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Driven by the need for delivering sustainable water purification solutions for the removal of heavy metals
from water, electrospun PVC membranes were functionalised with triethylenetetramine (TETA) and were
used to remove lead() ions selectively from water. The membranes were characterised and their
adsorption behavior towards the removal of lead from water was investigated. The incorporation of TETA
on the membrane's surface significantly improved the removal efficiency of lead(i) up to 99.8% in 30
minutes and under ambient conditions, with the lowest concentration of 50 ppm. The adsorption
mechanism was investigated and kinetic data showed a better correlation with the pseudo-second-
order model. Similarly, the equilibrium data best fitted with the Langmuir adsorption isotherm model
with a relatively high maximum adsorption capacity of 1250 mg g™ for lead(i) ions, larger than recently
reported adsorption capacities for similar membranes. The functionalised membrane also showed high

selectivity to lead(n) in a mixed solution containing lead(i), mercury(i), cadmium(u), arsenic(in), copper(i),
Received 10th May 2022 d zincli). The functionalised memb ted, where desorption of lead(i) hieved
Accepted 16th August 2022 and zinc(i). The functionalised membrane was regenerated, where desorption of lead(i) was achieved,
under mildly acidic conditions. The removal efficiency of the regenerated membrane after six cycles of

DOI: 10.1039/d2ra02946d adsorption/desorption was maintained at a high level of 98%. The proposed design offers a simple yet
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Introduction

The increased burden on the world's freshwater resources has
severely impacted the social and economic well-being of many
communities. This problem is likely to be exacerbated in the
future due to projected population growth, climate change,
urbanization, growth in irrigated agriculture, and economic
development.* Water pollution has been a major environmental
concern worldwide limiting access to clean water. Toxic
contaminants, particularly heavy metals, are transferred from
various sources through runoff into water bodies, deteriorating
the quality of available freshwater and threatening the aquatic
and terrestrial environments.>* Heavy metals are among the
hazardous pollutants, due to their high toxicity even at low
concentrations,® persistence in nature, and potential to bio-
accumulate in food chains.*® Lead (Pb) is considered the
second highest toxic heavy metal due to its persistence and non-
biodegradability in nature.® It is mostly generated from natural
and anthropogenic sources such as batteries, paint, cosmetics,
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effective, sustainable, and environmentally friendly solution for water treatment.

ceramic glazes, toys, plumbing systems, and pipes.'>** Lead is
abundantly found in nature possessing unique features, such as
softness, malleability, ductility, low melting point, and resistance
to corrosion, which resulted in its extensive use in different
industries.”*** However, exposure to lead is known to cause
several health problems such as coma, cancer, renal failure, and
could also damage the central nervous system leading to
permanent cognitive impairment.»*® The US Environmental
Potential Agency (US EPA) indicated that the maximum allowable
level of lead in drinking water is 15 pg L™".*'® Unfortunately,
lead is still found at levels much higher than that in water bodies.
Therefore, the efficient removal of lead from aqueous solutions is
crucial for the protection of human health and the environment.

Various technologies have emerged for the removal of Pb(u)
ions from water. However, the adsorption process is one of the
most efficient methods with high and relatively better perfor-
mance than the conventional water treatment methods, due to its
simple operation, high adsorption capacity, wide applicability,
and flexibility in the design."®* Different adsorbents, including
activated carbon,* zeolites,?* silica,?® and activated alumni** have
been reported for removing Pb(u) ions from water. The reported
adsorbents showed high adsorption capacities, however, the high
cost of some of the adsorbents, their relatively low efficiency, and
low recyclability limit their use for water treatment.**** This
implies the need to develop sustainable (green, low cost, and
highly efficient) adsorbents. Membrane technology is regarded as
a promising treatment method due to its high recovery rate of
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Fig. 1 The proposed binding motif of TETA and Pb(i).

heavy metals from aqueous solutions,” however, membrane
fouling by which the solute blocks the pores of the membrane
reduces its performance and weakens the designed system.>® To
overcome this problem, altering the membrane's surface to
enhance its adsorptive properties has been considered by intro-
ducing functional groups (carboxyl, amino, and thiol) on the
surface.”* Among the employed functional groups, amine-
functionalised membranes are highly recommended due to
their interaction with aqueous heavy metals that may result in
their efficient removal from water.*>*!

