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Abstract

Laboratory experiments were undertaken to investigate the treatment performances of ozonation alone and/or its combination with granular
activated carbon (GAC) adsorption for raw leachate from the NENT landfill (in Hong Kong). To improve its removal of recalcitrant contaminants
from the leachate, the surface of GAC was oxidized with ozone prior to treatment. With respect to ozone dose and pH, the removal of COD and/or
NH;-N from ozonation alone and combined ozone-GAC adsorption were evaluated and compared to those of other physico-chemical treatments in
some reported studies. The removal mechanism of recalcitrant compounds by ozone-GAC adsorption treatment was presented. Among the various
treatments studied, the combination of ozone-GAC adsorption using ozone-modified GAC had the highest removal for COD (86%) and/or NH;-N
(92%) compared to ozonation alone (COD: 35%; NH;3-N: 50%) at the same initial COD and/or NH;-N concentrations of 8000 and 2620 mg/L,
respectively. Although the integrated treatment was more effective than ozonation alone for treating stabilized leachate, the results suggested that it
could not generate treated effluent that complied with the COD limit of lower than 200 mg/L and the NH;3-N discharge standard of less than 5 mg/L.
Therefore, further biological treatments to complement the degradation of the leachate are still required to meet the environmental legislation.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Landfill is one of the most widely employed methods for
the disposal of municipal solid waste (MSW) around the world.
Up to 95% of the total MSW collected worldwide is disposed
of in landfills [1]. More than 150,000 landfills have been built
worldwide with over 55,000 and 35,000 sites located in the USA
and Germany, respectively [2,3]. In the USA, about 57% of the
218 million tonnes of the MSW generated in 2000 was disposed
of in landfills [4], while in China, over 80% of the 160 million
tonnes of the municipal refuse generated in the same year was
buried in 668 landfills [5].

After being landfilled, the refuse decomposes through a series
of combined physico-chemical and biological processes, which
may take a period of more than 50 years. During the decomposi-
tion process, a highly contaminated wastewater called “leachate”
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is generated by excess rainwater percolating through the waste
layers in the landfill [6]. The common features of raw leachate
from a local landfill are its high concentrations of ammonia-
cal nitrogen (NH3-N) (2000-5000 mg/L) and moderately high
strength of recalcitrant compounds (as reflected by its COD
value) (5000-20,000 mg/L), as well as a low ratio of BODs/COD
of less than 0.1 [7,8].

Of the toxic pollutants such as adsorptive organic halogen
(AOX), heavy metals and xenobiotic compounds that are present
in landfill leachate, NH3-N, resulting from the decomposition
process of organic nitrogen, has been identified not only as a
major long-term pollutant [9], but also as the primary cause of
acute toxicity [10]. Because NH3-N is stable under anaerobic
conditions, it typically accumulates in the leachate [9]. With a
concentration of higher than 100 mg/L [11], untreated NH3-N
is highly toxic to aquatic organisms, as confirmed by toxicity
tests using zebrafish (Danio rerio) [12], Daphnia magna [13]
and luminescent bacteria [14].

Unless properly treated, leachate that seeps from a landfill can
infiltrate and contaminate the underlying groundwater. Once the
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leachate escapes to the groundwater, it is difficult and expensive
to have it controlled and cleaned up, thus posing potentially
serious hazards not only to living organisms, but also to public
health in the long term. In most cases, it is extremely difficult
to restore the polluted groundwater to its former state. In recent
years, the risk of groundwater pollution due to leachate seepage
has become a major environmental concern worldwide.

A sound engineering design of a landfill can prevent or min-
imize the leakage of leachate from reaching the groundwater
table. Measures include diverting the surface run-off from the
site, proper soil cover, proper vegetation and a proper means
for leachate interception and collection systems such as syn-
thetic/natural liners, piping and pumping the leachate to a treat-
ment facility [15]. However, most of these precautions can only
be applied in newly designed landfills. Some old landfills still
generate huge quantities of leachate, which must be treated prior
to discharge.

To achieve a satisfactory removal of refractory pollu-
tants from the leachate, several types of physico-chemical
treatments such as ammonium stripping, chemical precipita-
tion, coagulation—flocculation, ultrafiltration (UF), nanofiltra-
tion (NF) and reverse osmosis (RO) have been employed world-
wide. In Hong Kong, leachate from local landfills has been
commonly treated on-site using biologically aerobic reactors
[16]. Despite reducing the volumetric loading of the reactors,
this practice requires a large installation space and high opera-
tional cost of US$ 12.5m ™ of the treated effluent.

As one of the most powerful oxidants with an oxidation poten-
tial (EY) of 2.07V (Eq. (1)), ozone can act as a very strong
oxidizing agent for the treatment of contaminated wastewater of
high strength [17]:

O3+2HT +2¢~ — 0, +H,0, E’= 207V 1)

Due to its capability of transforming contaminants into innocu-
ous substances within a short period, ozone has been identified
as a potentially effective means to treat landfill leachate. Unlike
chlorination, ozonation does not produce any secondary pollu-
tant in the environment, since the ozonation of organic matter
in the leachate leads to the formation of low molecular weight
compounds such as acetic acid [18].

Because of its large surface area, microporous structure and
surface reactivity, GAC adsorption is one of the most attrac-
tive methods for the removal of recalcitrant compounds from
leachate. Basically, adsorption is a process by which a substance
is transferred from the liquid phase to the surface of a solid and
becomes bound by physical and/or chemical interactions [19].
Adsorption treatment using GAC may be technically applica-
ble to meet the increasingly stringent discharge standards for
refractory contaminants in developing countries.

