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Introduction

Ion exchange polymers (IEPs) consist of a backbone
grafted with pendant ionic groups; in water they pre-
sent a peculiar morphology with hydrophobic poly-
mer domains combined with hydrophilic regions
containing dissociated ionic groups and water, thus
forming hydrated nanometric channels [1, 2]. This
nanostructure allows widespread applications, rang-
ing from membranes for ultrafiltration or separation,
ion exchange resins, to membranes for advanced
energy applications [3-8]. The process of heavy metal
ion removal from contaminated water can benefit from
the use of IEPs for various reasons: the specific inter-
action between the metal ion and the ionic group, the
adsorption on the IEP surface, and the accessibility of
the IEP bulk through the exchange inside the nano-
metric channels.

Environmental pollution by heavy metals is an
urgent social problem and much attention has been
paid to their removal from industrial and domestic
wastewater in recent decades. Their tendency to
accumulate in living organisms and to induce harmful
effects has led the scientific community to investigate
different methods of removal [9-11]. Among the
common heavy metals, lead and mercury present
many human health issues and their sources span
from fossil fuel combustion to chemical industries
[9, 12]. The values established by the World Health
Organization (WHO) for drinking water are 0.01 and
0.006 mg/L for Pb and Hg, respectively [13].

Various polymers are used for heavy metal
ion removal, e.g., polyethersulfone, polysulfone,
or polyphenylsulfone with added carbonaceous
materials (carbon nanotubes, graphene oxide, etc.)
[14-16]. The adsorption technique using ionomers is
considered a very promising method for this purpose
due to the low cost, easy handling, and high affinity
of ionomeric materials toward heavy metal ions [17].
Some examples are reported in the literature for cation
(CEP) and anion exchange polymers (AEP) [18-21] or
for nanocomposite IEPs with nanoparticles [22].

The removal ability of IEPs can be attributed to
ion exchange [23], to specific interactions between
IEPs and heavy metals, as, for example, those of the
Hofmeister series [24] or to other sorption phenomena
[25]. Another potential benefit of IEPs is their
pH-responsive property, exchanging the counterion
as a function of the media [26, 27]. The ion exchange
capability is connected to the valence and the size of
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the ions. Ions with a higher valence, or with the same
valence, but a greater ionic radius, are preferentially
retained in the IEPs [28].

Aromatic polymers are a family of high-
performance, engineering thermoplastic polymers
characterized by an unusual combination of properties,
ranging from high temperature performance to
mechanical strength and excellent chemical resistance
[29]. IEPs based on aromatic polymers maintain a
relatively low cost and avoid toxic fluorine.

In this paper, we therefore study aromatic
ion exchange polymers with grafted cationic or
anionic groups: the CEP sulfonated poly(ether
ether ketone) (SPEEK) and the AEP poly(sulfone
trimethylammonium) chloride (PSU-TMA). SPEEK
or composite SPEEK was already used for dyes
or uranium removal, water desalination, and
ultrafiltration [30-35]. We also explore the surprising
quantitative removal of mercury cations by the AEP.
The adsorption of cations by anion exchange polymers
was already observed, but controversial explanations
were given [18, 36]. In the following, we investigate
the sorption properties of SPEEK for Hg?" and Pb**
ions at different concentrations and times that
were not reported before and analyze the sorption
thermodynamics using Langmuir adsorption theory.
The origin of the counterintuitive cation removal by
PSU-TMA is examined, and the kinetics of heavy
metal ion sorption are also investigated.

Materials and methods

PEEK was purchased from Victrex (450P,
MW =38,300 g/mol), polysulfone from Solvay
(PSU, MW =55,500 g/mol). Stannic chloride (SnCl,),
paraformaldehyde, ((CH,0),), trimethylchlorosilane
(Me;SiCl), trimethylamine (TMA, 4.2 M in EtOH),
H,SO,, Pb(NO,),, Hg(NO;),'H,O, dimethyl sulfoxide
(DMSO), dimethylacetamide (DMAc), and other
chemicals were purchased from Merck. All of them
were reactant grade and used as received.

