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ABSTRACT 

The current study aimed to evaluate the performance of sodium persulfate to treat stabilized landfill leachate. 
Factorial design with response surface methodology (RSM) was used to evaluate the interaction between 
operational conditions, such as persulfate dosage, pH, and reaction time, to obtain the optimum conditions. 
The two quadratic models obtained by RSM for COD and NH3–N removal proved to be significant models 
(P<0.0001). The optimum conditions obtained included a reaction time of 60 min, 4.97g S2O8

2−, dosage and 
pH 7. The experimental results were corresponding well with predicted models (COD and NH3–N removal 
rates of 45%, and 47%, respectively. The results revealed that persulfate oxidation is an efficient for 
pretreatment of stabilized landfill leachate.  

Keywords: landfill leachate, Persulfate, Activation, oxidation. 

 
 
1. Introduction 
 
Disposal of solid waste using sanitary landfilling technology continues to be widely accepted and used because 
of its economic feasibility. Comparative studies of the various applicable methods in regard reducing the 
quantity of solid waste (i.e. composting and recycling, landfilling and incineration) have shown that the lowest 
in cost, in term of investment and capital costs, is landfilling (Qasim and Chiang, 1994). 

Leachate is a liquid produced during waste decomposition process (US EPA, 2005; Renou et al., 2008; 
Cameron and Koch, 1980; Blakey, 1989). The age of landfill in one of the most important factors that effect 
on leachate characteristics (Kjeldsen and Christophersen, 2001; Poznyak et al., 2008). Accordingly; leachates 
can be classified in to three main categories based on landfill age: such as young (<5 years), intermediate 
(between 5 and 10 years) and stabilized (>10 years) (Öman and Hynning, 1993; Kang et al., 2002). By 
increasing of landfill age, leachate produced is characterized by very hard organic and very low 
biodegradability which is difficult to treat biologically (Bueno and Bertazzoli, 2005). Different applications on 
stabilized leachate treatment have been applied such as coagulation–flocculation (O’Melia et al., 1999; Tatsi 
et al., 2003), chemical precipitation and activated carbon adsorption (Kurniawan et al., 2006), membranes 
(Osturk et al., 2003; Martinnen et al., 2002), combination of coagulation, flocculation and chemical oxidation 
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(Rivas et al., 2004), advanced oxidation (Lopes and Zamora, 2005), ozonation (Abu Amr et al. 2014; Monje 
and Velasquez, 2004), combination of ozone/Fenton and ozone/persulfate (Abu Amr et al., 2013a; 2013b), 
biodegradation and adsorption to activated carbon (Welander and Henrysson, 1998) wet air oxidation at high 
temperature (Rivas et al., 2005), electro-Fenton method (Zhang et al., 2006). The great variety of leachate 
constituents prevents evaluation of the fate and the role played by each component in the environmental 
impact. 

Recently, persulfate (S2O8
2−) emerged as an efficient oxidant for in-situ chemical oxidation (ISCO) applications 

with the properties of high water solubility, no odor, effectiveness of oxidation over a wide range of pH, and 
lower affinity for soil organics (Liang et al., 2006). Persulfate can be thermally (Gu et al., 2011; Deng et al., 
2013), chemically (Leng et al., 2014), or photo-chemically (Lin et al., 2011) activated to generate the oxidant 
with high oxidation potential such sulfate radical (SO4¯.), which can efficiently oxidize of most organic 
contaminants. Persulfate (S2O8

2¯) was efficiently used for groundwater and soil cleanup (Huling and Pivetz, 
2006) and it considered as a strong oxidant with a standard oxidation potential (E°) of 2.01 V (Eq. 1& 2), 
(Kolthoff and Stenger, 1947). 

S2O8
2-+2e-→SO4

- +SO4
-  (1) 

SO4
-∙+H2O→HSO4

- +•OH (2) 

However, the effect of leachate quality especially high organic and ammonia content and high level of heavy 
metals and trace elements on the performance of persulfate oxidation was not well documented. This study 
investigated the performance of persulfate oxidation for landfill leachate treatment with high concentration 
of refractory organic compounds. 