In recent years, a combination of ozonation and GAC adsorp-
tion has emerged as one of the most promising options for the
treatment of contaminated wastewater. Ozone is capable of oxi-
dizing organic substances to their highest stable oxidation states
and then, produces CO; and H,O, while GAC can accelerate
the kinetic rate of the ozone decomposition through the forma-
tion of *OH radicals in the solution [20]. With a high oxidation

potential of 2.80V, *OH radical is a highly reactive species (Eq.
2)):

*OH + H" +e~ — H,0, E°= 280V )

Through the *OH radicals, the ozone rapidly reacts with most of
the target recalcitrant compounds in the leachate for an ultimate
degradation. An integrated treatment of ozonation and GAC
adsorption may synergize the advantages of their treatment per-
formance, while overcoming their respective limitations.

In this study, laboratory experiments were carried out to
investigate the treatment performances of ozonation alone and/or
its combination with GAC adsorption for raw leachate from the
NENT landfill (in Hong Kong). To improve its removal of recal-
citrant contaminants from the leachate, the surface of GAC was
oxidized with ozone prior to treatment. With respect to the ozone
dose and pH, the removal of COD and/or NH3-N from ozonation
alone and/or combined ozone-GAC adsorption were evaluated
and compared to those of other physico-chemical treatments in
some reported studies. The removal mechanism of recalcitrant
compounds by combined ozone-GAC adsorption treatment is
also presented.

2. Experiments
2.1. Materials and methods

An aged raw leachate was collected from the North East New
Territory (NENT) landfill situated in Ta Kwung Lin, a remote
part of the New Territories. Itis one of the three on-going landfills
in Hong Kong SAR, in addition to the South East New Territories
(SENT) and the West New Territories (WENT) landfills. With
an overall capacity of 37 x 10°m?> and a total area of 61 ha,
the NENT landfill receives 3800 tonnes of MSW per day [21]
from an urban population of nearly 7.5 million of inhabitants in
2005. Since its first commissioning operation in June 1995, the
major component of waste dumped in the landfill is municipal
refuse such as domestic, construction and industrial waste. The
NENT landfill generates approximately 800 m> of leachate per
day [22].

To study the effects of seasonal variations on the composi-
tion and the concentration of the raw leachate from the NENT
landfill, the leachate samples were collected in December 2004
(winter) and July 2005 (rainy and summer). In Hong Kong,
spring and summer are generally considered as rainy season,
while fall and winter are dry seasons. Due to the impacts of
rainfall on the change of physico-chemical characteristics of
the leachate during the rainy season, the samples collected in
December 2004 were used throughout this study.

The samples were collected in 20 L of polyethylene carboys
that were filled to the capacity and capped tightly. They were
then stored in a refrigerated storage chamber at 4 °C to minimize
any further changes that might occur in its physico-chemical
and biological properties prior to experiments. The leachate
was immediately characterized according to the Standard
Methods [23] for the following parameters: pH, COD, BODs,
NH;3-N, alkalinity (as CaCOs3), total nitrogen, NO3-N, total
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organic carbon (TOC), alkaline metal cations and conductivity.
Prior to treatment, the pH of the raw leachate was measured
using a pH meter model Orion 710A (The USA). Adjustment
of the pH was carried out using 0.1N NaOH and/or 0.1N HCI.
The concentration of NH3-N and COD was analyzed by a
spectrophotometer model Spectronic 4001 (USA), while the
TOC and the conductivity of the leachate were measured by
using a TOC analyzer type Shimadzu 5000 A (USA) and/or a
conductivitimeter type YSI 63/25 (USA), respectively.

2.2. Surface modification of GAC with ozone

Prior to use, 50 g of GAC type PHO 8/35 LBD (Carbokarn
Co. Ltd., Thailand) was placed in a glass beaker. To increase the
oxygen-containing functional group of the GAC, the surface of
GAC was oxidized with ozone and treated with NaOH. About
0.5L of 0.1N NaOH was added to the beaker and the suspension
was agitated at 200 rpm for 3 h. The samples were then separated
from the solution and they were dried in an oven at 105 °C for
24h. The GAC samples were placed in a glass column with
an internal diameter (i.d.) of 2cm and height (#) of 100 cm.
The adsorbent was then treated with gaseous ozone at an inflow
concentration of 3 mg/L and a flow rate of 1.6 L/min (a mass rate
of 4.8 mg/min) for 3 h. The samples were subsequently washed
with deionized water, dried in an oven at 105°C for 24 h and
stored in a desiccator [24]. The physical characteristics of the
adsorbent are presented in Table 1.

2.3. Ozonation of leachate

The ozonation of 0.8 L leachate was carried out at ambient
temperature (25-27 °C) in a glass reactor (i.d.: 2 cm; #: 100 cm)
by recirculating the leachate from top to bottom. The bottom of

Raw
leachate

Peristaltic pump

445
Table 1
Physical properties of the GAC used
Density (g/cm?) 0.50
Particle size (mm) 0.50
Total surface area (m?/g) 900-1100
Retail price (US$/kg) 1.37

the reactor was fitted to a column contactor with a porous glass
plate diffuser with 10-15 wm of pore size. Ozone was gener-
ated by an ozone generator model ORVGO3 (Hong Kong) using
ambient air as the feeding gas and passed into the reactor through
the column contactor. In a closed system, the gaseous ozone with
a flow rate of 1.6 L/min was continuously fed into the reactor for
30 min. The ozone concentration in the feeding gas was 3 mg/L
with a generation rate of 4.8 mg/min. The treated effluent was
collected every 5 min to determine the COD and NH3-N con-
centration [25].

