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A one step-synthesized polyampholyte, bearing carboxylate and 2-methylimidazole (2MI) groups, was
tested as adsorbent for the removal of Pb(II) and Cd(II) from aqueous solutions. This material combines
the benefits of synthetic polymers, such as high adsorption capacity and chemical stability, and the
advantages of biosorbents in regard of costs and simplicity of the production.

The short time needed to achieve the adsorption equilibrium indicated a chemical-reaction controlled
process. A network expansion was predicted as a result of repulsive interaction between the fixed positive
charges.
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Metall?‘emoval Langmuir model presented the best fitting to isotherm equilibrium data, with a maximum adsorption

Polyampholyte capacity of 182 mgg-! for Cd(II) and 202 mg g~ for Pb(II). The metal removal was strongly dependent on

Pb(II) pH, involving carboxylate and 2MI residues. An ion-exchange process for Pb(II) and Cd(II), combined with

cd(In) coordination for the later, were the most probable mechanism of interaction. The adsorption of 1.35 ppm
Cd(II) was 72 £ 6% in well-water, and the adsorption of 0.50 ppm Pb(Il) was 62 + 5% in tap-water. The
recovery figures for Cd(Il) in 1% HNO3; were optimal.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The presence of heavy metals in wastewater, sediments and soils
has its main source in anthropogenic activity and has become a
major environmental issue due to their toxicity for living beings.
Two of the most pollutant heavy metals are lead and cadmium,
which are widely used in batteries manufacturing, alloys and pig-
ments, among many others [1-3].

The traditional strategies for heavy metal removal from aqueous
media are chemical precipitation, adsorption, membrane processes
and dialysis. The application of these techniques is usually asso-
ciated with high costs of production and regeneration [4]. For
instance, chemical precipitation requires large amounts of reagents
when treatment of large volumes of contaminated aqueous solu-
tions is needed. In this regard the application of adsorption or ion
exchange on solids is advantageous [5].

An efficient adsorbing material should consist of an insoluble
porous matrix and some suitable active organic groups that interact
with heavy metal ions [6,7]. The improvement of the ion exchange
capacity and specificity is a challenge for researchers in the area of
materials development.
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A huge variety of innovative synthetic and hybrid adsorbents
for heavy metals were recently reported [5-10]. Some of the novel
polymers are zwitterions, containing both anionic and cationic
functional groups in their structure endowing the material with
wide spectrum sorption capacity [5,6].

In this work we tested a synthetic polyampholyte as sorbent
for Pb(Il) and Cd(II). The particular relevance of this material is
that it combines the benefits of synthetic polymers, such as high
adsorption capacity and chemical stability, and the advantages of
biosorbents in regard of costs and simplicity of the obtaining proce-
dure. It is synthesized in a one-step procedure and bears carboxylic
and 2-methylimidazole residues which endows the material with
adsorption capacity for metals, such as Cu(ll) (67mgg~1) [11,12].
The polymer is chemically stable (resistant to acid and basic media,
and to oxidizing agents such as hydrogen peroxide), and can be
packed in the column of a flow system [13]. The adsorption kinet-
ics and isotherms for Pb(II) and Cd(II) were modeled to obtain the
parameters. Studies of selectivity were made and the analysis of
real water samples spiked with Cd(II) was realized.

2. Experimental
2.1. Materials and reagents

2-Methylimidazole (2MI; 99wt%), methacrylic acid (MAA;
99wt%) and ethylene glycol diglycidyl ether (EGDE; 50 wt% in
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ethylene glycol dimethylether) were purchased from
Sigma-Aldrich. Benzoyl peroxide was purchased from Fluka.
Acetonitrile from Baxter was of HPLC grade.

