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ABSTRACT
Leachate treatment is a major issue in the context of landfill management since 
solutions have not been yet developed, resulting in more satisfactory technical and 
economic results concerning leachate treatment. In this paper, the technical and 
economic factors concerning lime application and nanofiltration for the treatment 
of leachate from the Seropédica landfill (Rio de Janeiro State, Brazil) were evaluated. 
The results indicate that the application of 30 g lime L-1, under optimum conditions, 
followed by air stripping, was able to place the effluent within the ammonia nitrogen 
discharge standard imposed by local legislation. The use of nanofiltration produced 
a clear and colorless permeate and has proved to be very effective at removing all 
pollutants. Regarding cost estimates, considering a means leachate generation flow 
of 1000 m3, recovery of 60% and average permeate flux of 12 L m-2 h-1. The total 
cost per m3 of treated effluent was estimated in two scenarios, using different types 
of membrane and therefore different membrane costs per m2. Considering that the 
landfill would operate for 25 years and after closing, the leachate treatment station 
would maintain its activities for another 15 years, totaling 40 years, the cost to treat 
leachate would be of US$ 10.54 and US$ 11.33 m-3. In both evaluated scenarios, 
with regard to process operation costs, the percentage value relative to membrane 
exchange was emphasized. It is noteworthy that, a treated effluent at a lower cost 
to that currently presented by the landfill was obtained through the applied hybrid 
process.

1.	 INTRODUCTION
Considering the high concentration of pollutants and 

varying composition influenced by the type of waste, 
landfill age, and geological conditions, leachate treatment 
is undeniably one of the most challenging tasks in munici-
pal solid waste management (Kjeldsen et al., 2002; Zhang 
et al., 2019). Landfill leachate contains high loads of or-
ganic matter, inorganic salts (sulfates, carbonates, and 
sodium chloride), ammonia, and halogenated and heavy 
metals that must be treated before being released into the 
environment (Kjeldsen et al., 2002). According to the lite-
rature, critical parameters for most landfills are chemical 
oxygen demand and ammoniacal nitrogen (NH3-N) (Ehrig 
and Robinson, 2010). Although many methods may apply, 
the most appropriate leachate treatment choice will de-
pend on its features, technical applicability, cost-effective-
ness, and other factors related to the quality requirements 
of the effluents.

Main classification of the technical solution and 

technology classification for leachate management and 
treatment on the site or at the leachate treatment plant 
could be divided into following groups: leachate treatment 
on the site or transfer to the central wastewater treatment 
plant (leachate lagoons and recirculation into the landfill 
body or at the surface, combined leachate with the dome-
stic sewage system and treatment at the wastewater tre-
atment plant), biological processes (different combination 
of the aerobic and anaerobic processes), physicochemical 
processes (chemical oxidation, adsorption on activated 
carbon, chemical precipitation, coagulation-flocculation, 
air stripping) and membrane processes (main reverse 
osmosis and nanofiltration) (Ehrig and Robinson, 2010; 
Schiopu et al., 2012; Serdarevic, 2018; Yao, 2013). The 
conventional biological process could be effective for the 
removal of organic biodegradable substances, suspended 
solids and nutrients (Metcalf et al., 2003; Zhao and Zyyang, 
2019). With time, the major presence of refractory com-
pounds (mainly humic and fulvic acids) contribute to limit 
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the process’s effectiveness (Rodrigues et al., 2009; Talalaj 
et al., 2019). Therefore, for the removal of recalcitrant com-
pounds, advanced treatment processes such as physico-
chemical and membrane technologies are required (Renou 
et al., 2008; Talalaj et al., 2019; Zawierucha et al., 2013).

Coagulation-flocculation may be used successfully in 
treating stabilized and old landfill leachates. It is widely 
used as a pre-treatment, prior to biological or nanofiltra-
tion step, or as a final polishing treatment step in order to 
remove non-biodegradable organic matter (Amaral et al. 
2016; Amokrane et al., 1997; Amor et al., 2015). On the other 
hand, one option for reducing NH3-N concentrations is the 
stripping of ammonia gas. At raised pH values or temper-
atures, an increased proportion of the total ammoniacal-N 
(ammonium + ammonia) is present as gaseous ammonia 
(Campos et al., 2013; Metcalf et al., 2003). During inten-
sive contact with gases (e.g. with air) concentrations of 
dissolved ammonia gas adjust to an equilibrium between 
liquid and gaseous phases. Using this effect ammonia can 
be stripped from the liquid within the gas stream (Ehring 
and Robinson, 2010; Metcalf et al., 2003). Pretreatment 
by lime application, therefore, appears as a promising ap-
proach by combining the coagulation-flocculation process 
and favoring the raised of the pH of the leachate favoring, 
subsequently, the NH3-N stripping by airflow. 

