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a b s t r a c t
Currently, the production, treatment and management of landfill leachate are recognized as one of 
the greatest problems related to environmental and economical operation of sanitary landfills. Hence, 
in the current research, leachate treatment was studied using hybrid chemical coagulation using 
poly-aluminum chloride (PACl)-adsorption process using modified waste activated sludge (MWAS). 
The samples of leachate were collected from landfill site of Zahedan, Sistan and Baluchestan province, 
Iran. In the optimum conditions of coagulation process (pH = 8 and 400 mg/L PACl), the average 5-d 
biochemical oxygen demand (BOD5), chemical oxygen demand (COD), total Kjeldahl nitrogen (TKN), 
total phosphorus (TP), and total suspended solids (TSS) removals were approximately 67.5%, 69.3%, 
63.6%, 73.1%, and 81.3%, respectively. Afterwards, the adsorption process on MWAS was applied for 
further treatment of the landfill leachate. Results illustrated a good performance for the adsorptive 
removal of major parameters including BOD5, COD, TKN, TP, and TSS at initial pH of 8 and adsor-
bent dose of 12 g/L for contact time of 120 min. The adsorption data were in good agreement with 
Langmuir and Freundlich isotherms. The adsorption capacity calculated from the Langmuir isotherm 
was 103.09 mg COD/g of MWAS (at 308 K). Thermodynamic study of the adsorption process for the 
leachate treatment by MWAS showed the spontaneous nature of adsorption. Furthermore, based on 
the enthalpy magnitude, the process was found to be endothermic physisorption. Finally, the findings 
demonstrated the applicability of MWAS in the adsorptive leachate treatment.
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1. Introduction

In the past decades, the technical, demographic, and eco-
nomic development of society has led to rise in the produc-
tion of municipal solid wastes, which subsequently produces 

a disposal challenge [1]. One of the most embraced solid 
waste management practices worldwide, such as landfilling, 
recycling, composting and incineration, sanitary landfilling 
is definitely the most abundant approach in both developed 
and developing countries having to its easiness and monetary 
benefits [2]. Landfill leachate production is an unavoidable 
consequence of the landfilling process of municipal solid 
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waste [3]. Landfill leachate commonly refers to the soluble 
matters exhausted from solid wastes dumped in the landfill 
sites after their contact with percolated rainfall water, surface 
runoff, underground water infiltration, and the activity of 
microorganisms in the garbage [4,5].

The complex quality of landfill leachate is a consequence of 
the diverse nature of the solid waste deposited in the landfill. 
Typically, leachate of landfill is identified as a dark-colored 
fluid which can contain high concentrations of organic mat-
ter, ammoniacal nitrogen, inorganic ions (such as chlorides), 
heavy metals, and various xenobiotic contaminants [6,7]. 
Various types of present compounds in landfill leachate can 
be toxic and even carcinogenic for humans. In addition, land-
fill leachates contain recalcitrant to biological process constit-
uents which cannot be completely and successfully treated 
with biological processes. All these contaminants make the 
treatment of leachates complex and expensive; consequently, 
numerous combinations of physicochemical processes have 
been used for effective treatment [1,8–10]. In addition, with 
considering the challenges of biological systems, processes 
which can offer higher efficiency or be incorporated in stan-
dard processes (to reduce their shortcomings and improve 
their efficiency) are required. Currently, a large number of 
processes are available with a different nature, such as phys-
ical, chemical, and biological landfill leachate treatments and 
their combinations [10].

The conventional physical/chemical techniques proposed 
for treatment of landfill leachate include electrochemical oxi-
dation [11], adsorption with various adsorbents [5,12–15], 
reverse osmosis [16], Fenton [17,18], ion exchange with dif-
ferent resins [19], advanced oxidation processes [20,21], 
dissolved air flotation [22], and coagulation/flocculation 
[3,22,23]. In order to meet the strict quality requirements 
for the direct release of landfill leachate into the environ-
ment, it is generally believed that a combination of chemical 
(coagulation–flocculation, advanced oxidation processes), 
physical (adsorption, membrane filtration, air stripping), and 
biological steps should be used [24].

Coagulation–flocculation is a common physicochemical 
process as pre- or post-treatment for many wastewater and 
landfill leachate which is performed in combination with 
other treatments to increase the removal of bio-refractory 
constituents and undesirable compounds in landfill leachate 
such as heavy metals [3]. Indeed, coagulation–flocculation 
is a conventional process which adds inorganic metal salts, 
including aluminum sulfate, poly-aluminum chloride (PACl), 
ferrous sulfate, ferric chloride, and ferric chloro-sulfate to 
effective removal of suspended and colloidal pollutants [25]. 
After removal of suspended matters in pre-treatment, sec-
ondary treatment, and tertiary treatment should be applied 
to eliminate soluble leachate fractions.

