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a b s t r a c t
To assist resolve issues associated with landfills which may pose a potential environmental threat 
via discharge of high strength polluted wastewater known as leachate, because of the huge amount 
of municipal solid waste dumped into landfills. A chain of processes for treating stabilized leachate 
or landfill leachate (LFL) at laboratory-scale and low costs will be investigated. The treatment sys-
tem consists of the integration of ultrafiltration (UF) membrane process with coagulation method 
(Coag-UF) as pretreatment step for treating LFL using a dual nanofiltration (NF) and reverse 
osmosis (RO) system with the main objective to achieve the Moroccan discharge limits. The results 
show that the combination of Coag-UF, using ferric chloride FeCl3 as a coagulant, has allowed a 
significant reduction of LFL pollutants, namely 62% for chemical oxygen demand, 89% for total 
suspended solids and 62% for iron (Fe) while reducing the fouling phenomena. Also, the results 
indicate that the Coag-UF/NF/RO hybrid system is able to produce quality water according to direc-
tive FAO and water reuse standard for irrigation, land watering in Morocco, with an overall water 
recovery up to 57.2%, a salt rejection reaches 99% and a low energy cost (0.0019 US $/m3) com-
pared to the two others hybrid systems Coag-UF/RO and Coag-UF/NF which their energy cost are 
0.0044 and 0.0032 US $/m3, respectively.

Keywords:  Coagulation; Ultrafiltration; Nanofiltration; Reverse osmosis; Hybrids systems; Stabilized; 
Landfill leachate; Energy consumption

1. Introduction

Human activities affect greatly the generation of solid 
wastes. Today, landfilling still one of the least expensive 
methods for their disposal. After landfilling, solid waste 
undergoes physico-chemical and biological changes. 
Consequently, the degradation of the organic fraction of the 
wastes in combination with percolating rainwater leads to 
the generation of a high-strength contaminated liquid called 
leachate or landfill leachate (LFL) [1,2]. Leachate is a liquid, 

which is a mixture of organic and inorganic contaminants 
which are harmful for the environment [3,4]. Therefore, if 
it is not properly treated, it can lead to serious problems of 
groundwater/surface water contamination [5]. Accordingly, 
removal or reduction of contaminants to acceptable lev-
els is imperative before discharging the LFL into receiver 
environment or for reuse. Indeed, discharge standards are 
becoming more stringent, and the scarcity of water, exacer-
bated in recent decades by global warming, make leachate 
treatment incentive in these conditions. LFL characteristics 
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vary, as they depend mainly on landfill age as well as on 
climate conditions and the wastes landfilled [6,7].

Hence, in Morocco LFL treatment is currently a chal-
lenge that must be met especially as the quantities of LFL 
produced continue to increase especially, since waste 
sorting is still not done at the source. On the basis of LFL 
composition, many biological, chemical and physical 
methods are used alone and/or in combination to remov-
ing unwanted constituents from LFL. Biological processes 
are very effective in removing organic and nitrogenous 
matter from young LFL when the ratio of the 5 days bio-
chemical oxygen demand (BOD5) and the chemical oxygen 
demand (COD) (BOD5/COD) has a high value (>0, 5). With 
time, easily biodegradable organic matter decreases and 
the presence of recalcitrant substances (mainly humic and 
fulvic acids) limit biological process’s effectiveness [8,9]. 
Therefore, LFL obtained from old LFL requires combined 
physical and chemical processes [10–12]. Among these 
processes, coagulation–flocculation (Coag-Floc) remains 
the most communally employed method. Due its simplic-
ity and high selectivity toward colloidal species [13,14]. It 
is principally recommended as pretreatment in the pro-
cessing line of young LFL, or as post-treatment of par-
tially stabilized LFL with low biodegradability, that is, low 
BOD5/COD ratio (<0,1) [4]. Amokrane et al. [13] reported 
that conventional coagulants (aluminum sulphate, polyalu-
minum chloride, ferrous sulphate, and ferric chloride) gen-
erally remove 10%–25% of COD from young LFL and 50%–
65% COD from stabilized LFL or biologically pretreated 
LFL. In addition, membrane-based separation processes, 
such as nanofiltration (NF) and reverse osmosis (RO), have 
been adopted as the polishing step by integrating the pro-
cess of LFL treatment [15,16]. They may effectively remove 
residual contaminants and total dissolved solids (TDS) 
from LFL to reach levels of needed purification to meet 
the required standard. However, they are subjected to con-
centration polarization and membrane fouling leading to 
flux drop [17,18]. This phenomenon is a serious limitation, 
since it induces frequent stops and washing sequences to 
recover the initial permeability of the membranes [19,20]. 
Hence, membrane-based separation processes are not suit-
able as a single process in LFL treatment. However, to cope 
with temporal fluctuations of LFL composition, remove 
or reduce contaminating loads from LFL and improve 
the overall treatment efficiency, the combination of multi-
stage treatments is essential. In this context, in a previous 
paper, Elfilali et al. [21] showed that combination of mem-
brane bioreactor (MBR) and RO achieved a strong reduc-
tion in the polluting load of LFL. MBR process removed 
85% and 76% of total suspended solids (TSS), BOD5 and 
COD respectively. While the RO, at pressure vessel config-
uration, as downstream unit of MBR have reduced more 
than 95% of polluting organic matter and have retained 
98% of TDS with a recovery above 84%, but it is limited 
by its operating cost. Previous studies have estimated 
the operating cost of MBR/RO hybrid systems [22] and 
MBR/NF/RO systems [23] for the treatment of LFL at 3.86  
and 4.55 US$/m3, respectively.