In the last decades, nanofiltration (NF) has been wide-
ly used in landfill leachate treatment (Zhao and Zyyang, 
2019). The advantage of using NF membrane is that its re-
quest for lower operating pressures and energy consump-
tion (10 kWh m-3), has higher fluxes than reverse osmosis 
(RO) membranes, better retention than an ultrafiltration 
(UF) membrane, high rejection of polyvalent ions and or-
ganic with molecular weight above 300 Da, relatively low in-
vestment and has low operational and maintenance costs. 
Moreover, due to its unique properties as compared to UF 
and RO membranes, the NF membrane has an important 
advantage that is the ability to remove recalcitrant organ-
ic compounds and heavy metals in leachate (Kwon et al., 
2008; Chaudhari and Murthy, 2010). 

The costs for treatment of leachate vary from sim-
pler processes such as co-treatment with sewage (about 
18-27 € m-3) to more sophisticated technologies such as 
reverse osmosis (15-40 € m-3) (Calabro et al., 2018; Rob-
inson, 2005). Brazilian researchers have highlighted the 
need to use efficient and economically viable technologies 
for the treatment of leachate in Brazilian landfills (Amaral 
et al., 2015; Amaral et al., 2016; De Almeida et al., 2019). 
However, to the best of our knowledge, the most advanced 
leachate treatment technologies are not feasible in most 
of the municipalities due to, for instance, the high cost 
of implementation and maintenance, and the volumes of 
leachate to be treated. Consequently, municipalities are 
required to implement treatment processes that are in-
compatible with the characteristics of the leachate, result-
ing in a treated effluent on disagreement with established 
disposal legislation. In this context, the objective of the 
present study is, therefore, to evaluate the technical and 
economic factors concerning hybrid lime application and 
nanofiltration treatment of leachate from the Seropédica 
landfill, located in Rio de Janeiro State (Brazil).

2.	 MATERIALS AND METHODS
2.1	Leachate characterization 

The leachate utilized for the experiments was provided 
by the COMLURB (Municipal Urban Cleaning Company, Rio 
de Janeiro city) of the Seropédica landfill, located in Rio de 
Janeiro – Brazil, in September 2017. The Seropédica land-
fill received in recent years approximately 10000 tonnes 
per day of waste and currently generates 1000 m3 leachate 
per day.

The characterization of the leachate was based on the 
following parameters and methods recommended by Amer-
ican Public Health Association (APHA, 2012): potential of 
hydrogen (pH), Chemical Oxygen Demand - COD (5220-D), 
ammonium nitrogen - NH3-N (4500-E), true-color (2120-C) 
chloride-Cl- (4500-Cl-), conductivity, turbidity, and absorb-
ance at 254 nm (5910-B), it provides an indication of the 
content of aromatic organic matter and humic substanc-
es (APHA, 2012). The concentration of humic substances 
(humic and fulvic acids) were determined by the modified 
spectrophotometric/colorimetric method, based on the 
binding of toluidine blue dye (TB) with humic acid mole-
cules to produce a dye–humic acids complex that causes 
the decrease in absorbance at 603 nm (Lima et. al., 2017).

2.2	Leachate treatment
2.2.1	Lime application

Jar tests were conducted to determine the optimum 
dosage of lime to be used before the final step of treatment 
by nanofiltration. The lime was added as “lime milk” (at 200 
g L-1 of lime), in 500 mL beakers and its concentration after 
addition ranged from 10 to 50 g L-1. After the lime had been 
added, coagulation-flocculation (C-F) was achieved by rap-
id stirring (150 rpm) for 1 min followed by slow stirring (50 
rpm) for 30 min. The suspension was, then, allowed to set-
tle for 30 min. The operational condition stirring employed 
in C-F was based on reports in the literature (Aziz et al., 
2007; Lima et al., 2017; Renou et al., 2008; Renou et al., 
2009). At the end of the decantation step, samples of su-
pernatant phases were collected to be analyzed.

At optimum lime dose, the sobrenadant was aerated 
through an air compressor (Boyu S-500A model) at a flow 
rate of 1.33 L of air min-1 per liter of effluent. In a period 
of 12h, samples were collected every 1 h to evaluate the 
COD and NH3-N concentration of the effluent and after 24h, 
the same parameters were analyzed. The operational con-
dition of the air stripping was based on reports described 
by Campos et al. (2013).

The removal efficiency (E(%)) of the pollution parame-
ters was defined by Equation 1.

E (%) = 100×((C0 - C)/C0)			   (1)

Where, C0 is the concentration of the pollution parameter 
of raw leachate and C, the concentration of the pollution 
parameter of treated effluent.

2.2.2	Nanofiltration
Nanofiltration (NF) was performed using a bench-scale 

filtration module. The experimental system consisted of a 
heated feed tank, a membrane module, a pressure gauge, 
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a recirculation pump (B-01), flow meters (FI-01 and FI-02), 
flow control valves in the feed (V-1), permeate (V-3, V-4) 
and concentrate streams (V-2) (Figure 1). The system has 
a capacity of 5.0 L, an effective circular membrane area 
of 77.7 cm2, the material of construction of 316 stainless 
steel cells (PAM Selective Membranes Inc.).

