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IntroductIon

Leachate is a relatively complex mixture and contain many 
compounds and its composition depends on temporal and 
spatial conditions.[1] Landfill leachate produced by Leachate is 
a relatively complex mixture and contain many compounds and 
its composition depends on temporal and spatial conditions. 
through the waste. On the other hands, the processes such as  
materials grinding and biological degradation can produced 
the leachate. Landfilled and composted leachate could contain 
hazardous contaminants, derived from different processes in 
human life; thus, the importance of its effective treatment and 
disposal is obvious.[2] Efficient treatment of leachate produced 
in composting plants is critical.[3,4] On the other hand, compost 
has higher organic matter content than urban solid waste; thus, 
the leachate produced from a compost site contains higher 
COD. A number of common leachate treatment techniques 

include recycling and combined treatment with municipal 
wastewater treatment, aerobic and anaerobic biological 
treatment processes that are used for young leachate treatment 
when the BOD5/COD ratio is high, and chemical methods 
such as adsorption, ozonation, and advanced oxidation process 
(AOP).[5,6]

Recently, increasing attention has been paid to sulfate 
radical due to its high efficiency for oxidation of organic 
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pollutants. Persulfate (S2O8) is a strong oxidant with an 
oxidation potential (Eo) of 2.01 V, compaired to O3 (2.07 V).[7] 
Furthermore, S2O8 has an ability to produce sulfate radicals 
that is an strong oxidant  (Eo = 2.7 V) with low cost and strong 
oxidative capacity.[8]

Persulfate can be activated by heat, metal, elevated pH, or 
ultraviolet (UV) irradiation to initiate sulfate radical-based 
AOPs (SR-AOPs).[9] UV irradiation and metals can also activate 
H2O2 to initiate OH radicals and photocatalysts.[10,11] SR-AOPs 
are widely used activate some persistent organic pollutants 
and toxic chemicals such as 2,4‑dinitrotoluene,[12] refractory 
organic contaminants and ammonia in landfill leachate,[13] 
reactive red 198,[14] dichloro‑diphenyl‑trichloroethane,[15] 
bisphenol A and phosphate,[16] and sulfaclozine.[17]

Therefore, due to the complex composition and the presence 
of toxic substances in leachate, SR-AOP can be a promising 
treatment for composting leachate.[18] Chemical oxidation 
processes are generally more expensive than biological 
treatment and are limited by requirement of corrosion-resistant 
equipment and high operational costs. A great reduction in 
costs could be achieved by combining AOPs with biological 
treatment. For instance, combined UV/H2O2 and biological 
treatment has decreased BOD5, COD and adsorbable organic 
halides concentrations below the standard.[19] If chemical 
oxidation and biological processes are designed and selected 
to complement each other, it is possible to achieve synergetic 
effects. In the case that effluent is first submitted to chemical 
oxidation to partially degrade organic compounds, it generates 
a higher biodegradable effluent with less amounts of toxic 
compounds that are easily assimilated by the biomass in the 
biological process.[20] Then, the cost and the environmental 
impact, associated to the oxidation processes, are substantially 
minimized. Anaerobic processes are the most cost-beneficial 
biological treatments. In some cases, anaerobic processes are 
the most efficient processes for toxic compounds removal 
and might be the logical choice for combination of biological 
and AOP treatments.[21] It is especially applicable for the 
treatment of composting leachate with high BOD and COD 
concentrations. Literature on composting leachate treatment is 
relatively limited; furthermore, there are no reports that show 
the use of SR-AOPs as a pretreatment for biological process. 
The objective of this study was to evaluate the performance 
of an SR-AOP as a pretreatment for composting leachate. It is 
assumed that SR-AOP as pretreatment can increase the BOD5/
COD ratio and improve the leachate COD removals efficiency 
in the downstream biological processes.

