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a b s t r a c t
One of the inevitable drawbacks of sanitary landfilling of municipal solid waste (MSW) is the 
production of leachate. This study aimed to assess the treatment of leachate for the purpose of 
removing ammonium and organic carbon using the anammox process. To grow autotrophic bacteria 
in the reactor, the carbon source was gradually decreased from 500 mg L–1 to less than 10 mg L–1. NH4 
and nitrite concentrations from 5 and 6.6 to 300 and 396 mg L–1, respectively, were injected into the 
reactor and the removal was investigated. Finally, in order to assess carbon and nitrogen removal 
simultaneously, the concentrations of chemical oxygen demand, ammonia, and nitrite were increased 
to 250, 500, and 660 mg L–1, respectively. The highest efficiencies for ammonium and nitrite removal 
that were obtained were 76.69% and 91.12%, respectively, at the volumetric loading rate of 0.15 and 
0.132 kg m–3 d–1 in the hydraulic retention time (HRT) of 24 h. As HRT decreased from 24 to 6 h and 
the loading rate increased, the highest efficiencies achieved for the removal of ammonia and NO2 were 
95.19% and 80.56%, respectively. Eventually, ammonium removal efficiency did not exceed 22.28% 
while the removal efficiency for organic matters was 72.63%. Contrary to nitrite, ammonium removal 
is dependent on the appropriate performance of the anammox process.

Keywords: �Anammox process; Leachate treatment; Ammonium removal; Organic carbon; Municipal 
solid waste
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1. Introduction

Sanitary landfilling, in the integrated solid waste man-
agement system, is still the final and most common disposal 
option for municipal solid waste (MSW) in the world [1]. One 
important inevitable drawback in sanitary landfilling of MSW 
is the production of leachate, which is an important threat to 
receiving water bodies and other ecosystems [1,2]. Leachate is 
produced from sanitary landfills or composting facilities due 
mainly to the percolation of rainwater through the layers of 
waste materials, the moisture content of waste materials, and 
biochemical interactions in the waste [2,3]. Municipal landfill 
leachate is defined as a hazardous and complex wastewater 
that may contain high concentrations of organic and inorganic 
pollutants such as toxic and non-biodegradable, high ammo-
nium nitrogen, dissolved organic matter (DOM) (humic and 
fulvic acids), heavy metals (HM), and xenobiotic organic (XO) 
compounds [1]. DOM, natural organic matter (NOM), HM, and 
XO are important threats to receiving water resource and other 
ecosystems [4–8]. Various physico-chemical and biological 
treatment methods including precipitation, adsorption and ion 
exchange [9], supercritical water partial oxidation [10], Fenton 
processes [11,12], membrane process [13], catalytic oxidation 
process [14], and different kinds of constructed wetland [15,16] 
have been used to treat leachate [3,17–20]. Biological process 
for high-strength wastewater such as landfill leachate that con-
tain high level of recalcitrant organic compounds is preferred 
treatment because economic and ecological aspects including 
lower operational and maintenance costs, energy saving, and 
smaller space requirements. But due to high levels of ammo-
nium and organic carbon in the leachate, any treatment method 
alone cannot be satisfactory [18,19]. A specific type of biological 
process such as anaerobic ammonium oxidation (anammox) 
could be effective for the removal of high levels of nitrogenous 
compounds along with organic matter [21–24]. The conven-
tional process of biologically removing nitrogen includes two 
stages, namely, aerobic nitrification of ammonium to nitrate 
and anoxic denitrification of nitrate to N2 along with using 
organic compounds as electron acceptors [19,25]. Despite the 
advantages of conventional nitrification/denitrification such 
as high potential removal efficiency, relatively easy process 
control, low area required, and moderate costs, it is usually 
applied for treating wastewaters with total nitrogen concentra-
tions less than 100 mg N L–1 [24]. Therefore, it is not an appro-
priate process for nitrogen removal from waste streams that 
contain a high nitrogen concentration such as landfill leachate 
[19]. The anammox process, which was initially discovered by 
Mulder and colleagues in a denitrifying fluidized bed reactor 
about 25 years ago, is a promising alternative method for the 
treatment of waste streams with high nitrogen concentrations. 
In this process, ammonium and nitrite are applied as the elec-
tron donor and the electron acceptor, respectively, then, the 
nitrogenous substance is converted into N2 gas [26–29]. In this 
autotrophic process, under anoxic conditions, ammonium 
is directly converted to N2 by autotrophic ammonium bac-
teria (such as the Planctomycete phylum bacteria including 
Brocadia, Kuenenia, Scalindua genera that have been found 
in wastewater and natural environments), which use nitrite as 
an electron acceptor. Compared with nitrification, anammox 
bacterial activity is 25-fold more intense, when using NO2