Recently, researchers have shifted their interest to polymeric
nanofibrous membranes for the removal of heavy metals from
water.**** Nanofibrous membranes are known for their high
surface area to volume ratio which makes them suitable
candidates for extracting pollutants from aqueous solutions.***®
To date, different fabrication techniques have been employed to
produce polymeric nanofibrous membranes, with electro-
spinning as one of the most suitable methods for the produc-
tion of continuous nanofibers.>’”** Surface modification
strategies of fabricated membranes have been extensively
explored to enhance their adsorption capacity and efficiency by
altering the physical and/or chemical properties of the
membrane.*’

In this study, we are reporting the development of a func-
tionalised electrospun membrane with a high adsorption
capacity for aqueous Pb(u). Polyvinyl chloride (PVC) was
employed for the fabrication of the membrane and the resulting
PVC membrane was functionalised with triethylenetetramine
(TETA). TETA is an organic polyamine ligand known to bind
metal ions (such as copper,*** zinc, iron, and nickel),* forming
metal-organic complexes. Hence, the formation of a metal-
organic complex between TETA and Pb(u) metal ions in water
was investigated before modifying the surface of the PVC
membrane. The proposed mechanism of the metal chelation is
represented in Fig. 1 based on the literature.** Moreover, XPS
analyses proved the formation of covalent bonds between NH,
in TETA and lead(u) ions in water.**

Surface modification of adsorbent (PVC) with TETA is
a simple (one step) and scalable, yet effective approach to
improve the performance of the adsorbent and achieve a higher
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adsorption capacity of lead(u) in water.**** This was confirmed
in this study as indicated by the high adsorption capacity (¢max-
1250 mg g~ ') of TETA-PVC towards Pb(m) ions relative to other
reported studies as shown in Table 1.

Results and discussion

The formation of the mononuclear complex (TETA; Pb) was
investigated in solution and was followed by modifying the PVC
surface of the electrospun membrane with TETA ligand. The
adsorption parameters of aqueous Pb(u) by the functionalised
membrane were investigated and reported in this study.

Formation of TETA-lead(u) complex

UV-visible absorption study. TETA-Pb(u) complex formation in
water was detected by UV-Vis Spectroscopy. The absorption
spectra of the TETA, Pb(u), and their mixture in solution are
presented in Fig. 2. A hypsochromic shift of the sharp peak of
the TETA-Pb(u) spectrum from 208 to 194 nm along with
a hyperchromic shift (an enhancement of the peak's absorbance
at 194 nm) were observed relative to the uncomplexed Pb(u)
spectrum. The change in the position and intensity of the
absorption band indicates the formation of the metal-organic
complex ([TETA/Pb(u)]).** Additionally, a new peak at 250 nm
was obtained consistent with the metal to ligand charge trans-
fer. The formation of the two isosbestic points at 210 nm and
230 nm (see Fig. 2*) further confirms the formation of the
metal-organic complex.***°

Binding mechanism of lead(u) ion and triethylenetetramine
(TETA). A titration experiment of Pb(i) metal ion with TETA was

TETA-Lead complex

——[Pb(I)] -1.71 x 10* M
——[TETA]-1.71 x10* M
——[TETA]/ [Pb(I)] : 1/1

Absorbance (Au)

T T T T T
200 220 240 260 280 300
Wavelength (nm)

Fig. 2 Absorption spectra of aqueous (a) lead(i) acetate trinydrate, (b)
TETA, and (c) [TETA/Pb(i)] complex within the UV-visible region.

