.L Desalination and Water Treatment
0

J

www.deswater.com

5 (2009) 213-222

O 1944-3994/1944-3986 © 2009 Desalination Publications. All rights reserved

Combination of an anaerobic process with O,, UV and O,/UV for cellulose

pulp bleaching effluent treatment

Eduardo Cleto Pires*, Thiago José Momenti

Hydraulics and Sanitary Engineering Department, School of Engineering of Sdo Carlos, University of Sdo Paulo, Sio Carlos, SP, Brazil
Tel. +55 16 3373 9571; Fax: +55 16 3373 9550; email: ecpires@sc.usp.br

Received 14 July 2008; Accepted 17 December 2008

ABSTRACT

Recent studies have shown that partial oxidation by advanced oxidation processes (AOP) is able to
transform hard-to-degrade compounds and increase their biodegradability. In this work, anaerobic
treatment was followed by ozonation, UV radiation and ozonation in the presence of UV radiation,
to treat bleaching effluents from a cellulose kraft pulp plant. The anaerobic reactor (horizontal
anaerobic immobilized sludge bed, HAISB) was used as a pretreatment to reduce the effluent
organic load before applying AOP. The ozone treatments were applied in three different pH
environments (3, 8 and 10) with retention times of 10, 30, 45 and 60 min. COD and adsorbable
organic halogens (AOX) removal efficiencies at the HAISB were approximately 50%, while the
BOD removal efficiency reached 80%. Ozonation promoted further removal of AOX and COD so
that the combined efficiency reached 96% for AOX and 70% for COD. In the oxidation process, BOD
was either removed in small quantities or actually increased, as intended, so that a second biological
treatment would be able to complete the treatment. The maximum increase in the BOD;/COD ratio
(biodegradability indicator) occurred at pH 8, reaching 104% for ozonation at a dosage of
1540 mgy,.L". Applying UV radiation alone resulted in lower values: a 34% increase in the
BOD;/COD ratio and a 76% AOX removal efficiency. These results indicate that the combination of
anaerobic treatment with ozonation or ozonation/UV radiation improves the treatability of cellulose
pulp bleaching effluents and that the resulting wastewater is suitable for further biological treatment
under aerobic conditions with a low level of toxic compounds from the halogenated family.
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1. Introduction

Bleaching is the main source of wastewater discharge
in cellulose pulp plants, with a great amount of non-
biodegradable organic substances presentin the effluents.
These persistent compounds are usually dark-brown in
colour and result in remaining chemical oxygen demand

*Corresponding author.

(COD) in the biologically treated effluent. Some of the
compounds found in these effluents are chlorinated
organics that can be toxic, mutagenic, carcinogenic and
present low degradability [1,2].

Biological wastewater treatments per se do not always
remove these recalcitrant and toxic compounds; thus, to
meet the stringent regulations that are being considered
by environmental agencies [3,4], it may be necessary to
combine biological and chemical treatments. One of the
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chemical treatments that can be applied is an advanced
oxidation process (AOP). These processes are comprised
of a series of technologies using the hydroxyl radical
(OHe) to oxidize the contaminants. However, to this day,
AOPs have not been economically feasible when used as
asingle treatment to promote complete degradation of the
contaminants. However, cost aside, ithas been shown that
AOPs can be used to modify organic hard-to-degrade
organic compounds into more biodegradable ones. Often,
this occurs without a considerable reduction in the COD
or total organic carbon (TOC) values, but with a great
increase in the five-day biological oxygen demand (BOD;)
to COD ratio, signalling an improvement in the bio-
degradability of the sample [5]. When these processes are
followed by a biological treatment, the newly formed
degradable compounds are effectively removed from the
water sample.

During an AOP treatment, a reduction of hydroxyl
radicals occurs in tandem with oxidation of organic
molecules that results in either the withdrawal of a
hydrogen atom or addition of this atom to one of the
double bonds in the molecule. In this chemical oxidation,
the structural and chemical properties of the compounds
are changed. The molecules are broken into small pieces
and get a higher percentage of oxygen, in the form of
alcohol and carboxylic acids and other functional groups.
These more oxidized species are usually more bio-
degradable than the former species [6].

To perform an advanced oxidation treatment several
oxidants can be used. The most common oxidants and the
ones used in this work are ozone, ultraviolet radiation
(UV) and a combination of both.

Ozone decomposes spontaneously in water via a
complex mechanism that involves the generation of
hydroxyl radicals and can be represented by Eq. (1):

20, + H,O —» 2HOs + 20, + HO,* Q)

Thus, ozonation is not a direct reaction of the ozone with
the pollutant in an aqueous solution. Also, hydroxyl
radicals can form from other agents such as hydrogen
peroxide.