Ozone consumption was measured as the difference between
the initial ozone dose applied in the feeding gas and the residual
ozone residing in the exhaust gas of the reactor. The residual
ozone in the stream was determined by connecting the reactor
to a series of impingers containing 1% KI solution (Eq. (3)),
while the resulting iodine was titrated by using 0.1 M NaS,03
in the presence of 1% starch aqueous solution as the indicator
[26]. The titration was continued until the disappearance of the
violet color:

03 +2KI + H,O — I +2KOH + O, 3)
2.4. GAC column adsorption

In a fixed-bed study, the same type of glass column (i.d.: 2 cm;
h: 100 cm) was packed with 35 g of an adsorbent (as-received
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Fig. 1. Scheme of the integrated ozone-GAC adsorption treatment.
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GAC and/or ozone-modified GAC). The bottom of the reactor
was fitted with 1 cm of glass wool and a glass bead layer. Without
pretreatment, the raw leachate passed through the reactor from
top to bottom (down-flow mode) at a flow rate of 3 mL/min
for a single circulation. The pH of the effluent was recorded
every 15 min to monitor any changes that might occur during
adsorption. The treated effluent was periodically collected for
NH3-N and/or COD analyses. The column operation was termi-
nated as soon as the saturation point (Ce/Cq = 1) was achieved.
Cop and C, represent the initial and equilibrium concentrations
of NH3-N and/or COD in the leachate (mg/L), respectively. The
same method was also employed for the subsequent treatment
of ozonated leachate [27]. Unless otherwise specified, ozone-
oxidized GAC was employed in the integrated process. The
integrated ozone-GAC adsorption treatment scheme is depicted
in Fig. 1.

2.5. Analytical methods

The changes in NH3-N and/or COD levels were determined
colorimetrically according to the Standard Methods [23]. An
indophenol-blue color was formed in the reaction between NHz-
N in the leachate sample and alkaline phenol and hypochlorite
reagents (Standard Methods 4500F), while the closed reflux col-
orimetric method was employed for COD determination (Stan-
dard Methods 5520D). Absorbance was measured at 626 nm for
NH3-N determination and at 600 nm for COD analyses. The
removal efficiency of NH3-N and/or COD (E) after treatment is
defined as

E (%) = {COC_OC@} x 100 )

2.6. Statistical analysis

To ensure the accuracy, reliability and reproducibility of the
collected data, the experiments were carried out at least in trip-
licate and the mean value of the three data sets is presented. If
the relative error exceeded 1.0%, the data would be disregarded
and a fourth experiment conducted until the error fell within

Table 2

Physico-chemical properties of raw leachate from the NENT landfill (Hong Kong)

the acceptable range. All statistical tests were performed using
SPSS 11.00 Windows version with a confidence interval (CI) of
95%. Differences were considered statistically significant when
p <0.05.

3. Results and discussion
3.1. Leachate characteristics from the NENT landjfill

The characteristics of raw leachate from the NENT landfill
are presented in Table 2. Although the climate in Hong Kong is
markedly seasonal with a clearly defined wet season, it is found
that the concentration of COD and NH3-N in the raw leachate
samples, which were collected in December 2004 (winter) as
well as July 2005 (summer and rainy season), did not show
any significant seasonal variations. This fact was different from
another study in Thailand [3], which found that the concentration
of organic material in the leachate was very much higher in dry
season than that in rainy season, since the leachate was diluted
with rainwater. This particular phenomenon suggests that the
physico-chemical characteristics of the leachate from the NENT
landfill were not significantly affected by rainfall conditions and
that both saturated and unsaturated solid waste in the landfill
had the ability to buffer short-term variation, as indicated by the
relatively stable short-term quality and quantity of the leachate.
These two characteristics confirm similar findings in the other
studies undertaken in Hong Kong [21] and Taiwan [28], which
reported that there were no significant seasonal variations in
the quality and the quantity of leachate between dry and rainy
seasons. This indicates that the influence of seasonal variations
in the quantity and quality of landfill leachate varies from one
region to another, depending on the seasonal climate and the
hydrology site of the landfill [29].

It is also found that the leachate sample has a biodegrad-
ability ratio (BODs/COD) of 0.09, typical of raw leachate from
the methanogenic phase [30]. The result suggests that most of
the organic materials in the leachate have been converted to
methane, thus decreasing the ratio of the biodegradability of
the leachate. The low biodegradability ratio also indicates that
the leachate was from a stabilized landfill, which can be better

December 2004 (winter)

July 2005 (rainy and summer) Temporal fluctuation (%)

pH 8.01
COD (mg/L) 8000
BODs (mg/L) 700
BODs/COD 0.09
NH3-N (mg/L) 2620
NO3-N (mg/L) 21
Total Kjeldahl nitrogen (mg/L) 2851
Na* (mg/L) 1505
K* (mg/L) 1082
Mg?* (mg/L) 25
Ca”* (mg/L) 23
Alkalinity (mg/L) 12986
TOC (mg/L) 2590

Electrical conductivity (mS/cm) 12.53

7.81 2.50
7622 4.72
565 19.28
0.07 22.22
2390 8.78
18 14.28
2590 9.15
1222 18.80
871 19.50
22 12.00
18 21.74
11668 10.15
2316 10.58
9.99 20.27




T.A. Kurniawan et al. / Journal of Hazardous Materials B137 (2006) 443—455 447

100 —e— Ozone alone
. —&— Ozone-GAC adsorption
$ 90 4
g 80 //A
@ 70 4 Time: 30 min; pH:
£ 60 A 8.01; COD: 8,000
7] mg/L; O3 flow rate:
7 501 1.6 L/min
Qo 40
£
2 30
g 20
© 10
0 T T T T T T ]
0 0.6 1.2 18 24 3 36 42
(a) QOzone dose (mg/L)

100 4 Time: 30 min; pH:
g0 4| 8.01; NHs-N: 2,620
80 4 mg/L; O3 flow rate:

1.6 L/imin
70 4

50 |
50 4
40 -
30 -
20 -
10 4

o

—e— Ozone alone

NH;-N removal efficiency (%)

—&— Ozone-GAC adsorption

T T T T T 1

0 06 12 18 24 3 36 42
(b) Ozone dose (mg/L)

Fig. 2. Effects of ozone dose on the removal of COD (a) and NH3-N (b) from landfill leachate.

treated with physico-chemical treatment techniques than with
biological process.