– as 
the electron acceptor. By considering mass balances in different 

chemostat experiments, overall, the most widely used stoichi-
ometry for the anammox process is given in Eq. (1) [19,30,31]:
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Anammox bacteria have a slow growth rate and a low 
biomass yield. Due to the fact that anammox bacteria are 
autotrophic, 100% conversion of ammonium to N2, without 
the need for additional organic matter such as methanol, can 
take place and nitrate is produced from nitrite oxidation to 
provide the cells with enough reducing equivalents for car-
bon fixation through acetyl CoA pathways. Anammox bacte-
ria can use carbon dioxide for their growth [18]. Researchers 
have reported two most likely pathways as the mechanism for 
the anammox process: (1) ammonium is oxidized by hydrox-
ylamine to form hydrazine, and (2) the nitrite is reduced to 
nitric oxide, which then combines with ammonium to pro-
duce hydrazine via the hydrazine forming enzymes, with the 
uptake of one plus three low energy electrons [18,19].

As expected from their metabolism, ammonium bacte-
ria consume ammonia and produce N2 gas with nitrite as 
the electron acceptor in the anammox process. The appro-
priate ratio between ammonium and nitrite is not 1:1, and 
the 1:1.32 ratio is used, it means that the excess 0.32 mol of 
nitrite is anaerobically oxidized to nitrate. The overall stoi-
chiometry for the anammox process is the 1:1.32:0.26 ratio for 
the amounts of ammonium consumed, nitrite utilized, and 
nitrate formed, respectively [25,32].

The anammox process offers a variety of advantages such 
as higher nitrogen removal rates, no need for an organic carbon 
source, less oxygen requirements and reduced emission of N2O 
during the oxidation of ammonia, lower operational costs, and 
smaller space requirements [19,31,33,34]. Furthermore, there are 
evidently lower volumes of bio-sludge production from the ana-
mmox process, compared with other previously applied meth-
ods. The anammox process, alone or in combination with other 
processes, has already been used to treat different types of indus-
trial wastewaters such as wastewaters containing thiocyanate 
[35], and in the removal of 17β-estradiol as an estrogen using 
the partial nitritation-anammox process [36], the removal of 
nitrogen in self-sustainable biofilm reactors [37], and the simul-
taneous removal of nitrate and low C/N domestic wastewater 
at low temperatures using the partial denitrification–anammox 
process [38]. As is reported in the literature, the anammox pro-
cess has a versatility advantage in the treatment of wastewaters 
containing high levels of nitrogen. Therefore, in this study, in 
order to improve and overcome the limitations of the anammox 
process such as long start-up periods, a doubling time of about 
10–14 d, and sensitivity to environmental conditions, granular 
sludge from the wastewater treatment plant of Pegah Tehran 
Pasteurized Milk was used. Then, the anammox bioreactor effi-
ciency was evaluated for synthetic leachate treatment based on 
the removal of organic carbon, ammonium, and nitrite.