Table 1 Comparison of maximum lead(i) adsorption capacity gmax (Mg g3 of TETA-PVC with previously reported functionalised electrospun

membranes

Material Modification Adsorption capacity Ref.
Polyacrylonitrile (PAN)/polyaniline (PANI)-nylon Diethylenetriamine (DETA) 960 mg g " 45
Chitosan/Polyvinyl alcohol (PVA)/polyether sulfone (PES) Fe;0, nanoparticles 525.8 mg g 46

Poly methacrylic acid (PMA)/cellulose acetate — 146.2 mg g~ 47
Polyvinyl chloride (PVC) Triethylenetetramine (TETA) 1250 mg g ' This study
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Fig. 3 (a) UV-visible absorption spectra of 1.71 x 104 M solution of
Pb(OAC), in H,O titrated with increasing concentrations of TETA, (b)
binding isotherm of the complex formation of TETA—-Pb() in water at
a wavelength of 250 nm fitted to 1 : 1 binding model.

carried out to investigate the binding association and stoichi-
ometry of the resulting metal-organic complex in water. An
aqueous solution of Pb(OAC), (1.71 x 10~ * M) in water was
titrated with increasing concentrations of TETA ranging from
6.84 x 107°* M to 1.71 x 10~* M and was analysed by UV-Vis
spectroscopy (Fig. 3a). Upon the addition of TETA to the lead
solution, a maximum absorption peak was observed at a wave-
length of 250 nm.

Furthermore, an isosbestic point is obtained at 218 nm,
which shows that both species were at equilibrium at this
wavelength,® hence, indicating the formation of a metal-
organic complex in solution.

The stoichiometry (metal: ligand) and the binding constants
were calculated by fitting the experimental data, (obtained by
the titration) to different stoichiometric equations. Fitting the
experimental data with the 1:1 binding model was in good
agreement (R> = 0.998) (Fig. 3b). The binding constant (K,) was
found to be 1.15 4 0.6 x 10° M, which is relatively high given
that the study is done in water.** This indicates the formation of
a strong and stable complex TETA-Pb(u) in water.>*"¢

Characterisation of functionalised membranes

To achieve an efficient large-scale water treatment technology
for the removal and recovery of lead(n) metal ions, the organic
ligand was suspended on a solid support. Electrospun
membranes have been considered as the solid support and the
adsorbent in this study due to exhibiting high porosity and
surface area, making them unique candidates for water purifi-
cation.”” The functionalisation of the membranes, with the
organic ligand, was optimized by increasing the concertation of
TETA on the surface of the electrospun PVC membrane (Section
3 in ESIT). Adsorption experiments indicated that TETA-PVC of
ratio w/v 1: 3 resulted in the highest removal efficiency for
lead(n) ions in water.

FTIR and TGA curve analyses. Functionalisation of PVC
membrane with TETA was confirmed using FTIR, where
observing N-H functional groups on the surface of the func-
tionalised PVC membrane is expected. As shown in Fig. S3,f
new bands at 1500-1750 cm ' and 3250-3500 cm ' corre-
sponding to primary and secondary amines stretching vibra-
tions, respectively, were detected after the functionalisation of
the membrane.””*® Thermogravimetric measurements of PVC
and TETA-PVC nanofibers were also performed and presented

© 2022 The Author(s). Published by the Royal Society of Chemistry
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in Fig. S3.f Fibers of the PVC membrane decompose in the
range of 220-240 °C, consistent with previously reported
studies.® The functionalised membrane exhibited lower
thermal stability, where the thermal decomposition starts at
180 °C due to the decomposition of the organic ligands at the
surface.

