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of the considered metal ion, Cu(Il), from different kinds of complexing resins, and at different conditions,
such as acidity and ionic composition.
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1. Introduction

Complexing resins are widely used for metal ions separation
since the pioneering work of Riley and Taylor [1], because of their
high specificity and sorbing strength for those metal ions which
are complexed by the active groups present in the resin. Dynamic
solid phase extraction (SPE) based on complexing resins is widely
diffused for separation and preconcentration of metal ions from
complex matrices, allowing the recovery of even strongly linked
metalions [2].It has been used for reducing matrix interferences for
example before spectroscopic determination of metals in seawater
[3], or before ICP-MS determination [4]. Separations and precon-
centrations before HPLC or CE have been reported too, to improve
the detection limits [5,6]. In this context it is interesting to predict
the loading behaviour of metal ions on SPE columns or cartridges
and in particular the maximum sample volume which can be fed
to the column without losing solute. Some typical breakthrough
(bt) curves, obtained for copper(Il) on short columns containing
complexing resins, are shown in Fig. 1.

The breakthrough volume (V},) is the eluted volume for which
a low fraction of metal ion emerges from the column. It depends
on the position of the curve along the volume axis and on the
dispersion of the elution front. Various numerical models have
been proposed for the breakthrough curves, based on adsorption

* Corresponding author. Tel.: +39 0382987580; fax: +39 0382528544.
E-mail address: maria.pesavento@unipv.it (M. Pesavento).

0021-9673/$ - see front matter © 2009 Published by Elsevier B.V.
doi:10.1016/j.chroma.2009.12.030

isotherms as the Langmuir isotherm, giving a good reproduction
of the elution profiles [7-9]. Thermodynamic parameters fix the
retention volume (Vy), corresponding to the inflection point of the
bt curve, while the mass transfer kinetics determines its shape.

In the present research a similar but much simpler model is
applied for describing the elution profile [10-12]. Two macroscopic
parameters characterize the bt curves, related respectively to the
adsorption equilibrium and kinetics, as in the model mentioned
above. The first one is the retention volume (VR), i.e. the volume
required to half of the original metal concentration to emerge from
the column [13-15]. It is related to the distribution coefficient D by
the following relationship [16]:

VR =Vm +DVs (1)

which has been successfully used in several chromatographic
techniques, as for example for the reversed phase partition chro-
matography [17]. D is the distribution coefficient, i.e. the ratio of the
concentration of the metal ion in the solid phase (in mmol mLs~1)
and in the solution phase (in mmol mL-'), in all its chemical forms,
at equilibrium. Vi, and Vi are the mobile and solid phase volume in
the column.

The distribution coefficient is an equilibrium parameter,
describing the distribution equilibrium between two phases, which
is most often obtained by the Langmuir isotherms. However the
parameters of the Langmuir equation depend on the conditions, so
they are not really predictive. Better prediction of the distribution
coefficient D in a wide range of conditions can be obtained based
on the Gibbs-Donnan model of the ion exchange resin [18-20].
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Fig. 1. Breakthrough profiles of copper(Il) on complexing resin. (a) IC Chelate (0.073 g of dry resin) at different pH; 0.1 M NaNO3, Cc, =2.4 x 107> M, Cpp =5.0 x 10-2 M, flow
rate 0.8 mL/min; ¢: pH 1.95; A: pH 2.68 (flow interruptions at 125 mL for 5 h and 250 mL for 3 h); O: pH 8.36. (b) Amberlite CG 50 in the presence of ligands; 0.1 M NaNOs;
A: 0.500¢g of dry resin, Ccy =5.0 x 106 M, ethylenediamine 1.0 x 10~3 M, pH 3.97, flow rate 1 mL/min; ¢: 0.200g of dry resin, Ccy =5.0 x 106 M, glycine 5.0 x 1074 M, pH
6.70, flow rate 1 mL/min; O: 0.198 g of dry resin, Ccy =5.0 x 1076 M, IDA 1.0 x 10~4 M, pH 4.4, flow rate =0.95 mL/min (flow interruption at 13.9 mL for 18 h) Continuos lines

calculated as described in the text.

According to this model the resin phase can be considered as a
pseudo-solution in which the active groups are immobilized, but
interact with protons and metal ions. The counter ions not linked
to a specific site are free in the resin phase. The Gibbs-Donnan
model will be here applied for prediction of the retention volume,
according to Eq. (1).