 
2. Materials and Methods 

 

2.1 Leachate Sampling and Characteristics 

Samples of leachate were collected from anaerobic stabilized landfill leachate Deir El-balah sanitary landfill 
site, Gaza Strip, Palestine.  

The landfill has an area of 7 ha, receiving approximately 450 tons of municipal solid waste daily (SWMC, 2012). 
Leachate samples were collected manually once every week for 4 months between February 2014 and June 
2014 and placed in 2 l plastic containers.  

In an anaerobic stabilized landfill, solid wastes are decomposed by a conventional municipal method 
(Matsufuji, 1990). Solid waste is sandwiched by soil. Hudgins and Harper, (1999) reported that anaerobic 
landfills contain high concentrations of organic compounds and pathogens. The waste mass also slowly 
degrades, posing long-term risks. The stabilization of landfill is enhanced by leachate recirculation method. 
The collected samples were immediately transferred to the laboratory, characterized, and stored at cold room 
(4 °C). General characterization and heavy metals content of the leachate used in the current study was 
mentioned in Table 1 and 2, respectively. Sampling processes and storage techniques were implemented 
according to the Standard Methods for the Examination of Water and Wastewater (APHA, 2005).  

The average values of heavy metals concentrations in the leachate are given in Table 2. The comparison of 
these values with the guidelines from EPA (according to water irrigation standards) show that, the 
concentration of heavy metals (Cu, Pb, Ni, Mn, Cd and Zn) in the current leachate exceed the maximum values 
allowed. 
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Table 1. General characteristics of anaerobic stabilized landfill leachate from DBLS  

Parameter Results 

COD (mg l-1) 19,180 – 20,448 ± 122.35 

BOD (mg l-1) 1,821 ±35.22 

BOD/COD ratio 0.09 ±0.04 

EC (µS) 40,800 ± 444.36 

TDS (mg l-1) 25,296 ± 247.65 

Nitrate (mg l-1) 3,602 ± 12.53 

Ammonia (mg l-1) 2,478 ± 3.1 

Chloride (mg l-1) 6,953 ± 5.32 

Sulfate (mg l-1) 856 ± 2.12 

Alkalinity (mg l-1) 24,000 ± 365.24 

Hardness (mg l-1) 7,283 ± 6.83 

Calcium (mg l-1) 1,620 ± 3.225 

Magnesium (mg l-1) 785 ± 4.412 

Potassium (mg l-1) 4,346 ± 5.29 

Sodium (mg l-1) 6,000 ± 8.98 

pH 8.42 ± 0.04 

Turbidity (NTU) 538 ± 3.54 

The order of heavy metals concentration were Fe >Zn> Ni > Cu > Cd >Pb>Mn from highest to lowest 
concentration. The presence of these metals in leachate indicated that the variety waste disposal in the site. 
Alslaibi, (2009) reported considerable amounts of heavy metals in this type of leachate (Table 2).   

Table 2. Average heavy metals concentrations of anaerobic stabilized landfill leachate 

Heavy Metal Symbol Concentration(mg l-1) 

Copper (Cu) 0.44 ± 0.05 

Lead (Pb) 0.143 ± 0.054 

Nickel (Ni) 4.63 ± 0.8 

Manganese (Mn) 0.08 ± 0.01 

Cadmium (Cd) 0.259 ± 0.03 

Zinc (Zn) 5.84 ± 1.2 

Iron (Fe) 48.7 ± 3.4 

2.2 Experimental Procedures  

For each run, persulfate reagent as sodium persulfate (Na2S2O8 M = 238 g mol-1) was employed for advanced 
oxidation during the oxidation of leachate samples. Persulfate dosages was determined as COD/S2O8

2− ratio 
(g/g) with different ratios that gradually added to the leachate to determine the optimum S2O8

2− dosage 
according to the efficiencies of COD, and NH3–N removal. Orbital Shaker (Luckham R100/TW Rotatest Shaker 
340 mm X 245 mm) was used for samples shaking at 350 rpm. All experiments were performed at room 
temperature (28 °C) using 50 ml samples in polyethylene bottles with a 250 mL capacity. pH was adjusted at 
the desired values using 5 M sulfuric acid solution and 5 M sodium hydroxide solution. 

