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The potential use of chitosan/poly(styrene sulfonate) (CHS/PSS) polyelectrolyte multilayer (PEM) membranes
functionalized with tannic acid (TA) and campesterol (CHT) for efficient separation and recycling of lithium
from aqueous matrix under ultrafiltration conditions are examined. The PEM assembled via layer by layer
(LbL) method accelerates the recycling process of lithium as it efficiently separates the metal complexed larger
molecules. A total of eight CHS/PSS bilayers were sufficient for the effective lithium recovery. The microscopic
studies confirmed the surface morphological change of PEM from smooth to rough after immobilization
(MIUF). The successful immobilization of TA and CHT into PEMs are illustrated using spectroscopic studies.
The TA and CHT assisted separation (MEUF) are also carried out by complexation of metal solution prior to
filtration. The assisted mode provides a very good recovery of >94% with a excellent permeate flux of
1.25 m3/m2 day and 1.96 m3/m2 day for TA and CHT respectively. The recycling of lithium ions from water
matrix is experimented with different parameters and experimental conditions. The reusability and extended
life of the membrane systems indicate its potential in small scale filtration units.
1. Introduction

Lithium has been proved to contain characteristics like high elec-
trochemical activity, high specific heat capacity, and a low thermal
expansion coefficient, which make it an excellent candidate for various
modern industrial applications (Xu et al., 2021). As a result, lithium
and its compounds have been widely applied in commercial fields
which rapidly raised the demand for lithium in recent years
(Battistel et al., 2020). As per the latest US Geological Survey (U.S.
Geological Survey, 2020), about 65% consumption of lithium belongs
to batteries manufacture and about 20% belongs to ceramics and glass
industry and the rest includes industries like alloys, medicine, lubri-
cants, polymer industries, air treatment and so on. The global demand
for lithium resources has risen in the last two decades due to the wide
spread use of lithium ion based batteries in vehicle industry, telecom-
munication devices and other large scale energy storage applications
(Lv et al., 2020). To meet this increasing demand, it is necessary to
improve the production line as well as the existing recycling technol-
ogy available for lithium. Also, if disposed improperly, the spent
lithium ion batteries have also become a serious environmental
concern. They can be hazardous due to the toxic and flammable fluo-
rine containing organic electrolyte and several heavy metals present in
it (Chen et al., 2015). Even though its availability in nature is very
much lesser than its current demand, the need for lithium is expected
to grow steeply in the coming years as lithium based batteries are
going to power most of the future electric and hybrid vehicles (Ciftci
and Er, 2015). Lithium batteries include both lithium ion and lithium
polymer batteries with future technologies like lithium‐sulfur or
lithium‐air types. These huge requirements must be satisfied from its
available sources like ores and brines. Thus, the market will require
an increased requirement with twice to six times the capability of its
mineral sources (Wang et al., 2006).

Electric vehicles that use rechargeable lithium batteries have lower
operating costs and zero emissions into the atmosphere will effectively
reduce greenhouse gases owing toward a low carbon energy future
(Dewulf et al., 2010). The isolation, reuse and recycling of renewable
green energy lithium metal ions is, therefore, critical for a sustainable
development of the world. Non renewability of lithium mines, geolog-
ical imbalances, and increase in battery price underline the signifi-
cance of the development of an innovative protocol for its recovery
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(Kang et al., 2013). About 2 billion lithium ion based batteries with an
average life time of 2 or 3 years were sold every year, which usually
end up in local land fill or incinerator (Xu et al., 2008). The stricter
environmental regulations have prompted society to look for technical
alternatives in order to treat these types of residues since the consump-
tion of batteries is considerable around the world. At the same time,
the increasing levels of metal ions in the drinking water represent a
serious threat to human health and ecological systems (Nikhil et al.,
2018).The lithium removal/recovery technologies from aqueous
streams still have many draw backs, the main drawback being energy
intensiveness. Metal ions separation techniques like precipitation,
electro deposition, liquid–liquid extraction, evaporation, adsorption,
ion exchange and crystallization were found to be effective but possess
several disadvantages like time consuming, high operational cost, lack
of easiness, use of high amount of solvents, low efficiency at low metal
concentration etc (Jha et al., 2020). The higher loss percentage of
lithium ions in these processes is also a problem, which advocates
improving the current recycling strategies. Again, the indiscriminate
leaching behavior of lithium and available complex separation process
with high cost and potential heavy metal containing hazard emission,
weakened many separation techniques. An effective separating process
would be more suitable for recycling the used lithium ion batteries.
From the point of view of selectivity and efficiency, separation of
lithium ions from solutions by using polymeric membranes is an
important way of approach to solve the existing problem.

