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A B S T R A C T   

The combination of polymeric characteristics and electrolyte behaviour endow aqueous polyelectrolytes with a 
strong potential for use in water and wastewater treatment. A correct and effective application of polyelectrolytes 
or polyelectrolyte complexes can remove different types of contaminants from aqueous solutions efficiently. 
Polyelectrolytes can be utilized directly as a water treatment material or indirectly as additives or modifiers to 
improve the effectiveness of existing water treatment processes. Previous reviews on this general research topic 
focused mainly on the function of polyelectrolytes in coagulation and flocculation processes, but they neglected 
other potential functions during water treatment processes. The current review introduces the typical poly
electrolytes utilized in water processing, including their properties and their interaction with contaminant 
species in water, and then summarizes and reviews the various unique applications of polyelectrolytes in water 
processing, including the polyelectrolyte enhanced ultrafiltration (PEUF) process, the application of poly
electrolytes to efficiently functionalize membranes and adsorbents, and the formation of polyelectrolyte- 
surfactant aggregates (PSAs) to recover metallic species from water. Finally, the challenges and opportunities 
for future investigation of the application of polyelectrolytes in water processing and treatment are discussed.   

1. Introduction 

Polyelectrolytes are a type of water-soluble polymer with a multitude 
of ionizable groups. The combination of their polymeric characteristics 
and ionizable behaviour give polyelectrolytes various useful properties, 
and thus they offer a broad spectrum of applications in a wide variety of 
fields, including but not limited to pharmaceuticals, biomedicine, 
medicine, petroleum engineering, cosmetics, the food and paper in
dustries, water treatment, and so on. [1–5] The utilization of poly
electrolytes in water process engineering has a long history [6,7]. 
Polyelectrolytes were introduced into water and wastewater treatment 
due to their potential as functional materials to remove contaminants 
[8] or to recover useful resources [9] from aqueous feed streams, and to 
enhance the technical efficiency of treatment [10]. However, until now, 
most review articles have focused almost exclusively on polyelectrolyte 
application to coagulation and flocculation processes for potable water 

purification [11–14], as well as the dewatering of wastewater sludge 
[11,15]. Yet a direct application of polyelectrolytes or polyelectrolyte 
complexes can remove contaminants from different types of water or 
wastewater efficiently, while overcoming the shortfalls of inorganic 
coagulants, such as requiring a large dosage of coagulants and gener
ating a large volume of sludge. Nevertheless, reviews highlighting other 
functions or applications of polyelectrolytes during water and waste
water treatment are scarce. This review intends to redress this imbal
ance. First, it introduces the polyelectrolytes generally used for water 
and wastewater treatment, summarizing their typical useful properties 
in water engineering processes for those polyelectrolytes which are 
commonly utilized. Next, the different applications of polyelectrolytes in 
various forms during water and wastewater treatment are reviewed, 
namely the polyelectrolyte enhanced ultrafiltration (PEUF) process, the 
application of polyelectrolytes to efficiently and functionally modify 
membrane surfaces to improve the separation process, the modification 
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of adsorbents by polyelectrolytes to enhance contaminant elimination 
from water, and the formation of polyelectrolyte-surfactant complexes 
to recover metals from water. Finally, the challenges and opportunities 
for future investigation of the application of polyelectrolytes in water 
processing and treatment are discussed. 

2. Polyelectrolytes utilized in water processing 

2.1. Properties of typical polyelectrolytes 

Polyelectrolytes can be defined as any water-soluble polymeric ma
terials or macromolecules with repeating units or groups for which the 
latter carry either positively or negatively charged ionizable groups. The 
charge on the repeating units is neutralized by oppositely charged 
counter-ions in solution (e.g., Cl− , Na+, or H+) to maintain electro
neutrality of the overall molecule, i.e., an uncharged state. When dis
solved in water or other polar solvents, polyelectrolytes dissociate as 
highly charged polymeric molecular chains of those repeated units; the 
smaller counterions are released as free ions into the solution either 
partially or completely, depending on the degree of dissociation. The 
dissociation can in turn be influenced by solution conditions, such as the 
pH. 

Polyelectrolytes show a range of physical, chemical and mechanical 
properties due to differences in chemical structure, molecular weight 
(MW), functional groups, charge density (CD), solubility, and so on. [14] 
For both direct and indirect application in water and wastewater 
treatment, familiarity with the properties of the polyelectrolytes is 
critical, as the treatment efficiency associated with their use can be 
affected by the type, properties and dosage. Depending on the 
arrangement of repeated polyelectrolyte units (i.e., the monomers), 
possible configurations include linear, branched and cross-linked 
structures [16]. 

The molecular weight of polyelectrolytes ranges from a few thousand 
to tens of millions of Daltons (Da), with low, medium and high MWs in 
the range < 105, 105–106, and >106 Da, respectively. MW is a key factor 
when intramolecular processes occur via the polymeric bridging effect, 
especially during the coagulation process. Basically, linear poly
electrolytes of high MW, when presenting in water, generally show a 
random coil configuration, with a diameter on the order of a few hun
dred nanometers [11]. The radial extent of the random coil depends on 
the interaction between the polyelectrolyte charged segments. 

Polyelectrolytes can be classified into univalent or multivalent 
polymers. Univalent polyelectrolytes bear functional groups which are 
homogeneous in terms of the sign of charge [17]. Typically, cationic 
polyelectrolytes possess quaternary amine groups or amino groups [18], 
while anionic polyelectrolytes have sulfonate or carboxylate groups 
[19,20]. Charge density (CD), defined as molar percentage of charged 
groups, is generally considered as a more important property of poly
electrolytes than MW. Characteristics of polyelectrolytes, such as solu
bility, ionization constant, and others, can be altered should the pH, 
ionic strength, counterions concentration and temperature change. For 
example, a polyelectrolyte tends to expand in solutions with lower ionic 
strength due to the thicker Debye layer and hence the stronger repulsive 
interactions between the molecules or monomers; conversely, the 
repulsion between monomers is reduced as ionic strength increases, so 
that the expansion weakens [11]. Ions in solution of higher multivalent 
charge might also induce precipitation of polyelectrolytes, probably due 
to the induced bridging between polyelectrolytes [21]. 

2.2. Typical polyelectrolytes utilized for water purification processes 

Polyelectrolytes are available in synthetic and natural (e.g., chito
san) forms. Depending on the ionic charge on the polymeric chains of 
dissociated polyelectrolytes, they can be classified as cationic, anionic, 
and ampholytic. Based on the charge density, they can be further clas
sified as strongly charged and weakly charged polymers, i.e., pH 

independent or dependent. Generally speaking, cationic and anionic 
polyelectrolytes are chiefly used in water process engineering because of 
the electrostatic interaction or other association between the poly
electrolyte and contaminant. On the other hand, the application of 
polyampholytes is comparatively rare during water process engineering 
[22]. The commonly studied or used polyelectrolytes in water and 
wastewater treatment are listed in Table 1. 

Typically, strongly charged cationic polyelectrolytes possess qua
ternary ammonium groups (or pyrrolidinium) bearing positive charge, 
irrespective of pH level. For example, poly (diallyldimethylammonium 
chloride) (PDADMAC or polyDADMAC) is the most commonly utilized 
industrial cationic polyelectrolyte, with a high charge density, con
taining five-membered pyrrolidinium units and chloride ions as coun
terions. PDADMAC is typically produced by polymerization of 
diallyldimethylammonium chloride, of low-to-medium MW. PDADMAC 
can be used as a primary organic coagulant in water treatment or sludge 
treatment, the function of the coagulant being to neutralize negatively 
charged colloids and reduce sludge volume [23,24]. It can also be 
applied during membrane processes to eliminate anionic contaminants 
from water [25]. 

Polyethyleneimine (PEI), an organic polyamine with linear or 
branched molecular structures, is one of the most ubiquitous examples 
of cationic polymers and can be used as a metal ion binding (chelating) 
agent. Geckeler et al. [26] first introduced PEI as a chelating polymer to 
assist in removing heavy metals from aqueous solutions in the 1980s, 
and PEI has subsequently been studied extensively during poly
electrolyte enhanced ultrafiltration (PEUF). Furthermore, the PEI chains 
can be modified to interact selectively with specific metal ions (e.g., 
palladium, mercury, gold, and platinum) by grafting or copolymerizing 
certain complexing groups [27]. Polyvinylamine (PVAm) is also a 
cationic water-soluble polymeric material, with up to 95 % of its side 
chain occupied by highly reactive primary amino groups. Because of 
these amino groups, PVAm can be used as an ideal chelating material to 
capture heavy metals and remove them from wastewater [28]. The 
synthesis and production of PVAm have both been improved since the 
1990s, and it has received more attention recently as one of the simplest 
water-soluble and amine-containing polymers. Polyacrylamide (PAM) is 
a long-chain linear polymer, containing highly active phthalamine 
groups which can easily form hydrogen bonds and undergo chemical 
reactions, so that PAM has good water solubility and high chemical 
activity. PAM and its derivatives are among the most important and 
extensively used flocculants [29]. 

