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leachate with the objective of improv¢
ratio, up to a value compatible withdag
power of 110 watts, frequency

iodegradability, evaluated in terms of the BODs/COD
eatment. Under optimized experimental conditions (pH of 10,

method showed suitability for pittial rem@val of chemical oxygen demand (COD). The biodegradability was

significantly improved (BQDs/C
COD by a sequential acti
Keywords: Landfill leacha

TROEH CTION

sists 0f many different organic and
s that may be either dissolved or

waters (Esplugas et al., 2004). Leachate from
W landfills is typically characterized by a high
ammonium (NH4") content, low biodegradability
(low BODs/COD ratio) and a high fraction of
refractory and large organic molecules such as humic
and fulvic acids (Acgdacg and Sponza, 2005), but
leachate from young landfills contains low organic
compound concentrations (Li et al., 2010). Usually
young landfill leachates are treated more easily as

*To whom correspondence should be addressed

adability; ultrasound.

compared to the old one (Koh et al., 2004). Leachate
is classified as stabilized (mature), intermediate, or
fresh (young) given BODs/COD values of <0.2, 0.2—
0.5, and >0.5, respectively (Robinson et al., 1983;
Sun et al., 2010; Pilli et al., 2011). Some methods
have been reported for the removal organics from
landfill, such as biological treatment (aerobic,
anaerobic and anoxic processes), physical methods
(sedimentation, air stripping, adsorption, and
membrane filtration) (Cegen et al., 2003; Dehghani
et al., 2007) and chemical methods (chemical
precipitation (Lim ef al., 2009; Kettunen et al.,
1996), chemical oxidation (Zhao et al., 2010;
Kurniawan et al., 2006), reverse osmosis, granular
activated carbon (Peixoto et al., 2010), ion exchange
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resins and electrochemical oxidation (Bashir et al.,
2010; Schuk et al., 1986)). In general, biological
processes are preferred for the treatment of leachates
with a high ratio of biochemical oxygen demand to
chemical oxygen demand (BODy/COD) (Peixoto
et al., 2009) and of fresh leachates containing mainly
volatile fatty acids (Abdul Aziz et al., 2011).
Compact physical and chemical methods have been
suggested for the treatment of old, stabilized and
dilute leachates with low  biodegradability
(Kurniawan et al., 2004; Kargi et al., 2004). 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 (Atmaca, 2009; Mahvi, 2009).
Usually a combination of physical, chemical and
biological methods is used for effective treatment of
landfill leachate, since it is difficult to obtain
satisfactory results by using any one of those
methods alone (Kurniawan et al., 2004). Traditionally,
the degradation of organic compounds can be
achieved by advanced oxidation processes (AOPs)
(Anglada et al., 2011; Kargi et al., 2003). AOPs have
been used to enhance the biotreatability of liquids
containing various organic compounds that are
non-biodegradable and/or toxic to common
microorganisms (Chiang et al., 1995; Cortez et
2011). The ultrasonic process is one of AOP

to oxidize almost all organic pollu
matter such as NH; (Mahvi et al.,
this process is very effective
mineralization of pollutants, i
only treatment process, it

nt (Ben Yahmed er al.,

te the effect of the ultrasonic process
t for leachate biodegradability

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 3°C, and tested within 2 days of collecting
the samples. The main chemical characteristics of the
raw leachate are summarized in Table 1. The
ammonium concentrations were analyzed with a Cyo3 8
parameter test meter (Hanna Electronics Co., Ltd.).
The pH was measured by a Benchtop pH Meter
(Cole-Parmer Co., Ltd). The pH meter was calibrated
before each use with pH 3, 7 and 10 buffer sgiiti
BOD and COD measurements were
following Standard Methods 5210

solution, which was prepared
Method 5210. Ferrous s

ndard Yell within the range of
verage + standard deviation
standards for the entire duration
was 169 +29.0 mg/L, which
good results given the inherent
in BOD measurements. COD check
ere also performed with each batch of

eisure the accuracy of COD measurements. The
elative difference for calibration check standards
(RD.a) is defined as the absolute difference of the
check standard concentration and the known
concentration all divided by the known
concentration. The RD., for COD was <10% for the
entire duration of the project.

