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Use of advanced oxidation processes to improve the biodegradability
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Abstract

Two advanced oxidative processes (Fe2+/H2O2/UV and H2O2/UV systems) were used for the pre-treatment of mature landfill leachate
with the objective of improving its overall biodegradability, evaluated in terms of BOD5/COD ratio, up to a value compatible with biological
treatment. At optimized experimental conditions (2000 mg L−1 of H2O2 and 10 mg L−1 of Fe2+ for the photo-Fenton system, and 3000 mg L−1

of H2O2 for the H2O2/UV system), both methods showed suitability for partial removal of chemical oxygen demand (COD), total organic
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arbon (TOC) and color. The biodegradability was significantly improved (BOD5/COD from 0.13 to 0.37 or 0.42) which allowed an alm
otal removal of COD and color by a sequential activated sludge process. In addition, gel permeation chromatography (GPC) ha
ubstantial agreement on the cleavage of large organic compound into smaller ones.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Leachates may contain large amounts of recalcitrant or-
anic matter, where humic-type constituents represent an im-
ortant group[1,2] as well as ammonia–nitrogen, heavy met-
ls, chlorinated organic and inorganic salts[3]. The composi-

ion and concentration of contaminants are influenced by the
ype of deposited waste, the quality of the refuse, the hydroge-
logical factors and mainly by the age of the landfill[4,5]. In
eneral, the leachates originated from recent domestic waste

andfill have high BOD5 values (which can reach thousands
g O2/L) and even higher chemical oxygen demand (COD)

ontent[5–7]. The mature leachate is very complex consist-
ng of high concentrations of humic and fulvic acids as well
s salts and low BOD5/COD ratio (less than 0.1).

Biological treatment of wastewater is often the most cost-
ffective alternative when compared to other treatment op-

ions [8–10]. Nevertheless, mature leachate effluents are

∗ Corresponding author. Tel.: +55 41 3613176; fax: +55 41 3613186.
E-mail address:zamora@quimica.ufpr.br (P.P. Zamora).

known to contain recalcitrant and/or non-biodegradable
ganic substances and biological processes are not effici
these cases[11,12]. Studies have demonstrated that the m
fraction of dissolved organic carbon (DOC) in biologica
pre-treated landfill leachates consists of humic substa
mainly in humic and fulvic acids[13,14].

Traditionally, the degradation of organic compounds
the removal of nitrogen can be achieved by advanced
dation processes (AOP)[15,16]. AOP have been used to e
hance the biotreatability of wastewaters containing var
organic compounds that are non-biodegradable and/or
to common microorganisms[17–20].

AOP involve the generation of the hydroxyl radi
(•OH), which has a very high oxidation potential and
able to oxidize almost all organic pollutants. Although th
processes are very effective in completing mineralizatio
pollutants, if they are applied as the only treatment proc
they will be expensive. A promising alternative to comp
oxidation of biorecalcitrant wastewater is the use of
AOP as pre-treatment to convert initially biorecalcitr
compounds to more readily biodegradable intermedi
304-3894/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2005.03.041
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followed by biological oxidation of these intermediates to
biomass and water[21,22].

Wu et al.[23] demonstrated the efficiency of ozone-based
AOP enhancing the biodegradability and eliminating the
color of leachate. Koh et al.[24] studied the integration of
processes for the treatment of complex leachates from both
domestic and industrial landfills. This work reports that the
environmental parameters were reduced to the values de-
manded by the German legislation by using a three steps
treatment: biological, photochemical and biological.

This study focused on the remediation of a typical ma-
ture landfill leachate, through an integrated photoassisted-
biological reactor without addition of other electron acceptor
than O2. The following topics are also studied in this paper:
(a) the characterization of mature leachate samples; (b) the
comparison between the photochemical treatments use pro-
cess UV/H2O2 and photo-Fenton using parameters such as
COD, DOC, inorganic carbon (IC), BOD/COD ratio; (c) the
comparison between the leachate treatment just for biologi-
cal process and use photochemical process as a pre-treatment
step in the integrated photochemical biological reactor in a
laboratory scale.

2. Experimental
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out the original glass-bulb, located at the center of the reactor
by using a quartz bulb. The incident light flux of the UV lamp
was determined by actinometry (uranyl/oxalate system[25])
as 3.2× 10−3 Einstein L−1 s−1. Adequate amounts of pho-
tocatalysts (H2O2 or Fe2+/H2O2) were added to the samples
of leachate, which were stirred and irradiated in determined
times (by optimization). Commercial oxygen was bubbled
through a sintered glass placed at the bottom of the reactor
at flows of about 45 mL min−1. For analytical control, sam-
ples were taken at convenient intervals and filtered through a
0.45�m Millipore filter. In general, the photochemical treat-
ment time was extended up to absence of residual H2O2.

