
Introduction

The sanitary landfill has been widely accepted for 
municipal solid waste treatment and disposal due to its 
lower cost of operation and maintenance as compared 
to others. However, landfill leachate is considered to be 

a heavily polluted and a likely hazardous wastewater 
that is produced during the biochemical decomposition 
of solid waste or as a result of water infiltration through 
solid waste. Landfill leachate exhibits considerable spatial 
and temporal variations. The chemical composition of 
landfill leachate primarily depends on site operations, 
refuse characteristics, and internal processes, and the 
major determinants are, in general, the amount and 
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Abstract

Leachate secondary effluent is usually unable to meet the national discharge permit in China and further 
treatment is a significant challenge because of the residual persistent pollutants. A novel magnetic composite 
coagulant of MFPFS was prepared from Fe3O4 nanoparticles and polymeric ferric sulfate (PFS). Landfill 
leachate secondary effluent was treated by MFPFS coagulation combined with sulfate radical oxidation due 
to Fe2+ activation. Higher COD and color removals were achieved using the MFPFS magnetic coagulant 
than by adding the coagulant PFS alone. Under the working conditions of 1:3 Fe3O4/PFS mass ratios, 
1.2 g/L MFPFS dosage, 50 min sedimentation time, and without pH adjustment, the removals of COD  
and color reached up to 60% and 80%, respectively. In the oxidation process, Na2S2O8 was activated by 
Fe2+ to generate sulfate radicals to oxide the residual pollutants in the effluent from MFPFS coagulation. 
In general, higher temperature, higher dosage, and lower pH were in favor of the oxidation efficiencies. Under 
the working conditions of 2.4 g/L Na2S2O8 dosage, 0.3 Fe2+/S2O8

2- molar ratio, pH 3.0, and 60ºC temperature, 
the COD and color removals can reach up to 75% and 95%. After being treated by the combined process, 
no violation of Chinese effluent standards for landfill leachate was found in respect of each individual 
parameter, including COD, color, and other parameters like BOD, total nitrogen, and ammonia nitrogen. The 
combined process was a promising alternative treatment pathway for leachate secondary effluent.
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morphology of the deposited waste, the age of the landfill 
and the corresponding landfill fermentation stage, the 
depositing technology, and the environmental conditions 
(e.g., temperature and rainfall) [1]. The treatment of 
landfill leachate is complicated and expensive because 
of the high loading, complex chemical composition, and 
seasonally variable volumes. Many techniques for treating 
landfill leachate have been developed, including physical, 
physical-chemical, and biological process [2]. It is difficult 
to obtain satisfactory treatment efficiency using individual 
treatment methods. No single unit process is available 
for proper landfill leachate treatment. Among those, 
biological degradation is the most prevalent technology 
used for treating landfill leachate and is often used as a 
preferred process due to its low cost [3]. However, during 
the operation of landfills, the COD value and ammonium 
nitrogen concentration increase and the bio-degradability  
of organic pollutants decreases, and meanwhile the C, N, 
and P ratios become unbalanced. These would lead to the 
biological technology being more difficult to effectively 
treat landfill leachate alone [4]. After being treated by 
the biological process, there are still many residual 
persistent pollutants in the effluent, which is necessary 
to be further treated since it is always unable to meet the 
national discharge permit in China. Treatment of leachate 
secondary effluent is a significant challenge because of 
the residual persistent pollutants. Engineering practice 
shows that there is no perfect process for the treatment of 
leachate secondary effluent. Therefore, it is strategically 
important to develop an economical technical process for 
the treatment of leachate secondary effluent.

Coagulation is a core environmental protection 
technology that has a wide range of applications in 
wastewater treatment projects. When combined with 
other appropriate technologies, coagulation is a viable 
option for the treatment of various types of wastewater 
due to its simplicity and cost-effectiveness. For example, 
this method has been used in the pre- or post-treatment 
of landfill leachate to enhance the biodegradability of the 
leachate or to remove residual recalcitrant pollutants [5-
6]. Coagulation efficiency is fundamentally determined 
by the inherent properties of the coagulants and 
wastewater quality [7]. With the rapid development of 
nanotechnology, magnetic nanoparticles have been widely 
applied in the field of water and wastewater treatment. 
Fe3O4 nanoparticles are a type of material characterized 
by having a larger specific surface area, exhibiting a 
stronger adsorption capacity, and easy separation [8]. 
Composite magnetic coagulants are considered to 
have better coagulation performance than traditional 
coagulants since their magnetic components may improve 
coagulative behavior. Zhang [9] successfully synthesized 
a novel ferromagnetic nanoparticle of composited PACls. 
The experiment indicates that the addition of Fe3O4 can 
not only effectively increase COD removal but also 
significantly accelerate the sedimentation rate of particles 
during coagulation. A study conducted by Jiang [10] 
illustrates that coagulation performance is significantly 
better when a new type of composite flocculant prepared 

