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Abstract
Landfills leachates are known to contain recalcitrant and/or non-biodegradable organic substances and biological processes
are not efficient in these cases. A promising alternative to complete oxidation of biorecalcitrant leachate is the use of
ultrasonic process as pre-treatment to convert initially biorecalcitrant compounds to more readily biodegradable
intermediates. The objectives of this study are to investigate the effect of ultrasonic process on biodegradability
improvement. After the optimization by factorial design, the ultrasonic were applied in the treatment of raw leachates using
a batch wise mode. For this, different scenarios were tested with regard to power intensities of 70 and 110 W, frequencies of
30, 45 and 60 KHz, reaction times of 30, 60, 90 and 120 minutes and pH of 3, 7 and 10. For determining the effects of
catalysts on sonication efficiencies, 5 mg/l of TiO2 and ZnO have been also used. Results showed that when applied as
relatively brief pre-treatment systems, the sonocatalysis processes induce several modifications of the matrix, which results
in significant enhancement of its biodegradability. For this reason, the integrated chemical–biological systems proposed
here represent a suitable solution for the treatment of landfill leachate samples.
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very high oxidation potential and is able to oxidize almost all
organic pollutants and volatile matter such as NH3. Although
these processes are very effective in completing mineralization of
pollutants, if they are applied as the only treatment process, they
will be expensive. A promising alternative to complete oxidation of
biorecalcitrant leachate is the use of ultrasonic process as pretreatment to convert initially biorecalcitrant compounds to more
readily biodegradable intermediates, followed by biological
oxidation of these intermediates to biomass and water. The major
pollutants contained in leachate are biodegradable/non-biodegradable organic material, ammonia and inorganic salts, with
anthropogenic organic chemicals, such as phthalates and other
endocrine disrupting compounds becoming an increasing concern
[13,14]. Because of the variation in leachate composition and the
wide range of pollutants contained in leachate, it is difficult to
predict a treatment technique that will be effective for leachate.
Usually combinations of physical, chemical and biological
methods are used for effective treatment of landfill leachate, since
it is difficult to obtain satisfactory results by using any of those
methods alone. Sedimentation, air stripping, adsorption, membrane filtration are the major physical methods used for leachate
treatment [15,16]. These methods are usually used in combination
with chemical and biological methods. Coagulation–flocculation
[17,18], chemical precipitation [19,20], chemical–electrochemical
oxidations [21,22] are the major chemical methods used for the
landfill leachate treatment. Biological treatment methods used for
the leachate treatment can be classified as aerobic, anaerobic and
anoxic processes which are widely used for the removal of

Introduction
The generation of leachate remains an inevitable consequence
of the practice of waste disposal in sanitary landfills [1]. Leachate
from mature landfills contains less biodegradable carbon due to
loss from the landfill via methane gas production and is typically
characterized by high ammonium (NH4+) content, low biodegradability (low BOD5/COD ratio) and high fraction of refractory and
large organic molecules such as humic and fulvic acids [2]. Usually
young landfill leachates contain low organic compound concentrations and are treated more easily as compared to the old one
[3]. Biodegradable organic compounds and ammonia are leachate
constituents that pose the most significant environmental threats
[4,5]. Biological treatment of leachate is often the most costeffective alternative when compared to other treatment options
[6]. Nevertheless, mature leachate effluents are known to contain
recalcitrant and/or non-biodegradable organic substances and
biological processes are not efficient in these cases [7,8]. Studies
have demonstrated that the major fraction of dissolved organic
carbon (DOC) in biologically pre-treated landfill leachates consists
of humic substances, mainly in humic and fulvic acids. Traditionally, the degradation of organic compounds and the removal of
nitrogen can be achieved by advanced oxidation processes (AOP)
[9,10]. AOP have been used to enhance the biotreatability of
wastewaters containing various organic compounds that are nonbiodegradable and/or toxic to common microorganisms [11,12].
Ultrasonic process is one of AOP and involve the generation of the
hydroxyl radical (NOH) and pyrolysis phenomenon, which has a
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biodegradable compounds. Physicochemical methods are used
along with the biological methods mainly to remove nonbiodegradable compounds from the leachate [23,24,25]. As a
result, parameters have been developed to characterize leachate
and predict its treatment efficiency. The ratio of biochemical
oxygen demand (BOD) to chemical oxygen demand (COD)
(BOD/COD) is a common classification approach. Leachate is
classified as stabilized, intermediate, or fresh given BOD/COD
values of ,0.1, 0.1–0.5, and .0.5, respectively [26,27,28]. The
BOD/COD ratio indicates that biological processes are appropriate for treatment of fresh leachate because of a higher fraction
of biodegradable organic material, while physical–chemical
processes are more appropriate for treatment of stabilized leachate
because of the high fraction of non-biodegradable organic
material. The objectives of this study are to investigate the effect
of ultrasonic process on leachate biodegradability improvement.

