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1. Introduction 

 
Nanofiltration is a promising desalination process that is 

reported suitable for several applications in many regions in 

the world, especially in countries suffering water shortage 

or scarcity. It is denned as a process with special 

characteristics that cover an intermediate separation range 

between ultrafiltration and reverse osmosis (Fang et al. 

2019). Moreover, Nanofiltration is extensively employed to 

treat all kinds of water such as underground, surface for the 

production of safe drinking water and wastewater for the 

recovery of the water industrially reusable (Epsztein et al. 

2015, Tarek et al. 2018). Besides, nanofiltration membrane 

is increasingly deployed for the removal of solutes ranging 

from colloidal particles and organic molecules to salts in 

single unit operation. It is also designed to provide higher 

water flux at lower pressures than reverse osmosis 

membranes, and the power requirements are significantly 

reduced (Pontié et al. 2008, Epsztein et al. 2018, Jadhav et 

al. 2016). Moreover, NF membranes are the best candidates 

for water softening as they provide a high rejection of 

divalent ions ( >99%) (Song et al. 2016).  

Despite the progress made in nanofiltration processes, 

scaling and fouling are the most serious problems that 

negatively affect the membrane performances, for instance, 

poor permeate quality, decrease of flux, increases in 
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operating pressure, energy consumption and treatment cost 

(Goh et al. 2018, Jiang et al. 2017, Aguiar et al. 2018). This 

phenomenon is influenced by many factors such as the 

properties of the membrane material, the feed water 

constituents and also the operating conditions of the 

membrane process (Leo et al. 2016). Consequently, one or 

more types of fouling can take place simultaneously such as 

biofouling, organic fouling and inorganic scaling (Abid et 

al. 2017).  

Typically, the membrane fouling characterization can be 

divided into two different methods, nondestructive and 

destructive methods (membrane autopsy). Each class of 

methods has its advantages and disadvantages in identifying 

the root cause of the fouling. Although nondestructive 

methods, e.g., quality of the produced water, permeate flux, 

pressure drop and energy consumption are monitored 

continuously as a function of filtration time to evaluate the 

development of fouling during the operation, but these 

methods are incomplete to determine the principal cause of 

fouling and its category. For this reason, the membrane has 

to be destructively diagnosed and autopsied (Destructive 

methods) to identify the types and quantities of the foulants. 

Thus, membrane autopsy is recommended to perform at the 

laboratory level prior to the large scale membrane process 

implementation (Ruiz-Garcíaa et al. 2018).  

Membrane autopsy is a destructive method which 

requires a sacrificial membrane element to be removed from 

the plant and characterized by using predominantly surface 

characterization techniques, such as total reflectance 

Fourier transform infrared (ATR-FTIR), scanning electron 

microscopy (SEM) or field emission scanning electron 

microscopy (FESEM), energy dispersive X-ray (EDX) 
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spectroscopy, atomic force microscopy (AFM), and X-ray 

diffractometry (XRD) (Karime et al. 2008). The purpose of 

these techniques is to analyze and identify the foulants in 

order to develop strategies to minimize fouling 

phenomenon and improve the long-term efficiency of the 

membrane, including cleaning membrane methods (physical 

and/ or chemical cleaning).   

Physical cleaning processes are based on five different 

methods, such as hydraulic (flushing, back pulse and back 

flush), pneumatic (air sparging, air lifting, air scouring…), 

mechanic (sponge ball and fluidized particle cleaning), 

ultrasound irradiation (sonication) and applied electric 

fields (Regula et al. 2014, Lee et al. 2010); they are 

practically performed at regular intervals and specifically 

employed to eliminate reversible membrane fouling 

(Kimura et al. 2004). Whereas, the irreversible one, it can 

be only reduced by chemical cleaning (Vanysacker et al. 

2014).  

Chemical cleaning is the most common membrane 

cleaning method, especially in reverse osmosis membranes. 