Common anionic polyelectrolytes can be divided into four main 
categories, namely carboxylic acid polymers, sulfonic acid polymers, 
phosphonic acid polymers and natural anionic polymers. The use of 
anionic polyelectrolytes in water treatment includes Poly(sodium 4-styr
enesulfonate) (PSS), Polyacrylic acid (PAA), Sodium Carboxymethyl 
Cellulose (CMC–Na), and so on. PSS is a typical, commercially available 
anionic polyelectrolyte with repeating sulfonate functional groups [30]. 
It can be used not only for wastewater treatment and water softening 
[31–33], but also for produced water treatment and pretreatment for 
seawater desalination [34,35]. In addition, PSS is a critical material for 
the synthesis of thin film nanocomposite membranes to improve the 
membrane efficiency [35]. PAA is a weak anionic polyelectrolyte, which 
can be considered to be polyethylene with carboxylic acid (CO2H) 
substituents on alternating carbons; the degree of ionization is depen
dent on the solution pH [21]. PAA may associate with various non-ionic 
polymers and form hydrogen-bonded interpolymer complexes in its non- 
ionized form at low pH values [36]. In aqueous solutions, PAA can also 
form complexes with oppositely charged molecules such as chitosan, 
surfactants, and streptomycin [37]. CMC-Na is a cellulose derivative 
with carboxymethyl groups (-CH2-COOH) bound to some of the hy
droxyl groups of the glucopyranose monomers that make up the cellu
lose backbone. CMC-Na has a promising potential for various 
applications in water treatment. CMC-Na can be used to modify poly
acrylamide gel to become an adsorbent. CMC-Na can also be blended 
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with poly (vinyl alcohol) to prepare nanofiltration membranes via 
interfacial polymerization at ambient temperature [38]. 

Chitosan, a natural low-cost polymeric material, is formed by 
deacetylation of chitin. It is a translucent, pearly white, amorphous and 
flaky solid. According to different raw materials and preparation 
methods, its relative MW ranges from hundreds of thousands to millions 
[39]. The amino and hydroxyl groups on the molecular chain of chitosan 
have a good coordination effect, and can form stable chelates with heavy 
metal ions such as Hg2+, Cu2+, Ag+, etc. [40] It is considered as 
potentially one of the most environmentally-friendly adsorbent mate
rials in water and wastewater treatment [41]. Other natural poly
electrolytes used during water or wastewater treatment include guar 
gum, starch, gelatin galactomannans, cellulose derivatives and tannin. 

2.3. Interaction between polyelectrolytes and contaminants 

Regardless of the nature of the application, a polyelectrolyte gener
ally works via bonding or capturing contaminants during the water 
treatment process, separating them from the aqueous phase. This is 
particularly true for ionic contaminants. The two dominant interactions 
between polyelectrolytes and ionic contaminants are a) coordination 
complexation, and b) electrostatic association between the charged 
polyelectrolyte groups and the contaminant ions (effectively ion ex
change), as shown in Fig. 1. The functional groups on the polyelectrolyte 
chain with free electron pairs act as electron donors, forming coordi
nation covalent bonds with metal ions which have unfilled electron 
orbitals (electron acceptors). For instance, PEI can form a strong com
plex with Cu2+ in a natural pH condition, with the most stable complex 
at a PEI/Cu chelation ratio of 4 [9]. Strongly charged polyelectrolytes 

Table 1 
Typical polyelectrolytes used in water and wastewater treatment.  

Type Name Abbr. Molecular formula MW of a unit Structure Ref. 

Synthetic cationic Poly(diallyldimethyl ammonium chloride) PDADMAC 
(or PDDA) 

(C8H16N)n  126.2 [42] 

Polyethyleneimine PEI (C4H9NO)n  87 [43] 

Polyvinylamine PVAm (C2H5N)n  43.07 [44] 

Poly(allylamine) PAH [CH2CH(CH2NH2)]n  57 [45] 

Polyacrylamide PAM (C3H5NO)n  71 [46] 

Synthetic anionic Poly(sodium 4-styrenesulfonate) PSS (C8H7NaO3S)n  206 [47] 

Polyacrylic acid PAA (C3H4O2)n 72 [48] 

Carboxymethyl Cellulose CMC-Na (C8H16NaO8)n  242.16 [49] 

Natural Chitosan – (C6H11NO4)n 161.2 [50]  
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(e.g., with sulfonate groups) can also associate with counter-ions via 
electrostatic forces, and various ions compete on the polyelectrolyte 
until equilibrium is reached. The affinities of various cations, including 
heavy metal cations and naturally occurring cations, for PSS were 
investigated using an ion exchange model, and showed a decreasing 
order of selectivity as follows: Ba2+ > Pb2+ > Sr2+ > Ca2+ > Cu2+ >

Co2+ > Ni2+ > Mg2+ > H+ > K+ > Na+ > Li+, and their affinity for PSS 
was proportionally related to their ionic radii for cations with the same 
valence [30]. Our recent research reveals the affinities of anions 
including arsenate towards PDADMAC decrease in the order of SO4

2− >

HPO4
2− > HAsO4

2− > Br− > NO3
− > Cl− > H2AsO4

− > H2PO4
− ≈ HCO3

− . It 
should be noted that ionic organics, such as dyes, phenols and organic 
acids, generally show stronger bonding than inorganic ions to poly
electrolytes, due to their organic nature [51]. Sometimes, both of the 
above interactions coexist with ionic contaminants e.g., although 
carboxyl groups alone on PAA can form coordination compounds with 
metals, the attraction of metals by anionic charges on PAA is also 
essential [21,51]. Interactions can arise with other contaminants, such 
as organic matter. Common organic pollutants in industrial effluents 
include dyes, phenols and their derivatives, and some aromatics, and the 
dominant interactions include hydrogen bonding and van der Waals 
forces [27]. In any event, all these types of interaction can lead to the 
capture of contaminants from water. 

3. Applications of polyelectrolytes in water and wastewater 
treatment 

3.1. Polyelectrolyte enhanced ultrafiltration (PEUF) 

Pressure-driven or concentration gradient-driven membrane sepa
ration technologies have established themselves as important processes 
for water purification and wastewater treatment [52,53]. To enhance 

the rejection of low molecular weight species (e.g., heavy metal ions, 
toxic anions, or dyes), colloidal entities, nano-materials or macro- 
molecules can be introduced into the solution of interest, the latter 
associating with the target aqueous pollutants and forming larger 
“particles” before or during the membrane filtration process [6,54,55], 
as shown in Fig. 2. 

Polyelectrolytes can function like a linear or mesh capture agent in 
water, interacting with soluble contaminants via electrostatic forces, 
coordination/complexation, hydrogen forces or Van der Waals forces, to 
form complexes which are larger than the membrane pore size [56]. 
Furthermore, given the similarities between charged surfactant micelles 
and polyelectrolytes, and based on the existing basic principles of 
micellar enhanced ultrafiltration (MEUF) [57–59], the extension to 
polyelectrolyte enhanced ultrafiltration (PEUF) has been recognized as a 
promising hybrid separation technology for water treatment [27,60,61]. 
On the basis of previous studies on similar hybrid processes [7,62], 
Scamehorn's research group first reported copper ion removal using the 
PSS assisted UF process in the 1980s [63]. To achieve some special 
separation applications, PEUF is preferable from an energy and effi
ciency perspective in comparison with the RO or NF process. PEUF has 
the capacity to remove contaminants such as heavy metal ions, dissolved 
organic matter and inorganic anions with low molecular weights, such 
removals being relatively difficult to perform using the conventional UF 
process because the structure of the UF membrane is loose [64]. A 
schematic of the PEUF process is shown in Fig. 3. The advantage of PEUF 
over MEUF is that a low concentration of polyelectrolyte can be used to 
remove pollutants in trace concentrations. On the other hand, because 
micelles cannot form when the concentration of surfactants is less than 
the critical micelle concentration, the surfactant monomers would 
simply pass through the UF membrane [58]. To better understand and 
review the current status of PEUF technology and its potential for further 
development, it is useful to summarize its various applications. 

Fig. 1. The two principal interactions between a polyelectrolyte and an ionic contaminant. Left: PEI complex with a copper ion; Right: ion exchange on PSS.  

Fig. 2. Schematic of an enhanced UF process, compared to NF or RO.  
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3.1.1. Influence of factors on the performance of PEUF 
As a semipermeable membrane, an ultrafiltration (UF) membrane 

can be utilized to separate solutes and colloidal particles of high mo
lecular weights (e.g., proteins, viruses) from those of low molecular 
weights (including water molecules) by applying a pressure or concen
tration gradient. Those factors influencing the UF process, e.g., tem
perature, pressure, membrane pore size and structure, and material, 
would also affect the performance of PEUF. In addition, type, properties 
and dosage of polyelectrolyte used during UF can also affect the per
formance and efficiency of separation. 