Results and Discussion

Figure 1. BOD/COD ratio input for TiO2 and ZnO at different
powers (Frequency = 30 KHz, concentration = 5 mg/l, pH = 3).
doi:10.1371/journal.pone.0027571.g001

Characterization of the Raw Landfill Leachate
Main chemical characteristics of raw leachate summarized in
Table 1. With biodegradability ratio (BOD5/COD) lower than
0.35 and a pH higher than 8, the samples can be considered as
moderately stabilized leachates [29], normally classified as
refractory to conventional biodegradation processes. In most
cases, intensive and sophisticated physicochemical processes are
necessaries for the treatment of aged leachates.

According to sonochemistry theory, when the ultrasound
intensity reaches or exceeds the cavity threshold, bubbles will be
formed easily and the cavities collapse violently. Increasing the
ultrasonic power will increase the energy of cavitation, lowering
the threshold limit of cavitation, and enhancing the quantity of the
cavitation bubbles [30]. In other words, at higher intensities, the
concentration of hydroxyl radicals and mass transfer are higher
which lead to more degradation of organic materials [31] and also
more biodegradable intermediate compounds. The efficiency of
ratio improvement then increases with the increase of ultrasonic
intensity.

Effect of Sonocatalyst on Biodegradability of Leachate
The results indicated that sonocatalyst process can improve
leachate biodegradability (BOD5/COD ratio). BOD5/COD ratio
for raw leachate was 0.35 but it reached to 0.786 (with TiO2) and
0.783 (with ZnO) after sonication. Independent Samples T-test
showed there is significant difference between BOD5/COD ratio
of raw leachate and pretreated leachate with sonocatalysis process.
(pvalue = 0.000 for both TiO2 and ZnO). The results indicated that
the system operates with great efficiency (BOD5/COD ratio = 0.786) in pH of 10, power of 110 watt, frequency of
60 KHz and TiO2 concentration of 5 mg/l.

Effect of Exposure Time on Biodegradability
Improvement
Results indicated that the exposure time improve biodegradability somehow. Figure 2 shows the effect of exposure time on
leachate biodegradability for TiO2 and ZnO. As shown in this
Figure, the exposure time improve biodegradability somehow.
One-Way ANOVA test showed there is no significant difference
between BOD5/COD ratio of raw leachate and pretreated
leachate with sonocatalysis process at different exposure times.
(Pvalue = 0.467 for TiO2 and 0.398 for ZnO).

Effect of Ultrasound Power Input on Biodegradability
Improvement
Figure 1 shows the effect of power input on leachate
biodegradability for TiO2 and ZnO. As shown in this Figure,
the power input clearly improves biodegradability. Independent
Samples T-test showed there is significant difference between
BOD5/COD ratio of raw leachate and pretreated leachate at
different powers. (Pvalue = 0.000 for both TiO2 and ZnO).

Effect of Frequency on Biodegradability Improvement
Figure 3 shows the effect of frequency on leachate biodegradability for TiO2 and ZnO. As shown in this Figure, the frequency
improves biodegradability. One-Way ANOVA test showed there
is significant difference between BOD5/COD ratio of raw leachate
and pretreated leachate with sonocatalysis process at different
frequency. (pvalue = 0.000 for both TiO2 and ZnO). Results of
Tukey statistical test also showed that there are significant
difference between frequencies of 30 and 60 KHz (Pvalue = 0.000)
and 45 and 60 KHz (Pvalue = 0.000).

Table 1. Chemical characteristics of the studied landfill
leachates.