by introducing Fe3O4 nanoparticles into polyferric chloride 
is applied to algae removal than when polyferric chloride 
is used alone. Fe3O4 nanoparticles can improve floc 
density and settling performance, thereby enhancing the 
removal of Microcystis aeruginosa. Fe3O4 nanoparticles 
and an organic flocculant (chitosan or polyacrylamide) 
are combined to prepare the inorganic organic composite 
flocculant that is applied to the wastewater treatment [11-
12]. The combination of these materials has been found to 
generate a strong synergistic effect that can significantly 
improve coagulation performance. 

Although coagulation can considerably remove COD, 
color, and other pollutants from wastewater, this method 
may not always result in satisfactory treatment efficiencies 
when applied alone and its effluent can often not meet the 
national discharge permit. Advanced oxidation processes 
(AOPs) have been widely applied in the treatment of 
wastewater containing different organic compounds that are 
non-biodegradable and/or toxic to microorganisms. Typical 
AOP systems for leachate treatment had been widely 
studied, including electro catalytic oxidation [13-14], wet 
air oxidation [15-16], ozonation [17], and Fenton [18] or 
Fenton-like oxidation [19] as well as their combination 
[20]. In recently years, Persulfate (S2O8

2-) has drawn 
increasing attention as an alternative oxidant in oxidation 
of contaminants and is considered to be a promising 
oxidant [21]. Persulfate can be activated to form a stronger 
oxidant of sulfate radical by heat [22], transition metal ions 
[23], or UV light [24]. It has been demonstrated by related 
studies that a broad spectrum of organic pollutants can 
be rapidly degraded in surfate radical oxidation [25]. The 
advanced oxidation process based on sulfate radical has a 
strong oxidative capacity and low cost, which facilitates its 
potential application in wastewater treatment. However, 
it is rarely reported in research that a sulfate radical was 
applied in the treatment of leachate. 

So in this work, a novel magnetic composite coagulant 
of MFPFS was prepared from Fe3O4 nanoparticles and 
PFS and was introduced to remove the residual pollutants 
from leachate secondary effluent combined with sulfate 
radical oxidation due to Fe2+. The objective of this study 
was to examine whether the new combined process was 
a feasibly integrated technique for efficiently treating 
leachate secondary effluent and find the best operation 
parameters as reference for engineering applications.

Material and Methods 

Wastewater Samples

The experimental wastewater was a biological pre-
treated leachate sample taken from a municipal solid 
waste landfill disposal plant in Jiujiang City, Jiangxi 
Province, PR China. The malodorous wastewater was 
brown and contained some suspended materials. Typical 
characteristics of the wastewater are presented as follows: 
COD 580-760 mg/L, color 280-360 times, pH 6.4-6.7, and 
ammonia nitrogen 62-74 mg/L. 
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Coagulation Experiments 

With and without prior pH adjustment and for different 
dosages, coagulation experiments were performed by 
jar test. The pH values of samples were adjusted to the 
desired levels by the addition of appropriate amounts of 
H2SO4 or NaOH solution. The time and speed of mixing 
for rapid and slow mixing were set automatically by 
means of a controller. Briefly, 800 ml of wastewater were 
added with a certain amount of coagulant, after which the 
test was conducted by subjecting the solution to 1 min of 
rapid mixing followed by 10 min of slow mixing. Next, 
the mixed samples were allowed to settle without agitation 
for certain time. The supernatant was withdrawn from 
the beakers and used for chemical analysis and further 
treatment by sulfate radical oxidation.

Sulfate Radical Oxidation Experiments

With and without prior pH adjustment, sulfate radical 
oxidation was conducted using Na2S2O8 as oxidant. 
100 mL of leachate secondary effluent was added into a 
250 ml Erlenmeyer flask. Certain amount of Na2S2O8 and 
Fe2+ were added to the solution. Then the mixed solution 
was shaken at 150 rpm using a shaking water bath at a 
controlled temperature. Oxidation was initiated by the 
addition of a certain amount of Na2S2O8. The oxidation 
time was set for 12 hours. 