In the present paper, due to the type of LFL which is 
a stabilized LFL, it will be treated by the substituting the 
biological treatment with the chemical one which is the 

coagulation method. Moreover, NF will be included to 
further increase the volume of the treated effluent while 
minimizing the cost linked to the treatment using RO and 
increasing the membrane lifetime.

At the same time, many published researches have 
focused on treatment processes including Coag and/or NF 
and/or RO. JiaShin et al. [24] investigated the inline coag-
ulation–ultrafiltration (Coag-UF) as the pretreatment for 
RO brine treatment and recovery using polyaluminum 
chloride (PACl), aluminum chlorohydrate (ACH) and ferric 
chloride (FeCl3) as the coagulants. Liquid chromatography- 
organic carbon detector (LC-OCD) was used to characterize 
the dissolved organic carbon (DOC) fractions eliminated 
by inline Coag-UF. It illustrated that FeCl3 shows higher 
removal efficiency for almost all the DOC fractions rang-
ing from low to high molecular weight. Thus, due to its 
high DOC removal efficiency, in-line (FeCl3)-UF coagula-
tion is a potential pretreatment to reduce the downstream 
RO fouling tendency. Likewise, Rukapan et al. [25] inves-
tigated, at full-scale leachate treatment systems, the effect 
of chemical coagulation and (MF) microfiltration pretreat-
ment on RO membrane fouling characteristics. The chem-
ical coagulation pretreatment was carried out by FeCl3 
coagulation followed by sand filtration. Meanwhile, MF 
pre-treatment utilized direct filtration using a 0.03 µm 
membrane. The results showed that accumulated foulant on 
the RO membrane in MF pre-treatment were significantly 
lower than that of chemical coagulation. However, NaOH 
cleaning of the fouled RO membrane from the chemical 
coagulation pretreatment case was more effective recov-
ering the permeate flux of RO membrane which explains 
the formation of a loose-structure cake layer compared to 
gel-like layer in the MF pretreatment case. Moreover, the 
study of the comparison of NF-RO and RO-NF for the treat-
ment of mature LFL indicated that both NF and RO steps 
in NF-RO can operate at lower pressures compared to NF 
and RO stages in RO-NF. At the same operating conditions, 
individual stages in NF-RO provide higher water fluxes 
than those in RO-NF, proving NF-RO to be more energy  
efficient [26].

This study aims to investigate the performance compari-
son of hybrid system based on the combination of Coag-UF/
NF/RO for Oum Azza LFL (Morocco) treatment. For this, 
the efficiency of the two types of coagulants such as alu-
minum sulfate (alum) and ferric chloride is examined in 
order to choose the most efficient in the pollution indica-
tors abatement. Then, coagulation process will be followed 
by ultrafiltration (UF) step (Coag-UF) in order to mini-
mize the fouling phenomenon for subsequent membrane 
separation. Next, compared performances of NF, RO and 
NF/RO dual membrane systems will be applied to provide 
advanced post-treatment of LFL. Finally, technico-economic 
performances of Coag-UF/NF/RO hybrid system are also 
investigated and discussed.

2. Experimental

2.1. LFL site

LFL used in this study, is collected from landfill tech-
nical center of Oum Azza. The site of Oum Azza is located 
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in the Rabat-Salé-Kénitra (RSK) region about 30 km in the 
southwest of Rabat city (Capital of Morocco) and covers an 
area of 110 ha. Fig. 1 gives the map localization of Oum Azza 
landfill [27]. In 2007, Oum Azza was the only controlled 
landfill over the country. Nowadays, it receives almost 
50,000 tons/y of household and similar waste (HSW) com-
ing from 13 municipalities in the RSK region. These wastes 
are composed of more than 60% of very wet organic waste 
(50%–60% of water) and have a low calorific value of less 
than 900 kcal/kg [28]. It generates a large quantity of leachate 
and the estimated average is around 480 m3/d [29]. The chem-
ical physical characteristics of raw LFL and the Moroccan 
Rejection Standards are listed in Table 1.

2.2. Setup procedure treatment of LFL

The landfill leachate treatment procedure is a combina-
tion of the coagulation method and three different types of 
separation membranes. The first step presents the pretreat-
ment step. It was composed of the integration of coagulation 
using FeCl3 as the most efficient coagulant and the mod-
ule UF to reduce the pollutant loading of LFL by removing 
suspended solids and colloids and therefore minimize the 
fouling phenomenon.

In the second step, the pre-treated leachate is stored in 
a tank to then be treated by a combined NF-RO system in 
order to purify it by removing both residual organic contam-
inants and salts. Fig. 2 shows a general diagram of the treat-
ment process.