Experiments
Leachate samples were collected from a non‑sealed pond of 
composting leachate, every 10 days in 20 L plastic containers. 
In overall, eight samples were collected in 3 months. The 
collected samples were immediately transported to  laboratory 
and homogenized, and then stored in the refrigerator (4°C) 
with zero headspace. The dissolved sulfate was analyzed 
based on standard iodometric method.[22] Figure 1 shows 

different configurations of SR-AOP combined with biological 
treatment.

Aerobic sequencing batch reactor and sequencing batch 
reactor
The ASBR consisted of a cylindrical vessel working volume of 
1.2 L [ Figure 1, B]. An impeller at a speed rate of 20 rpm was 
used to mix the ASBR content. Temperature was maintained 
at 35.0°C ± 0.5°C inside the reactor by recirculation of 
water from a thermostatic bath. The reactor was operated 
with a sludge retention time (SRT) of 10 days and fed by a 
peristaltic pump. The flow rate was slowly increased during 
the first 15 days for microbial adaptations. Only during the 
first 15 days of adaptations, nutrient supplementation was 
provided with nitrogen and phosphorus to keep ratio of COD: 
N:P = 500:5:1 for the anaerobic treatment process. The 
leachate pH was corrected to 7 ± 0.5 (the pH of composting 
leachate was about 5.5). The pH maintanance was carried 
out with 1 M sodium hydroxide solution. The ASBR was 
fed with composting leachate at a feeding rate of 0.1 L/m 
for 10 min and then operated in the batch treatment mode. 
After the reaction period, the reactor mixture was allowed 
to settle for 60 min and the supernatant was withdrawn from 
the reactors. In each set, ASBR supernatant was injected to 
SBR [Figure 1, E]. The SBR was the same as ASBR in size 
and operation. In SBR, during the reactor feeding, the mixed 
liquor was kept fully aerated and the aeration proceeded for 
up to 6 h (reaction stage). Aeration was then shut down for 
3 h, during which the sedimentation stage proceeded. After the 
sludge was fully settled, the supernatant was removed from 
the reactor (withdrawal of treated leachate) and no sludge was 
wasted. Then, a new sample of leachate was fed to the reactor 
by a peristaltic pump.

Sulfate radical-based advanced oxidation process 
treatment
In a typical run, 20 mL of leachate was dispensed to a 60 mL 
serum vial installed in a water bath shaker (Precision, Reciprocal 

Figure 1: Different layout of combined sulfate radical‑based advanced 
oxidation process with biological treatment
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Shaking Bath Model 50, 401 Millcreek Road, Box 649. 
Marietta, Ohio 45750, USA) at a controlled temperature of 
25°C, 40°C, or 60°C. Oxidation was initiated by addition of 
certain amount of sodium persulfate (Na2S2O8, Fisher Scientific 
UK, Bishop Meadow Road, Loughborough, UK). The 
concentration of 500 mg/l sodium persulfate was selected for 
all tests on the basis of cost-effectiveness analysis.

Leachate pH was not adjusted in chemical oxidations by 
persulfate and all runs of oxidation process were performed 
with unchanged composting leachate pH (pH = 5.5). However, 
as mentioned previous stage, leachate pH was corrected to 
7 ± 0.5 for biological processes.

In pretests, starch and iodine test  was done as an indicator 
of redox titration in samples treated by persulfate and sulfate 
radicals. The results showed that in 2 h retention time, 
the persulfate was completely decomposed and oxidation 
processes were stopped; therefore, the reaction time 0.5, 1, 
and 2 h were chosen for oxidation time in all runs.

In this study, persulfate was activated only by heat without 
addition of chemicals. In different runs, oxidation experiments 
were performed in 25°C, 40°C, and 60°C.

Sulfate radical-based advanced oxidation process 
combined with biological treatment
In this stage, the combination of SR-AOP as pretreatment with 
ASBR and SBR was studied [ Figure 1, C and D].