SEM-EDX measurements. The PVC and TETA-PVC
membranes were analysed using a scanning electron micro-
scope (SEM) and energy dispersive X-ray (EDX). The distribution
of fibers in the electrospun membrane was studied by SEM.
Fibers of the PVC membrane were observed to be uniformly
distributed. The morphology of the PVC fibers changes upon its
functionalisation with TETA as indicated in the SEM images.
Moreover, the presence of nitrogen from the amine groups of
the ligand was detected on the membrane's surface by EDX
spectra (Fig. S5ft). The latter is a convenient qualitative vali-
dation of the modification of the membrane.*

Pore size, membrane thickness, and water contact angle
measurements. The average pore diameters of the membranes
were measured using a capillary flow porometer. The average
pore diameter of the TETA-PVC membrane was found to be 3.2
pum, lower than that of the pristine PVC membrane (3.6 pm)
(Fig. S6%). It has been reported in previous studies that the
thickness of the electrospun nanofibrous membrane is
inversely proportional to its pore size.®* This was confirmed in
our results where the thickness of the functionalised membrane
was greater than that of the PVC membrane (144 nm rgrapyc
>105 nm pyc) (Table S17).

The water contact angles (WCA) of PVC and TETA-PVC
membranes were measured by an optical tensiometer. As per
the literature, pure PVC membrane is relatively hydrophobic
with the WCA of above 90°;°> however, upon introducing the
TETA linker to the surface, the membrane became more
hydrophilic due to the presence of polar amine groups in the
organic ligand.®® This was verified by water contact angle
measurements by which it decreased from 135° for the pristine
PVC membrane to ~81° for the TETA-PVC membrane (Fig. S87).
The surface modification of PVC membrane with a hydrophilic
TETA decreased the contact angle to less than 90°. The
improvement of surface hydrophilicity reduces the repulsive
forces between the surface and adsorbate in solution;** thus,
enhancing the adsorption capacity for the removal of Pb(u) ions
from water.

Lead(u) removal efficiency from water

The removal of Pb(i) ions from water was examined based on
increasing PVC to TETA ratios (w/v ratio) and the results are
presented in Table S2.f TETA-PVC membrane of ratio 1:3
resulted in the highest percentage removal of Pb(u) ions from
water, indicating that it is the optimum ratio of PVC (g) to TETA
(mL) (see Fig. 4). The removal efficiency was enhanced due to
the metal: ligand interaction in the solution.

Hence, TETA-PVC with a 1 : 3 w/v ratio was used throughout
the adsorption study. SEM analysis was carried out on TETA-
PVC after lead(un) ions were adsorbed on its surface. The
formation of hexagon-shaped structures on the surface of the

RSC Adv, 2022, 12, 24607-24613 | 24609
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Fig.4 Percentage removal of [Pb(i)] = 150 mg L~ from water at room

temperature within 24 h, using PVC, TETA-PVC 1:1, TETA-PVC 1: 2,
TETA-PVC 1: 3 membranes.

Fig. 5 SEM images of (a): PVC; (b): TETA-PVC, (c): PVC/Pb, and (d):
TETA-PVC-/Pb membrane.

TETA-PVC membrane was observed in SEM images (Fig. 5d).
However, the pristine membrane did not form any structure
after the removal of lead(n) from water. This confirms the
formation of a metal-organic complex on the surface of the
functionalised membrane. Moreover, the EDX peaks are
attributed to lead on the newly formed shapes, supporting the
adsorption of Pb(u) onto the functionalised membrane's surface
(Fig. S97).

Adsorption kinetics. The kinetic mechanism controlling the
adsorption process of lead(un) by TETA-PVC was investigated to
determine the optimum contact time and understand the
adsorption process. Kinetic experiments were carried out by
exposing the membrane to different contact times with Pb(u)
aqueous solution; starting with 10 to 1440 min with initial Pb(u)
concentration of 150 mg L™". Kinetic experiments were carried
out at neutral pH (pH 7) and room temperature. Obtained
results were analysed with two kinetic models, pseudo-first-
order and pseudo-second-order. The rate order constant K;
and K,, ¢. (quantity adsorbed) values, and the corresponding
linear regression correlation coefficients values R were calcu-
lated and reported in Table S31.*® The pseudo-second-order
equation plot shows a high correlation coefficient (R* = 0.99)
and good compliance with the proposed pseudo-second-order
equation. Whereas, the correlation coefficient (R*> = 0.22) ob-
tained by applying the pseudo-first-order equation to the
experimental data was very low.