2.2.1. Coag-UF

The treatment of Oum Azza LFL is carried out by pre-
liminary laboratory-scale coagulation tests using a jar test 
device. The system is equipped with six glassed beakers of 
one liter each, a magnetic stirrer, and mixing paddles. The 
beakers are aligned in a series pattern that contains mixing 
paddles regulated by a gauge of revolution per minute (rpm) 
fixed at stirrers center. Experiments are performed using fer-
ric chloride FeCl3 and aluminum sulphate Al2(SO4)3 coagu-
lants. Experiments are conducted at three different initial pH 
such as, initial pH of the LFL, pH = 7 and pH = 5 at various 

doses of coagulants between 0 and 20 g/L. Directly after the 
introduction of coagulant, the samples are rapidly mixed at 
200 rpm during 3 min, followed by slow agitation at stirring 
speed of 45 rpm during 30 min, while the final settling step 
lasted for another 1 h. Thereafter, the supernatant is care-
fully collected and the indicators of pollution are analyzed 
in order to determine the efficiency of the operation.

Jar testing is based on pollutant removal ability and 
flocs settle-ability. This study will select the ideal coagu-
lant (alum or FeCl3) for this stage of LFL treatment. Then, 
the supernatant liquid collected from the coagulation tank 
obtained with the ideal coagulant is subjected to the inte-
grated UF system. The UF membrane used is tubular with 
pore size of 20 nm.

2.2.2. Membrane experimental setup

NF and RO experiments are conducted on an indus-
trial pilot NF/RO provided by TIA company (Applied 

Table 1
Raw LFL characteristics and Moroccan Rejection Standards

Parameters Average value Discharges standardsa

Color Dark brown –
pH 8.1 ± 1.5 5.5–9.5
Temperature (°C) 27 ± 0.6 30
E (mS/cm) 25.85 ± 4.9 2.7
COD (mg O2/L) 6,209 ± 1,224 250
BOD5 (mg O2/L) 950 ± 276.6 120
TSS (mg/L) 397 ± 7 150
BOD5/COD 0.17 –
TN (mg/L) 875 ± 150 40
TP (mg/L) 41.5 ± 12.3 15
Na+ (mg/L) 3,293 ± 313.5 –
Cl– (mg/L) 3,231 ± 215.25 –
Fe (mg/L) 12.6 ± 1.15 –

aMoroccan Pollution Standards specific limits for municipal 
discharge [30].

 
Fig. 1. Oum Azza landfill localization map [27].
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Industrial Technologies, France) shown in Fig. 3. This pilot 
was described in detail in previous papers [31,32]. The pilot 
is equipped with two modules in series and experiments are 
performed using RO or NF membranes. The mainly char-
acteristics of those membranes are summarized in Table 2. 
NF and RO experiments are conducted in two combinations. 
In combination 1, the performance of single type of NF and 
RO membrane in the treatment of LFL is studied in con-
tinuous mode. In combination 2, NF/RO hybrid system 
is adopted in which, the permeate of NF membrane (first 
stage) will feed the RO membrane (second stage). Elazhar 
et al. [31] used the same configurations to further remove 
chloride ions in desalination of brackish water, this config-
uration revealed a clear advantage in reducing the fouling 

of the RO membrane. After the run, membranes are cleaned 
with alkaline and acidic cleaning solutions according to the 
manufacturer’s recommendation.

2.2.3. Analytical methods

Samples of the raw and treated LFL are analysed 
throughout the adopted treatment chain. The main physical 
and chemical analysis are carried out for several parameters 
such as COD, TSS, BOD5, electric conductivity (E), total nitro-
gen (TN), total phosphorus (TP) and inorganic compounds. 
All the analyses are done according to standard methods 
for the examination of water and wastewater [34,35].

 
Fig. 2. Schematic diagram of Coag-UF/NF-RO proceeding for LFL treatment.

 

Fig. 3. Schematic diagram and picture of the NF-RO pilot plant. T: Tank; P: Feed pump; V: Pressure regulation valves; 
M: Membrane module; Pe: Permeate; R: Retentate; H: Heat exchanger; 1: Pressure sensor; 2: Temperature sensor.

Table 2
Characteristics of the used membranes

Membrane Type Area (m2) Pmax (bar) pH Max T (°C) Materials Salt rejection (%) MWCOa (Da)

UF Tubular – 10 3–11 100 Ceramic – –
NF270-4040 Spiral wound 7.6 41 3–10 45 Polyamide 97b 200–300
SW TM810 Spiral wound 7 69 1–11 45 Polyamide 99.75c Dense

aMolecular weight cut-off is defined as the minimum molecular weight of a solute that is 90% retained by the membrane [33].
bSalt rejection based on the following test conditions: 2,000 ppm MgSO4, 25°C and 15% recovery rate at TMP of 4.8 bar.
cSalt rejection based on the following test conditions: 32,000 ppm NaCl, 25°C and 8% recovery rate at TMP of 55.2 bar.