After each change or chemical treatment on leachate, biological 
reactors were operated for at least three hydraulic retention 
times (HRTs) duration (6, 10, and 12 h) and two SRT (5, 7, and 
10 days) at steady state. Steady-state conditions were assumed 
to be attained when the soluble COD ( sCOD) of reactor 
effluent were nearly constant for a few days. pH adjustment 
in raw leachate was applied before injection into biological 
reactors, and in some cases, it was performed after the SR-AOP. 
During each experiment, samples were withdrawn from the 
reactor to analyze initial and final  sCOD and BOD5.

results

The properties of composting leachate samples used in this 
study are summarized in Table 1. The COD of composting 
leachate was significantly higher than typical landfill 
leachate (80,000–100,000 mg/L compared to 2000–10,000). 
Table 2 shows the BOD5/COD ratio of raw leachate and 

effluents from different treatment setup [ Figure 1, A to F] and 
its actual COD removal efficiency.

As shown in Table 2, the BOD5/COD ratio of effluent of 
biological treatment including SBR and ASBR was relatively 
lower than raw leachate. On the other hand, by applying the 
combination of SR-AOP with biological treatment led to COD 
removal efficiency ascending [Table 2].

The variation of COD removal efficiency and also the 
improvement of  biodegradability (BOD5/COD ratio) of 
composting leachate as function of persulfate dose are 
illustrated in Figure 2. It is notable that the percentage of 
COD removal was sharply increased initially rather than 
BOD5/COD ratio by persulfate concentrations increases. In 
addition, effect of persulfate activation temperature on COD 
removal efficiency and BOD5/COD ratio are summarized 
in Table 2.

dIscussIon

As illustrated in Table 2, the activation of persulfate in 
higher temperature causes higher COD removal efficiency 
and BOD5/COD ratio. Higher temperatures could effectively 
activate persulfate to form more sulfate radicals, leading to 
higher COD removal efficiency Gao et al. reported that, at 
high temperatures, Fe2+ and Fe3O4 could effectively activate 
persulfate to form sulfate radicals and leading to high removal  
efficiency of nitric oxide.[23]

 As shown in Table 2, comparing to the raw leachate, the BOD5/
COD ratio of effluents of biological treatment including ASBR 
and SBR was relatively reduced. Thus, it is expected that the 
efficiency of the second biological unit is significantly reduced 
when the biodegradability is decreased. The BOD5/COD ratio 
can be regarded as an index of biodegradability.

Some processes can improve the biodegradability such as 
ozonation, ultrasonic, and AOPs.[24] In some cases, ozone 
and ultrasonic suppose high initial costs. In this study, by 
comparing the price of persulfate with other oxidants used 
in advanced oxidation such as peroxide, it can conclude that 

Table 1: Characteristics of composting leachate samples

Parameter  Value
COD (mg/L) 86,000-92,000
BOD (mg/L) 41,200-47,000
pH 4.5-7
SO4 (mg/L) 260-315
NH4‑N (mg/L) 55-70
Fe (mg/L) 88
Cr (mg/L) 50
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Figure 2: Effect of persulfate dose on COD removal and biodegradability 
improvement of compost leachate
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persulfate is a practical and cost‑effective process to improve 
the biodegradability of composting leachate.

In this case, BOD5/COD ratio was increased to 0.5, but 
COD removal was not acceptable to meet the environmental 
discharge standard. The results demonstrated that, although 
SR-AOP process at cost-effective concentrations increases the 
BOD5/COD ratio, it cannot decrease the COD to acceptable 
level. After the ASBR treatment, the BOD5/COD ratio 
decreased from 0.4 to 0.34, and even lower values about 0.3. 
This is a clear indication that most of the easy to degrade 
organics were removed during this step. Thus, the efficiency 
of subsequent SBR unit can be affected if the biodegradability 
is not corrected. These results are in consistent with the study 
results of Zaloum and Abbott, who demonstrated that after 
the anaerobic treatment, the BOD5/COD ratio decreased 
significantly.[25] In these situations, it would be necessary to 
increase the retention time or HRT of the subsequent process 
to improve the COD removal. It is clear that this change causes 
higher costs for industrial purposes.