2. Materials and methods

2.1. Anammox reactor configuration

A lab-scale upflow anaerobic fixed-bed bioreactor in contin-
uous mode was used for synthetic leachate treatment based on 
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the removal of ammonium and organic carbon by the anammox 
process. The details of the anammox reactor in this study have 
been described in our previous work [39]. In brief, the lab-scale 
bioreactor consisted of a double-walled Plexiglass cylindrical col-
umn (25 cm in height), including an inner cylinder (with internal 
and external diameters of 11 and 12 cm, respectively) and an outer 
cylinder as water jacket (with internal and external diameters of 
14 and 15 cm, respectively). The anammox reactor was inoculated 
with 400  mL of granular sludge taken from upflow anaerobic 
sludge blanket (UASB) reactors in the wastewater treatment plant 
of Pegah Tehran Pasteurized Milk and inoculated in the anam-
mox bioreactor. Initially, the mixed liquor volatile suspended 
solids (MLVSS) of the granular sludge was 12.77 g. The effective 
volume of the bioreactor was 1.8 L and the temperature was kept 
at 35°C ± 1°C. Plastic media (Bee-Cell 2000) were used as biofilm 
support material due to their large surface area (650 m2 m–3) and 
high porosity (pore volumes of up to 87%) and filled up to 50% of 
the total reactor volume. Synthetic wastewater flow to the biore-
actor was regulated by decreasing COD/N ratio gradually from 
500 mg L–1 to less than 10 mg L–1 in input in 130 d during the study. 
The composition of the synthetic leachate was based on a previ-
ous work [39]. During the whole study period (a total of 228 d), 
the anammox reactor received a synthetic wastewater continuous 
flow rate of 1.8 L d–1 and the HRT was gradually decreased from 
24 to 6 h. pH was kept constant at the range of 7.5–8.0 during the 
study. In this stage, the aim of the study was to produce and adapt 
autotrophic bacteria for the anammox process and decrease het-
erotrophic bacterial growth rate in order to have anammox bio-
sludge instead of sludge from UASB reactor. The C/N/P ratio of 
100/5/1 was applied for the synthetic leachate (i.e., carbon, nitro-
gen, and phosphorous were provided as glucose, ammonium 
nitrate, and monopotassium phosphate, respectively).

2.2. Experimental setup

In this study, experiments were conducted in three 
stages, including stage 1: the assessment of the performance 
of the anammox process in the removal of ammonium and 
nitrite; stage 2: the assessment of the effects of HRT on pro-
cess performance; and stage 3: the evaluation of the per-
formance of the simultaneous removal of ammonium and 
organic carbon (glucose) in the anammox reactor. In stage 1, 
lasting approximately 1–130 d, autotrophic organisms were 
adapted by gradually increasing the concentration of nitro-
gen (NH4 and NO2) in the synthetic leachate inside the reactor 
as well as adjusting the NH4/NO2 ratio to 1:1.32, for example, 
ammonium and nitrite concentrations were set to 300 and 
396 mg L–1, respectively. The constant temperature and pH 
of 35°C ± 1°C and 7.5–8 were applied in the study, respec-
tively. In stage 2, the effects of HRT on the performance of the 
reactor were assessed in the three HRTs of 6, 12, and 24 h. It 
should be mentioned that, in the end, the appropriate HRT 
of 6 h was achieved after 42 d of bioreactor activity. In stage 
3, by considering the NO2/NH4 ratio of 1.32 and organic car-
bon/NH4 ratio of 0.5, the synthetic leachate was prepared and 
injected into the reactor. The concentrations of ammonium 
and nitrite were increased from 100 and 132  mg  L–1 to 500 
and 660 mg L–1, respectively, and the COD concentration was 
increased from 50 to 250 mg L–1. This period lasted approxi-
mately 56 d. Sampling was conducted daily in order to care-
fully check the possible changes of the intended parameters. 

Furthermore, nitrate was also measured as another import-
ant parameter of this stage.

