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Advanced treatment of mature landfill leachate from a municipal landfill located in southern China (Jiang-
men) was carried out in a full-scale plant using a new process. The combined process has a sequencing
batch reactor (SBR) serving as the primary treatment, with polyferric sulfate (PFS) coagulation coupled
with a Fenton system as secondary treatment, and a pair of upflow biological aerated filters (UBAFs) in
parallel as tertiary treatment. The overall removal efficiency of chemical oxygen demand (COD) in this
process was 97.3%, with an effluent COD less than 100 mg/L. Up to 99% ammonia (N–NH3) removal effi-
ciency was achieved in the SBR, with an effluent of less than 3 mg/L, which meets the discharge standard
andfill leachate
dvanced treatment
equencing batch reactor
oagulation
enton’s reagent
pflow biological aerated filter

(≤25 mg/L) with only primary treatment. The total phosphorus (TP) and suspended solids (SS) in the
final effluent were reduced to less than 1 mg/L and 10 mg/L, respectively. The experience gained in the
operation and maintenance will lead to a more stable performance of this combined process. An eco-
nomic analysis shows that the overall operating cost of the advanced treatment was $2.70/m3. This new
combination process was proved to be highly compatible and efficient in a small-scale landfill leachate

comm
treatment plant and is re

. Introduction

Landfill is one of the most widely employed methods for the
isposal of municipal solid wastes (MSW). Up to 95% of the total
SW collected worldwide is disposed of in landfills [1,2]. Although

ome promising alternative methods, such as incineration and com-
osting, are nowadays used, not all MSW can be composted or

ncinerated; incineration leaves a residue of approximately 10–20%
hat must be landfilled [3].

Leachate generated from landfills is a high-strength wastewater
hat may contain large amounts of organic matter and inorganic

atter, with humic-type substances an important group, as well
s ammonia nitrogen, heavy metals, chlorinated organics and inor-
anic salts. Untreated leachate can permeate ground water or mix
ith surface waters and contribute to the pollution of soil, ground

ater, and surface water [4]. The potential dangers of landfill

eachate have been confirmed and it is generally necessary to treat
t so that it meets the standards for discharge into sewer or into
atural waters.

∗ Corresponding author at: College of Environmental Science and Engineering,
outh China University of Technology, Guangzhou Higher Education Mega Center,
10006, PR China. Tel.: +86 20 39380579; fax: +86 20 85511266.

E-mail address: fesqzhou@scut.edu.cn (S.-q. Zhou).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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ended for small-scale landfill leachate treatment plants.
© 2009 Elsevier B.V. All rights reserved.

However, as more stringent discharge requirements are con-
tinuously being imposed regarding ground and surface waters,
the treatment of landfill leachate becomes a both environmental
and economic concern, in that much stricter discharge standards
impose greater cost for treatment. So it is of great importance to
determine the most appropriate treatment option as well as the
optimal operating conditions required to achieve compatibility in
combination treatment processes and the maximum removal of
pollutants from landfill leachate.

For many years, conventional biological treatments and classical
physicochemical methods were considered the most appropriate
technologies for manipulation and management of high-strength
effluents like landfill leachate [5]. Various techniques, such as
SBR and its modification [6–10], upflow anaerobic sludge blan-
ket (UASB) [11–13], coagulation–flocculation [14–17], adsorption
[18,19], air stripping [20–22], and so on, have been used to treat
landfill leachate. For biodegradable (BOD5/COD ratio >0.3) land-
fill leachate, biological techniques can be effective in simultaneous
removal of organic carbon and nitrogen. Physicochemical treat-
ments can then act as a refining step for the stabilized effluent of

biologically treated leachate.

However, with the ageing of landfill sites and with more sta-
bilized leachate, as well as with the more stringent discharge
standards, conventional biological treatments followed by classi-
cal physicochemical methods are no longer adequate to achieve

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:fesqzhou@scut.edu.cn
dx.doi.org/10.1016/j.jhazmat.2009.07.034
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Table 1
Landfill leachate average composition.