Pb(NOj3); was purchased from Mallincrodt (USA). Cd(NOs), was
acquired from Merck (Darmstadt, Germany). Nitric acid (70%) was
purchased from ].T. Baker (Phillipsburg, NJ, USA). Water was fil-
tered and deionized with a Milli-Q, Millipore system (Milford,
MA, USA). All other reagents were of analytical grade. Standard
stock solutions (1gL~1) of Cd(II) and Pb(Il) were prepared and
concentration verified against the appropriate dilution of Titrisol®
Cadmium Standard 1000 mg L-! (Merck) and Chem Lab® Lead Stan-
dard 1000 mg L~ (Belgium). Tap-water samples from Buenos Aires
city (Arg.) and ground-water samples from Temperley city (Buenos
Aires province, Arg.) were collected and assayed without further
treatment.

2.2. Polymer synthesis and conditioning

The polyampholyte was synthesized according to previous
reports [11,12]. One milliliter of MAA, 2.0 mL of EGDE and 1.0g
of 2MI were mixed with 4.0 mL of acetonitrile. Then, 30 mg of ben-
zoyl peroxide was added to the reaction. The solutions were placed
in a tube glass and thermostated at 60°C for 24 h. The material
was placed at 20°C, milled in particles, washed three times with
distilled water and dried at 50°C.

2.3. Adsorption experiments

They were carried out by a batch method (100 mL) at room
temperature (25°C) with constant stirring, using 0.025g of the
polyampholyte (Poly(EGDE-MAA-2MI)). Adsorption behavior of
Cd(11) and Pb(II) was assayed in a range from 0.05 to 100 mgL~!
and a pH range from pH 4 to 8. Adsorption kinetics and adsorp-
tion isotherms were determined by monitoring metal decay in
the solution supernatant. After each experiment, solutions were
ultracentrifuged and analyzed for the concentration of metals. For
recovery and preconcentration assays Poly(EGDE-MAA-2MI) pel-
lets were recovered and resuspended in 1% HNOj3. For selectivity
and real water assays Cd(II) and/or Pb(II) were spiked in the water
samples and incubated without conditioning.

For all tests, blank experiments were performed in order to ver-
ify that no chemical precipitation occurred. All experiments and
measurements were conducted in triplicate under identical condi-
tions.

2.4. Atomic absorption spectrophotometry

Metal determinations were done with a Buck Scientific VGP 210
Atomic Absorption Spectrophotometer (E. Norwalk, CT, USA) by
the electrothermal atomization method using pyrolytic graphite
tubes. Phosphate buffer (10 mM pH 7) and nickel nitrate 0.1% (w/v)
were used as matrix modifiers for Cd(Il) and Pb(Il) determinations,
respectively.

2.5. Polymer characterization

Elemental analysis was performed with a Carlo Erba EA 1108
device. Fourier transform infrared (FTIR) spectroscopy transmis-
sion spectra were acquired in the range of 4000-400 cm~! (Nicolet
360).

Potentiometric titrations of the solvated functional groups on
the polyampholyte was carried out at 20 °C with a HANNA Instru-
ment pH meter model HI 8424 supplied with a combined glass
electrode [11,12].

The size and zeta potential (¢) of the particles were measured
by Dynamic Light Scattering (DLS, Zetasizer Nano-Zs, Malvern

Instruments, Worcestershire, UK) provided with a 4 mW He-Ne
(633 nm) laser and a digital correlator ZEN3600, at 25 °C and con-
stant jonic strength of 10-3 M KCl.

2.6. Determining isotherm parameters

The alternative isotherm parameter sets were determined by
non-linear regression. The algorithm based on the Gauss—Newton
method was used.

The error function employed to evaluate the fit was the second-
order corrected Akaike information criterion (AIC¢):

AIC=N In (RWSS’) +2P (1)
B 2P(P +1)
AlCc = AIC+ 15— (2)

where P is the number of parameters in the model, N the number
of data points and RSS the residual squares sum [14].

AAIC represents the difference in AIC values between two com-
peting models. The associated Akaike weights for the better and
worse models are:

1

Wbetter = 17_'_ o—(1/2)AAIC (3)
W e—(1/2)AAIC 4
worse = 7 (/2)AAIC )

The Akaike weights provide information about the strengths of
evidence supporting the two competing models. The ratio of the
two Akaike weights, Whetter/Wworse, is termed the evidence ratio
and represents the relative likelihood favoring the better of two
competing models. As reported by other authors, an evidence ratio
greater than 20, would indicate extremely strong evidence favoring
the better model [15].