Analysis Methods

COD, BOD, total nitrogen, ammonia nitrogen, and 
color were measured according to the Manual Standard 
Methods for the Examination of Water and Wastewater 
drawn by the Chinese Environmental Protection Agency. 
pH was measured using a pH-Meter (model PHS-3C). 
The chemical reagents used here were all analytical 
grade purchased from Shanghai Chemical Technology 
Company, China. 

Results and Discussion 

MFPFS Coagulation Process

Effect of mass ratio of Fe3O4/PFS in MFPFS on 
coagulation performance

The MFPFS reagents with different Fe3O4/PFS mass 
ratios were prepared and coagulation experiments of the 
newly prepared reagents were performed under the same 
conditions and the results are shown in Fig.1. As shown 
in Fig.1, higher or lower mass ratios of Fe3O4/PFS were 
not facilitated regarding coagulation performance. With 
an increase in the mass ratio of Fe3O4/PFS, the COD and 
color removals first slowly increased and then gradually 
declined. The color removal rate reached its highest value 
of 83% when the mass ratio was 1:4. When the mass ratio 
was increased to 1:3, the COD removal rate reached its 
highest value at 62%, and the color removal rate reached 

81%. As the mass ratio continued to increase, the COD 
and color removals became reduced to a certain degree. 
When the mass ratio was 1:1, the COD and color removals 
were only 42% and 57%, respectively. The COD removals 
reached up to the highest under the mass ratio of 1:3. 
Even if color removal was reduced slightly, the removal 
ratio was still high. Therefore, the optimum mass ratio of 
Fe3O4/PFS for preparing MFPFS was 1:3. 

Effect of pH on Coagulation Performance

Wastewater pH is an important parameter in the 
coagulation process. It affects the pollutant form and 
the Zeta potential of colloid granule and then affects 
coagulation performance. In order to investigate the 
possible effect of initial pH and obtain the optimum pH at 
which the coagulation process performs most effectively, 
the pH of landfill leachate was adjusted to desired value. 
The effect of pH variation on coagulation performance 
was examined and the results are shown in Fig. 2. It 
can be clearly seen from Fig. 2 that the COD and color 
removals were first on the steep increase and then on the 

Fig. 2. Coagulation performance of MFPFS at different pH 
levels.

Fig. 1. Coagulation performance of MFPFS at different mass 
ratios of Fe3O4/PFS.
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very slow decline. When pH value was 4.0, the COD and 
color removal rates were the lowest – at 24% and 56%, 
respectively. When pH was 6.0, color removal reached 
its highest level at 85%. When pH increased to 6.5, COD 
removal reached its highest value at 60%, and color 
removal 80%. When pH was increased from 6.5 to 8.0, 
the COD and color removals slowly decreased with an 
increase in pH value. However, COD and color removal 
still reached 52% and 78%, respectively, at pH 8.0. This 
illustrates that the optimum wastewater pH value scope 
was wide. In general, the coagulation performances were 
good in the scope of from pH 6.0 to pH 8.0. Since the initial 
pH value was generally in the feasible range of coagulation 
and considering pH adjustment was uneconomical in 
practical engineering terms for an indistinct increase of 
COD removal, no pH adjustment was carried out during 
the followed trials.

Effect of Sedimentation Time on Coagulation 
Performance

The sedimentation process aims to separate the solid 
(mainly flocs) from the wastewater and produce the 
treated supernatant. The effect of sedimentation time on 
the coagulation performance is shown in Fig. 3. Both 
COD and color removals were on a sharp upward trend 
with the sedimentation time increasing from 10 to 50 min, 
while keeping nearly constant after that. Sedimentation 
time is an important factor affecting the quality of treated 
supernatant. The fine solid particle left in the supernatant 
caused by scant sedimentation time is a contribution 
not only to the pollutants in supernatant but also to the 
burden of the latter treatments. Excessive sedimentation 
time maybe benefits better coagulation performance. 
However, this needed a larger footprint and then results 
in increasing much more capital construction cost 
investment. Considering the COD and color removal 
variations in general, it was suggested that the optimum 
sedimentation time was about 40 to 50 minutes under the 
given conditions.