Experimental Set-Up

As shown in Figure 1, for the laboratory
experiments a cylindrical shaped 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 a 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. The sludge was
continuously aerated using aeration pumps.
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Figure 1: Schematic diagram of the reactor

Procedure

After the optimization by factorial design, the
ultrasonic irradiation was applied in the treatment of
raw leachates using a batch mode. At first, the raw
leachate sample was filtered through filter paper
(0.45 1) to remove any suspended solid impurity.

Then the sample was adjusted to the required pH
with H,SO, 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
30, 60, 90 and 120 minutes and pH of 3, 7 an

For determining the effect of catalyst on sonj
efficiency, 5 mg/L of TiO, and ZnO have
separately. To evaluate the effect of ultifgsonic
irradiation on the biodegradabili raw
sonochemically pre-treated leachdles, B
COD of both samples were measure

Biological Procedure

The activated
cylindrical aeratj

systelh was applied in
ssels (30 c¢m internal
height). The system was

ing of each cycle. The pH was
a probe and adjusted to 7.0 by using
or NaOH. The oxygen concentration was
monitored by using an O, probe, located at the top of
the reactor. All the experiments were carried out in
duplicate and at room temperature (20-25°C) for
periods of 72 h. For COD determinations, samples
(10 ml each) were taken every 12 h, after they had
been centrifuged and filtered through a 0.45 mm
Millipore filter (De Morais and Zamora, 2005).

RESULTS AND DISCUSSION
Characterization of the Raw Landfill Leachate

The main chemical characteristics of raw leachate
are summarized in Table 1. When the biodegradability
ratio (BODs/COD) is lower than 0.25 and the pH near
to 8, the samples can be considered to be m

cases, intensive and sophisticated physi
processes are necessary for the treatment o
leachates.

Table 1: Chemical charact

landfill leachates
meters Values

Parameters Value;

COD 5691£83 7.9-8.1
Calcium Magnesium 8.65
NH;-N 726+25
Alkalinity as CaCOj; | 3650+123
TS 1420+29

of the Sonocatalytic Process on the

E degradability of Leachate

The results indicated that the sonocatalytic
process can improve leachate biodegradability
(BODs/COD ratio). The BODs/COD ratio for raw
leachate was 0.210, but it reached 0.786 (with TiO,)
and 0.783 (with ZnO) after sonication. Independent
Samples T-test showed that there is significant
difference between the BODs/COD ratios of raw
leachate and pretreated leachate with the
sonocatalytic process (pyae =0.000 for both TiO, and
Zn0O). The results indicated that the system operates
with great efficiency (BODs/COD ratio=0.786) at
pH 10, power of 110 watts, frequency of 60 kHz and
TiO, concentration of 5 mg/L.

Effect of the Ultrasound Power Input on
Biodegradability Improvement

Figure 2 shows the effect of power input on
leachate biodegradability for TiO, and ZnO. As
shown in this figure, the power input clearly
improves biodegradability. Independent Samples
T-test (Table 2) showed that there is a significant
difference between the BODs/COD ratios of raw
leachate and pretreated leachate at different powers.
(Pvatwe =0.000 for both TiO, and ZnO).
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0.72

0.715 -

0.71

0.705 -

0.7

0.695 -

0.69

BOD/COD ratio

0.685 Tio2

ZnO
0.68 -

0.675 -

0.67
70

power (watt)

Levene's Test for

Equality of Variances
. 95% Confidence
F Sig. t df Sl.g' .Mean St.d' Error Interval of the Difference
(2-tailec)) | Difference | Difference
Lower Upper
PERCENT of f;‘;ﬂ;g“ames 413 0.000 D.000 | -0.043361 | 0.004058 | -0.051454 | -0.035268
reduction with Eaual var
TiO, qual variances 0.000 | -0.043361 | 0.004058 | -0.051523 | -0.35199
not assumed
PERCENT of | Faual variances | ¢ 5 0.004 0.000 | -0.038556 | 0.004020 | -0.046573 | -0.030538
. . assumed
reduction with Eaual vari
ZnO qual variances 0.000 | -0.038556 | 0.004020 | -0.046643 | -0.30538
not assumed
According to sonochemistry tlgory, en the TiO, and ZnO. A One-Way ANOVA test (Table 3)
ultrasound intensity reaches avitation showed that there is no significant difference between
threshold, bubbles will be ily and the the BODs/COD ratios of raw leachate and pretreated

cavities collapse viole
power will increase th
the threshold limj

sing the ultrasonic
avitation, lowering
atiof, and enhancing the
Mbles (Kurniawan and Lo,
2009). In rds, at higher intensities, the
yl radicals and mass transfer
leads to more degradation of
hianese et al., 1999) and also more
intermediate  compounds.  The

yuwf ratio improvement then increases with
ease of ultrasonic intensity.