The polyelectrolyte multilayer membranes (PEM’s) find a large
number of applications in selective ion transport, metal recovery, elec-
tronics, biosensors and water purification (Nikhil and Mothi, 2020).
Low pressure filtration method like ultrafiltration (UF) is quite often
viewed as purely size based separation but can also be extended for
the removal of low molecular weight compounds and ions with surface
modification. Preparation of composite membranes by surface coating
using LbL (layer by layer) method on microfiltration membrane could
upgrade its filtration properties from molecular level (Chandra and
Usha, 2021). The flexibility of the polyelectrolyte skin in its morphol-
ogy, thickness and permeation characteristics would make it an eco-
nomical and aqueous based cleaner technology. The performance of
PEM’s can be further enhanced with macromolecule immobilized
ultrafiltration (MIUF) method. In MIUF, suitable macromolecules are
immobilized within PEM’s to convert it into a framework composite
membrane system capable of efficient complexation with lithium ions.
Another possibility is the macromolecule enhanced ultrafiltration
(MEUF) method. In MEUF, suitable macromolecules with anionic
interactive sites can bind to lithium ions which are positively charged.
Further, this can be ultrafiltered through PEM membranes whose pore
size is now much smaller than the complexed metal ion to reject more
efficiently. Lithium ions adsorbed and complexed with macro-
molecules are rejected subsequently. The permeation quality is good
to be reused and the concentrations of the macromolecules and the
lithium ion are high in the retention and the volume of the retention
is much smaller than that of the stock used, so the retention is easier
to be further treated, such as recycling the macromolecules and
lithium. This method is of some advantages such as simple operation,
high removal efficiency, metal ion recycle.

In the current MIUF and MEUF studies, the removal efficiency of
lithium ions and impacts of some parameters on these methods are
also studied. The studies proved to check the practicability and poten-
tial of these methods into practical application. The focus of these
experiments is to design, investigate MIUF and MEUF filtration pro-
cesses with characterization of PEM membranes and to compare two
filtration processes. The effects of some important parameters were
investigated, including number of bilayers, macromolecule concentra-
tion, solution pH, make up salt and effect of surfactant with a check on
its self life and reusability. In this study, two macromolecules tannic
acid (TA) and campesterol (CHT) were used in the MIUF and MEUF
process to study their effect on the removal of lithium ions from water.
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2. Experimental and methods

2.1. Materials

The supporting membranes used were Ultipor N66 microfiltration
membranes (0.45 µm pore size, nylon 66) procured from Pall Life
Sciences. The polyelectrolytes used for bilayer fabrication were chi-
tosan (CHS, medium MW, 75–85 % deacetylated) and poly(styrene
sulfonic acid) sodium salt (PSS, MW ∼ 200,000, 30 wt% in water)
acquired from Aldrich. Tannic acid (TA, MW ∼ 1701, T8406, Sigma‐
Aldrich) and campesterol (CHT, MW ∼ 400, Sigma‐Aldrich) were used
as complexing agents in MIUF and MEUF experiments. Other reagents
included lithium ion standard (1000 ppm, Aldrich), NaCl (Merck),
sodium dodecyl sulfate (SDS) (Merck), HCl (Merck), and NaOH (Mer-
ck) were used without further purification. Ultrapure water (Milli‐Q,
18.2 MΩ cm, Pall Corporation) was used for membrane rinsing and
preparation of polyelectrolyte and feed solutions.
2.2. PEM membrane fabrication and MIUF experimental setup

The PEM fabrication was achieved by LbL (layer by layer) method
which includes alternative immersion of membranes on oppositely
charged aqueous polyelectrolyte at room temperature. The ultipore
supporting membrane was kept in ultrapure water for 24 h. For the
sequential adsorption of the layers, the supporting membrane was first
immersed in the solution of the cationic polyelectrolyte (CHS, 0.02 M,
pH 1.7), rinsed with deionized water, then immersed in the solution of
the anionic polyelectrolyte (PSS, 0.02 M, pH 1.7), followed by rinsing
with water. Immersion time in the individual polyelectrolyte solution
was kept as 15 min. By repeating the procedure for desired number (2
to 8 bilayers) of CHS/PSS nano bilayered PEM’s were obtained. The
macromolecule TA was prepared at pH 9.0 (pKa ∼ 6) to ensure its func-
tional group activeness with three different concentrations. The TA
solutions were always prepared in fresh before experiments and stored
in the dark at 4 °C to prevent any further decomposition (Cruz et al.,
2000). The CHT at three different concentrations were also prepared
at slightly acidic pH by mixing the desired amount and stirring in
water for two hours for its complete dissolution and then filtered
(Sorenson and Sullivan, 2007). The different concentration of tannic
acid (TA) and campesterol (CHT) were utilized to prepare the frame-
work composite membrane system for MIUF experiments. The modi-
fied composite membranes were washed and dried thoroughly to
ensure correct binding and repeatability.
2.3. MIUF and MEUF methods

Lithium stock solution was measured and added accurately into the
deionized water to produce the synthetic stock solution with Li+ con-
centration of 10−3 mol/L. The MIUF and MEUF experiments were car-
ried out in a batch stirred cell (Amicon 8400 stirred cell, Millipore), at
room temperature. The stirring speed was maintained constant at
400 rpm to obtain effective agitation and vortex approximately one
third of the depth of the liquid for uniform filtration. The pH range
of the feed solutions was set between 5.8 and 6.6. The applied trans-
membrane pressure (pressure drop across the membrane) of 20 psi
at room temperature was achieved by nitrogen gas. The feed volume
was 100 cm3 and the ultrafiltration experiments were carried out until
50 cm3 of the total sample was filtered. The permeate solution flux was
calculated by measuring the volume of permeate collected with effec-
tive membrane area, and the sampling time. A schematic diagram of
ultrafiltration with two modes was given in Fig. 1. In MIUF method,
the complexation of macromolecule with lithium metal ions is
occurred via solid phase, which is embedded between PEM’s of com-
posite membrane system. In MEUF, the complexation is expected via
liquid phase by all intermolecular forces, mainly ionic or complex