Parameter Unit Range Average

pH 8.00–9.34 8.75
Conductivity mS/cm 7.56–12.5 9.50
Total suspended solids mg/L 285–50 350
COD mg/L 930–26,000 3000
BOD5 mg/L 200–5500 650
TOC mg/L 1400–23,000 1600
N–NH3 mg/L 450–2450 1200
H.-s. Li et al. / Journal of Hazar

he levels of purification needed to reduce the negative effects of
andfill leachate on ecology and humankind. This implies that, in
rder to meet the new standards, further treatment is needed, or
ew treatment alternatives must be found. Membrane technolo-
ies, particularly reverse osmosis (RO), one of the most promising
ew processes, seem to be a more effective alternative than con-
entional methods for mature landfill leachate treatment. But even
he membrane technologies have obvious drawbacks, which remain
nsolved: extensive application is inhibited due to the expensive

acilities and European patents, membrane fouling that results in
short lifetime of membranes and decreases productivity, and the
eneration of large quantities of residual concentrate that is unus-
ble and which needs further treatment.

The Fenton process has been proposed and studied extensively
n recent years [23–30], and it has been confirmed as a highly
ffective alternative for degrading recalcitrant organic matter in a
ariety of wastewaters, including landfill leachate. With the Fen-
on process, the high fraction of high molecular weight organics is
egraded and partially removed, enhancing biodegradability. The
otential of prior chemical oxidation to convert initially recalcitrant
ompounds to more readily biodegradable intermediates, which
an then be removed through subsequent biological treatment, has
een reported [31,32]. The technology of UBAF has been devel-
ped extensively due to its advantages, such as small footprint and
xcellent performance at much higher loading rates than that of
onventional biological processes, with high removal efficiencies
nd capacities for carbonaceous organic substances, total nitrogen
TN), ammonia and SS [33]. So the Fenton-treated effluent could
e purified by a subsequent UBAF. However, the reported applica-
ion of Fenton’s reagent or combined processes incorporates Fenton
eaction to the treatment of landfill leachate which were nearly all
n the bench or pilot scale, the reported practical application is
carce.

Using an SBR as the primary stage, PFS coagulation and a Fenton
ystem as secondary treatment and UBAF as the tertiary treatment
ay be a new combined approach to advanced landfill leachate

reatment. Our aim was to evaluate the feasibility and compatibility
f this multistage process for the advanced treatment of a stabilized

andfill leachate in a full-scale plant, to reduce the concentrations
f organic matter, phosphorus and, nitrogen.

. Materials and methods

.1. Landfill leachate characteristics

The landfill has been in operation for 10 years and is located
n Jiangmen, a city in Southern China. The total area of the land-
ll is 140,000 m2 and about 750 tons of municipal solid waste

s disposed daily. Leachate generation in the landfill was about
50–200 m3/day. It was collected in ponds with 8000 m3 capac-
ty and was then treated at the landfill site. The composition of the
andfill leachate varies greatly depending on the season, leachate
ollection system, and particularly the age of landfill. The average
hysicochemical characteristics of raw leachate based on 3 years’
tatistics are shown in Table 1. It was a dark black alkaline mix-
ure. The average BOD5/COD ratio was below 0.20, indicating low
iodegradability. Other major components present in the leachate
ere ammonia and chloride.

.2. SBR treatment
Biological treatment of the raw leachate was carried out in a
BR with a working volume of 1200 m3. Air was supplied by air
ompressors through air pipes and ventilated on the bottom of
he reactor, and mechanical agitation was performed by vertical
Cl− mg/L 1300–2500 1500
SO4

2− mg/L 50–400 200
TP mg/L 8–45 15

vanes. Sludge was drawn by siphon, and the solid residence time
was controlled at about 20 days. The reactor was operated at normal
atmospheric temperature, and in the sequence of 1 h fill and concur-
rent agitation, 4 h mechanical agitation, 5 h aeration, 2 h mechanical
agitation, 3 h aeration, 8 h settling, and 1 h decant. These processes
were controlled automatically. Sludge was sampled and examined
regularly to assess the performance of the SBR.