59N. Elfilali et al. / Desalination and Water Treatment 257 (2022) 55–63

3. Results and discussion

3.1. Selection of the ideal coagulant

The coagulation–flocculation process is an important 
pretreatment to lessen polluting organic matters like COD, 
TSS, turbidity and colloids in the processing of LFL treat-
ment. Therefore, its effectiveness enhances the efficiency of 
successive treatment methods by reducing some of organic 
matter and TSS content [36]. In this study, two coagulants 
are used, namely FeCl3 and Al2(SO4)3 in order to pretreat 
LFL. Their effectiveness is assessed in terms of COD and 
TSS removal from LFL at various values of pH and doses of 
coagulant.

The results show that COD content is crucially reduced 
after coagulation–flocculation. Type and dose of the used 
coagulant as well as the pH influence the pretreatment 
efficiency. Coagulation carried out with ferric chloride 
(dose in g/L) gives the following maximum COD abate-
ment: 53%, 73% and 62% at pH = 5 (2 g/L), pH = 7(15 g/L) 
and pH = 8.1 (20 g/L) respectively as shown in Fig. 4. 
Moreover, the highest reductions of COD achieved with 
alum are: 60%, 59%, 42% obtained at pH = 8.1 (20 g/L), 
pH = 7 (15 g/L) and pH = 5 (5 g/L) respectively as shown in 
Fig. 5. Almost all colloidal particles in LFL are negatively 
charged in the pH range 5–9 [37] and generally stable and 
resistant to aggregate due to the electrical repulsion of 
the surface charge [38]. When coagulant is added, cations 
resulting from dissolution of coagulant interact with the 
colloids negatively charged of LFL inducing destabiliza-
tion and coagulation. Under acidic condition, all organic 
compounds are fully oxidized to carbon dioxide. However, 
at the lowest pH, the maximum COD removal is obtained 
for the lowest dose of coagulants. In addition, the effec-
tiveness of both coagulants is assessed for TSS’s reduction. 
The results obtained are shown in Figs. 6 and 7.

The above results show that a significant TSS’s reduction 
occurred after adding of coagulants FeCl3 and aluminum 
sulfate Al2(SO4)3. This abatement of TSS gradually improved 

with increasing coagulant doses, because at higher doses 
more coagulant molecules or ions are available for bind-
ing with the suspended solids leading to better reduction. 
As can be seen in Figs. 6 and 7, the coagulation treatment 
performed with pH adjustment with low doses ensures 
a better removal of TSS compared to those carried out 
without adjustment of the pH (pH = 8.1).

Indeed, the highest TSS reductions are obtained by add-
ing 2 g/L of coagulant FeCl3 and 5 g/L of coagulant Al2(SO4)3, 
which are 84% and 68%, respectively. These results are 
obtained at optimal value of pH equal to 5. Coagulation with 
FeCl3 allows a better reduction of COD than with Al2(SO4)3.

It is evident that FeCl3 demonstrated the highest treat-
ment efficiency, confirming that ferric chloride is highly 
effective in the coagulation process as well as one of the most 
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promising coagulants. The economic analysis of the oper-
ating costs associated with coagulation treatment process 
has been conducted.

It is important to note that this analysis is just an approx-
imate tool to differentiate the trends in the operating cost 
associated with the use of coagulation treatment. A suitable 
economic analysis should consider initial investment, tak-
ing into consideration the prices at plant scale, energy, ship-
ping, and storage and labour costs.

Ferric chloride consumption is 2 g/L; it is 2.5 times lower 
than the values of alum. If it is considered an estimated aver-
age price of ferric chloride to be around 3.2 and 2.8 US $/
kg of aluminum sulfate. By comparing the cost of reagent 
per treated leachate volume (US$/m3), values of 0.64 and 
1.4 US $/m3 are obtained for ferric chloride and alum respec-
tively. This is 2 times in favor of ferric chloride, being accept-
able for the treatment. Thus, due to its low cost, ferric chloride 
is probably an interesting coagulant for LFL pretreatment.

The pretreated LFL will then be subjected to a UF mem-
brane separation treatment to remove persistent pollutants 
and improve the quality of the treated LFL.

3.2. Combination Coag-UF

In this part, coagulation and UF are combined accord-
ing to the hybrid configuration coagulation-UF (Coag-UF) 
for LFL treatment. The UF experiment is performed at TMP 
of 6 bar corresponding to a flux of 116 L/h/m2. The results 
obtained of effectiveness of removal of COD, TSS and Fe as 
well as the decrease of electric conductivity (E) are depicted 
on Fig. 8.

The analysis of the result shows that the LFL treatment 
by only coagulation using FeCl3 allows the removal of 53% of 
COD, 84% of TSS, and 50% of Fe. Consequently, the electric 
conductivity of the coagulated effluent increases up to 28%. 
Indeed, in an acid medium, FeCl3 coagulant could be trans-
formed into polynuclear’s form like Fe(OH)3 and Fe(OH)2. 
Reactions by ferric cations in LFL samples are greatly influ-
enced by presence of humic substances, which represent 

approximately 75% of stabilized LFL, they precipitate and 
promote reduction of Fe. However, for a single and direct 
treatment of UF of raw LFL, the removal of COD is close to 
45%, while the retention of TDS, as revealed by measurement 
of electric conductivity, is rather weak (11%) compared to 
of 70% of organic pollution as TSS [39]. As expected, due to 
their structure, UF membrane cannot reduce salinity of efflu-
ent. Comparatively to other two treatments, single UF and 
single Coag, the results show that the integrated Coag-UF 
combination allows a significant reduction of LFL contam-
inants: 62% for COD, 89% for TSS and 62% for Fe. On the 
other hand, electric conductivity remains high. Hence, the 
flocs created by coagulation will be more easily retained 
by UF membrane at low operating TMP.