The leachate was tested with two polymer membrane 
models: SR100, consisting of polyamide and nominal re-
tention of 200 Da and NP030, consisting of polyethersul-
fone and nominal retention of 400 Da. Previously, permeate 
flux (J, L m-2 h-1) measurements were performed as a func-
tion of the operating pressure (7 and 8 bar) and the recircu-
lation flow rate (30, 60, 90 120 L h-1). Subsequently, under 
ideal conditions of operation, the system was fed with 3.0 
liters of leachate pretreated by the physicochemical pro-
cess. The operating conditions have been defined by the 
system's technical constraints.

The volume reduction factor (VRF) was used to de-
scribe the extent of concentration in the NF unit during fil-
tration. VRF was calculated using Equation 2.

VRF = Vf /Vc                                                                                                                                         (2)

Where Vf and Vc are the initial volumes of the NF feed and 
the volume of NF concentrate produced, respectively, both 
measured in L.

During testing, the valves V-2 and V-4 remained opened, 
valve V-3 was closed and the feed flow rate and pressure 
were controlled by the frequency inverter connected to the 
pump B-01 and through the valve V-1. The permeate was 
collected and conditioned at 4°C. At the end of the filtration 
step, samples of permeate were collected to be analyzed. 
All the experiments were performed in triplicate.

2.2.3	Hybrid process
After the establishment of the ideal operating condi-

tions of the lime application and nanofiltration process, the 

hybrid treatment proposed in this study was operated in 
order to jointly evaluate the removal efficiency of the liquid 
effluent pollution parameters described in item 2.1.

2.3	Cost estimation 
The cost estimation was performed based on the re-

sults obtained in the tests in filtration module and extrapo-
lated to a real system with pre-defined leachate treatment 
flow, being represented, in this work, by the capital expend-
iture (CAPEX), by the operational expenditure (OPEX) and 
total cost (TC) normalized per unit volume of treated lea-
chate. For preliminary estimation of costs of the hybrid pro-
cess, the following considerations were made:

(a) 	The value of the capital cost of the lime treatment 
process was estimated from the study presented by 
Silva et al. (2011). The authors estimated the cost of 
implantation of the lime application process, consider-
ing the implantation of tanks, pumps, blowers, valves 
and pipes, civil construction and a feed flow of 1000 
m3.day-1, as proposed in this work;

(b) 	Treatment and final disposal of the sludge and the con-
centrate generated in the process were not considered 
since these wastes can be disposed of in the landfill it-
self without additional costs for the leachate treatment 
plant;

(c) 	The leachate treatment plant would operate 365 days a 
year and would be out of operation only during periods 
of routine maintenance, chemical cleaning and integri-
ty testing (Guerra and Pellegrino, 2012);

(d) 	The nanofiltration process plant would operate with 
60% efficiency (Amaral et al., 2016);

(e) 	The membrane spiral modules used would be 1.016 m 
long, 0.2 m in diameter and 40 m2 in working area (Bak-
er, 2012);

(f) 	 The preliminary cost of the process was estimated 
considering the cost of the m2 of the polymer mem-
brane of US$ 40.00 (Baker, 2012; Guerra and Pellegrino, 
2012) and US$ 180.00 (Amaral et al., 2016).

CAPEX was determined by adding up the acquisition 
costs of the membrane modules, housing, valves, pipes 
and instrumentation that constitute a permeation unit 
(Salehi et al., 2014; Singh and Cheryan, 1998). The startup 
cost which is the amount of capital required to start the op-
eration, corresponding to 8% of fixed investment, was also 
considered as an investment cost. 

For the composition of OPEX, the costs of energy con-
sumption for the operation of the nanofiltration system, in-
vestment depreciation, membrane exchange, maintenance, 
hand labor, and membrane regeneration were included 
(Singh and Cheryan, 1998). The energy consumption was 
estimated at 20.7 kW (496.8 kWh, given continuous for 24 
h day-1 operations) with 0.5 kW used to coagulation-floc-
culation, 1.5 kW to aeration during air stripping, 3.7 kW 
to sludge recirculation and 15 kW for NF system. For the 
maintenance cost, a value of 5% of the initial investment 
associated with preventive and corrective maintenance of 
the membrane was considered. As an estimated cost of 
chemicals used to clean the membranes, a value of 2% of 

FIGURE 1: Schematic diagram of the nanofiltration experimental 
setup.
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the initial investment was considered (Amaral et al., 2016).
The TC per unit volume of treated leachate was ob-

tained by Equation 3, which accounts for the OPEX normal-
ized by annual volume of treated effluent and the CAPEX 
normalized by volume of treated effluent added annually 
to the time, in years, of operation of the nanofiltration pro-
cess, determined by means of Equation 4. 