Among various tertiary treatments, the adsorption pro-
cess seems appropriate to remove organic matters from the 
aqueous solutions. This method has been shown to be a 
proper treatment considering its low cost, simplicity, and 
convenience. However, the high cost of some adsorbents 
and the large amount of wastewater generally restrict its 
use [26,14,15]. To decrease the preparation costs, a possible 
approach is to apply inexpensive materials for preparing acti-
vated carbon. Hence, to prevent the cumbersome preparation 
and costly modification, waste activated sludge generated in 

a municipal wastewater treatment plant was chosen as the 
low-cost waste in this research. First, sludge-derived bio-
char (adsorbent) has attracted significant attention because 
of its simple preparing steps and economical cost. In addi-
tion, waste activated sludge itself needs to be treated in an 
economically and environmentally tolerable manner, and it 
is now one of the most serious challenges fronting society 
today [27,28].

At present, Zahedan landfill located in Zahedan city, 
Sistan and Baluchestan province does not have a suitable 
leachate treatment system and the landfill leachate infiltra-
tion could contaminate groundwater resources. Therefore, 
an effective treatment system is required to treat the leach-
ate before severely polluting the environment. With this 
background in mind, we aimed to study the hybrid pro-
cesses conventional coagulation (using PACl as coagulant) 
and adsorption processes, using modified waste activated 
sludge (MWAS) for municipal solid waste leachate treat-
ment to decrease the level of pollutants discharge into the 
environment with minimum adverse effects. These processes 
may improve the elimination of different pollutants in the 
leachate.

2. Materials and methods

2.1. Landfill site and sampling

All the raw leachate samples were collected from a land-
fill site (29° 23′ 25.1′′ N, 61° 00′ 9.6′′ E), located at 20 km north-
east of Zahedan city, Sistan and Baluchestan province, Iran. In 
total, 12 samples were taken during 2 months (every week one 
sample). Samples were collected manually, filled in polyeth-
ylene bottles, immediately transported to the laboratory, and 
preserved at 4°C in a refrigerator based on the standard meth-
ods for the examination of water and wastewater. It was esti-
mated that every day, these landfills received approximately 
120  tons of municipal solid waste. Based on the standard 
methods, the characteristics of the samples were specified. A 
comparison was made between the major parameters and the 
Iranian environmental quality regulations to describe the risk 
of leachate on the environment. In addition, the leachate sam-
ples were pretreated via the plain sedimentation.

2.2. Chemical coagulation

In general, jar test is recognized as a common tech-
nique for the analysis and optimization of coagulation and 
flocculation. This test includes batch experiments, rapid mix-
ing, slow mixing, and sedimentation. The test was performed 
on an apparatus (Phipps and Bird, Richmond, VA) to opti-
mize the pH level and coagulant dose at a mean temperature 
of 22°C ± 2°C. A pre-settled leachate sample (2 L) was added 
to each jar. First, the pH was adjusted (range of 2–12) with 
sulfuric acid and sodium hydroxide (1 M) at a PACl dose of 
70 mg/L (before coagulant addition based on previous stud-
ies). Then, the PACl in various doses (5–1,000  mg/L) was 
added into each of the jars.

The processes of rapid and slow mixing were performed 
at a speed rate of 120 ± 5 rpm for 3 min and then at 20 ± 2 rpm 
during 20 min. Also, the settling time was 60 min for sedi-
mentation of flocs driven from the coagulation–flocculation 
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process. The parameters were selected with respect to the 
conventional chemical coagulation. Following sedimenta-
tion, the supernatant was taken from 2 cm below the liquid 
surface. Finally, the supernatants were examined to identify 
chemical oxygen demand (COD), 5-d biochemical oxygen 
demand (BOD5), total suspended solids (TSS), total Kjeldahl 
nitrogen (TKN), and total phosphorus (TP). The removal effi-
ciency equation was used to describe the pollutant removal 
percentage:

Removal  efficiency, %
( )

=
−

×
C C
C
i e

i

100 � (1)

where Ci and Ce denote the initial concentration and the 
effluent concentration of the mentioned parameters (mg/L), 
respectively.

2.3. Adsorption process

Following the chemical coagulation, in order to identify 
the optimal setting, we used the supernatant for the analysis 
of adsorption with MWAS.