3. Results and discussion
3.1. Synthesis and characterization of the polyampholyte

The material was synthesized via reaction of the selected
monomers in the presence of benzoyl peroxide. Scheme 1 shows
the most probable chemical structure for Poly(EGDE-MAA-2MI).

The mechanism of synthesis and the chemical structure of this
material were studied by means of a variety of spectroscopic meth-
ods, and carefully described in previous reports [11,12,16]. Here
we present the characterization of the polyampholyte production
batch employed for the experiments of metal ions adsorption.

The elemental analysis of the Poly(EGDE-MAA-2MI) was C,
51.03; H, 8.19 and N, 5.98. This result indicated that the total
amount of 2MI in the network was 2.13 mmolg~!.

The isoelectric point (pI) for this material determined by the
measurements of ¢ was 6.77 (Supplementary data, Fig. A1). The
apparent diameter of the particles was 64 +4 pm [13].

These particles have titrable carboxylate and 2MI residues
(Supplementary data, Table A1), besides the hydroxyl groups
(Scheme 1). The plI calculated from the titrable functional groups
(6.75) coincided with the value obtained from the { measurements
[12].

If we compare the number of titrable 2MI and the total amount
of 2MI determined by elemental analysis, only a 51.4% is accessible
for H* exchange.

To analyze the electrostatic interaction between opposite
charged ions, the empirical parameters of acidity can be deduced
from

pH = pK° + n log (5)

o
170[1
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Scheme 1. Structure of Poly (EGDE-MAA-2MI).
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pK = pK° + (n—1)log (6)
where ¢; represents the acid dissociation degree for the carboxylic
group or the 2MIH* group, the pK is the apparent acid dissociation
constant for each acidic group and pK° is the pK value at «;=0.5.
The pK values are sensitive to this effect of opposite charges, and
they can be obtained from pH and «;.

The values of n from Eq. (6) exhibit the magnitude of the near-
est neighbor interaction effect [11,12,17]. The empirical parameter
n was low for this polyampholyte when compared with poly-
electrolytes and betaines, possibly due to the presence of neutral
segments from the EGDE units acting as shields of the charged sites
[18].

The pK° value of CO,H was higher than the pK of the monomer,
associated to the hydrophobicity and/or the degree of cross-linkage
in the polymer (Supplementary data, Table A1) [19-21].

On the other hand, the pK° value of 2MIH* was lower than the
pK of the monomer, probably associated to a distribution in cluster
of these residues (Supplementary data, Table A1). The electrostatic
repulsion between close neighbors would enhance the dissocia-
tion of H*. The n value was also slightly higher for these functional
groups.

3.2. Effect of pH

The pH had a significant effect on the amount of immobilized
ion (Supplementary data, Table A2), probably related to the degree
of protonation of the binding sites on the polyampholyte surface.
The pl of this material was 6.77, so the surface net charge was close
to zero around this point and became negative at higher pH val-
ues. From these results we selected pH 6.0 for Pb(Il) and pH 7.0
for Cd(II) uptake from a 1.0 ppm solution, since the adsorption was
close to 100%. Under these conditions, the species bound to the
polyampholyte should be Cd2*, Cd(OH)*, Pb2* and Pb(OH)*.

3.3. Cadmium and lead adsorption kinetics

In order to determine the rate-controlling step of the sorption
process, the evolution of the adsorption capacity with time was
studied. The experimental results are presented in Figs. 1 and 2.