TC = RCAPEX + OPEX/VT                                                                                                                       (3)

RCAPEX = CAPEX /VT  n                                                                                                                             (4)

Where,
RCAPEX: normalized capital cost per volume of treated efflu-
ent (US$ m-3); n: operating period of the leachate treatment 
plant considered in years; VT: total volume of treated efflu-
ent (m3).

3.	 RESULTS AND DISCUSSION 
3.1	Leachate characterization 

Table 1 shows the values of the parameters obtained in 
the characterization of the raw leachate used in this study.

Leachate samples were slightly alkaline with dark color, 
eventually brown, and showed a high concentration of 
ammoniacal nitrogen (1512±239 mg L-1). The presence of 
NH3-N in landfill leachates represents a risk of surface and 
groundwater pollution. Dregs with a high concentration of 
ammoniacal nitrogen released into water bodies without 
previous treatment can cause eutrophication, depletion of 
dissolved oxygen and toxic effects on aquatic fauna (Met-
calf et al., 2003; Postacchinine et al. 2018).

The HS/COD (0.32) ratio also supports the assumption 
that the leachate has a high concentration of recalcitrant 
organic compounds (Lima et al., 2017), so the conventional 
treatments have limited efficiency when used to treat the 
leachate. Moreover, the ratio between biodegradable COD 
and NH3-N should be greater than four for the completion 
of the nitrate denitrification in biological processes (Tala-
laj and Biedka, 2015). This effluent is also characterized 

by a very high content in dissolved salts, notably chlorides 
(887±67 mg L-1) and conductivity (19±4 Ms cm-1). 

Ahmed and Christopher (2012) reported that the com-
position of leachate and the concentrations of contami-
nants are influenced by the type of waste deposited and 
the age of the landfill. In this case, high concentrations of 
recalcitrant organic matter and NH3-N may be justified as a 
result of the characteristics of the waste deposited in the 
landfill and consequence of the biological degradation of 
amino acids and other organic nitrogen compounds.

3.2	Leachate treatment
3.2.1	Lime application

The coagulation-flocculation process was performed 
to reduce the concentration of recalcitrant organic mat-
ter (humic substances). This stage was a pretreatment of 
the effluent, conditioning the leachate for the subsequent 
process of air stripping and nanofiltration. The results of 
the assays performed at concentrations of 10 to 50 g L-1 
lime, 1 min rapid mixing at 150 rpm, 30 min slow mixing 
at 50 rpm and decanting for 30 minutes are shown in Ta-
ble 2.

As can be observed, larger COD removal was obtained 
in a concentration of 40 g L-1 of lime (56%), while the high-
est percentage of HS removal was obtained in a concen-
tration of 30 g lime L-1 (42%). Comparatively, in this last 
coagulant concentration, considering the standard devia-
tion, the percentage of COD removal (48%) was close to 
that obtained in higher concentrations of lime. Additionally, 
this lime concentration also corresponded to the lowest 
conductivity value obtained for the treated effluent (13±1 
mS cm-1).

According to Renou et al. (2009), lime addition seems 
to have various effects on leachate. The lime pretreatment 
induces the leachate decarbonation, which has a strong 
effect on its inorganic fraction. While lime is being added, 
the carbonate ions precipitate massively and it results in a 
decrease in conductivity. Conductivity decreases until the 
carbonate concentration becomes limiting and prevents 
the solubility limit of this salt from being exceeded. At this 
point, the lime dose is considered optimum (within the as-
sessed range) and corresponds to a maximum reduction 
of conductivity.

According to Lima et al. (2017), physical-chemical treat-
ments show satisfactory results in terms of the removal 
of recalcitrant compounds (mainly monitored by color and 
absorbance at 254 nm) present in the leachate samples. 
Although lime application has been traditionally used to 
overcome temporary water hardness by a decarbonating 
process, a number of studies have been effective to re-
move some organic molecules of high molecular weight 
such as humic and fulvic acids (Amaral et al., 2015; Chen 
et al., 2017; El-Gohary et al., 2013; Renou et al., 2009).How-
ever, in general, the introduction of chemical agents leads 
to an increase in the concentration of salts in the effluent, 
therefore, the further treatment process is needed.

In the optimum concentration of lime (30 g L-1), the re-
moval of NH3-N and COD was evaluated under the condi-
tions described in item 2.2.1. Figure 2 shows the concen-

Parameters Min Max Average±σM σ

pH 7.7 8.2 8.0±0.1 0.1

COD (mg L-1) 4330 4690 4522±28 90

HS (mg L-1) 1238 1678 1466±151 120

NH3-N (mg L-1) 1150 1851 1512±76 239

Abs 254 nm 26.29 27.01 26.70±0.03 0.10

True color (mg Pt-Co L-1) 5560 7640 6391±190 602

Conductivity (mS cm-1) 15 20 19±1 4

Turbidity (NTU) 110 120 110±5 15

Cl- 890 1327 887±90 67

σ = standard desviation; M = test value;  = average value; n = number of 
tests; σM = standard desviation of the mean
pH: potential of hydrogen; COD: Chemical Oxygen Demand; HS: Humic 
Substance; Abs 254 nm: Absorbance at 254 nm; NH3-N: ammoniacal 
nitrogen; Cl-: Chloride.