The molecular weight cut-off (MWCO) is a critical factor in the se
lection of both the UF membrane and the polyelectrolyte. The necessary 
MWCO or pore size of the membrane can be determined, based on the 
polyelectrolyte MW. Using a membrane with a larger MWCO will cause 
massive loss of polyelectrolyte molecules transporting across the mem
brane pores, while using one with too low a MWCO may require the 
input of more energy (i.e., higher operating pressure) or result in a 
reduced flow. UF membranes with a MWCO of 5–10 kDa appear to be 
used for a typical PEUF application. Commercially available poly
electrolytes will usually have a significant MW distribution, even if they 
have quite a high average MW. Therefore, the polyelectrolyte molecules 
with small MW may not be completely rejected by the UF membrane, 
but complete retention would be achieved after membrane screening 
(i.e. where the small molecular weight components are removed prior to 
PEUF application by, for example, dialysis) [30]. The polyelectrolytes 
used during PEUF may accumulate easily on the membrane surface and 
inside the pores, thus increasing the hydraulic resistance and trans
membrane pressure, leading to membrane fouling and a decline of flux. 
Although both dead-end and cross-flow modes of operation can be 
applied for UF, dead-end filtration is more likely to be blocked by gel 
cake due to the accumulation of polyelectrolyte-contaminant 
complexes. 

3.1.2. Application of PEUF for contaminants removal 

3.1.2.1. Heavy metals. In the past decades, the PEUF process has been 
shown to be promising for the removal of macro and trace metallic ion 
species from aqueous streams when assisted with a water-soluble poly
electrolyte. Among all heavy metal contaminants present in domestic 
and industrial wastewater, the cationic metal ions including manganese, 
cobalt, nickel, copper, zinc, cadmium, mercury, and lead are 

particularly important. Using PEUF technology, the removal efficiency 
for heavy metals is high and the concentration of residual heavy metal in 
the permeate can drop to the ppb level (this depends on the type of 
heavy metal to be removed), which in general meets the maximum 
allowable emission pollutant level proposed for most heavy metals 
[63,65]. 

Table 2 shows the removal of cationic metals using PEUF. From the 
table, it can be seen that PEI, PSS and CMC-Na are commonly used for 
metals removal from water. Scamehorn's group [63,66] developed the 
PSS-assisted UF process for Cu2+ removal in the late 1980s, based on 
their extensive research of MEUF. PSS enhanced UF has also been 
applied to recover the rare earth elements neodymium (Nd) [67] and 
lanthanum (La) [68] from aqueous solutions (up to 99 %). However, the 
interaction between PSS and metals is basically ion exchange. The af
finity of divalent cations including metals is similar, so PSS struggles to 
separate target metals from mixed-cation solutions [30]. Nevertheless, 
the simultaneous removal of several metals can be achieved via an in
crease in the concentration of PSS because of a greater number of ion 
exchange sites. PEI can also form chelating complexes with metals, and 
in this way capture them easily from water, while the influence of other 
salts is negligible [9]. Consequently, the association of metals towards 
the amine groups of PEI is stronger than that of PSS. Therefore, re
searchers have widely studied the removal of PEI-metal complexes by 
ultrafiltration using PEUF, including Hg, Cd, Co, Sr, Cu, and so on. 
[60,69–71]. PVAm, another polyelectrolyte with amine groups, has 
been used during PEUF to remove multiple metals, including Co (II), Cu 
(II), Ni (II), Pb (II), Fe (III), Cd (II), Zn (II) and Mn (II). A rejection of over 
99 % of Pb (II), Fe (III), and Cu (II) was observed, indicating a higher 
affinity of these metal cations to PVAm than others (around 20–60 % 
under the same conditions) [72]. The carboxylic acid groups, which are 
dependent on pH, of CMC and PAA play an important role in metal 
removal. It is believed that the combined processes of chelation and 
electrostatic interaction operate during PEUF using PAA and CMC [21]. 
Barakat and Schmidt [73] investigated the removal of toxic heavy 
metals (including Cu2+, Ni2+, Cr3+) from synthetic wastewater using 
PEUF with CMC. The results showed rejection of these metals increased 
as the pH increased from 3 to 7, indicating that the protonation of CMC 
adversely affects the removal of heavy metals. Chou et al. [74] 
compared various polyelectrolyte types (PSS, PAA and PEI) for copper 
recovery during PEUF under various pH conditions. The pH had a 
negligible influence on PSS, as Cu removal remained at up to 75 % at a 
pH value of 3. PAA was slightly affected at pH 3 with a lower removal of 
60 %, but increased substantially at pH 4. The branched PEI showed the 
highest Cu removal of 94 % at pH 3. In addition, from the table, the MWs 
of polyelectrolytes are generally 5 to 10 times larger than the MWCO of 
the membranes. Compared to nanofiltration and reverse osmosis, the 
water permeability obtained here would be much higher, and generally 
in the range of 0.1–3 L/(m2⋅h⋅kPa), but the fouling caused by the ag
gregation of polyelectrolytes on the membrane surface remains a 
concern. 

3.1.2.2. Inorganic anions. It is also often useful to remove inorganic 
anions from different aqueous solutions. Target anions usually include 
metal oxygen-containing anions (e.g., chromate), metalloid anions 
(e.g., arsenate, borate), nutrients (e.g., NO3

− ) and perchlorate. The 
removal of these inorganic anions during PEUF is based in general on the 
electrostatic interaction between cationic polyelectrolytes (e.g., PDAD
MAC) and anions, and ion exchange with the initial anion (e.g., Cl− ) 
[77]. Table 3 lists some typical studies focusing on inorganic anions 
removal using PEUF. Lots of research studies [78–80] have been con
ducted on chromate removal with PEUF using PDADMAC for the main 
part and based on the ion exchange between CrO4

2− and Cl− ; in this case, 
divalent anions have a higher affinity than monovalent anions, and 
therefore, the elimination of CrO4

2− from water is usually achieved to a 
satisfactory level. Similar to chromate, arsenate can also be removed 

Fig. 3. The schematic of a dead-end PEUF process.  
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Table 2 
Removal of metallic cations from aqueous solutions by PEUF.  

Target species Polymer (MW, 
kDa) 

Membrane (MWCO, 
kDa) 

UF 
module 

Pressure (kPa) Rejection (%) Performance Ref. 

Cu2+ PSS (85) 5 Dead 
end 

414 80–99.95 Retention ratios as large as 1000 have 
been measured. Reasonably good 
separations are achieved even in the 
presence of 40–80 mM NaCl. 

[63] 

Cu2+ PSS (85) Cellulose acetate (1, 
5, 10) 

Dead 
end 

414 Up to 99.1 As the retentate becomes more 
concentrated in polyelectrolyte, the 
rejection decreases and the flux 
decreases. Still, the rejections remain 
higher than 96 %. 

[66] 

Hg2+ PEI (50) Flat sheet (5) Dead 
end 

100 45.1–99.7 Effects of mercury-to-polymer ratio, 
pressure drop and feed solution 
circulation rate on retention of mercury 
and permeate flux were studied. 
Rejection of mercury was dependent on 
the mercury-to-PEI ratio rather than 
their concentrations. 

[69] 

Hg2+ and Cd2+ PEI (50) Lab: flat sheet (5) 
Pilot: spiral 
Wound (10) 

Lab: 
dead 
end 
Pilot: 
cross 
flow 

60 Hg2+ up to 98 
Cd2+ up to 97 

Experiments were conducted for binary 
solutions at different pH and loading 
ratios for selective separation of mercury 
and cadmium. The increased pH and 
decreased metal/polymer ratio, and 
loading (L), resulted in higher retention 
of both metals. 

[70] 

Cd2+ PEI (70) 10 Dead 
end 

207 Exceed 90 at pH 5–6 The removal and recovery of Cd species 
was greatly dependent on the chemistry 
of organic ligands according to solution 
pH, particularly being related to the 
distribution of Cd-ligand complexes at 
different pH levels. 

[71] 

Cu2+, Ni2+ and Cr3+ Carboxymeth-yl 
cellulose (viscosity 
25–75 mPa s) 

Polyethersulfone 
(10) 

– 100 Cu2+ up to 97.6 
Ni2+ up to 99.1 
Cr3+ up to 99.5 

Different parameters affecting the 
percentage rejection of the metals, such 
as pH, metal ion concentration, CMC/ 
metal ratio, and permeate flux (F) have 
been investigated. 

[73]  

Sr2+ and Co2+ PAA(15, 100, 250) 
and PEI(250) 

Regenerated 
cellulose (1, 10, 
100) 

– 50, 75, 300 Co2+ up to 80 % using 
PEI and Sr2+ exceeding 
90 % using PAA 

The PAA dosage and solution pH 
governed the metal rejection in PEUF. 
The PEUF with PEI exhibited almost no 
pH dependency in metal removal but 
showed metal-specific removal 
behaviours. The PEUF with PAA 
achieved metal removal as high as LPRO, 
with relatively high-water permeability. 

[60] 

Nd3+ PSS (70) and PEG 
(35) 

Polyethersulfone 
(10) 

Cross 
flow 

100–300 Nd3+ up to 99 using PSS 
and up to 86 using PEG 

The retention increased with the increase 
of pH. The ionic strength effect has 
shown a retention decrease with 
increasing salt concentration. Finally, 
the permeate flux declined following the 
increment in volume concentration 
factor, while the retention remained 
constant around 98 %. 

