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Coagulation-flocculation is a relatively simple physical-chemical technique in treatment of old and sta-
bilized leachate which has been practiced using a variety of conventional coagulants. Polymeric forms of
metal coagulants which are increasingly applied in water treatment are not well documented in leachate
treatment. In this research, capability of poly-aluminum chloride (PAC) in the treatment of stabilized
leachate from Pulau Burung Landfill Site (PBLS), Penang, Malaysia was studied. The removal efficiencies
for chemical oxygen demand (COD), turbidity, color and total suspended solid (TSS) obtained using PAC

IC(?; ‘gglrz:jtsi:cm—ﬂocculation were compared with those obtained using alum as a conventional coagulant. Central composite design
Leachate (CCD) and response surface method (RSM) were applied to optimize the operating variables viz. coagulant

dosage and pH. Quadratic models developed for the four responses (COD, turbidity, color and TSS) studied
indicated the optimum conditions to be PAC dosage of 2 g/L at pH 7.5 and alum dosage of 9.5 g/Lat pH 7. The
experimental data and model predictions agreed well. COD, turbidity, color and TSS removal efficiencies

Poly-aluminum chloride (PAC)
Response surface methodology (RSM)
Central composite design (CCD)

Analysis of variances (ANOVA)

of 43.1, 94.0, 90.7, and 92.2% for PAC, and 62.8, 88.4, 86.4, and 90.1% for alum were demonstrated.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Sanitary landfill leachate, a highly polluted industrial wastewa-
ter, has been a cause for significant concern with landfilling being
the most common technique in solid waste disposal [1]. The imple-
mentation of the most suitable technique for the treatment of
leachate is directly governed by the characteristics of the leachate.
Leachates from different landfills vary considerably in their chem-
ical compositions due to factors such as the type of solid wastes
deposited, hydrogeology of the landfill site, specific climate condi-
tions, moisture routing through the landfill, landfill age as well as
design and operation of the landfill [2-5]. Biological treatment pro-
cesses are effective for young or freshly produced leachate, but are
ineffective for leachate from older landfills (>10 years old). In con-
trast, physical-chemical methods which are not favored for young
leachate treatment, are advised for older leachate [6].

Coagulation—flocculation is a relatively simple physical-
chemical technique commonly used for water and wastewater
treatment. The removal mechanism of this process mainly con-
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sists of charge neutralization of negatively charged colloids by
cationic hydrolysis products, followed by incorporation of impu-
rities in an amorphous hydroxide precipitate through flocculation
[7]. This technique has been employed successfully for the treat-
ment of old landfill leachates [8]. The method is mainly proposed for
pretreatment of fresh leachates, or for post-treatment of partially
stabilized leachates with low biodegradability, i.e. low BOD5/COD
ratio [4].

Inorganic metal salts such as aluminum (alum) sulfate, ferrous
sulfate, ferric chloride and ferric chloro-sulfate are generally used in
coagulation-flocculation. Among these inorganic coagulants, iron
salts are often more efficient than aluminum ones [8]. In recent
years, there has been a rise in the use of polymerized forms of
metal coagulants such as poly-aluminum chloride (PAC) for water
treatment in Europe, Japan and North America due to their reduced
cost and wider availability [9,10]. Such products are claimed to
be more advantageous over conventional coagulants because of
their higher removal of particulate and/or organic matters as well
as natural advantages of lower alkalinity consumption and lesser
sludge production [10]. Amokrane et al. [8] reported that con-
ventional coagulants generally remove 10-25% COD from young
leachates and 50-65% COD from stabilized leachates or biolog-
ically pretreated leachates. However, application of polymerized
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forms of metal coagulants in leachate treatment is not well docu-
mented.

