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Abstract
A treatment system composed of a double-chamber anaerobic (DCA) reactor in conjunction
with a constructed wetland (CW) of horizontal sub-surface flow, for the treatment of leachates
generated in the municipal sanitary landfill of a typical mid-sized city was investigated. The
aim of this work was to assess the capability of the system to remove pollutants such as organic
load, nutrients and solids. The system was evaluated at hydraulic retention times (HRT) of
7.97, 5.31 and 2.88 days. The highest removal efficiencies for the system were obtained at
HRT of 7.97 days and were 89% and 91% for TCOD and BOD, respectively. In the case of
NO3

−, NO2
−, NH4

+ and Total Kjeldahl Nitrogen (TKN), their removal rates were estimated at
88%, 93%, 93% and 85%, respectively; whilst for TS, TVS and TTSS they were 88%, 86%
and 90%, respectively, again at HRT of 7.97 d. Efficiencies of 78%, 83% and 77% were
obtained respectively for TCOD, BOD and TKN in DCA reactor at HRT of 1.5 d. Typha
domingensis was identified as a species capable of adapting to the physicochemical conditions
of the leachate, exhibiting an average growth of 196 cm. In leachate there were found low
concentrations of heavy metals, being aluminum the metal with the highest concentrations
(between 3.31–10.09 mg/L). Results show that it is feasible to implement the DCA reactor in
series with a constructed wetland for the treatment of sanitary landfill leachates. Therefore, this
system can be replicated for the treatment of leachates with similar conditions.
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1 Introduction

Landfills are the most commonly used method for the final disposal of solid waste in the world
(Renou et al. 2008). Production and discharge to the environment of byproducts generated
during operation activities in landfills represents one of the major health challenges (Zazouli
et al. 2012). Byproducts commonly found in landfills are leachates, which are originated by the
degradation of organic materials. These leachates permeate through the different solid waste
layers, increasing the concentration of pollutants to levels that are highly aggressive to the
environment (Peng 2017). Other toxic agents, such as heavy metals, organochlorine com-
pounds and high organic loads have also been found in leachates (Zazouli et al. 2012).
Unappropriated management of untreated leachates has become a common practice in many
developing countries, requiring the need of implementing reliable and low-cost technologies
for their effective treatment (Madera et al. 2014).

Current leachate treatment technologies have considerable disadvantages, such as a high
investment costs and unstable sludge production, which in turn demands large disposal areas.
In order to increase removal efficiencies of toxic pollutants present in leachates, and to meet
current local regulations, it is necessary to improve existing processes or implement alternative
and affordable technologies for their treatment (Heyer and Stegmann 2005; Sun et al. 2015).
However, the complex composition of leachates hampers the stabilization and operation of
existing treatment systems, causing extreme operating conditions that inhibit the decomposi-
tion and efficient removal of contaminating materials. Thus, the design and selection of an
efficient system is a challenging task (Zazouli et al. 2012).

Anaerobic digestion has proved to be an effective method capable to stabilize biodegrad-
able composites of organic solid waste and in return producing renewable energy in the form
of biogas (Gaur and Suthar 2017). An anaerobic treatment system commonly used for the
treatment of wastewater with high concentrations of organic loads is the upflow anaerobic
sludge blanket (UASB) reactor (Khan et al. 2012; Perez et al. 2019). This system is capable to
yield removal efficiencies up to 80% (El-Sheikh et al. 2011).

It has been reported that if influent is directly supplied from landfill leachates, UASB
performance decreases significantly, reaching minimum organic material removal efficiencies
of 15% (El-Gohary and Kamel 2016), an average of 49% (Bohdziewic and Kwarciak 2008)
and a maximum of 70% (Katsoni et al. 2014). However, considering the high toxicity,
complexity and composition of the leachates, a residual of 30% in the discharge can be still
harmful to the environment (Wu et al. 2016). Therefore, there is a need of developing and
implementing more efficient treatment technologies for these leaching systems (Wu et al.
2016; Peng et al. 2008).

