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ABSTRACT  
 

Membrane technology is a promising water purification unit operation from household use to 

industrial application owing to its simplicity of operation, efficient recovery and minimum 

need for chemical and space allocation. Due to that reason, study on the membrane 

applications have becoming more popular among scientific community nowadays and one of 

the applications is removal of heavy metal using ultrafiltration (UF). However, a stand-alone 

UF will be not able to carry out the removal of heavy metals effectively. Certain modification 

is required in order to enhance its rejection via unique facilitated mechanism. Thus in this 

review, role of surface charge interaction as well as the method of complexation-ultrafiltration 

were discussed. 
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1.0 INTRODUCTION 

 

Human activities and industrial 

management malpractices have 

mistreated the environment [1]. 

Untreated or incompletely-treated 

waste discharged into the waterbody 

are polluting the resources. 

Furthermore, unwell-managed sanitary 

landfill causing leachate that carries 

contaminants such as heavy metal 

could come in contact with 

groundwater and contaminate the soil 

[2]. These kind of scenarios and many 

other ways of heavy metal 

contamination will do us no good but 

eventually adding more stress to the 

current global water scarcity. 

A lot of techniques have been 

specialised into treatment of 

wastewater containing heavy metals. 

There goes many conventional 

methods have been used upon 

decontamination of heavy metal, such 

as chemical precipitation, coagulation 

and flocculation, ion exchange and 

flotation [3]. Nevertheless, 

inconsistency and incomplete 

elimination often become the major 

barriers of these techniques. In 

addition, some of the methods like 

flocculation-coagulation, adsorption 

and chemical precipitation could also 

generate secondary pollutants which 

later become uneconomically issue of 

disposal [4]. Therefore, it is necessary 

to find other methods that could serve 

as another alternative treatment of 
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water laden with heavy metals. Among 

of those techniques, membrane 

filtration is presented as an 

advantageous candidate for removal of 

heavy metals [5]. 

Membrane technology in various 

separation applications is growing 

rapidly as if it is enhancing every day. 

Due to massive research on the 

membrane technology, a lot of new 

improvement and ground-breaking 

discoveries have been achieved. 

Technically, the membrane separation 

technology evolves from the traditional 

pressure-driven membrane separation 

system such as microfiltration (MF), 

nanofiltration (NF), ultrafiltration (UF) 

and reverse osmosis (RO) to the 

thermally driven membrane distillation 

(MD) and concentration driven 

processes for example forward osmosis 

(FO). Membrane operation such as RO 

and NF normally show good 

performances in term of water fluxes 

and rejections towards heavy metals 

owing to their effective steric 

exclusion mechanism. However, these 

energy-intensive-pressure-driven 

membrane separation systems are often 

known to suffer from severe fouling 

and lower water flux due the high 

pressure applied to the system [6]. 

Lower-pressure membrane system 

such as ultrafiltration which operates at 

pressure ranging from 1 – 4 bars will 

be less susceptible to fouling. Besides, 

their inherently larger pore (~0.01 – 

0.1 microns) also help in driving high 

water permeation across the membrane 

[7]. As a consequence, larger pore size 

of NF membrane would make rejection 

of small particles by size exclusion 

become ineffective. Thus it is 

understandable to see small particles 

such as dissolved salt, heavy metal 

ions and synthetic dyes which are 

rejected by UF membrane require 

special modification technique either 

upon the membrane or the system. 

According to Lau et al., it is proven in 

many literatures that membranes may 

demonstrate better performance 

particularly in term of permeability and 

selectivity via surface modification [8]. 

Besides surface modification, other 

methods available are impregnation of 

adsorptive materials into the 

membrane sublayer which is later 

called mix matrix membrane [9–11]. 

Another interesting methods are by 

enhancing the surface charge of the 

membrane via acid or base treatment 

[12, 13] and finally a technique called 

as complexation-ultrafiltration in 

which water-soluble polymer is added 

into feed solution for enhanced 

rejection which is also known as 

polymer-enhanced ultrafiltration 

(PEUF) [14, 15] or polymer-supported 

ultrafiltration (PSU) [16] as illustrated 

in Figure 1. Rether and Schuster stated 

that the advantages of PSU over ion 

exchange and solvent extraction are 

more likely due to its highly selective 

separation, efficiently fast reaction 

kinetics and the involvement of 

intrinsically low-energy ultrafiltration 

[16]. In order to gain more insight on 

the techniques of heavy metal removal 

by ultrafiltration, it is imperative to 

have a review literature pertaining this 

topic. Thus, this mini review could 

serve that purpose through some 

overview discussed in here regarding 

effect of surface charge on heavy metal 

retention and the use of water-soluble 

polymer namely, carboxylmethyl 

cellulose (CMC), polyethyleimine 

(PEI) and poly (sodium 4-

styrenesulfonate) (PSS) in PEUF. 
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Figure 1 The schematic mechanism of PEUF [16] 