2.3.1. Adsorbent preparation

The waste activated sludge samples were gathered from 
a municipal sewage treatment plant in Zahedan city, Sistan 
and Baluchestan province, Iran; their characteristics are pre-
sented in Table 1. The samples were dried at a temperature of 
105°C in a hot oven for 1 d. To chemically activate the adsor-
bent, the dried powder waste activated sludge samples were 
soaked for 24  h in 1  M HCl at 1:1 (w/v ratio) at the room 
temperature. Afterwards, they were decanted and dried in a 
muffle furnace for 60 min at a temperature of 300°C. Distilled 
water was used several times to rinse the chemically pre-
treated waste activated sludge until pH turned neutral. The 
adsorbent was washed and dried at 105°C for 1 d. Finally, the 
prepared adsorbent was powdered and sieved to a particle 
size of 180 mesh for additional studies. Furthermore, the pH 
of the zero point charge (pHpzc) was determined based on 
the method reported by Foo and Hameed [29]. The pHpzc 
value was 7.4 indicating the neutral nature of the prepared 
adsorbent.

2.3.2. Batch experiments

These experiments were performed in the batch mode 
as a function of pH (range, 3–13), adsorbent dose (5–20 g/L), 
contact time (15–210  min), and temperature (298–318  K). 

A certain quantity of the adsorbent was added to 2  L 
flasks containing pre-settled and coagulated leachate land-
fill leachate (1,000  mL), following the plain sedimentation 
and coagulation process. It was maintained in a shaker 
(with controlled temperature) at 140 rpm for 4 h. Then, the 
adsorbent was removed from the solution. For separation of 
adsorbent from solution at the end of the experiments, and 
maintain uniformity of tested samples, the filtration method 
was used. The supernatant was filtered through a 0.45  µm 
glass fiber filter (Whatman). Then, the solution was analyzed 
in terms of BOD5, COD, TKN, TP, TSS, and pH.

First, the adsorption of major parameters including 
BOD5, COD, TKN, TP, and TSS were evaluated within a pH 
range of 3–13 at the temperature of 298 K. The initial pH was 
modified with H2SO4 or NaOH solution (1 M). The adsorp-
tion analysis was performed by changing the adsorbent dose 
within a range of 5–20 g/L at optimal pH and temperature of 
298 K. The quantity of the adsorbed pollutant, qe (mg/g), was 
measured under various conditions:

q
C C V

Me
e=

−( )0 � (2)

In this equation, C0 and Ce represent the liquid-phase 
concentrations of various parameters (BOD5, COD, TKN, TP, 
and TSS) at baseline and equilibrium (mg/g), respectively, 
V denotes the solution volume (L), and M denotes the 
quantity of the adsorbent (g).

The influence of temperature on removal efficiency with 
the adsorption process was studied at 298, 303, 308, 313, and 
318 K at an initial pH of 8 and adsorbent dose of 12 g/L. After 
120 min, the adsorbent was removed from the solution (by 
filtration) and examined for residual BOD5, COD, TKN, TP, 
and TSS.

2.4. Analysis

All of the used materials had an extra pure or analyti-
cal grade. By using conventional methods, COD, BOD5, 
total solids (TS), TSS, TKN, conductivity, and pH were 
identified [19]. COD was analyzed with a COD reactor and 
a spectrophotometer (DR 5000, HACH, USA). In addition, 
the BOD5 was specified through the manometric technique 
with a Respirometric OxiTop® measuring system. TKN was 
examined through the Kjeldahl method. Moreover, a pH 
meter (UB-10, UltraBasic, USA) was used to measure pH 
and a conductivity meter was employed to analyze electri-
cal conductivity. The dosage of heavy metals was measured 
using the atomic absorption spectrophotometer technique 
(Shimadzu AA-7000, Japan) after acid digestion.

3. Results and discussion

3.1. Leachate characterization

Various parameters, including the waste composition, 
elapsed time, temperature, landfilling depth, and site hydrol-
ogy, can affect the quality and quantity of leachate [30,31]. As 
a result, the quality of leachate is related to its site, and treat-
ment techniques vary in different climatic and operational 
conditions.