Coagulation Performance of PFS and MFPFS 
at Different Dosages

The coagulation performance of PFS and MFPFS at 
different dosages is shown in Fig. 4, where coagulation 
performance of MFPFS was obviously better than that of 
PFS under the same conditions. Coagulation performance 
had been greatly improved by the introduction of Fe3O4 
nanoparticles. As the dosages of PFS and MFPFS increase, 
COD and color removals tended to initially increase 
quickly followed by a slow decline. When the dosage is 
0.9 g/L, COD removal with the MFPFS coagulant reached 
its maximum at 56%. By contrast, COD removal with PFS 
alone was only 45%. COD removal when MFPFS was 
added was 11% higher than when only PFS was added. At 
this dosage, color removal of MFPFS and PFS were 82% 
and 69% respectively. Color removal when MFPFS was 
added was 13% higher than when only PFS was added. 
The reason is that, firstly, Fe3O4 nanoparticles with larger 
specific surface area and adsorption capacity can become 
the cores of floc in the coagulation process, playing the role 
of heterogeneous nucleation [10] and, consequently, the 
density and settling property of the coagulation body were 
improved, and the floc formation, aggregation, and settling 
time were shortened, thereby enhancing the coagulation 
of PFS [9]. The second (with increased dosage) Fe3O4 
became easier to combine with the coagulation body of the 
coagulant to form a more compact magnetic flocculation 
due to its magnetic property. Moreover, mutual attraction 
between magnetic particles was enhanced, thus increasing 
the number of particles that aggregate into large aggregates 
and ultimately leading to a good coagulation effect [26].

As shown in Fig. 4, when the dosage of MFPFS 
increased from 2.0 to 2.5 g/L, the COD and color 
removals decrease from 62% to 46%, and from 78% to 
71%, respectively. This indicated that overdosing of 
coagulant would deteriorate the coagulation performance. 
The reason is that an increased dosage of MFPFS causes 
a greater dosage of Fe3O4. Thus, self coagulation would 

Fig. 4. Coagulation performance of PFS and MFPFS at different 
dosages.

Fig. 3. Coagulation performance of MFPFS at different 
sedimentation times.
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occur between Fe3O4 nanoparticles, which would no 
longer combine with the coagulation body of the coagulant 
to form a more compact magnetic coagulation. As such, 
these nanoparticles can no longer facilitate heterogeneous 
nucleation, resulting in poor coagulation performance. In 
addition, according to the charge neutralization theory, 
hydrolyzed products of the added coagulant can interact 
with negative colloids and neutralize their charges, which 
cause colloid destabilization and removal. With more 
than the appropriate dosage than the amount required 
for coagulation, the colloids can absorb the cations 
then become positively charged, resulting in renewed 
stability because of electrical repulsion, thus leading 
to poor coagulation performance [27]. Overdosing the 
coagulant not only weakened coagulation efficiency but 
also increased the cost. With MFPFS dosage in the scope 
from 0.9 g/L to 2.0 g/L, the COD and color removals 
still reached up to 56% and 80%. These illustrate that 
the optimum MFPFS dosage scope was wide at the 
experimental conditions, which makes dosage control and 
coagulant popularization easier.

On the basis of the above analysis, the optimum 
conditions for the treatment of landfill leachate by MFPFS 
coagulation are at 1:3 mass ratio of Fe3O4/PFS in MFPFS, 
approximately 1.2 g/L MFPFS dosage, and approximately 
pH 6.5 (without adjusting pH). Under these conditions, the 
removal rates of COD and color reached up to 62% and 
85%, respectively. 

Sulfate Radical Oxidation Process

After treatment by MFPFS coagulation, the typical 
parameters of the effluent were: COD 235-282 mg/L, 
color 70-100 times, and pH 6.1-6.5. The effluent of 
MFPFS coagulation was further subject to treatment by 
sulfate radical oxidation due to Fe2+ activation.