3.3. Combination Coag-UF/NF/RO

As developed in the section 3.2, due to the complex-
ity and variance of the LFL as well as to their high TDS, 
the integrated Coag-UF method failed to reject TDS and 
the remaining pollutants. Hybrid process including, NF 
and RO membranes in combination with Coag-UF have 
the ability to retain TDS and the remaining pollutants, 
especially for treated water from LFL to meet salinity stan-
dards that coagulation alone or combined with ultrafiltra-
tion fail to meet. For this purpose, three hybrid configu-
rations are investigated: Coag-UF/NF, Coag-UF/RO and 
Coag-UF/NF/RO. The applied TMP is 40 bar for NF cor-
responding to 52.37 L/h/m2 and 45 bar for RO correspond-
ing to 43.59 L/h/m2 and 32 bar for NF/RO corresponding 
to 64.89 L/h/m2 of water flux. Fig. 9 shows the effective-
ness of the decrease of various pollution indicators from 
LFL using the three hybrid configurations.

Among the three hybrid configurations for the treat-
ment of LFL initially treated by Coag-UF process, the best 
removal efficiencies are exhibited by Coag-UF/RO and 
Coag-UF/NF/RO hybrid system. The high reductions of COD, 
E and TSS (>90%) are obtained by Coag-UF/RO and Coag-UF/
NF/RO configurations. Meanwhile, the nitrite, nitrate and 
sulphate anions rejection reach more than 78% in most cases 
for two hybrid systems Coag-UF/NF/RO and Coag-UF/RO.
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Compared to the above combinations, rejection of 
TDS reaches 24%, while anions are moderately rejected by 
Coag-UF/NF combination except sulphate which is rejected 
up to 75.9%.This difference could be explained by the nature 
of NF membrane, which cannot completely retain all organic 
compounds, a small fraction of this organic matter passes 
through the membrane pores thus reducing the retention 
of these compounds. Moreover, NF membranes have pro-
pensity to retaining divalent ions preferentially than mon-
ovalent ones.

In terms of permeate quality; it appears that the Coag-
UF/NF hybrid system is not able to fulfill the recom-
mended discharge water since the levels of electric conduc-
tivity exceed the recommended standards (2,700 µS/cm).  
An additional treatment is required. However, the water 
quality in terms of TDS is improved by the two others 
hybrids systems Coag-UF/NF/RO and Coag-UF/RO for 
which electric conductivity value reaches 315 and 2,516 µS/
cm respectively. The integrated systems can be ranked 
in the following order: Coag-UF/NF/RO > Coag-UF/
RO > Coag-UF/NF. The combined NF/RO system as 
downstream of the Coag-UF pretreatment significantly 
improves the permeate quality. The main advantage 
of NF over RO is the possibility to operate under lower 
TMP and higher recoveries. NF is defined as a process 
with characteristics between RO and UF and with differ-
ent retention efficiencies for either mono or multivalent 
ions. Thus, its placement upstream RO membrane could 
reduce precipitation and scaling potential and inducing to 
lessen driven TMP of RO process in the following stage. 
However, single RO as downstream to Coag-UF system is 
hampered by fouling caused by substantial organic com-
pounds and on the other hand by scaling phenomenon 
due to the high TDS of LFL. The benefit of integration 
NF-RO in the treatment chain of LFL involves minimizing 
scaling propensity of feed water, lowering operating TMP 
and energy requirement and finally increasing the quan-
tity and the quality of the permeate. Moreover, knowing 
that the public cost of electricity in Morocco is close to 
US $ 0.1/kWh [40,41], the calculation of the overall water 
recovery rate and energy consumption values for the three 

hybrid process combinations: Coag-UF/NF, Coag-UF/RO 
and Coag-UF/NF/RO is based on the expressions.

Overall water recovery rate (YT):

Y
Y

Y YT � � �� �
NF

RO NF1 1
 (1)

where YNF and YRO are the recovery rate (%) in each stage, 
respectively.

Specific energy consumption (SEC) for two stages [42]:

SEC RO NF�
�� ��
� �

P P
Y

100
36 �

 (2)

where PRO, PNF, η and Y are the applied pressure in RO and 
NF stage (bar), the global pumping system efficiency and the 
overall recovery rate (%), respectively.