In addition to organic compounds, the leachate from the
NENT landfill also contained inorganic substances such as heavy
metals, as indicated by the conductivity value. Due to competi-
tion with heavy metals for adsorption sites, the existence of such
impurities in the leachate might lower the adsorption capacities
of the adsorbent for organic compounds.

3.2. Effects of ozone dose on the removal of COD and/or
NH3-N

In the oxidation process, the removal efficiency of COD/NH3-
N varies with the dose of oxidant. Therefore, a study determining
the optimum dose of ozone was conducted to achieve a max-
imum removal of COD/NH3-N during equilibrium conditions.
Fig. 2 presents the effects of ozone dose on the removal efficiency
of COD and NH3-N after ozonation alone and/or combined
ozone-GAC adsorption.

After ozonation alone, it is found that the COD removal
improved from 10% to 35% at an initial COD concentra-
tion of 8000 mg/L. with an increasing ozone dose from 0.6 to
3 mg/L, which leveled after 3 mg/L of ozone dose. This could
be stemmed from the fact that as the ozone oxidation contin-
ued, recalcitrant organic compounds in the leachate that could
be oxidized became less available and that the remaining organic
compounds after ozone oxidation were difficult to break down.
Since stabilized leachate mostly contains humic substances that
are less prone to ozonation and the substances are more aliphatic
and less aromatic [31], there was no significant increase in the
COD removal after applying a certain ozone dose.

It is also found that the combination of ozone treatment
followed by GAC adsorption significantly improved the COD
removal from 29% to 86%, compared to ozonation alone (35%)
at the same COD concentration of 8000 mg/L (p < 0.05, paired ¢-
test). The local regulation for the protection of groundwater from
pollution by landfill leaching requires that the treated leachate
should contain less than 200 mg/L of COD. It is found that the
integrated ozone-GAC adsorption treatment could not generate
an effluent that complied with the local regulation.

Similarly, the NH3-N removal significantly improved from
17% to 92% when the ozone dose increased from 0.6 to 3.0 mg/L
(p <0.05, paired t-test). In this case, ammonia could be removed
by ozone through the advanced oxidation process (AOP), in
which *OH radicals with an oxidation potential of 2.80 V, result-
ing from the ozone decomposition at pH ranging from 8§ to 9,
played a major role throughout the oxidative treatment. Dur-
ing the ozone oxidation, the toxic ammonia was converted to
relatively harmless nitrate, as shown in the following reaction
[32]:

NH; 4403 — NO3~ +40, +H,0 + H" (5)

After ozonation with 3 mg/L of dose, the concentration of NO3 ™~
(represented by NO3™-N) in the leachate increased 42% from
21 to 30 mg/L. Similarly, the concentration of H* ions in the
leachate also increased, as reflected by a decreasing pH value
from 8.01 (initial conditions) to 7.14 (after ozonation). Wang and
Pai [33] reported that ammonia is slowly oxidized by the ozone,
as indicated by the low kinetic rate of the oxidation reaction. For
this reason, the extent of NH3-N removal after ozone treatment
is rarely reported.

It is important to note that the integrated treatment process
was still unable to achieve the NH3-N discharge standard of
less than 0.02 mg/L, the concentration recommended by the US
EPA to prevent fish toxicity [34]. This result suggests that further
biological treatments such as activated sludge or nitrification to
complement the biodegradation of the leachate are still required
to comply with the environmental legislation.

3.3. Effects of initial pH on the removal of COD and/or
NH3-N

Itis widely known that pH plays a major role in the decompo-
sition of ozone in solution. In alkaline conditions (pH > 8), once
the reaction of free radical was initiated by the ozone, a series
of oxidative degradation reactions that completely oxidized the
recalcitrant organic materials into CO; and H>O occurred in the
solution. Therefore, the effects of pH on the treatment perfor-
mance of ozonation alone and/or combined ozone-GAC adsorp-
tion treatment were studied by varying pH from 3 to 9, while
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Fig. 3. Effects of pH on the removal of COD (a) and NH3-N (b) from landfill leachate.

keeping other parameters such as ozone dose and reaction time
as constant. Fig. 3 depicts the effects of initial pH on the removal
of COD and/or NH3-N from landfill leachate.

It is observed from Fig. 3 that after ozone-GAC adsorption
treatment, the COD removal significantly improved from 18%
to 86% with an increasing pH in an alkaline environment (pH
8-9), compared to that of ozonation alone (35%) at the same ini-
tial COD concentration of 8000 mg/L (p <0.05, paired ¢-test).
This could be attributed to the fact that in alkaline conditions, the
concentrations of OH™ in the solution significantly increased.
With the increasing OH™ in the solution that initiated the inter-
mediate chain reactions, the rate of ozone decomposition also
became significantly faster. The ozone attacked the polar bonds
of GAC, causing bond breaking, thus leading to the direct for-
mation of *OH radicals as an oxidant. The radicals formed were
not bound to the surface of GAC, but free to react in the aqueous
phase. In this process, the delocalized m electron system in the
basic group of GAC and the oxygenated basic groups (chromene
and pyrone) acting as the Lewis bases might play a major role as
the catalytic centers of reactions, reducing the ozone molecules
to OH™ and H,O; [35].

In their study, Sanchez-Polo et al. [35] also confirmed that
ozonation in the presence of GAC could oxidize the recalcitrant
organic pollutants in the solution either by a direct reaction of
the compounds with the ozone or by *OH radicals that were
produced in the interaction between the ozone and the surface
of GAC, which contained some functional groups such as car-
boxylic, hydroxyl and lactone [36]. In an alkaline environment
(pH 8-10), OH™ ions acted as the promoter/initiator for the
decomposition of ozone into intermediate compounds such as
peroxide ions (O, ™) and the HO,® radicals that were also reac-
tive [37,38]. In this case, through the dispersive interactions
between 1 electrons of the aromatic rings and those of the car-
bon basal plane (graphenic layer), the surface properties and the
textural characteristics of the GAC played an important role in
transforming ozone into *OH radicals [35].