When UV radiation is applied as an AOP, it usually
causes some chemical bonds in the compounds to break
and, as a consequence, the organic load decreases. In
water, the irradiation produces hydroxyl radicals and
hydrogen atoms as described by Eq. (2):

H,O+hv - HO- + H. 2)

When ozonated water is irradiated, hydrogen peroxide
(H,0,) is produced, which reacts with the excess and
ionizes itself to form more hydroxyl radicals. The pro-
duction of these radicals follows [Eq. (3)]:

O, +hv+H,0 ~ H,0,+0, > O, +2HO» 3)

Although these reactions were known long ago, only after
the development of less expensive and more efficient UV
lamps and ozone generators did researchers consider the
application of these processes to actual wastewater. Some
previous works that provided guidance to this project are
summarized below.

Hostachy et al. [7] investigated the ozonation process
to reduce the pollutant load in effluents from paper and
cellulose plants. The toxicity and BOD; tests indicated that
ozone decreases the toxicity and increases the biode-
gradability of these effluents. A similar study conducted
by Mobius and Cordes-Tolle [5] investigates ozonation
followed by biological treatment with anaerobic filters.
Ozonation resulted in an increase in BOD;, which suggests
an increase in the effluent biodegradability. According to
Mobius and Cordes-Tolle’s [5] results, this combined
treatment reduces organic load with lower costs than the
ozonation process alone. The authors reported 90% colour
removal and 67% adsorbable organic halogens (AOX)
removal after ozonation.

Baig and Liechti [8] applied ozonation to remove the
remaining COD from paper mill effluent previously
treated using an activated sludge process. The ozonation
promoted a significant increase in biodegradability of the
effluent because of the partial oxidation of untreated bio
refractory compounds left after the biological treatment.
An aerobic fixed-bed filter was applied after ozonation.
The combined treatment had an efficiency of around 80%
for COD removal.

The effect of ozonation on the biodegradability of a
single chlorinated compound was studied by Contreras et
al. [9]. The authors treated a 100 ppm 2,4-dichlorophenol
water solution. The results showed that after an ozone
dosage of 0.12 g L', the biodegradability increased by
25%.

Mobius and Helble [10] confirmed that ozonation,
applied as a partial oxidation, reduces costs associated
with expensive chemical oxidants and makes persistent
COD more degradable. Substantial elimination of AOX,
colour and other substances was observed in all of in their
experiments.

The degradation of 4-chlorophenol by a photolytic
oxidation with UV radiation and ozone was studied by
Esplugas et al. [11]. Their results corroborated findings
that UV radiation combined with ozone is more effective
than UV radiation or ozone applied alone.

Oéller et al. [12] tested the ozonation process and
ozone combined with UV radiation at different tempera-
tures and pH environments to treat wastewater from a
pulp and paper plant. They observed a maximum increase
of 87% in biodegradability. The use of AOP to segregated
effluents from cellulose pulp manufacturing was reported
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by Yeber et al. [13] who studied the degradation of a
bleaching effluent. The wastewater was submitted to six
oxidation processes. It was observed that the biodegrada-
bility increased significantly in all the tested cases, with
the O,/UV process being the more efficient in trans-
forming the organic matter to more biodegradable forms.
The biodegradability increased by a factor of 3.3 times
after application of this treatment.

More recently Bijan and Mohseni [14] and Ruas et al.
[15] presented results on the use of several AOPs com-
bined with aerobic biological treatments for abatement of
recalcitrant effluents.

Although these papers indicate the advantages of
combining biological and chemical processes, there is a
lack of information on the use of biological treatment
preceding the use of advanced oxidation. One can
hypothesize that abiological step, applied before the AOP,
would remove the biodegradable organic portion and that
the AOP promotes an increase in the biodegradability of
the effluent. Thus, further biological treatment may be
used to purify the wastewater with reduced costs. As the
least expensive of the biological treatments and probably
the most efficient for toxic compound removal, anaerobic
processes are natural choices for combined biological plus
AOP treatments. However, the literature is poor in reports
on this combination for treating cellulose pulp waste-
water, which was the motivation underlying this work.