The appropriate implementation of this method depends upon
how precisely coagulant dosage and pH are chosen. Therefore, trial
and error has been conventionally practiced to optimize these vari-
ables. These studies were conducted using “changing one factor at
a time” method, i.e. a single factor is varied while all other factors
are kept unchanged for a particular set of experiments. Likewise,
other variables would be individually optimized through the single-
dimensional searches which are time consuming and incapable of
reaching the true optimum as interaction among variables is not
taken into consideration[11]. As a solution, the statistical method of
response surface methodology (RSM) has been proposed to include
the influences of individual factors as well as their interactive influ-
ences. RSM which is a technique for designing experiment helps
researchers to build models, evaluate the effects of several fac-
tors and achieve the optimum conditions for desirable responses
in addition to reducing the number of experiments [12]. Analysis
of variance (ANOVA) provides the statistical results and diagnostic
checking tests which enables researchers to evaluate adequacy of
the models.

The present study investigates the comparative suitability of
PAC and alum as coagulants for leachate treatment. Central com-
posite design (CCD) and RSM was used to design the experiments,
build models and determine the optimum conditions. Removal
of COD, turbidity, color and TSS were monitored throughout the
experiments. Thus, the statistical design was based on two factors
(coagulant dosage and pH) and four responses (COD, turbidity,
color and TSS).

2. Materials and methods
2.1. Leachate sampling and characterization

Leachate samples were taken from Pulau Burung Landfill Site
(PBLS) located in Byram Forest Reserve in Penang, Malaysia. This
site receives 1500 tonnes of solid waste daily. PBLS has an area
of 23.7ha and is equipped with a natural marine clay liner and
three leachate collection ponds [13]. This landfill has been devel-
oped semi-aerobically employing a controlled tipping technique in
1991 and leachate recirculation system in 2001 [14-16].

Samples were collected from one of the ponds, six times at 2-
week intervals, within about 3 months from January to March 2005.
Sample collection and preservation were done in accordance with
the Standard Methods for the Examination of Water and Wastewa-
ter [17]. The collected samples were stored at 4 °C. Characterization
was carried outimmediately after samples arrived in the laboratory.
Table 1 shows the characteristics of samples determined according
to the Standard Methods [17].

Table 1

Characteristics of raw leachate from PBLS

Parameters Range? MeanP
Temperature (°C) 25-31 27
pH 8.2-8.5 8.4
COD (mg/L) 1794-2094 1925
TSS (mg/L) 38-96 80
NH4-N (mg/L) 1070-1300 1184
Color (Pt. Co.) 3640-4100 3869
Turbidity (FAU) 268-502 347
Alkalinity (mg/L as CaCOs3) 4260-5510 5093

2 The values are average of three measurements. The differences between the
measurements for each were less than 1%.
b Average of six samples taken from January to March 2005.

Table 2

Range of critical parameters obtained from literature

Critical parameter Range Reference
Speed of rapid mixing (rpm) 100-250 [10,19]
Duration of rapid mixing (min) 1-5 [10,23]
Speed of slow mixing (rpm) 30-60 [4,22]
Duration of slow mixing (min) 10-55 [4,21]
Settling time (min) 30-120 [8,19]

Aghamohammadi et al. [13] reported low BOD5/COD ratio (0.17)
and high ammoniacal nitrogen concentration (1225 mg/L) for this
leachate which implies that it is highly stabilized and has low
biodegradability.

2.2. Coagulation—flocculation

In this study two coagulants were applied; alum as a metal salt
and poly-aluminum chloride (PAC) as a pre-hydrolyzed metal salt.
The alum used in this study was in powder form with the formula
Al5(S04)3-18H,0 (M =666.42 g/mol, 51-59% Al,(SO4)3, pH 2.5-4)
and supplied by Merck, Germany. A hydrolyzed solution of PAC
with the formula Al(OH)xCl, (where x is in the range 1.35-1.65,
and y=3 —x) with the usual acid character (pH 2.3-2.9) due to
the presence of hydrochloric acid, was supplied by Idaman Bersih
Sdn. Bhd., Malaysia. An 18% solution of PAC was used as stock
solution throughout the experiments. Coagulation-flocculation
experiments were carried out using a conventional jar-test appara-
tus (VELP-Scientifica, Model: JLT6, Italy) with impellers equipped
with 2.5cm x 7.5 cm rectangular blades. The time and speed for
rapid and slow mixing were set with an automatic controller.