The sorption mechanism could be controlled either by a chem-
ical reaction or by diffusion processes, such as pore and film
diffusion. The experiments were performed in a well-stirred
batch system so the film diffusion should not be a major rate-
controlling factor. Besides, these particles lack of mesopores, and
the nanopores are not expected to be accessible for the cadmium or
lead ions [22]. The relatively short contact time necessary to achieve
equilibrium conditions is considered as an initial indication that the
adsorption of the studied cations is a chemical-reaction controlled
process (Figs. 1 and 2) [23-25]. Five kinetic models were used to
fit the experimental adsorption data by non-linear regression: the
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Fig. 1. Cd(Il) adsorption onto the polyampholyte from a (v) 5.98 mgL~" and from
a(¢) 1.07 mgL-" solution as a function of contact time. Experimental data fitted to
the Elovich model and to the modified Freundlich model, respectively.
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Fig. 2. Pb(Il) adsorption onto the polyampholyte from a (O) 3.37mgL~"! and a (»)
0.81mgL~" solution as a function of contact time. Experimental data fitted to the
modified Freundlich model and to the pseudo-first order model with four parame-
ters, respectively.
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Table 1
Kinetic parameters for Cd(Il) adsorption on the polyampholyte, regression coeffi-
cients and values of AIC¢ criterium for the best models.

Table 2
Kinetic parameters for Pb(Il) adsorption on the polyampholyte, regression coeffi-
cients and values of AIC¢ criterium for the best models.

Metal ion Cd(Irn) Cd(In) Metal ion Pb(II) Pb(II)

Co (mgL™) 5.98 1.07 Co (mgL™) 3.37 0.81

Best model Best model

Elovich Modified Freundlich Pseudo-first Modified Freundlich

«(mgg-Tmin-1)  452+2.80 m 6.34+0.55 Og‘:::n‘g't'grl:wo

B(gmg) 0.591+0.077  kp(Lg~' min~!) 1.052+0.075 p

R? 0.7222 R? 0.8780 qe (mgg1) 5.52+0.25 m 5.22+0.56

AlCc 48.15 AlCc -98.07 k (min~1) 0.081+0.019 ke (Lg~' min~1) 0.804+0.089

Evidence ratio 1.00 Evidence ratio 1.00 R? 0.6006 R? 0.8258
AlCc 19.28 AlCc -98.71
Evidence ratio 1.00 Evidence ratio 1.00

pseudo-first order equation with two and with four parameters,
the pseudo-second order equation, the Elovich equation, the intra-
particle diffusion equation and the modified Freundlich equation
(Supplementary data, Table A3). For cadmium adsorption at pH 7.0,
the best fit of experimental adsorption data was obtained by means
of the Elovich and the modified Freundlich models, according to
the evidence ratio based on the Akaike criterion (Fig. 1, Table 1 and
Supplementary data, Table A3).

The Elovich equation is based on a general second-order reac-
tion mechanism for heterogeneous chemisorption processes, and
is formulated as
% =qe P (7)
where g; is the amount of adsorbed ion at the contact time ¢ [23,26].

After integration and applying the boundary conditions, for
qr=0at t=0and q;=q; at t=t, the equation becomes [26]
= 5 In(1+ (apt) (8)

Teng and Hsieh proposed that constant « is the initial adsorp-
tion rate and S is related to the extent of surface coverage and the
activation energy involved in chemisorption [27].

This equation assumes that the active sites of the sorbent are
heterogeneous in nature and therefore exhibit different activation
energies for chemisorption [26]. Another explanation for this form
of kinetic law involves a variation of the energetics of chemisorp-
tion with the extent of surface coverage [27].

The constant o was observed to increase with the initial concen-
tration of Cd(II), as expected (Table 1 and Supplementary data, Table
A3). The constant 8 decreased due to a smaller available sorption
surface for the sorbates [26].

Onthe other hand, the modified Freundlich model was originally
developed by Kuo and Lotse:

e = keGo(t/™) (9)

where kg is the apparent adsorption rate constant, Cy is the ini-
tial Cd(II) concentration and m is the Kuo-Lotse constant [28]. This
model can describe a surface diffusion-controlled process differ-
ent from the intraparticle diffusion, involving the movement of
the adsorbing ion along the walls of the less accessible spaces of
the adsorbent. But for this polyampholyte, which lacks of meso-
pores, the cations will have an easy access to the exchange sites
in the macropores, so the diffusion is not expected to rule the
kinetics. Besides, the estimated m parameter was significantly dif-
ferent from 2, confirming that the intraparticle diffusion in the
nanopores was negligible, and it was independent from Cy (Table 1
and Supplementary data, Table A3).