It is based on two different mechanisms, chemical and 

physical interactions. Chemical interactions are related to 

the reaction between the cleaning agent and the fouling 

layer. This reaction lowers the structural integrity of the 

deposited materials, thus facilitates its mechanical removal 

without damaging the membrane surface by maintaining 

membrane properties in a safe state. In contrast, physical 

interactions are related to the mass transport of components 

from the bulk solution to the membrane surface and from 

the membrane surface to the bulk solution (Sohrabi et al. 

2011). Most Cleaning agents are often and commercially 

available, and many of them are recommended by 

membrane manufacturers as proprietary chemicals to deal 

with different types of foulants. They are divided into 

alkaline and acid cleaners. Acids (nitric, phosphoric, 

hydrochloric, sulphuric and citric) are often used to remove 

inorganic scaling, while alkaline ones are suitables for 

organic fouling removal. Other categories of chemical 

cleaning agents are metal chelating agents, surfactants and 

enzymes (Mohammadi et al. 2002). The choice of cleaning 

agents depends mainly on the type of foulants and chemical 

membrane composition. During the chemical cleaning 

process, many factors must be considered such as, cleaning 

agent concentration, system temperature, pH, pressure and 

cleaning time (Shirazi et al. 2010).  

In addition, chemical cleaning process can damage the 

membrane materials and accelerate its ageing process 

(Simon et al. 2013), especially in nanofiltration and reverse 

osmosis membranes. This problem depends usually on the 

operating conditions of both the process and the cleaning 

step. It can result in decline membrane productivity, 

modification of the membrane properties (membrane 

hydrophobicity and surface roughness) and alteration of 

membrane selectivity (Regula et al. 2014). As shown in the 

study performed by Simon et al. (2012) to know about the 

effect of chemical cleaning solutions at different 

concentrations on a virgin NF270 membranes (Dow 

Filmtec™), by measuring the membrane zeta potential, 

hydrophobicity, permeability, and solutes rejection before 

and after exposure to the cleaning solution during 18 hours 

at 35°C. Many differences were observed in the membrane 

characteristics due to membrane ageing; moreover, salt 

rejection decreased particularly with caustic cleaning and 

with acidic cleaning at pH below 1.5. On another study 

focused on the cleaning temperature effect on NF270 

membrane ageing, they concluded that the cleaning 

temperature did not exert any observable impact on the 

surface charge of the NF270 membrane, but amplified or 

reduced the impact of the cleaning solution on other 

membrane properties as well as solute rejection (Simon et 

al. 2013). 

On the other hand, chemical cleaning agents had some 

environmental and economic disadvantages. 

Environmentally, they cause secondary pollution related to 

the waste chemical disposal and economically, they add 

costs of cleanup, handling, transporting dangerous 

chemicals, waste energy by decreasing and then increasing 

pressures needed for the membrane system to work, and 

waste cleaned water (Lu et al. 2009). It has been reported 

that, in general, 5-20% of the operating costs of a large 

plant are associated with cleaning procedures (Madaeni et 

al. 2001).   

As many desalination plants in the world, Sidi Taibi 

demineralization plant has revealed difficulties related to 

the membrane performances loss (pressure increase, flux 

decline, poor quality of the produced water and increase of 

energy consumption). This behaviour is always a 

consequence of the fouling phenomenon. In this study an 

autopsy of a nanofiltration membrane (NF90), that is used 

in the Sidi Taibi plant, was carried out to determine the 

origin of the fouling and the nature of the foulants, and 

three different chemical cleaning solutions (HCl, H2SO4 and 

HNO3
-, pH 3) were tested and assessed in order to 

determine the suitable one for the fouled membrane to 

regain its initial permeability and performances.  

 
 
2. Materials and methods   
 

2.1 Membrane fouling evaluation  
 

The membrane fouling was evaluated by two methods, 

non-destructive and destructive methods (membrane 

autopsy).  
 

2.1.1 Non-destructive method 
The monitoring of the permeate flux, pressure, energy 

consumption and salt rejection as a function of the 

operating time was carried out continuously during a year 

of operation at the scale of the Sidi Taibi plant.  
 