Fig. 1. Schematic representation of ultrafiltration setup (a); (b) – MIUF and (c) – MEUF.
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bond or electrostatic or by the combination of different types. In order
to improve separation, the macromolecules can be bound to lithium
ions, thus enlarging the molecular dimensions of smaller ion compo-
nents to be separated. The principle is to add an effective binding
agent to metal ion solution so that this agent will complex with smaller
sized metal ions which would easily pass through the PEM membranes
during ultrafiltration.

2.4. Characterization of MIUF membranes and analysis method

The MIUF membranes were characterized by using UV–vis spec-
troscopy (Shimadzu 2450), ATR‐FTIR (Shimadzu IR Prestige‐21),
SEM (JEOL JSM‐6390), AFM (Veeco Nanoscope 3D, USA), spectro-
scopic ellipsometry (M−2000 V, J. A. Woollam Co.) and contact angle
meter (GBX Scientific Instruments, Ireland). The reliability of MIUF
3

membranes was monitored via UV–vis and FTIR spectroscopy. The
IR absorption spectra were recorded with an average of twenty scans
per spectrum using an ATR attachment with a ZnSe crystal. The rela-
tive changes in the frequencies of the specific functional groups of
TA and CHT in the PEM’s were used for monitoring the modification.
MIUF membrane morphology analyses were carried out with Scanning
Electron Microscopy (SEM) and atomic force microscope (AFM). Aver-
age thickness measurements of MIUF and MEUF membranes were car-
ried out by spectroscopic ellipsometry using an Inc M−2000 V
ellipsometer (J. A. WoollamCo.). Measurements were carried out in
autonulling mode in PCSA configuration with 50–900 nm of spectral
range. The ellipsometry thickness of MIUF and MEUF multilayer mem-
branes was measured at incident angles of 65°, 70° and 75°, near the
Brewster angle for the support material (silicon–SiO2wafer) in order
to obtain results with the highest possible sensitivity. All the
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measurements were repeated at 5 different points on the sample and
the spectra were analyzed using the B‐spline model with Complete
EASE v4.81 software. The thickness values were represented as
mean ± standard deviation.

For the study of the hydrophilicity by measuring contact angle of
the MIUF and MEUF membrane surfaces, GBX Scientific Instruments
contact angle analyzer (Digidrop Contact Angle Meter used with Win-
drop software) was used. The instrument is equipped with a CCD cam-
era, a sample stage and a syringe holder. Static contact angles of
distilled water on modified membranes surfaces were measured by
the sessile drop method at 25 ◦C and at about 65 % relative humidity.
The volume of the water drops used was always 2 µL. All the lithium
metal ion samples (Li+ ions) were prepared at a concentration of
10−3 mol/L by further dilution from the stock standard solution of
1000 ppm. The concentration of metal ions in the feed and permeate
were monitored by Dionex 1100 ion chromatography (IC). Ion chro-
matography, with an IonPac CS12 column and a conductivity detector,
was used for the quantification of lithium ion. The eluent was
methanesulphonic acid (MSA, 20 mmol/L) at a flow rate of 1.0 mL/
min (Zeng et al., 2006). All the adsorption experiments were done in
replicate. The relative deviations were in the range of ± 1.0%.

The rejection percentage (R %) was calculated by using the math-
ematical expression,

R% ¼ ð1� Cp=CrÞ � 100 ð1Þ
where R is the rejection in percentage, Cp and Cr are the concentrations
of permeate and the retentate respectively (Chandra and Mohan, 2020).

The permeate solution flux, F, was calculated using Eq. (2), where
V is the volume of permeate collected, A is the effective membrane
area, and Δt is the sampling time (Baker, 2011).

F ¼ V=AΔt ð2Þ
3. Results and discussion

3.1. Characterization of modified membranes

The PEM membrane in both MIUF and MEUF is just a barrier or a
host that has to retain everything bound to TA and CHT, thereby
restrict the passage of lithium ions. From this viewpoint, the mem-
brane characterization is important in terms of macromolecules immo-
bilized, surface morphology and thickness. Surely the surface
properties of the PEM membrane material can influence the separation
process, but the interaction between the macromolecules and metal
ions is more significant. The MIUF membranes subjected to UV–visible
spectroscopic analysis yields the following spectrums in Fig. 2(a) and
(b). The electronic absorbance of 8 bilayer CHS/PSS PEM membranes
with increasing concentrations of TA and CHT showed a linear
increase with increasing concentrations of TA and CHT confirmed its
appropriate presence in PEM’s. A strong absorbance band was
observed around 314 nm in case of TA immobilized membrane sam-
ples, while that for CHT immobilized membranes, the absorption peak
is at 319 nm. The λmax at 314 nm is due to the transition of a non‐
bonding (lone pair) electron on the oxygen atom of TA to a π* anti-
bonding MO (n – π*) transition (Vinogradova et al., 2004). Thus
sequential increase in both cases helped to concluded that TA and
CHT were successfully incorporated uniformly into the coated mem-
branes which may resulted the swelling of membranes.