Parameters

Values

Parameters

Values

COD

5691683

pH

7.9–8.1

Effect of pH on Biodegradability Improvement

Calcium

10.6160.2

Magnesium

8.65

BOD5

1738636

NH3-N

726625

TOC

1536620

TS

1420629

Alkalinity as CaCO3

36506123

Figure 4 shows the effect of pH on leachate biodegradability for
TiO2 and ZnO. As shown in this Figure, pH improves
biodegradability somehow. One-Way ANOVA test showed there
is no significant difference between BOD5/COD ratio of raw
leachate and pretreated leachate with sonocatalysis process at
different pHS. (pvalue = 0.503 for TiO2 and0.170 for ZnO).

Values (except pH) in mg/l.
doi:10.1371/journal.pone.0027571.t001
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Figure 2. BOD/COD ratio for TiO2 and ZnO at different exposure times (Frequency = 30 KHz, concentration = 5 mg/l, pH = 3).
doi:10.1371/journal.pone.0027571.g002

Effect of Type of Catalysts on Biodegradability
Improvement by Ultrasound

Concurrent Effect of Power Input and Frequency on
Biodegradability Improvement by Ultrasound

Figure 5 shows the effect of types of catalysts on leachate
biodegradability (BOD5/COD ratio). Results showed that effects
of two catalysts on leachate biodegradability was similar but
Independent Samples T-test indicated that the there is no
significant difference between BOD5/COD ratio of raw leachate
and pretreated leachate with TiO2 and ZnO. (Pvalue = 0.287).

As mentioned above, power and frequency were effective
parameters (statistically significant) on biodegradability improvement by sonocatalysis process. Univeriate statistic test showed that
estimates of effect size were 88.6% for power and 74.9% for
frequency but concurrent effect was declining (44.4%).

Figure 3. BOD/COD ratio for TiO2 and ZnO at different frequencies (power = 70watt, concentration = 5 mg/l, pH = 3).
doi:10.1371/journal.pone.0027571.g003
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Figure 4. BOD/COD ratio for TiO2 and ZnO at different pH (power = 70watt, concentration = 5 mg/l, frequency = 30 KHz.
doi:10.1371/journal.pone.0027571.g004

that the ultrasonic process can break down or rearrange 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 chemical–biological
integrated system to wastewater treatment [33–34]. In general, it is
admitted that ultrasonic process can transform organic recalcitrant
compounds into easily biodegradable products, improving the
efficiency and reducing the cost of further biological steps. In a

Biodegradability Changes During Ultrasonic
Decomposition
Initially, the biodegradability of the leachates was evaluated
through the evolution of the BOD/COD ratio. For untreated
samples, this parameter attains values of about 0.35 while
ultrasonic treatment of 120 min permit its enhancement up to
values near 0.786, which represent substantial biodegradability
according to the current literature [32,33]. This result indicates

Figure 5. BOD5/COD ratio for TiO2 and ZnO (power = 70watt, concentration = 5 mg/l, frequency = 30 KHz).
doi:10.1371/journal.pone.0027571.g005
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respectively. Reagents and standard chemicals were purchased from
Hach Co., except the BOD buffer solution, which was prepared
according to Standard Method 5210. BOD check standards were
performed with each batch of BOD measurements [27]. The results
were considered good when the value of the BOD check standard fell
within the range of 198630.5 mg/l. The average 6 standard
deviation of the BOD check standards for the entire duration of the
project was 169629 mg/l, which demonstrates good results given
the inherent variability in BOD measurements. COD check
standards were also performed with each batch of COD measurements. A COD standard solution of 1000 mg/l was diluted to 200
and 500 mg/l to ensure the accuracy of COD measurements. The
relative difference for calibration check standards (RDcal) is defined
as the absolute difference of the check standard concentration and
the known concentration all divided by the known concentration.
The RDcal for COD was ,10% for the entire duration of the project
[28].

second phase, raw and pre-treated leachate was submitted to a
biological degradation process using a sequential batch reactor.
The evolution of COD during the biological treatment (figure 6)
confirms the low biodegradability of raw 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 attaining COD removal higher than 90% at the end
of the 72-h cycle. Additionally, the use of ultrasonically 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 microscopic observation [35].
Landfill leachates contain some macromolecular organic
substances that are resistant to biological degradation. With very
low biodegradability ratios (BOD/COD), usually lower than 0.35,
these complex matrixes show a recognized resistance toward
conventional activated sludge systems [36]. When applied as
relatively brief pre-treatment systems, the sonocatalysis processes
induce several modifications of the matrix, which results in
significant enhancement of its biodegradability. For this reason,
the integrated chemical–biological systems proposed here represent a suitable solution for the treatment of landfill leachate
samples with an efficient remediation of the relevant parameters
(COD, TOC).