Plant description 

The establishment of Sidi Taibi plant marked the 

beginning of the use of a hybrid energy system 

(photovoltaic and wind) feeding a nanofiltration 

desalination unit with electrical energy. It was launched in 

March 2013 at Al Annouar high school of Sidi Taibi, 

Kenitra, Morocco. The plant was designed to supply the 

1200 students of the school with potable water, with a daily 

production capacity of 12 m3/day, at a pressure of 5 bar, a 

recovery rate of 75% and was fed with underground water. 
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Table 1 Operating characteristics of the membranes used 

Parameters 
Recommended 

values 
Data source 

Maximum Operating 

Temperature (°C) 
45 Manufacturer 

Maximum Operating 

Pressure (bar) 
41 Manufacturer 

pH Range, Continuous 

Operation 
3 – 10 Manufacturer 

Maximum Feed Flow 

Rate (m3/h) 
15.9 Manufacturer 

Maximum Feed Silt 

Density Index (SDI) 
5 Manufacturer 

 
Table 2 Characteristics of the raw water and the standards 

for drinking water fixed by the World Health Organization 

(WHO) 

 Underground water WHO standards (WHO 2008) 

pH 6.79 6.5-8.5 

TDS (mg/L) 796.4 500 

Na+ (mg/l) 47 200 

NH4
+ (mg/l) < 0.1 - 

K+ (mg/l) 11 - 

Mg2+ (mg/l) 78 50 

Ca2+ (mg/l) 128 270 

F- (mg/l) 0.04 1.5 

Cl- (mg/l) 57 250 

Br- (mg/l) < 0.1 - 

NO3
-(mg/l) 68 50 

PO4
3− (mg/l) < 0.1 - 

SO4
2- (mg/l) 10 500 

Turbidity (NTU) 0.39 5 

HCO3
− (mg/L) 396.53 - 

CO3
2− (mg/L) 1.37 - 

SDI < 3 - 

 

 
The feed water from the underground is pumped into the 

pilot plant through intake pipes. Firstly, underground water 

goes to the pre-treatment compartment; it is composed of 

two cartridges (25µm and 5µm) connected in series, the 

first one allows the removal of sludge which may be present 

in the wellbore, it identifies the size of particles less than 25 

μm and the second one allows the removal of fine particles 

greater than 5 µm. Secondly, the pre-treated water is 

directed into the nanofiltration compartment which consists 

of two spiral membranes (NF90 40*40) type: polyamide 

thin-film composite Filmtec Dow, installed in series with a 

total surface area of 15.2 m² (see Table 1). Thirdly, the 

nanofiltrated water is routed to be disinfected by an 

electrochemical disinfection system for the in-situ 

generation of chlorine. In the final step, the produced water 

is stored in a storage tank, and distributed.  

The fouled nanofiltration membrane element selected 

for the autopsy study had been in service for nearly one 

year, from April 2014 to April 2015. 

Feed water characterization 

The analysis of the raw water (underground water) gives 

the results shown in table 2. 

 

Experimental methods and Analyses 

The Sidi Taibi desalination plant (see Fig. 1) is equipped 

with different instruments installed at different points in the 

pilot plant in order to measure all the necessary parameters 

for this research: pressure, conductivity, flow and 

temperature.  

In addition, the performances of the plant were followed 

in terms of the salt rejection, permeate flux, recovery rate 

and the specific energy consumption parameters which are 

defined as:  

• salt rejection (%):  

R(%) =
(Gf − Gp)

Gf
× 100 (1) 

where Gp and Gf are respectively the conductivity of 

permeate and feed water; 

• permeate flux (L/h.m2):  

Flux =
Qp

S
 (2) 

where S (m2) and Qp (L/h) are respectively the surface 

area of the membrane and permeate flow; 

• recovery rate (%):  

Y =
 Qp 

Qf
× 100 (3) 

where Qf and Qp are the feed and the permeate flow rate 

respectively; 

• specific energy consumption (KWh/m3) (Dach 

2008, El Harrak et al. 2015):  

E =
∆P × 100

(η ×  Y ×  36,6) 
 (4) 

where ∆P, η and Y are the transmembrane pressure 

(bar), η is the global pumping system efficiency (0.85) and 

the recovery rate (%), respectively. 