The macromolecular development on the supporting PEM mem-
brane is also clear from ATR‐FTIR. Fig. 3(a) represents the FTIR spec-
tra of 8 bilayer CHS/PSS PEM membranes with increasing
concentration of TA, and the Fig. 3(b) is that of increasing concentra-
tion of CHT. In Fig. 3(a), the peak at 1486 cm−1 is due to aliphatic CH2

and C‐CH3 bending vibrations and peak at 1580 cm−1 is due to aro-
matic stretching vibrations of C = C of TA. The increased intensity
of these corresponding peaks with respect to the concentration of
4

TA, suggested that TA has been successfully incorporated into the 8
bilayer PEM (Kavitha and Kandasubramanian, 2020; Kraal et al.,
2006; Fu and Chen, 2019). From Fig. 3(b), the peak at 1106 cm−1 is
due to CAC backbone stretching, 1151 cm−1 due to CAO stretching
vibration and inplane CAH bending and 1242 cm−1 peak is caused
by interaction of OAH bending and CAO stretching in CAOAH group
of CHT as well as CH2 deformations of CHT (Gupta et al., 2014;
Palombo et al., 2009; Jaswal et al., 2015). The growth of these respec-
tive peaks of CHT indicates the proportionate immobilization of CHT
among various PEM’s.

The average dry thickness of the immobilized TA and CHT were
determined by ellipsometry method. The average thickness calculated
from the values obtained from three measurements at five points on
substrate. The results obtained from approximation are presented in
Fig. 4. The PEM’s without TA and CHT are used as a reference and
to compare the increase in thickness with immobilization. It is clearly
shown that the macromolecular adsorption on PEM has a huge impact
on membrane system with a hike in membrane thickness. The results
show that as more macromolecules get deposited, the average thick-
ness also got uniformly increased with an increasing grain size.

The data obtained from Fig. 4 is in comparison with the trend that
has been observed in the spectroscopic analysis. The plot between
thickness and amount of macromolecular immobilization in MIUF
membranes showed a linear incorporation of macromolecules into
the PEMs. This increase in thickness of PEM membranes might be
due to the swelling of PEM after the increased deposition of TA and
CHT. The better binding capacity of TA macromolecules due to its
higher number of binding sites and macromolecular nature results a
steady linear growth in thickness. In the case of CHT with a complex
ring structure, this was not so favourable as compared with TA for
complexing in between the PEM’s (Goossens et al., 2008). As a result
of this macromolecular behaviour, MIUF with TA is exhibiting a much
thicker PEM complex than CHT based MIUF membranes. This differ-
ence in immobilization pattern can be attributed to its nature itself.
The difference in pattern between two phases (before and after immo-
bilization) might be due to the in and out diffusion nature of higher
concentration of CHT molecules in nano bilayers (Metzler et al., 2016).

The bilayered and MIUF membranes were subjected to AFM analy-
sis (Fig. 5) which revealed an extreme rough and highly porous mor-
phology due to its fabrication and deposition. It should be noted that
for PEM membranes containing macromolecule, the surface roughness
mainly depends on the outermost layer as well as the macromolecule.
The roughness was significantly increased, when an additional macro-
molecule was deposited atop. Image J software was used for pore size
approximation from AFM images. The pore size values of PEM (8
bilayer) and that with high TA concentration were found to be
0.118 ± 0.33 nm, and 0.23 ± 0.41 nm respectively. The average pore
size value calculated for PEM with higher CHT deposition was found to
be 0.92 ± 0.62 nm. The average RMS roughness values were approx-
imated using Gwyddion software. The values obtained for PEM, PEM
with high TA deposition and PEM with higher CHT depositions were
234.43 nm, 395.43 nm, and 306.52 nm respectively. The CHT based
MIUF membrane had found have lower roughness when compared
with TA based MIUF membranes. The complexity in the nature of
CHT played a big role in the lower surface roughness of CHT based
MIUF membrane. The inherent hydrophobic nature of CHT always hin-
ders its immobilization into bilayers with lesser roughness and thick-
ness (Bou Saab et al., 2013). Also, the possible hydrophobic
repulsion between immobilized CHT and the PSS anionic layer of
PEM facilitates the same trend (Tan et al., 2005).

The formation of MIUF PEM has been examined and confirmed
using SEM. SEM images of PEM (8 bilayer) membrane, MIUF (TA)
and MIUF (CHT) PEM membranes were presented in Fig. 6. SEM
images of all membranes were found to be highly rough, while all
showed good porosity expect for TA immobilized (Fig. 6(b)). The por-
ous PEM surface has transformed into a uniform, thick, aggregated and



Fig. 2. UV–vis spectra of MIUF membranes (8 bilayer) ((a) – TA and (b) – CHT).

Fig. 3. ATR-FTIR absorption spectra of MIUF membranes (8 bilayer) ((a) – TA and (b) – CHT).