2.3. PFS coagulation

The supernatant from the SBR was collected in a buffer pool and
then fed into a partition board flocculation basin with a working
volume of 55 m3. The coagulant PFS was mixed with leachate in
the pipe before being pumped into the basin. Coagulation and sed-
imentation was performed in the basin. An overflow weir was fixed
at the end of the basin for floc separation. The hydraulic retention
time (HRT) was controlled at approximately 5.5 h. The dose of coag-
ulant was determined by jar test when a new batch of coagulant
was used, or the water quality from SBR effluent varied noticeably,
or when temperature varied because of seasonal transition. No pH
adjustment was needed before coagulation.

2.4. Fenton system

The PFS-treated leachate was then fed into a Fenton system
for further treatment. The Fenton system includes four stages:
oxidation, neutralization, flocculation, and sedimentation. It was
operated in intermittent mode that works continuously for about
8 h every day after the PFS-treated effluent was fed. In the oxidation
stage, ferrous sulfate and hydrogen peroxide were added in a 55-m3

reaction tank for the oxidation. At the end of the oxidation, neutral-
ization was carried out by addition of sodium hydroxide. The pH was
conditioned to approximately 7.0–8.0. Then a small amount of poly-
acrylamide (PAM: 0.2%, w/w) was added and mixed in the pipeline
mixer to perform flocculation. Finally, the solution was allowed to
settle in a plug-flow sedimentation tank. Supernatant from the Fen-
ton treatment overflowed a weir at the end of the tank. The working
volume of the settler is 55 m3, and the HRT was controlled at 5.5 h.

2.5. UBAF filtration

Filtration was carried out by two UBAFs in parallel. The Fenton-
treated leachate was collected in a buffer pool and then pumped
into the BAFs for final treatment. The two UBAFs are of the same
design, each with a working volume of 25 m3. The medium is
ceramic and ranged in size from 3 mm to 5 mm. The air was intro-
duced into the reactors from the bottom and the air flux was

controlled with an air flow meter. The HRT were maintained at
about 3 h, and the ratio of aeration gas to water was about 5:1. Back-
wash of the reactors was determined by the effluent quality. The
landfill leachate advanced treatment process is sketched in Fig. 1.
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Fig. 1. Schematic of the landfill

.6. Analytical methods

Measurement for the concentrations of COD, ammonium, TP
n influent and effluent of each operating unit was made using
tandard methods [34]. Other parameters, such as 5-day biochem-
cal oxygen demand (BOD5), pH, alkalinity, color, temperature,
issolved oxygen (DO) and volatile suspended solids (VSS) were
onitored regularly.

.7. Economic analysis

The overall operating cost of this multistage process for landfill
eachate advanced treatment, including the reagents and energy
onsumption in each unit, was assessed and then the economic
easibility was evaluated by comparison with other combined pro-
esses.

. Results

.1. SBR treatment

The landfill leachate collected in the regulating pools was fed
nto the SBR for primary treatment. Fig. 2 shows the COD variation

n SBR influent and effluent. There were large fluctuations in influ-
nt COD, which ranged between 930 mg/L and 9000 mg/L, as shown
n Fig. 2. There are many factors affecting the quality of landfill
eachates, i.e., age, precipitation, season, waste type and composi-
ion [5]. In this case, the COD fluctuation was mainly related to the

ig. 2. COD concentration in influent and effluent of SBR during the operating peri-
ds.
te advanced treatment process.

seasonal weather and waste type. It should be noted that the sharp
increase of influent COD from days 170 to 200 was mainly due to the
mixing of municipal fecal supernatant with raw leachate for only a
month. The COD removal by SBR was rather steady, with an average
removal efficiency of 76% and an average effluent COD of 640 mg/L,
in spite of the COD fluctuation in raw leachate. The slight change
in effluent COD during the seasonal transitions (days 26–40, days
100–121, and days 167–189) indicated that temperature variation
could pose noticeable but not severe effects on the biological treat-
ment. The biggest adverse factor was lower temperatures (5–15 ◦C)
in winter, but did not upset the system. The BOD5/COD ratio of the
supernatant of SBR was less than 0.05 (data not shown), almost
non-biodegradable, so that any further treatment needed to be
physicochemical means.