 
2.1.1 Destructive methods (membrane autopsy) 
At the laboratory scale, the membrane fouling 

characterization is completed by following the five steps of 

membrane autopsy procedure (selection of representative 

membrane, dissection, analysis, identification and 

remediation) (Farhat et al. 2012). For this reason, analytical 

techniques are used such as Scanning Electron Microscopy 

(SEM) connected with an energy dispersive X-ray (EDX) 

detection system and X-ray diffractometer (XRD) with Cu-

Kα1 source with λ= 1,5406 Å.  

 

Fouling evaluation and cleaning processes  

Firstly, the membrane for the autopsy is removed from 

the first stage (see Fig. 1), which faced the majority of 

fouling problems, and dissected. Secondly the membrane 

leaves from the outer wrap are detached, and cut for 

analysis.  

Three flat-sheet fouling membranes were implemented 

from the membrane selected previously and performed at  
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the scale of a laboratory pilot cross-flow filtration unit 

supplied by Sterlitech Corporation (Sterlitech Corporation, 

WA, USA), equipped with a Sepa CF membrane Cell 

System (see Fig. 2), with an effective membrane surface 

area of 140cm2 for the cleaning tests.    

Three different dilute acid solutions are used (HCl 

(37%), H2SO4 (97%) and HNO3
- (69%), pH=3) on an 

alternating circulation (30min) in a single cleaning step 

preceded and followed by flushing (30min) with a 

temperature of 23°C and a cleaning pressure of 3bar. 

Analytical techniques are used in order to characterize 

and assess the surfaces of the three cleaned membranes 

such as a scanning electron microscope (SEM) connected 

with an energy dispersive X-ray (EDX) detection system.  
 

Chemical cleaning efficiency  

To investigate nanofiltration fouling, a virgin 

nanofiltration membrane (NF90) was used in order to 

determine the initial membrane water permeability (K 

(Initial)). After flux stabilization, the initial water 

permeability was obtained from the slope of normalized 

permeate flux of distilled water (JN) versus applied pressure 

(ΔP) at 7; 5.3; 4; 3 and 2 bar. Water temperature was also 

monitored and permeate flux was normalized to 25°C by 

means of a correction factor calculated as water viscosity at 

the temperature of permeation divided by water viscosity at 

25°C (Drak et al. 2000).  

K(Initial) =
Qp( T°C)

A × ΔP
×

μ(T)

μ(25 °C)
=  

JN

ΔP
 (5) 

 

 

where Qp is the permeate flow rate, A is the membrane 

surface area, μ(T) is water viscosity at the process 

temperature, and μ(25°C) is water viscosity at 25°C. 

The fouled membrane water permeability (KFouled) is 

obtained after 10 months of operation from the slope of the 

normalized permeate flux of distilled water versus applied 

pressure at 7, 6, 5.3, 4, and 3 bar. Finally, the fouled 

membrane is chemically cleaned, and the membrane water 

permeability after cleaning procedure (KAfter Cleaning) is 

obtained from the slope of normalized permeate flux of 

distilled water by applied pressure at 6; 5; 4; 3 and 2 bar. 

The membrane cleaning efficiency (MCE) is therefore 

calculated from three water permeabilities, as shown in Eq. 

(6) (Sohrabi et al. 2011) 

𝑀𝐶𝐸 (%) =
K (after cleaning) − K (fouled)

K (initial) − K (fouled)
∗ 100 (6) 

where K (after cleaning) is the membrane water 

permeability after the cleaning procedure, K (fouled) is the 

fouled membrane water permeability and K (initial) is the 

initial membrane water permeability. 
 