2.4. Biological procedure

The activated sludge system was applied in cylindrical
aeration glass-vessels (5 cm of internal diameter and 25 cm
of height) with a total volume of about 500 mL. The sys-
tem was aerated by using air pumps and diffusers coupled at
the bottom of the reactors. The initial volume of the culture
was 200 mL, which was completed to 400 mL with substrates
(leachate, pre-treated leachate or glucose) at the beginning of
each cycle. The pH was controlled by a probe and adjusted
at 7.0 by using H2SO4 or NaOH. The oxygen concentration
was monitored by using an O2 probe, located at the top of the
reactor. All the experiments were carried out in duplicate and
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.1. Wastewater, organisms and reagents

Samples of landfill leachate were obtained from a mu
al landfill site (over 14 years old) located in Curitiba (Pará
tate, Brazil). This landfill receives, exclusively, munici
olid waste. The samples were collected in teflon bottles
aintained at 4◦C, protected from light.
Samples of activated sludge inoculum were collecte

ectly from the aeration tank of the municipal wastew
reatment plant. The sludge was continuously aerated
eration pumps.

Ferrous sulphate (FeSO4·7H2O), sulphuric acid and hy
rogen peroxide (Merck, 30 wt.%) were of analytical gra

.2. Experimental setup

After the optimization by factorial design, the AOPs w
pplied in the treatment of raw leachates using a batch
ode. To evaluate differences on the biodegradabilit

aw and photochemically pre-treated leachates, both sa
ere submitted to an activated sludge system, also ope

n a batchwise mode.

.3. Photochemical procedure

The experiments were carried out in a 100 mL clo
atch reactor (internal diameter: 5 cm, external diam
.5 cm, total height: 15 cm) equipped with water refrigera
nd magnetic stirrer. Ultraviolet radiation was provided
edium-pressure mercury vapor lamp (125 W, Philips), w
t room temperature (20–25◦C) by periods of 72 h. Phys
haracteristics of the sludge were periodically monitore
ludge volume index (SVI) determination and microsc
bservation. For COD determinations, samples (5 ml e
ere taken every 12 h, after they had been centrifuged
ltered through a 0.45�m Millipore filter.

.5. Analytical methods

.5.1. Characterization of the raw landfill leachate
Determinations of chemical and biochemical oxygen

and (COD and BOD), total solids (TS), total Kjeldhal
rogen (TKN), chloride (Cl−) and alkalinity were carried o
ccording to standard methods[26]. Selected metals we
etermined with an AVANTA-GBC flame atomic absorpt
pectrophotometer (GBC Scientific Equipment). The UV
bsorption was measured with a SINCO S-1150 spectro

ometer, using quartz cells. The analysis of total organic
on (TOC) and inorganic carbon was carried out by usi
himadzu TOC-VCPH analyzer.

.5.2. Analytical control
The analytical control of the processes included d

inations of the COD, BOD, TOC, IC, color (expressed
ntegrated spectral area between 400 and 700 nm) and
al H2O2 (spectrophotometrically measured at 441 nm u

he reaction with vanadate according to Oliveira et al.[27]).
n order to better understand the change of molecular w
istribution after treatments, gel permeation chromatog
GPC) was used. GPC was performed using a Shim
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LC-10 HPLC system, equipped with a TSK-HXL column
(TOSOH Co.) and a refractive-index detector operated at
280 nm.

2.5.3. Sludge characterization
The activated sludge system was characterized by deter-

minating the total suspended solids (TSS), volatile suspended
solids (VSS), settled volume after 30 min (V30), sludge vol-
ume index and pH according to the procedures described by
standard methods[26].

3. Results and discussion

3.1. Characterization of the raw landfill leachate

From the main chemical characteristics summarized in
Table 1, it is possible to confirm the complex character of the
leachate samples. With biodegradability ratio (DBO/DQO)
lower than 0.13 and a pH higher than 8, the samples can be
considered as mature or stabilized leachates[5,7,12], nor-
mally classified as refractory to conventional biodegradation
processes. In most cases, intensive and sophisticated physico-
chemical processes are necessaries for the treatment of aged
leachates.
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Table 2
22 Factorial design for optimization of the H2O2/UV system

Variable Level (−) Level (0) Level (+)

pH 7.0 8.0 9.0
H2O2 (mg L−1) 2500 3000 3500

Experiment Variable COD removal (%)

pH H2O2

1 − − 35± 2.5
2 − + 53± 3.6
3 + − 29± 2.2
4 + + 31± 2.8
5 0 0 55± 4.1

Reaction time: 60 min; O2: 45 mL min−1. Main effects: pH:−14± 3.0;
H2O2: 10± 3.0; COD removal (%) = 40.6− 7 (pH) + 5 (H2O2).