[67] 

Cu2+ PSS (70), PAA 
(250) and PEI (60) 

Polyethersulfone 
(10) 

Cross 
flow 

170 Achieved the complete 
copper recovery using 
PSS, Cu2+ exceed 95 
using PAA and up to 96 
using PEI 

A branched PEI with an amine group 
achieved the highest Cu removal of 94 % 
at pH 3. The copper removal efficiency 
decreased slightly with increasing pH 
due to the high permeation of PEI 
through the membrane. 

[74] 

Zn2+ PAA (250) Polyethersulfone 
(PES, 30) 

– 0.01 to 250 
depending on 
radius 

Zn2+ up to 95.3 Effect of solution pH and mass ratio of 
polymer to metal ions (P/M) on the 
rejection of Zn (II) were investigated, 
and the rejection could reach up to 95.3 
% at pH = 7 and P/M = 25. 

[75] 

Cu2+ and Pb2+ PSS (200, 70, 
1000) 

1, 10 Dead 
end 

344.7 Cu2+ and Pb2+ all 
exceed 80 by 200 kDa 
PSS with 10 kDa UF 

Selectivity for these cations with PSS 
complexation decreased in the order 
Ba2+ > Pb2+ > Sr2+ > Ca2+ > Cu2+ >

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

> Li+. A greater removal of heavy metals 
was observed at higher ratios of PSS 
molecular weight to membrane 
molecular weight cut-off (MW/MWCO). 

[30] 

(continued on next page) 

M. Chen et al.                                                                                                                                                                                                                                   



Journal of Water Process Engineering 64 (2024) 105528

7

using PDADMAC, and our recent research (as yet unpublished) has 
achieved an As (V) removal as high as 96 % from water in the absence of 
competing anions. The arsenic removal can be predicted based on mass 
action (i.e. ion exchange selectivity) and the material balance equations 
[59]. 

Nutrients are also a type of anionic matter which need to be 
controlled in water. Nitrogen in water is the main cause of eutrophica
tion. Nitrate removal from contaminated water using PEUF was shown 
to be feasible. Three different polyelectrolytes with quaternary amine 
groups or pyrrolidinium groups (i.e., PDADMAC) were applied in PEUF 
to remove nitrate from contaminated groundwater [81]. 

For the removal of boron, a previous study using PEUF showed that 
the max rejection of boron from boric acid solutions was only 33 % in 

dead end filtration mode using PVA as the polymer [82]. 

3.1.2.3. Hardness. Water frequently contains numerous solutes, many 
of which are undesirable for either industrial or residential purposes. As 
one category of solutes, the divalent cations of calcium and magnesium 
are responsible for water hardness, and Tabatabai et al. [31,32] deter
mined the effectiveness of PEUF as an alternative method for the 
removal of hardness ions from water. Chen and Peltier [5,21,30] also 
reported scale-forming cations, including Ca2+ and Mg2+, and their 
removal from produced water using polyelectrolytes with membranes. It 
can be concluded that when a water-soluble anionic polyelectrolyte, 
such as PSS or PAA, is added to hard water, then calcium and 

Table 2 (continued ) 

Target species Polymer (MW, 
kDa) 

Membrane (MWCO, 
kDa) 

UF 
module 

Pressure (kPa) Rejection (%) Performance Ref. 

La3+ PSS Regenerated 
cellulose (10) 

Cross 
flow 

250 – The La(III) retention increased with the 
increase of transmembrane pressure and 
PSS concentration. Rejection of La(III) 
ions using ultrafiltration was widely 
influenced by solution pH. A better 
retention was observed at 10− 4 mol L− 1 

PSS concentration and 2.5 bar 
transmembrane pressure. 

[68] 

Cd2+ Chitosan (620), 
PVA (86), PAA 
(4000) 

Hollow fiber UF 
membrane (6) 

Dead 
end 

100 Cd2+ up to 100 using 
PAAS 

The higher the P/M was, the lower the 
pH, and the higher the HA concentration, 
then the more serious the UF membrane 
fouling was. The dissociation rate of 
PAAS–Cd reached 99.8 % at a pH of 2.5. 

[76]  

Table 3 
Typical inorganic anion removal using PEUF.  

Species Polyelectrolyte MW Membrane 
material 

Membrane 
MWCO 

Pressure 
(kPa) 

UF Performance Ref. 

Chromate (CrO4
2− ) PDADMAC 240 kDa Cellulose acetate 10 kDa 414 Dead 

end 
Without added electrolytes, rejection up to 
99.8 %; NaCl reduces CrO4

2− rejection. 
[79] 

CrO4
2− , sulfate, 

nitrate 
PDADMAC 240 kDa Cellulose acetate 10 kDa 414 Dead 

end 
Rejections of chromate and sulfate are similar 
and >98 %, and nitrate can be as high as 97 %. 

[83] 

Arsenate PDADMAC 240 kDa Cellulose acetate 10 kDa 414 Dead 
end 

Arsenic rejections as high as 99.95 % are 
obtained and increase with increasing polymer 
concentration and decrease with increasing 
ionic strength. 

[84] 

Nitrate PDADMAC 200–350 
kDa 

Regenerated 
cellulose 

3, 10, 30, 
100 kDa 

100 Dead 
end 

Substantial nitrate removal up to >90 % at 
high molar ratios of quaternary amine groups 
to nitrate was achieved, depending on the 
types of chelating polymers and UF 
membranes used. The branched polymers 
removed nitrate better than the linear 
polymers. 

[81] 

Borate PVA and 
synthesized 
polymers 

220 and 
40 kDa 

– – – – pH 7–10, 28–37 % removal. [82] 

Perchlorate PDADMAC – Regenerated 
cellulose; 
polyether sulfone 

3, 10 kDa 
and 10 kDa 

200 Dead 
end 

In the absence of other anions, PDADMAC 
(0.5–1 mM) can remove >90 % of perchlorate 
from the aqueous phase. However, in the 
presence of 5 mM nitrate, perchlorate removal 
decreases as the available binding sites of 
PDADMAC for perchlorate are reduced. 

[85] 

Perchlorate PDADMAC 400–500 
kDa 

Regenerated 
cellulose 

10 kDa 414 Dead 
end 

Polyelectrolyte concentration, pH, and ionic 
strength were investigated. Removal of 
perchlorate from synthetic groundwater 
initially containing 10.3 ppm perchlorate and 
containing chloride, sulfate, and carbonate 
was examined. Perchlorate separations of >95 
% were achieved, even in the presence of 10- 
fold excesses of competing ions. 

[25] 

CrO4
2− Synthesized 

polymer (PDAM) 
42 kDa Polyether sulfone 5 kDa 100 Dead 

end 
Effect of operating parameters such as pH, 
loading, polymer, and competing ion 
concentrations were examined. Highest Cr(VI) 
retention was obtained at a loading of 0.01 at 
pH 4. 

[86]  
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magnesium bind to the polyelectrolyte. The latter polyelectrolyte is 
chosen to have a high enough molecular weight to be rejected by an 
ultrafiltration membrane. In addition, acids or salts can be added to 
regenerate PSS or PAA [21,31]. Juang and Chiou [87] also focused on 
the feasibility of PEUF for brackish water softening. However, Ca and 
Mg removal competed adversely with other cations; all metals usually 
have high affinities to polyelectrolytes, and monovalent cations (e.g., Na 
and K) at high concentrations hindered the complexation with the 
hardness-causing divalent cations. 

3.1.2.4. Dyes. Recently, increasing attention has been paid to the effi
cient removal of synthetic dyes using PEUF [88–90], and reviews have 
also focused on its application [91,92]. The most commonly used clas
sification to differentiate the various types of synthetic dyes is based on 
the nature of their charge after dissolving in water, that is to say as 
anionic dyes (including acid dyes, reactive dyes, azo), cationic dyes 
(including basic dyes), and non-ionic dyes (including dispersing dyes 
that do not ionize in aqueous media). It is generally believed that the 
interaction between organics and polyelectrolytes is caused by hydro
phobic and energetic interactions such as chemical interactions, 
hydrogen bonding and electrostatic interactions [93,94]. Ionic dyes are 
the main objects of studies which investigate removal by PEUF, and the 
dye-polyelectrolyte complexation is not significantly affected by the 
presence of interfering ions [95]. 