Table 1
Composition of sludge used for preparation of adsorbent 

Parameters Characteristics

Sludge type Return line
pH 7.4–7.6
Total suspended solids, g/L 2.9 
Settleable solids after 30 min, mL/L 327
Sludge age, d 12 
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Table 2 presents the composition of raw and pre-settled 
leachate after 4  h of settling, as well as the Iranian guide-
lines for discharge in the urban sewage system. Most of 
the parameters’ values were reduced after 4  h of prelimi-
nary settling time. However, based on the comparison 
of these values, levels of COD, BOD5, TSS, TKN, and cad-
mium were quite higher than the standards suggested in 
Iran (Table 2). The main characteristics of pre-settled leach-
ate were as follows: COD, 3,467 ± 254; BOD5, 1,507 ± 1 37; 
and TKN, 127.5 ± 12.1  mg/L. Considering the high BOD5 
and COD values, heavy contamination with organic mat-
ters was reported. Therefore, the leachate had to be treated 
prior to discharge into environment. Moreover, BOD5/COD 
ratio was measured as a marker of biodegradability; in 
other words, higher BOD5/COD ratio represents greater 
wastewater biodegradability. In the present study, the 
BOD5/COD ratio was 0.43–0.44 in raw leachate, representing 
its biodegradability; however, the biodegradability was not 
very high. In the literature, high BOD5/COD ratio (range, 
0.56–0.62) has been reported in the leachate from municipal 
solid waste incineration plants [32].

Heavy metals are dangerous components, commonly 
found in leachate. In the present study, metals in the landfill 
leachate had fairly low concentrations (Table 2). However, the 
cadmium concentration in raw leachate exceeded the permis-
sive levels. According to a review from the US EPA, the mean 
concentrations of heavy metals in landfill leachate were as 
follows: cadmium, 0–17 mg/L; chromium, 0–33 mg/L; lead, 
0–12 mg/L; mercury, 0–0.2 mg/L; nickel, 0–9 mg/L; and zinc, 
0–1,000 mg/L [33]. Metal solubilization from solid waste was 
identified by pH variations, considering the organic acid gen-
eration, which has a direct relation with the landfill, age [34].

Preliminary settling is a common technique, which does 
not require any chemical additions. Despite the fact that 
some researchers have noted the significance of natural set-
tling, little evidence is available on the impact of preliminary 
settling time on pollutant removal; apparently, leachate with 
such quality should not be released in the environment.

In the current research, the raw landfill leachate was 
left to remain in a tank prior to adding PACl as the coag-
ulant. The settling time influenced the removal of COD, 
BOD5, TS, TSS, and turbidity within the first 4 h. According 
to Table 2, TS and TSS reduced, respectively, from 4,831 to 
4,217 and from 1,846 to 1,512 mg/L (removal efficiency ~12% 
to 18%). Furthermore, total COD and BOD5 were reduced 
in the landfill leachate from 3,503 and 1,538  mg/L to 3,467 
and 1,507 mg/L, respectively (removal efficiency ~1% to 2%). 
Additionally, BOD5/COD ratio was remained unchanged 
(0.43–0.44).

3.2. Effect of the coagulation process

Coagulation is recognized as one of the main stages in 
water and wastewater treatment. The colloidal particles 
are grown through destabilizing suspended particles and 
floc formation via adsorption and aggregation [35]. On the 
other hand, the coagulation/flocculation stage is necessary 
for decreasing the TSS, organic content, and color with the 
purpose of promoting treatment efficiency. In our study, 
chemical coagulation was used as the adsorption pretreat-
ment. Reduction of pollutants loading in post-treatment was 
the main objective of chemical coagulation. On the other 
hand, to obtain dischargeable effluents, PACl was selected as 
the major coagulant. Hence, PACl as coagulant was added 
to samples (pre-settled leachate) for effective removal of 
organic substances and impurities (including TS, TSS, TKN, 
and heavy metals).

3.2.1. Effect of initial pH of solution on coagulation process

The removal of pollutants from aqueous environments 
by coagulation and similar processes is majorly affected by 
the solution pH [36]. To identify the impact of pH on leachate 
treatment efficiency, pH values were adjusted as 3–13 and 
maintained by continuously adding sulfuric acid or sodium 
hydroxide. According to Fig. 1, maximum removal efficiency 

Table 2
Characteristics of the landfill leachate

Parameters Raw leachate, mean ± SD Pre-settled leachate, mean ± SD Permitted levels in Iran 