Synthesis
Synthesis yield, casting conditions, ion exchange

capacity (IEC), and water uptake (WU) of the polymers
are reported in Table 1.
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Table 1 Synthesis yield,

) o Sample Yield (%) Casting solvent Casting IEC (meq/g) WU (%)
casting conditions, IEC, and o
ake (WU of th temperature(°C)/

water uptake ( ) of the time (h)

polymers
SPEEK 100 acetone/H,0=280:20 vol%  50/15 1.65 30
SPEEK 98 acetone/H,0=80:20 vol%  50/15 2.16 45
SPEEK 100 DMSO 80/48 1.65 23
PSU-TMA 98 DMSO 80/48 1.60 53
PSU - DMAc 80/48 0 -

Sulfonated poly(ether ether ketone) (SPEEK)

The synthesis was adapted from ref [37]. H,SO, (96%,
150 mL) was preheated at 45 °C then PEEK (3 g) was
slowly added under vigorous stirring. The system
was left to react for 14 h and then allowed to cool
to room temperature. The solution was poured into
an excess of ice water obtaining a white precipitate.
The precipitate was filtered and washed with water
in a dialysis membrane (Sigma-Aldrich D9402) until
pH=7 to completely eliminate the residual sulfuric
acid. The sulfonated polymer (SPEEK) was dried for
12 h at 80-85 °C. The degree of sulfonation (DS) and
the IEC were determined by '"H NMR spectroscopy
and by titration (Table 1). The chemical structure and
the 'H NMR spectrum are reported in Fig. 1.

SPEEK membrane preparation

Membranes were prepared by the solution casting
method. As a general procedure, 250 mg of SPEEK was
dissolved in 30 mL of DMSO or acetone/H,O = 80:20
vol% (Table 1). The resulting solution was stirred
for 4 h, evaporated at 80 °C to 5 mL, cast onto a Petri
dish, and heated to dryness at different temperatures
depending on the casting solvent.

Poly(sulfone trimethylammonium) chloride (PSU-TMA).

The synthesis of PSU-TMA was described in the refer-
ence [38]. In short, the chloromethylation route was
followed using paraformaldehyde, trimethylchlorosi-
lane and SnCl, in a molar ratio PSU/Me,SiCl/(CH,0),/
SnCl, =1:10:10:0.2. The mixture was left under stirring
at 50 °C for 4 days. The solution was then cooled to
RT and the polymer precipitated in methanol. The
product was dried overnight at 60 °C and analyzed
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by "H NMR. The final degree of chloromethylation
(DCM) was 1 [39]. Chloromethylated PSU (PSU-
CH,Cl) reacted with TMA in DMSO at 70 °C for 72 h
in an anhydrous medium (molar ratio PSU-CH,Cl/
TMA =1:2). The resulting solution was heated under
high vacuum to remove the excess of amine for 3 h at
85 °C. The solution of PSU-TMA in DMSO (0.05 M)
was directly used for the casting procedure. A little
quantity was dried and analyzed by 'H NMR and
by titration. The IEC is given in Table 1; the chemical
structure and the "H NMR spectrum are reported in
Fig. 1.

PSU-TMA and PSU membrane preparation.

Ten milliliters of the 0.05 M polymer solution in DMSO
was transferred to a Petri dish and left in an oven at
80 °C for 2 days. For PSU, 250 mg of polysulfone was
dissolved in 30 mL of DMAc.

Batch adsorption studies

Metal ion solutions with different concentrations were
prepared from Pb(NO;), and Hg(NO,),-H,O (see
Tables 2 and 3). Prior to the use, all polymer samples
were inserted into 1 M NaCl solution and kept under
stirring overnight; after this time, the samples were
washed with deionized water. They were immersed
in heavy metal solutions (10 mL) under stirring for
different times. After that, the polymers were removed
and the water analyzed by ICP-OES and compared
with the initial solutions. The multi-ion adsorption
of SPEEK was studied with a concentration of 0.15
and 0.22 mM for mercury and lead, respectively.
Furthermore, the lead removal was tested in the
presence of 10 mM NacCl in the solution.