Fig. 4. a) Average thickness of MIUF with TA b) Average thickness of MIUF with CHT.
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Fig. 5. AFM images (3D) of 8 bilayer MIUF membranes ((a) – normal PEM, (b) - TA (30 μmol/L), (c) - CHT (450 μmol/L).
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fully covered morphology after TA immobilization. The CHT immobi-
lized membrane surface showed significant morphological difference
with TA immobilized PEM membranes, with poor pore coverage for
the former. The difference in morphologies of MIUF PEM is a clear
indicator of effective fabrication by immobilization. The PEM mem-
brane surface roughness was also found to increase with immobiliza-
tion and also with increased macromolecule concentration over PEM
surface.

The immobilization of any macromolecule can cause the surface
pore blockage and can sometimes limit the membrane permeation
properties unless otherwise they are highly hydrophilic in nature. In
order to examine the hydrophilicity, the immobilized nano PEM mem-
branes were examined by contact angle measurement. Fig. 7 shows the
hydrophilic nature of modified membranes with an average water
angle contact of 25.5° and 36.1° for TA and CHT respectively. These
readings indicate that the exposed substrate is fairly hydrophilic,
which increases water permeation and hence, water flux. The wettabil-
ity of the membrane changes with modifications as the chemical com-
position of the exposed layer, the hydrophilicity of its functional
groups, and the level of immobilization which can influence its perme-
ation behaviour.
3.2. Effect of macromolecule immobilization on PEM membrane flux

The variation of macromolecule immobilizing flux as a function of
the number of bilayers for different concentration of TA and CHT were
shown in Fig. 8(a) and (b) respectively. In the case of TA and CHT, it
6

was found that the immobilization flux decreases with an increase in
number of nano bilayers. Also, they showed similarity in immobiliza-
tion flux when there is an increase in nano PEM macromolecular con-
centration. The decrease in flux can be assigned to the increased
macromolecular concentration in nano PEM and due to the increased
number of bilayers. This caused an additional surface coverage and
correspondingly more number of pores gets closed. The higher flux
for CHT immobilized nano PEM membranes was due to the hydropho-
bic nature of CHT than TA.
3.3. Ultrafiltration studies of MIUF PEM membranes

3.3.1. Effect of number of bilayers and concentration of macromolecules
The spiked metal ion aqueous solution at concentration of 10−3 -

molL−1 was ultrafiltered through TA and CHT based MIUF PEM mem-
branes. As discussed earlier, PEM membranes comprising of weak CHS
and strong PSS polyionic combination ranging from 2 to 8 bilayers
were used in all experiments. The performance of bare and MIUF
PEM membranes was experimented for the lithium ions with respect
to different permeation characteristics. The percentage rejection val-
ues and flux against the number of functional layers under two filtra-
tion modes are shown in Figs. 9 and 10.

The highest percentage rejection attained by MIUF membranes
is ∼ 84.13 %, where the bare membrane showed a low rejection effi-
ciency of ∼ 25.34 % only. In both types of MIUF membranes (TA
and CHT), the rejection efficiency increases with increase in number
of bilayers with a linear rejection pattern. The results showed that



Fig. 6. SEM images of PEM membranes (8 bilayer) ((a) normal PEM (b) TA (30 μmol/L), (c) - CHT (450 μmol/L)).

Fig. 7. Contact angle measurement of PEM (8 bilayer) at 20 s ((a) TA (30 μmol/L), (b) – CHT (450 μmol/L)).
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the rejection efficiency of this filtration mode depends mainly on the
macromolecule concentration immobilized between the PEM’s. The
rejection also showed a positive trend with increased roughness values
from AFM images (Fig. 5) due to increased surface area by immobiliz-
ing macromolecules. Fig. 9(a) and (b) displayed the variation of
lithium retention as a function of macromolecule concentration. It
shows that when macromolecular concentration increases in MIUF
membranes, lithium ion retention also got increased until reaching
highest retention rate of ∼ 82.51 % and ∼ 84.13 % respectively for
high concentration of TA and CHT.

The possible factor that fosters the rejection by bare membrane
(∼25.34%) could be the membrane surface charge. Even though ulti-
pore holds some amphoteric nature, the inherent overlapping cationic
7

surface nature enabled the bare membrane to repel the like charges in
an effective manner. This has influenced the lithium rejection with
bare ultipore with an efficiency of about 40 % in the filtration exper-
iments being done at pH ranging between 6 and 6.5. This filtration
condition (isoelectric point of ultipore is 6.3) had enhanced the elec-
trostatic repulsion between the lithium ions and membrane charged
sites, contributing to the better sieving mechanism. The immobilized
concentration of macromolecules along with the increased number
of CHS/PSS bilayers also played an important role for good rejection
efficiency (Sylwia et al., 2019).