In order to increase the efficiency of the conventional UASB reactor, Galindo et al. (2012)
proposed a technological modification to this reactor, pointing to a double-chamber anaerobic
(DCA) reactor. In chamber 1 (C1) the hydrolysis and acidogenesis phases are carried out, while in
chamber 2 (C2), acetogenesis and methanogenesis are carried out (Diamantis et al. 2009). With
these modifications, the DCA reactor presents operational conditions similar to those existing in
the UASB reactor, therefore, conversion rates or removal of the organicmatter is governedmainly
by two factors: (1) the performance of the microbiological process, and (2) the reactor hydraulics.
Galindo (2012) reported that DCA reactors present practical operational advantages with respect
to UASB reactors. Some of these advantages are: i) greater specialization of the bacterial consortia
specific to the anaerobic digestion phases; ii) lower surface area requirement; iii) better buffer
capacity; iv) better dilution of toxic agents in C1, thus decreasing their effect on the methanogenic
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bacteria, that are present in greater proportion in C2; and iv) larger removal efficiencies. Other
operational advantages of DCA reactors are: better distribution of the influent with stable upward
velocities (avoiding the loss of biomass and particulate material), a more clarified effluent with
low solids concentrations, as well as high chemical oxygen demand (COD) removal efficiencies.
In general, it has been reported that UASB reactors operating with different substrates in two-
stages exhibit better performances than those operating individually (Diamantis and Aivasidis
2007; Diamantis and Aivasidis 2010).

Despite the fact that high removal efficiencies can be obtained in anaerobic systems such as
UASB reactors, their effluents still present high concentrations of nutrients, organic matter and
pathogenic microorganisms, enforcing the need for post-treatment processes (Khan et al. 2011;
Khan et al. 2013). To this end, constructed wetlands are the most commonly used alternative
due to they are inexpensive and environmentally friendly (Akinbile et al. 2012; Yalcuk and
Ugurlu 2009). These systems are widely used for the treatment of different effluents, and even
as a post-treatment unit for complex organic substrates such as leachates (Rengers et al. 2016).

Removal of contaminants in CWs occurs by the action of aerobic bacteria, which are attached
to the filter medium (gravel) and plant roots. These provide adequate conditions for the filtration,
absorption and consumption of nutrients, favoring the development of symbiotic processes in the
rhizosphere (bacteria/roots) (Shehzadi et al. 2014; Mojiri et al. 2016; El-Khateeb et al. 2009). In
addition, sedimentation removes solids and contaminants entrained in leachates.

In CW systems, the Typha genus is one of the most widely used plant due to its wide
geographic distribution and tolerance to drastic changes in temperature conditions, as well as
its resistance to high pollution levels (Li et al. 2010a). Particularly, the species Typha
domingensis, used in the present investigation, is characterized by having a deep radicular
system and a spongy plant structure that favors the processes of fixation and accumulation of
nutrients and heavy metals (Mojiri et al. 2016).

The species Typha domingensis has been identified as a viable phytoremediator for the
treatment of leachates (Mojiri et al. 2013; Mojiri et al. 2016). This plant develops dense and
extensive rhizomes that propagate and grow even in difficult conditions, which promotes a
greater oxygen transfer and increases contaminant removal efficiencies (Li et al. 2010a). In
addition, this plant has certain suitable morphological characteristics such as its size, robust-
ness of its stem as well as surface area of its leaves (Uotila et al. 2019) that allows greater
adsorption and elimination of complex organic waste. Its roots provide a pathway or hydraulic
route through which the substrate to be treated flows (Li et al. 2010a), allowing the develop-
ment of a large variety of microorganisms within the system (rhizosphere), which contribute to
the degradation of pollutants (Shehzadi et al. 2014).

Considering the difficulty of getting high removal rates for some existing contaminants in
leachates by using systems operating individually (El-Gohary and Kamel 2016), a commonly
used strategy to rise up efficiency levels is the combination of two or more treatment methods
(Sun et al. 2010; Wu et al. 2016; Katsoni et al. 2014). In addition to efficiency rising, this
alternative strategy reduces treatment costs (Li et al. 2010b).

In the present study, it is proposed to evaluate the performance of a treatment system
composed out of two combined biological systems for the treatment of landfill leachates
generated in a sanitary landfill, i.e., a DCA reactor operating in series with a constructed
wetland. The DCA performance with synthetic and municipal wastewater was assessed in
terms of its capability to remove organic load, nutrients and solids. In addition, the perfor-
mance of a constructed wetland as a post-treatment unit was evaluated. To this end, an
abundant native plant in the study area (i.e., Typha domingensis species) was used.
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2 Materials and Methods

2.1 Characterization of Leachates

Considering landfill age, three types of leachates were retrieved from the sanitary landfill
evaluated (city of Riohacha, La Guajira-Colombia), namely, young, old and mixed. The young
leachate was taken from the currently used cell with 6 months of operation; the old leachate
was taken from a cell which was closed just before starting the current cell operation. The
mixed leachate was prepared in the laboratory using equal proportions of the young and old
leachates. In order to evaluate the degree of treatability of each type of leachate, they were first
characterized. Their content of organic matter, metal concentrations, nutrients and solids,
among others, were first determined. In the analyses of the samples, the techniques established
in the standard methods were applied (APHA et al. 2012).