(M-M)2n
i=1

n-1 M = 
n
 

TABLE 1: Parameters obtained in the characterization of the raw 
leachate (n=10).
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trations of NH3-N, COD and the respective percentages of 
removal efficiency along the air stripping process.

It is important to stress that, the airflow entrainment 
process in the operating conditions of 1.33 L air min-1 per 
liter of effluent and 24h hydraulic retention time showed a 
removal efficiency of about 99% of ammoniacal nitrogen. 
The final NH3-N concentration of the effluent was approxi-
mately 9.8±1.0 mg L-1. According to Campos et al. (2013), 
when evaluating the removal of ammoniacal nitrogen from 

landfill leachate through the treatment with lime, as the al-
kalinity of the effluent decreases, there is a decrease in the 
concentration of ammoniacal nitrogen, due to the previous 
removal of CO2, which consequently favors the removal of 
NH3-N by stripping.

El-Gohary et al. (2013) carried out a study that evaluat-
ed the removal of ammoniacal nitrogen from landfill lea-
chate by air stripping. Percent removal efficiency values 
of 94.5% were obtained after 24 h of stripping. The pH of 

Parameters

Lime
(g.L-1) pH COD

(mg L-1)
HS

(mg L-1)
ABS

254 nm
NH3-N

(mg L-1)
True color

(mg Pt-Co L-1)
Conductivity

(mS cm-1)
Cl-

(mg L-1)
Turbidity

(NTU)

Raw 
leachate 8.0±0.1 4522±452 1466±151 26.70±0.03 1512±148 6391±640 19±2 887±80 110±12

10 8.0±0.1 3165±315 1180±120 22.30±0.02 1120±119 5875±588 16±2 766±77 105±11

20 8.5±0.1 3210±320 1298±130 18.87±0.02 1098±101 5760±576 16±2 754±75 87±9

30 9.1±0.1 2344±240 855±87 13.78±0.01 1310±126 1560±140 13±1 562±56 54±5

40 9.6±0.1 1995±200 990±101 15.60±0.02 996±93 2230±230 15±2 495±50 48±5

50 9.8±0.1 3220±321 1005±110 10.57±0.01 1078±101 995±100 19±2 568±61 52±5

TABLE 2: Parameters obtained for determination of the optimum lime concentration for the coagulation-flocculation process in the con-
centration of 10 to 50 g lime L-1, rapid mixing of 1 min at 150 rpm, slow mixing for 30 min at 50 rpm and decantation by 30 min (n=3).

FIGURE 2: Concentration and efficiency of removal of NH3-N (a) and COD (b) as a function of the time of operation of the air stripping 
process (1.33 L min-1 per liter, 24h retention time).

(a)

(b)
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the effluent at the end of the experiments was equal to 11. 
According to the authors, after 6 h of air stripping, it was 
possible to observe a linear increase in the pH of the lea-
chate (9-10) and at a hydraulic time of more than 6 h, a 
significant increase in the percentage values of NH3-N re-
moval. Thus, the authors concluded that 6 h of air stripping 
was sufficient to remove ammoniacal nitrogen from the 
leachate in considerable percentage terms of removal effi-
ciency. On the other hand, in a study performed by Amaral 
et al. (2016), pretreatment by air stripping at 10 m3 reactor 
fed with raw leachate and hydraulic retention time of 48 h, 
conducted at the natural pH (8.1), removed 65% of NH3-N 
present in the leachate.

An issue related to air stripping is that the ammonia 
passes to the gas phase, so the process must contain a 
collection system. Liu et al. (2014) presented an ammonia 
recovery efficiency to 80%, using a solution of sulfuric acid 
(1 mol L-1). The authors comment that this solution can be 
used as a source of nitrogen for the manufacture of com-
pounds that can be used as soil conditioning.

Additionally, in this study, it was decided to carry out 
an evaluation of the COD along with the air stripping, al-
though this technology is not mentioned in the literature 
as the most appropriate for the removal of organic matter 
from the effluent. However, it was still observed that dur-
ing the process, the COD concentration was reduced from 
2590±250 to 1987±190 mg L-1, about 23% removal efficien-
cy. This percentage reduction in COD can be attributed to 
the fact that, during the aeration process of the effluent, 
colloid particles still present in the leachate are agglutinat-
ed and in a subsequent sedimentation process, this organ-
ic material is possibly removed (De Almeida et al., 2019).