The sorption of Pb*" was also analyzed by gravimetry
[40]. After the selected time in Pb(NO,), solution, the
membrane was removed and 2 mL 0.5 M sulfuric acid
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«Figure 1 Repeat units and '"H NMR spectra in DMSO (dg) of (a)
SPEEK and (b) PSU-TMA.

were added. The solution was left under stirring for 2 h,
and then the precipitate (lead sulfate) was filtered on
a disk of ultrafiltration paper. The filtrate was rapidly
washed with water and ethanol, dried, and weighted.

Kinetic measurements were performed at room
temperature with a sample mass of 30 mg and a solution
volume of 10 mL. Concentrations were measured by
ICP-OES.

A preliminary membrane regeneration experiment
was carried out using SPEEK acetone/water with two
different IEC (2.16 and 1.65 meq/g). After adsorption in
Pb(NOj), solution, the membranes were quickly washed
with water, dried under P,0Os5 for 2 days and weighed.
The samples were then immersed in 1 M NaCl for 48 h,
washed, dried, and weighed (Table 6).

Characterization
'H NMR spectroscopy

NMR spectra were recorded with a Bruker Avance 400
spectrometer operating at 400.13 MHz using deuterated
solvents (DMSO-dy).

Ion exchange capacity (IEC)

SPEEK. Acid-form membranes were immersed in 1 M
NaCl solution for one day to exchange H" with Na*, and
the solution was back-titrated with 0.02 M NaOH. The
IEC was calculated using the dry weight of the sample
and the quantity of exchanged protons. The dry weight
was measured after exposition of the samples for 3 days
over P,0s.

PSU-TMA. The IEC was measured by Mohr titration
as described in Ref. [41]. The samples in chloride form
were dried over P,O;5 for 3 days and then weighed.
The CI” ions were exchanged with SO,*” by immersion
in 1 M Na,50, solution during 24 h. The solution
containing Cl™ ions was titrated using 0.02 M AgNO,
and K,CrO, as indicator.

Water uptake (WU)

The water uptake (%) was determined at 25 °C from
the mass of dried sample after 24 h over P,0O5 and
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the mass of wet sample after immersion in bidistilled
water for 48 h. Before weighing, the excess of water
on the sample surface was carefully removed with
absorbing paper.

Inductively coupled plasma—optical emission spectroscopy
(ICP-OES)

Inductively coupled plasma-optical emission
spectroscopy (ICP-OES, Perkin Elmer Avio 200) was
employed to measure the solution concentration.
The reported values of Hg*" and Pb** concentrations
correspond to an average of three independent
measurements.

Results

The formulas and the NMR spectra of cationic and
anionic membranes are reported in Fig. 1.

The yields of polymer synthesis are almost
quantitative (Table 1), meaning that the process
is highly efficient, and the majority of the starting
materials is successfully converted into the desired
polymer product.

Cation and anion exchange polymers were
synthesized with a similar relatively low IEC. It
is well known that an increase in ionic exchange
capacity causes an increase in the water uptake (WU)
[42]. While this effect is desired in electrochemical
applications to enhance the phase separation within
membranes and their conductivity, it could be a
deterrent in water treatment applications due to the
mechanical instability of the ionomer [43]. On the
other hand, an increase of IEC causes an increase
in the sorption capacity of IEPs. The selected IEC,
around 1.60 meq/g, is a compromise between the two
conflicting factors.