The variation of ammonia concentration in the influent and
effluent of the SBR is shown in Fig. 3. A surge of effluent ammo-
nia was observed because of temperature change as winter arrived
(days 38–43). However, after a couple of days for adaptation, efflu-
ent ammonia dropped quickly. Highly effective ammonia removal
was achieved throughout the operating periods (except days
38–43), even when the influent ammonia rose as high as 1500 mg/L.
The average removal efficiency exceeded 99%, with the effluent hav-
ing an average of less than 3 mg/L. The effluent ammonia reached

the local discharge standards (≤25 mg/L), no ammonia treatment
was needed in the subsequent process. The mixing of municipal
fecal supernatant with raw leachate from days 170 to 200 imposed
little effect on ammonia conversion.

Fig. 3. Ammonia concentration in influent and effluent of SBR during the operating
periods.



H.-s. Li et al. / Journal of Hazardous Materials 172 (2009) 408–415 411

F

b
a
t
r
n
c

d
a
p
e
t
e
s
N
c
p
o
o

the PFS coagulation effluent was maintained with COD between
ig. 4. TP concentration in influent and effluent of SBR during the operating periods.

The SBR treatment is not only effective for ammonia conversion,
ut also helpful for phosphorus removal. Fig. 4 shows the TP vari-
tion in SBR treatment. When the influent TP ranged from 7 mg/L
o 18 mg/L, the effluent TP was less than 5 mg/L and the average
emoval efficiency was 81%. Further treatment of phosphate was
eeded, since the TP in SBR effluent sometimes exceeded the dis-
harge permit requirement of <3 mg/L.

The pH and alkalinity are indicators of the nitrification and
enitrification performance in biological treatment. The pH and
lkalinity variations are shown in Figs. 5 and 6. Fig. 5 shows that
H in the influent (range from 7.9 to 9.1) was higher than that in
ffluent (range from 5.5 to 8.5), except from days 170 to 200, when
he pH suddenly rose from 7.0 to above 8.0. Fig. 6 shows that influ-
nt alkalinity was consistently higher than effluent alkalinity, and a
imilar rise in effluent alkalinity can be found from days 170 to 200.
itrification produces H+ and consumes alkalinity, while denitrifi-
ation consumes H+ and produces alkalinity. Therefore, during this
eriod, an increase in organic carbon (in Fig. 2) due to the addition
f municipal fecal supernatant in influent resulted in the activation
f denitrification performance, and concomitantly led to the surge

Fig. 5. pH of influent and effluent of SBR during the operating periods.
Fig. 6. Alkalinity in influent and effluent of SBR during the operating periods.

of effluent pH and alkalinity. It should be noted that the steady
rise of SBR effluent pH from days 130 to 170 was mainly due to
the decrease of ammonia (Fig. 3) and the consequent abatement of
nitrification.

3.2. PFS coagulation coupled with a Fenton system

The SBR-treated leachate needed physicochemical treatment
because of its extremely low biodegradability. PFS coagulation was
used to remove the suspended matter and colloids that are an
important group of refractory compounds contained in the bio-
logically treated leachate. A subsequent Fenton system was used
to eliminate the dissolved organic matter still remaining in the
coagulation-treated leachate.

Fig. 7 shows the COD variation in the secondary treatment sys-
tem. When the influent COD ranged from 330 mg/L to 1050 mg/L,
200 mg/L and 300 mg/L, except days 43–47, because of a surge in
the SBR effluent and between days 196 and 200, because of the
poor quality of the coagulant. The average COD removal efficiency
was 63%. The COD of the Fenton-treated leachate steadily ranged

Fig. 7. COD concentration in influent and effluent of PFS coagulation and Fenton
system during the operating periods.
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ig. 8. TP variation in influent and effluent of PFS coagulation and Fenton system
uring the operating periods.

rom 80 mg/L to 200 mg/L, with an average COD removal efficiency
f 41%. The quality problem with the coagulant PFS between days
96 and 200 led to a rise in the non-biodegradable COD in both the
FS coagulation and the Fenton-treated effluent. This issue indi-
ates that PFS coagulation is the key point in the physicochemical
reatment for refractory organic matter removal.

The results of TP removal from SBR-treated leachate by the treat-
ent of PFS coagulation and Fenton system are given in Fig. 8. The

P in PFS coagulation effluent was less than 1.5 mg/L, well below the
ischarge standards 3 mg/L, with an average TP removal efficiency
f 76%. The TP was further polished by Fenton treatment, with an
verage concentration less than 0.3 mg/L. The results shown in Fig. 8
eveal that the microbiological treatment followed by chemical pre-
ipitation for phosphorus removal was extremely effective.