Soin our case, the modified Freundlich model should be describ-
ing an adsorption rate-controlled process. Bache and Williams
indicated that the energy of adsorption decreased exponentially
with increasing surface saturation, due to an increase in the

perturbation potential as a consequence of the interactions
between the involved species [29]. The kr diminished when
Cp increased, in concordance with this theory (Table 1 and
Supplementary data, Table A3).

For the particular case of the cadmium Cy of 5.98 mgL-!, the
integrated forms of the pseudo-first order model with four param-
eters and of the pseudo-second order model had also statistical
support (Supplementary data, Table A3).

The pseudo-first order model with four parameters involves two
different types of binding sites, and in each case one ion sorbs to
one active site:

Gt = ge1(1 — e7M1) 4 gep(1 — e7k2) (10)

where ¢, is the amount of cadmium sorbed at equilibrium as well
as the equilibrium adsorption capacity of the sorbent, and k is the
rate constant. The subscripts 1 and 2 represent each type of binding
site.

The pseudo-second order model is described by:

gkt
" 14 (gekt)

h=q2k (12)

qr (11)

where k is the rate constant of the pseudo-second order equation,
and his the initial adsorption rate. The pseudo-second order kinetic
model presupposes that each metal ion binds to the active sites on
the surface in a 1:2 stoichiometric ratio [26,30].

The adsorption of Pb(II) was done at pH 6.0. Here, the equations
that gave the most accurate fit to the experimental adsorption data
varied with Cy (Table 2 and Supplementary data, Table A3). When
the adsorption capacity for lead was studied usinga 0.81 mgL~1 C,
the more accurate fit to the experimental data was obtained with
the modified Freundlich model, the Elovich model and the pseudo-
first order model with four parameters (Table 2 and Supplementary
data, Table A3). At this concentration level, the interaction between
the bound species would affect the energy of adsorption with
increasing saturation of the surface, as was observed for cadmium
uptake.

The best fit of experimental adsorption data for 3.37mgL~!
was obtained by means of the integrated forms of the pseudo-first
order model with two parameters and the pseudo-second order
model (Table 2 and Supplementary data, Table A3). The equation of
the pseudo-first order model is

G = qe(1—e™) (13)

The pseudo-first order kinetic model presupposes that each
metal ion binds to one active site on the surface of the sorbent.
The values of h from the pseudo-second order model were affected
by Cp, as expected. In the same way, other zwitterionic polymers
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Fig. 3. Adsorption isotherm of Cd(Il) onto the polyampholyte. Experimental data
fitted to the Langmuir model.

reported in literature exhibited a kinetic profile for cation uptake
described by the pseudo-second order equation [5].

The capacity of adsorption was observed to fluctuate at some
point of each time profile (Figs. 1 and 2). This behavior was
not described by any of the mathematical models tested with
these results. It was attributed to repulsive interactions between
the involved species, followed by conformational changes in the
polyampholyte network that finally brought to the exposure of new
binding sites for the metal ions.

In this sense, it must be remarked that the regression coefficients
(R) for lead uptake at the Cy of 3.37 mgL~! were significantly low,
mainly affected by the evident fluctuation of sorption capacity at
120-300 min.

Then we can resume that the adsorption process ruled the kinet-
ics in a first step, and the conformational change of the network
determined the rate of adsorption in a second step. The kinetic laws
that better fitted these results were those that described variations
of the energetics of chemisorption with the extent of coverage due
to interactions between the involved species.

3.4. Cadmium and lead adsorption equilibria

The mechanisms of cadmium uptake at pH 7.0 and of lead uptake
at pH 6.0 were explored analyzing the results of the adsorption
isotherms for the polyampholyte. Four isotherm models were used
to fit the experimental adsorption data by non-linear regression:
Langmuir, Dubinin-Radushkevich, Freundlich and Temkin.