Ozone is often used in cellulose pulp bleaching plants,
and thus, the use of ozone in the wastewater treatment
plant will not require the handling of new chemicals in the
plant. The goal of this work is to present a screening
experiment that shows the benefits of combining a
biological treatment (horizontal anaerobic immobilized
sludge reactor, HAISB) with ozone, UV radiation and an
ozone/UV radiation combination to treat bleaching
effluents from a cellulose pulp mill. This work evaluated
the preliminary removal of the easy-to-degrade organic
portion in the HAISB reactor, the changes in BOD; and
COD content and the elimination of organochlorines
compounds via the AOPs.

2. Procedures
2.1. Wastewater

The wastewater samples used in this study were
provided by a pulp and paper mill that employs the
bleaching sequence ZD-EOP-D, that is, the application of
chlorine dioxide in presence of ozone (ZD) followed by
alkaline extraction in presence of oxygen and hydrogen
peroxide (EOP) with a final chlorine dioxide (D) stage. The
wastewaters from this sequence are of two different types:
one is an acid effluent and is produced at the ZD stage,
and the other is an alkaline effluent generated in the

alkaline extraction, EOP. These effluents are discharged in
a ratio of 60% acid to 40% alkaline.

Five samples of each effluent were collected at
irregular intervals and mixed in a ratio of three parts acid
to two parts alkaline in the laboratory. This mixture was
the model for wastewater for this research.

The wastewater pH was corrected to 7 when neces-
sary. The neutralization was carried out with a 1M
sodium hydroxide solution. Nutrient supplementation
was provided with nitrogen and phosphorus to keep the
usually recommended relation COD:N:P = 500:5:1 for the
anaerobic treatment process [16]. This supplementation
was performed by adding 2 mL per litre of a stock solution
of sodium phosphate (3.9 g.L ') and ammonium chloride
(25g.L ") to the wastewater.

The wastewater was characterized by its COD, BOD;,
TOC, pH, colour, alkalinity, solids, volatile fatty acids,
chlorides, sulphate, phosphorous, nitrogen and AOX
concentrations. All parameters, except the AOX and the
volatile fatty acids concentrations, were analysed accord-
ing to the Standard Methods for the Examination of Water
and Wastewater [17]. The volatile acids concentration was
analysed by the titration method proposed by Dilallo and
Albertson [18]. The AOX determinations were done in an
AOXanalyser EC51200 - Thermo Electron Dreieich by the
batch method DIN EN 1485 [19].

2.2. Experimental design

The model wastewater was submitted to a treatment in
two steps. The first one comprised an anaerobic biological
pre-treatment, kept unchanged throughout the experi-
ments. At this step, only the natural fluctuations of
biological treatment performance were allowed to occur.
To minimize their influence on subsequent steps com-
posite samples were used to study the AOPs. All samples
were kept refrigerated until needed and none was used if
stored for more than 3 days.

The second step involved treatment with an advanced
oxidative process. The AOPs examined in this study were
ozonation, UV radiation and ozonation in presence of UV
radiation. With this set-up, it was possible to individualize
the effects of ozone and UV and the synergistic action of
their combination when applied simultaneously.

To finalize the experimental program the raw waste-
water was submitted to O,/UV treatment so that the
influence of the anaerobic pre-treatment could be
evaluated.

When appropriate the results are presented in terms of
removed load instead of the usual efficiency performance.

2.2.1. First treatment step—anaerobic process

The anaerobic pre-treatment was performed in a
bench-scale HAISB reactor built in boron-silicate glass.
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Fig. 1. Diagram of the anaerobic treatment apparatus.

The reactor was 100 cm in length and 5 cm in diameter,
with a total volume of 2000 mL (Fig. 1). Previous research
has shown that this particular wastewater was responsive
to anaerobic treatment [20,21].

The reactor was filled with 25 g of polyurethane foam
cubes with 5 mm sides to immobilize the anaerobic
biomass, resulting in 800 mL net volume. Inoculation was
performed using sludge from an operating upflow
anaerobic sludge blanket (UASB) reactor. The sludge was
macerated and immobilized in the foam as described by
Zaiat et al. [22]. The reactor was kept in an acclimatized
chamber set at 27°C+1°C.

The reactor was fed by a peristaltic pump (Prominent—
Gamma G/4b) and the flow rate was slowly increased
during the first 15 days of operation. After 15 days, it was
set to give a hydraulic retention time (HRT) of 12 h, based
on the net volume of the reactor. This HRT was a com-
promise between removal efficiency and realistic HRT
values for industrial applications. The HAISB reactor was
operated continuously for 270 days without any further
changes in the hydraulic retention time.

The effluent from the HAISB reactor was characterized
by means of its COD, BOD;, pH, alkalinity, volatile acids
concentration, colour and AOX concentration.