Table 2. The analytical response corresponds to the COD
reduction (%) at a 60 min reaction time.

The results indicated that the system operates with great
efficiency in low pH values and high hydrogen peroxide con-
centration. However, it is important to remark that a similarity
can be observed between the best experimental conditions
(represented by the low level of pH and the high level of
H2O2) and the conditions defined by the central point. There
is an interesting peculiarity that allows an optimized response
in an extended range of experimental conditions.

Additionally, it was observed an important dependence
between the kinetics of the peroxide consumption process
and the pH of the media. Normally, the pH 7 leads to a grad-
ual decomposition of H2O2, which prolongs the degradation
reaction for a longer time. On the other hand, in pH 8, the
largest degradation gradient happens between 0 and 30 min,
for all the studied H2O2 concentrations. This is an important
fact, taking into account that the presence of residual peroxide
makes the use of the pre-treated leachate in biological studies
unfeasible. In view of these arguments, the high concentra-
tion of hydrogen peroxide (3500 mg L−1) and the natural pH
of the leachate (8.4) were selected as experimental conditions
for further studies.

At the assayed experimental conditions, the effect of single
UV-light, hydrogen peroxide or oxygenation was negligible.
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.2. Optimization of photochemical processes

.2.1. UV/H2O2 system
Radiation with wavelength lower than 400 nm is abl

hotolize the H2O2 molecule. The mechanism accepted
he photolysis of hydrogen peroxide is the cleavage o
olecule into hydroxyl radicals with a quantum yield of t

OH radicals formed per quantum of absorbed radiation[28],
ccording to the following reaction:

2O2 + hν → 2•OH (1)

The optimization of relevant variables (pH and H2O2 con-
entration) was carried out by the 22 factorial experimenta
esign complemented with a central point[29] showed in

able 1
hemical characteristics of the studied landfill leachates

arameters Values Parameters Values

H 8.4± 0.1 Calcium 10.61± 0.2
OD 5200± 27 Sodium 1512± 47
OD 720± 81 Potassium 1480± 3.5
OC 1058± 2.7 Barium 3.6± 0.23

C 1088± 2.7 Iron 13.212
S 1212± 97 Magnesium 9.365
KN 1114 ± 42 Zinc 1.059
hloride 2590± 95 Nickel 1.429
lkalinity as CaCO3 1240± 45 Lead 0.278
O4-P 11.3± 0.7 Copper 0.362
oro 2.15± 0.23 Chromium 0.451
ulphur 316± 23 Manganese 0.298

alues (except pH) in mg L−1.
.2.2. Fe2+/UV/H2O2 system
The Fenton process has attracted great interest in r

ears in view of this high efficiency to generate hydro
adicals through decomposition of H2O2 by Fe2+ in acidic
onditions (Eq.(2)). Combined with UV–vis irradiation, th
xidation power is increased due to the photoreductio
e3+ to Fe2+ (Eq.(3)) and the generation of a catalytic cy

hat involves the formation of two hydroxyl mol per mol
2O2 initially decomposed. The so-called photo-Fenton

em shows the great advantage of working even with vis
ight, which facilitates the development of low-cost treatm
rocedures.

2O2 + Fe2+ → Fe3+ + HO− + HO• (2)
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Table 3
23 Factorial design for optimization of the Fe2+/UV/H2O2 system

Variable Level (−) Level (0) Level (+)

pH 2.8 3.3 3.8
H2O2 (mg L−1) 1000 1500 2000
Fe2+ (mg L−1) 10 15 20

Experiment Variable COD removal (%)

Fe2+ H2O2 pH

1 − − − 27± 1.9
2 − − + 23± 1.8
3 − + − 47± 2.2
4 − + + 35± 2.8
5 + − − 32± 2.5
6 + − + 26± 1.9
7 + + − 49± 3.2
8 + + + 39± 3.1
9 0 0 0 41± 3.7

Reaction time: 60 min; O2: 45 mL min−1. Main effects: Fe2+: 3.5± 2.6;
H2O2: 16± 2.6; pH:−8± 2.6; COD removal (%) = 35.4 + 1.7 (Fe2+) + 7.8
(H2O2) − 4 (pH).

Fe3+ + H2O+ hν → Fe2+ + H+ + HO• (3)

The optimization of the main experimental variables (pH,
H2O2 and Fe2+ concentrations) was carried out by the 23

factorial design showed inTable 3. The results resemble
the ones observed by the Fenton system. That is, higher
degradation efficiency at low pH levels and high H2O2
concentrations. In contrast, changes on the iron II concen-
tration induce negligible effects on the degradation capac-
ity of the system, probably due to the high iron content
in the raw samples. Considering these preliminary results,
the high concentration of hydrogen peroxide (2000 mg L−1),
the low iron II concentration (10 mg L−1) and a pH of
2.8 were selected as experimental conditions for further
studies.