Effect of Na2S2O8 Dosage 
on Oxidation Performance

 
Oxidant dosage is an important parameter in the sulfate 

radical oxidation process. The effect of Na2S2O8 dosage on 
oxidation performance is shown in Fig. 5, which shows 
that a high Na2S2O8 dosage generally favored COD and 
color removals. Generally, the trends of the COD removal 
and color removal were similar to Na2S2O8 dosage, and 
increasing Na2S2O8 dosage would improve oxidation 
performance. Observing the COD removal curve, it can 
be seen that COD removal significantly increased with 
Na2S2O8 dosage from 0.4 to 2.4 g/L. When the oxidant 
dosage was 2.4 g/L, the COD removal rate reached up to 
72%. When the Na2S2O8 dosage was continually increased 
from 2.4 to 3.2 g/L, the COD removal percentage did 
not significantly increase and remained relatively steady. 
The sulfate radical oxidation had a strong capacity of 
decoloration from leachate secondary effluent. When the 
oxidant dosage was 1.6 g/L, the color removal rate reached 
up to 90%, and in the range of Na2S2O8 dosage from 2.0 to 

3.2 g/L, the effluent color nearly completely disappeared 
and the color removals were all more than 95%.

Effect of Fe2+/S2O8
2 Molar 

on Oxidation Performance

A suitable Fe2+/S2O8
2 molar ratio is necessary in the 

sulfate radical oxidation due to Fe2+ activation. Too high 
and too low Fe2+/S2O8

2 molar ratios are unfavorable to 
oxidation performance. As shown in Fig.6, a suitable Fe2+/
S2O8

2 molar ratio favored oxidation performance. COD 
removal first remarkably increased with Fe2+/S2O8

2 molar 
ratio from 0.1 to 0.3 and then declined with Fe2+/S2O8

2 

molar ratio from 0.3 to 0.8. The peak removal rate of COD 
appeared at Fe2+/S2O8

2 molar ratio 0.3, with 72% COD 
removal. When the Fe2+/S2O8

2 molar ratio was increased 
to 0.6, the COD removal rate declined to 56%. This likely 
occurred because the Fe2+ dosage added was greater than 
the amount required for activation. Observing the removal 
curve, it can be seen that the color removal rate first 

Fig. 6. Oxidation performance of sulfate radical at different Fe2+/
S2O8

2- molar ratios.

Fig. 5. Oxidation performance of sulfate radical at different 
Na2S2O8 dosages.
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increased and then slightly declined with the Fe2+/S2O8
2 

molar ratio. Furthermore, it should be mentioned that the 
effluent color was always lower than 40 times in the whole 
Fe2+/S2O8

2 molar ratio and met the discharge permission 
(lower than 40 times) established by the Chinese 
Environmental Protection Agency. In consideration of 
COD removal and color removal, it was suggested that the 
application of Fe2+/S2O8

2 = 0.3 would be appropriate for 
wastewater treatment.

Effect of pH on the Oxidation Performance

pH is also an important parameter in treating 
wastewater by sulfate radical oxidation. As shown in Fig. 
7, in general the trends of COD removal and color removal 
were similar to pH, and heightening pH would weaken 
oxidation performance. Both the COD removal and color 
removal were the highest at pH 3, and the removal rates 
reached 75% and 98%, respectively. Observing the COD 
removal curve, it can be seen that the COD removal 
rate first slowly declined with pH from 3 to 4 and then 
rapidly declined with pH from 4 to 7. When the pH value 
increased to 7.0, the COD removal rate declined to 39%. 
As for color removal, the removal rate slightly declined 
with pH from 3 to 5 and then remarkably declined with pH 
from 5 to 7. It had been reported that heightening pH has a 
dual effect (positive and restrictive) on pollutant removal 
in sulfate radicals oxidation based on thermal activation. 
On the one hand, heightening pH is in favor of Na2S2O8 
activation generating sulfate radicals and then enhancing 
oxidation capacity. On the other hand, heightening pH can 
elevate the alkalinity level, which results in enlarging the 
side reactions of sulfate radicals with CO3

2- and HCO3
-, 

thus weakening the oxidation efficiencies. As a whole, it 
is reflected (as shown in Fig. 5) that the second parameter 
played a key role and heightening pH would deteriorate the 
oxidation efficiencies in the treatment of the wastewater. 
The result was similar to that provided in a study 
conducted by Shen to evaluate the oxidation efficiency 
of diphenylamine by persulfate [28]. Considering COD 

removal and color removal, it was suggested that applying 
pH 3-4 would be appropriate for wastewater treatment.