2.3 Analytical Methods 

COD and NH3–N, were examined before and after each run according to Standard Methods for the 
Examination of Water and Wastewater (APHA, 2005). Leachate was mixed well before analyzed. NH3–N 
concentration was measured by the Phenol Method No. (4500) using a UV-VIS spectrophotometer at 640 nm 
with a light path of 1 cm or greater. pH was measured using a portable digital pH/Mv meter. COD 
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concentration was determined by the open reflux method No. (5220). COD measurements have not reported 
any interference when using high concentration of persulfate dosage. BOD concentration was examined by 
the 5- Day BOD (5210B) (HACH COMPANY, Loveland CO 80539 USA). Total Dissolved Solids were measured 
by TDS Dried at 180 °C method (2540C). The electrical Conductivity (EC) was measured as μs cm-1 using a 
portable multi-purpose apparatus (SensIon7, Conductivity Meter, HACH Company, BOX 389/ Loveland, Colo. 
USA). Turbidity was measured using Nephelometry method by Turbidometer (HACH 2100AN). Nitrate was 
tested by using Ultraviolet Spectrophotometric Screening Method (4500- NO3 –B). Chloride was determined 
using Argentometric Method (4500-Cl–B). Sulfate was measured using Turbidimetric Method (4500-SO4 -2E). 
Alkalinity was measured by applying Titration Method (2320 Alkalinity method B). Hardness was tested using 
EDTA Titrimetric Method (2340C). Calcium was determined using EDTA Titrimetric Method (3500-Ca B). 
Magnesium was tested using Calculation Method (3500-Mg B). Potassium was tested using Flame 
Photometric Method (3500-K B) (Sherwood FP 410). Sodium was measured using Flame Emission Photometric 
Method (3500-Na B).  Heavy metals concentration was determined using Atomic Absorption Spectroscopy 
(AAS). The removal efficiencies of COD and NH3–N were obtained using the following equation (3): 

Removal (%) = [(Xi – Xf) / Xi] × 100 (3) 

Where Xi  and Xf refer to the initial and final COD and NH3–N concentrations respectively. 

2.4 Experimental Design and Analysis 

Factorial design of expert software (version 6.0.7) with RSM was utilized for the statistical and interaction of 
the experiments. Optimization of the experimental factors and responses were applied to investigate the 
relationships between the three independent factors, as presented in Table 3: (1) persulfate dosage, (2) pH 
variation, and (3) reaction time. 

Table 3. Coded values for independent factors, (Persulfate oxidation) 

Level of Value Persulfate ((g/g) COD/S2O8)  pH Reaction time (min) 

-1 1.4 3 30 

0 2.8 5 45 

+1 4.2 7 60 

The Performance of persulfate oxidation was determined by determine the COD and NH3–N removal 
efficiencies. The levels of values for each factor were determined based on a set of preliminary experiments. 
The total number of experiments conducted for the three factors was 20 (=2k+2k+6, where k is the number 
of factors=3); to estimate the pure error, 14 experiments were supported with six replications. Quadratic 
model was performed following Eq. 4: 

Y=β0+∑βjXj

k

j=1

+∑ βjjXj
2

k

j=1

+∑∑ βijXi

k

<j=2i

Xj+ei (4) 

where Y is the response, Xi and Xjare the variables,  is the regression coefficient, k is the number of factors 
studied and optimized in the experiment, and e is the random error. 

 
3. Results and Discussion  

 
In order to obtain an optimal S2O8

2− dosage; a total of 20 experiments were performed using different dosage 
of persulfate(COD/S2O8

2− (g/g)) ratio, reaction time (min) and pH at room temperature (28 °C) and the results 
was presented in Table 4. The performance of S2O8

2− in treating anaerobic stabilized leachate was investigated 
in term of COD and ammonia removal efficiency. The results show increasing of removal efficiency of COD 
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and ammonia as the dosage of S2O8
2− is increase. As shown in table 4; the removal of COD ranges between 

10% and 44%, while the ammonia removal ranged between 3% and 47%. The maximum removal efficiency 
for both COD and ammonia was obtained at 1/40 (COD/S2O8

2−g/g), pH=7 and 60 min reaction time.  