2.2.2. Second treatment step — AOP

The effluent from the HAISB reactor was submitted to
several oxidation tests with AOPs, with the goal of modi-
fying or removing the toxic and recalcitrant compounds in
this effluent and at the same time increasing the
BOD,/COD ratio by converting the COD into BOD.

The AOPs reported in this work were ozone at pH 3, 8
and 10, UV radiation at pH 8 and ozone/UYV radiation at
pH 3, 8 and 10. These treatments were carried out in a
batch oxidation apparatus, which is shown in Fig. 2. The
system consisted of a reactor, ozone and UV sources and
an ozone retention chamber. The reactor was made of a
cylindrical tube of boro-silicate glass mounted inside
another glass tube so that a thermostatic bath enclosed the
reactor. The external tube diameter was 100 mm while the

AT
b—"

Fig. 2. Diagram of the AOP apparatus. 1 ozone generator,
2 glass reactor, 3 in and out for the cooling water, 4 magnetic
stirring, 5 porous plaque, 6 UV lamp, 7 exit for the ozone not
consumed,, 8 flash with KI solution, 9 wastewater entrance.

reactor was 60 mm in diameter. The reactor was 54 cm
high with a net volume of 1200 mL.

The reactor was mounted above a magnetic stirrer for
better mixing of the oxidation batches. At the centre of the
reactor a UV radiation lamp, Phillips TUV model (5Wand
45 cm of length) was inserted. The immersed portion of
the lamp was 33 cm long,.

At the bottom of the reactor, there was a porous disc
(80 mesh) for ozone dispersion. The ozone not consumed
in the column was transferred to a separated flask that
acted as an ozone retention chamber, containing 2%
potassiumiodide (KI) solution for destruction and quanti-
fication of the excess ozone.

Samples from the AOP reactor were collected at 10, 30,
45 and 60 min of treatment for examination. Each sample
was 25 mL so that the total volume withdrew from the
reactor, 100 mL, corresponded to 10% of the treated
volume. The COD, BOD;, AOX concentration and colour
were measured to quantify removal and changes in the
biodegradability induced by the AOP. The biodegrada-
bility was evaluated by comparing the absolute amount of
COD and BOD removal and the ratio BOD,/COD, a
commonly used indicator of wastewater biodegradability,
although not a perfect one. All experiments were per-
formed in duplicate and the results shown are the average
of the two measurements.

2.3. Ozone experiments

The ozone generator was a Qualid’or (Santa Barbara
d’Oeste, Brazil), laboratory model, with a production
capacity of 8 g.h ' at 20 g.m ® (2%), directly from air. The
chosen flow rate of 80 Lh' in the ozone generator
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provided 1.54 gh'' of ozone, as measured by the con-
sumption of potassium iodide method. Thus, the samp-
ling intervals resulted in dosages of 257, 770, 1155 and
1540 mg.L .

Diluted sulphuric acid was employed to reduce the pH
value to 3 and sodium hydroxide to raise the pH to 10. The
residual ozone in the samples was measured using the
Hach Accuvac 25170-25° method (range from 0 to
0.75 mgq,.L "), but the value never reached more than
0.10% of the dosage.

2.4. UV radiation experiments

To apply the UV radiation, the lamp was turnedon 1h
before the introduction of the effluent to be treated into
the reactor. The magnetic stirrer was used to mix the
sample and the treatment was carried out at a pH of 8.
Assuming that all energy emitted by the submersed
portion of the lamp was absorbed by the wastewater the
UV dosages can be estimated to be 11 W. L™, resulting in
energy inputs equal to 1.83, 5.50, 8.25 and 11 Wh.L™" (or
6.6;19.8;29.7 and 39.6 k].L ") after 10, 30, 45 and 60 min of
treatment.

2.5. Ozone/UV experiments

These experiments were carried out exactly as the
ozone experiments with the exception that the UV radia-
tion was applied simultaneously with the introduction of
ozone, using the same protocol of the UV radiation
experiment.

3. Results and discussion

Before the results are presented, it is important to
remember that the commonly used procedure of com-
paring removal efficiencies to compare treatment
performance may be misleading when one compares
treatment effects over a wide range of influent loads. This
is especially true in this work as the effect of the applied
AOP is compared for pre-treated and untreated effluents.
Thus, some comparisons and conclusions in this paper are
based on specific pollutant load removal instead of
efficiency performance.

3.1. Wastewater characterization

The results of the wastewater characterization are
shown in Table 1. Its high colour content and its amena-
bility to biological treatment as suggested by the BOD;/
COD ratio are noteworthy as are the low nitrogen
concentration and high sulphate content, which are
typical characteristics of cellulose pulp plant wastewaters.