Total COD (mg/L) 3,503 ± 267 3,467 ± 254 60
Total BOD5 (mg/L) 1,538 ± 102 1,507 ± 137 30
BOD5/COD 0.44 0.43 –
TS (mg/L) 4,831 ± 162 4,217 ± 103 –
TSS (mg/L) 1,846 ± 326 1,512 ± 102 60
TKN (mg/L) 123.6 ± 15.3 123.5 ± 12.1 2.5
TP (mg/L) 15.7 ± 3.2 15.6 ± 2.6 6
Turbidity (NTU) 764 ± 57 693 ± 37 50
Conductivity (mS/cm) 13.7 ± 1.1 13.81 ± 1.3 –
pH 7.61 ± 0.52 7.63 ± 0.24 6.5–8.5
Cadmium (mg/L) 0.44 ± 0.21 0.44 ± 0.21 0.1
Chromium (IV) (mg/L) 0.29 ± 0.18 0.28 ± 0.15 0.5
Lead (mg/L) 0.04 ± 0.07 0.04 ± 0.07 1.0
Nickel (mg/L) 0.03 ± 0.04 0.03 ± 0.04 2.0
Zinc (mg/L) 0.54 ± 0.04 0.54 ± 0.04 2.0
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for all parameters in coagulated leachate was achieved at pH 
8.0 (62.09%, 72.43%, 53.68%, 59.46%, and 78.58% for BOD5, 
COD, TKN, TP, and TSS, respectively). 

For pH values above 8, Al(III) speciation showed that 
aluminum ions in water are in form of Al(OH)4 ions. Removal 
efficiency by PACl was reduced given the electrostatic repul-
sion between Al(OH)4 ions and colloidal particles in the 
leachate which were negatively charged [37]. In this regard, 
Bazrafshan et al. [38] and Keen [8] have reported consistent 
findings on dairy wastewater treatment using inorganic 
coagulants [38,39]. Based on the findings, an initial pH of 8.0 
was considered as optimal for further studies. 

3.2.2. Influence of coagulant dose on treatment of pre-settled 
leachate

The coagulation process efficiency is strongly influenced 
by the coagulant dose; consequently, PACl dose ranged from 
20 to 1,000 mg/L to study the effect of this variable of treatment 
efficiency. The results of coagulation process on pre-settled 
leachate are presented in Fig. 2 at an optimal pH of 8. As pre-
sented in Fig. 2, minimum removal efficiency of 21.5%, 9.3%, 
33.8%, 22.8%, and 40.7% was observed at lower PACl doses 
(20 mg/L); for BOD5, COD, TKN, TP, and TSS, respectively. 
Increasing the dose of PACl coagulant consistently improved 
the BOD5, COD, TKN, TP, and TSS removal efficiency achiev-
ing 65.4%, 69.3%, and 70.1% COD removal at a coagulant 
dose of 200, 400, and 600 mg/L, respectively. In addition, TSS 
removal efficiency of 79.4%, 81.2%, and 76.5% were achieved 
at coagulant dose of 200, 400, and 600  mg/L, respectively. 
Similar trends were observed for other parameters.

Another point to consider is that a further increase in 
PACl coagulant dose did not yield significant changes in 
most of studied parameters. Even in some cases, higher 
PACl doses (800–1,000  mg/L) did decrease the COD and 
other parameters removal efficiency. For example, removal 
efficiency for COD and BOD5 was reduced from 69.3% and 
67.3% at coagulant dose of 400  mg/L to 65.1% and 63.3% 
at coagulant dose 1,000  mg/L. This phenomenon could 
result from re-stabilization of colloidal particles triggered 
by the increasing of coagulant dose [40]. Hence, due to 
high removal efficiency which was achieved at coagulant 
dose 400 mg/L and economic considerations, this dose was 
selected for further experiments. Also, as shown in Fig. 2, 

PACl addition to pre-settled landfill leachate reduced the 
final pH; the highest rate of reduction was reported at a 
coagulant dose of 1,000 mg/L (final pH, 4.28). Similar find-
ings were reported by Oloibiri et al. [7] on application of 
coagulation process using PACl as pretreatment on stabi-
lized landfill leachate.

According to the findings of current study, although the 
elimination of the most parameters from leachate was high, 
the pollutants concentrations in the chemical coagulation 
effluent were not in accordance with the effluent discharge 
standards. The concentration of major parameters including 
BOD5, COD, TSS, TKN, and TP after chemical coagulation at 
PACl dose 400 mg/L reached 490.37, 1,064.02, 283.05, 45.003, 
and 4.19  mg/L, respectively. Hence, the effluent from the 
standard coagulation process should undergo any additional 
treatment process. Consequently, in this study, the adsorp-
tion on MWAS was used to improve the treatment process 
and find the standards.