From Fig. 9(a) and (b), it can be clearly seen that the rejection effi-
ciency has increased as the number of bilayers increased from 2 to 8.
For PEM’s without macromolecules, the rejection efficiencies were



Fig. 8. The immobilizing flux of various PEM membranes with macromolecular immobilization [a) TA and b) CHT]

Fig. 9. Rejection efficiency and permeate flux of MIUF PEM membranes [a) & c) - TA, b) & d) - CHT]
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27.52, 32.41, 40.84 and 44.52 % for 2, 4, 6 and 8 bilayer PEM mem-
branes respectively. For lower concentration of TA, the rejection effi-
ciencies were 36.87, 47.2, 59.12 and 64.21 % for 2, 4, 6 and 8
bilayer PEM membranes respectively. This rejection efficiency has
been increased when the PEM membrane system was fabricated with
8

higher concentration of immobilization within the MIUF membranes.
The rejection efficiencies achieved in the case of medium concentra-
tion of TA in MIUF membranes were 44.84, 51.34, 62.18 and 78.21
% for 2, 4, 6 and 8 bilayer PEM systems respectively. The efficiency
has further improved with high TA immobilization which showed a



Fig. 10. Rejection efficiency and permeate flux of MEUF PEM membrane filtration for Li+ ions, a) rejection efficiency b) permeate flux.
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rejection of 57.3, 67.28, 72.38 and 82.51 % for 2, 4, 6 and 8 bilayer
PEM membranes respectively.

The rejection efficiency of CHT based MIUF PEM membranes was
found to be better than the TA based MIUF PEM membranes. The
rejection of lithium ions by TA based MIUF PEM membranes is
expected by the interaction of anionic PSS layer of PEM with metal
ions and also by the complexation of metal ions with carboxylic groups
in tannic acid (Wang et al., 2020). In case of CHT based MIUF mem-
branes, the interaction between the metal ions and CHT molecules
leads to the formation of chelating complex (Dong et al., 2019). It
has already reported that benzimidazole gets attached to hydrophobic
part of sterols for metal ion chelation (Zhang et al., 2014). The high
rejection efficiency of CHT based MIUF membranes than the other
with TA might be attributed to highly porous morphology and strong
dipole‐ion interactions between metal ions with carboxylic acid groups
of CHT. The recovery efficiencies attained with low concentration of
CHT immobilization achieved about 39.47, 51.39, 61.23 and 69.12
% for 2, 4, 6 and 8 bilayer PEM membrane systems respectively. The
rejection efficiencies achieved in case of medium concentration of
CHT were 47.85, 56.85, 65.39 and 79.12 % for 2, 4, 6 and 8 bilayer
PEM membrane systems respectively. Finally, the efficiency attained
59.34, 69.34, 74.39 and 84.13 % for 2, 4, 6 and 8 bilayer PEM mem-
brane systems respectively with high concentration of CHT immobi-
lization. Thus, it is concluded that the CHT based MIUF PEM
membranes were found to be slightly better than the TA based MIUF
PEM membranes for effective removal of Li+ ions from water. Any-
way, the optimal number of bilayer is surely eight with CHT immobi-
lized within it possessing about ∼ 84 % rejection efficiency.

Permeate flux was calculated by keeping the applied pressure and
feed volume of lithium ion solution intact and the curve was plotted
with flux (m3/m2 day) versus number of bilayers. Fig. 9(c) and (d) rep-
resents the variation of permeate flux as a function of number of CHS/
PSS bilayers with different concentration of macromolecules immobi-
lized within PEM membranes. In both cases, the permeate flux
decreases with increase in feed macromolecule concentration
(a > b> c). (a‐ low concentration, b‐ medium concentration and c‐
high concentration of macromolecules) The increased macromolecule
concentration over PEM membranes increases the solution viscosity
and density (Reddad et al., 2002). Also, the higher macromolecule
concentration tends to depromote the turbulence and causes higher
concentration polarization, resulted a lower flux of nano PEM mem-
branes (Hu et al., 2006). Thus, the decrease in permeate flux with
increase in number of bilayers can be attributed to the increase in con-
centration of polyelectrolytes as well as macromolecules in PEM’s.
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In MEUF experiments, the macromolecules (TA and CHT) were dis-
solved in the spiked metal ion solutions and allowed to attain equilib-
rium. The metal ions‐macromolecule complex is then ultrafiltered with
bare membrane and PEM membranes. A comparison of TA and CHT
based MEUF is depicted in Fig. 10(a) with permeate flux (10 (b). From
the Fig. 10, it is clear that CHT based MEUF was found to be more effi-
cient than TA based filtration. The change in chemical interaction abil-
ity of TA and CHT with metal ions might possibly the reason behind
the difference in efficiency of MEUF. The theory of MEUF involves
the effective binding of metal ion with macromolecule to form chelat-
ing complex, followed by its effective steric blockage by PEM’s. Differ-
ent studies showed that the chelating complexes were better rejected
by PEM membranes (Huang et al., 2009). The rejection efficiency by
this mode attained efficiency above 60 % even with 2 bilayered
PEM. The recovery efficiency for TA and CHT based MEUF membrane
systems were 93.42 % and 96.11 % respectively, whereas the recovery
efficiency without macromolecular assisted attained only about 45.34
%. Thus, it can be conclusively confirmed that the macromolecules has
complexed effectively with the metal ions forming a chelating complex
which can be efficiently rejected by PEM.