Table 1
Wastewater from the bleaching plant® and effluent from the
anaerobic reactor

Parameter Value HAISB
Effluent

pH (before neutralization) 45-7.8

pH (after neutralization)” 76+0.2 8.0+0.7

Total alkalinity (before 53

neutralization) (Mg, co, L)
Total alkalinity (after ‘ 980 +190 1200 +240
neutralization) (Mg, co, L)

COD ( mgOZL’1 ) ‘ 1370 +150 700 + 160

BOD,( mgol' ) 790130 170+ 50

BOD,/COD 0.57-0.62 0.13-0.30

TOC (mg.L™) 728

AOX (mgL ) 17.3 8.6

Colour (uCoPt) 218 296

Chloride (mgg-.L ™) 392

Nitrogen (total) (mgy.L ") 2

Phosphorous (mg.L ") 1.8

Sulphate (mg,_,.L’" ) 760 258

Volatile fatty acids (mg,,.L ") 280 + 45 130 + 40

Solids (total) (mg.L ™) 3390

Volatile solids (mg.L ") 1440

Fixed solids (mg.L ") 1920

Suspended solids (mg.L ") 30

*Mixture of acid and alkaline effluents in the ratio 3:2.
PRange.

The AOX concentration is within the expected values for
Brazilian plants producing bleached cellulose [1].

3.2. First treatment step—anaerobic process

The pH value at the HAISB reactor outlet was
approximately 8.0, which is slightly higher than the inlet
pH of the reactor, which ranged from 7.2 to 7.8. This is
indicative of the buffering effect of the anaerobic process,
which is confirmed by higher values of total alkalinity in
the reactor effluent, as shown in Table 1. Volatile acid
measurements showed a significant reduction of these
compounds after the biological treatment with a
decrease in concentration from 281+45 mg,,.L ' to 132+
37 mgya. L

The COD removal at the HAISB reactor was stable at
roughly 50% while the BOD; removal was approximately
80%, a satisfactory result for a pre-treatment step. After
the anaerobic treatment, the BOD;/COD ratio decreased
from 0.6 to approximately 0.2, with lower values
approaching 0.1, as shown in Table 1. This is a clear
indication that most of the easy-to-degrade organics were
removed during this step. To improve removal, it would
be necessary to increase the retention time, as the authors
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observed during pre-run trials when up to 85% of the
COD was removed. However to reach efficiencies at this
range, with this particular wastewater, the HRT would be
unrealistically high for industrial purposes.

An increase of 78 uCoPt was observed in the colour of
the anaerobic treated effluent, which is a normal occur-
rence when anaerobic processes are used.

The anaerobic treatment removed approximately 50%
of the AOX concentration. However, a subsequent treat-
ment step is necessary since the concentration of
chlorinated organics was still high for discharge, as shown
in Table 1.

3.3. Second treatment step—AOP
3.3.1. Ozone

Treatment with ozone provided high AOX removal,
leaving only 0.67 mgL' remaining after applying
1540 mg,,,.L™". This dosage was achieved after 60 min of
treatment with the apparatus used in this work (see
Table 2). This corresponds to a removal efficiency of 92%
after this step and 96% efficiency after the combined
process (HAISB and ozonation). Contrary to the anaerobic
pre-treatment, which adds colour to the wastewater,
ozonation results in colour removal varying from 42%, to
93% with the highest efficiency occurring with the appli-
cation of 1540 mg,.L" at a pH 3 (see Table 2).

The best specific COD removal was observed at pH 3—
0.216 mgqop/mg,, with a dosage of 1540 mg,, L, as
shown in Table 2. When the raw wastewater was
submitted to ozonation at pH 8 a slightly lower specific
COD removal was observed at the end of the treatment
than the value observed for the pre-treated wastewater.
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However, the relative difference is small, -12%, and
within the expected uncertainty for this kind of experi-
ment. Thus, in terms of removal capacity, the pre-
treatment does not represent a distinct advantage. How-
ever, considering the specific removal values reported in
Table 2, it can be conclude that the anaerobic treatment is
equivalent to dosing approximately 3,500 mg,.L"". This
dosage is more than double the dosage used in this work.
Moreover, the variation in the BOD;/COD ratio shows
that for the raw wastewater the increase was 14% while
the effluent from the HAISB reactor had an increase of
104%, as shown in Table 3.