 

3. Results and discussion  
 

3.1 Fouling evaluation during NF treatment 
 

Fig. 3 shows the evolution of the permeate flux, 

pressure, energy consumption and salts rejection versus  

 
Fig. 1 Operating scheme of the Sidi Taibi desalination plant. V1: Pressure regulation valve; V2: Concentrate recirculation 

valve; P: High pressure pump 

 

 

Fig. 2 Schematic diagram of the experimental nanofiltration System used for cleaning tests 
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operating time. The monitoring of these parameters makes 

it possible to evaluate the overall performances of the plant.  

In fact, it can clearly be seen that the curves of the 

permeate flux, pressure and specific energy consumption 

can be divided into three different zones (see Fig. 3(a)). In 

the beginning, permeate flux, pressure and specific energy 

consumption are almost stable around 25L/h.m², 4.8 bar and 

0.2KWh/m3, (zone A). This stability is mainly influenced by 

the compatible execution of the operating parameters of 

nanofiltration membrane (the pressure: 4.8 bar and the 

recovery rate 75%), and the operating characteristics of the 

membranes used in the plant (see table 1). After almost 270 

days (9 months) of operation, a slight decrease in permeate 

flux is observed, which results in a slight increase in the 

pressure and the energy consumption (zone B). This 

decreasing of performances can be explained by the 

beginning of the fouling phenomenon (Qasim et al. 2018). 

As soon as its signs appear, an increase in feed water 

pressure has been made to ensure a constant permeate flow 

for a daily needs of potable water (zone C). This operation 

is done by the frequency regulator of the high-pressure 

pump which is reflected by an increase in applied feed 

pressure leading to a higher initial flow. The increase in 

flow accelerates fouling development (Fernández-Sempere 

et al. 2010). As a results of this phenomenon, permeate flux 

is gradually declined with 20%, which results in an increase 

in pressure and specific energy consumption respectively 

with 22% and 75% (zone D). At the same time, as it is 

 

 

shown in Fig. 3(b), this membrane has a steady behavior in 

terms of salt rejection over the operating time. This 

decreasing of performances is due to problems which 

require a visual inspection and membrane autopsy in order 

to identify the nature and origin of the fouling.  

In addition, the performances of the plant are improved 

(zone E) due to the replacement of the first membrane 

which was sacrificed for the autopsy.  
 

3.2 Characterization of the fouling layer  
 

Generally, the SEM/EDX investigation confirms the 

variation in the extent of fouling through the membrane 

surface and also gives further insights into the nature of the 

fouling layer. As shown in Fig. 4(a), the surface of the 

fouled membrane include of particulate material covered 

the entire Nanofiltration membrane surface. This image 

shows many irregularities at the membrane surface, due to 

the fouling layer precipitates formed during the treatment, 

Possibly related to low solubility elements (such as Ca, Mg, 

Si…) (Shirazi et al. 2010, Lin et al. 2005). In addition, The 

EDX analysis indicates that the particulate material had 

relatively high levels of C (19.29%), O (61.83%) and Ca 

(18.45%) (see Table 3). Quite low levels of Na, Mg, Al, P, 

Si, S, and Cl were also present (see Fig. 4(b)) (see Table 3). 

However, EDX selects a specific area or point to perform 

the sample analysis (Aguiar et al. 2018). 

The C and O peaks are likely explained by organic  
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Fig. 3 Evolution of the permeate flux, pressure, energy consumption and salt rejection vs. time. Period: March 2014 to April 

2014 
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Table 3 EDX elemental composition of the fouled 

nanofiltration membrane 

Elements Atomic % 

C 19.29 

O 61.83 

Na 0.12 

Mg 0.05 

Al 0.09 

Si 0.07 

P 0.04 

S 0.02 

Cl 0.04 

Ca 18.45 

 

 

and/or biological materials (Salazar-Peláez et al. 2017, 

Zheng et al. 2018), which can be due partly to the 

composition of the polyamide membrane (Sachit and 

Veenstra 2017), or originated only from the foulant material 

deposed on the membrane surface, which would indicate 

that the foulant layers are thicker than the analysis depth of 

EDX, or maybe from both the foulant layers and the 

membrane composition (Gorzalski et al. 2016). The high 

peaks of Ca in addition to the high peaks of O and C 

suggest that the structure of the deposited material is 

calcium carbonate (CaCO3), which is constituent with that 

observed by many researchers on a thin film composite 

polyamide membrane surface (Tzotzi et al. 2007, Koyuncu 

and Wiesner\ 2007). Moreover, EDX analysis of the foulant 

layer showed the presence of S and Cl. The presence of S 

can be explained by the polysulphone substrate (Zheng et 

al. 2018, Gorzalski et al. 2016), whereas Cl ions could have 

diffused through the polyamide skin layer with some 

retained in the microporous support (Tran et al. 2007).  