In alkaline conditions, the OH™ ions also facilitated the for-
mation of *OH through an indirect route. The OH™ ions reacted
with ozone to form hydroperoxide ion (HO, ™), which was the
conjugate base of HyO» [39] (Eq. (6)). At a pH lower than 11.6

(the pK;, of H2O3), HO>™ would be converted to H,O> (Eq.
(7)). Therefore, the increasing concentration of OH™ ions also
facilitated the formation of H,O,, which was a source of *OH
radicals. The overall process is presented in Eq. (8) as a net
reaction:

OH +0; = HO; +0s (6)

HO,” + H,O > H,O, + HO (7)
+H,0 - H,0,+ O, (8)

Net reaction: O;

The case was similar for NH3-N removal. The combination
of ozone and GAC adsorption gave a significantly higher NH3-N
removal (92%) than ozonation alone (50%) at the same ini-
tial NH3-N concentration of 2620 mg/L (p < 0.05, paired 7-test).
Such a phenomenon might be attributed to the fact that GAC
played a major role in the overall degradation process through (a)
the adsorption of the contaminant on the surface of GAC; (b) the
promotion of the ozone decomposition via the generation of *OH
radicals in the solution. The *OH radicals had a greater oxidiz-
ing capacity (2.80 V) than ozone (2.08 V). As a result, either by
hydrogen abstraction or by electrophilic attack to double bonds,
the ®*OH radicals-catalyzed ozone not only reacted with NH3-N,
but also broke down other large compounds such as xenobiotic
compounds, adsorptive organic halogen (AOX) and phenolic
compounds in the leachate into oxidation by-products that had a
smaller molecular size than the starting compounds [40]. Con-
sequently, the by-products became more easily biodegradable,
thus enabling GAC to adsorb the remaining organic materials
unchanged by the ozone oxidation.

3.4. Effects of individual and/or combined treatments on
the biodegradability of leachate

Fig. 4 presents the relationship between the ratio of
BODs5/COD and the reaction time required for the degradation
of the leachate. As reflected by the biodegradability ratio, it was
found that the biodegradability of landfill leachate improved
significantly from 0.09 to 0.47 after ozone-GAC adsorption
treatment (p < 0.05, ANOVA test), suggesting that more organic
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Fig. 4. Effects of various treatments on the biodegradability of landfill leachate.

compounds in the leachate were degraded into smaller molecules
[41].

Of the three treatments investigated, the combination of
ozone-GAC adsorption has the highest biodegradability ratio of
the leachate (0.47), compared to the other two individual treat-
ments alone (ozonation: 0.14; GAC adsorption: 0.25) (p < 0.05,
Tukey’s HSD test). The improving BOD/COD ratio by ozona-
tion after the addition of GAC might be due to the fact that the
surface of GAC promoted the ozone oxidation that subsequently
destroyed large organic compounds through the formation of
*OH radicals that initiated the radical-type chain reactions of
ozone decomposition in the solution [42]. In this case, the ozone
might attack the pyrrolic groups of the graphenic layers in GAC
(basal plane electron) that acted as Lewis bases to generate
N-oxide-type groups and hydroperoxide radical (HO»®). The
generation of HO,® radicals was reported to improve the kinetic
rate of ozone decomposition into *OH radicals [43].

In the pyrrol group, the pair of nitrogen lone electrons formed
part of the electronic cloud of the aromatic ring. As a result,
the presence of pyrrol groups on the surface of GAC improved
the electronic density on its basal plane, thus enhancing the
concentration of *O,~ (superoxide radical) in the system [43].
The transfer of an electron from *O; ™ radicals to O3 molecule
resulted in the formation of *O3~ (ozonide radical) as an inter-
mediate and subsequently led to the generation of *OH radicals
[44]. In the solution, *OH radicals rapidly reacted (k=103 to
10" M1 s~1) with most of the target organic compounds in the
liquid phase [45].

There are some steps for the formation of *OH radicals,
resulting from GAC catalytic ozonation. In the solution, the
reduction of ozone on the surface of GAC was reported to gen-
erate OH™ ions (Eq. (9)) [43]:

O3+ H0 + 2¢~ < O, +20H,
k= 1.1x107*M's7! )

Due to its electrophilic properties, ozone might have a higher
affinity towards the basic Lewis in the surface of GAC sites,
specifically on aromatic compounds, which are  electron-rich
regions. For the aromatics substituted with electron donor groups
such as —OH, the initial attack of the ozone occurred at an ortho-
and para-position [46], resulting in the ozone decomposition
into ®*OH radicals. The increase in the -electron system of GAC
due to the pyrrol groups also increased the physico-chemical
interaction between GAC and the water molecules to form OH™
ions (Eq. (10)) [45]:

Cr+2H,0 < Cyp-H30" +OH™ (10)

Combination of the two equations (9) and (10) gives the overall
reaction of GAC catalytic ozonation as follows:

03+ Cr +3H20 + 2¢~ — Cn-H30" +0,+30H (11)

Eq. (11) suggests that the number of OH™ ions in the solu-
tion increased for combined ozone-GAC adsorption treatments,
compared to that of individual ozonation or GAC alone. Since
both the OH™ ions and *OH radicals have a proportional ratio
of mole as indicated by the ratio of their reaction coefficients
(Eq. (12)), the number of OH™ ions produced in Eq. (11) also
represents the amount of *OH radicals that would be generated
in Eq. (15). Such a phenomenon indicates the synergistic effects
between the two physico-chemical treatments in the formation of
*OH radicals. As the solution pH increased to 9 or the concentra-
tion of H* ions decreased (to 10~2 M), the reaction equilibrium
shifted from left to right, resulting in the production of more
OH™ ions in the solution, thus leading to the generation of more
*OH radicals (Egs. (12)—(15)). In this case, the OH™ ions facil-
itated the formation of *OH radicals through its reaction with
ozone as reported elsewhere [47]:

e Initial reaction:

03+0H™ — *°0,” +HO»*, ky= 70M~'s7! (12)
e Propagation:
HO,* — H" +°0,", pK,= 4.8 (13)

*0," +03— *037 +0y, k= 1.6x10°M 57!