 

 

2.1 Role of Membrane Surface 

Charge Toward Heavy Metal Ion 

Retention 

 

Electrostatic interaction has been 

suggested to play an important role in 

the separation of charged particle [17, 

18]. It is noteworthy that the 

performance of a membrane is 

significantly influenced by the effect of 

the surface charge of the membrane 

because there is electrostatic repulsion 

between the charged molecules and the 

membrane surface. Furthermore, pH 

also affects both the feed solution and 

the membrane surface charge. In feed 

solution, pH variation may result in 

protonation and deprotonation of the 

functional group of feed molecules 

while a membrane is said to be a pH-

dependent because the pH of the system 

may affect the “openness” of the 

membrane due to the dissociation of 

membrane functional group [17]. 

In 2008, Ortega and co-workers has 

studied the feasibility of using NF in 

the cleaning-up of acidic leachate 

solution generated by acid washing of 

contaminated soil using sulphuric acid. 

The experiment brought up two 

different NF membranes that carried 

different charges which were Desal5 

DK (positively charged) and NF-270 

(negatively charged). Essentially, 

charge repulsion is responsible for the 

effective removal of ion since ion is a 

charged particle. Thus, in the case of 

metallic ions which are positively 

charged, membrane with positive 

surface charge would be helpful in 

removing this type of solute [19]. 

Interestingly, in their experiment, both 

of the membranes used showed 

unprecedented behaviour of its metal 

ions rejection. NF-270 showed better 

metal ion retention compared to the 

positively charged Desal5 DK 

membrane due to the considerable 

effect of feed solution low pH. At low 

pH (due to acidic leachate solution) 

which below the isoelectric point (Ip) 

caused a change on the membrane 

surface charge. Consequently, increased 

protons could possibly neutralize the 

negative sites on the membrane surface 

of Desal5 DK. In the meantime, the 

high retention of demonstrated by NF-

270 was due to the change of charge of 

the membrane surface from negative to 

positive when pH< Ip. 

Above all, the application of UF into 

the purification of water from heavy 

metal contaminants is also seen to be 

potentially viable. Principally, the 

major separation mechanism in salt 

separation of all of the pressurised 
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membrane processes can be explained 

in term of the steric and/or charge effect 

[20]. Nonetheless, the relatively bigger 

pore size of UF than NF hinder the 

effective removal of small particle such 

as metal ions. The size of such ions 

which are smaller than the pore size of 

UF allows the solute particle to pass 

through thus make the steric sieving 

impractical. On the other hand, 

researches showed that chemical 

modification and treatment on the 

membrane in order to induce a charge 

on the surface by incorporation of 

functional group could unravel this 

setback [21]. This claim is then 

confirmed by Nayak and coworkers via 

their research on the novel sulfanilic 

acid – polyvinyl chloride – polysulfone 

blend (PVC-SA/PSf) which was 

prepared via diffusion induced phase 

separation (DIPS). The negatively 

charged membrane matrix 

demonstrated a near complete removal 

(~ 95 %) of Cd (II), Pb (II), and Cr (VI) 

that are 1.15, 1.37 and 1.41 times 

respectively better compared to the 

commercially available NF-270 

membrane [12]. Furthermore, 

membrane surface modification via 

hydrolysis of polyacrylonitrile (PAN) 

based UF with NaOH as shown by both 

Lohokare, Muthumarees-waran and 

their coworkers demonstrated a great 

deal of Donnan exclusion mechanism in 

enhanced rejection of arsenic and 

chromium ions respectively. The 

formation of carboxylate (– COO-) 

group on the membrane surface and 

within the pore wall charged the 

membrane negatively which in turn 

removed the arsenic and chromate ions 

effectively by excellent rejection of 

≥90% achieved at pH ≥7. Meanwhile, it 

was reported that size exclusion played 

insignificant role on metal ions 

rejection in both of the studies [13, 22]. 