Bare membrane flux with MEUF membrane fluxes of TA and CHT
were shown in Fig. 10(b). When the transmembrane pressure was kept
constant, the metal permeation flux and the secondary resistance of
macromolecules were dependent on the macromolecule concentration
and their molar ratio. The macromolecule‐ion complexation caused an
increase in viscosity of stock solution causing a decrease in mass trans-
fer coefficients results a decline in permeate flux across PEM mem-
branes. The macromolecules deposited on bilayer surface during
filtration generate an additional resistance against the solvent trans-
membrane flux. Additionally, the concentration polarization was
caused by the accumulation of retained solutes (Rivas and Moreno‐
Villoslada, 1998) resulting a decreased flux. As the concentration
polarization was not severe, the decline in permeate flux was compar-
atively low with MIUF method.
3.4. Comparison of MIUF and MEUF PEM filtration modes

When comparing MIUF and MEUF modes, MEUF mode is found to
be more efficient than the latter in terms of efficiency and simplicity.
Again, if the comparison is made in terms of macromolecules used
either in MIUF or MEUF, the CHT used mode is found to be more effi-
cient than TA. The important factor that governs rejection of lithium
ions is electrostatic interaction rather than its steric factor. In MIUF
mode, the macromolecules immobilized helped to increase the binding



Fig. 11. Effect of feed solution pH on Li+ ion removal.

Fig. 12. Effect of salt concentration on Li+ ion removal.
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sites to many folds along with PEM sites, which should enhance the
metal ion‐‐PEM membrane interactions. The charged polyelectrolytes
have the capacity to interact with solute particles (Sablani et al.,
2001). Due to smaller size of metal ion solutes, PEM alone fabricated
over membranes were not able to resist its permeability. The presence
of large molecules like tannic acid and campesterol converted the ordi-
nary PEM membrane into more active and efficient system for metal
ion rejection. The easiness in metal ion macromolecular interaction
and less complexity helped to deliver an excellent rejection results
for macromolecular assisted ultrafiltration mode than the other. The
mechanism involves for this type of metal ion‐macromolecule is better
explained and elaborate with normal types of aggregate formation the-
ory or by simple adsorption mechanism or by coagulate formation
mechanisms (Qdais and Moussa, 2004).

The results indicated that the performance of both TA and CHT
based MEUF PEM membrane systems for lithium ions attained good
rejection of about 93.42 % and 96.11 % respectively. When MEUF
PEM membranes were compared with other membranes based rejec-
tion experiments, it showed sound superiority over these methods.
For example, Wen X. et al. (2006) reported the recovery of lithium
by nanofiltration Desal‐5 DL membrane with only 55% efficiency. Sim-
ilarly, another study by Chung K et al. (2008) used an inorganic adsor-
bent containing polymeric membrane reservoir for the recovery of
lithium with about ≤ 90% rejection. A study conducted by Samuel B.
et al. (2017) showed the ability of bipolar membrane electrodialysis
(BMED) for simultaneous separation and recovery of boron and
lithium from aqueous solutions. Here also, the method could only
reach an efficiency of about ≤ 90% for lithium ions. Wenhui S. et al.
(2019) fabricated a membrane capacitive deionization module for
the removal of Li+ which reached only about 38.4 %. Another study
by Mohammad K. et al. (2020) utilized crown ether containing poly-
electrolyte multilayer membranes for lithium recovery and attained
a recovery of 71.6% only. Recent studies by Ounissi T. et al. (2021)
obtained a recovery rate that reached only 22.1% for lithium by diffu-
sion processes using lithium composite membranes. Another recent
study by Yakubu A.J. et al. (2021) demonstrated electrodialysis stacks
having different ion exchange and bipolar membranes for simultane-
ous separation of boron and lithium from aqueous solution for which
86.4% was achieved for lithium. In summary, although there are many
published reports on membrane based separation processes for lithium
recovery, the MEUF technology holds with significant potential for fur-
ther development and process scale up in the future.

3.5. Effect of solution pH

Solution pH is an important factor in water treatment sorption pro-
cesses because it can influence the behaviour of polyelectrolytes (usu-
ally weak) and immobilized macromolecules and H+ or OH– act as
competing ions in the filtration process. The effect of initial solution
pH values (1–6) on Li+ ion sorption onto PEM membranes using
two filtration modes were investigated, and the results were shown
in Fig. 11. From the results, it is clear that Li+ removal was unfavor-
able in acidic media (pH ≤ 1), but rejection efficiency got increased
with increasing pH value. There was only 58.49 % (TA in MIUF) and
63.56 % (CHT in MIUF) removal found at pH 1 that increased to
82.51 % and 84.13 % at pH 6 respectively. An improved rejection of
74.55 % (TA in MEUF) and 78.43 % (CHT in MEUF) was observed
at pH 1 which got improved to 93.42 % and 96.11 % respectively at
pH 6. But at low pH, the availability of H+ ions in the solution is high
and a possibility of competition between Li+ ions with H+ ions for
interactive sites arise within the solution. As a result, a dip in metal
ion‐macromolecule occurs and chances of easy diffusion through the
MIUF PEM membrane results with low rejection. As the pH increases
the availability of H+ ions decreases which results in an increased
rejection. The same mechanism is applicable to assisted filtration
mode also. At lower pH 1, the extent of ionization of the functional
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groups present in PEM and macromolecules varies and hence the
degree of multilayer cross links. This can affect the permeability and
flux of the multilayer membrane. As the PSS is more ionized at pH
2.1, the resulting films at low feed pH can be consequently thinner
(Ilyas et al., 2017; Petelska and Figaszewski, 2000). This morphologi-
cal change can influence the immobilization or assisted filtration and
consequently the removal efficiency of Li+ metal ions.
3.6. Effect of added salt on the removal of lithium ions