The results of the heavy metal ion sorption
measurements are reported in Tables 2 and 3. The
removal efficiency (RE) of each system is evaluated
using the formula:

c®—c

RE(%) = * 100 1)
CO

where c° and c are the initial concentration, i.e., before
sorption by the IEPs, and the final concentration, i.e.,
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Table 2 Heavy metal
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removal by cation exchange

polymers after 24 h

Table 3 Heavy metal

removal for anion exchange

polymers after 24 h

Table 4 Pb(Il) ion exchange as a function of time for SPEEK

Sample Initial concentration, Mass of IEM, RE, % Residual metal
mg/L (mM) mg in water, mg/L.
Hg(ID)
SPEEK (DMSO) 30 (0.15) 30 98 0.7
SPEEK (acetone/water) 30 (0.15) 30 95 1.6
Pb(I)
SPEEK (DMSO) 2237 (10.8) 30 28 1612
1015 (4.9) 30 55 466
207 (1.0) 30 100 0.004
2237 (10.8) 55 53 1058
+NaCl 10 mM 207 (1.0) 30 99 1.3
SPEEK (acetone/water) 2237 (10.8) 30 26 1649
2237 (10.8) 84 74 588
Hg(1I) + PbI)
SPEEK (DMSO) Hg 30 (0.15) 27 100 <0.001
Pb 46 (0.22) 27 100 <0.001
Sample Initial concentration, Mass of IEM, RE, % Residual metal
mg/L (mM) mg in water, mg/L
Hg(I)
PSU-TMA (DMSO) 16.2 (0.08) 18 100 0.002
11.0 (0.055) 18 99 0.087
5.5 (0.027) 18 98 0.088
1.2 (0.006) 18 92 0.096
Pb(I)
PSU-TMA (DMSO) 208 (1.02) 20 0* 208
217 (1.05) 30 7 201
PSU (DMACc) 2239 (10.8) 30 0* 2239
217 (1.05) 30 0 217

* . .
Gravimetric data

Table 5 Hg(II) ion exchange as a function of time for PSU-TMA

membranes membranes

Time (h) Concentration, mg/L. (mM)  RE (%) Time (h) Concentration, mg/L (pM) RE (%)
0 1015 (4.9) 0 0 16.2 (80) 0

0.5 642 (3.1) 37 1 0.731 (3.6) 95.5

1 601 (2.9) 41 2 0.009 (0.45) 99.9

2 580 (2.8) 43 4 0.005 (0.025) 100

4 538 (2.6) 47 8 0.004 (0.020) 100

8 518 (2.5) 49

24 456 (2.2) 55

after sorption by the IEPs, respectively. The concentra-

tion of Hg?" was limited by the poor solubility of the

mercury salt.
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Table 6 Regeneration test

. > Sample IEC (meq/g) Sample mass m (mg) mp;, (Mg) my, (mg) Regen-

after immersion in 10.8 mM .
eration
Pb(II): mp, (sample mass %)
0

after Pb sorption), my,
(sample mass after exchange SPEEK 2.16 76.2+0.1 88.3+0.1 80.2+0.1 68+1
with NaCl) SPEEK 1.65 94.0+0.1 107.1+0.1 98.0+0.1 69+1

* Regeneration: 100*(mp,—my,)/(mp,~m)

The kinetic data for lead and mercury removal by
SPEEK and PSU-TMA, respectively, are reported in
Tables 4 and 5.

Table 6 reports experiments on the regeneration of
SPEEK membranes.

Discussion

Cation exchange polymer (CEP)

The removal of heavy metal ions by a CEP can be
schematized by the following reaction:

.
[ g
2

PEEK-SO5;” Na*

Me2+

v

PSU without ion exchange groups is not able to
remove lead as shown in Table 2, confirming that the
process takes place by ion exchange.

Our multi-ion sorption experiments prove that
mercury and lead in diluted solution (0.15 and
0.22 mM for Hg and Pb, respectively) can be totally
removed by SPEEK.