Meanwhile You et al. [23] studied the 

effect of surface charge in pore walls of 

their novel thin-film inorganic forward 

osmosis (TFI-FO) membrane to reduce 

the trade-off between water flux and 

selectivity. From their research, the 

TFI-FO membrane was synthesized via 

tetraethylorthosilicate (TEOS)–driven 

sol-gel process in which the TEOS was 

used as the precursor to fabricate 

xerogels and silica membrane. From the 

results, they successfully demonstrated 

the infamously double layer 

overlapping phenomenon (Figure 2) 

within the membrane pore induced by 

electrostatic interaction between the 

silica-made membrane pore walls and 

those heavy metal ions they had been 

experimenting. It was recorded that the 

TFI-FO yielded 69.0 LMH water flux 

using 2.0 M NaCl draw solution and 

averagely 94% rejection of Cd2+, Pb2+, 

Cu2+ and Zn2+ from 200 ppm feed 

solution. In a study by Almutairi et al., 

selective separation, recovery and 

purification of heavy metals with low 

energy requirement have been studied 

using polymer enhanced ultrafiltration 

(PEUF). In his study, PEI was used as 

the "polychelatogen" with the 

cooperation of a negatively charged 

NADIR® asymmetric 

polyethersulphone (PES) membrane 

with MWCO of 30,000 Da. Streaming 

potential result of the membrane 

showed that the membrane portrayed 

negative charge over a wide range of 

pH with isoelectric point at pH 3.9. The 

results showed that the retention of 

heavy metal ion was the highest when 

the membrane had its highest negative 

charge. While the effect of the polymer 

addition was anticipated to increase the 

metal ion retention however reducing 

the water flux. As expected, the water 

flux was halved with the presence of 

PEI due to concentration polarization 

[24]. A deeper understanding can be 

achieved by briefly examining Table 1 

for the comparison of the effect of 

surface charge according to different 

type of membrane filtration system. 
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Figure 2 Proposed schematic mechanism double layer overlap effect within the pore of the 

TFI-FO membrane [23] 

 
Table 1 Comparison on the effect of surface charge between different type of membrane 

filtration systems 

 

Author [ref] Membrane 

Process 
Material Surface 

charge 
Findings 

You et al. 

[23] 
FO (DS: 2M 

NaCl) 

TFI (silica 

xerogel from 

TEOS) 

Negative Rejection avg. Efficiency of 94% 

with initial conc. 200 mg/L of 

acidic Cd, Pb, Cu, Zn. 
Nayak et al. 

[12] UF 
Sulfanilic 

acid – PVC 

– PSf blend 

Negative Near complete removal ( ~95 %) 

of Cd (II), Pb (II), and Cr (VI) 

Lohokare et 

al. [22]; 

Muthumarees-

waran et al. 

[13] 

UF 

Hydrolysed 

PAN with 

NaOH 

Negative Removal of arsenic and chromate 

ions effectively by excellent 

rejection of ≥90% achieved at pH 

≥7. 

Almutairi et 

al. 

[24] 
PEUF 

NADIR® 

asymmetric 

PES 

Negative Retention of heavy metal ion was 

the highest when the membrane 

had its highest negative charge. 
Ortega et al. 

[19] 
NF 

Commercial 

Desal5 DK 
Positive Good metal ion rejection 

(between 62% to 100%) with 

divalent ions better than 

monovalent ions 
NF-270 Negative 

 

 

2.2 Complexation-ultrafiltration 

 

The use of complexing agent or 

macroligands is basically attributed to 

the polymer enhanced ultrafiltration 

(PEUF) for heavy metal. PEUF is 

proposed to be a practical way to 

remove variety of heavy metal 

contaminants from wastewater. By 

name, it is understandable that it uses 

polymer as a macroligands and in this 

case, a macromolecular of heavy metal 

ion can be formed via complexation 

with the help of water-soluble polymer 

as the complexing agent. This means, 

complexing a metal ion give the ion a 
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new molecular weight that should be 

larger and able to be retained when 

pumped through UF membrane 

because of size exclusion by the 

relatively smaller MWCO of its pores. 

Fu and Wang [24] however in their 

review paper pointed out some major 

concern regarding the selection of 

suitable polymer as the complexing 

agent apart from other factors affecting 

the degree of complexation which 

include metal ion and polymer type, 

loading of the polymer in the metal 

solution, nature pH of the solution and 

the presence of other metallic 

contaminant [25]. Among vast option 

of polymers, Table 2 summarizes 

several study pertaining the use of 

complexing agents in PEUF for 

successful removal of targeted metal 

ions. 