For both cations, the best fit of experimental adsorption data
was obtained by means of the Langmuir isotherm of one type of
site, according with the evidence ratio based on the Akaike criterion
(Tables 3 and 4, Figs. 3 and 4). The other tested models had no
statistical support due to their significantly larger RSS. This model
can be described as:

_ amCe
- K; + Ce

qe (14)

where C, (mgL~1) is the concentration of metal ion at equilibrium,
e is the adsorption capacity in equilibrium with the corresponding
Ce, qm is the maximum adsorption capacity, and K; is the equilib-
rium constant of dissociation.

Q%q(ma/a) 40
1

50
a

T T T T T
0 20 40 60 80

Ceq (mg/L)

Fig. 4. Adsorption isotherm of Pb(II) onto the polyampholyte. Experimental data
fitted to the Langmuir model.

The change in free energy related to the ion uptake can be cal-
culated from (Tables 3 and 4)

AG° = —RT In Kq (15)

where R (kl mol~! K-1) is the gas constant, T is the thermodynamic
temperature and K, (M~1) is the equilibrium constant of associa-
tion. The negative sign of the thermodynamic parameter indicated
the spontaneous nature of the reaction.

The Langmuir equation assumes a homogeneous surface of the
adsorbent, and there is no interaction between the adsorbed species
on adjacent active sites [31]. The maximum adsorption capacity of
this polyampholyte for Cd(Il) (Table 3) and Pb(Il) (Table 4) esti-
mated from Langmuir equation were higher compared with other
synthetic sorbents reported in literature [7,8,32], similar compared
with some zwitterionic polymers and commercially available ion-
exchange resins [5,6,33]and higher compared with other different
biosorbents [34,35].

These results from the equilibrium did not correlate with the
information coming from the kinetic models, which predicted a
heterogeneous surface for adsorption. For this case, the Freundlich
isotherm was expected to be the best model since it describes
the reversible adsorption occurring on amorphous surfaces, not
restricted to monolayer formation [36].

This apparent contradiction seems to find an explanation in the
zwitterionic nature of the network. Exemplifying with the case of
cadmium uptake, when the negative charge of CO,~ groups at pH
7.0 is screened by the incoming Cd2*, there should be electrostatic
repulsion between the 2MIH* groups and the immobilized ions
(coordination complexes and/or ion pairs; Scheme 2): (CO,Cd)*,
CO,~Cd?*...CO,~, (2MICd)?* and less probable ((2MI),Cd)?*. As a
consequence the network is expected to suffer a conformational
change: an expansion known as “polyelectrolyte effect” [37]. This
effect was also found in the binding of Cu(lIl) ions, and the conse-
quent increment of mobility in the network could be determined
by solid-state NMR [16].

The Langmuir model predicts that the adsorption energies of the
active sites are equivalent on a homogeneous surface at the equi-
librium. From the fit, we could conclude that these sites exposed as
a consequence of the conformational changes had the same nature
than the more accessible residues, at the equilibrium situation.
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Table 3

Isotherm parameters for Cd(II) adsorption on the polyampholyte. Regression coefficients, values of AIC¢ criterium and evidence ratio for Langmuir, Dubinin-Radushkevich

(D-R), Freundlich and Temkin models.

Model Parameters R? AlCc Evidence ratio
Langmuir Gm: 182+19mgg! Ki:62+13mgL! AGe: 0.9711 115.58 1
—18.570+0.087 k] mol~!
Dubinin-Radushkevich qm: 1.64 x 10°> £0.38 Kpr: 5.08 x 1073 £0.40 E:9.92+0.35k] mol ! 0.9627 122.96 40.18
x10®mgg! x 1073 mol? k]2
Freundlich Kr: 6.0+1.1 n: 1.54+0.11 0.9567 127.29 349.03
Temkin Kr: 1.66+0.53Lmg! b: 0.15040.016 k] mol~! 0.7693 175.84 1x101

ge (mgg1)vs. C. (mgL-1) except for D-R model in which C, isingg~'.

Table 4

Isotherm parameters for Pb(II) adsorption on the polyampholyte. Regression coefficients, values of AICc criterium and evidence ratio for Langmuir, Dubinin—-Radushkevich

(D-R), Freundlich and Temkin models.