In terms of recovery rate and energy consumption, it 
appears that the Coag-UF/NF/RO hybrid system is more 
technically attractive thanks to its remarkable improve-
ment over the two others combinations. As a matter of fact, 
on the basis of the above analysis, it can be concluded that 
the energy consumption can be reduced by increasing the 
number of stages. It should also be noted that the cost of 
energy decreases. It can be ranked in the following order: 
Coag-UF/NF/RO < Coag-UF/NF < Coag-UF/RO, while the 
water recovery rate increases in the same order. Coag-UF/
NF hybrid system works with 42.2% of recovery rate and 
produces 3,025.23 L/h of permeate flow which is more 
than the feed processed by only RO unit. Furthermore, 
the recovery is well improved up to 57.2% correspond-
ing to 3,452.47 L/h of permeate flux when NF is positioned 
upstream in the first stage of RO process for Coag-UF/NF/
RO hybrid system. Table 3 describes the energy consump-
tion, energy cost estimates and performances comparison of 
three hybrid process combinations: Coag-UF/NF, Coag-UF/
RO and Coag-UF/NF/RO in treatment of stabilized LFL.

4. Conclusion

Legal compliance of reuse of stabilized LFL and its 
discharge into environment has been successfully accom-
plished, using Coag-UF/NF/RO chain’s process. The 
investigation of the raw LFL characteristics has illustrated 
that it contains high concentrations of indicators pollut-
ants and salinity. Firstly, a comparative assessment of 
the two coagulants of FeCl3 and Al2(SO4)3 was performed 
for the remediation of LFL. The ferric chloride coagulant 
was chosen for its low cost as 0.64 US$/m3 per volume of 
treated LFL volume and its performances to lessen the 
load of impurities such as COD and TSS on the subsequent 
membrane separation step, by reducing 53% of COD and 
84% of TSS from raw LFL. Afterwards, FeCl3 was inte-
grated into Coag-UF combination method. A hybrid pro-
cess of Coag-UF, such as pretreatment step of LFL led to 
high removal rates of COD, TSS and iron. On the contrary, 
The Coag-UF combining system has failed to reach the 
required standards in terms of TDS and electrical conduc-
tivity (E). For these reasons, NF and RO membranes are 
combined to Coag-UF in order to complete and enhance 
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Fig. 9. Effectiveness of the decrease of several parameters from 
LFL using the three hybrid configurations.
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the efficiency treatment of LFL. Based on performances’ 
comparison of Coag-UF/NF/RO systems and taking 
into account the permeate quality, the integrated sys-
tems can be ranked in the following order: Coag-UF/NF/
RO > Coag-UF/RO > Coag-UF/NF. The Coag-UF/NF/RO 
hybrid system increased the water recovery rate of LFL by 
up to 57.2%, leading to a net reduction in the quantity of 
brine. In addition, the retention of TDS reached 99% and 
the quality of the permeate was significantly improved 
when the NF is placed upstream of RO. Moreover, the 
Coag-UF/NF/RO and Coag-UF/RO hybrid systems were 
able to produce quality water according to Directive FAO 
and Water Reuse standard for Irrigation, Land Watering, 
Morocco. Lastly, because the Coag-UF/NF/RO hybrid sys-
tem allowed the best performances in LFL treatment and 
consumes less energy than the others combined systems, 
it was selected as the best solution for treating stabilized 
landfill leachate. At the same time, this hybrid system can 
minimize the fraction of brine disposal dumping to sew-
age, making it environmentally friendly. Thus, integrated 
systems can be employed to treat leachate with high 
efficiency and low energy expense.

Acknowledgements

We are grateful to the Municipality of Rabat, which man-
ages the controlled discharge of OumAzza (Rabat) for the 
help provided. Without their cooperation, this work would 
not have been possible.

References
[1] H. Sari, K. Yetilmezsoy, F. Ilhan, S. Yazici, U. Kurt, O. Apaydin, 

Fuzzy-logic modeling of Fenton’s strong chemical oxidation 
process treating three types of landfill leachates, Environ. Sci. 
Pollut. Res., 20 (2013) 4235–4253.

[2] X. Zhao, X. Wei, P. Xia, H. Liu, J. Qu, Removal and transformation 
characterization of refractory components from biologically 
treated landfill leachate by Fe2+/NaClO and Fenton oxidation, 
Sep. Purif. Technol., 116 (2013) 107–113.

[3] T.F. Silva, M.E. Silva, A.C. Cunha-Queda, A. Fonseca, I. Saraiva, 
M.A. Sousa, C. Gonçalves, M. Alpendurada, F. Boaventura, 
V.J. Vilar, Multistage treatment system for raw leachate from san-
itary landfill combining biological nitrification-denitrification/
solar photo-Fenton/biological processes, at a scale close to 
industrial–biodegradability enhancement and evolution profile 
of trace pollutants, Water Res., 47 (2013) 6167–6186.

[4] L. Zhang, A. Li, Y. Lu, L. Yan, S. Zhong, C. Deng, Characterization 
and removal of dissolved organic matter (DOM) from landfill 
leachate rejected by nanofiltration, Waste Manage., 29 (2009) 
1035–1040.

[5] I.M. Rafizul, M. Alamgir, Characterization and tropical seasonal 
variation of leachate: results from landfill lysimeter studied, 
Waste Manage., 32 (2012) 2080–2095.