The rejection efficiency of MIUF and MEUF PEM membranes in the
presence of varying ionic strength (0–1 M of NaCl) were studied.
Fig. 12 shows the effects of added salt concentrations on rejection val-
ues. The increase of salt concentration in feed leads to the compression
of double electrical layer causing screening effect, and thus to the
reduction of electrostatic attraction between lithium ions and interac-



Fig. 13. Rejection performance and permeate flux of CHS/PSS 8 bilayer nano PEM membranes functionalized with macromolecules at different SDS concentration
[a) & d) TA, b) &e) CHT, c) & f) Assisted mode]
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tive sites (Zeng et al., 2009). As a result, the added salts can affect the
retention of lithium ions. The presence of salt in feed also increases the
surface roughness as well as pore size of MIUF and MEUF PEM mem-
branes. Thus, screening effect of salt affect the interaction between
charged membrane surface and the metal ions result a decrease in
rejection of lithium ions.

3.7. Effect of surfactant

Sodium dodecyl sulfate (SDS) is a commonly found pollutant with
anionic nature discharged into the environment degrading the water
quality to a great extend. In order to study the rejection of lithium ions
by two filtration modes in the presence of commonly found SDS, dif-
ferent concentration of SDS were used. The solubility of SDS varies
Fig. 14. Performance comparison of M
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with its concentration, usually increases at a concentration above its
critical micellar concentration (CMC), 8.1 mM. The rejection of
lithium ions with flux at different SDS concentration under two filtra-
tion modes is shown in Fig. 13.The performance of MIUF and MEUF
modes at higher concentrations of SDS in the feed (500 ppm), at low
concentration (100 ppm) and at CMC were evaluated.

The results from above Fig. 13(a–c) revealed that in the presence of
SDS, the efficiency of the both MOUF and MEUF modes using PEM
membranes had reduced to some extent. The extend of rejection was
larger for rejections at higher concentration of SDS than the other
two concentrations. The trend in rejection efficiency and flux of two
filtration modes in the presence of SDS followed a similar way as in
the absence of SDS. But, the rejection efficiency of two filtration modes
decreased slightly while the permeation flux increased drastically in
IUF PEM (8 bilayer) membranes.
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the presence of SDS. The comparison of permeate flux of MIUF PEM (8
bilayer) membranes in Fig. 13(d–f) showed that as the concentration
of SDS increases, the flux also increased up to CMC and then falls. This
increase in flux results from the decrease in the hydrodynamic resis-
tance of the modified membranes in the presence of SDS. A linear rela-
tionship between the flux and concentration of SDS (below CMC) can
be explained by application of the polarization model (Nikhil and
Mothi, 2020; Wu et al., 2020). At pH> 5, the solubility of TA should
be increased, therefore the TA particles stepwise will attain spherical
structure, where the surfactant molecules may form the aggregates
with hydrophobic interior of bulky TA micelles (Üçer et al., 2005),
which can affect the binding efficiency of macromolecules resulted
in a slight decrease in rejection efficiency. The decrease in metal ion
transport rates which occur above CMC concentration was due to
the covering of bilayer pores with SDS micelles by screening effect
or mechanical blocking of pores by the surfactant.
3.8. Self life and reusability

In order to understand shelf life and reusability of MIUF PEM mem-
branes, six months old and used MIUF membranes were experimented
for the filtration of metal spiked water samples. The rejection of these
older MIUF membranes showed a slight decrease in its efficiency than
the freshly prepared ones (Fig. 14(a)). The reusability was also tested
by repeating filtration five times with same membranes (Fig. 14(b)).
The decrease in efficiency in repeated filtration might be due to the
decrease in its interactive sites which permits an easy permeation of
metal ions through it when compared to fresh PEM membranes.
4. Conclusion

The consumption of energy storage metal lithium is increasing day
by day and estimated to grow exponentially. Hence to favor a clean
environment and to support environmental regulation and lithium
metal economy, it is also essential to recover the metals from sec-
ondary sources. In this study, a green process with prospective envi-
ronmental and economic significance has been experimentally
established for the sustainable recovery and removal of lithium ions
from water. Two membrane based systems (MIUF and MEUF modes)
were explored for the application of lithium recovery. According to
rejection results, the MIUF PEM membranes (both TA and CHT) reveal
almost similar and sound rejection abilities (∼>80%), while the
MEUF PEM membranes with TA and CHT metal ion complexation
showed superior rejection performance (∼94% and ∼96%) under the
optimized conditions. The feed pH is an important factor which can
influence the lithium ion rejection. An optimum pH of 6 showed high-
est rejection when compared with lower feed pH. Compared with con-
ventional electrolysis and causticization reaction process,
macromolecule assisted method provides an environmental friendly
and cost effective process for removal of lithium ions from water.
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