Model Parameters R? AlCc Evidence ratio
Langmuir qm:202+23mgg! K :69+15mgL-! AG: 0.9825 118.10 1.00
—19.754 +0.093 k] mol !
Dubinin-Radushkevich Gm: 2.15x10% +£0.38 Kpg: 5.43 x 1073 £ 0.40 E: 9.6040.36 k] mol ! 0.9774 126.30 60.25
x103mgg! x 1073 mol? k]2
Freundlich Kr:53+1.1 n: 1.43+0.11 0.9731 131.83 956.41
Temkin Kr: b: 0.8065 194.96 5x 1016
2.98+0.98Lmg! 0.156+0.014 k] mol !
ge (mgg1) vs. C. (mgL-1) except for D-R model in which C. isingg~'.
(o]

/) _/<°

/N\/N"“*Me“

O—L\MezJr
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>\k

Scheme 2. Most probable structures of coordination complexes between each metal ion and the functional groups in the network.

3.5. Binding mechanism

In previous reports we found that this polyampholyte
chemisorbs Cu(ll) by means of coordination reactions which
involve both CO,~ and 2MI ligands [38]. The mechanism of
interaction between Pb(Il), Cd(Il) and adsorbents bearing CO,H
and/or —NH; groups could be based on a coordination reaction,
on a ion-exchange process, or a combination of both reactions
[5-8,33,39-42]. The nature of the interaction between the polyam-
pholyte and these cations appears to be chemical, involving the
CO,~ and 2Ml residues and affected by the pH.

A probable mechanism of interaction is the coordination of the
free form of each metal with 2MI and/or CO,~ residues (energet-
ically indistinguishable), and each cation would bind to only one
site on the surface.

The ion-exchange is another possible mechanism that would
involve the exchange of Na* associated to CO, ~ and of H* associated
to CO,H. Here the cation would bind to the polymer by electro-
static attraction. The absence of changes in the FTIR spectrum of the
polyampholyte at pH 7.0 with the uptake of Cd(II) (Supplementary
data, Fig. A2) was consistent with an electrostatic interaction as a
predominant process.

The mean free energy of sorption (E) derived from the
Dubinin-Radushkevich equation (Tables 3 and 4) is useful for
estimating the type of sorption reaction. An energy range from
8 to 16kJmol-! indicates ion-exchange process, and beyond
16k mol~! a coordination reaction is expected. In our cases, and
according with the E-magnitude, the most probable type of reaction
would be ion-exchange.

The maximum adsorption capacity for Pb(Il) estimated from
Langmuir model was 0.98 mmol g~!, which is close to the density
of titrable CO,~ groups (0.86 mmolg-! at pH 6.0). The maximum
adsorption capacity for Cd(I) was 1.6mmolg~! and the density
of total titrable residues was 1.98 mmolg-!. This fact could be

associated to the coordination of Cd(II) by 2MI residues and the
release of H* [38], and/or to the exposition of more binding groups
which were not available for titration but became accessible as a
consequence of the network expansion.

3.6. Analysis of selectivity, real water samples and recovery

The selectivity of the polyampholyte toward Cd(Il) and Pb(II)
and its applicability on real water samples was evaluated by spik-
ing ultrapure water, well-water and tap-water with different initial
concentration of the metals. Table 5 shows the results of selectivity
and real water sample assays.

The efficiency of ion uptake resulted strongly affected by the
nature of the matrix. In first place, the composition of each sample
matrix differs from the medium in which the isotherms were made
(Supplementary data, Table A4).

It was observed that Cd(Il) adsorption in ultrapure water did not
differ significantly from the uptake in well-water (Supplementary
data, Table A4). Nevertheless, the presence of Pb(Il) greatly

Table 5
Adsorption of Cd(II) and Pb(II) in real water samples and in the presence of each
metal.