[6] J. Rodriguez, L. Castrillón, E. Marañón, H. Sastre, E. Fernández, 
Removal of non-biodegradable organic matter from landfill 
leachates by adsorption, Water Res., 38 (2004) 3297–3303.

[7] M.A. Nanny, N. Ratasuk, Characterization and comparison of 
hydrophobic neutral and hydrophobic acid dissolved organic 
carbon isolated from three municipal landfill leachates, Water 
Res., 36 (2002) 1572–1584.

[8] F. Kargi, M.Y. Pamukoglu, Aerobic biological treatment of 
pre-treated landfill leachate by fed-batch operation, Enzyme 
Microb. Technol., 33 (2003) 588–559.

[9] V.J.P. Vilar, E.M.R. Rocha, F.S. Mota, A. Fonseca, I. Saraiva, 
R.A.R. Boaventura, Treatment of a sanitary landfill leachate 
using combined solar photo-Fenton and biological immobilized 
biomass reactor at a pilot scale, Water Res., 45 (2011) 2647–2658.

[10] S. Fudala-Ksiazek, M. Pierpaoli, A. Luczkiewicz, Fate and 
significance of phthalates and bisphenol A in liquid by-products 
generated during municipal solid waste mechanical biological 
pre-treatment and disposal, Waste Manage., 64 (2017) 28–38.

[11] D. Kulikowska, E. Klimiuk, The effect of landfill age on 
municipal leachate composition, Bioresour. Technol., 99 (2008) 
5981–5985.

[12] S. Renou, J.G. Givaudan, S. Poulain, F. Dirassouyan, P. Moulin, 
Landfill leachate treatment: review and opportunity, J. Hazard. 
Mater., 150 (2008) 468–493.

[13] A. Amokrane, C. Comel, J. Veron, Landfill leachates 
pretreatment by coagulation–flocculation, Water Res., 31 (1997) 
2775–2782.

[14] I. Majdy, E. Cherkaoui, A. Nounah, M. Khamar, The physico-
chemical treatment by coagulation–flocculation of wastewater 
discharges from the city of sale, J. Mater. Environ. Sci., 6 (2015) 
834–839.

[15] A. Kuusik, K. Pachel, A. Kuusik, E. Loigu, W.Z. Tang, Reverse 
osmosis and nanofiltration of biologically treated leachate, 
Environ. Technol., 35 (2014) 2416–2426.

[16] S. Fudala-Ksiazek, M. Pierpaoli, A. Luczkiewicz, Efficiency of 
landfill leachate treatment in a MBR/UF system combined with 
NF, with a special focus on phthalates and bisphenol A removal, 
Waste Manage., 78 (2018) 94–103.

[17] T. Mariam, L.D. Nghiem, Landfill leachate treatment using 
hybrid coagulation–nanofiltration processes, Desalination, 
250 (2010) 677–681.

[18] D. Trebouet, J.P. Schlumpf, P. Jaouen, F. Quemeneur, Stabilized 
landfill leachate treatment by combined physicochemical 
nanofiltration processes, Water Res., 35 (2001) 2935–2942.

[19] S. Jiang, Y. Li, B.P. Ladewig, A review of reverse osmosis 
membrane fouling and control strategies, Sci. Total Environ., 
595 (2017) 567–583.

Table 3
Performances and energy comparison of three hybrid systems: Coag-UF/NF, Coag-UF/RO and Coag-UF/NF/RO

Coag-UF/NF Coag-UF/RO Coag-UF/NF/RO

EFeed (µS/cm) 31,500
TMP (bar) 40 45 32
Flux (L/h) 3,025.23 2,154.58 3,452.47
Recovery rate (%) 42.2 35.1 57.2
EPermeate (µS/cm) 23,900 2,520 315
EConcentrate (µS/cm) 37,056 47,207 73,262
Salinity rejection (%) 24 92 99
Energy consumption (kWh/m3) 0.032 0.044 0.0194
Energy cost (US $/m3) 0.0032 0.0044 0.00194



63N. Elfilali et al. / Desalination and Water Treatment 257 (2022) 55–63

[20] I. Demir, I. Koyuncu, S. Guclu, S. Yildiz, V. Balahorli, S. Caglar, 
T. Turken, M.E. Pasaoglu, R. Kaya, R. Sengur-Tasdemir, An 
autopsy of nanofiltration membrane used for landfill leachate 
treatment, Sci. World J., 2015 (2015) 850–530.

[21] N. Elfilali, N. Essafi, M. Zait, M. Tahaikt, F. Elazhar, A. Elmidaoui, 
M. Taky, Effectiveness of membrane bioreactor/reverse osmosis 
hybrid process for advanced purification of landfill leachate, 
Desal. Water Treat., 240 (2021) 24–32.

[22] H. Min, Y. Du, S. Liu, MBR/RO process for treatment of landfill 
leachate, China, Water Wastewater, 26 (2010) 64–66.

[23] T. Wei, Y. Chen, Y. Xiao, H. Peihong, Application of TMBR and 
NF/RO combined technology in landfill leachate treatment, Ind. 
Saf. Environ. Prot., 42 (2016) 34–37.