3.3. Leachate treatment using the adsorption process on MWAS

Among various tertiary treatments, the adsorption seems 
appropriate to remove organic elements from wastewater. 
Adsorption involves the adherence of dissolved compound 
molecules to the adsorbent solid surface. The activated carbon 
is normally used as an adsorbent in wastewater treatment. 
However, several researchers have used some inexpensive 
adsorbents for wastewater treatment [12,14,15,41,42]. In the 
current study, the adsorption process with MWAS was per-
formed on pre-coagulated leachate, following coagulation 
(coagulant dose, 400 mg/L; initial pH, 8.0) with the purpose of 
optimizing pH, adsorbent dose, contact time, and temperature.

3.3.1. Influence of initial pH on pre-coagulated leachate 
treatment using MWAS in adsorption process

Evidently, adsorbent surface charge, pollutant ionization, 
and dissociation of functional groups on active adsorbent 
sites are influenced by pH [15,43,44]. Therefore, pH is a key 
factor in controlling adsorption. In order to evaluate the effec-
tiveness of the pH on the adsorption efficiency of MWAS for 
leachate treatment, different initial pH values (range, 3–13) 
were used at an adsorbent dose of 8 g/L and contact time of 
120 min (based on the number of pre-tests).

Fig. 1. Effect of initial pH on BOD5, COD, TKN, TP, and TSS 
removal from pre-settled landfill leachate (PACl dose = 70 mg/L).

Fig. 2. Effect of coagulant dose on BOD5, COD, TKN, TP, and TSS 
removal from landfill leachate (initial pH = 8.0).



157D. Balarak et al. / Desalination and Water Treatment 109 (2018) 152–161

According to Fig. 3, the removal efficiency increased from 
51.39%, 59.38%, 47.98%, 26.73%, and 48.03% (initial pH = 3) 
with increasing initial pH and reached 69.13%, 78.68%, 69.45%, 
41.53%, and 61.01% in the initial pH of 8 for BOD5, COD, TKN, 
TP, and TSS, respectively. Removal of all parameters reduced 
beyond a pH of 8.0. Similar trends were observed for uptake of 
pollutants from landfill leachate (Fig. 4). Bazrafshan et al. [38] 
reported similar results on the adsorption of mentioned 
parameters by modified dried activated sludge in treatment 
of dairy wastewater MWAS. In addition, similar trend was 
reported by Ramya et al. [45] on COD reduction from coffee 
processing wastewater by adsorption process using agricul-
tural wastes. As a result, an initial pH of 8.0 was considered to 
be optimal value for further evaluations [45].

3.3.2. Influence of adsorbent dose on treatment of 
pre-coagulated leachate by the adsorption process

Evidently, the rise in adsorbent dosage increased the 
pollutants adsorption, considering the higher accessibility of 
exchangeable regions or the surface area; however, it reduced 
the adsorption quantity, thereby diminishing the effective 
surface area for adsorption [12,15,46]. The effect of adsorbent 
dose on adsorption in landfill leachate is presented in Fig. 5. 
As presented in this figure, the removal efficiency increased 
with the increase of adsorbent dose. The removal efficiency 
of BOD5, COD, TKN, TP, and TSS increased from 33.19%, 
34.95%, 36.6%, 22.91%, and 26.47% to 77.07%, 85.23%, 77.73%, 
44.63%, and 66.78%, respectively, by raising the adsorbent 
dose from 5 to 12 g/L. Changes in removal efficiency for all 
parameters with more increase in the adsorbent dose (after 
12 g/L), was not very effective and significant. Hence, adsor-
bent dose 12 g/L was selected as the optimal dose for further 
experiments.

In addition as shown in Fig. 5, the adsorption capac-
ity reduced by raising the adsorbent dose. Obviously, by 
increasing the quantity of adsorbent, the adsorption effi-
ciency improved, while the adsorption capacity decreased 
with the adsorbed amount per unit mass. Based on the find-
ings, the number of accessible adsorption regions enhances 
through increasing the adsorbent dose and promotes the 
removal efficiency. The decline in the adsorption potential 
by raising the adsorbent dose is majorly attributed to the 

unsaturation of adsorption sites via adsorption reactions. 
Particle interactions including aggregation might have also 
resulted from high adsorbent dosage. This aggregation might 
decrease the adsorbent’s total surface area and enhance the 
diffusional path length. In addition, the particle interactions 
might desorb some of the loosely attached adsorbate [47]; 
in this regard, similar results have been observed by other 
researchers [39,45,48].