Table 4. Matrix value for different experimental conditions with COD and NH3-N removal (Persulfate 
oxidation) 

 Factor 1 Factor 2 Factor 3 Response 1 Response 2 

Run 
A:Persulfate 

((g/g) COD/S2O8) 
B:pH C:RT (min) COD removal (%) NH3-N removal (%) 

1 2.80 8.36 45.0 29.2 25.6 

2 1.40 3.00 30.0 28.5 10.0 

3 4.20 7.00 30.0 29.0 32.4 

4 1.40 3.00 60.0 31.0 8.00 

5 4.20 3.00 30.0 28.0 28.0 

6 0.440 5.00 45.0 25.0 3.00 

7 4.20 7.00 60.0 44.6 47.6 

8 1.40 7.00 30.0 10.0 3.00 

9 2.80 5.00 45.0 32.2 25.1 

10 5.15 5.00 45.0 42.0 37.0 

11 2.80 5.00 70.2 33.0 28.0 

12 1.40 7.00 60.0 17.0 7.50 

13 2.80 5.00 45.0 32.5 25.8 

14 2.80 1.64 45.0 37.0 24.0 

15 2.80 5.00 45.0 31.7 26.1 

16 2.80 5.00 45.0 32.3 25.7 

17 2.80 5.00 45.0 31.9 25.4 

18 4.20 3.00 60.0 34.0 31.4 

19 2.80 5.00 45.0 32.1 26.2 

20 2.80 5.00 19.8 18.4 21.0 

The results compared with the study achieved by Deng and Casey (2011) used persulfate dosage 
(S2O8

2−:12COD0 = 0.1:2). The study reported 55% removal for COD at 50 °C. Although several literatures 
reported different applications in activation of persulfate to enhance its powerful oxidation by release sulfate 
radicals; such as heat, UV, ozone, Iron ions and high pH (Shiying et al., 2009; Abu Amr et al., 2013a; Lin et al., 
2011; Furman et al., 2011; Rastogi et al., 2009; Hung et al., 2002; Gao et al., 2012), however, persulfate can 
be act alone as a good oxidant and can be efficiently activated with the existing of natural clay menials and 
inorganic components in leachate (Block et al., 2004). Furthermore, the high level of heavy metals and trace 
elements found in leachate can be tack place in naturally activation of persulfate. Ahmad et al., (2010) 
investigated the effect of Iron and manganese oxide found in natural soil on persulfate activation. When 
persulfate mixed with iron (II), it is capable of forming the sulfate radical (SO˙4¯) that has an even higher redox 
potential (E°= 2.6 V) (Killian et al., 2007). Rastogi et al., (2009) explained the effects of iron ions on persulfate 
activation (Eq. 5 & 6)  

Fe3++S2O8
2-→2SO4

•-+Fe2+ (5) 

Fe2++SO4
•-→Fe3++SO4

2- (6) 
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Iron ions in leachate can play a significant role in enhance of persulfate oxidation. In the study that was 
implemented by Killian et al., (2007), they found that the lower iron concentration in soil could be used as a 
persulfate activator to reduce the consumption of persulfate and to increase the organic degradation of 
contaminants. It means that the time and the presence of iron as one of the predominant heavy metals found 
in the current leachate samples will enhance the treatment processes and the organic removal efficiency.   

Tan et al., (2012) achieved high level of diuron reduction in aqueous solution used Iron ions for persulfate 
activation. Li et al., (2014) employed Zero valent Zn° in activation of persulfate for degradation of methyl 
orange. The studied leachate reported 48.7 mg l-1, 0.08 mg l-1 and 5.84 mg l-1 for Iron, Manganese and Zinc, 
respectively (Table 2).    