Experimental Set-up
As shown in Figure 7, for the laboratory experiments a cylindrical
shape Plexiglas reactor with total volume of 1 L was prepared. The
solution in the reactor was mixed with a magnetic stirrer, while
sufficient aeration was provided by a compressor connected to a
porous stone located in the bottom of the reactor. The compressor
was used to ensure completely mixed condition in the reactor. The
ultrasonic source was a Model UGMA-5000 ultrasound generator
with three 30, 45 and 60 kHz transducers having a titanium probe
with 20 mm diameter. The power input could be adjusted
continuously from 60 to 120 W. A leachate sample of 1000 ml
was sonicated in a covered cylindrical glass vessel. Aeration was
supplied by a Model SALWAT air compressor. Samples of activated
sludge inoculums were collected directly from the aeration tank of
the Shahrood municipal wastewater treatment plant. The sludge
was continuously aerated using aeration pumps. Ferrous sulphate
(FeSO4?7H2O), sulphuric acid and hydrogen peroxide (Merck,
30 wt. %) were of analytical grade.

Materials and Methods
Materials
Samples of landfill leachate were obtained from a municipal
landfill site (over 10 years old) located in Shahrood (Semnan, Iran).
All leachate samples were collected from leachate lift stations or
storage tanks, stored at 3uC, and tested within 2 d of collecting the
samples. Characteristics of the leachate samples were
COD = 5830 mg/l, BOD5 = 3940 mg/l, NH3-N = 730 mg/l and
pH of 8. At the experiments, 5 mg/l of TiO2 and ZnO were also
been used as catalysts. The ammonia- nitrogen concentrations were
analyzed with C203 8 parameter test meter (Hanna electronics co.,
Ltd.). The pH was measured by a Benchtop pH Meters (ColeParmer Co., Ltd).The pH meter was calibrated before each use with
pH 3, 7 and 10 buffer solutions. BOD and COD measurements
were determined following Standard Methods 5210 and 5220,

Procedure
After the optimization by factorial design, the ultrasonic were
applied in the treatment of raw leachates using a batch wise mode.
At first, the raw leachate sample was filtered by filter paper (0.45m)

Figure 6. Evolution of COD during biological treatment of the leachates (pretreated sample sonicated with power of 110 watt,
frequency of 60 KHz, pH of 7 and 5 mg/l of TiO2 for 120 minutes).
doi:10.1371/journal.pone.0027571.g006
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Figure 7. Schematic diagram of the reactor.
doi:10.1371/journal.pone.0027571.g007

to remove any suspended solid impurity [28]. Then the sample
was adjusted to the required pH with H2SO4 or NaOH. Then
different scenarios were tested with regard to power intensities of
70 and 110 W, frequencies of 30, 45 and 60 KHz, reaction times
of 30, 60, 90 and 120 minutes and pH of 3, 7 and 10. For
determining the effects of catalysts on sonication efficiencies,
5 mg/l of TiO2 and ZnO have been also used. To evaluate the
effect of ultrasonic on the biodegradability of raw and sonochemically pre-treated leachates, BOD5 and COD of both samples were
measured.

were taken every 12 h, after they had been centrifuged and filtered
through a 0.45 m Millipore filter [28].

Ethic Statement
a.
b.
c.
d.

Biological Procedure
The activated sludge system was applied in cylindrical aeration
glass-vessels (30 cm of internal diameter and 60 cm of height). The
system was aerated by using air pumps placed at the bottom of the
reactors. The initial volume of the culture was 150 mL, which was
completed to 300 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 at room temperature (20–25uC) by
periods of 72 h. For COD determinations, samples (10 ml each)
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