Furthermore, the presence of Al and Si suggests that it is 

mainly aluminum silicates, which are common foulants in 

nanofiltration operations. Given that pre-filters with 25 and 

5 µm pore size filters have been used to pre-treat the 

underground water, the NF feed is likely to be free from 

larger size silt particles. However, finer particles might 

remain in the feed and become part of the fouling layer 

(Salazar-Peláez et al. 2017). Hence, Several authors have  
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Fig. 5 X ray of the precipitates found on nanofiltration 

membrane 
 

 

studied the chemistry of silica precipitation and they have 

confirmed the complexity of this phenomenon since it may 

turn into colloidal silica, calcium silicates or 

aluminosilicates dependent on feedwater chemistry and 

system conditions (temperature, pressure…) (Hamrouni and 

Dhahbi 2001).  

Indeed, a range of inorganic compounds are also present 

in the fouling layer such as Na, Mg and P. These elements 

can play an essential role in the formation and the density of 

foulants, because they can link the deposited cells and bio-

polymers previously deposited on the membrane and then 

formed a dense cake layer when passing through the 

membranes (An et al. 2009). Besides, they could lead not 

only to an inorganic crystallization by acting as a 

heterogeneous epitaxic sites but also precipitate at specific 

sites into the extracellular polymeric substances and 

producing biominerals at the membrane surface by organic 

and inorganic interactions (Herrera-Robledo et al. 2011). 

X-ray diffraction is also used to characterize foulants on 

the membrane surface. The XRD patterns are displayed in 

Fig. 5, all the diffraction peaks can be exclusively attributed 

to CaCO3 with a rhombohedral structure without any other 

secondary phases.  

The average grain size is calculated by using Debye-

Scherrer equation (G = 0.9×λ/ β×cos(θ)), where λ, θ and β 

are the X-ray wavelength (Cu, 1.5418 Å), the maximum of  

  

(a) SEM image at a magnification of 200× (b) EDX Spectra 

Fig. 4 SEM image and EDX Spectra of the fouled nanofiltration membrane 
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the Bragg diffraction peak, and the full width at half 

maximum, respectively. The average value obtained for the 

crystallites is 48 nm; this value is calculated after an 

instrumental broadening correction.  

Finally, The SEM images, EDX spectra and X-ray 

diffraction suggest that the fouled material is mainly 

inorganic matter, and the major crystal deposited on the NF 

membrane is calcium carbonate (CaCO3).  

  

3.3 Evaluation of membrane cleaning 
 
3.3.1Visual evaluation and elemental composition 

of cleaned membrane samples (SEM/EDX)  
Initially, three samples of flat sheet fouling membranes 

are cleaned with three different solutions of dilute acid 

(HCl, H2SO4 and HNO3
-, pH 3) and imaged by SEM and 

the corresponding EDX spectra to reveal the morphology of 

the cleaned membrane surfaces and also to compare them to 

the fouled membrane surface (previously characterized).  

Figure 6 demonstrates the extent of scale formation at a 

magnification of 200× and EDX spectra, across the three 

studied cleaned membrane surfaces: H2SO4 (see Figs 6 (A)-

(B)), HNO3
- (see Figs 6 (C)-(D)), HCl (see Figs 6 (E)-(F)).  