 
Table 2 Several type of complexing agents proven to successfully remove targeted metal 

ions 

 

Author 

[ref] 
Metal Concen-

tration 

metal 

Complexing 

agent 
Findings 

Chen et 

al. [28] 
Cu and 

Pb 
50 ppm PSS (1 – 6 

g/L) 
Affinity of PSS towards metal ions as 

follows: Ba2+ > Pb2+ > Sr2+ > Ca2+ > Cu2+ 

> Co2+ > Ni2+ > Mg2+ > H+ > K+ > Na+ > 

Li+. Rejection increase with increased 

of PSS concentration with Pb > Cu. 
Barakat 

and 

Schmidt 

[14] 

Ni, Cu, 

Cr (III) 
100 ppm CMC (1 g/L) With 10kDa MWCO, 1 bar, pH ≥ 7, 

rejection Cu>Cr>Ni by 98.5, 97.1, and 

76.4% 

Aroua et 

al. [27] 
Cr 

(III), 

Cr (IV) 

10 ppm Chitosan, 

Pectin and 

PEI (0.05 – 

0.25 %) 

Rejection of Cr (III) approaching 100% 

at pH > 7. While Cr (IV) retention did 

not exceed 50% for pectin and chitosan 

but almost total rejection by 0.05% PEI 

at low pH. 

 

 

Essentially, metal complexation 

with ligands or chelates are basically a 

process called chelation. There are 

several factors affecting the stability of 

the complexes formed which comprise 

of ligands factors, metals factors and 

surrounding factor. Ligands factors 

may include size, charge, identity of 

the coordinating atom(s), basicity and 

steric effect of the ligands [26]. For a 

ligand to be effective, it must have the 

chelate characteristic besides having 

highly negatively charged to form 

stable complex with the transition 

metals. Chelate characteristic refers to 

the number of electron donator to the 

metal ions (denticity) which allow the 

attachment of two or more donor 

atoms to the same metal ion 

simultaneously and produce one or 

more rings. The larger the number of 

chelate rings in a complex, the greater 

the stability of the complex. 

Identity of the coordinating atom 

differs by each ligand. For example, 

the unshared electron pair on the N 

atom in polyethyleneimine (PEI), can 

form donor bonds with coordination 

unsaturated transition metals [27]. 

Meanwhile, carboxylmethyl cellulose 

(CMC) provides different binding for 

different metals. For instance, oxygen 

of ethoxyl groups and the primary 

alcoholic O atom of glucopyranose 
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rings become the binding site for Cu 

(II) complexes and the etheroxygen of 

the hydroxyl group acts as the binding 

site for Cr (III) and Ni (II) [14]. On the 

other hands, PSS behaves like a 

strong-acid cation exchanger. A 

fraction of the initial counterion, Na+, 

has a close association with the PSS 

functional groups, while the extent of 

PSS ionization can be determined by 

measuring free Na+ in solution. When 

other cations are added into the 

solution, they also form associations 

with PSS, exchanging some portions 

of the PSS associated Na+ into the bulk 

solution until equilibrium is reached 

[28]. 

Smaller size of the ligands may 

have advantages to easily form 

complexes with the metals but smaller 

complex does not meet the purposes of 

forming a complex. Therefore a larger 

ligand with less steric hindrance would 

be more preferable since high steric 

effect by a bulky ligand may hinder the 

chelation. For example in Figure 3, a 

linear polyethyleneimine (PEI) would 

have lesser steric effect and is 

preferred rather than the branched PEI. 

Basicity of the ligand may be 

explained through the spectrochemical 

series – a list of ligands based on the 

strength of their interaction with metal 

ions.  Meanwhile, from the metal 

factors perspectives, size and charge of 

the metal ions play an important role. 

It is plausible, a higher charged 

particle will form a more stable 

complex and on the other hands, larger 

size of metal ions will decrease its 

stability complex. In addition, a list 

called the Irvin-Williams stability 

order were often used to determine 

which metal gives out a stable bond 

with ligand since this order was found 

to hold for a wide variety of ligands 

[14]. One example of surrounding 

factors is pH. It is noteworthy to know 

that pH value carries a significant 

impact in the complexation process as 

it affect both the membrane charge as 

well as the chemical and physical form 

of the polymer ligands [15]. Normally, 

the metal cation retention increases as 

pH increases from the acidic region up 

to certain pH value. Moreover, at high 

pH region metal ions tend to form 

hydroxide at low solubility and may 

end up as precipitate [27]. 