The pH variation in the secondary treatment system is shown

n Fig. 9. The pH of PFS-treated effluent was much lower than that
n the influent, because the hydrolysis of PFS produced H+. In the
enton system, oxidation requires an initial pH between 3 and 5. The
H in PFS effluent just meets this requirement. Before flocculation,

ig. 9. pH variation in influent and effluent of PFS coagulation and Fenton system
uring the operating periods.
Fig. 10. COD variation in influent and effluent of UBAF1 and UBAF2 during the
operating periods.

a pH adjustment was made since PAM flocculation needs a pH level
above 7.0. The effluent from the Fenton system had pH between 6.5
and 9.0, suitable for the following UBAF treatment.

3.3. UBAF filtration

To ensure that the final effluent COD was below 100 mg/L, a UBAF
system was used as a refining step for the physicochemical treat-
ment process. The COD removal by UBAF1 and UBAF2 treatment
is shown in Fig. 10. The COD in the effluent of UBAF1 and UBAF2
was consistently below 100 mg/L (except in periods affected by the
dramatic flocculation of leachate and the coagulant quality prob-
lem), and average COD removal efficiencies of 37.5% and 36.5% were
achieved.

The pH of the Fenton-treated effluent was controlled within the
range 7.0–8.5 after UBAF treatment. The effluent of UBAF was col-
lected in a clarifying pool and can be discharged directly into surface
water. Fish were able to live in the clarifying pool.

4. Discussion

4.1. Process analysis

4.1.1. Process selection analysis
The selection of the advanced treatment process is of crucial

importance to meet the discharge standards.
The SBR is used as a primary treatment, for rough elimination of

carbon, nitrogen, phosphorus, color and SS to a relative low range. It
facilitates the subsequent physicochemical treatment and reduces
the cost of reagents in coagulation and in advanced oxidation pro-
cesses (AOPs). The sequencing selection is also important for the
simultaneous removal of carbon, nitrogen and phosphorus. In this
sequencing regime, two batches alternating aerobic and anaerobic
scheme, were employed. The alternating oxic and anoxic conditions
created by this sequencing scheme contribute to the diversity of
flora in the activated sludge, which enables the various microor-
ganisms to perform specific functions for the removal of specific

pollutants.

The physicochemical treatment serves as a secondary treat-
ment, because the SBR effluent had such a low biodegradability
that further biological treatment would not be effective. Coagu-
lation and chemical oxidation are recommended among methods
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such as chemical precipitation, activated carbon adsorption, and
embrane processes), for treating stabilized leachate [35,36]. In

iew of the relatively small volume of leachate to be treated (about
50–200 m3/day), coagulation and chemical oxidation are feasible.
o coagulation and chemical oxidation were chosen as the sec-
ndary treatment process.

The coagulant selection was determined by both its pollutant
emoval performance and cost. Laboratory tests and a pilot study
ndicated that PFS should be selected for its efficient floc aggre-
ation, excellent sludge settleability and relatively low cost. Two
dvantages of using PFS coagulation can be found. One is that PFS
oagulation can reduce the cost of the subsequent AOP treatment.
he other is that the PFS-treated leachate is compatible with a Fen-
on system, because the acidic effluent of PFS coagulation treatment
s suitable as influent to a Fenton system (optimal initial pH of a Fen-
on is between 3 and 4, and it must be below 6). So no initial pH
djustment was needed.

Fenton oxidation is often considered when treating leachate
ith chemical oxidation. The Fenton oxidation process can

reak down or rearrange molecular structures of organic matter
nd convert the non-biodegradable organic compounds to more
iodegradable forms [37]. The initial pH, dosage of Fenton reagents
nd reaction time were important controls of the Fenton system.
he order in which the two Fenton reagents are added also impacts
he treatment efficiency. We added ferrous sulfate first, followed by
ydrogen peroxide solution, and then NaOH solution added to con-
ition the pH, finally PAM was added for flocculation. Experience
howed that if the hydrogen peroxide solution was added prior to
he ferrous sulfate, the COD removal decreased by 11%.