Effect of Exposure Time on Biodegradability
Improvement

Results indicated that the exposure time somehow
improved biodegradability. Figure 3 shows the effect
of exposure time on leachate biodegradability for

leachate with sonocatalytic process at different exposure
times (Pyae=0.467 for TiO, and 0.398 for ZnO).

Effect of Frequency on Biodegradability
Improvement

Results indicated that the frequency clearly
improve biodegradability. Figure 4 shows the effect
of frequency on leachate biodegradability for TiO,
and ZnO. A One-Way Anova test (Table 4) showed
that there is significant difference between the
BODs/COD ratios of raw leachate and pretreated
leachate with the sonocatalytic process at different
frequencies (pyae =0.000 for both TiO, and ZnO).
Results of the Tukey statistical test (Table 5) also
showed that there are significant differences between
frequencies of 30 and 60 kHz (pyaue =0.000) and
between 45 and 60 kHz (pyai,e =0.000).
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Figure 3: BODs/COD ratios for TiO, and ZnO at differ
times (Frequency=30 kHz, concentration=5mg/L, pH=3

Table 3: Results of One-Way ANOVA test for dif

posu

znosure times

225

Sum of Squares df Mean Sq Sgi
With With With With With With With With
TiO, Zn0O TiO, Zn0O TiO, Zn0O TiO, Zn0O
Between Groups 0.002 0.002 3 0.859 0.398 0.467
Within Groups 0.052 0.045 68
Total 0.055 0.047 71
0.698 -
0.696 -
{02 | zno
2
<
a Tio2
[
Q
8 —
@ Zno
45 60
frequency (KHz)
Figure 4: BODs/COD ratios for TiO, and ZnO at different frequencies
(power=70watt, concentration=5mg/L, pH=3)
Table 4: Results of One-Way ANOVA test for different frequencies
Sum of Squares df Mean Square F Sgi
With With With With With With With With With With
TiO, ZnO TiO, ZnO TiO, ZnO TiO, ZnO TiO, ZnO
Between Groups 0.013 0.012 2 2 0.006 0.006 10.718 11.818 0.000 0.000
Within Groups 0.042 0.035 69 69 0.001 0.001
Total 0.055 0.047 71 71
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Table 5: Results of Tukey test for different frequencies

Mean Difference (I-J) Std. Error Sig. 95% Confidence Interval
(1)) o) . . . . . . Lower Bound Upper Bound
frequency | frequency }F\igl: \Zit(l)l }r\i:t)l: ‘Z:t(l)l }x:t)l: ‘2:31 With With Wllt)lll’ With
TiO, Zn0O TiO, Zn0O
30 45 -0.0112 | -0.0095 0.007 .0060 0.261 0.311 -0.028 -0.025 0.005 0.006
60 -0.0323 | -0.0309 0.007 0.006 0.000 0.000 -0.049 -0.046 -0.015 -0.015
45 30 0.01120 | 0.00958 0.007 0.006 0.261 0.311 -0.005 -0.006 0.028 0.025
60 -0.0211 | -0.0213 0.007 0.006 0.011 0.005 -0.038 -0.036 -0.004
60 30 0.0323 | 0.03091 0.007 0.006 0.000 0.000 0.015 0.015
0.0211 | 0.02133 0.007 0.006 0.011 0.005 0.004 0.005
Effect of pH on Biodegradability Improvement on leachate biodegradability were
Independent Samples T-test (
Results indicated that the pH somehow improves there is no significant difference
biodegradability. Figure 5 shows the effect of pH on BODs/COD ratios of rawy 1
leachate biodegradability for TiO, and ZnO. A One- leachate with TiO, andg”nO
Way ANOVA test (Table 6) showed that there is no
significant difference between the BODs/COD ratios Concurrent Effect Power Input and
of raw leachate and pretreated leachate with the Frequency o egrad2bility Improvement by
sonocatalytic process at different pHs (pyane =0.503 Ultrasoun

for TiO; and 0.170 for ZnO).