An important physiochemical aspect in terms of the 
evaluation of sorption processes is the sorption equilibrium. 
Indeed, the isotherm provides a relation between the con-
centration of adsorbate (COD) in solution and the amount 
of adsorbate (COD) adsorbed on the solid phase when both 
phases are in equilibrium. Hence, in this research, in order 
to study the adsorption isotherm, two conventional equilib-
rium isotherms including Langmuir and Freundlich were 
analyzed.

Langmuir isotherm model is valid for monolayer adsorp-
tion onto surface containing fixed number of identical sorp-
tion sites. The linear saturated monolayer isotherm can be 
represented as:

1 1 1 1
q q q K Ce m m l e

= + � (3)

Fig. 3. Effect of initial pH on adsorption of BOD5, COD, TKN, TP, 
and TSS from pre-coagulated leachate using MWAS (T = 298 K; 
adsorbent dose = 8 g/L; contact time = 120 min).

Fig. 4. Effect of pH on BOD5, COD, TKN, TP, and TSS removal 
from pre-coagulated landfill leachate (T = 298  K; adsorbent 
dose = 8 g/L; contact time = 120 min).

Fig. 5. Effect of adsorbent dose on the removal of BOD5, COD, 
TKN, TP, and TSS from pre-coagulated landfill leachate 
(T = 298 K; pH = 8; contact time = 120 min).
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where qe is the amount of COD adsorbed per specific amount 
of adsorbent (mg/g), Ce is equilibrium concentration of 
the solution (mg/L), and qm is the maximum amount of 
COD required to form a monolayer (mg/g). The Langmuir 
constants (KL) and maximum monolayer adsorption capac-
ity of MWAS (qm) can be determined from the linear plot of 
1/qe vs. 1/Ce [41–44].

The Freundlich equation is absolutely empirical based 
on sorption on heterogeneous surface, which is normally 
defined by the following equation (linear form):

log log logq K
n

Ce f e= +
1 � (4)

where Kf and 1/n are the Freundlich constants related to the 
adsorption capacity and adsorption intensity, respectively.

The isotherms based on the experimental data and the 
parameters obtained from nonlinear regression by two mod-
els are presented in Table 3. As presented in this table, the 
correlation coefficient of the Freundlich model was more 
than Langmuir model, indicating that the Freundlich model 
is suitable to describe the adsorption equilibrium of COD of 
landfill leachate onto MWAS.

3.3.3. Effect of contact time on pre-coagulated leachate 
treatment using the adsorption process by MWAS

The time of adsorbent–adsorbate contact is a major fac-
tor in determining the time of adsorption process at equilib-
rium. The time required to attain equilibrium was affected 
by the activated carbon features and accessible sorption sites. 
At present study, to study the effect of contact time on the 
adsorption process, batch adsorption experiments were car-
ried out at different contact times (15–210 min). As presented 
in Fig. 6. the adsorption efficiency was improved by increas-
ing the contact time. High removal efficiency was achieved 
within the first 60  min; equilibrium was attained within 
120  min for all the parameters. Consequently, contact time 
of 120 min was selected as equilibrium time for more experi-
ments. Pollutants (adsorbate) removal is usually fast initially, 
while it slows down until reaching equilibrium. The pollutant 
removal rate is higher at first, considering the greater surface 
of the available adsorbent for adsorption. Since these sites 
were exhausted, the uptake was managed by transport from 
exterior to interior regions [49]. Considering the fact that the 
active sorption sites are fixed and every active site is able to 
only adsorb one molecule inside a monolayer, the adsorbate 
uptake is fast initially, while it slows down as the competi-
tion for reduced available sites grows among pollutants.

3.3.4. Influence of temperature on the adsorption process 
by MWAS for pre-coagulated leachate treatment

The impact of temperature on the treatment of 
pre-coagulated leachate was evaluated with MWAS as the 
adsorbent. As it can be seen in Fig. 7, the adsorption efficiency 
was improved by raising the temperature from 298 to 318°K. 
The increase in removal efficiency has been relatively mild. 
However, an increase in the removal efficiency was observed 
with increasing temperature. For example removal efficiency 

from 89.5% and 78.8% at 298°K reached 96.7% and 86.7% at 
318°K, for COD and BOD5, respectively. Therefore, we can 
conclude that this is an endothermic process with the greatest 
influence on the adsorption. The required energy is provided 
easier and improves the adsorption percentage by increasing 
the temperature. Furthermore, the increase in the adsorption 
efficiency due to raising the temperature might be associated 
with the enlarged pore size of adsorbent particles at higher 

Table 3
Isotherm parameters for adsorption of COD in pre-coagulated 
leachate onto MWAS at various temperatures