Table 2 shows a summary of test conditions for leachate treat-
ment obtained from studies conducted by different researchers.
Accordingly, for this research, the operating parameters were
adopted as rapid mixing speed 80 rpm, slow mixing speed 30 rpm,
rapid mixing time 1 min, slow mixing time 15 min, and settling time
30 min.

2.3. Experimental design and data analysis

The Design Expert Software (version 7.0) was used for the sta-
tistical design of experiments and data analysis. In this study, the
central composite design (CCD) and response surface methodology
(RSM) were applied to optimize the two most important operating
variables: coagulant dosage and pH. Experiments were initiated as
a preliminary study for determining a narrower range of coagulant
dosage and pH prior to designing the experimental runs. Accord-
ingly, coagulant dosages from 0.1 g/L were tried and the increments
continued until appreciable reductions were observed in the pro-
cess responses (COD, turbidity, color, and TSS). Likewise, a wide pH
range of 2-12 was examined to search for a narrower and more
effective range. As a result the study ranges were chosen as coagu-
lant dosage 1-3 g/L and pH 6.5-8.5 for PAC, and coagulant dosage
9-10¢g/L and pH 6-8 for alum. Table 3 shows the CCD in the form
of a 32 full factorial design with four additional experimental trials
(run numbers 10-13) as replicates of the central point and obtained
experimental results at each assay. In this table the independent
variables levels are presented in terms of the original unit of mea-
surement (g/L) in addition to coded levels (in parentheses). The
coded values for coagulant dosage (A) and pH (B) were set at five
levels: —1 (minimum), —0.5, 0 (central), +0.5, and +1 (maximum).
Experimental results are shown as percent removal of COD, turbid-
ity, color and TSS.

In order to obtain the optimum dosage and pH, four dependent
parameters were analyzed as responses; COD removal, turbidity
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Table 3

CCD for the study of two experimental variables for both coagulants (PAC and alum) and obtained results

Run no. PAC

Alum

Experimental design Results (removal (%))

Experimental design Results (removal (%))

A: dosage? (code) B: pH (code) COD Turbidity Color TSS A: dosage? (code) B: pH (code) COD Turbidity Color TSS
1 1.00(-1) 6.50 (—1) 26.7 47.0 46.8 44.8 9.00 (-1) 6.0(-1) 42.7 72.3 56.1 80.2
2 3.00(+1) 6.50 (-1) 28.5 50.4 423 48.7 10.00 (+1) 6.0(-1) 63.5 92.9 87.8 90.3
3 1.00(-1) 8.50 (+1) 17.8 53.8 49.2 65.1 9.00(-1) 8.0(+1) 57.8 76.0 70.8 88.6
4 3.00(+1) 8.50 (+1) 19.6 64.2 32.0 56.1 10.00 (+1) 8.0 (+1) 40.3 79.3 69.2 81.2
5 1.50 (-0.5) 7.50 (0) 34.8 81.5 80.0 77.3 9.25(-0.5) 7.0 (0) 55.7 85.3 79.9 87.5
6 2.50 (+0.5) 7.50 (0) 329 85.1 87.6 823 9.75 (+0.5) 7.0 (0) 56.7 85.3 86.0 86.0
7 2.00(0) 7.00 (-0.5) 37.2 823 80.0 79.7 9.50(0) 6.5 (-0.5) 65.3 85.9 82.2 94.1
8 2.00(0) 8.00 (+0.5) 32.6 89.7 78.6 89.7 9.50 (0) 7.5 (+0.5) 42.3 78.6 67.5 82.5
9 2.00(0) 7.50 (0) 434 96.3 91.6 90.6 9.50(0) 7.0 (0) 63.3 88.5 86.9 88.0
10 2.00(0) 7.50 (0) 42.1 93.0 87.2 96.7 9.50 (0) 7.0 (0) 31.2 65.8 54.3 79.3
11 2.00(0) 7.50 (0) 46.7 98.4 94.0 95.6 9.50(0) 7.0 (0) 65.8 94.7 92.6 94.5
12 2.00(0) 7.50 (0) 483 97.2 95.2 89.3 9.50(0) 7.0 (0) 69.4 89.6 88.1 89.9
13 2.00(0) 7.50 (0) 51.5 95.0 94.6 94.9 9.50 (0) 7.0 (0) 52.0 75.7 72.9 86.3