2.3. Analytical methods

Ammonium and nitrite were analyzed by the colorimetric 
method and nitrate was measured by the spectrophotomet-
ric method based on the standard methods [40]. The soluble 
COD was measured through colorimetric method by closed 
reflux method [40]. pH and dissolved oxygen (DO) were mea-
sured by a portable pH meter (Metrohm, model 826) and a 
DO meter (EU-tech, model 1500). The biomass of the ammo-
nium oxidizing bacteria (AOB) culture was measured using 
the standard methods [40]. The measurement was done in 
triplicate and the mean value was reported.

3. Results and discussion

In the present study, the removal of organic carbon and 
ammonium in a fixed-bed bioreactor pilot plant by the ana-
mmox process was assessed. In the start-up period, granular 
sludge was obtained from the UASB reactor of the wastewater 
plant of Pegah Tehran Pasteurized Milk. The concentrations of 
the sludge biomass and MLVSS in the bioreactor in the first 
and final stages of the operation were measured as 12.77 and 
24.55 g VSS L–1, respectively. The growth rate of the biomass in 
the bioreactor was 11.78 g VSS L–1. Based on our experiments, 
the biomass growth rate had a twofold increase. The adapta-
tion of granular sludge to the anammox process was carried 
out by gradually decreasing the carbon source in the synthetic 
leachate and consequently raising the competitive condition 
for the carbon source among the heterotrophic bacteria (Fig. 1).

This condition led to the start of the endogenous phase 
and continued until the death of the heterotrophic bacte-
ria, which eventually disappeared in the bioreactor. Then, 
the autotrophic bacteria become predominant by gradually 
increasing the nitrogen source of the synthetic leachate. In 
this step, the adaptation and growth of the autotrophic bac-
teria were intended and there is no observation of significant 
ammonium nitrogen removal [41,42]. The summary of main 
steps, characteristics, and performance of the anammox pro-
cess during the whole study is presented in Table 1.
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3.1. Performance of anammox process in removing ammonium 
and nitrite

In this stage, in order to establish appropriate sludge 
and to accelerate the growth of AOB, the lowest ammo-
nium and nitrite concentrations in the influent bioreactor 
leachate were used, that is, 5 and 6.6 mg L–1, respectively. 
In this period, lasting for 130–170 d, a fluctuation between 
influent and effluent ammonium concentrations ranging 
from 5 to 30 mg NH4 L–1 was observed, in which the ammo-
nium concentration in the effluent was more than that of 
the influent. The fluctuations in the ammonium concentra-
tion range can be attributed to the changing growth condi-
tions of the sludge from low carbon concentrations to high 
nitrogen concentrations. In other words, during this period, 
most of the main bacteria, including the nitrifying bacteria, 
were destroyed, consequently, effluent ammonium concen-
trations increased. This change in the influent composition 
may have been the cause of the disintegration of the nitrify-
ing bacteria and, consequently, increased ammonium con-
centrations in the effluent [43]. In addition, due to the low 
concentration of ammonium in the biomass, the organic 
carbon residue from the previous stage was consumed as 
the carbon source and the electron donor under anaerobic 
conditions. This resulted in an increase in ammonium con-
centrations and also decreased the efficiency of ammonium 
removal [44]. Therefore, it can be concluded that adapting 
autotrophic bacteria by increasing their nitrogen source in 
the anammox process is not a suitable method. However, 
compared with ammonium concentrations, variations in 
nitrite concentrations during the operation were com-
pletely different. In fact, nitrite was completely consumed 
along with the organic carbon residue in the denitrification 
process. It should be noted that nitrogen gas bubbles could 
be seen inside the sludge as an indicator of the denitrifica-
tion process. The results are in accordance with previously 
conducted studies in this field [45,46]. After adapting the 
bacterial mass and gradually increasing the volumetric load 
of nitrogen, ammonia started to decrease in the effluent. 
Fig. 2 shows the efficiency of ammonium removal during 

the operation time along with the increased VLR of nitro-
gen. Based on the results obtained from the present study, 
the maximum efficiency of ammonium removal of 76.69% 
was achieved at a VLR of 0.15 kg m–3 d–1. Furthermore, it was 
seen that the reactor is at a stable condition, and increas-
ing the ammonium VLR from 0.15 to 0.3  kg  m–3 d–1 could 
not significantly reduce ammonium concentrations. As can 
be seen in Fig. 2, the average and maximum removal effi-
ciencies at a VLR of 0.2 kg m–3 d–1 were 75.5% and 76.18%, 
respectively. Similar results have been reported by other 
studies too [44].

