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JUHA FISKARIL, ANNUKKA KAKKONEN?, HANNU PAKKANENZ2, RAIMO ALEN?

A COMPARATIVE STUDY OF ADVANCED OXIDATIVE
PROCESSES. DEGRADATION OF CHLORINATED ORGANIC
COMPOUNDS IN ULTRAFILTRATION FRACTIONS
OF KRAFT PULP BLEACHING EFFLUENT

Oxidative pre-treatment methods such as the Fenton oxidation, ozonation, and photocatalytic
treatment have been compared in reducing adsorbable organic halogens (AOX) and chlorophenolic
compounds in untreated kraft pulp bleaching effluent. Their efficiency was also studied on effluent
ultrafiltration fractions. The Fenton treatment removed all analyzed chlorophenolic compounds from
the effluent. Ozonation and photocatalysis appeared to be much less effective methods. The efficiency
of the Fenton oxidation appeared to be more pronounced in higher molecular weight effluent fractions.
This suggests a novel design, where the filtration stage can be placed after the oxidation, and the high-
-molecular weight fraction is returned to the Fenton treatment.

1. INTRODUCTION

Water, one of our most important natural resources is threatened by misuse, pollu-
tion, as well as economy and population growth. The pulp and paper industry is one of
the most important users of fresh water and it must therefore take care of the environ-
ment by minimizing emissions to the aquatic environment [1]. For this reason, various
new technologies have been introduced and applied to reduce the environmental load of
wastewaters. Typically wastewaters can be treated by biological methods, or by more
specific chemical methods designed to remove selectively undesired substances. During
the past few decades, there have been environmental concerns associated to the pulp
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bleaching process and its effluents. Pulp washing that usually follows each bleaching
stage requires substantial amounts of water, although water consumption in pulp bleach-
ing has been decreasing substantially in the past decades [2]. This is mainly due to im-
proved washing equipment and more efficient washing practices, such as high-degree
counter-current washing. However, the current trend to minimize the overall consump-
tion of fresh water has simultaneously resulted in elevated concentrations of detrimental
substances in process waters and effluents, which in turn has a negative effect on the
quality of receiving natural waters [3].

Any substance entering the bleaching process, regardless of its origin, must exit as
a product or solid waste or by emission to the air or aqueous environment. There are
a vast number of various chemical compounds present in the circulating filtrates and
effluents from a bleach plant. It has been estimated [1] that only 10-30% of them have
been identified. Characterization of these compounds is necessary in order to choose the
most appropriate treatment method for effluents. A common approach to characterize
effluent quality is to measure certain sum parameters. Adsorbable organic halogens
(AOX) is a sum parameter that indicates the amount of adsorbable organically bound
halogens. It is very useful as small part of chlorine dioxide used in bleaching can cause
chlorine atoms to bind with organic matter where it forms chlorinated organic com-
pounds, such as chlorophenols that do not easily decompose in nature. Some of these
compounds are reportedly toxic, mutagenic and carcinogenic [4]. Due to their harmful-
ness to the nature, effective treatment methods are needed to reduce the load of chlorinated
organic compounds in wastewaters before their discharge into receiving water bodies.

In general, activated sludge process represents the most common technology for the
secondary treatment of pulp mill effluents [1]. However, some organic substances pre-
sent in pulp mill effluents are so biorecalcitrant that biological treatment may not give
satisfactory results. To solve this problem, oxidative pre-treatments, which incorporate
the formation of highly reactive hydroxyl radicals, are capable to degrade or mineralize
many complex organic compounds present in pulp mill effluents [5—7]. The operational
costs of these technologies are, however, significantly higher than those of a biological
treatment. Nevertheless, in some cases the most suitable approach is to combine chem-
ical oxidation with filtration prior to biological treatment [6] as shown in Fig. 1. The
partially oxidized effluent is subjected to a filtration step, and the fraction with larger
and less biodegradable substances (retentate) is returned to chemical oxidation. This
effectively generates permeate, more biodegradable intermediate effluent fraction.
Moreover, this arrangement apparently removes harmful chloroaromatics such as poly-
chlorinated phenols, catechols and guaiacols in a very efficient way. In addition, this
method may facilitate the recycling and/or removal of catalysts prior to biological treat-
ment.