The basic assumption of the pseudo-second-order model is
that the adsorption process is mainly via chemical adsorption.
This suggests that Pb(un) ions form a chemical bond, likely
a coordination bond, with the potential amine functional
groups of the functionalised PVC membrane. These potential
binding sites are the amines of TETA.®*%¢
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Adsorption isotherms for lead(u) removal from water. To
gain a better understanding of the interaction between the
adsorbate (Pb(u)) and the adsorbent (TETA-PVC), adsorption
equilibrium experiments were performed with different
concentrations of Pb(u) ions ranging from 600 to 1200 mg L™*
being treated with the 10 mg of TETA-PVC. The experimental
data were fitted into two adsorption isotherm models, Lang-
muir (eqn. (S5)f) and Freundlich (eqn. (S7)}) models.®”*
Adsorption behavior followed the Langmuir model with
a correlation coefficient of R* > 0.99, whereas the Freundlich
model showed a lower correlation factor R* of 0.89. This indi-
cates that the sorption of Pb(un) ions on the TETA-PVC
membrane is a monolayer chemical sorption process.” The
maximum adsorption capacity (¢max) and Langmuir constant
(Ky) were determined from the slope and intercept of the linear
plot of C./q. vs. C. (Fig. 6b), and were found to be 1250 mg L™
and 40.9 x 10> L mg ™", respectively. Additionally, the separa-
tion factor (R ) was calculated (eqn. (56)7) to be between 0 and 1,
hence the adsorption mechanism of lead ions into the PVC
membrane is favorable (Table S4t).”* However, it can be noted
that the correlation coefficient of Freundlich is relatively
acceptable showing that the adsorption process could be
described by both Langmuir and Freundlich models. This
elucidates that chemical interaction between the surface of the
membrane and the metal could have occurred.*?

Effect of competing metal ions. The prepared membrane
exhibits a high adsorption capacity towards aqueous Pb(u) ions;
however, industrial wastewater includes different metal cations
that could affect the uptake of lead by the TETA-PVC
membrane.” Therefore, it is crucial to study the effect of co-
existing cations in solution on the adsorption capacity of the
membrane. To evaluate the selectivity of pristine PVC and TETA-
PVC membranes, Hg(u) and Cd(u) were also added to the
aqueous solution of Pb(u). The effect of Hg(u) and Cd(u) on Pb(u)
removal efficiency by PVC and TETA-PVC membranes is illus-
trated in Fig. 7.

As can be observed, in the tertiary solution of metal ions, the
removal percentage of the pristine PVC membrane towards all
three metals is relatively low (less than 20%), with the highest
removal percentage towards Hg(u) ions (16.5%). Whereas in the
presence of the three different cations, the removal of lead(u) by
the TETA-PVC membrane was enhanced (=97%) relative to the
removal of lead in the mono-ionic system (=88%). The

(@) (b)
5 o TETA-PVC L TETA-PVC
] 1
10
)
£ o)
K
24
200 400 600 800 1000 1200 1400 1600 0
Time (min) Ce (mglL)
Fig. 6 (a) The pseudo-second-order kinetic plot for the adsorption of

(IPb()] = 150 mg L% on a 10 mg TETA-PVC membrane (b) Langmuir
isotherm plot for the adsorption of Pb(i) onto TETA-PVC membrane.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 Removal efficiency of 10 mg of PVC and TETA-PVC membranes
in a tertiary system of Pb(i), Hg(i), and Cd() (IM] = 150 mg L~ each).