As e ove, power and frequency were
Effect of Type of Catalyst on Biodegradability effectiv ers (statistically significant) for
Improvement by Ultrasound biodegrad{bility improvement by the sonocatalytic

PCSS. e Univariate statistic test (Table 8)

Figure 6 shows the effect of the type of catalyst showed that estimates of the size of the effect were

on the leachate biodegradability (BODs/COD ratig 88.606 for power and 74.9 % for frequency but the
Results showed that the effects of the two cata pfcurrent effect was smaller (44.4 %).

0.698 -
0.696 -
0.694
i02
Zno
y’
Zno
3 7 10
pH

Figure 5: BODs/COD ratios for TiO, and ZnO at different pHg
(power=70watt, concentration=Smg/L, frequency=30 kHz)

Table 6: Results of One-Way ANOV A test for different PHs

Sum of Squares df Mean Square F Sgi

With With With With With With With With With With

TiO, ZnO TiO, ZnO TiO, ZnO TiO, ZnO TiO, ZnO
Between Groups 0.001 0.020 2 2 0.001 0.001 0.693 1.821 0.503 0.170
Within Groups 0.054 0.045 69 69 0.001 0.001
Total 0.055 0.047 71 71
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0.702 -
o 071
Z 0.698 -
Q
2 0.696 -
Q
2 0.694 -
0692 1 —— TiO2
0.69 —B—7n0
0.688
30 60 90 120
Time (min)
Figure 6: BODs/COD ratios for TiO, and ZnO
(power=70watt, concentration=Smg/L, frequency=30 kHz)

Table 7: Results of Independent Samples Test for tw

ILevene's Test for ns
IEqualityof Variances
F Si ¢ daf Sig. rror | 95% Confidence Interval
& (2-tailed ce | Difference of the Difference
Lower Upper
Equal variances
PERCENT | assumed 0.571 0.451 1.068 0.287 0.00446 -0.00405 -0.01358
of reduction | Equal variances 1.068 | 141. 87 | 0.00476 | 0.00446 | -0.00405 | -0.01358
not assumed
Table 8: Results of Univariate statisticalfcest f rrent effect of power and frequency
Type 111 . Partial Eta
Source Sum of Squares d ean Square F Sig. Squared
Corrected Model 0.050 5 0.010 152.896 0.000 0.921
Intercept 37.673 37.673 5.731ES 0.000 1.000
POWER 0.0 0.034 514.876 0.000 0.886
FREQUENCY 0.003 2 0.006 98.421 0.000 0.749
POWER * FREQUENCY 0.0 2 0.002 26.380 0.000 0.444
Error .00 66 6.573
Total 72
Corrected Total 1055 71
Biodegradabilit ptemgPuring Ultrasonic process can transform recalcitrant organic compounds
Decompositio into easily biodegradable products, improving the

substantial ~ biodegradability
ing to the current literature (Bae ef al., 1999; Pi
et al., 2009). This result indicates 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 an integrated chemical-biological
system to leachate treatment (De Morais and Zamora,
2005). In general, it is admitted that an ultrasonic

efficiency and reducing the cost of further biological
steps. In a second phase, raw and pre-treated leachate
was submitted to a biological degradation process
using a sequential batch reactor. The evolution of the
COD during the biological treatment (Figure 7)
confirms the low biodegradability of raw leachates,
which achieve a maximal COD removal of about 30%
at 72 h of treatment. On the other hand, the COD of
pre-treated leachates decreases 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 the
physical characteristics of the biological sludge, which
could be corroborated by the measurement of
traditional physical parameters and microscopic
observation.
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Figure 7: Evolution of the COD during biological treatmeggof the
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leachates (sample pretreated with a power of 110 watts, €reqiyacy
of 60 kHz, pH of 7 and 5 mg/L of TiO, for 120 minu

CONCLUSION

Landfill leachates contain some macromolecular
organic substances that are resistant to biological
degradation. With very low biodegradability ratios
(BODs/COD), usually lower than 0.21, the
complex matrixes show a recognized resistancgfto
conventional activated sludge systems. When i
as a relatively brief pre-treatment, the so
process induces several modifications o trix,
which results in a significant enh
biodegradability. For this reaso
chemical-biological systems propo
a suitable solution for the tm
leachate samples with an effic
relevant parameter (CO,

the integrated
here g¥present
landfill

iation of the
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