Various chemical oxidation treatments — advanced oxidation processes (AOPS)
— have been extensively studied as a way to reduce the AOX load of bleaching effluents.
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These methods include direct UV photolysis, TiO, or ZnO assisted photocatalysis, Fen-
ton oxidation, and photo-Fenton reactions, ozonation and UV-assisted ozonation, as
well as the combinations of these as reviewed in [5-7]. According to Perez et al. [5],
UV-assisted ozonation is the most cost-efficient oxidation method. According to other
research results [7-9], the Fenton oxidation performed with H,O, and FeSO, has also
shown great potential in terms of effective removal of chlorinated organic compounds,
and its cost-efficiency is significantly improved when the goal is partial chemical oxi-
dation that yields more biodegradable compounds together with destruction of inhibi-
tory species [10, 11].

- Permeate = -
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Fig. 1. Combining chemical oxidation, filtration and biological treatment.

The authors of the present research studied oxidative pre-treatments of bleaching
effluent from hardwood kraft pulp production. The effluent contained chlorinated or-
ganic compounds. The oxidative pre-treatments, i.e. AOPs, included the Fenton oxida-
tion, ozonation, as well as TiO; and ZnO-assisted photocatalytic processes. The effi-
ciency of these pre-treatment methods at varied chemical doses and intensities was
monitored by measuring the AOX and concentrations of selected chloroaromatic com-
pounds in the effluents before and after the treatments. Some of the most cost-effective
chemical doses of these oxidative treatments have been selected and applied to three
ultrafiltration fractions of the effluent representing low, medium and high molecular
weight fractions (LMW, MMW and HMW, respectively) of the dissolved organic ma-
terial.

2. EXPERIMENTAL

Materials. Bleaching filtrates (effluents) were supplied by Metsé-Fibre’s Adnekoski
kraft pulp mill. The mill produces both hardwood (HW) and softwood (SW) pulp. The
main bleaching agents are chlorine dioxide, oxygen and hydrogen peroxide. However,
at the time of this research, the mill was producing chlorine dioxide with a R3H gener-
ator system, which produced significant quantities of by-product chlorine. All by-prod-
uct chlorine was used in bleaching which resulted in relatively high AOX concentrations
in bleaching filtrates and effluents. After bleaching, acidic and alkaline filtrates were
mixed, and the combined filtrate (pH about 4) moved to the effluent treatment plant.
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The mill sample in this study was untreated effluent — before biological treatment — from
a HW (birch, Betula pendula) kraft pulp production campaign.

Sodium hydroxide (NaOH), sulfuric acid (H2SO.), ferrous sulfate heptahydrate
(FeSO4-7H20), titanium dioxide (TiO2) and zinc oxide (ZnO) were produced by Merck,
while hydrogen peroxide (H.0,) was supplied by Riedel-de Haén. All these chemicals
were of analytical grade.

Analyses. The filtrate samples were kept in a freezer before they were sent to Oy
Keskuslaboratorio-Centrallaboratorium Ab (KCL) for AOX analyses. KCL carried out
AOX analyses according to EN-1SO 9562:2004. The Institute for Environmental Re-
search (YMTK) quantitatively determined chlorinated phenols, catechols, and guaia-
cols. YMTK’s analytical procedure to quantify chlorinated aromatics has been de-
scribed in more detail elsewhere [12]. The AOX and chlorinated aromatics con-
centrations were calculated based on the production rate of the Ainekoski pulp mill,
either as kg/ADt or mg/ADt.

Fenton oxidation experiments. In the laboratory Fenton oxidation, the sample vol-
umes were 250 cm? for the first tests and 500 cm? for the effluent fraction testing. The
tests were conducted in Erlenmayer flasks equipped with on-line monitoring of temper-
ature and pH. The pH was set to 3 by adding 1 M sulfuric acid. Hydrogen peroxide
(30%) and ferrous sulfate heptahydrate solutions were added to the samples, after which
the treatment continued under continuous stirring for 2 h at 70 °C. The dosing combi-
nations were based on two doses of hydrogen peroxide, 0.12 wt. % and 0.36 wt. %, as
well as two doses of ferrous sulfate, 0.5 mM and 20 mM, respectively. The chemical
doses are presented in Tables 1 and 2. The doses are partially based on previous research
by Rodriguez et al. [13].