In addition to tracking changes in ammonium concentra-
tions during the operation, changes in nitrite concentrations 
were also recorded as another parameter of the present study. 
Due to the adaptation which occurred at the system, and also 
lack of organic compounds which resulted in the death of 
the bacterial mass responsible for nitrification, a significant 
decrease in nitrite nitrogen removal was recorded. Based on 

Table 1
The main steps, characteristics, and performance of the anammox process in this study

Period Operation 
day

Type 
wastewater

Influent COD 
(mg L–1)**

Influent NO2 
(mg L–1)**

Influent NH4 
(mg L–1)**

COD  
removal (%)

NO2 
removal (%)

NH4 
removal (%)

Performance 

1 1–130 Synthetic 
leachate 
(C/N/P: 
100/5/1)

500 to fewer 
than 10

6.6–396 5–300 – 91.12 76.69 Reduce 
heterotroph 
bacteria and 
increase 
AOBs and 
adaptation

2 130–172* Synthetic 
leachate

– 396 300 – 95.16 80.56 HRT 
optimization 
(6 h)

3 172–228 Synthetic 
leachate

50–250 132–660 100–500 72.63 78.14 22.28 Stable 
condition*

*Optimum condition: HRT = 6 h, volumetric loading rate: 0.15 kg m–3 d–1 
**Increasing or decreasing gradually.
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the experiments, the abovementioned conditions resulted in a 
gradual predomination of the bacterial mass of the anammox 
process in the reactor. The maximum removal of nitrite after 
70 d of operation and at a VLR of 0.132 kg m–3 d–1 was 91.12%. 
It should be mentioned that changes in nitrite concentrations 
during the stabilized condition were similar to those of ammo-
nium; in other words, increasing the nitrogen VLR from 0.264 
to 0.396 kg m–3 d–1 had no significant effect on nitrite removal, 
which is shown in Fig. 3. The average and maximum nitrite 
removal efficiencies at a VLR of 0.264 kg m–3 d–1 were 82.85% 
and 83.16%, respectively. Other studies have also reported 
similar results [47]. It is a considerable point that the removal 
efficiency of ammonium and nitrite decreases when nitrogen 
VLR increases in the stable condition of the reactor. It is mainly 
due to the fact that high concentrations of residual nitrite in 
the reactor is known as a strong biotoxic inhibitor to the ana-
mmox process [19,31,48]. In the present study, the residual 
nitrite concentration was between 45 and 70 mg L–1 when the 
VLR was between 0.264 and 0.396 kg m–3 d–1. In this regard, 
Strous et al. [25] reported that the biotoxic effects of nitrite 
are in the range of 70–180 mg NO2 L–1, which could strongly 
inhibit the biomass of the anammox reactor. In another study, 
authors reported that the toxic and inhibitory effect of nitrite 
concentration in anammox process was 224 ± 10 mg NO2 L–1 
[53]. As can be seen, different ranges have been reported for 
the inhibitory concentrations of nitrite in previous studies, and 
there is no agreement among scientists on the concentration 
of nitrite in terms of toxicity and inhibitory effects. However, 
it is clear that increasing the VLR of nitrogen can lead to a 
decrease in the activity of the AOBs responsible for the anam-
mox process, due to the presence of residual NO2. Therefore, 
it can be concluded that, compared with the amount of nitro-
gen, nitrogen VLR affects ammonium removal efficiency 
more significantly [49]. In addition, residual concentrations of 
nitrite inside the bioreactor should be carefully monitored in 
order to prevent the inhibition of the anammox process. In the 
present study, the removal efficiencies of total nitrogen (TN) 
and NH4 were 79.2% and 75.5%, respectively, which indicates 
the higher removal of TN, compared with NH4. This could be 
due to the occurrence of denitrification inside the bioreactor, 
which was the dominant process at this stage, compared with 
the anammox process.