(14)
*O3"+H"— *OH + 0, kr= 52x10""M!s7!
(15)
e Termination:
*OH + P — end products (16)

where P represents the scavenger of hydroxyl radicals such
as HCO3™ and CO3°™.
Some examples of the reaction are presented as follows:

(@ °*OH + CO3>~ — OH™ +COs3*",
k= 42x108M 157! 17)
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Fig. 5. Comparison of COD removal among different types of treatment.

(b) °OH + HCO3~ — OH™ 4+ HCO3°,

k=15x100M's7! (18)

As seen from Eq. (16), *OH radicals are the responsible
species for GAC catalytic ozonation. For this reason, it is sug-
gested that ozone/GAC is a kind of advanced oxidation process
(AOP) controlled by a free radical mechanism, in which GAC
functions as the initiator that enhances the transformation of
the ozone into *OH radicals [48,49]. Therefore, the combina-
tion of ozone-GAC adsorption has significantly better treatment
performance than ozonation alone in degrading recalcitrant com-
pounds in the leachate.

3.5. Removal mechanisms of recalcitrant compounds from
leachate by ozone-GAC adsorption

To study the extent of the role of GAC in the removal of
organic compounds from the leachate by the combined ozone-
GAC adsorption treatment, the removal efficiency of COD is
presented as a function of reaction time.

It can be observed from Fig. 5 that within the first 10 min,
GAC adsorption controlled the removal of organic compounds
from the leachate. Between 10 and 15 min, both GAC adsorption
and ozonation played equally important roles in the oxidation,
since GAC served both as an adsorbent and a promoter [50].
As an adsorbent, GAC adsorbed the organic matter from the
leachate on its surface, while as a promoter, it initiated the ozone

Table 3
Column performance of GAC for COD and/or NH3-N

decomposition into *OH radicals. In this case, GAC acted as
the initiator of the radical-type chain reactions that transformed
ozone into *OH in the aqueous phase.

After a short period of ozonation, the degradation of the recal-
citrant organics in the leachate by GAC took place. This was
evident from the change of leachate color from brown (initial
conditions) due to the presence of humic substances to light yel-
low (after ozonation). The reduction of color intensity clearly
indicated that there was a direct attack of ozone on the dou-
ble bonds of GAC (in the chromophoric parts) during the ozone
treatment [51]. After ozonation had decomposed the recalcitrant
compounds into smaller molecules, the organic materials in the
leachate became more easily biodegradable, enabling GAC to
easily adsorb the remaining organic materials unchanged during
the ozonation [52]. This is one of the advantages of using this
combined treatment for the removal of refractory compounds
from stabilized leachate.

After 20 min, GAC became saturated, as there was no fur-
ther increase in the COD removal. During the last 25 min, under
alkaline conditions (pH > 7), ozonation became the primary fac-
tor that controlled the removal of organic compounds from the
leachate. In this case, the nature of the compounds present in the
leachate would determine the degree of reactivity with the ozone.
Compounds with specific functional groups such as the aromatic
ring or double bonds were prone to ozone attack [53,54]. In alka-
line conditions, the indirect oxidation mechanism involved the
reactions between the organic compounds and the formed *OH
radicals and resulted in the degradation of recalcitrant contami-
nants in the leachate.

Although GAC adsorption was more effective than ozona-
tion alone in terms of COD removal, the combination of these
two methods into an integrated process was found to be a more
attractive option for the treatment of stabilized leachate, since
it offered synergistic effects on the removal of many recalci-
trant compounds such as xenobiotic and AOX compounds [55].
Ozone oxidation could rapidly react with most of the recalci-
trant organic compounds in the leachate, breaking them down
into smaller and more biodegradable ones, thus enabling the sub-
sequently easier adsorption of the more oxidized by-products by
GAC. This was indicated by the increasing number of the bed
volume (BV) of the leachate that could be treated by ozone-
treated GAC during the column operation (Table 3). In addition,
the spent GAC could be restored after becoming completely sat-
urated through regeneration by using ozone at least three times
for subsequent use before becoming completely useless, thus
improving the cost-effectiveness of this combined method.

Type of adsorbent COD removal NH3-N removal
Number of BV at Number of BV at Adsorption Number of BV at Number of BV at Adsorption
breakthrough saturation point capacity (mg/g) breakthrough saturation point capacity (mg/g)
point point

Ozone-treated GAC 4 18 259.34 2 14 99.86

As-received GAC 1 9 165.46 0.5 8 53.58
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Fig. 6. Breakthrough curves of all types of GAC on the removal of COD (a) and NH3-N (b) for the first run.

3.6. Effects of surface modification of GAC with ozone on
the removal of COD and/or NH3-N

In this study, the effects of surface modification of GAC with
ozone on the removal efficiency of COD and NH3-N were inves-
tigated using column studies. Fig. 6 presents the breakthrough
curves of both types of adsorbents (as-received GAC and ozone-
modified GAC) on COD and/or NH3-N removal. It is important
to note that the breakthrough point is achieved when the resid-
ual organic compounds or NH3-N first appear in the effluent
(Ce/Co=0.05), while the number of bed volumes (BV) is defined
as the ratio between the volume of leachate treated and the vol-
ume of GAC used in the column [56].

It is observed from Fig. 6 that the complete breakthrough
curves of the two types of GAC for the first run on COD and
NHj3-N removal are of the traditional “S” shape. It is important
to note that one run is defined as one loading step of organic
compounds. Table 3 presents the breakthrough and saturation
points of ozone-treated GAC and as-received GAC for COD
and NH3-N removal.