Ozonation experiments. Ozonation was carried out by an Argentox Ozone Technol-
ogy system. The duration of the ozonation treatment was 3 min. In the first part of the
research, the sample volume was 250 cm?, while in the ultrafiltration fraction test the vol-
ume was 500 cm?®. The corresponding ozone doses were 360 mg/dm? and 180 mg/dm?,
respectively.

Photocatalytic experiments. The effluent was exposed to UV light (250 W halogen
lamp and 10 W UV lamp) at distances of 50 cm and 12 cm, respectively, from the reac-
tion vessel. In a typical photocatalysis run, the quantity of the treated effluent was
200 cm?, except for the ultrafiltration fraction testing, which had an initial volume of
500 cmd. The semiconductors used in the experiments were TiO, and ZnO. The lowest
TiO, catalyst dose, 10 mg, was chosen according to Yeber et al. [14], while the other
TiO, doses tested were 100 mg and 1 g. The ZnO doses were 100 mg and 1 g. According
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to the research by Kansal et al. [15], the higher catalyst dosing increases photodegrada-
tion up to an optimal loading. In the effluent fraction testing, the doses for both semi-
conductors were 250 mg. The wavelength of the UV irradiation was 254 nm. Irradiation
times varied from 30 min to 2 h. During the irradiation, the treated sample was agitated
by injecting oxygen into the reaction vessel.

Pre-treatment of the effluent, and its fractionation by ultrafiltration. Effluent sam-
ples (200 cm®) were diluted to 2 dm? and their pH was set to 7.0 by adding 1 M sodium
hydroxide. To remove small particles, the samples were pre-filtrated with 0.8 um and
0.45 um membranes (Schleicher & Schuell). Ultrafiltration was performed with a Mil-
lipore Pellicon Laboratory Cassette System using two regenerated cellulose membranes.
Membranes had cut-off values of 5000 Da and 1000 Da, which resulted in three sample
fractions: <1000 Da (LMW), 1000-5000 Da (MMW), and >5000 Da (HMW). A more
detailed description of the method has been presented elsewhere [16].

3. RESULTS AND DISCUSSION

Table 1 summarizes the concentrations of AOX and selected chlorinated aromatic
substances, before and after respective chemical oxidation treatment. The most effective
AOX removal (>90%) was obtained by the Fenton oxidation with a lower ferrous sulfate
(0.5 mM), and a higher hydrogen peroxide (0.36 wt. %) doses. When both ferrous sul-
fate and hydrogen peroxide doses were high, 20 mM and 0.36 wt. %, respectively, the
AOX removal was slightly over 80%. Other combinations of ferrous sulfate and hydro-
gen peroxide, as well as other studied AOPs, resulted in much less efficient AOX re-
movals. The most effective chemical doses of photocatalysis (UV + 100 mg ZnO, 1 h)
showed AOX removals of lower than 40%, while ozonation only degraded less than
20% of the AOX.

The concentrations of chlorinated aromatics after the pre-treatments were quite well
in agreement with those of AOX. The most complete removal of chloroaromatics was
also achieved with the Fenton oxidation, especially when the hydrogen peroxide dose
was higher (0.36 wt. %). All measured polychlorinated substances were in that case
below the detectable level. In terms of both AOX and chloroaromatics removal, photo-
catalysis appeared to be slightly more effective with ZnO than that with TiO,, which is
in good agreement with the similar results reported by Kansal et al. [15]. The highest
chloroaromatics removal rates for ZnO were over 60%, while TiO-assisted photocatal-
ysis only achieved a 50% removal rate in one single case. Ozonation degraded about
half of the chloroaromatics, removal rates ranging from about 30% to 70%, depending
on the chloroaromatic species. Therefore, ozonation seems to have more pronounced
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degrading effect on specific chlorinated aromatic substances than on AOX, the sum pa-
rameter. This is somewhat expected as the application of pure ozone oxidation is known
to be limited by high selectivity and slow kinetics [17].