The ozonation at pH 10 did not show good efficiency,
as would be expected since there is a greater production of
hydroxyl radicals at this pH. However, at the same time
bicarbonate and carbonate ions concentrations increase
with higher pH and their radical scavenger effect
surpasses the advantage of having more radicals in
solution. Tanaka et al. [23] have studied the carbonate
effects in several AOPs and inferred that these ions
promote a decline in the efficiency of all the AOPs tested.

Further discussion of biodegradability increase results
requires a hypothesis to explain the outcomes. Contrary to
biochemical oxidation, which shows a clear distinction
between the classes of chemicals that are removed first—
the BOD inducing compounds — chemical treatment does
nothave such a distinction, as ease-to-oxidize compounds
are not necessarily biodegradable. Thus, one can hypo-
thesize that, in an ideal oxidation treatment of a complex
wastewater, the oxidant would react with COD and BOD
inducing compounds in the same proportion that these
chemicals appear in the mixture. In this case, the BOD; to
COD ratio would remain constant. However, if COD

Table 2
Main results for ozonation at 1540 mgO;.L ! and for ozonation/UV at 1540 mgO,.L ' and 11 Wh.L ' of UV
Ozonation
pH COD (mg,.L ™) BOD (mgq,.L ") Colour Specific removal®
In Out In Out In Out COD BOD

Ozonation
3 648 316 224 169 344 25 0.216 0.04
8 545 307 139 164 575 267 0.155 0
8° 1386 1177 503 480 253 149 0.136 0.02
10 706 514 301 300 667 133 0.125 0
Ozonation in the presence of UV

3 980 414 236 192 816 15 0.368 0.03
8° 760 549 101 139 280 40 0.137 0
8° 1375 1105 660 627 531 328 0.175 0.02
10 732 392 238 174 677 86 0.221 0.04

*COD or BOD mass removed per unit mass of ozone applied at the treatment. Negative values indicate an increase in BOD instead

of a reduction.

Pre-treated wastewater. “Raw wastewater.
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Table 3
COD/BOD ratios at the end of treatment for O, and O,/UV*

pH Ozone Ozone/UV Relative
treatment treatment increase (%)
In Out In Out o, O,/uv

3 0.35 0.53 0.24 0.46 51 94

8 0.26 0.53 0.13 0.25 104 92

8° 0.36 0.41 0.46 0.48 14 4

10 0.46 0.58 0.32 0.44 26 38

“Results for 1540 mgO;.L " and 11 Wh.L™" of UV.
"Raw wastewater.

decreases but BOD; continues at the same level, decreases
inalesser proportion or even increases, one may conclude
that part of the COD chemicals became biodegradable and
are being measured as BOD;. This would seem to be the
case in our experiments. For instance, at pH 8 the COD
decreased by 238 mg,,,.L ' at the end of the experiment
while the BOD increased by 26 mg,,.L™". At pH 3, these
figures were a 332 mg, L' decrease for COD and a
55 mg,.L ™" decrease for BOD;, as shown in Table 2. The
evolution of these parameters over the progression of
treatment is shown in Fig. 3 for ozone and ozone/UV
treatmentat pH 8. Table 3 presents the BOD;/COD and its
relative changes at the end of the treatment for the three
pH values used in this work. As observed in Table 3, the
BOD,/COD ratio increased after all AOP treatments,
contrary to what is observed when biological processes
are applied. As this is one of the important points of this
work, these results will be discussed further and com-
pared to the O,/ UV treatment.

No residual ozone was detected in the samples at the
end of the ozonation. After comparing all ozonation
treatments at all pHs investigated, one can see that the
process carried out at pH 3 was most efficient in removing
the remaining COD and colour from the HAISB reactor,
reaching efficiencies of 51% and 93%, respectively.
However, the purpose of ozonation was not to degrade
the remaining COD from the first treatment step, but to
change the structure of the compounds to increase the
biodegradability so that the further application of a
second biological treatment would result in the water
quality necessary for discharge. Thus, ozonation at pH 8
seems to be a better option as it does not require as many
additional chemicals to adjust the pH. In addition, it
should be considered that the process performed at pH 8
causes the highest increase in biodegradability of the
effluent previously treated at the HAISB reactor.