It should be noted that the removal efficiencies of TN and 
NH4 are not significantly different, which could be due to the 
short-term predominance of the denitrification process in 
the bioreactor. This has also been reported by other studies 
[47]. Based on our results, the maximum removal efficiencies 
of ammonium and nitrite at a VLR of 0.15 kg m–3 d–1 were 
76.69% and 91.12%, respectively. Therefore, the maximum 
removal of nitrogen occurs at a VLR of 0.15  kg  m–3 d–1. In 
other studies, a value of 0.12  kg  m–3 d–1 has been reported 
[30], which is somewhat consistent with the results of the 
present study. Additionally, in another study, nitrite was 
reported to be the main inhibitor, at a VLR of more than 
0.16  kg  m–3  d–1, decreasing nitrogen removal efficiency 
[50]. In the present study, increasing the VLR from 0.15 to 
0.3 kg m–3 d–1 decreased the removal efficiency of ammonium 
and nitrite, mainly due to the inhibitory effects of nitrite. 
Moreover, applying the SHARON process (partial denitrifi-
cation) as pretreatment could definitely increase the removal 
of nitrogen compounds.

3.2. Effects of HRT on the performance of anammox process

In this stage, after achieving a stable condition in the bio-
reactor (an influent ammonia concentration of 300  mg  L–1, 
with a constant nitrite concentration of 396 mg L–1), HRT was 
gradually reduced from 24 to 12 and then to 6 h. As can be 
seen in Fig. 4, the maximum removal efficiencies of ammo-
nia were 83.8%, 78.87%, and 80.56% corresponding to HRTs 
of 24, 12, and 6  h, respectively. Accordingly, the maximum 
removal efficiencies of nitrite were 75.35%, 89.93%, and 
95.16%, respectively. In the present study, maximum removal 
occurred at the lowest HRT. Other studies have also pre-
sented similar trends [51]. This could be due to lack of the 
inhibitory effects of nitrite at low HRTs, and the washing out 
of the by-products resulting from the anammox process at 
low HRTs [52]. In a study conducted by Egli et al. [53], by 
returning the effluent to the reactor, they were able to achieve 
the maximum removal of ammonium and nitrite at the low-
est possible HRT at a molar ratio of 1.32 NO2/NH4. Therefore, 
HRT and the molar ratio of NO2/NH4 can be taken as the two 
main factors in meeting the maximum removal of nitrogen 
[52]. In contrast, in this study, gradually decreasing HRT 
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resulted in produced nitrate concentrations of 29.86, 29.74, 
and 28.56 mg L–1, which did not differ significantly.

3.3. Simultaneous removal of ammonium and organic carbon in 
anammox process

In stage 3, the simultaneous removals of ammonium and 
organic carbon, and nitrogen and organic carbon were per-
formed at seven regular steps. As shown in Fig. 5, the maxi-
mum and minimum COD removal efficiencies achieved were 
72.63% and 33.35%, respectively. The maximum removal was 
recorded at the final stage of the operation, while the min-
imum removal efficiency occurred at the beginning of the 
operation. At the beginning, the heterotrophic bacteria faced 
some problems in developing and growing inside the bioreac-
tor due mainly to the dominance of anammox bacteria. It was 
expected that the minimum removal efficiency of organic car-
bon would be achieved at this condition. However, a gradual 
increase in organic compounds, which negatively affect the 
anammox process, made the condition suitable for heterotro-
phic bacteria, which contribute to the denitrification process. 
It should be mentioned that organic carbon removal is indeed 
a function of the leachate’s age. In other words, compared 
with old leachate, fresh leachate has higher concentrations 
of biodegradable organic carbon, which could contribute to a 
higher removal efficiency for fresh leachates [44].