298 K 303 K 308 K 313 K 318 K

Langmuir isotherm
 qm (mg/g) 80.65 93.46 103.09 85.47 89.29
 KL (L/mg) 0.018 0.015 0.015 0.033 0.037
 R2 0.8974 0.9068 0.8825 0.8460 0.8455

Freundlich isotherm
 Kf 6.33 5.31 5.06 8.62 9.54
 N 2.23 1.99 1.85 2.25 2.23
 R2 0.9445 0.9464 0.9334 0.9192 0.9311

Fig. 6. Effect of contact time on BOD5, COD, TKN, TP, and 
TSS removal from pre-coagulated leachate (T = 298 K; pH = 8; 
adsorbent dose = 12 g/L).

Fig. 7. Effect of temperature on BOD5, COD, TKN, TP, and TSS 
removal from pre-coagulated leachate (contact time = 120 min; 
pH = 8; adsorbent dose = 12 g/L).
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temperatures [50]. Following the equilibrium, the adsorption 
efficiency did not significantly improve; in this regard, other 
researchers have reported consistent results [44,51].

In the adsorption process, thermodynamic consider-
ations are required to accomplish whether the process is 
spontaneous or not. Gibb’s free energy change, ΔG°, is the 
critical measure of spontaneity.

Reaction is spontaneously at a particular temperature if 
ΔG° is a negative value. The thermodynamic parameters of 
Gibb’s free energy change, ΔG°; enthalpy change, ΔH°; and 
entropy change, ΔS°, for processes of adsorption are calcu-
lated by Eqs. (5) and (6):

∆G RT0 = −  ln Ka � (5)

∆ ∆ ∆G H T S0 =  0 0− � (6)

where R is universal gas constant (8.314 J mol/K) and T is the 
absolute temperature in K.

The thermodynamic factor, Gibb’s free energy change, 
ΔG°, is calculated using Ka resulted from Freundlich iso-
therm model and is presented in Table 4.

As shown in Fig. 8, the plot of Gibb’s free energy change, 
ΔG°, against temperature, T, is linear. Furthermore, the 
enthalpy change, ΔH°, and the entropy change, ΔS°, for 
the process of the adsorption were achieved from the inter-
cept and slope of Eq. (6) and found to be 19.9 kJ mol–1 and 
0.08  kJ/mol/K, respectively. The negative values of ΔG° 
approve the feasibility of the adsorption process and also 
the spontaneous nature of adsorption with a high preference 
of COD by MWAS. In addition, the decrease in the negative 

value of ΔG° with an increase in the temperature indicates 
that the adsorption process of COD on MWAS becomes more 
favorable at higher temperatures [52–54].

The adsorption process can be categorized as a physical 
adsorption and chemisorption by the amount of the 
enthalpy change. It was found that if the amount of enthalpy 
change is less than 84  kJ/mol, the adsorption is physical. 
Conversely, the chemisorption will take place in the range of 
84 to 420 kJ/mol [52–54]. Based on the findings presented in 
Table 4, it can be concluded that the physisorption is much 
more favorable for the adsorption of COD of landfill leach-
ate. Furthermore, the positive value of ΔH° shows that the 
adsorption reaction is endothermic. Entropy is defined as 
the degree of chaos of a system. The positive value of ΔS° 
recommends that some structural changes occur on the 
adsorbent and the randomness at the solid/liquid interface in 
the adsorption system increases during the adsorption pro-
cess [52–54].

4. Conclusion

Inappropriate landfill management may pose serious 
environmental challenges through discharge of high strength 
polluted wastewater (leachate). In the present study, the 
treatment of landfill leachate by hybrid coagulation and 
adsorption on MWAS was investigated. The influence of the 
critical operating parameters such as the pH of solution and 
coagulant dose for coagulation and pH, contact time, adsor-
bent dose, and temperature on the adsorption process was 
investigated. The findings revealed acceptable performance 
of the combined coagulation and adsorption processes for the 
adsorptive removal of the major parameters including BOD5, 
COD, TKN, TP, and TSS present in the landfill leachate at 
an initial pH of 8, adsorbent dose of 12 g/L, and the equilib-
rium time of 120  min. The treatment efficiency of leachate 
improved by an increase in the temperature of solution. In 
fact, the negative values of free-energy change confirmed 
the feasibility of the process and the spontaneous nature 
of adsorption. Furthermore, based on the enthalpy magni-
tude, the process was found to be endothermic physisorp-
tion. Finally, the findings demonstrated the applicability of 
MWAS for the effective treatment of landfill leachate.
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