UBAF filtration, capable of the physical interception and biologi-
al degradation of pollutants, served as the last polishing step of the
dvanced treatment process. Since the Fenton system effluent has a
ight yellow color (unavoidable, because of a small residue of iron)
nd relatively more biodegradable organics, employing the UABF
ltration process can perform the physical interception and bio-

ogical degradation function to reduce the residual color and COD,
nsuring the water quality meets the discharge standard. Practice
howed that the performance of UBAF was adequate for further
emoval of the residual COD and color.

.1.2. Process compatibility analysis
A summary of the major parameters of the treatment in each

nit is shown in Table 2. Table 2 shows that the SBR treatment
s indispensable in this multistage process, for its high efficiency
f biodegradable carbon elimination (76%), ammonia conversion
>99%) and phosphorus removal (81%), in a cost-effective manner.
he effluent of ammonia (≤3 mg/L) was routinely less than the dis-
harge requirement (≤25 mg/L) from just this first stage treatment.
he color of raw leachate turned from dark black to transparent
rown, and SS and sulfate were also greatly reduced after SBR treat-
ent.

The PFS coagulation is crucial to the removal of non-
iodegradable organic matter. The data (Figs. 7 and 8) in full-scale
ractice during periods in days 43 to 47 and days 196 to 200 clearly
howed that when coagulation efficiency was not good enough, the
ubsequent treatment was not as effective. So it is necessary to con-
rol the PFS coagulation in an efficient state, and problems must be
voided by daily examination. After the PFS coagulation treatment,
n average COD of 230 mg/L remained, and the color was reduced to
0◦. The TP in the PFS Coagulation effluent was less than 1.5 mg/L,
eeting the local discharge standards (≤3 mg/L). The Fenton sys-
em is essential to the transformation of the non-biodegradable
issolved organic matter that cannot be removed by coagulation

nto more degradable forms. The COD was further reduced to about
40 mg/L, and the biodegradability of its effluent rose from 0.05 to
.17, making subsequent biological treatment possible.
aterials 172 (2009) 408–415 413

The final UBAF filtration as a tertiary treatment is necessary and
effective to perform the physical interception and biological degra-
dation function to further reduce the COD below 100 mg/L. A clear
water stream with color less than 4◦ and SS below 10 mg/L was
obtained. The compatibility of this multistage process proved to be
excellent.

It should be noted that PFS coagulation and Fenton process
introduce sulfate and iron in the treated leachate. Although iron is
removed by neutralization and precipitation, sulfate still remains.
The sulfate concentration rises to 500–800 mg/L in PFS coagulation
effluent, and to 1000–1500 mg/L in Fenton-treated leachate, and to
900–1400 mg/L in UBAF effluent. The potential danger posed by sul-
fate is H2S release when it is present in an anaerobic environment.
Some sulfate reduction research [38,39] has been carried out. In
this case, for the sake of safety, avoiding the introduction of sulfate
would be the best option. To find out the optimal substitutes for PFS
and ferrous sulfate that introduce the sulfate, further investigation
was needed.

4.2. Operation and maintenance of the advanced treatment
system

Since the mature leachate is a strongly ammonia-containing
wastewater (ammonia often above 1100 mg/L), and a high concen-
tration of ammonia is toxic to bacteria, recirculation from the end to
the front of the SBR was necessary when the raw leachate was being
fed. Another issue must be avoided too, that is, when large amounts
of ammonia was converted by nitrification, and in the same time,
biodegradable carbon was insufficient for denitrification, the pH
dropped sharply and alkalinity became inadequate to the conver-
sion of the remaining ammonia, addition of lime was needed to
balance the pH and alkalinity equilibrium that is appropriate to
nitrification.

The sludge properties were monitored regularly by the parame-
ters of SS, sludge volume (SV), sludge volumetric index (SVI) and
VSS. Microscopic observation was also carried out to assess the
performance of sludge in terms of the protozoa species. When the
sludge was operating well, the ciliated protozoa were dominant,
and ciliates that attach to floc particles with a stalk, rather than the
free-swimming ciliates, are the best indicators of a stable sludge.

