%. Below 30% of full lamp
power the efficiency of the reaction rapidly decreases. An
excess of photonsis being used in our standard experiments.
Different behavior was noticed with AOX, a 35% larger
reduction when moving from 100% to 43% light intensity.
This fact might well indicate the existence of homogeneous
photochemistry among halogen-containing reaction inter-
mediates, which could, through direct activation by photons,
react and |ose the halogen without complete mineralization.
In thisway achangein photon flux could produce a decrease
in AOX with no influence on the degree of mineralization
owing to heterogeneous photochemistry.

Theinfluence of initial pH was a so studied. No variations
in TOC valuesin the pH range studied and in the absence of

catalyst were noticed, so phenomena such as organic matter
precipitation or homogeneous hydrolysis could be ruled out.
Fig. 3 presents the TOC-time course for severa initial pH.
The dlope of the curves and, hence, the reaction rates are
similar and constant in time, which indicates alack of influ-
ence of pH on photocatalysis under the conditions used here.
Nevertheless, the only differences occur again during the
initial minutes of the reaction, with alarger TOC adsorption
onto the catalyst for pH 6 and 10, which are above the point
of zero charge (pzc) of TiO, which is5.5. The behavior of
COD and color is similar to that observed for TOC. AOX
changes follow again a different direction. The removal of
hal ogen containing speciesisclearly favored at acid pH (45%
reduction after 3 h at pH 3 compared with 30% reduction at
pH 6 and 10). The favored adsorptivity of these electroneg-
ative species onto the positively charged catalyst surface
could explain these phenomena.

Experiments at two different temperatures (25 and 40°C)
were also carried out to detect any possible influence of that
variable on the reaction rate. Fig. 4 shows the corresponding
data. In this case thereisadlight improvement for the higher
temperature (0.40 ppm min~* at 40 °C vs. 0.28 ppm min~*
a 25 °C). In any case the increase is too low if compared
with typical Arrenhiusbehavior, and theglobal processcould
be considered as controlled by the chargetransfer step, which
isknown to be very little affected by temperature [ 12,13].

As al oxidation processes, photocatalysis is based on the
consumption of an oxidant, in the present case the O, in
solution. O, reacts with the photogenerated conduction band
electronskeeping theelectrical neutrality intheTiO, particle.
The concentration of O, could very well control theoxidation
process and experimentswere carried out in both air and pure
O, atmospheresto look for such an effect. Fig. 5 showsvery
little difference when bubbling these two gasesinto the TiO,
slurry, making clear that the amount of O, present in solution
through all the experiments described so far was enough to
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Fig. 3. Time course of TOC for three different initial pH values: pH 3 (A), pH 6 (@), and pH 10 (). AOD sequence effluent, 2 g1~ * TiO,, air flow 60
ml min~*, 25°C, 9.2Xx 10~ ® einstein min~*.
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Fig. 4. TOC vs. reaction time data of experiments at 25 (A) and 40 °C (H). AOD sequence effluent, 2 g1~ TiO,, pH =3, air flow 60 ml min~*,9.2x 10~ %

einstein min~ 2.
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Fig. 5. TOC-time course under two different atmospheres: air (A) and pure O, (). AOD sequence effluent, 2 g1~ TiO,, pH = 3, gasflow 60 ml min~?, 25

°C, 9.2xX 10 % einstein min~*.

saturate the system so that O, reduction could not be consid-
ered a rate-limiting step. AOX and color reduction behave
differently. 55% AOX reduction was attained after only 3 h
reaction in the presence of pure O,, 5 h being necessary to
remove the same amount in air atmosphere. On the other
hand, while 24% color reduction was obtained after 3hin O,
atmosphere, only 20% decrease in this parameter was
detected within 8 h of reaction in air atmosphere.
Thereaction efficiency for ahigher initial contaminantload
was examined. To accomplish this a new sequence of paper
mill effluent generation was followed, which omits the acid-
ification and O, treatment of the paper pulp. The values of
the analytical parameters for this effluent were as follows:
1380 ppm TOC, 3700 mg O, | ~* COD, 69.8 ppm AOX, and
7030 color units. Fig. 6 shows the TOC-time course when
two different amounts of TiO, (2and 6 g1 ~*) were used to
prepare dlurries for irradiation. Again, the slopes are similar
and constant in time, indicating that for this contaminated
solution no change is observed in the kinetics of heteroge-
neous photocatalysis. Only a small increase in reaction rate