2.2 Experimental System Design

During the experiments, a DCA was coupled in series with a CW (feed from C2), as can be
seen in the experimental scheme shown in Fig. 1. The DCA, with a nominal volume capacity
of 12 L, was built out of transparent acrylic, and consisted of two chambers, C1 and C2, with
respective volumes of 7.5 and 4.5 L. Each chamber was equipped with individual biogas
measurement system. Due to its dimensions, this DCA can be considered as laboratory-scale.

In order to obtain retention times similar to operational CW of horizontal sub-surface flow
conditions, the wetland was built in rectangular shape at pilot-scale. It was built out of acrylic
sheets with dimensions of 25 cm high, 40 cm wide, 110 cm long (leading to a total volume of
110 L). The wetland had a slope of 0.36%, ratio L:W 2.7:1.0, which is slightly inferior to the
ratio recommended (3.0:1.0) by the United States Environmental Protection Agency (EPA
2000). However, in the literature, there have been studies reporting ratios much smaller:
1.1:1.0 (Abdel-shafy et al. 2009), 1.3: 1.0 (Saeed et al. 2012), and 2.5:1.0 (Mburu et al.
2013). To promote an ascending and descending coil flow, baffles were employed. Baffles
deflect the flow inducing a zig-zag fluid flow trajectory into the four chambers, which way
increasing the distance covered by the flow on its way up to the effluent and also improves
micromixing in the system. As a support material, 44 L of gravel with porous size of 65%

Fig. 1 Diagram of the experimental system used (1. Loading tank, 2. Peristaltic pump, 3. Chamber 1 (C1), 4.
Chamber 2 (C2), 5. DCA, 6. Biogas measurement system, 7. Wetland inlet, 8. Typha dominguensis, 9. Filtering
material, 10. Wetland outlet)
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(29 L). Due to the high rate of evaporation in the study area, the gravel remained submerged
5 cm below thee liquid surface, therefore, the CWworking volume (liquid) was 51 L and 44 L
free volume. The gravel with 1/2″, 3/8″, 1/4″ and 1/8″ mean diameter, distributed from top to
bottom were used. 25 specimens of Typha domingensis, equivalent to a coverage area of
0.03 m2 per plant unit were sown. The system was fed employing a 600 rpm peristaltic pump,
which allowed maintaining a constant flow at each HRT evaluated. The system operated at
environmental conditions at sea level in the coast (city of Riohacha, La Guajira-Colombia).

2.3 Experimental System Operation

Inoculation of the DCA Inoculation was previously characterized determining the following
parameters: granulometry (500 samples), sedimentation rate, specific gravity, total solids and
moisture content (Luo et al. 2014). The inoculated sludge was supplied by a brewing industry;
1.5 L and 0.9 L were added in C1 and C2, respectively, corresponding to 20% of the DCA
volume used, which is common in this type of reactors (Bohdziewic and Kwarciak 2008;
Galindo et al. 2012).

Start-Up of the System To select the sludge with the best sedimentation characteristics, the
system was operated initially for 10 h at upflow velocities of 3 m/h and 5 m/h for C1 and C2,
respectively. To help the bacteria to acclimate to the new substrate, this was diluted with tap
water by applying dilutions of 30% and 60%, and the reactor was operated for 20 days for each
dilution with an inflow of 0.33 L/h. To stimulate growth in the bacteria population, 10 g of
glucose per liter of leachate was added during the first 20 days. To account for high pH values
of the leachate, it was necessary to add 25% H2SO4 (1.32 mL per liter of leachate) solution in
the DCA influent, until obtaining a neutral pH, which favors the growth and development of
the microbial population. Sulfuric acid can affect the anaerobic digestion due to the conversion
of SO4

2− to S2− (He et al. 2018). In this study, SO4
2− concentration values in the DCA inflow

was found to be in the range 102–315 mg/L, which is lower than the inhibition range
(>1000 mg/L). On the other hand, it has been reported that sulfate concentration of about
200 mg/L stimulate the microorganism activity (Toncel et al. 2001).