Table 3 indicates that ozone-treated GAC achieved a
significantly longer breakthrough point (BV: 4) with more
leachate that could be treated (0.735L) than as-received GAC
(BV: 1; 0.105L) for COD removal (p <0.05, paired r-test).
About 10.7L of leachate (18 BV) passed through the col-
umn before it became completely exhausted for the first run
of ozone-treated GAC, while as-received GAC could treat
only 3.2L of leachate (9BV) prior to the saturation point
(Ce/Cp=1).

The trends of breakthrough and saturation points for NH3-
N removal are also similar. As-received GAC achieved a
significantly earlier breakthrough point (BV: 0.5; 0.035L)
than ozone-treated GAC (BV: 2; 0.245L) for the first run
(p <0.05, paired r-test). About 6.4 L of leachate (14 BV) passed
through the column before the ozone-treated GAC inside the
column was completely exhausted, while as-received GAC
could treat only 2.6L of leachate (8§ BV) before complete
saturation.

To describe the adsorption kinetics, the Loebenstenin model
was employed using the data obtained for COD during the col-

umn experiments [27], as shown in the following equation:

( Co ) kKXW  kCyV
log C = -

-1 R R (19
If Cop and R are considered to be constant, the plot of
log(Co/(C — 1)) versus V should give a straight line with a slope
equal to —kCp/R and with kXW/R as the intercept. The value of k
(rate coefficient) and X (the adsorption capacity of adsorbent at
saturation level) were determined from the slope and intercept
values obtained from the plot, respectively.

As shown in Table 3, ozone-treated GAC gave significantly
higher adsorption capacities of COD and NH3-N in column oper-
ation than as-received GAC. Such different phenomena between
the two types of GAC could be explained by the fact that the
oxidative treatment of GAC with ozone generated more adsorp-
tion sites and oxygen functional groups on its surface [57,58].
Consequently, the ozone-oxidized GAC required a longer time to
achieve the breakthrough/saturation points, resulting in a larger
number of bed volume that could be treated by the adsorbent.

In addition, the prolonged exposure of GAC to ozone mod-
ified the chemical composition of the surface of GAC. After
ozone treatment, the basic sites were transformed into acid ones.
Carbonyl- and carboxyl-type oxygenated functional groups that
predominated on the surface of GAC were the main causes of
the development of the negative surface charge on GAC [52]. In
this case, ozone treatment on the surface of GAC might increase
its polarity, thereby enhancing its electrostatic interactions with
the positive charge of organic contaminants in the solution for a
higher removal [58,59].

Itis interesting to note that the results of the adsorption capac-
ity in the column studies were higher than those obtained in batch
studies carried out also by us [60], in which the adsorption capac-
ities of ozone-treated GAC were 243.43 and 87.36 mg/g for COD
and NH3-N, respectively. This phenomenon might be attributed
to the inherent difference in the nature of the two studies. In the
batch experiments, the concentration gradient decreased with
increasing contact time; while in the column operation, the
adsorbent had continuous physico-chemical contact with fresh
feeding solution at the interface of the adsorption zone, as the
adsorbate solution passed through the column. Consequently,
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Table 4
Comparison of the removal of COD and/or NH3-N from landfill leachate using various treatments
Type of treatment Type of Dose Initial concentration Pressure  BOD/ pH Removal efficiency/  Reference
precipitant/ (g/L) in the leachate (mg/L) (bar) COD rejection rate (%)
adsorbent/
COD NH3-N COD NH3-N
membrane
Individual treatment
Ammonia stripping Ca(OH), 11 5850 3260 - 0.60 11.0 - 94 [61]
Precipitation Struvite NA 7511 5618 - 0.22 8.5-9.0 - 98 [7]
RO SW30-2521 - 3840 NA 52 0.31 6.0 98 NA [62]
NF NA NA 17000 3350 NA 0.03 6.4 96 NA [63]
Adsorption PAC 6 5690 2215 - NA NA 95 NA [30]
Ozonation O3 3.6 1090 455 - 0.04 83 70 67 [64]
Ozonation O3 3% 1073 8000 2620 - 0.09 8 35 50 Present study
Combined treatments
RO +UASB - - 35000 1600 NA - 7.4 99 99 [65]
RO + activated sludge - - 6440 1153 NA 0.70 NA 99 99 [66]
RO + evaporation AD - 19900 30 60 0.20 6.4 88 97 [67]
NF + adsorption + ozonation Desal 5K - 4000 NA 8.5 NA 6.5 99 NA [68]
GAC NA
O3 NA
UF + adsorption GAC NA 3050 NA - 0.55 7.0 97 NA [69]
Fenton oxidation + adsorption ~ Fe(II) 0.8 2020 3400 - 0.13 4.0 92 NA [70]
H,0, 0.5
PAC 0.5
Coagulation + Fenton FeCls 5% 1071 7400 NA - 0.06 8.5 90 NA [41]
oxidation
Fe(II) NA
H,O,
Ozonation + adsorption O3 5% 1072 4970 700 - 0.17 8-9 90 NA [25]
GAC 5
Ozonation + adsorption O3 3x 1073 8000 2620 - 0.09 8 86 92 Present study
GAC

Remarks—NA: not available.

the removal of organic compounds by ozone-treated GAC in the
column studies was higher than that of the batch studies.

3.7. Comparison of treatment performance between
combined ozone-GAC adsorption and other
physico-chemical techniques for landfill leachate

To evaluate the performances of different treatments investi-
gated in the present study, a comparative study is made in terms
of the pH, dose required (g/L), and initial concentration ranges
of COD and NH3-N (mg/L) in the landfill leachate. Although it
only has arelative meaning due to the different testing conditions
such as pH, temperature, the strength of wastewater, seasonal
climate, and hydrology site, this comparison is still useful to
evaluate the overall treatment performance of each technique.
Table 4 summarizes the removal performance of various indi-
vidual and/or combined treatments on COD and/or NH3-N in
other studies.