3.3.2. UV radiation

UV radiation, when applied to the HAISB effluent at
pH 8, produced some unexpected results that may be

unique to this case. COD measurements for samples taken
after 10, 30, 45 and 60 minutes of treatment show that this
parameter had a steady and small decrease, from 680 to
636 mge,.L . However, it is difficult to be sure that these
changes actually occurred, since these differences fell
within the expected experimental error for this measure-
ment. However, the BOD showed an increase of 30%, a
value well above the experimental error. This increase
may be explained by changes in the composition of COD
inducing chemicals that became biodegradable. This result
is consistent with the findings of Alnaizy and Akgerman
[23], who subjected phenol solutions to UV radiation.
They observed a low degradation of this compound and
the emergence of intermediate aromatic compounds. The
increase of BOD may also be a consequence of the
observed AOX removal, close to 50% at this stage, and
reaching 76% in combination with the anaerobic pre-
treatment.

In this case, there was no colour removal, but a colour
increase from 575 uCoPt to 770 uCoPt at the end of the
treatment, representing a 34% increase. When the UV
radiation was applied to the raw wastewater, the changes
in COD and BOD; were negligible but the AOX removal
was 26%.

3.3.3. Ozone/UV radiation and comparison of results

From a qualitative point of view, the results of O,/ UV
treatment are similar those of the ozonation experiment,
but the absolute values of specific COD removal increased
by 70% at pH 3 and 10 while remaining relatively constant
at pH 8. Again, the highest efficiencies were achieved at
pH 3, with 60% COD and 98% colour removals. However,
as observed previously, when treatment costs are taken
into consideration it is possible that treatments at pH 8
would be a better option

An inspection of the UV treatment results shows that
the O,/UV outputs cannot be explained as an additive
effect of both treatments occurring simultaneously. They
are better explained as an effect of UV radiation on the
hydroxyl radical reaction chain [Egs. (1) to (3)]. It seems
that if sufficient UV radiation is provided each mol of O,
furnishes two moles of hydroxyl radicals instead of only
one, as occurs when decomposition occurs in water alone.

AOX removal for the O,/UV treatment was similar to
the ozone treatment. The final concentration of 0.74 mg.L ™'
cannot be considered significantly distinct from the
0.67 mg.L ' achieved with ozonation only. Similarly to the
ozone treatment, when the raw wastewater was submitted
to the O,/UV radiation treatment the BOD;/COD ratio
showed an increase of only 4% while the effluent of the
HAISB showed a 92% increase in this ratio. In this case,
the COD decreased by 211 mgO,.L" while the BOD
increased by 38 mg,,,.L". Itis worth noting that for the raw
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Fig. 3. COD, BOD; and BOD;/COD ratio at pH 8 for (a) ozone treatment and (b) ozone/UV treatment.

effluent, the oxidation occurs in the same proportion for
both, COD- and BOD-inducing compounds, as in an ideal
oxidative treatment.

For an acidic environment, the colour removal reached
98% however, a more realistic expected value would be
85%, as observed under alkaline conditions. This is
because, in an industrial plant, it would be more cost
effective to carry out the wastewater treatment under
alkaline conditions than acidifying the wastewater.
Again, the best COD removal was observed at pH 3-
0.368 mgop/ Mg, 0r 70%, with a dosage of 1540 mg,,, L™
and 11 Wh.L"" of UV energy.

An examination of the specific COD removal shows
some results that the authors could not easily explain. At
pH 3 and 10 there is a clear increase in the specific COD
removal when UV radiation was added to the treatment,
as shown in Table 3. However, at pH 8, this increase was
not observed. Moreover, an inversion in behaviour
occurred. While with ozone a higher specific COD
removal was observed with the effluent of the anaerobic
reactor, when ozone/UV radiation were used, the raw
effluent presented a higher specific removal, as shown in
Table 2. This change in behaviour is a clear indication that
even though the treatment process is almost the same, a
reaction with hydroxyl radicals produced by ozone, there
are particularities that have unknown influences and great
care should be taken when extrapolating results.

The behaviour of load removal at pH 8 and 10 with the
use of O,/ UV treatment also differs from the pure ozona-
tion treatment. While ozonation alone provided higher
COD removal at pH 8 than at pH 10, with the combined
treatment the results were reversed—a higher removal
was observed at pH 10, although the highest removal was
still at pH 3, as shown in Table 2. A possible explanation
for this result may be that the increase in hydroxyl radical

production, that occurs when UV radiation is present, is
sufficient to overcome the higher concentration of
bicarbonate and carbonate ions at pH 10, despite their
scavenger effect.