To populate the wetland, samples of Typha domingensis were obtained from a natural
lagoon (Laguna Salá) located in the urban area of the city of Riohacha. The selection was made
considering the criteria and/or characteristics of young and healthy specimens (Liu et al. 2015;
Mojiri et al. 2016; Song et al. 2018). In order to acclimate the seedlings to the new substrate,
the samples remained for 30 days in plastic containers filled with leachate diluted at 50%
(10 days) and 70% (20 days). During this time, their development was monitored until the
specimens reached 5 cm of stem length, 30 cm in the leaf blade, and 15 cm in the root (Li et al.
2010a; Song et al. 2018), then subsequently moved to the experimental system. The growth of
the plants was monitored in detail, except on the roots in order to avoid damages.

2.4 Analytical Methods

In order to evaluate the degree of contaminant removal, 10 samples were taken at each HRT in
the following sampling points: influent, effluent of C1, C2, and wetland. In the DCA, the
production of biogas and methane percentage was additionally measured. Temperature, pH
and alkalinity were monitored daily. To account for the efficiency of removal in the system, the
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following parameters were measured: TCOD, BOD, total solids (TS), total volatile solids
(TVS), total fixed solids (TFS), total suspended solids (TSS), nitrate, nitrite, ammonium, and
total Kjeldahl nitrogen (TKN). For this, standard methods were followed (APHA et al. 2012).

The removal parameters were measured under steady-state conditions of the system, which
was reached when the operational parameters and methane production remained constant. The
system was evaluated at the following HRTs: 7.97 d, 5.31 d and 2.88 d. The HRTs in each unit
(C1, C2, DCA and wetland) are presented in Table 1.

3 Results and Discussion

The results of the characterization of the three leachates indicate that the old leachate presents
adequate conditions for its degradation by biological treatment. The pH of the three leachate
samples presented alkaline values (8.31 to 8.88), their temperature was maintained in the range
of 27 to 29 °C (Table 2), which favors the growth and development of bacteria population
present in the inoculum of the reactor (El-Gohary and Kamel 2016; El-Khateeb et al. 2009).

The total alkalinity values for the three leachate samples (new, old and mixed) exhibited an
average value of 9382 mg/L (Table 2), which indicates the high resistance to acidification. The
BOD remained in the range between 2000 mg/L and 2500 mg/L, whilst for the TCOD values
between 12,000 mg/L and 13,500 mg/L were registered, indicating the presence of high
concentrations of organic load. These values are similar to those reported in other studies
(El-Gohary and Kamel 2016; Sun et al. 2010), and can be attributed to the prolonged absence
of rainfall before and during sampling. The physicochemical composition between young and
old leachate was found to be very similar due to the short time passed between operation
(young) and closure (old) of the cells. Due to this similitude, the old leachate was selected as a
substrate for the fact that it exhibited a lower concentration of heavy metals and ammonium,
and in addition, there are more facilities for accessing and obtaining samples.

According to Directive 2006/11/CE, El BOCM N°269 (European Parliament 2006), the
concentration of heavy metals detected in the three leachates was found to be below the limits
required. Aluminum concentrations were registered in the interval 3.31 to 10.09 mg/L,
resulting in concentrations lower than the inhibitory values for growth and development of
bacteria population. Sondhi et al. (2010) and Mudhoo and Kumar (2013) reported that

Table 1 Hydraulic retention times and system operation

Component Subcomponent DCA Hydraulic Retention Time (HRT), Operation time

HRT 7.97 d
DCA C1 22.7 h 80 d

C2 13.2 h
Wetland 155.3 h
HRT 5.31 d
DCA C1 15.1 h 60 d

C2 8.85 h
Wetland 103.5 h
HRT, 2.88 d
DCA C1 7.5 h 40 d

C2 4.48 h
Wetland 51.3 h

DCA start-up: 60 d; wetland start-up: 30 d; total operating time: 240 days
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concentrations between 200 and 300 mg/L are not inhibitory of biological processes nor affect
the removal efficiency in UASB reactors. Hegazy (2011) determined that aluminum toxicity
levels for Typha domingensis are above 100 mg/kg. These low concentrations of heavy metals
might be attributed to the absence of industries in the city under study and the surrounding
areas. In light of these results, metals were not monitored during the operation of the system.