The effective removal of the triphenylmethane dyes from aqueous 
solutions, including malachite green (MG), brilliant green (BG) and new 
fuchsin (NF), was achieved using a polysulfone hollow fiber ultrafiltra
tion membrane with the aid of the anionic polyelectrolyte PSS, and the 
study also demonstrated that the cationic and nonionic polymers such as 
PDADMAC and PVA were not suitable for the removal and decolouri
zation of these dyes in aqueous solutions [96]. Removal of the cationic 
dye crystal violet (CV) from aqueous solutions by continuous PEUF 
assisted with PAA or PEI has been investigated, and the permeate flux 
and decolourization of CV were studied as a function of dye and poly
electrolyte concentrations, applied pressure, ionic strength and pH 
values. The PAA application showed a higher rejection (99 %) of CV 
than PEI (around 60 %), due to the electrostatic interaction between 
anionic PAA and the cationic dye molecules. PAA was influenced by 
ionic strength and pH markedly; on the contrary, the same parameters 
showed a negligible effect in the case of PEI [97]. In a previous study, 
retention as high as 98 % of methylene blue (MB), a phenothiazine 
cationic dye, was obtained using PAA during PEUF with a 10 kDa MWCO 
cellulose membrane [98]. The complete removal of the anionic dye 
methyl orange (MO, up to 50 mg/L) was achieved using PEUF with a 
synthesized cationic polyelectrolyte, for which the removal was higher 
than achieved with MEUF. The PEUF removal was also associated with a 
much lower carbon leaching into the purified stream than MEUF. [99] 

3.2. Enhancing membrane performance by polyelectrolytes 

Membrane technology has gained rapid acceptance as a cost- 
effective and efficient approach for water purification since the 1960s 
[100]. Polymeric membranes are well-developed, and have demon
strated great potential for almost all membrane processes in water in
dustry due to their low price, ease of preparation, flexible configuration, 
small footprint and high-quality effluent [101,102]. In recent years, 
there has been a surge of interest in developing state-of-the-art poly
meric membranes with novel properties, including improved separation 
performance and selectivity for different pollutant types [103]. Poly
electrolytes are among the most promising materials for the modifica
tion of membranes to satisfy these needs, due to their unique charge 
properties. Further, such advances have brought additional benefits 
including separation under extreme pH conditions [104], enabling long 
term operation [104], mitigating membrane fouling [105], etc. 

The current section focuses on the preparation and application of 

polyelectrolytes-coated polymeric membranes for aqueous pollutant 
removal. 

3.2.1. Membrane modification 

3.2.1.1. Layer-by-layer (LBL) assembly. Polyelectrolytes, as water- 
soluble polymers, are charged, due to the dissociation of charged 
repeating units in the molecular chains which exist in an aqueous phase. 
Based on non-covalent forces, such as electrostatic attraction, van der 
Waals forces, hydrogen bonding, and hydrophobic interactions [104], 
many polyelectrolytes of varying charge can form stable, insoluble 
polyelectrolyte complexes (PECs). This can take place either by bulk 
mixing in water, or by interfacial complexation on a substrate 
(e.g., membrane) [106]. As first reported by Decher and Hong in the 
1990s [107], layer-by-layer (LBL) assembly has been investigated 
extensively for making polyelectrolyte-coated membranes [108–112]. 
This is commonly done through alternate dip or spin coating of poly
meric membranes in polyelectrolyte solutions, in order to form poly
electrolyte multilayer (PEM) membranes via static or dynamic 
adsorption and in combination with a rinsing step between each coating 
step to remove weakly bounded polymers. 

LBL assembly has many advantages such as being economically 
viable and environmentally benign, scalable, the possibility of 
controlled layer thickness, rapid coating, and high versatility [102,113]. 
Different parameters such as polyelectrolyte structure, molecular 
weight, charge density, pH and ionic strength of the coating solution, 
number of bilayers, terminating PE layer of the membrane, and weak or 
strong activity, can play pivotal roles for the LBL process, and thus the 
resultant membrane surface chemistry, stability and layer growth 
[104,114–116]. Many polyelectrolyte pairs have been reported so far for 
building PEM membranes, such as poly(allylamine hydrochloride) 
(PAH)/PSS [109], PAH/PAA [10,113], and PDADMAC/PSS 
[103,117,118]. 

3.2.1.2. Interfacial crosslinking. Interfacial polymerization (IP) has been 
used widely for the fabrication of thin film composite (TFC) membranes, 
especially nanofiltration (NF) and reverse osmosis (RO) membranes. 
Conventional TFC membranes have been very industrialized for water 
treatment, and comprise of a polyamide (PA) selective layer and a 
polymeric membrane support [119]. The PA skin layer is typically 
produced by crosslinking reactions between reactive diamines 
(e.g., piperazine (PIP)) and acid chloride monomers (e.g., trimesoyl 
chloride (TMC)) [119]. However, commercial TFC membranes have low 
permeability, are fouling-prone, and exhibit poor solvent and chlorine 
resistance [105]. 

Over the past years, polyelectrolytes have also been adopted to 
prepare novel TFC membranes with improved mechanical stability and 
surface chemistry, through a similar interfacial crosslinking approach. 
For instance, PEI has been used widely for covalent modification of 
membrane surfaces, because its amine group can react with many 
functional groups (e.g., carbonyl group, acryl chloride, etc.). Liu et al. 
[120] crosslinked PEI with TMC on a nylon MF membrane substrate to 
produce a TFC membrane. Sun et al. [121] and Zhao et al. [122] directly 
crosslinked branched PEI with the surface of membrane supports, i.e., a 
polyamide-imide (PAI) hollow fiber membrane and a P84 flat sheet UF 
membrane, respectively. 

Moreover, some studies have focused on covalent LBL assembled 
membranes with the help of other chemical agents to improve the 
polyelectrolyte multilayer stability. Shan et al. [123] reported the 
preparation of a glutaraldehyde (GA) crosslinked PEI/PSS LBL assem
bled PAN membrane. Qiu et al. [124] and Liu et al. [109] obtained GA 
crosslinked PAH/PSS LBL modified PAN and PES membranes, respec
tively, in which the GA aldehyde group could react with the PAH amine 
group. In addition, inspired by mussel catechol chemistry, dopamine 
(DA) can self-polymerize into adhesive polydopamine (PDA), which can 
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in turn crosslink with polycations (e.g., PEI and PAH) through Michael 
addition or Schiff base reactions [102]. Meng et al. [102] coated a 
covalently bonded PEI/PDA layer on PES and PAN UF membranes, 
followed by the alternating deposition of multilayer PSS and PEI/PDA to 
obtain PE-coated membranes. 

3.2.2. Polyelectrolyte membranes for nanofiltration (NF) 
Porous membranes (UF, NF and RO) are pressure-driven, and can be 

distinguished by their different pore sizes, i.e., UF (2–100 nm) > NF 
(0.5–2 nm) > RO (<1 nm) [125,126], and their operating pressures, i.e., 
UF (3–5 bars) < NF (6–10 bars) < RO (14–70 bars) [127,128]. UF 
separates solutes based purely on size exclusion, and only removes 
macroscopic contaminants. NF can remove some micropollutants as well 
as divalent ions, while RO assures high rejection of common ions and 
small organic solutes, by means of both size exclusion and membrane – 
solute charge interactions. Among them, the NF process has been 
increasingly adapted, and gives much higher rejections against many 
small-sized solutes while consuming less energy than RO. Recent ad
vances in the polyelectrolyte modification of membranes permit fasci
nating separation characteristics for the NF process. Indeed, this 
provides an alternative paradigm for pollutant separation in water. 
Polyelectrolyte modified NF membranes for the removal of ions and 
organic pollutants are summarized in Table 4. 

3.2.2.1. Ion removal. The polyelectrolyte modification of NF mem
branes has been used to enhance the selectivity and separation perfor
mance for ion removal in water. It was found that membrane separation 
behaviour is related to the polyelectrolyte terminating layer, and is 
enhanced with an increased number of bilayers and with an increased 
target ion valency and hydrated radius [103,112]. Cheng et al. [103] 
and Wang et al. [112] constructed PDADMAC/PSS LBL assembled NF 
membranes for divalent ion removal. Cheng et al. [103] observed 
improved rejection and selectivity for divalent cations (94 % for Ca2+

and 98 % for Mg 2+; 23 % for Na+) at low pressure (3.45 bar) for pol
ycation PDADMAC-terminated PEM, due to enhanced Donnan exclu
sion. In comparison, pristine TFC NF membranes remove these ions only 
poorly (<20 %). 

Wang et al. [112] used PSS-terminated PEMs to remove inorganic 
salts, and found that the negative surface charge facilitated the transport 
of cation Ca2+ while impeding the transport of anion SO4

2− due to 
different electrostatic interactions. This led to much lower rejection of 
CaCl2 than Na2SO4 (e.g., 14 % vs 82 %, for 4 bilayers). However, with an 
increase of PE bilayers from 2 to 6, rejection of both of these asymmetric 
salts increased due to the reduction of membrane pore radius and a 
correspondingly stronger size exclusion. It can be noted that commercial 
NF membranes usually reject <60 % of monovalent ions [117]. 

Malaisamy et al. [117] reported a much higher removal of Cl− using 
an 8-layer PDADMAC/PSS surface deposited NF270 membrane than 
using a pristine membrane (91 % vs 30 %) under cross-flow in the single 
salt system, when Cl− concentration was 100 mg/L. Despite the low 
hydration radius of Cl− , the strong electrostatic repulsion between the 
membrane surface and the anion still enhanced the removal. 