It is worth noting that coagulant addition increased the 
particle size of suspended material. This, in turn, enhances 
the settling of suspended matter due to coagulation. Con-

sequently, this will affect the removal of COD (Ismail et al., 
2012). However, in time 6h was observed a sharp decrease 
in COD removal efficiency. This may be justified due to the 
presence of suspended solids in the analyzed sample. One 
way to minimize possible measurement errors would be to 
perform sample filtration and quantify the filtered effluent 
COD (Golob et al., 2005).

3.2.2	Nanofiltration
Initially, for the two membranes used (SR100 and 

NP030), the permeate flux was evaluated with time, return-
ing the permeate stream to the feed tank, at pressures of 
7 and 8 bar, at a recirculation flow rate of 120 L h-1. The 
results are shown in Figure 3.

By the analysis of the permeate fluxes obtained during 
the filtration process of the membranes SR100 and NP030, 
it was verified that the permeated flux, in the two pres-
sures evaluated, is higher in the NP030 membrane, this 
can be explained by comparing the nominal retention of 
the membranes, 200 Da for membrane SR100 and 400 Da 
for NP030. Sir et al. (2012) points out that the continuous 
decrease of the permeate flux along the membrane sep-
aration processes is also associated with other phenom-
ena, such as the adsorption of humic and fulvic acids on 
the surface of the membrane, which can cause fouling of 
the membrane and lead to extremely low permeate fluxes, 
making the process unfeasible.

At the pressure of 7 bar, in the recycle flow rate evalu-
ated, the permeate flux of the SR100 membrane oscillated 
between 11.6 and 10.3 L m-2 h-1, whereas for the NP030 
membrane, this value was 16.0 at 15.7 L m-2 h-1. At high-
er pressure, the range of values was 13.5-12.9 L m-2 h-1 
(SR100) and 17.4-16.1 L m-2 h-1 (NP030).

Subsequently, the permeate flux was evaluated as a 
function of the recirculation flow, at pressures of 7 and 8 

FIGURE 3: Monitoring of the permeate flux during the nanofiltration process with membranes SR100 and NP030, at 7 and 8 bar pressure.
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bar, after 1 h of system operation. Figure 4 shows the per-
meate flux values obtained in the filtration process with the 
membranes SR100 and NP030 at 7 and 8 bar at 30, 60, 90 
and 120 L h-1 recirculation flow rates.

In the NF process of this study, not only for the SR100 
membrane, as for the NP030 membrane, the variation of 
the recirculation flow rate of the system had little influence 
on the permeate flux values obtained. Tavares and Brião 
(2012) evaluated the effect of pressure and tangential ve-
locity on the permeate flux in a spiral-type filtration system 
and observed that the higher the pressure and the tangen-
tial velocity of the system, greater the permeate flux. It was 
observed that in this work, probably due to the high range 
of the recirculation flow rate of the system, little influence 
was exerted on the values of tangential velocities and, con-
sequently, the variation of the permeate value of the pro-
cess was negligible. Probably, in a range of variation of the 
recirculation flow smaller, there will be a greater impact on 
the values of the tangential velocities and consequently of 
the permeate flux.

Finally, the membrane separation process was batch 
operated, where the permeate stream was collected until 
a determined VRF defined in this study as 2.5, operated for 
about 8 h at a pressure of 8 bar, the pressure of NF step 
was maintained at 8 bar due to the system’s technical con-
straints, and a recirculation flow rate of 30 L h-1. Figure 5 
shows the permeated flow as a function of the VRF.

It was observed that, during the filtration process, up to 
60% yield, the permeate flux of the nanofiltration process 
with the SR100 membrane presented a 33% reduction, 
while for the NP030 membrane the permeate flux drop was 
25% approximately. Membrane fouling phenomena can be 
investigated by monitoring the water permeability (Cingola-
ni et al., 2018). The membrane permeability varied through-
out the process, between 1.58-1.23 L m-2 h-1 bar-1 (SR100) 

and 2.33-1.95 L m-2 h-1 bar-1 due to the degree of membrane 
fouling during the continuous operation. The initial hydrau-
lic permeability of the membrane (new membrane) was 
1.70 (SR100) and 2.38 L m-2 h-1 bar-1 (NP030). A cleaning 
process could be applied to try to recover the permeate flux 
of the NF and to minimize the fouling of the membranes 
(Rukapan et al., 2012). 

Table 3 presents the values of the parameters of pre-
treated leachate and effluent after the application of the NF 
under operational conditions defined.

The concentration of HS was considerably reduced 
and their final value corresponded to a reduction of 90% 
and 87% of the concentration present in the pretreated lea-
chate, given the filtration process with membranes SR100 
and NP030, respectively.