[24] H. JiaShin, M. Zhun, Q. Jianjun, S. SiHui, T. Chee-Seng, Inline 
coagulation–ultrafiltration as the pretreatment for reverse 
osmosis brine treatment and recovery, Desalination, 365 (2015) 
242–249.

[25] W. Rukapan, B. Khananthai, Th. Srisukphun, W. Chiemchaisri, 
Ch. Chiemchais, Comparison of reverse osmosis membrane 
fouling characteristics in full-scale leachate treatment systems 
with chemical coagulation and microfiltration pre-treatments, 
Water Sci. Technol., 71 (2015) 580–587.

[26] S. Ramaswami, J. Behrendt, R. Otterpohl, Comparison of 
NF-RO and RO-NF for the treatment of mature landfill 
leachates: a guide for landfill operators, Membranes, 8 (2018) 17,  
doi: 10.3390/membranes8020017.

[27] M. Touzani, I. Kacimi, N. Kassou, M. Morarech, T. Bahaj, 
V. Valles, L. Barbiero, S. Yameogo, The impact of the Oum 
Azza landfill on the quality of groundwater at the Rabat region 
(Morocco), Cuader. Geogr., 58 (2019) 68–82.

[28] R. Benabou, Characterization Tests of Household and 
Similar Waste Carried Out in Morocco: Results, Synthesis 
and Recommendations, Municipal Cooperation Local and 
Participatory Governance in the Maghreb Called Co Mun of 
the GIZ in Collaboration With the General Direction of Local 
Authorities, 2017, pp. 52–53.

[29] E. Allix, Local Public Action and Waste Management of Member 
Cities, Moroccan Network of Urban Waste Management 
Municipal Cooperation Local and Participatory Governance in 
the Maghreb Named CoMun of the GIZ in Collaboration With 
the General Direction of Local Authorities, 2014, pp. 38–42.

[30] Minister for Energy, Mines, Water and the Environment, 
Responsible for Water, Water Research and Planning 
Department, Water Quality Division, Water Pollution Service, 
Preservation of the Quality of Water Resources and Fight 

Against Pollution: Moroccan Pollution Standards Specific 
Limits for Municipal Discharge, 2014, pp. 13–15.

[31] F. Elazhar, M. Elazhar, N. El Filali, S. Belhamidi, A. Elmidaoui, 
M. Taky, Potential of hybrid NF-RO system to enhance chloride 
removal and reduce membrane fouling during surface 
water desalination, Sep. Purif. Technol., 261 (2021) 118299, 
doi: 10.1016/j.seppur.2021.118299.

[32] M. Tahaikt, S. El-Ghzizel, N. Essafi, M. Hafsi, M. Taky, 
A. Elmidaoui, Technical-economic comparison of nanofiltration 
and reverse osmosis in the reduction of fluoride ions from 
groundwater: experimental, modeling, and cost estimate, 
Desal. Water Treat., 216 (2021) 83–95.

[33] E. Drioli, L. Giorno, Eds., Comprehensive Membrane Science 
and Engineering, Elsevier Ltd., Oxford, 2010.

[34] J. Rodier, B. Legube, N. Merlet, Rodier Water Analysis, 9th ed., 
2009, p. 1579.

[35] C. Bliefert, R. Perraud, Environmental Chemistry: Air, Water, 
Soil, Waste, 2nd ed., 2009.

[36] C. Amor, E. De Torres-Socías, J.A. Peres , M.I. Maldonado, 
I. Oller, S. Malato, M.S. Lucas, Mature landfill leachate treatment 
by coagulation/flocculation combined with Fenton and solar 
photo-Fenton processes, J. Hazard. Mater., 286 (2015) 261–268.

[37] J. Duan, J. Gregory, Coagulation by hydrolyzing metal salts, 
Adv. Colloid Interface Sci., 100–102 (2003) 475–502.

[38] W. Li, T. Hua, Q. Zhou, S. Zhang, F. Li, Treatment of stabilized 
landfill leachate by the combined process of coagulation/
flocculation and powder activated carbon adsorption, Desa-
lination, 264 (2010) 56–62.

[39] M. Zait, S. Benalla, B. Bachiri, M. Tahaikt, D. Dhiba, 
A. Elmidaoui, M. Taky, Performance of three ultrafiltration 
ceramic membranes in reducing polluting load of landfill 
leachate, Desal. Water Treat., 240 (2021) 33–42.

[40] M. Kettani, P. Bandelier, Techno-economic assessment of solar 
energy coupling with large-scale desalination plant: the case of 
Morocco, Desalination, 494 (2020) 114–627.

[41] F. Elazhar, M. Elazhar, S. El-Ghzizel, M. Tahaikt, M. Zait, 
D. Dhiba, A. Elmidaoui, M. Taky, Nanofiltration–reverse 
osmosis hybrid process for hardness removal in brackish 
water with higher recovery rate and minimization of brine 
discharges, Process Saf. Environ. Prot., 153 (2021) 376–383.

[42] A. Altaee, G. Zaragoza, H.R. Tonningen, Comparison between 
forward osmosis–reverse osmosis and reverse osmosis 
processes for seawater desalination, Desalination, 336 (2014) 
50–57.


	_Hlk89070763