In addition, gradually increasing the carbon source 
resulted in higher removal of NO2. As shown in Fig. 6, the 
weekly average of the maximum removal efficiency of NO2 
was 78.14%. However, the weekly average of ammonium 
removal efficiency was 22.28% (Fig. 6), which is considerably 
lower than the corresponding amount for NO2. This phenom-
enon can be due to the presence of organic compounds along 
with high concentrations of nitrite inside the bioreactor. In 
other words, high concentrations of NO2 have a catalyzing 
effect on the performance of the anammox process. It should 
be noted that in natural environments, the anaerobic oxi-
dants of ammonium and heterotrophic biomass responsible 
for denitrification are always in competition for taking NO2. 
However, due to the difference in their growth rates and 
at the presence of organic compounds in the natural envi-
ronment, anammox bacteria are not capable of competing 
with the other group for a long period. Hence, the autotro-
phic bacteria of AOBs cannot continue their existence and 
denitrifying bacteria become the dominant ones and denitri-
fication takes place [32]. Based on the results obtained from 
the present study, the removal efficiencies of ammonium 
and nitrite are conversely related to COD concentrations; in 
other words, increasing the concentration of COD results in a 
decrease in ammonium removal efficiency (Fig. 6). As can be 
seen in Fig. 5 and Table 1, the maximum COD, NO2, and NH4 
removal achieved under stable conditions (i.e., HRT 6 h, VLR 
0.15 kg m–3 d–1) were 72.63%, 78.14%, and 22.28%, respectively. 
Due to the consumption of nitrite by organic compounds, the 
removal efficiency of nitrite nitrogen increases, while ammo-
nium removal is dependent on the appropriate performance 
of the anammox process. One approach to overcoming this 
problem is the application of the SHARON process or denitri-
fication as the pretreatment and post-treatment of the ana-
mmox process. Therefore, partial oxidation as pretreatment 
could improve the removal efficiency of nitrogen compounds 

at high loads of organic compounds [19,32]. Thus, conduct-
ing the abovementioned processes contributes to an increase 
in nitrogen removal efficiency. This also increases the ability 
of the process against high concentrations of organic com-
pounds (load shocks) and their negative effects. It should be 
noticed that the anammox process plays an important role 
in such combinations of processes, and that the removal effi-
ciency of the pollutants from the leachate mostly depends on 
the performance of the anammox process [19,53].

4. Conclusions

In the present study, after establishing appropriate 
operational conditions in the reactor, high efficiencies for 
ammonium and nitrite removal were achieved. The gradual 
decrease of HRT led to the maximum removal of ammonium 
and nitrite at the lowest HRT (6 h). However, in the simul-
taneous removal of ammonium and organic carbon stage, 
the removal efficiency of ammonium was low (22.28%). This 
phenomenon can be attributed to the presence of organic 
compounds together with high concentrations of nitrite 
inside the bioreactor. In other words, high concentrations 
of NO2 have an accelerating effect on the performance of the 
anammox process. It can be concluded that the removal effi-
ciencies of ammonium and nitrite are conversely related to 
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Fig. 5. Seven days average variation removal efficiency of NH4 
and COD with gradually increasing NO2 loading rate. 
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COD concentrations, that is, increasing the concentration of 
COD results in a decrease in ammonium removal efficiency. 
Due to the consumption of nitrite by organic compounds, 
the removal efficiency of nitrite nitrogen increases, while 
ammonium removal is dependent on the appropriate perfor-
mance of the anammox process. One approach to overcom-
ing this problem is the application of the SHARON process 
or denitrification as the pretreatment and post-treatment of 
the anammox process. Therefore, partial oxidation as pre-
treatment could improve the removal efficiency of nitrogen 
compounds at high loads of organic compounds.
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