Ion retention is also affected by different fabrication and assembly 
conditions of the polyelectrolyte membranes [129]. For instance, Abtahi 
et al. [113] found post salt annealing of PSS/PAH LBL fabricated PEM 
membranes improved the salt rejection without lowering permeability. 
Brinke et al. [129] prepared PES hollow fiber membranes coated by 
different PSS/PDADMAC or PSS/PAH pair numbers and under different 
ionic strengths, and observed different MgSO4 retentions (>75 %). Being 
controlled mainly by size, dielectric exclusion and Donnan exclusion, 
the difference of retention was attributed to the build up of structure, 
film thickness and surface charge density. 

3.2.2.2. Organic pollutant removal. Polyelectrolyte-modified mem
branes are also extensively adopted for the removal of organic solutes 

(e.g., micropollutants) in water. The separation performance is 
controlled by polyelectrolyte membrane physicochemical properties, 
the organic solute characteristics (pKa, Kow, molecular size, etc.) and 
solution conditions (pH, ionic strength, etc.), which collectively impacts 
membrane – solute interactions. 

Abtahi et al. [113] studied the dead-end filtration of organic 
micropollutants by PSS/PAH LBL fabricated PEM membranes over long- 
term operation at 2 bar. The hydrophobic, uncharged micropollutant 4- 
nonylphenl showed 95.9 % removal at an early filtration stage, due to 
hydrophobic adsorption onto the membrane. However, the removal 
dropped over time due to membrane saturation, at which point size 
exclusion became the only mechanism. In contrast, electrostatic inter
action was also found to be important when treating charged micro
pollutants, where the removal (52–82 %) of negatively charged 
diclofenac, naproxen and ibuprofen was controlled by both electrostatic 
repulsion and a sieving effect. 

As reported by de Grooth et al. [108], polycation (PDADMAC), 
polyzwitterion (PSBMA), and polyanion (PSS) SPES PEM hollow fiber 
membranes showed the lowest removal to uncharged sulfamethoxazole, 
atrazine and bisphenol A micropollutants (cross-flow, 1.75 bar) 
regardless of the terminating layer, suggesting that a size exclusion 
mechanism alone led to low retention. Results suggested that the dual 
charge of these PEM membranes interacted with the charged micro
pollutants in several ways. The negatively-charged PSS-terminated 
membranes obtained the highest removal for negatively charged 
micropollutants, through Donnan exclusion. Most interestingly, incor
poration of a zwitterionic PSBMA layer increased the removal of all 
charged micropollutants (naproxen, bezafibrate and atenolol) using 
PSBMA- or PDADMAC- terminated membranes, due to dielectric 
exclusion. 

Ouyang et al. [111] found that the dually charged PEM NF mem
brane which had been LBL modified by PDA and quaternate chitosan 
(CS) showed good removal (>76 %) towards various pharmaceutical 
and personal care products (PPCPs) (ibuprofen, carbamazepine and 
atenolol) at a low operating pressure of 5 bar and at neutral pH. 
Changing feed solution pH impacts the charge of the membrane and 
micropollutants, and thus impacts their interaction. Rejection of, for 
example, atenolol (pKa = 9.43) was observed to increase from 76.22 % 
at pH = 7 to 81.67 % at pH = 3, because atenolol became more pro
tonated and the membrane surface charge also turned positive, leading 
to strong electrostatic repulsion. 

3.3. Adsorbent modification using polyelectrolytes 

Compared to other methods of water and wastewater treatment 
(e.g., membrane filtration, photocatalysis, and advanced oxidation), 
adsorption shows many advantages: materials are cheap and readily 
available, the cost is low, and the design and operation of the treatment 
unit is relatively simple [130,131]. The adsorbents used for water pu
rification usually include carbonaceous adsorbents (e.g., activated car
bon and carbon nanotubes), mineral adsorbents (e.g., clays and 
zeolites), polymer adsorbents (e.g., synthetic resins, ion exchange fibers, 
chitosan and its derivatives) and waste adsorbents (e.g., industrial waste 
and agricultural waste) [132,133]. However, common adsorbents each 
have their own limitations when applied to contaminants removal. 
Therefore, modification of these adsorbents is necessary to improve 
selectivity, adsorption capacity, adsorption efficiency, operation stabil
ity and economic feasibility. Polyelectrolytes are often used to modify 
materials, due to their ability to change the surface charge of solids or 
improve the selectivity and thus improve the removal performance of 
various inorganic and organic pollutants [134]. Many studies have been 
reported on the modification of common adsorbents with various 
polyelectrolytes, and the results show that these modified adsorbents 
have a greatly improved performance for pollutants removal. The 
polyelectrolytes commonly used in modified adsorbents include PEI, 
PDADMAC, PSS, chitosan (itself a good adsorbent), PAA, and PAM, etc. 
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The commonly used methods for modifying an adsorbent with poly
electrolyte include crosslinking, grafting, surface modification, 
impregnation, complexation, etc. This section focuses on modification 
methods and applications of the modified adsorbents. 

3.3.1. PEI for adsorbent modification 
PEI is a typical water-soluble polyamine, with two molecular struc

tural forms: linear PEI and branched PEI. Branched PEI is fully amor
phous, unlike the linear form which is crystalline at room temperature. 
Branched PEI has a high concentration of polar groups containing ni
trogen atoms, with a respective molar ratio of primary to secondary to 
tertiary amines of 1:2:1. These amine groups on the chain of the PEI 
polymer can interact with ionic pollutant species, such as platinum 
group metals, dyes, and heavy metals [135–137]. However, due to the 
water-soluble nature of PEI, it must be immobilized on a matrix to 
ensure the maneuverability when used as an adsorbent. The resulting 
adsorbents can be divided into six broad categories of material, 
depending on the substrate used for PEI immobilization: magnetic, 
carbon-based, silica-based, clay minerals and geomaterials, biologically- 
derived materials, and other hybrid composites [138]. The modification 
method is generally cross-linking or grafting, among which grafting 
copolymerization provides an attractive and versatile method for 
imparting a variety of functional groups to the adsorbents [139]. 
Modified adsorbents are commonly used to remove heavy metals such as 
Cu(II), Ni(II), Cr(VI), and organic dyes such as methyl orange. The 
adsorption capacity after PEI modification has a significant increase 
compared with that of the original adsorbent. The reason is generally 
that the addition of PEI leads to an increase in the number of amine 
groups on the surface of the adsorbent, providing more effective 
adsorption sites, and thus enhancing the adsorption capacity. The 
adsorption effect is generally affected by pH, the type of crosslinking 
agent and molar ratio. Many PEI-based composite materials have been 
studied and used as adsorbents for contaminants removal [140]. Reddy 
et al. [141] reported on PEI-based epoxy coated gauzes as an efficient, 
reusable and economical adsorbent, with a high density of active sites. 
Because of the porous structure and large surface area of the adsorbent, 
together with the large amount of amine groups of PEI, the optimized 
adsorption capacity for Ni2+ could be as high as 650 mg/g. Zeng et al. 
[142] applied PEI to modify Ti3C2Tx surfaces and synthesized Ti3C2Tx/ 
PEI nanocomposites to remove Cr6+, with a maximum removal capacity 
of 186.5 mg/g. Zhang et al. [143] reported novel clay composite ma
terials functionalized with PEI and CTAB for Cr(VI) removal, showing a 
high adsorption capacity at 59.3 mg/L, 4 times higher that of the initial 
adsorbent. Polyethyleneimine-modified magnetic peanut husk was 
developed by Aryee et al. [144], which showed efficient simultaneous 
removal of Cr(VI), Congo red and PO4

3− . PEI-modified chitosan beads 

can adsorb clofibric acid, with a maximum adsorption capacity of 349 
mg/g [145]. 

3.3.2. PDADMAC for adsorbent modification 
PDADMAC is a strongly charged cationic polymer, and it can be used 

to modify solid surfaces, graft with adsorbents, or form composite ma
terials for removing some organic pollutants [146–148]. The adsorption 
capacity of nanosilica, synthesized from rice husk and modified by 
PDADMAC, for beta-lactam cefixime (CEF) was investigated, with a 
removal rate of 93.51 % [149]. The removal efficiency of amoxicillin 
antibiotic (AMX) increased from 19.1 % to 92.3 % when using the same 
adsorbent modification [150]. PDADMAC was impregnated on meso
porous silicas and the surface charges of the mesoporous silicas were 
easily converted from negative to positive, which could then adsorb 
anionic dyes like methyl orange because of the electrostatic attractions 
[151]. Carbon adsorbent-catalysts modified by PDADMAC and quater
nary ammonium (QA) were synthesized to degrade methyl bromide 
[152]. Ordered mesoporous carbon modified by PDADMAC (CMK-1/ 
PDDA) was created and used for the removal of major aromatic com
pounds present in purified terephthalic acid wastewater [153]. An 
alternate coating of PDADMAC and polydiallylaspartate was utilized to 
modify mesoporous SBA-15, leading to a highly efficient porous adsor
bent to remove Cd2+ [154]. Coating PDADMAC onto mesoporous acid- 
treated fly ash (AFA) and its capacity to adsorb phenol from aqueous 
solution were also investigated, showing an ultrathin coating of fly ash 
with cationic polyelectrolyte had potential as an alternative adsorbent 
from waste [155]. 