3.1 Characteristics of the Sludge and Typha domingensis

The results of the sludge characterization reflect a great variability in the size of the granules in the
range between 0.02mm and 4mm,which avoids the instability in the sludge bed (Luo et al. 2014).
The sedimentation velocity of the sludge was 37.4 m/h, which is within the recommended range
(29 to 42 m/h) for the formation of a good granular sludge (Luo et al. 2014). This condition is
indicative of good retention of active biomass, and is one of the main operational advantages of
DCAs (Borzacconi et al. 2018). The specific gravity of the sludge was slightly higher than that of
water (1.02). These results are within the range reported in the literature for this type of sludge,
between 1 and 1.07 (Ghangrekar et al. 2005; Huang et al. 2005), ensuring adequate retention of
biomass within the DCA (Bhunia and Ghangrekar 2007).

Table 2 Physicochemical characterization of leachate

Variable Young Leachate Old Leachate Mixed Leachate

pH 8.31 8.88 8.53
Temperature (°C) 29 27 28
BOD (mg/L) 2500 2200 2000
COD Total (mg/L) 13120 12920 12610
COD Soluble (mg/L) 11040 10810 11490
Ammonium NHþ

4 (mg/L) 38.2 16.6 24.3
NitrateNO−

3 (mg/L) 0.66 0.96 0.77
Nitrite NO−

2 (mg/L) 0.72 1.06 0.83
Suspended solids (mg/L) 830 740 920
Fixed solids (mg/L) 18000 24000 21000
Volatile Solids (mg/L) 8000 22000 20000
Total Solids (mg/L) 26000 46000 41000
Oils and Fats (mg/L) 60130 53050 66160
Sulfate SO4 (mg/L) 26823 14726 26726
Total Alkalinity (mg/L) 9967 7854 10326
Parcial Alkalinity (mg/L) 7434 6137 7972
Mercury mg/L 0.0006 <0.000258 0.000429
Copper mg/L 0.10 0.06 0.08
Cyanide Total mg/L <0.002 <0.002 0.002
Lead mg/L 0.08 <0.02 0.05
Cadmium mg/L <0.01 <0.01 0.01
Zinc mg/L 3.20 1.87 2.54
Sodium mg/L 1939 26920 14430
Magnesium mg/L 264.7 223.6 244.1
Sulfuric Acid mg/L 98.6 57.3 589.2
Surfactants mg/L 1176 252 382461
Chlorides mg/L 5125 2524 5710
Total acidity ppm CaCO3 Nd <10.70 0.022355
Hexavalent chromium mg/L <0.0037 0.041 19.1
Total Iron mg Fe/L 25.5 12.7 6.5
Aluminium mg Al/L 9.73 3.31 10.09

Nd: Not detectable
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Mean growth for Typha domingensis was established in the interval 196 ± 10.0 cm. Song
et al. (2018) employed the species Typha latifolia, Scirpus tabernaemontani and Phacelurus
latifolius for leachate treatment, reporting plant growth in the intervals 199 ± 18 cm, 156 ±
17 cm and 187 ± 21 cm, respectively. As can be seen, Typha latifolia presented the highest
growth compared to the other two species, confirming its capacity to adapt to this substrate.

3.2 Operational Parameters

Average and standard deviation values of the operational parameters measured in C1 and C2

influents are shown in Table 3.
The temperature, which was higher than 25 °C, remained within the expected range of

anaerobic digestion in tropical climate regions (Sun et al. 2010). The pH of the leachate varied
in the range between 8.54 and 8.82, for which it was necessary to neutralize it (to pH = 7).
However, the pH increased during the process, reaching values of 7.35 and 7.82 in C1 and C2,
respectively. This tendency towards alkalinity is characteristic of an old leachate (Renou et al.
2008). The concentration of volatile fatty acids (VFA) was reduced due to the development of
the methanogenic phase that transforms them into methane and carbon dioxide (Kheradmand
et al. 2010; Kurniawan et al. 2006; Renou et al. 2008). Temperature and pH values increased
when shifting from C1 to C2 chamber. The total alkalinity increased during the process, with
maximum values of 2500 mg/L and 3100 mg/L for C1 and C2, respectively. This behavior
shows that the processes and development of microbial activity (i.e., hydrolysis, fermentation,
methanogenesis) occur in a different way in each chamber (Galindo 2012).