The reusability and regeneration of IEPs is a com-
plex and critical aspect involving sorption/desorp-
tion processes [44—46]. Preliminary regeneration tests
were carried out using a simple desorption process
with a NaCl solution. The results indicate a recovery of
approximately 70%. The uncomplete recovery might

»
| g

D 2
" +2. ®

Na*

(PEEK-SO5"), Me2*

The undesired divalent metal ion is captured by
the ionomer and replaced with two safe monovalent
ones. The ionic radius is an important factor for ion
exchange. Considering the ionic radii of lead(II) (Pb?*
133 pm) and mercury(Il) (Hg2+ 116 pm), the exchange
with smaller monovalent ions is quantitative if the
IEC is sufficiently high. In the presence of NaCl in
the solution, to simulate a more realistic environ-
ment, the lead removal efficiency is slightly lower,
but still above 99% (Table 2).

Table 7 corroborates that when the ratio of mmol
of metal cation and half mmol of SO;™ is lower than
one (see Eq. 2), the removal capacity is around 100%.

@ Springer

be attributed to the ionic crosslink that immobilizes
divalent metal ions which cannot occur with monova-
lent Na ions. Further studies are needed to understand

Table 7 Ratio between mmol of SO;~ (for 30 mg of SPEEK
with [EC=1.65 meq/g) and mmol of heavy metal cations for dif-
ferent salt concentrations

SPEEK (DMSO) mM mmol M>* /0.5 RE, %
mmol SO;~
Hg(II) 0.15 0.06 98
Pb(ID) 10.8 434 28
49 1.96 55
1.0 0.40 100
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the regeneration mechanism in more detail, e.g., by
studying the desorption process with different agents,
concentrations, temperatures, and durations.

Anion exchange polymer (AEP)

The quantitative removal of mercury ions by an AEP is
surprising at first sight (Tables 3 and 5). In reality, the
affinity of Hg?* for the formation of HgCl,>” complexes
is very high. The equilibrium constant for mercury
cation complexation by CI” can be established from
the literature [47].

Here, c° is the initial cation concentration and c the
concentration after sorption. V is the volume of treated
solution and m the mass of IEP.

The Langmuir adsorption isotherm describes the
relation of the surface coverage © with the adsorp-
tion equilibrium constant K, 4,(T) at temperature T
and the thermodynamic activity of the adsorbate. In
the case of very diluted solutions, the cation activity
can be expressed by the equilibrium concentration
c. The interfaces between hydrated channels and
polymer domains that contain the ionic groups are
considered as internal surfaces of the IEP. The sur-
face coverage © can then be expressed as the ratio

Hg?* + 4 CI"SHECE Keomplex = [chﬁ-] /( [Hg?*] [Cl‘]4) = 1.251015 ®)

The chloride ions in the solution are provided by
ion exchange of the chloride form AEP with nitrate
ions; the chloride concentration in solution can be
calculated from the mass m of the AEP and its ion
exchange capacity IEC according to the equation:

] = IE%’ M _1.6mmO ) 03¢/0.01L = 4.8mmol /L
4)
At all used mercury concentrations

([Hg2+] <0.15 mmol/L), one can deduce from the
equilibrium constant (Eq. 3) that the mercury ions
are quantitatively transformed into [HgCl,?]. These
complex anions can then be captured by the AEP and
removed quantitatively. Given the used volume of
solution V=0.01 L, the amount of mercury is below
1.5 umol, much lower than the amount of available ion
exchange sites of 48 umol in 0.03 g AEP.

In the case of lead ions, the complexation constant
of [PbCl;]” is much lower, reported to be around
10%[48]. Accordingly, the lead removal by the AEP is
very low (Table 3).

Lead ion sorption by SPEEK: Langmuir-type
isotherm

The sorption capacity of IEPs can be written as:

Q= (=) & ®)

of the sorption capacity Q and the maximum sorp-
tion capacity Q,.,, giving the Langmuir adsorption
isotherm:

Q

Qmax

This equation can be transformed to give a linear
relation between ¢/Q and the equilibrium cation
concentration c:

Kads(T) eC

0=17 Kogo(T) v c ©)

c__¢ 1 ;
Q Qmax QmaxKads(T) ( )

A plot of the experimental data according to Eq. 7
is shown in Fig. 2.