3.3.3. Chitosan for adsorbent modification 
Compared with other adsorbents, chitosan has the advantages of 

having a large adsorption capacity and providing high purification ef
ficiency, as well as being non-toxic and harmless, and being renewable 
so not creating secondary pollution [156]. However, due to the strong 
intermolecular hydrogen bond between the amino group and the hy
droxyl group in the molecular structure, chitosan can only be dissolved 
in acidic aqueous solution, and it is easy to precipitate in a weak acidic 
medium, which hinders the scope and field of its application. [157]. Yet, 
as a polyelectrolyte, chitosan can be made into carboxymethyl chitosan 
and other derivatives to modify adsorbents. Modified chitosan or a 
composite adsorbent with the incorporation of chitosan has a good 
adsorption effectiveness in the treatment of various pollutants such as 
dyes, pharmaceuticals, fluorine ions, organic pollutants, and heavy 
metals, thus showing a huge potential for water treatment applications. 
Ma et al. [158] used carboxymethyl-chitosan modified Na- 
montmorillonite to remove chlortetracycline. Magnetic NiFe2O4-COF- 
chitosan-terephthalaldehyde film was applied for the removal of 

Table 4 
Polyelectrolyte surface modified membranes for removal of ions and organic pollutants.  

Supports Polyelectrolyte 
modifier(s) 

Modification 
method 

Membrane 
type 

Target 
pollutants 

Performance Ref. 

PA PSS/PDADMAC LBL assembly Flat sheet Ions High rejection (up to 98 %) and selectivity to divalent cations (Mg2+, Ca2+, 
Sr2+ and Ba2+) at low pressure (3.45 bar). 

[103] 

PA PSS/PDADMAC LBL assembly Flat sheet Ions High rejection (91 %) of Cl− in single salt filtration system. Good selectivity 
of F− over Cl− in the ternary monovalent ion mixture (F− , Cl− and SO4

2− ). 
[117] 

PES CS/PDA LBL assembly, 
crosslinking 

Flat sheet Organic 
pollutants 

Removal (>76 %) of atenolol, carbamazepine and ibuprofen through 
Donnan exclusion and size exclusion. 

[111] 

SPES PAA/PAH LBL assembly Hollow fiber Organic 
pollutants 

High retention (60–80 %) for charged micropollutants at low TMP (1.8 bar). [10] 

PES PSS/PDADMAC or 
PSS/PAH 

LBL assembly Hollow fiber Ions, organic 
pollutants 

MgSO4 retention (>75 %) is dependent on PE type and number of layers. [129] 

PAN PAA/PAH LBL assembly Flat sheet Ions, organic 
pollutants 

Higher rejection for divalent salts for post-salt annealing treated PEM 
membranes. Removal of micropollutants reaches up to 82 %, and is affected 
by solute size, charge and hydrophilicity. 

[113] 

SPES PSS/PSBMA/ 
PDADMAC 

LBL assembly Hollow fiber Ions, organic 
pollutants 

Retention of micropollutants and ions are affected by their charge, size, and 
membrane terminating PE layer. 

[108] 

PSF PSS/PDADMAC LBL assembly Flat sheet Ions, organic 
pollutants 

High rejection of divalent ions (SO4
2− > Ca 2+). High retention of emerging 

organic pollutants (>85 %) comparable to commercial NF270 membrane. 
[112]  
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cefotaxime [159]. Tetracycline was removed by biochar modified by 
Chitosan-Fe/S [160]. Phasuphan et al. [161] created a new material, 
chitosan-modified waste tire crumb rubber which has good performance 
in the removal of diclofenac, ibuprofen and naproxen. The chitosan 
molecule contains many kinds of active functional groups, such as amino 
and hydroxyl groups, which confers on it a strong ability to coordinate 
with metal ions, so it can be used as an adsorbent to treat heavy metal 
ions in wastewater [162]. Upadhyay et al. [163] reviewed the recent 
achievements of chitosan-based adsorbents and their adsorption per
formance in the removal of heavy metals, discussed the commonly used 
modification methods, and studied the adsorption equilibrium and ki
netics. After various synthetic processes, the modified chitosan adsor
bent could effectively remove most heavy metal ions, such as Cd2+

[164], Cu2+ [165], Ni2+ [166], Pb2+ [167], Zn2+ [168], Cr6+ [169], 
Mn2+ [170], Co2+ [171], Fe3+ [172], Hg2+ [173], and Ag+ [174] under 
different conditions. It was found that the pseudo-second order kinetic 
model and the Langmuir adsorption isotherm were applicable for most 
of these adsorption experiments. 

3.3.4. Other polyelectrolytes for adsorbent modification 
Other polyelectrolytes such as PAA, PSS, PAH and PAM have also 

been reported as modification reagents for adsorbents to remove con
taminants in water treatment. PAA brush is selected as a modification 
molecule, due to the fact that its carboxyl group can not only react, but 
also has strong coordination ability for metal ions [175]. It has been 
used successfully to decorate kaolinite and synthesize new materials 
such as PAA-g-KLN for the removal of Cu2+ from wastewater [176]. 
Another application of kaolinite with PAA brush is to capture the 
valuable rare-earth element Ce3+ from wastewater [177]. The laterite 
soil after surface modification by PSS is used to remove cationic dyes 
from aqueous solution, and the removal efficiencies of crystal violet and 
methylene blue exceeded 92 % and 83 %, respectively [134]. The 
removal efficiency of the antibiotic ciprofloxacin (CFX) using PSS- 
modified alumina can reach 98 % [178]. New material composed of 
examethylene-1,6-bis(dodecyl dimethylammonium bromide) and 10 % 
hydrolyzed polyacrylamide showed great efficiency in the extraction of 
methyl orange from water, owing to the cooperation of electrostatic, 
hydrophobic, and π-cation interaction [179]. PAH covalently cross- 
linked amino-modified graphene oxide has shown highly efficient 
(with an adsorption capacity of 373 mg/g) and ultrafast (in 10s) removal 
of Cr(VI) in aqueous solution to ppb level, and the reusability of the 
adsorbent was confirmed for at least 10 cycles [180]. 

3.4. Polyelectrolyte-surfactant aggregates (PSAs) for metal removal and 
recovery 

3.4.1. Polyelectrolyte-surfactant aggregates (PSAs) process 
Based on studies of surfactant and polyelectrolyte systems in solu

tion, an emerging process for the removal of metallic ions, such as heavy 
metals or precious metals, from aqueous effluents has been developed in 
work carried out by the Hankins research group at Oxford University 
[9,181–185]. The process uses oppositely charged polyelectrolyte and 
surfactant structures, called polyelectrolyte-surfactant aggregates (or 
polymer-surfactant aggregates, PSAs), which are suitable for effectively 
and rapidly removing the metallic ions at dilute concentrations in the 
form of flocs. In their published studies, which are reviewed below, a 
typical process used PEI as a back-bone structure, and sodium dodecyl 
sulfate (SDS) was used to form the aggregates. The resulting PSAs 
structures were rapidly able to remove metallic ions (such as heavy 
metals or precious metals) from the solution and, as a result, to quickly 
form large flocculated aggregates during low shear through a process of 
intermolecular association. These flocculated aggregates or flocs could 
then be easily separated from the effluent stream through a gravity 
settling or coarse filtration step. After this step, the retentate/sediment 
was treated via pH adjustment (i.e. acidification) to recover the bound 
metallic ions into a small volume of highly concentrated salt solution for 

either recycling back into an upstream manufacturing process or for 
selling directly as a product. After recovering the metallic ions from the 
flocs, the polyelectrolyte and surfactant flocs were dissolved into a 
moderately high pH solution and directly recycled, without a noticeable 
deterioration of removal ability in the next cycle. A schematic of the 
polyelectrolyte surfactant aggregates (complexation and flocculation) 
process to treat metal cations is shown in Fig. 4. 

The PSA process operates in a homogenous aqueous phase, so that 
mass transfer kinetics is much faster than for the heterogeneous removal 
process to a solid-phase ion-exchange resin (minutes rather than hours). 
At the same time, the metal loading capacity per unit mass of PSA is 
much higher than that for the grafted resin. This is because the required 
mass of PSA is much lower than that of the grafted (and thus mostly 
unutilized) resin beads of ion-exchange media. 