Because PFS coagulation and Fenton treatment are sensitive to
any changes in the effluent quality at the preceding unit, close
attention must be paid to changes in effluent quality in each unit
operation. So jar tests are a must to re-determine the dosage of PFS
and the Fenton’s reagent when the treatment efficiencies appear
to have decreased. The coagulant quality and dosage should be
determined by periodic jar tests. Because the reagents used in coag-
ulation and in a Fenton system are highly corrosive, tap water must
be use to wash the dosing pipeline after the reagents have been
pumped.

The two major controlling factors for UBAF filtration are the
HRT and gas to water ratio. These need to be adjusted according to
the quality of the effluent from the preceding unit. Full-scale tests
shows that the best HRT was 3 h, and a gas to water ratio 5:1 when
the preceding units were all operating well, which was consistent
with the laboratory and pilot study. Backwash was needed when
the effluent quality decreases. Experience revealed that a 3-week
interval between the backwashes of the UABF was desirable.

The sludge generated from the SBR and the chemical coagulation
and flocculation was removed by a plate and frame filter, and then
landfilled.
4.3. Economic analysis

The reagents consumption is listed in Table 3. Table 3 shows
that total reagents cost was $1.37/m3. The average electric power
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Table 2
Major parameters of advanced treatment in each unit operation.

Parameters Color (◦) COD (mg L−1) BOD (mg L−1) Ammonia (mg L−1) TP (mg L−1) SS (mg L−1) Sulfate (mg L−1)

Raw leachate 2000 3000 600 1100 13 250 50–400
SBR >500 640 30 <3 <5 10–60 20–40
PFS 40 230 15 <3 <1 <10 500–800
Fenton <16 140 20 Not detected <0.5 <10 1000–1500
UBAF <4 82 10 Not detected <1 <10 900–1400

Table 3
Reagents cost in each unit for advanced treatment.

Items Lime PFS FeSO4·7H2O H2O2 NaOH PAM

P 85
D 0
O 0

c
w
l
$
m
a
l
a
m

5

2

3

4

5

A

t
E
a
K
(

[

[

[

[

[

[

[

[

rice ($/ton) 100.0 400.0
osage (kg/m3) 1.5 1.0
perating cost ($/m3) 0.15 0.40

onsumption was 1940 (kW h)/day, and the average electric pricing
as $0.12/(kW h). The energy cost was $1.33/m3 for an average daily

eachate volume of 175 m3/day. So the overall operating cost of was
2.70/m3, which is considered acceptable for the advanced treat-
ent of landfill leachate. The cost of advanced treatment employing
membrane is always up to $5–7/m3. In a small-scale landfill

eachate treatment plant, this multistage process has proved to be
n effective alternative for successful manipulation and manage-
ent of this high-strength wastewater.

. Conclusions

1. As a primary treatment, SBR treatment is an effective method for
simultaneous removal of biodegradable carbon, ammonia and
phosphorus. The average removal efficiencies of COD, ammonia
and TP in the SBR were 76%, >99% and 81%, respectively. The
ammonia concentration met the discharge standard after only
this primary treatment.

. PFS coagulation and the Fenton system served as secondary
treatments for the non-biodegradable leachate from the SBR.
The average COD removal efficiencies in PFS coagulation and
Fenton system were 63% and 41%, respectively, with an aver-
age COD concentration of 140 mg/L and a color of less than 10◦

in Fenton-treated effluent. Phosphorus was further eliminated
by the secondary treatment, and an effluent with TP less than
0.5 mg/L was achieved.

. Two UBAFs, capable of the physical interception and biological
degradation of pollutants, served as the final polishing step of the
combined advanced treatment process. Average COD removal
efficiencies of 37.5% in UBAF1 and of 36.5% in UBAF2 were
attained, with final effluent COD less than 100 mg/L and color
less than 4◦.

. Close attention must be paid to the daily operation and main-
tenance because of the great variation in leachate strength. Jar
tests are necessary to re-determine the dosage of PFS and the
Fenton reagents when conditions change.

. Economic analysis shows that the overall operating cost of the
advanced treatment was $2.70/m3. This multistage process of
SBR followed by coagulation/Fenton/UBAF is useful in small-
scale landfill leachate treatment plants.
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