Highest biogas and methane generation was recorded at HRT of 7.97 d, with an average of
2783 mL/d and 58% of CH4, yielding amounts of 550 mL/d for C1, and 2233 mL/d for C2,
which is concomitant with the highest removal rates and efficiency of the system. The largest
amounts of biogas produced in C2 can be attributed to bacteria separation between acidogenic
and methanogenic, and to predominant hydrolysis processes in C1 which facilitates the
degradation in C2 incrementing methane (CH4) production. This occurs when anaerobic
treatment is performed in two stages (González et al. 2007).

Table 3 Operational parameters measured in the influent of C1 and C2 in the DCA

THR (h) Component OLR (kg/m3.d) pH

~x ± σ

AlcP (mg/L)

~x ± σ

AlcT (mg/L)

~x ± σ

T (°C)

~x ± σ

Biogas (mL/d)

~x ± σ

HRT of 7.97 d
– Influent – 8.82 ± 0.22 2622 ± 122 2800 ± 215 30.4 ± 1.12 NA
22.75 C1 21.2 7.27 ± 0,16 2067 ± 103 2245 ± 155 27.5 ± 1.10 550 ± 118
13.25 C2 18.6 7.45 ± 0.25 2845 ± 215 3107 ± 245 28.8 ± 1.40 2233 ± 197

HRT of 5.31 d
– Influent – 8.68 ± 0.45 1977 ± 602 2311 ± 749 30.7 ± 1.08 NA
15.15 C1 22.1 7.12 ± 0.28 2052 ± 656 2412 ± 763 30.5 ± 1.14 154 ± 75
8.85 C2 22.4 7.54 ± 0.20 2176 ± 688 2480 ± 736 29.7 ± 1.35 470 ± 98

HRT of 2.88 d
– Influent – 8.54 ± 0.25 2070 ± 538 2284 ± 616 31.2 ± 0.63 NA
7.52 C1 47.2 7.18 ± 0.23 2072 ± 558 2206 ± 608 31.1 ± 0.75 215 ± 32
4.48 C2 36.8 7.44 ± 0.20 2160 ± 577 2356 ± 646 30.5 ± 0.82 342 ± 69

~x ± σ: average values ± standard deviation; NA not applicable; AlcP partial alkalinity; AlcT total alkalinity
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Figure 2 presents biogas and methane production profiles at the considered HRT. The
production of biogas is closely linked to the amount of organic matter removed (Bohdziewic
and Kwarciak 2008). According to the work reported by Abudi et al. (2016), a low biogas
production can be the result of either a low presence of organic matter, or a poor performance
of the digester, which causes a partial conversion of the organic waste that enter into the
system. Despite the fact that HRTs in C1 and C2 were smaller than 2 days, in a study conducted
at a similar HRT, biogas production has been reported (Peng et al. 2008). These authors did not
report HRT, but from the COD, the working volume present in the reactor, as well as the
organic volumetric load, it was possible to infer it.

Given the complexity and high organic loads of the leachates, a prolonged contact time
between the bacterial consortiums and the substrate is needed. Therefore, the highest efficiency
in the removal of TCOD for the system (DCA+wetland) was achieved at HRTequal to 7.97 d,
with an average efficiency of 89%, which corresponds to 18,040mg/L. Studies based on similar
systems, reported lower efficiencies for the removal of TCOD, namely around of 37% (El-
Gohary and Kamel 2016), 50% (Bohdziewicz and Kwarciak 2008), and 60% (Luo et al. 2014).

The behavior of TCOD and BOD and the percentages of removal in each component of the
system can be seen in Figs. 3, 4, 5 and 6. The highest percentages of removal reached in the
DCAwere 78% and 83% for TCOD and BOD, respectively. Landfill leachates are character-
ized by having TCOD values above 10,000 mg/L (Zayen et al. 2016); in our case, the TCOD
was found in a range of 10,047 mg/L to 20,240 mg/L (Fig. 3), which coincides with other
studies (Sun et al. 2010; Zayen et al. 2016; El-Gohary and Kamel 2016), where it was obtained
a TCOD for the influent between 7856 and 22,500 mg/L.