Moreover, the removal efficiencies for COD and ammonia were increased by increasing the pH. At high pH 
conditions, alkaline activation is very productive in generating sulfate and hydroxyl radicals. Both radicals 
(SO4

.-and OH˙) have high oxidation potential (E°= 2.80 and E°= 2.70, respectively) (House, 1962). The effect of 
alkalinity on persulfate oxidation has been reported (Furman et al., 2011; Ocampo, 2009). At high pH value, 
hydroxyl radical can be act to activate persulfate and initiate sulfate radical (Eq. 7)  

S2O8
2-+OH-→HSO4

- +SO4
2-+ 1

2⁄ O2 (7) 

Even though the optimal removal efficiency in the present study was obtained at the optimal temperature of 
28 °C and pH (7), significant removal efficiency was obtained also at low pH (3 - 4) (Fig.2). Deng and Ezyske 
(2011) obtained higher removal of COD and NH3–N from leachate at low pH (4) using persulfate alone. 
Shabiimam and Dikshit (2012) reported lower organic removal in stabilized leachate at acidic medium (pH 
2.5) using sodium persulfate reaction. Furthermore, Lin et al. (2011) obtained the best removal of Phenol 
from wastewater at high pH (11) using UV for persulfate activation. 

3.1 Analysis of Variance (ANOVA) 

Table 5 presents the statistical parameters of ANOVA regression for the predicted models for COD and NH3–
N removal. The data given in this table demonstrate that all of the models were significant at a 5% confidence 
level, given that the P values were less than 0.05. The coefficient of determination (R2) for COD and NH3–N 
removal (R2 = 0.970 and 0.972 respectively). (R2 = 0.9236, and 0.9062, respectively) were higher than 0.80. A 
high R2 value illustrates good agreement between the predicted and experimental results and shows that a 
desirable and reasonable agreement with the adjusted R2 (Nordin et al., 2004). The “adequate precision” (AP) 
ratio of the two models are 25.4, which is adequate. AP values above 4 are desirable and confirm that the 
predicted models can be used to navigate the space defined by the central composite design (CCD). The Model 
F-value for COD and Ammonia removal of 35.86 and 38.9, respectively, implies the models are significant. The 
lack of Fit was statistically significant with F-value of 87.01 and 79.01 for COD and Ammonia removal, 
respectively with p value of <0.0001. 

The final regression models, in terms of coded factors, are presented in Eqs. (8&9). 

COD removal (%)=70.0 + 18.8  * A + 41.6 * B + 16.2* C - 3.00 * A2 - 0.270  * B2-2.89  * C2 + 27.6 * A * B+ 7.56 * A * C + 1.76 * B * C (8) 

NH3-N removal (%) =-30.3 - 132.  * A + 29.3* B + 18.5 * C - 60.4 * A2 - 0.739  * B2-0.845* C2 + 17.6 * A * B + 10.1 * A * C + 2.29* B * C (9) 

Normal probability plots of the standardized residuals and diagnostics of COD and NH3–N removal were 
confirmed that the selected models provided suitable similarity of the real design and demonstrate the 
normal probability plots for the standardized residuals (Fig 1). The relationship between experimental and 
predicted results of COD and NH3-N removals is illustrated in Fig. 1. It can be seen that the predicted and 
experimental values arranged along with the fit line indicating that the predicted and experimental values 
were in high reasonable agreement (Fig 1). 
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COD removal (%) NH3-N removal (%) 

  

  

Figure 1. Design Expert plot; normal probability plot of the standardized residual and Actual versus 
predicted removal of COD and NH3-N  

3.2 Treatment Efficiency and Optimization Process 

To determine the interaction between independent factors and the responses, 3D surface response plots 
were performed by Design Expert 6.0.7 software. The maximum removal of COD and NH3–N were 45 % and 
47%, respectively (Fig. 2). The maximum removal value for COD and NH3-N was obtained at maximum 
persulfate dosage of 5.15 g, pH 7 and reaction time 60 min. The maximum persulfate dosage at natural pH (7) 
resulted in the formation of hydroxyl and sulfate radicals, which is considered as a further improvement of 
the oxidation process efficiency. However, excess amount of sulfate ions participate in consuming an amount 
of hydroxyl radical. This condition inhibits a part of the oxidation and decreases the efficiency of the 
compound pollutants elimination in the treatment process (Tizaou et al., 2007). Deng and Ezyske (2011) 
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observed the same results when used sulfate radical for leachate treatment. The interaction between pH and 
persulfate is illustrated in Figs 2. 