3.4.2. Removal of metals 
Up to 99 % removal of 11.2 ppm Cd(II) was reported by Shen et al. 

[181] under an optimum PEI-SDS dosage using 40 ppm PEI and 0.5 mM 
SDS. In this study, metal ions were bound to the PSAs and these flocs 
were separated from the solution with a 20 μm coarse filter. The process 
demonstrated much higher removal efficiencies than was possible with 
MEUF or PEUF (which were 87 % and 86 %, respectively) and at dosages 
of polyelectrolyte and surfactant which were two orders of magnitude 
lower. It was also demonstrated that the process recovery efficiency was 
relatively insensitive to the presence of significant amounts of dissolved 
organic contaminants or salinity. In another detailed study to improve 
the operating efficiency of the recyclable PSA process for metal removal 
and recovery, branched PEI, SDS and Cu2+ were selected to investigate 
their interaction in aqueous solution [9]. PEI was able to form a strong 
complex with Cu2+, with the most stable complex being formed at a PEI 
ligand/Cu2+ chelation ratio of 4:1. The PEI-metal complex with positive 
charges reacted with negatively charged SDS to form hydrophobic ag
gregates. Acidification decreased the chelation capacity of PEI to Cu2+, 
as a direct result of the competition from protons for amino groups, thus 
providing a strategy for metal release from PSAs. The removal of Cu2+

increased by increasing the total PEI concentration, or by increasing pH 
from 1 to above 4. The same PSA process was also tested at ppb levels for 
removal of the target metal ion [185], instead of at ppm levels, as 
attempted previously. This very dilute scenario might be the case for 
extremely valuable (e.g., precious metals) or highly toxic metals. It was 
possible to remove cadmium ions from 560 ppb down to 17 ppb (a 
removal of 97 %), using 2 ppm PEI and 0.02 mM SDS. Finally, it is 
noteworthy that in some tests the loading of the removal agent on to the 
PSAs increased to as high as 39 %. This high loading confers a significant 
advantage for precious metal recovery, because the precious metal could 
then be recovered directly and efficiently by pyrometallurgical methods. 

In another ‘mirror image’ process developed by Shen et al. [184], 

Fig. 4. A schematic of the polymer surfactant aggregate (complexation and 
flocculation) process [181]. 
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anionic polyelectrolytes such as poly(sodium 4-styrenesulfonate) (PSS) 
or poly(acrylic acid) (PAA) were used as a backbone structure onto 
which cationic surfactants such as myristyl trimethyl ammonium bro
mide (MTAB) were used as the flocculants to remove Cr and Fe ions in 
anionic form from aqueous solutions. The interaction among metallic 
anions, polyelectrolytes, and surfactants is different from that with the 
PEI-SDS process, as there is no coordination between polyelectrolytes 
and metals and electrostatic interactions instead appear to dominate the 
removal process prior to flocculation. This work has clearly proven that 
metallic anions can also be separated from aqueous solutions using the 
PSA process. 99 % of 0.1 mM Fe(CN)6

3− and 80 % of 0.2 mM CrO2
4− were 

removed from aqueous solutions. However, a disadvantage of this pro
cess is that, unlike with metallic cations, the removal efficiency can be 

moderately affected by the presence of organic contaminants and 
salinity, because the electrostatic interaction between metallic anions 
and surfactants is then easily affected. In operational terms, however, 
the anionic removal process is similar to the cationic removal process, 
and with equally rapid kinetics. The general effects of the length of 
surfactant carbon chain on the PSA treatment performance were also 
investigated for removing dilute metallic anions from aqueous solutions 
[183]. The hydrophobicity of the surfactant can be enhanced by 
increasing the length of its carbon chain, along with other means such as 
branching and the addition of functional groups. The results of this work 
showed that an extended chain surfactant could decrease the concen
tration of chromate after treatment from 7 ppm to 0.5 ppm and the 
concentration of residual surfactant from 1 mM to 0.02 mM, using the 
same polymer. It was thus demonstrated that the PSAs formed with a 
longer chain surfactant enhanced the effectiveness of treating dilute 
metallic anions, and at the same time led to much less surfactant residue 
in the treated water. This is clearly an advantage when the quality of the 
treated water is important. 

3.4.3. Recovery of metals and recycle of the PSAs 
After the metal ion removal step, recovery of the metal ion, surfac

tant and polyelectrolyte were attempted. In subsequent studies by Shen 
et al. [182,186], the process was divided into three key steps: removal of 
metal ions, recovery of metal ions and recycle of polyelectrolytes and 
surfactants. The metal ions were recovered from the flocs within minutes 
as simple salts by acid leaching at pH 1. The concentration factor from 
the original effluent ranged from 20 to 50. An attempt was also made to 
recycle the polyelectrolyte and surfactant substrates by basification at 
pH 13 and reintroduction of the dissolved substrates to the upstream 
process. The overall process cycle was repeated in this way multiple Fig. 5. Flow sheet diagram for the whole treatment process of the PSA 

(complexation and flocculation) process [182]. 

Fig. 6. Copper removal and recovery during 3 cycles using the PSAs process.  
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times, with little deterioration of removal ability. Fig. 5 presents a 
schematic of the overall process cycle. 

The importance of pH adjustment was also demonstrated in the work 
by Chen and Hankins [9], as shown in Fig. 6. It was observed that the 
flocs on the filter paper turned white after acidification, since Cu2+ was 
then released, and the PEI and SDS could then be dissolved by basifi
cation and reused in a new cycle. Copper removal and recovery were up 
to 98 % and 88 % after 3 cycles of reuse, respectively. 

4. Challenges and future opportunities 

As shown in this review, polyelectrolytes have myriad potential ap
plications in water and wastewater treatment processes, due to their 
varied and specialized properties. However, except for use as coagulants 
or flocculants during water and sludge treatment, other polyelectrolyte 
related processes have not yet been adopted as standard water treatment 
technologies. Thus, at present, there are no reported industrial-scale 
water treatment plants applying PEUF, polyelectrolyte modified mem
branes and adsorbents, or the PSA process. In order to reach such a 
milestone, it is clear that some key challenges need to be addressed or 
overcome to better promote polyelectrolyte related technologies in the 
field of water and wastewater treatment. 

The loss of polyelectrolytes, the fouling of membranes caused by 
polyelectrolyte aggregation, and the need for the reuse of poly
electrolytes during PEUF are some of the current constraints of PEUF 
technology. The balance between membrane separation efficiency (i.e., 
flux) and the polyelectrolyte MW/membrane MWCO ratio needs more 
research. 

Although attempts to recycle polyelectrolytes have been made in 
some investigations, more reliable and convenient recycling methods 
such as electrochemical techniques still need to be developed. The 
physical and chemical stability of membrane materials or adsorbents 
modified with polyelectrolytes is also an important concern. 

Another obvious short-fall in previously published work in this field 
was the fact that studies were only performed on the removal of metal 
ions from single metal ion systems or the removal of all the metals 
together, with no studies on selective recovery of metal ions from 
streams which contain mixtures of them. This issue can usually be 
addressed by modifying the polyelectrolyte with functional groups to 
selectively capture target metals, e.g., the separation of precious metals 
from complex and competitive metal ion water matrices. In our latest 
work (as yet unpublished), a functionalized PEI was synthesized and 
applied with SDS for Cu (II) selective recovery from Fe (III) in highly 
acidic aqueous streams, such as occur in acid mine drainage. In this 
work, the removal performance was compared with unfunctionalized 
PEI as well as with conventional ion exchange resins, including func
tionalized (grafted) silica beads. Using the functionalized PEI polymer at 
low pH, the PSA process selectively removed Cu (II) from Fe (III) in a 
short time, removing in a matter of seconds up to 90 % of 100 mg/L Cu 
(II) from a mixture with 500 mg/L Fe (III). On the other hand, the un- 
functionalized amino groups in PEI were non-chelating and proton
ated and were thus non-selective. Whenever such a modified PEI is to be 
used for the selective removal of copper from iron and other ions, further 
study is required on the metal recovery and polyelectrolyte/surfactant 
recycle. In future work, it may be necessary to tune the strength of 
chelation through functionalization, or change the polymer backbone, 
to achieve the best balance between metal removal and subsequent re
covery. Potentially, this implies that the level of metal removal may 
need to be sacrificed to facilitate the recovery and recycle steps. 

5. Summary 

Polyelectrolytes are a type of water-soluble polymer with a multitude 
of ionizable groups and are used in various industrial fields, because the 
combination of their polymeric characteristics and electrolytic behav
iour confers on them various useful properties. Polyelectrolytes have 

been introduced into water and wastewater treatment due to their po
tential as functional materials to remove contaminants from aqueous 
solutions, and to enhance the technical efficiency of water processing. 
The most common and mature existing application of polyelectrolytes is 
where they are used in the coagulation and flocculation process, as well 
as in sludge dewatering. Polyelectrolytes can also be used directly as 
water treatment materials or indirectly as additives or modifiers to 
improve existing water treatment processes, based in both cases on their 
interaction with contaminants. Polyelectrolytes generally operate in this 
context via bonding or capturing contaminants during the water treat
ment process, and (especially for ionic contaminants) due to two 
dominant interactions in particular; coordination complexation, and 
electrostatic association. The different applications of polyelectrolytes 
for contaminant removal from water are reviewed in the current paper, 
including PEUF, the application of polyelectrolytes to efficiently or 
functionally modify membranes and adsorbents, and the formation of 
polyelectrolyte-surfactant aggregates to recover metals from water. 
Some key challenges need to be addressed or overcome to better pro
mote these polyelectrolyte related technologies, such as membrane 
fouling mitigation, the simple and steady recycle of polyelectrolytes, and 
the modification of polyelectrolytes to enhance the selectivity of 
contaminant removal. 
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