 

 
Figure 3 Linear and branched PEI

Branched PEI 

Linear PEI 
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Cellulosic-based material has been 

deemed as a natural polysaccharide 

which are notably applied in various 

field of studies [29]. Among them, 

Carboxylmethyl cellulose (CMC) has 

appeared as a viable option for an eco-

friendly polymer to be used as 

complexing agent for PEUF. Barakat 

in his work, applies CMC as a 

complexing agent for heavy metal ion 

to form metal-CMC complex with 

increased molecular weight and size. 

In the study, a 10000 Da cut-off PES 

UF membrane is used to treat synthetic 

wastewater containing Cu (ii), Ni (ii) 

and Cr (iii) in consideration of the 

effect of pH value and metal/CMC 

ratio on percent rejection of heavy 

metal. As a result, maximum rejection 

up to 99.5% of Cr (III), 99.1% of Ni 

(II) and 97.6% of Cu (II) are observed 

as CMC/metal ratio is increased at pH 

7. This is because at low pH, the 

presence of the positive charges 

hindered the affinity of CMC towards 

the metal ions thus reduce the stability 

of the complexes [30]. Meanwhile, 

Lam et al. [15], studied the 

performances of the PEUF which used 

CMC and chitosan in a certain number 

of conditions to remove nickel (Ni2+) 

from wastewater. Addition of either 

CMC or chitosan is proven to 

substantially improve the rejection of 

heavy metal using PEUF with the 

conditions of adequate amount of 

polymer used and the suitable pH for 

the complexation to occur. It is 

discovered that, the use of CMC is 

preferred to be in a natural 

environment (4 < pH < 8) justifying 

the minor impact on the permeation 

flux [15]. However, treatment of 

complex industrial wastewater remains 

a challenge since the presence of 

numerous species impedes the 

chelating of the polymer with the 

targeted metal. 

On the other hand, the adaptation of 

polyethyleimine (PEI) as a chelating 

agent is thoroughly discussed by 

Aroua et al. In their work on PEUF to 

reject chromium (III) and (IV) metal 

ions, three water soluble polymer are 

used namely PEI, chitosan and pectin. 

Similarly, the parameters such as pH 

value and polymer composition in the 

feed solution are investigated upon 

their relationship towards the 

chromium percent retention and 

permeate flux at fixed pressure. As a 

result, it is seen that almost 100% of 

Cr (VI) ion removal at low pH with the 

help of PEI complexation while the 

composition of the chelating agent 

showed slight upshot on the rejection 

[27]. 

As for anionic polyelectrolyte such 

as poly (sodium 4-styrenesulfonate) 

(PSS), it has been studied for its 

selectivity towards cation affinity in 

binary PSS-assisted ultrafiltration 

system [28]. In the study, the 

behaviour of PSS selectivity towards 

several numbers of metal ion including 

Mg2+ is assessed and as a result, a 

selectivity sequence showing higher 

affinity toward divalent ion is obtained. 

Based on the experiment, PSS-assisted 

UF also has the potential to remove 

Cu2+ and Pb2+ from competitive 

environment even at low pH. Apart 

from its use as complexing agent, PSS 

also had been studied for its 

prospective as a draw solute in forward 

osmosis (FO) [31]. After the physical 

properties of PSS, they then 

investigate the potential of PSS as a 

draw agent at varying molecular 

weight. Interestingly, the best FO flux 

is exhibited by PSS (M.W: 70,000) at 

0.24 g/mL concentration and in term of 

the PSS recovery, a simple UF system 

with low operating pressure (2 bar), 

easily manage to regenerate the draw 

solute. These matters may suggest new 

possibility for complexation of these 

water-soluble polymer with draw 

solute in forward osmosis. 
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3.0 CONCLUSION 

 

Throughout the years have passed, 

environmental quality act has become 

more strict therefore extensive efforts 

have been made to address this call. 

The aforementioned approaches are 

among several methods to bring down 

the heavy metals content in the 

effluent to minimal level. The role of 

membrane surface charge has shown 

significant enhancement on the 

rejection of heavy metals whilst the 

implementation of PEUF 

comparatively provides better 

performance in term of the heavy 

metals retention. Despite all that, 

selection of proper complexing agent 

is important to ensure effective 

removal without compromising it 

feasibility like generating secondary 

pollutant for instance. In a nutshell, it 

is worthy to note that at the end of the 

day, after addressing all of the 

limitation, only then ultrafiltration 

could be found viable for the removal 

of heavy metals application. 
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