is noticed when comparing the slopes of these curves with
thosedepictedinFig. 1 (0.4 ppm min~*and0.25ppm min~*
respectively).

Finally, along termirradiation was carried out to ascertain
whether the system could undergo complete mineralization
and how that would takeplace. Fig. 7 showsthedatacollected
during that experiment. As is indicated on the figure, three
zones of different kinetic behavior are noticed. The narrow
band of afew minutes at the beginning of the reactionisdue,
as previously indicated, to the existence of adark adsorption
onto the catalyst surface. The central zone, which includes
the subsequent 500 minis characterized by azero order. From
that moment the reaction rate slows down, being difficult to
assign a reaction order. The zero order behavior can be
explained by considering that most water phase photocatal -
ytic oxidations described in the literature so far follow the
Langmuir-Hinshelwood (LH) equation [14]:

_ kK[A]

"TITKIA] 1
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Fig. 6. TOC vs. reaction time for two different catalyst loads: 2 g1~ (A) and 6 g1~ (H). D sequence effluent, pH =3, air flow 60 ml min—?, 25 °C,

9.2x 10 % einstein min~t.
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Fig. 7. TOC vs. time for along term irradiation experiment. AOD sequence effluent, 2g 1~ * TiO,, pH = 3, air flow 60 ml min~—*, 25°C, 9.2X 10~ ° einstein min .

where [A] isthe reactant concentration (in the present case
amixture of specieswhich issummarized asTOC), K isthe
adsorption constant of that speciesontothe TiO,, and k isthe
rate constant of the chargetransfer reactionitself. If the K[ A]
product islarge enough then 1+ K[A] = K[A] and

r=k (2)

This can be the situation when treating paper pulp bleach-
ing effluents: a large concentration of organics (most cases
where the LH equation has been applied correspond to afew
ppm of organics in solution) and a noticeable adsorption
constant. TheTiO, israpidly saturated by the TOC containing
species so that the surface reaction sees a nearly constant
concentration of organics during the central part of the
process.

Several reasons can explain the decrease in reaction rate
for long irradiation times: the decrease in TOC itself, which

would cancel the condition of alarge K[ A] mentioned above,
competition for the surface active sites between reactant and
intermediate species, aging of the catalyst surface, agglom-
eration of particles, changesin pH, etc.

4. Conclusions

Photocatal ytic oxidation can efficiently reduce the organic
content of contaminated water generated during the pulp
bleaching step of the paper making process. During theinitial
minutes of the reaction the decreasein TOC is due purely to
dark adsorption onto the surface of the TiO, solid catalyst.
The extent of this adsorption depends on the amount of cat-
alyst in contact with the solution, but no important influence
of such an experimental parameter was noticed during the
photocatalytic process. The light intensity reaching the reac-
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tion vessel has an effect on thereaction rate only when levels
of photons below 30% of thelamp full output are considered.
Neither pH nor temperature have a remarkable influence on
the photocatal ytic process after theinitial dark adsorption has
taken place. A 4-5 fold increase in organic content produces
only aslight improvement inthereactionrate, andthekinetics
of TOC removal during the central part of the processfollows
a zero order equation; this behavior has been explained asa
particular case of the most general Langmuir—Hinshelwood
equation. Other interesting contamination indexes, such as
COD, AOX and color are systematically reduced during pho-
tocatalysis. However, some quantitative divergences arise
when comparing the uniformity of these reductions for the
different parameters along the experiments.
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