Highest efficiencies of TCOD removal were achieved in C2 (58%) and in the wetland
(49%) at 7.97 d. It is important to note that the highest proportion of pollutants removed was in
the DCA, reaching a removal of 15,787 mg/L, which is equivalent to 78% of the organic
matter present in the leachate (Fig. 4). Similar to TCOD, the BOD of the leachate was higher
than 2500 mg/L (Fig. 5). This value is much higher than the range of 100 to 500 mg/L reported
in the literature (Bohdziewic and Kwarciak 2008, Madera et al. 2014, Liu et al. 2015), which
could be attributed to variations in the age of the leachate.

The average removal for BOD was 91% and 85%, for HRTs of 7.97 d and 5.31 d,
respectively (Fig. 6). These results are similar to those obtained in an anaerobic bioreactor
with a fixed bed of ascending flow at a pilot scale, where 80% removal was reported for BOD
at HRT of 4.5 d (Zayen et al. 2016). It is important to note that the highest amount of BOD
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removal occurred in the DCA, with rates of 62% and 54% for C1 and C2, respectively. On the
other hand, for the wetland, the removal efficiency did not exceed 48%; however, because the
wetland is a post-treatment unit, this is a reasonable value.

Old leachates are characterized by having high amounts of total solids (El-Gohary and
Kamel 2016; Ye et al. 2011). Furthermore, climatic conditions of the region where the study
was carried out, such as high evaporation rates and low rainfall, promote the appearance of
high concentrations of total solids (36 to 39 g/L). The average concentrations in the influent
and effluent of the system for HRT of 7.97 d were 38.8 ± 0.11 g/L and 4.6 ± 0.96 g/L. Average
removal efficiencies of 88%, 73% and 70% were obtained for HRTs of 7.97 d, 5.31 d and 2.88
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d, respectively. It was found that the combination employed in this study (DCA+wetland)
favored the elimination of the solids present in the leachate, not only by biological action, but
also by the physical process (sedimentation) that occurs in the system (El-Khateeb et al. 2009).
Average values obtained at HRT of 7.97 d for fixed and volatile solids of the influent were
established at 18.8 ± 0.10 g/L, and 20.0 ± 0.10 g/L, for TFS and TVS, respectively, which yield
removal percentages of 94%, 66% and 64% for TFS at HRT of 7.97, 5.31 and 2.88 days,
respectively. For TVS, removal efficiencies were established at 86%, 78% and 71% for HRTs
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of 7.97 d, 5.31 d and 2.88 d, respectively. In the case of TSS, the influent mean value recorded
at HRT of 7.97 d was in the range 2.89 ± 0.10 g/L, yielding removal percentages of 90%, 82%
and 68% for HRT of 7.97, 5.31 and 2.88 days, respectively.

With respect to nutrients, low concentrations of total Kjeldahl nitrogen (TKN) were
recorded. Mean concentrations around 4500 mg/L ± 165 mg/L for the influent were obtained.
In the case of effluents, the values were 700, 520 and 1120 mg/L for HRT of 7.97 d, 5.31 and
2.88 d, respectively (see Fig. 7), obtaining higher efficiencies (77%) in the DCA, at 7.97 d. The
ratio COD:N:P for nutritional requirements was stablished at 100:23:3, which turns out to be
superior to 100:5:1 reported by El-Gohary and Kamel (2016). The previous result suggests that
no limitation of macronutrients existed in the process. Other reported values for nutrients
concentrations for leachate treatment allowed to stablish the ratio 100:8:1 (Guven et al. 2018),
which is smaller than that determined in the present study.

Nitrate values (820 μg/L ± 40.4) were recorded, which were below the typical range (5 to
10 mg/L) for old leachates (Sun et al. 2010). This could be attributed to the presence of low
concentrations of total nitrogen in the influent. Additionally, nitrification depends on dissolved

0

1000

2000

3000

4000

5000

60 80 100 120 140 160 180 200 220 240

N
T

K
 (

m
g
/L

)

Operation time (d)

Influent C1 C2 Wetland

7.97 d 2.88 d5.31 d

Fig. 7 Evolution of TKN in each component of the system

0

200

400

600

800

1000

60 80 100 120 140 160 180 200 220 240

N
it

ra
te

 (
µ

g
/L

)

Operation time (d)

Influent C1 C2 Wetlands

7.97 d 5.31 d 2.88 d

Fig. 8 Evolution of NO3
− in each component of the system

706 Galindo Montero A.A. et al.



oxygen which is nil or very scarce in this type of substrate. Figure 8 shows the behavior of
nitrate in the different components of the treatment system. The overall average efficiencies
were 88%, 72% and 71% for 7.97, 5.31 and 2.88 d, respectively. Other studies report higher
values for nitrates (50 mg/L to 1200 mg/L) (Wu et al. 2015; Miao et al. 2014). Nitrite levels
showed similar conditions as nitrates, remaining in the range between 800 and 835 μg/L
(Fig. 9), with removal rates of 93%, 85% and 74% for each of the HRTs evaluated.