Table 1

Pre-treatments of the bleaching effluent under varied conditions

2,6-dichloro-|2,4,6-trichloro-|3,4,5-trichloro-|4,5,6-trichloro-
Sample [k@i)é 1 phenol phenol catechol guaiacol
[mg/ADt]
Untreated alkaline filtrate 1.04 19.5 40.8 15.4 44.0
UV +10mg TiO2, 1 h 0.88 12.6 345 12.2 25.4
UV +100 mg TiO2, 1 h 1.00 14.1 37.7 12.6 25.7
UV +1gTiO2, 1h 0.97 12.6 37.7 13.8 235
UV + 100 mg TiO2, 30 min| 0.91 11.6 345 13.2 22.0
UV + 100 mg TiO2, 2 h 0.97 11.6 345 11.0 25.1
UV + 100 mg ZnO, 1 h 0.63 7.85 29.5 7.22 29.8
UV +1g27Zn0,1h 0.66 11.0 345 8.16 345
UV + 100 mg ZnO, 2 h 0.66 10.0 29.5 5.65 28.6
360 mg Os/dm3 0.85 5.97 16.6 10.4 21.3
0.5 mM FeSOa4
+0.12 Wt. % H205 0.53 BDL 3.45 5.34 2.6
20 mM FeSO4
+0.12 Wt. % H20, 0.41 18.2 104 5.02 3.45
0.5 mM FeSOq4 0.09
* 0.36 wt. % HaO2 below detection limit
20 mM FeSOq4 019
+ 0.36 wt. % H20 )

In the latter part of the research, larger effluent samples were subjected to oxidation
with the most promising chemical doses, after which they underwent ultrafiltration. This
resulted in three fractions of effluent, based on the molecular weight of the dissolved
substances: LMW, MMW and HMW fractions. The measured AOX concentrations of
the respective effluent fractions are presented in Table 2. The data shows that the higher
hydrogen peroxide dose (0.5 mM FeSO. + 0.36 wt. % H.0,) resulted in the highest
removal of AOX, which is highlighted in the HMW fraction of the effluent. Also the
lower hydrogen peroxide dose (20 mM FeSO, + 0.12 wt. % H»O,) was able to degrade
most of the AOX in the HMW fraction. The corresponding HMW AOX removal effi-
ciencies were 90% and 80%, respectively. AOX removals in the MMW fraction were
about 80% and 75%, respectively. On the other hand, the decrease in AOX concentra-
tion with the same chemical doses is less pronounced in the LMW fractions, less than
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50%. This can be partially explained by the degradation of HMW and MMW chlorin-
ated organic compounds into the LMW category.

Table 2

AOX concentrations in ultrafiltrated effluent fractions

Fraction

Sample

AOX
[kg/ADt]

LMW

MMW

HMW

untreated effluent

0.37

0.14

0.67

LMW

MMW

HMW

UV + 250 mg TiO2, 1 h

0.35

0.14

0.57

LMW

MMW

HMW

UV + 250 mg ZnO, 1 h

0.25

0.10

0.44

LMW

MMW

HMW

180 mg Os/dmd

0.21

0.08

0.38

LMW

MMW

HMW

0.5 mM FeSOa4 + 0.36 wt. % H202

0.21

0.03

0.06

LMW

MMW

HMW

20 mM FeSO4 + 0.12 wt. % H202

0.19

0.04

0.14

In this research, AOX removal efficiencies of other chemical oxidative treatments
were clearly lower than those of the Fenton oxidation. TiO-assisted photocatalysis only
had a minor effect on the effluent fractions, while ZnO-assisted photocatalysis degraded
about one third of the AOX in all fractions. Ozonation performed similarly to ZnO-
-assisted photocatalysis. However, it should be noted that none of the studied AOPs

were completely optimized.

4. CONCLUSIONS

This research demonstrated that the Fenton process is an established AOP technol-
ogy that is able to selectively degrade AOX, and virtually all highly chlorinated aromat-
ics in kraft pulp mill effluents. The highest removal efficiency was achieved with FeSO4
and HO; concentrations of 0.5 mM and 0.36 wt. %, respectively. Photocatalytic oxida-
tion and ozonation showed much lower removal efficiencies in this study.
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The efficient degradation of AOX in the high molecular weight fraction of the ef-
fluent by Fenton oxidation suggests that by adding a filtration step, the remaining higher
molecular weight fractions can be returned to the Fenton oxidation and therefore almost
all HMW and MMW AOX can be degraded before biological treatment. The resulting
degradation products are more reactive and more susceptible to biodegradation, which
significantly improves the overall efficiency of the effluent treatment system as well as
effluent quality.
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