Further exploring the subject of COD conversion, Fig. 3
shows a comparison of the BOD;/COD ratio as a function
of the ozone dosage promoted by O, and O,/UV treat-
ment applied at pH 8. This pH was chosen for comparison
purposes as it is thought that this condition would
promote the best overall results in an industrial environ-
ment, as previously discussed. The O,/UV process pro-
moted the highest relative BOD;/COD increase at a
dosage around 1155 mgy,.L'. As the treatment pro-
gressed, the BOD;/COD ratio decreased, as shown in
Fig. 3. In Fig. 3b, a point exists where compounds that
were converted in BOD were also oxidized, thus decreas-
ing the BOD,/COD ratio. One may speculate that this
process may continue in a cyclical fashion if the treatment
progresses until it achieves complete mineralization of the
organic compounds. When ozone is used alone, the same
behaviour was observed, however the BOD; consumption
began at 770 mg,,,.L ' and reverted to production around
1155 mg,, L™ while the COD continued to decrease. As
several phenomena occur simultaneously, it is difficult to
isolate a single cause for this shift in the O, concentration
required to start the consumption of BOD. If a decision
concerning the end point of the AOP treatment was
required, a cost analysis would be an adequate tool for the
decision taking process. Such analysis would combine the
cost of the AOP treatment with the costs of the final
biological treatment. One can predict that it may be more
advantageous to stop the treatment at the point where the
biodegradability is highest and then apply a biological
process to finish the treatment.
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With respect to colour removal induced by the AOP at
pH 8, the results are shown in Fig. 4. Although O,/UV
treatment was the most efficient, the difference between it
and ozonation does not become significant for up to
45 min of treatment. After this time, a reversal in colour
content was observed, indicating a decrease in removal
efficiencies in the ozone treatment while the O,/UV
treatment continued to remove colour. It is important to
note that UV radiation alone does not remove colour; on
the contrary, there is an increase in its content for up to
45 min of treatment when the colour is close to 50%
higher. After that, the colour content starts to decrease.

The results of the AOX removal tests show that when
the AOPs at pH 8 were combined with the anaerobic
treatment, there was a total removal of 96% for the O, and
O,/UV processes and 76% for the UV process. When these
processes were applied to the untreated bleaching efflu-

Time (min.)
0 10 20 30 40 50 60
100 T T Ll 1 T 1
80
60
g
< 404
P
Q
S 20
5
‘© 0
s
3 -204
£
e -40
_g —a— UV
S 1 —e—0o,
-80 4 —A—0,/UV
B[ B B R S S S B S S E—— e R
0 500 1000 1500

Ozone dosage (mg.L™)
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ent, the AOX removal efficiencies were around 46% for O,
and O,/UV and 26% for the UV, as shown in Fig. 5. In
terms of load, the anaerobic treatment represents a dosage
of 1700 mgq;.L", considering that O, and O,/UV remove
about 5.1x10° mg ,ox/ Mg,

4. Conclusions

The wastewater from the cellulose bleaching plant had
a high organic load and contained toxic compounds.
Fortunately, it was amenable to an anaerobic biological
treatment that removed 80% of the BOD in 12 h of
retention time.

The three AOPs tested promote changes in the bio-
degradability of the effluent from the HAISB reactor as
indicated by the BOD;/COD ratio, and are thus useful for
enhancing the biodegradability of some wastewaters.

Although pH 8 does not provide the best removal effi-
ciencies, when costs are considered, it may provide the
most adequate cost-effective treatment solution in an
industrial environment, as fewer chemicals are needed to
adjust the pH. It should also be noted that further bio-
logical treatment would be necessary to reach discharge
limits so that a small gain of efficiency in the AOP phase of
the treatment may be offset in the final treatment phase.
Usually, the bleaching plants in pulp and paper mills have
an ozone production unit that could make the use of this
chemical in the wastewater treatment attractive.

Although the combination of O; and UV results in a
more efficient treatment when COD and BOD are con-
sidered, further studies should be performed to determine
the best dosage for each process and the balance between
removal efficiency gain and energy consumption.

The UV radiation promotes transformations in the
compound structure, changing the biodegradability of the
samples, but with a maximum increase of only 34%. When
this treatment was applied, significant changes were not
observed in COD content, although the AOX was
removed and BOD increased by 30%.

The organochlorine compound removal was indicated
by the AOX concentration. The anaerobic process pro-
moted a 50% removal of these compounds and further
oxidation with ozone or ozone/UV provided approxi-
mately 96% removal.

In conclusion, this work confirmed the initial hypo-
thesis that to combine an anaerobic process, in this case an
HAISB reactor, followed by ozonation or ozonation in the
presence of UV radiation, improves the treatability of
bleaching effluents. This results in wastewater with higher
biodegradability and less toxic compounds. Thus, after the
use of the AOPs, an aerobic biological treatment process
could be applied to complete treatment, removing the
modified remaining organic load.
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