2 Unit of dosage: g/L.

removal, color removal, and TSS removal. The quadratic equa-
tion model for predicting the optimal conditions can be expressed
according to Eq. (1):

k k k k
Y:,30+Z,3,-~Xi+Zﬂﬁ'Xi2+ZZ,Bij-Xi~)(j+~~'+e (1)
i=1 i=1

lij ]
where i is the linear coefficient, j is the quadratic coefficient, 8 is
the regression coefficient, k is the number of factors studied and
optimized in the experiment and e is the random error.

Analysis of variance (ANOVA) was used for graphical analyses of
the data to obtain the interaction between the process variables
and the responses. The quality of the fit polynomial model was
expressed by the coefficient of determination R?, and its statistical
significance was checked by the Fisher’s F-test in the same program.
Model terms were evaluated by the P-value (probability) with 95%
confidence level. Three-dimensional plots and their respective con-
tour plots were obtained for both coagulants (PAC and alum) based
on effects of the two factors (coagulant dosage and pH) at five lev-
els. Furthermore, the optimum region was identified based on the
main parameters in the overlay plot.

3. Results and discussion
3.1. Statistical analysis

The relationship between the two variables (coagulant dosage
and pH) and the four important process responses (COD, turbidity,

color,and TSS removal efficiencies) for the coagulation-flocculation
process was analyzed using response surface methodology (RSM).

Significant model terms are desired to obtain a good fit in a partic-
ular model. The CCD shown in Table 3 allowed the development of
mathematical equations where predicted results (Y) were assessed
as a function of coagulant dosage (A) and pH (B) and calculated
as the sum of a constant, two first-order effects (terms in A and
B), one interaction effect (AB) and two second-order effects (A2
and B?) according to Eq. (1). The results obtained were then ana-
lyzed by ANOVA to assess the “goodness of fit”. Equations from the
first ANOVA analysis were modified by eliminating the terms found
statistically insignificant. Table 4 illustrates the reduced quadratic
models in terms of coded factors and also shows other statistical
parameters. Data given in this table demonstrates that all the mod-
els were significant at the 5% confidence level since P values were
less than 0.05.

The lack of fit (LOF) F-test describes the variation of the data
around the fitted model. If the model does not fit the data well,
this will be significant. The large P values for lack of fit (>0.05) pre-
sented in Table 4 (PLOF) show that the F-statistic was insignificant,
implying significant model correlation between the variables and
process responses.

The R? coefficient gives the proportion of the total variation in
the response predicted by the model, indicating ratio of sum of
squares due to regression (SSR) to total sum of squares (SST). A
high R? value, close to 1, is desirable and a reasonable agreement
with adjusted R? is necessary [20]. A high R? coefficient ensures a
satisfactory adjustment of the quadratic model to the experimental
data.