According to Baker (2012), the nanofiltration process is 
inefficient in the removal of salts, since it is able to retain 
molecular species with molar mass varying between 500 
and 2000 Da, even though, it was observed percentages 
of removal of Cl- higher than 40% after the NF. Amaral et 
al. (2015) reported chloride removal percentages of 84% 
and 90% of conductivity after the application of NF. Baker 
(2012) points out that chloride is a monovalent anion, and 
the removal of this type of ion is not characteristic of the 
nanofiltration membrane. However, its removal can occur 
due to the precipitation of chloride ions in the membrane, 
or even by the transport of ions, in order to maintain the 
membrane electroneutrality. In complex aqueous matrices, 
such as effluents, the presence of a wide variety of ions 
also presents a wide variety of complex interactions. In 
order to maintain the electroneutrality, other ions are also 
retained or otherwise forced through the membrane, de-
pending on the ionic forces involved (Amaral et al., 2015; 
Renou et al., 2008).

FIGURE 4: Permeate flux obtained in the filtration process with membranes SR100 and NP030 at 7 and 8 bar in recirculation flows of 30, 
60, 90 and 120 L h-1.
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3.3	Hybrid process
Table 4 shows the results of the parameters of raw lea-

chate, treated leachate in optimum lime concentration (30 
g L-1), air stripping (1.33 L air.min-1 per liter effluent and time 
24h hydraulic retention) and nanofiltration with SR100 and 
NP030 membranes (8 bar operating pressure and 30 L h-1 
recirculation flow).

The application of lime was efficient in the removal 
of recalcitrant organic matter, true-color, and NH3-N. The 
concentration of COD, HS, and the true color was reduced 
to concentrations of 2258±232 mg L-1, 821±80 mg L-1 and 
1290±107 mg Pt-Co L-1, respectively. The concentration of 
NH3-N, through the proposed pretreatment, was reduced to 
a concentration compatible with the disposal limit estab-
lished by local legislation.

In addition, it was observed that the application of the 

NF process, after the physicochemical treatment, was ef-
ficient as a complementary step to remove the effluent 
pollution parameters. The combined treatment process 
with the SR100 membrane showed percentage removals 
of COD, SH, ABS 254 nm, true-color and ammoniacal nitro-
gen of 96%, 94%, 89%, 99%, and 99%, respectively. On the 
other hand, with the NF030 membrane, removal percentag-
es were 94%, 93%, 89%, 98%, and 99%, respectively, for the 
same parameters. These results are comparable with Smol 
and Wlodarczyk-Makula (2016) that studied an integrated 
system of coagulation-NF/RO. 

3.4	Economical aspect
Regarding cost estimates for the process, the infor-

mation obtained from the experimental units was used 
to carry out an initial survey of the project variables and 

Parameters
Pre-treated leachate

Nanofiltration

SR100 NP030

Min Max Average± σ Min Max Average± σ Min Max Average± σ

pH 10.7 11.5 11.1±0.1 7.8 8.3 8.0±0.1  7.9 8.2  8.1±0.1 

COD (mg L-1) 2116 2368 2258±226 174 205 193±19 220 278 249±25

HS (mg L-1) 782 866 821±80 75 98 84±8 95 121 109±10

Abs 254 nm 12.98 13.38 13.25±0.20 2.46 3.44 2.88±0.10 2.55 3.07 2.87±0.10

NH3-N (mg L-1) 10.9 18.5 14.8±1.0 7.9 10.2 8.9±1.0 5.6 12.5 9.4±0.9

True color (mg 
Pt-Co L-1)

1120 1340 1290±121 67 97 83±8 110 135 122±12

Cl- (mg L-1) 523 632 585±55 225 371 298±27 302 343 318±29

Conductivity (mS 
cm-1)

12 13 13±1 6 7 7±1 9 10 9±1

Turbidity (NTU) 36 45 39±4 0.25 0.56 0.40±0.10 0.50 1.10 0.77±0.10

TABLE 3: Physico-chemical parameters of pretreated leachate and effluent after the application of the nanofiltration (n=3).

FIGURE 5: Variation of the permeate flux as a function of the VRF of the nanofiltration process (Operating pressure of 8 bar, recirculation 
flow of 30 L h-1 and 5 h of operation).
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Parameters
Raw leachate C-F/Air Striping

Lime (30 g L-1)
Nanofiltration

Bra-
zilian 
legis-
lation

SR100 NP030

Min Max Average 
± σ Min Max Average± σ Min Max Average± σ Min Max Average± σ

pH 7.7 8,2 8.0±0.1 10.7 11.5 11.1±0.1 7.8 8.3 8.0±0.1 8.0 8.3 8.1±0.1 5 - 9

COD (mg.L-1) 4330 4690 4522±90 2116 2368 2258±232 174 205 193±21 220 278 249±22 250

HS (mg.L-1) 1233 1543 1466±120 782 866 821±80 75 98 84±9 95 121 109±11 -

ABS 254 nm 26.29 27.01 26.70±0.10 12.98 13.38 13.25±1 2.46 3.44 2.88±0.55 2.55 3.07 2.87±1 -