According to Fig. 6 (A), the layer of the fouling material 

from the cleaned membrane with sulfuric acid is almost 

covering the entire surface of the membrane. In addition, 

the layer of the fouled material from the cleaned membrane 

with nitric acid has partially covered the surface of the 

membrane with a few irregularities (see Fig.6 (C)). These 

irregularities become even less visible after the membrane 

has been cleaned with hydrochloric acid (see fig.6 (E)). 

Moreover, the obtained results from EDX demonstrated 

show the effectiveness of the three cleaning acids proposed 

for the autopsied membrane. Based on these results, the  

 

Table 4 EDX elemental composition of the three samples of 

flat sheet fouling membrane after acids cleaning 

 Atomic % 

Element Sulfuric acid Nitric acid 
Hydrochloric 

acid 

C 62.38 56.63 66.08 

N 6.76 6.28 33.62 

O 25.20 29.69 - 

Fe 0.65 1.31 - 

Na 0.16 0.19 - 

Mg 0.08 0.10 - 

Al 0.87 1.20 - 

Si 0.80 1.65 0.02 

P - 0.03 - 

S 2.23 2.07 0.21 

Cl 0.42 0.46 - 

K 0.10 0.10 - 

Ca 0.33 0.21 0.08 

 

 

amounts of inorganic compounds such as silica, aluminum, 

magnesium, iron, sodium, chloride and potassium on the 

membrane surface after chemical cleaning with sulfuric 

acid have been very negligible and very close to the amount 

of these inorganics on the membrane surface after nitric 

acid cleaning (see figs.6 (B)-(D)). Furthermore, both spectra 

show that the precipitated calcium level on the surfaces of 

the two cleaned membranes decreases from 0.33% (sulfuric 

acid) to 0.21% (nitric acid) (see Table 4).  In addition, fig.6 

(F) and table 4 show slight levels of calcium (0.08%) and 

silica (0.02%), and no others inorganic compounds are  

 

 

 
Fig. 6 SEM images at a magnification of 200× and EDX spectra of membrane surfaces after cleaning procedure (A, B) 

Sulfuric Acid cleaning; (C, D) Nitric Acid cleaning; (E, F) Hydrochloric Acid cleaning 

A 

B 

C E 

D F 
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Table 5 Water permeabilities of virgin membrane, fouled 

membrane, cleaned membranes and the cleaning efficiency 

of the three acids (HCl, H2SO4 and HNO3
-) 

 
Lp

* 

(L.h-1.m-2.bar-1) 

MCE* 

(%) 

Virgin membrane (NF90) 5.19 - 

Fouled membrane (NF90) 3 - 

Fouled membrane after 

hydrochloric acid cleaning 
5.05 93% 

Fouled membrane after sulfuric 

acid cleaning 
3.89 40% 

Fouled membrane after nitric 

acid cleaning 
4.64 74% 

*Lp: Water permeability; *MCE: Membrane cleaning 

efficiency 

 

 

detected on the membrane surface after hydrochloric acid 

cleaning. Likewise, the three spectra (see figs.6 (B)-(D)-(F)) 

show a high level of carbone and oxygen in the deposited 

material of the three cleaned membranes. 

A further observation is the detection of nitrogen in the 

surface of the cleaned membrane by sulfuric acid and nitric 

acid, in contrast to the membrane surface cleaned by 

hydrochloric acid; it's probably due to the analysis depth of 

EDX (Gorzalski et al. 2016).  

Based on what has been mentioned in this section, it’s 

clear that the chemical cleaning with hydrochloric acid is 

remarkably effective to remove inorganic foulants from the 

autopsied membrane surface. 

 

3.3.2 Chemical cleaning efficiency 
Figure 7 (a) shows the membrane water permeability of 

virgin membrane (Kinitial) and fouled membrane (Kfouled), 

and Figure 7 (b) shows also the membrane water 

permeability after cleaning procedure with hydrochloric 

acid, sulfuric acid and nitric acid. According to these 

results, after nearly ten months of operation, the membrane 

water permeability decreases by 41 %, due to membrane 

fouling.  

The main foulants on the surface of the previously 

 

 

autopsied membrane are inorganic salts, and more precisely 

calcium carbonate scale. 