Adequate precision (AP) compares the range of the predicted
values at the design points to the average prediction error.
Ratios greater than 4 indicate adequate model discrimination

Table 4

ANOVA results for response parameters

Response Final equation in terms of code factors P PLOF R? Adj. R? AP S.D. (@Y PRESS

PAC
COD 42.48+0.57A — 4.47B — 12.07A%> — 8.02B 0.0060 0.1172 0.8061 0.7091 7.120 5.75 16.18 559.34
Turbidity 93.37 +3.45A +5.40B — 25.52A% — 14.50B> <0.0001 0.0532 0.9717 0.9576 20.146 3.91 4.92 369.42
Color 90.47 —3.97A — 1.93B — 15.11A — 33.15B% — 3.17AB <0.0001 0.1035 0.9720 0.9520 17.012 4.96 6.73 3009.65
TSS 90.74 — 0.57A+7.28B — 26.61A% — 8.93B> <0.0001 0.1153 0.9499 0.9248 15.083 5.00 6.43 796.75

Alum
COoD 62.59+2.52A+1.81B — 18.73A% — 5.25B> — 3.38AB 0.0011 0.0550 0.9186 0.8604 10.558 4.42 8.14 764.88
Turbidity 87.00+2.66A+5.42B — 7.09A% — 6.51B> 0.0226 0.1063 0.7240 0.5859 6.712 5.47 6.64 622.68
Color 84.54+1.58A+7.54B — 15.61A% — 7.67B%> — 0.042AB 0.0040 0.1040 0.8801 0.7945 8.968 5.63 7.36 2426.59
TSS 90.09 +0.07A+0.64B — 5.52A? — 4.02B%> — 0.55AB 0.0242 0.4274 0.7926 0.6445 5.408 2.94 3.39 392.18

P: probability of error; PLOF: probability of lack of fit; AP: adequate precision; S.D.: standard deviation; CV: coefficient of variance; PRESS: predicted residual error sum of

squares.
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Fig. 1. Design-expert plot; predicted vs. actual values plot for (a) COD removal, (b) turbidity removal, (¢) color removal, and (d) TSS removal using PAC.
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[11,18]. Diagnostic plots such as the predicted versus actual val-
ues (Figs. 1 and 2) help us judge the model satisfactoriness. The
predicted versus actual values plots of parameters removal are
presented in Figs. 1 and 2 for PAC and alum, respectively. These
plots indicate an adequate agreement between real data and the
ones obtained from the models. Besides, AP values higher than
four (Table 4) for all the responses confirm that all predicted
models can be used to navigate the design space defined by the
CCD.

The coefficient of variance (CV) as the ratio of the standard error
of estimate to the mean value of the observed response defines
reproducibility of the model. A model normally can be considered
reproducible if its CV is not greater than 10% [18]. According to
Table 4, the only model which falls short in terms of reproducibility
is the model for COD removal using PAC (CV =16.18).

3.2. Process analysis

The response surface plots for PAC and alum are shown in
Figs. 3 and 4, respectively. The plots are approximately symmet-
rical in shape with circular contours. All response plots show clear
peaks, implying that the optimum conditions for maximum val-
ues of the responses are attributed to pH and dosage in the design
space. The two-dimensional representation of the responses on
the dosage—pH plane (contour plot) show concentrically closed
curves whose centers represent the optimum conditions. Response
surface plots in Fig. 3 indicate optimum points to be at about
pH 7.5 and dosage 2g/L for PAC. Likewise, Fig. 4 demonstrates
that the optimum removal occurred at around pH 7 and dosage
9.5g/L for alum. Removal efficiencies are found to reduce when
moving away from these points, meaning that either increase or
decrease in any of the tested variables results in decline of the
responses.