3.3. Comparative evaluation of AOPs

Using the previously optimized experimental conditions,
the efficiency of both photochemical processes was evaluated
toward the removal of COD and COT. The results (Table 4)
demonstrated that the total organic carbon content can be ef-
ficiently removed in lower than 60 min reaction times, fact
that confirms the great degradation capacity of both photo-
chemical processes. Normally, the residual TOC (lower than
10%) is represented by resistant species that accumulate at the

T
C

T

U

P

end of the process, mainly carboxylic acids and short-chain
aldehides.

The COD evolved according to a least favorable kinet-
ics, resulting in a total elimination of about 50%. At first,
the differences between TOC and COD removal can appear
as analytical inconsistencies. However, in view of the unse-
lective character of the COD determination procedure, it is
possible to assume that the residual COD content correspond
to interfering reduced inorganic substances.

In both photochemical systems, the hydrogen peroxide
was quickly consumed, resulting in an almost total decom-
position at the end of the processes.

The evolution of the molecular weight of the leachate dur-
ing the photochemical treatments was evaluated by gel per-
meation chromatography. For untreated samples, the molecu-
lar weight is distributed between 6 and 35 kDa with predomi-
nance of values between 10 and 35 kDa (Fig. 1). This result is
in agreement with the current literature[13,23,30,31], which
admits that, for mature leachates, the predominance of molec-
ular weight higher than 10 kDa is related to the presence of
humic and fulvic substances.

The effect of both photochemical processes is very obvi-
ous (Fig. 1), since it involves the fragmentation of large or-
ganic compounds into smaller and probably more biodegrad-
able molecular fragments.
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OD and TOC removal (%) by photochemical treatments

reatment Time (min) Removed (%)

COD TOC

V/H2O2 30 40.9 80.7
60 55.5 97.2

hoto-Fenton 30 46.4 33.7
60 57.5 89.9
.4. Biodegradability changes during photocatalytic
ecomposition

Initially, the biodegradability of the leachates w
valuated through the evolution of the BOD/COD ra
or untreated samples, this parameter attains valu
bout 0.13 while UV/H2O2 and photo-Fenton treatmen
f 60 min permit its enhancement up to values near
hich represent substantial biodegradability accordin

he current literature[32–34]. This result indicates th
he photochemical processes can break down or rear

ig. 1. Distribution of molecular weight during the photochemical treatm
f the leachate.
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Fig. 2. Evolution of COD during biological treatment of the leachates.

molecular structures of organic matter and convert the
non-biodegradable organics to more biodegradable forms.
This is a fact of remarkable importance in the case of the
application of photochemical–biological integrated system
to wastewater treatment[35].

In general, it is admitted that photochemical processes
can transform organic recalcitrant compounds into easily

F
t

biodegradable products, improving the efficiency and reduc-
ing the cost of further biological steps.

In a second phase, raw and pre-treated leachate was sub-
mitted to a biological degradation process using a sequential
batch reactor. The evolution of COD during the biological
treatment (Fig. 2) confirms the low biodegradability of raw
mature leachates, which achieve a maximal COD removal
of about 30% at 72 h treatment times. On the other hand,
the COD of pre-treated leachates fades progressively attain-
ing COD removal higher than 90% at the end of the 72-h
cycle. Additionally, the use of photochemically pre-treated
samples favored the preservation of physical characteristics
of the biological sludge, which could be corroborated by the
measurement of traditional physical parameters and micro-
scopic observation.

The significant differences induced in the leachate sam-
ples, by using the isolated and integrated processes, can be
confirmed by the evolution of molecular weight showed in
Fig. 3.

4. Conclusions

Mature landfill leachates contain some macromolecular
organic substances that are resistant to biological degrada-
t u-
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r dfill
l vant
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im-

nd-
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phere
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ig. 3. GPC analysis of leachate before and after treatments. The retention
ime is shown in minutes.

(2002)

hris-
land-
ion. With very low biodegradability ratios (BOD/COD), us
lly lower than 0.1, these complex matrixes show a re
ized resistance toward conventional activated sludge

ems. When applied as relatively brief pre-treatment
ems, the UV/H2O2 and photo-Fenton processes induce
ral modifications of the matrix, which results in signific
nhancement of its biodegradability. For this reason, the
rated photochemical–biological systems proposed her
esent a suitable solution for the treatment of mature lan
eachate samples with an efficient remediation of the rele
arameters (COD, TOC).
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