Effect of Temperature 
on Oxidation Performance

It can be seen from Fig. 8 that high temperatures 
generally favor oxidation performance. The oxidation 
efficiencies were better at higher temperatures than those 
at low temperatures under the same conditions. When the 
temperature was 25ºC, COD removal and color removal 
were only 43% and 80%, respectively. When the temperature 
was increased to 45ºC, COD and color removals reached 
up to 65% and 95%, respectively. However, it could be 
found that although the higher temperature resulted in 
higher COD removal and higher color removal, oxidation 
efficiency improvement due to temperature elevation was 
gradually weakened. Improvement due to the elevation 
activation temperature became poor when continuously 
increasing the activation temperature from 45ºC to 75ºC. 
As a consideration of COD removal and color removal, it 
was suggested that the application of 45-60ºC would be 
appropriate for wastewater treatment.

The above results demonstrated that sulfate radical 
oxidation based on Fe2+ activation could adequately 
remove refractory organics from leachate secondary 
effluent. This indicated that sulfate radical oxidation can 
readily degrade organic matter in wastewater. 

Removal Efficiencies of Pollutants 
by the Combined Process of MFPFS Coagulation 

and Sulfate Radical Oxidation 

The pollutants in the leachate secondary effluent are 
not only indicated as COD and color, but also BOD5, 
ammonia nitrogen, and total nitrogen. The removal 
efficiencies of these parameters were also investigated 
under the optimized conditions. In this experiment, the 
coagulant dosage of MFPFS was fixed at 1.2 g/L in the 

Fig. 8. Oxidation performance of sulfate radical at different 
temperatures.

Fig. 7. Oxidation performance of sulfate radical at different pH 
values.
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coagulation process; the conditions in the oxidation 
process were: Na2S2O8 dosage = 2.0 g/L, Fe2+/S2O8

2 = 0.3, 
pH = 3.0, and T = 60ºC. After treatment by the combined 
process, the typical parameters of the wastewater are listed 
in Table 1.

As shown in Table 1, the combined processes can result 
in satisfactory treatment efficiencies. The concentration of 
COD decreased from 624 mg/L to 261 mg/L by MFPFS 
coagulation and further decreased from 261 mg/L to 
74 mg/L. It can be seen that the reduction of color was 
significant and the color completely disappeared (after 
oxidation), which indicated that the combined processes 
have a notable capacity for removing color. Concentration 
changes of ammonia nitrogen and total nitrogen before and 
after treatment were investigated. The coagulation process 
hardly removed ammonia nitrogen and total nitrogen 
while sulfate radical oxidation exhibited good capacity 
for ammonia nitrogen and total nitrogen removals. The 
concentration of ammonia nitrogen and total nitrogen 
decreased to 18 mg/L and 35 mg/L, respectively. 
Certainly, it should be mentioned that after being treated 
by the combined process no violations of Chinese effluent 
standards for landfill leachate were found in respect to 
each individual parameter. 

Conclusion

In this work, the application of the combined process 
of MFPFS coagulation and sulfate radical oxidation based 
on Fe2+ activation for leachate secondary effluent was 
studied, and it proved to be an efficient and promising 
method. 

Coagulation performance is significantly better when 
the novel magnetic coagulant MFPFS was prepared by 
introducing Fe3O4 nanoparticles into PFS as applied in 
treating leachate secondary effluent when PFS is used 
alone. Fe3O4 nanoparticles can improve floc density and 
settling performance, thereby enhancing pollutant removal 
from the wastewater. The optimum mass ratio of Fe3O4/
PFS for preparing MFPFS is 1:3. Without adjusting pH, 
at a dosage of 1.2 g/L the removal rates of COD and color 

reach up to 60% and 80%, respectively. 
The oxidation efficiencies were affected by the factors 

of Na2S2O8 dosage, Fe2+/S2O8
2- molar ratio, wastewater 

pH, and temperature. With a 2.0 g/L Na2S2O8 dosage, 
0.3 Fe2+/S2O8

2- molar ratio, pH 3, and 60°C temperature 
as the optimum working conditions for the treatment of 
effluent from MFPFS coagulation, sulfate radical oxidation 
due to Fe2+ activation could efficiently remove the residual 
contaminants, and the COD and color removals can reach 
up to 73% and 95%, respectively.

Apart from good efficiencies of COD and color 
obtained, the combined process can also efficiently 
remove other parameters like BOD, total nitrogen, and 
ammonia nitrogen. After being treated by the combined 
process, no violations of Chinese effluent standards for 
landfill leachate were found in respect to each individual 
parameter. The encouraging results demonstrated that the 
combined process could remove most target compounds 
and provide a viable alternative to the treatment of leachate 
secondary effluent.
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