The COD removal response surfaces in Fig. 4a indicate 62.8%
removal efficiency which agrees with findings of Amokrane et al.
[8] using conventional coagulants for stabilized leachate. A com-
parison with Fig. 3a shows lower COD removal (43.1%) using PAC.
Furthermore, the response surfaces in Figs. 3 and 4 show turbidity,
color and TSS removal efficiencies were respectively 94.0, 90.7, and
92.2% for PAC and 88.4, 86.4, and 90.1% for alum at optimum con-
ditions. In other words, PAC resulted in higher removal of turbidity,
color and TSS, but yield lower COD removal compared to alum. The
higher efficiency in improving physical characteristics of leachate

Table 5
The minimum permissible values of responses for identifying optimum condition

Coagulant Minimum removal

COD (%) Turbidity (%) Color (%) TSS (%)
PAC 42 90 90 90
Alum 62 85 85 90

reveals why PAC is recommended for treatment of moderate—COD
wastewaters.

3.3. Process optimization

With multiple responses, the optimum condition where all
parameters simultaneously meet the desirable removal criteria
could be visualized graphically by superimposing the contours of
the response surfaces in an overlay plot. Graphical optimization
displays the area of feasible response values in the factor space and
the regions that do fit the optimization criteria would be shaded
[11]. Table 5 shows the chosen response limits for each parameter
as the minimum permissible values. These minimum constraints
were chosen relatively close to the acquired maximum removal
efficiencies in order to obtain a moderately precise optimum zone.
The shaded areas in Fig. 5(a) and (b) show the optimum condi-
tions for PAC and alum, respectively. The optimum removal was
obtained at pH 7.5 and dosage 2 g/L (corresponding to 0.5 g/L as
aluminum) with PAC as coagulant and at pH 7 and dosage 9.5 g/L

Table 6
Verification experiments at optimum conditions

Conditions Responses (removal (%))
COD Turbidity Color TSS
PAC (2g/Lat pH 7.5)
Experimental value 46.7 94.4 92.0 92.6
Model response 42.8 93.4 90.5 90.7
Error 3.9 1.0 1.5 1.9
Standard deviation +2.76 +0.70 +1.05 +1.32
Alum (9.5g/Lat pH 7)
Experimental value 60.8 88.9 83.2 92.5
Model response 62.6 87.0 84.5 90.1
Error -1.8 1.9 -1.3 2.4
Standard deviation +1.26 +1.32 +0.93 +1.67
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(corresponding to 0.76 g/L as aluminum) with alum as coagulant.
The results showed that in comparable amounts of aluminum, alum
showed higher COD removal whereas higher turbidity, color and
TSS removal efficiencies were achieved with PAC due to its bridging
ability.

Two additional experiments were conducted applying the opti-
mum conditions to confirm the agreement of the results achieved
from models and experiments for both PAC and alum. As shown
in Table 6, the removal efficiencies for all response parameters
obtained from the experiments and as estimated by models were
in close agreement.

4. Conclusions

Physical-chemical methods are advised for old and stabilized
leachate treatment; among which coagulation-flocculation is one
of the simple and common methods. Although, there are many
types of coagulants available to treat water and wastewater, opt-
ing the most effective coagulant for a particular wastewater still
largely depends on the outcome of laboratory jar testing. PAC, a
known coagulant for water treatment, but uncommon in leachate
treatment, was investigated for leachate treatment in the present
study. Alum as a conventional coagulant was also applied to the
same leachate for performance comparison. The optimum condi-
tions obtained were 2 g/LPAC at pH 7.5 and 9.5 g/L alum at pH 7. The
results showed good agreement between experimental and model
predictions.

At optimum conditions, 62.8% COD removal was achieved using
alum, whereas removal using PAC was 43.1%. Thus, the relatively
low COD removal efficiencies using either PAC or alum substan-
tiates the idea that coagulation-flocculation should be used as
a pre/post treatment for leachate treatment. In contrast, higher
removal efficiencies for turbidity (94.0%), color (90.7%), and TSS
(92.2%) were achieved using PAC than those using alum (88.4%,
86.4%, and 90.1%) even though the alum dosage was almost fivefold
of the PAC dosage. Therefore, this study reveals that PACis more effi-
cient in improving physical characteristics of leachate rather than
removing COD; for this reason, PAC is recommended for wastewater
treatment in which COD is not a significant concern.
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