selectivity of metal ions for the PVC membrane was in the order
of Hg(u) > Cd(u) > Pb(u), as for the TETA-PVC membrane was in
the order of Pb(u) > Cd() > Hg(u). Similarly, the selectivity of
Pb(u) ions by PVC and TETA-PVC membranes was also tested in
a mixed aqueous solution composed of six heavy metals (Hg (),
Cd(u), As(m), Zn(u), Cu(u), and Pb(u)). The results showed that
TETA-PVC is highly selective for Pb(u) (see Fig. S137). This
confirms the strong interaction of Pb(u) and TETA on the
membrane's surface. The electronegativity of heavy metals
affects the selectivity adsorption behavior of the adsorbent.
Previous studies showed that heavy metal cations with high
electronegativity can easily replace cations with lower electro-
negativity.” As such, results show that Pb(u) is strongly adsor-
bed by TETA on the electrospun membrane due to its high
electronegativity compared to the present cations. Thus, the
TETA-PVC membrane showed high selectivity towards Pb(u)
ions. Moreover, the coordination sphere and hydration radius
along with other factors, contribute to the high selectivity of
TETA-PVC towards Pb(u).”*”*

Regeneration of TETA-PVC. The reusability of the function-
alised membrane was assessed to reflect the sustainability of the
developed adsorbent. As such, six successive adsorption-desorp-
tion cycles were performed at the initial metal ion concentration
of 700 mg L™ ". At the end of each adsorption experiment, the
saturated membrane was regenerated in an acidic medium, using
0.1 M p-toluene sulfonic acid (pH = 5.5), where the acidic media is
expected to weaken the coordination bond between TETA-PVC
and Pb(u) ions.” The obtained results revealed that the amine
functional group of the adsorbent (i.e. -NH,) in the acidic
medium became protonated and the adsorbed metal ions on
these groups were replaced by H' ions releasing Pb(n) in solu-
tion.”””® The performance of the regenerated TETA-PVC nanofiber
membrane in each cycle is presented in Fig. 8a.

The removal efficiency of Pb(i) by TETA-PVC membrane at
a contact time of 30 minutes remained almost constant at
around 100% up to 6 cycles. SEM images of the TETA-PVC
adsorbent show that after desorption of Pb(u) the hexagon-
shaped structures, of the metal-organic complex, disappeared
from the surface of the nanofibers of the membrane (Fig. 8b).
Additionally, lead was not detected by EDX (Fig. S147). After six
cycles, the membrane maintained a 98% removal efficiency
revealing its great potential as a reusable environmentally
friendly adsorbent. It is important to note that the above

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Reusability of TETA-PVC for the adsorbed amount of Pb(i)
(IPb(n] = 700 mg L™, (b) SEM images of the TETA-PVC before and
after the adsorption of [Pb(i)] = 700 mg L™2, and after the regeneration.

experiments were performed on a wet membrane; however, it
was also tested on a membrane that was dried after each cycle
and the results obtained were the same for both membranes
(wet and dry ones).

Conclusions

In this study, the development of functionalised polymeric PVC
electrospun nanofibers as an adsorbent for the removal of lea-
d(un) metal ions in water under ambient conditions has been
investigated. Polyvinyl chloride (PVC) membrane was fabricated
by electrospinning technique and then functionalised by
introducing an amine-based functional group (TETA) onto its
surface, to enhance its adsorptive capacity towards metals.
Structural and chemical analyses were performed on the
membranes to indicate that the grafting of TETA on the PVC
membrane has been accomplished. A comparison between the
pristine and functionalised membrane with TETA was studied
and results showed that lead(u) recovery was enhanced from
30% to 99% in 30 minutes. The effects of contact time, initial
concentration of the metal ion (with the lowest concentration of
50 ppm), and presence of different ions in solution on the
adsorption properties of the membranes were reported. The
results showed that adsorption followed the Langmuir isotherm
model with a maximum adsorption capacity of 1250 mg L7,
higher than recently reported studies using membrane, as well
as a pseudo-second-order kinetic model. TETA-PVC membrane
also showed high selectivity to Pb(u) in a mixed ionic system
including Hg(u), Cd(u), As(m), Zn(u), and Cu(u) ions. Moreover,
the performance of the membrane persisted after six cycles
maintaining a high removal efficiency. Thus, the presented
work offers several advancements in nanotechnology for the
sustainable and effective removal of Pb(u) from water.
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