Ammonium (660 μg/L ± 75), as well as nitrate and nitrite concentrations, were found to be
below values reported in the literature (40–99 mg/L; Madera et al. 2014). This may be
attributed to pH and alkalinity values, which promotes the formation of ammonia, as well as
its elimination by nitrification and denitrification (Wu et al. 2015). Ammonium removal rates
of 93%, 85% and 77% were determined for HRT of 7.97 d, 5.31 d and 2.88 d, respectively. In
the case of DCA (effluent in C2), ammonium removal rates of 65%, 56% and 48% were
determined for HRT of 1.5 d, 1.0 d and 0.5 d, respectively. In Fig. 10, the decrease of
ammonium with respect to the days of operation can be seen, which decreases to form nitrite
(Fig. 9) to nitrate (Fig. 8).
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The results obtained show that combined DCA+wetland systems have a favorable effect on the
treatment of leachates. Yuan et al. (2016) evaluated the efficiency of three discontinuous reactors
(anaerobic, aerobic and decantation). They found removals in terms of TCOD between 63% and
80%, which are lower than those obtained in the present study, ranging between 85% and 90%.

There are studies reporting a substantial decrease in the efficiency of anaerobic processes
when the concentration of limiting elements, such as Ni, Co and Mo, are found in the range 12
and 28 μg/L (Eftaxias et al. 2018). It should be pointed out that these elements were not
monitored in the present study, however, there were obtained high removal efficiencies, as it
was previously reported, which suggests that no limitation of these micronutrients existed.

In Table 4, it can be seen that the efficiency of the in series system (DCA+wetland and
UASB-A/O) is bigger than that for individual treatment systems, with exception to COD and
NH4

+ removal in membrane bioreactor. Thus, better efficiencies are obtained with these
combined systems. Several advantages of the DCA +wetland system can be pointed out:
specialization of the bacterial consortium towards anaerobic digestion phases, better removal
efficiencies, alternative options for the metabolization of pollutants (anaerobic/aerobic), for-
mation of complex organic waste as the basis for further degradation processes by biological
systems, low energy and surface requirements, minimum sludge generation and a source of
energy due to methane generation. These advantages surpass by far some disadvantages
presented such as regular maintenance procedures, among others.

4 Conclusions

An in-series system was studied, composed of a double-chamber anaerobic reactor and a
wetland for treatment of leachates from a municipal sanitary landfill of a medium-sized city
located in the Caribbean coast of Colombia. According to the results obtained, this system can
be used as a viable option for the treatment of leachates generated in similar municipal sanitary
landfills. By employing this technology, there were obtained maximum removal efficiencies
for TCOD, BOD and TKN of 89%, 91% and 84%, respectively. The double-chamber
anaerobic reactor contribution in the removal rate was of 78%, 83% and 77% for TCOD,
BOD, and TKN, respectively, at HRT of 1.5 d. The combined system proposed in this study
was found to exhibit positive rates of leachate treatment not only by biological action, but also
by sedimentation occurring in the constructed wetland. Therefore, the wetland may be
considered as a viable post-treatment unit, where the Typha domingensis species as a

Table 4 System comparison (DCA+CW) with other leachate treatment methods

Removal efficiency [%] Reference

Biological treatment Scale BOD COD NH4
+

DCA+ constructed wetland Pilot scale 89 91 92 Present study
UASB Laboratory – 77 11 Sun et al. (2010)
Constructed wetland sub-surface Pilot scale – 66 72 Madera et al. (2014)
Constructed wetland Full scale 27 12 52 Wojciechowska et al. (2010)
Rotating biological contactor Laboratory 20 62 – Ghawi and Kriš (2009)
Membrane bioreactor Laboratory 67 89 95 Delgardo et al. (2011)
UASB-A/O Pilot scale – 85 99 Wu et al. (2015)
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phytoremediating agent showed an adequate growth indicating its positive ability for adapting
to the leachate characteristics.
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