Table 4 shows that struvite precipitation achieved 98% of
treatment efficiency for NH3-N removal with an initial concen-
tration of 7511 mg/L. An outstanding (96-98%) COD removal
was also demonstrated by nanofiltration (NF) and reverse osmo-
sis (RO) with the COD concentrations ranging from 3840 to

17,000 mg/L. Among the combined treatments surveyed from
the literature, the combination of RO and an upflow anaerobic
sludge blanket (UASB) (with initial COD and NH3-N concentra-
tions of 35,000 and 1600 mg/L, respectively) and/or RO and acti-
vated sludge (COD: 6440 mg/L; NH3-N: 1153 mg/L) achieved
an almost complete removal of COD and NH3-N. When com-
pared to the treatment efficiencies presented in Table 4, the
removal of COD (86%) and/or NH3-N (92%) by a combina-
tion of ozone-GAC treatment in the current study was relatively
satisfactory. In fact, for the same type of combined treatments,
the total COD removal in this study was higher (86% out of
8000 mg/L) than that of another study conducted by Rivas et al.
[25], who had a 90% of COD removal with an initial concentra-
tion of 4970 mg/L (Table 4).

3.8. Comparison of cost-effectiveness between combined
ozone-GAC adsorption and other physico-chemical
techniques for landfill leachate

Basically, the treatment costs of landfill leachate vary,
depending on its strength and quantity, the process employed,
the local condition of a landfill site, the amount and composition
of impurities, as well as the extent of purification [71,72]. The
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overall treatment cost includes the construction as well as oper-
ational and maintenance costs (O&M). The construction costs
normally depend on the effluent quality required and the capacity
of the installation, while O&M costs cover manpower, energy,
chemicals and maintenance. The manpower cost significantly
varies from one region/country to another.

In this study, the treatment cost of leachate using combined
ozone-GAC adsorption treatment is estimated to vary between
US$ 2 and 4 m—3 of treated effluent. The cost mainly covers the
chemicals required and energy consumption, but it does not take
into account any costs associated with the regeneration of the
adsorbent or other operational costs such as labor, transportation
for leachate collection and maintenance. The cost-effectiveness
of using this combined treatment can be improved if the spent
GAC can be chemically regenerated for multiple uses, without
altering its removal performance for organic compounds and/or
NHj3-N. To obtain an accurate assessment of the operational cost
for leachate treatment, a pilot study needs to be carried out [73].

It is important to note that the operational cost of leachate
treatment varies from time to time, as both the quality and the
quantity of the leachate would change due to seasonal weather
variations. To cope with the problems of temporal fluctuations
in the quantity and composition of the leachate, the treatment
facilities would need an extensive upgrading, thus resulting in
an increase in the operational cost. In addition, it is difficult to
estimate a reliable treatment cost for landfill leachate due to the
many cost components that are involved such as the collection
system, treatment facility and handling. Therefore, information
on the treatment cost of landfill leachate is rarely reported.

In spite of these, some researchers have estimated the overall
treatment cost of leachate using certain treatment methods. Li et
al. [7] reported that the treatment cost for NH3-N removal using
struvite precipitation was one-fifth more expensive than that of
ammonium stripping. Depending on the type of precipitation and
chemicals employed, the treatment cost of struvite precipitation
varies between US$ 2 and 4 m™3 of treated effluent [74].

Subject to the size and complexity of the RO plant, the
overall treatment cost of landfill leachate in Germany is in the
range of US$ 2-30 m~3 [75,76]. A combination of biological
and physico-chemical treatments that could meet the German
requirements cost about US$ 41 m3 [77]. The cost could be
reduced if the RO systems were supplied with a storage lagoon
that could level off the seasonal variations during the production
of leachate.

When compared to RO, the treatment cost using evaporation
and thermal oxidation was more expensive, ranging from US$ 30
to 70 m~3 [78]. The evaporation of leachate using plastic film as
a heat exchanger was reported to be US$ 4 m—3 [79]. Depending
on the liner, pump and land costs, it is estimated that the treat-
ment cost for constructed wetlands in the USA is about US$
50,000 ha~! year~! [80]. Liners and land acquisition, pumps
and piping are included as the basic costs of excavation and
vegetation establishment. For large systems, a wetland requires
O&M cost of US$ 990 ha~! year—! [81].

Although many treatment techniques can be employed to
remove recalcitrant compounds from landfill leachate, the most
important aspect in the selection of leachate treatment method

is that an appropriate and cost-effective solution be adopted.
This means that the treated effluent can meet the local discharge
standards for COD and NH3-N at a low cost. In addition, the
selected treatment should be flexible enough to remain useful
with changing technology, regulation, leachate characteristics
and economic factors. All these factors should be taken into
consideration when selecting the most effective and inexpen-
sive treatment technology in order to protect the environment.

4. Conclusions

Itis evident from the study that the use of ozone-GAC adsorp-
tion for COD and/or NH3-N removal is technically applicable
and attractive. The advantages of using this combination for
leachate treatment are the simplicity of the system and its ability
to accept a varying strength and composition of landfill leachate
with seasonal variations.

Among the treatments studied, the combination of ozone-
GAC adsorption using ozone-modified GAC had the highest
removal performance for COD (86%) and/or NH3-N (92%)
when compared to ozonation alone (COD: 35%; NH3-N: 50%)
at the same initial COD and/or NH3-N concentrations of 8000
and 2620 mg/L, respectively. Although the integrated treatment
was more effective than ozonation alone for treating stabi-
lized leachate, the results suggested that it could not generate
treated effluent that complied with the COD limit of lower than
200 mg/L and the NH3-N discharge standard of less than 5 mg/L.
Therefore, further biological treatments such as activated sludge
or nitrification are still required not only to complement the
degradation of the leachate, but also to comply with the envi-
ronmental legislation.
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