NH3-N (mg 
L-1) 1150 1851 1512±139 10.9 18.5 14,8±0.8 7.9 10.2 8.9±1 5,6 12.5 9.4±1 20

True color 
(mg Pt-Co L-1) 5560 7640 6391±602 1120 1430 1290±107 67 97 83±7 110 135 122±14 -

Cl- (mg L-1) 890 1327 887±67 523 632 585±55 225 371 298±30 302 343 318±33 -

Conductivity 
(mS cm-1) 14,57 20.45 19±4 12.48 12.57 12.53±1 6.34 7.21 6.85±0.7 9.00 9.32 9.18±1 -

Turbidity 
(NTU) 110 120 110±15 36 45 39±2 0.25 0.56 0.40±0.05 0.50 1.10 0.77±0.08 -

TABLE 4: Parameters of raw leachate, lime application (30 g L-1), air stripping (1.33 L air min-1 per liter of effluent and 24-hour hydraulic 
retention time) and NF with the membranes SR100 and NP030 (8 bar operating pressure and 30 L h-1 recirculation flow) (n=3).

subsequent assessment of leachate treatment costs. Con-
sidering a means leachate generation flow of 1000 m3, na-
nofiltration process recovery efficiency of 60% and average 
permeate flux of 12 L m-2 h-1, the total cost per m3 of treated 
effluent was estimated in two scenarios, in which different 
membrane m2 prices of the used in the filtration process 
were considered.

The CAPEX of the leachate treatment system was 
US$ 5.618.661,80 considering the cost of the polymer 
membrane of US$ 40 m-2 presented by Baker (2012); 
Guerra and Pellegrino (2012), and US$ 6.289.481,30 in 
the scenario in which the cost of m2 of membrane was 
US$ 180, as pointed out by Amaral et al. (2016). It stands 
out, the proposed treatment does not present any biolog-
ical processes, which in addition to increasing the costs 
of treatment of leachate, is inefficient in the treatment 
of effluents with a high concentration of recalcitrant or-
ganic matter. In addition, NF meets a growing demand in 
the area of leachate treatment – decentralized treatment 
plants – that is, land and construction costs are reduced, 
since membrane processes are compact systems and 
can be arranged in mobile structures, representing a re-
duction in the CAPEX.

Figure 6 shows the relative composition, in percentage, 
of CAPEX (a, b) and OPEX (c, d), considering the cost of 
the membrane m2 presented by Baker (2004); Guerra and 
Pellegrino (2012) (a and c) and Amaral et al. (2016) (b and 
d), respectively.

CAPEX has highlighted the expenses with an installed 
system, which accounts for the acquisition of equipment, 
valves, pipes, and instrumentation. It should be noted that 
these costs are related to the m2 of the membrane used in 
the NF process. Regarding the OPEX, the percentage value 
related to the exchange of membranes stands out, 41.5% 
(Figure 7.c) and 39.2% (Figure 7.d). Operating expenses 
are incurred over the life of the project and include a var-
iable component that can be managed continuously, thus 
it is evident that good operational practices throughout the 

useful life of the leachate treatment plant, such as periodic 
cleaning of membranes, may reduce operating costs and 
make the proposed treatment process more economically 
attractive.

Figure 7 shows the total cost values per m3 of treated 
leachate for different periods of operation of the treatment 
plant.

Considering that the landfill would operate for 25 years 
and after closure, the leachate treatment plant would main-
tain its activities for another 15 years, over a period of 40 
years, the total cost to treat the m3 of leachate would be 
US$ 10.54 (scenario a) and USS$ 11.33 (scenario b).

Regarding of leachate treatment in Brazil, considera-
ble efforts have been made to implement efficient tech-
nologies for the removal of pollutants and achieve com-
pliance with the standards established by environmental 
legislation (Costa et al., 2019). Also, it is important to 
note that the selection of the most suitable treatment 
technology for landfill leachate depends on the quality 
and quantity of leachate, age of landfill, plant flexibility 
and operation conditions (Talalaj et al., 2019). Econom-
ic parameters also play an important role in this deci-
sion-making process.

4.	 CONCLUSIONS
Due to the complexity of landfill leachate, to provide a 

treated effluent that can be discharged into natural water 
streams is not achievable using a single technique but a 
combination of different processes is required. In this 
study, the combined process allowed the production of a 
clear and colorless permeate and has proved to be very ef-
fective at removing all pollutants. The total cost to treat the 
leachate ranged from 10,5 to US$ 12,80. Regarding cost es-
timates for the process, it was verified that a treated efflu-
ent at a lower cost to that currently presented by the Sero-
pédica landfill was obtained through the applied treatment. 
In addition, it was assumed that it would be possible to ab-
dicate the biological processes currently employed at the 
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leachate treatment plant, using the proposed system under 
the conditions established. Future investigations should 
focus on the recovery of permeate flux of nanofiltration, 
minimizing the fouling of membranes and the destination 
of the sludge lime application and membrane concentrate.
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