The experimental data for lead ion removal by
SPEEK are in excellent agreement with the Langmuir
adsorption isotherm.

9
3 y =0.0047x +0.115
R?=0.9971 P
7 L’
= '/'
3 6 -
o 5 &
> 'I
é 4 f”’
° 3 L
’/
2 ’/’
1 ,r/
0 e
0 500 1000 1500 2000

c(Pb) [mg/L]

Figure 2 Langmuir adsorption plot according to Eq. 7 for the
case of lead ion removal by SPEEK with data from Table 2.
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Figure 3 Time dependence of removal efficiency for mercury
ions of PSU-TMA anion exchange polymer.

From the slope and ordinate of the straight line,
values of Q... =210 mg/g and K,4,(T) =0.04 can be
determined. In the literature it is possible to find
very different maximum adsorption capacity values
depending on the removal system used; focusing
on the ion exchange method, the values range from
30 mg/g for Pb*" and Hg?, using zeolite as active
material [21], to 300 mg/g for Pb>* using stratified
silicate [49]. One can conclude that the Langmuir
adsorption theory provides a good base for the
description of the cation removal by IEPs.

Lead ion sorption kinetics by SPEEK:
pseudo-second-order law

The kinetic data of mercury sorption on PSU-TMA
are shown in Fig. 3.

Figure 4 shows the kinetics for the case of lead
with SPEEK.

0 2 4 6 8 10 12 14 16 18 20 22 24

t [h]

Figure 4 Time dependence of removal efficiency for lead ions of
SPEEK cation exchange polymer.
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Figure 5 Second-order kinetic plot of lead concentration vs
time.

The sorption kinetics can be described by a pseudo-
second-order law:
de 2
— =ky(c®° —c 8
T =k =0 (®)
k, is the second-order kinetic constant and c° is the
initial concentration. One obtains after integration:

1 1

==+ kyt
c®—c c° 2 ©)

This equation can be rearranged into:

t 1 t

c T el @ (10)

The plot of t/c as function of ¢ for lead ion sorption
by SPEEK (Fig. 5) provides an excellent description
of the experimental data. This pseudo-second-order
kinetic law can be interpreted by a similar change of
the metal concentration in solution and the concen-
tration of available ionic sites in the IEP. The quan-
tity of lead ions (Table 4) and of ionic sites (about
0.045 mmol) is indeed quite comparable, so that the
variation of (c°—c) is similar for both and a square law
can be written.

Altogether, the kinetic and equilibrium data are in
good agreement with a mechanism by adsorption of
metal cations or complex metal anions on CEP or AEP,
respectively.
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Conclusions

The removal of toxic heavy metal ions is fundamental
for water purification. lon exchange polymers are very
effective for this purpose, as shown in this study for
mercury and lead. A classic cation exchange polymer
(CEP), sulfonated poly(ether ether ketone) (SPEEK),
shows a very good removal efficiency. The maximum
sorption capacity (Qmax) is related to the IEC; its
value is around 210 mg/g for lead with SPEEK. If the
ratio between the concentration of bivalent metal ions
in solution and sulfonate ions in the membrane is
above 0.5, the removal is not quantitative.

Interestingly, a typical anion exchange polymer
(AEP), poly(sulfone trimethylammonium) chloride
(PSU-TMA), can also be used for Hg®* removal in
apparent contradiction with the Donnan effect. This
process is related to the formation of very stable
complex anions in solution, such as HgCl,*". The
complex anions can be captured quantitatively by
AEPs.

The removal process can be described by Langmuir
adsorption theory. For IEPs the adsorption can occur
not only at the outer surface but also at internal
surfaces along nanometric hydrated ionic channels.
The kinetics of lead sorption by SPEEK can be well
represented by a second-order law due to similar
concentrations of metal ions in solution and ionic
groups in the IEPs.
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