Metal Co (mgL~1) Matrix Adsorption (%)
Cd(1n) 1.55 + 0.03 1mgL-" Pb(Il) 10+£5
1.35 £ 0.01 Well-water 72 £ 6
1.10 + 0.04 Ultrapure 80+4
0.600 + 0.007 Well-water 79 +£5
0.52 + 0.02 Ultrapure 83+3
Pb(II) 1.00 + 0.02 1mgL-" Cd(II) 65+ 6
1.1 +£0.1 Ultrapure 35+9
0.50 + 0.06 Tap-water 62 +5
0.42 + 0.02 Ultrapure 35+5
0.20 + 0.02 Tap-water 38+3
0.21 + 0.01 Ultrapure 30.1 £ 0.5
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decreased Cd(Il) adsorption. On the contrary, Pb(Il) adsorption
increased with the presence of Cd(Il). This could be explained by
the equilibrium constants of association calculated from the Lang-
muir model which would indicate that the sorbent will probably
be more selective for Pb(II) than for Cd(II) or at least equilibrium
will be favorable for Pb(Il) adsorption (Pb(Il): K;=2.9Lmmol~';
Cd(II): K;=1.8 Lmmol~1). Besides, the best factor certainly affect-
ing the adsorption capability of ions onto the same adsorbent is the
covalent index proposed by Nieboer and Richardson [43], which is
obtained by multiplying the square of electronegativity by the ionic
radius. The index for Pb2* is twice higher than the index for Cd2*,
which should be understood as a more chelating affinity to the lig-
and relative to ionic interactions, and could explain the selectivity
toward Pb(II) [7].

Pb(II) adsorption was also affected by the tap-water matrix. As it
was observed for Cd(II) ions, the % of uptake was lower than 100%,
attributed to a competition with other cations present in the matrix,
such as Na*, Ca%* and Mg2* for the binding sites in the polymer
network (Supplementary data, Table A4). This matrix effect was
more intense when a lower concentration of Pb(II) was tested, as
expected.

When a matrix with higher saline content than ultrapure water
was used, the presence of ions like Ca?* interacting with the
polyampholyte would lead to electrostatic repulsion and finally an
expansion in the polymeric network with the exposition of more
binding sites [16]. On the other hand, water matrixes with low
ionic strength would lead to a low expansion degree of the net-
work, which would hide a certain amount of binding sites. This
could explain the lower adsorption of Pb(II) when ultrapure water
was used as matrix instead of tap-water. This effect might not have
appreciable influence on Cd(II) adsorption, which has a lower ionic
radio than Pb(II).

The recovery of the metals was evaluated by the adsorption of
0.063 mg L1 Cd(Il) and its subsequent recovery in a volume 5 times
smaller using 1% HNOj as eluent. Cd(II) was released from the
polyampholyte within 2h HNO3 incubation. An amount equiva-
lent to the 82.6% of the initial Cd(II) was recovered and the final
concentration was four times more concentrated than the initial
(0.262mgL1).

4. Conclusions

This stable polyampholyte holds great potential for the removal
of Cd(II) and Pb(II) from water. The amount of immobilized ion was
strongly influenced by the pH, probably related to the degree of
protonation of the binding sites on the polyampholyte surface. The
adsorption process controlled the kinetics of the ion uptake in a
first step and the conformational change of the network deter-
mined the rate of adsorption in a second step. The kinetic model
that better fitted these results were those that described variations
of the energetics of chemisorption with the extent of coverage due
to interactions between the involved species.

On the other hand, the Langmuir model fitted well the results
from the binding equilibrium, predicting that the adsorption
energies of the active sites were finally equivalent on the polyam-
pholyte surface. The predominant type of reaction would be
ion-exchange, according with FTIR results and the E derived from
Dubinin-Radushkevich equation.

The polyampholyte adsorption performance demonstrated to
be dependent to the sorbate and the water matrix. The uptake of
Cd(II) from well-water was not different from the adsorption from
ultrapure water, but was strongly affected by Pb(II) when the sam-
ple was spiked with this heavy metal. On the contrary, the uptake of
Pb(II) was significantly dependent on soluble ions, including Cd(II).

These results suggest the potential application of a material
which has the high adsorption capacity and chemical stability of
synthetic adsorbents and is obtained in a simple procedure as nat-
ural biosorbents, with the possibility of being use in batch systems
or packed columns.
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