In reactor layout E, SBR used as a supplementary treatment 
after the ASBR. The results of Table 2 show that although the 
COD removal efficiency increased to 65%, still the effluent 
COD was approximately 32,000 mg/l and did not meet the 
effluent standard limits for environmental discharge. It is 
clear that the decreased biodegradability after the anaerobic 
treatment has adverse effect on COD removal efficiency of 
SBR in this arrangement. Uses of AOP or ozone to increase 
the BOD5/COD ratio before biological reactor could be the 
other solution.

We used SR-AOP as a pretreatment process to increase 
biodegradability of the leachate. It is notable that the 
SR-AOP-SBR process [ Figure 1, C] could improve 
COD removal efficiency more than the SR-AOP-ASBR 
[ Figure 1, D]. Although pretreatment with the SR-AOP clearly 
improved the BOD5/COD ratio of raw leachate before ASBR 
(from 0.4 to 0.65), the COD removal efficiency did not change 
significantly (from 25% to 27%). Results from previous studies 
have shown that persulfate contributed to increase sulfate 
concentration in the effluent of AOP as a result of the release 
of sulfate ions during these process ions.[26]

In this study, after SR-AOP, sulfate ions concentration 
increased significantly (280–560 mg/L); this increase can 

lead to an increase in sulfate-reducing bacteria (SRB) 
populations that rarely predominate in anaerobic reactors. 
Sulfate reducers and methanogens both live under strict 
anaerobic conditions with similar pH and temperature.[27] 
Kinetic studies have shown that sulfate reducers generally 
have higher maximum growth rates and higher affinity for 
substrates (i.e., lower half-saturation constants Ks) than 
methanogens.[28] Thus, sulfate reducers may dominate 
methanogens provided in this situation that sulfate do 
you mean resource? is not limited. Results from previous 
studies showed that the methanogens were the dominant 
organisms in COD removal convectional COD/SO4 ratios 
for high strength leachate, and there is no advantage to the 
anaerobic treatment of landfill leachate by sulfate reduction 
pathway.[29]

Despite this, the COD removal efficiency improved 
significantly in SBR process pretreated with the SR-AOP. 
These results show that increases in sulfate ions concentration 
cant influence aerobic process significantly.

In the last arrangement [Figure 1, F], SR-AOP was applied 
after ASBR and before SBR. The results show that COD 
removal efficiency and BOD5/COD ratio increased. One 
can hypothesize that an ASBR, applied before the SR-AOP, 
would remove the most biodegradable organic portion. 
SR-AOP promotes an increase in the biodegradability of 
the effluent. Thus, further aerobic treatment (SBR) may be 
used to complete the COD removal with reduced costs and 
highest efficiency. The effects persulfate activation by other 
methods such as high pH and iron sulfate and their effects 
on the efficiency of biological units can be investigated in 
subsequent studies.

conclusIon

The results of this study showed that pretreatment with the 
SR-AOP clearly improved the BOD5/COD ratio of raw leachate 
before ASBR (from 0.4 to 0.65), but the removal efficiency of 
ASBR did not change significantly.
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Table 2: BOD5/COD ratio and actual COD removal efficiency of A, B, C, D, E, and F configuration

Parameter Operating 
temperature 

(°C)

Raw 
composting 

leachate

Reactor layout

A B C D E F

BOD5/COD 25 0.4 0.3 0.3 0.65 0.36 0.65 0.69
COD removal (%) ‑ 20% 9% 65% 22% 43% 96%
BOD5/COD 40 0.4 0.34 0.36 0.65 0.43 0.61 0.65
COD removal (%) ‑ 25% 25% 65% 27% 45% 96%
BOD5/COD 60 0.4 0.36 0.47 0.55 0.37 0.66 0.65
COD removal (%) ‑ 21% 25% 67% 22% 51% 98%
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