The permeabilities of the three fouling membrane 

samples, after acids cleaning, are determined and results 

indicate in Table 5.  

Based on these results (see Table 5), the membrane 

water permeability is improved thanks to the three studied 

acids cleaning, particularly with hydrochloric Acid. These 

results are in concordance with decreasing of roughness 

membrane surface after hydrochloric acid cleaning as 

shown by SEM and EDX (see Fig. 6).  

This study focuses on acidic cleaning solutions because 

they are more efficient for inorganic foulants due to the low 

structural integrity of the fouling layer upon the reaction of 

the membrane foulants with the acid solution (Goh et al. 

2018). In addition, other study reported an increase in 

permeate conductivity after membrane cleaning with an 

alkaline solution ((NaOH) at pH 11) and as well as an 

increase in permeate conductivity for acidic solutions, 

especially, citric acid only at a pH as low as 1.5 (Simon et 

al. 2013).  

Among the evaluated acidic cleaning solutions, sulfuric 

acid showed the lowest cleaning efficiency. This can be 

explained by the increase of sulfate concentrations on the 

membrane surface that can lead to the formation of salts 

with low solubility in the presence of cations such as 

Calcium and Magnesium ions (Shirazi et al. 2010). The 

highest cleaning efficiency is obtained with hydrochloric 

acid (93%) and nitric acid (74%) (see Table 5).  

The price per cleaning agent mass is a principal factor to 

choose the best cleaning acid. Furthermore, a previous 

study (Aguiar et al. 2018) report that the lowest prices per 

cleaning agent mass were obtained by nitric acid and 

sulfuric acid in comparison with hydrochloric acid for the 

NF270 after gold Acid mine drainage treatment. Yet, the 

low cleaning efficiency of sulfuric acid and the possibility 

of the salts formed with sulfate discourage its use as a 

membrane-cleaning agent (Xie et al. 2004).   

Hence, the cleaning efficiency of hydrochloric acid 

(93%) is higher than that of nitric Acid (74%), it is chosen 

as the best chemical cleaning agent for the nanofiltration 
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Fig. 7 NF90 membrane water permeability of virgin, fouled and cleaned membranes with Hydrochloric Acid, Nitric Acid 
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Autopsy of Nanofiltration membrane of a decentralized demineralization plant 

(NF90) membrane after underground water treatment.  

 

 

4. Conclusions 
 

This paper presents the autopsy results of a 

nanofiltration membrane after nearly 10 months of 

operation. The sample of the fouled membrane was 

analyzed by Scanning Electron Microscopy (SEM) 

connected with an energy dispersive X-ray (EDX) detection 

system and X-ray diffractometer (XRD) in order to provide 

us about foulants composition and the adequate solutions to 

solve it.  

The results obtained are complementary and reveal the 

problems caused by the accumulation of deposits on the 

membrane surface. The most prominent conclusions are the 

following:  

•  Sodium, Magnesium, Aluminum, Silicate and 

calcium are the main inorganics elements found on the 

membrane surface;  

•  SEM images, EDX spectra and X-ray diffraction 

suggest that the fouled material is inorganic consisting 

mainly of calcium carbonate; 

•  Membrane fouling is responsible for a decrease in 

water permeability by 41% and could be partially removed 

by chemical cleaning; 

•  Permeability is improved by the hydrochloric acid 

cleaning (pH=3) with a cleaning efficiency of 93%. 

Furthermore, cleaning efficiency did not exceed 75 % with 

nitric acid (pH=3) and 40 % with sulfuric acid (pH= 3).  

The results are discussed on the basis of recent studies 

related to the new trends in conception. The following 

recommendations can be proposed:  

•  Regular maintenance of pre-filters in order to avoid 

the flight of sand particles; 

•  Use an efficient antiscalant in order to prevent 

precipitations of salts, particularly calcium carbonate; 

•  Clean membranes when performances of the plant 

are declined. The cleaning solution proposed according to 

the foulant is: hydrochloric acid (pH 3) preceded and 

followed by flushing.  
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