Table 5. ANOVA and adequacy of the quadratic model for COD and NH3-N 
C

O
D

 r
em

o
va

l (
%

) 

 Sum of  Mean F   

Source Squares DF Square Value Prob> F  

Model 1.16E+003 9 129. 35.9 < 0.0001 significant 

A 0.797 1 0.797 0.222 0.648  

B 214. 1 214. 59.7 < 0.0001  

C 32.4 1 32.4 9.02 0.0133  

A2 0.207 1 0.207 0.0576 0.815  

B2 1.05 1 1.05 0.293 0.600  

C2 120. 1 120. 33.4 0.000178  

AB 243. 1 243. 67.6 < 0.0001  

AC 18.3 1 18.3 5.09 0.0476  

BC 24.9 1 24.9 6.92 0.0252  

Residual 35.9 10 3.59    

Pure Error 0.408 5 0.0817    

Cor Total 1.20E+003 19     

Lack of Fit 35.53 5 7.11 87.01 < 0.0001 significant 

Std. Dev.:1.90; R2: 0.970; Mean: 30.0; Adj R2: 0.943; C.V.: 6.33; Pred R2: 0.770; PRESS: 275; 
Adeq Precision: 25.4 

N
H

3-
N

 r
em

o
va

l (
%

) 

 Sum of  Mean F   

Source Squares DF Square Value Prob> F  

Model 2.43E+003 9 270. 38.9 < 0.0001 significant 

A 38.9 1 38.9 5.59 0.0396  

B 106. 1 106. 15.3 0.00293  

C 42.4 1 42.4 6.11 0.0330  

A2 84.0 1 84.0 12.1 0.00594  

B2 7.88 1 7.88 1.13 0.312  

C2 10.3 1 10.3 1.48 0.251  

AB 98.7 1 98.7 14.2 0.00367  

AC 32.4 1 32.4 4.66 0.0562  

BC 41.9 1 41.9 6.03 0.0340  

Residual 69.5 10 6.95    

Pure Error 0.868 5 0.174    

Cor Total 2.50E+003 19     

Lack of Fit 68.61 5 13.72 79.01 < 0.0001 significant 

Std. Dev.:2.64; R2:0.972; Mean: 23.0; Adj R2: 0.947; C.V: 11.4; Pred R2:0.789 
PRESS: 529.; Adeq Precision: 25.4 

Optimization was performed to determine optimum removal of COD and NH3–N. According to the 
optimization step, the desired goal for each operational condition (i.e., persulfate dosage, reaction time and 
pH) was chosen “within” the range.  COD and NH3–N removal were selected as maximum to achieve the 
highest removal for COD and NH3–N. The optimum conditions established by software and respective removal 
efficiencies are presented in Table 6: around 46% and 48% removal of COD and NH3–N are predicted, 
respectively based on the model and under optimized operational conditions. An additional laboratory 
experiment was then performed to confirm optimum results. The said conducted laboratory experiments 
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were agreed with the predicted response, and values with 45 % and 47% removal efficiency of COD and NH3-
N are obtained, respectively.    

COD removal (%) NH3-N removal (%) 

  

  

  

Figure 2. Response surface for COD and NH3-N removal efficiency as a function of persulfate dosage, (5.15), 
pH (7) and Reaction time, (60) min  
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Table 6. Optimization results for COD and NH3–N maximum removal efficiency.  

*RT: Reaction Time 

 
4. Conclusions 

 
In this study, the performance of persulfate oxidation for the treatment of solid waste leachate was 
investigated. The optimum conditions for the treatment were conducted with respect to operational 
conditions, namely, S2O8

2− concentration (5.15g), pH (7) variation, and reaction time (60 min). The maximum 
removal efficiency for COD and NH3-N was 45% and 47%, respectively. The results concluded that persulfate 
reagent can be used efficiently for pretreatment of high concentrated leachate.   
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