The volume for which the metal ion emerges from the column,
i.e. the bt volume (V},), depends not only on the half exhaustion
point (Vg), but also on the dispersion of the analyte inside the col-
umn at the front of eluate, determined by the kinetics of the mass
transfer process if axial and edge diffusion are less important. In
the present work this point is checked by comparing the sorption
kinetics in column with that determined by batch procedure. In
both cases ion exchange is assumed to be the rate determining step
[21].

A large number of organic and organofunctionalized ion
exchange and complexing materials have been proposed so far
as stationary phase, and several columns containing complexing
resins are commercially available. In the present work two imin-
odiacetic resins, IC Chelate and Chelex 100 and a carboxylic resin,
Amberlite CG 50 were considered. The first two resins have a sim-
ilar morphology, both being microporous, while Amberlite CG 50
is a macroporous resin, as seen in Fig. 2. The equilibrium charac-
teristics of the copper(Il) adsorption on these resins, described by
the Gibbs-Donnan model, are well known [22,23]. For this reason
copper(Il) was here examined as case metal ion.

1.1. Modelling the breakthrough curves

The simplified Thomas and Adams-Bohart models have been
successfully used to describe the sorption in different systems,
as anions (chromate) on anionic exchange resins [24], neu-
tral molecules (phenol) on activated sludge [25], precious metal
ions on cross-linked chitosan [10], proteins on composite silica-
polyacrylamide gel ion exchanger (HyperD) [26], and metal ions
on strong cation exchanging resins [11]. In this case it has been
assumed that the rate limiting step of the sorption process is the
ion exchange [11,12]:

2B+ M?* = M + 2B* (2)

Eq. (2) is a modification of the previously proposed sorption reac-
tion [11,12]. In the case of complexing resins, in which the charged
group is aweak acid, as -NH*, or a weak base as -COO—, the counter
ion in the resin can be free or it can be linked to the active group,
as for example in the case of protons to weak basic groups, or
metal ions to metal complexing groups. The relationship relating
the eluted volume V with the concentration is [11,12]:

C 1
Co  1+exp[(kCo/Q)((qew/Co) — V)]
where C is the outlet metal ion concentration at eluted volume V,

(o is the inlet concentration (molL~1), w is the amount of resin in
the column (g), Q is the volumetric flow rate (mLmin~1) and ge

(3)

Fig. 2. Pictures of IC Chelate in (a) and Amberlite CG50 in (b), obtained with a scanning electronic microscope, Cambridge stereoscan, Au 100 A sputtering.
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(mmol gs~1) is the metal ion concentration in the resin in equilib-
rium with a concentration Cy in solution. The parameter gew/Cy
(mL) is the volume for which C/Cy=0.5, i.e. the retention volume
Vg. It is related to the distribution coefficient D by the following
relationship:

JeWw
Co

which is equal to Eq. (1) if Vi, is negligible with respect to DV, as
it is usually the case. D and Vg can be predicted from the sorption
equilibria as described below.

The second parameter of Eq. (3), kCy/Q, depends on the adsorp-
tion kinetics [11,12]. As a matter of fact kCy has the dimension of a
first order rate constant (min—1).

Complete models have been proposed for describing the ion
exchange kinetics [16], but the most useful ones for practical appli-
cations are those based on some simplifying assumptions about the
rate determining step. Considering the ion exchange reaction (Eq.
(2)) as rate determining in the case of the adsorption of metal ions
on complexing resins, the rate of the mass transfer process by static
contact procedure is [21,27]:

Ve = 2% — py; 4)

dqg w w
= kBT (Co - aryy ) ~ koChary, (5)

q is the concentration of metal ion in the resin phase (mmolgs~1)
at time ¢, V is the volume of the solution phase and Vs is the vol-
ume of the solid phase. kf and k;, are the forward and reverse kinetic
constants of reaction (2). [B] indicates the concentration of a mono-
valent counter ion not linked to the active groups in the resin phase,
in mmol gs~1, and Gy is the concentration of a monovalent counter
ion in the solution phase, in mmol mL-!. In the present investiga-
tion the monovalent counter ion was Na*, at constant concentration
in the solution phase, usually 0.1 M and sometimes 1 M. The counter
ion concentration in the resin is constant at constant acidity, as
far as the amount of complexable metal ions is negligible with
respect to the total active groups in the resin phase. Considering
that at equilibrium dge/dt = 0, ge being the concentration of the
metal ion in the resin phase (in mmol gs~!) at equilibrium, Cy can
be evaluated. Substituting in Eq. (5), the following relationship is
obtained

d

= (lBI'Y + koCRyy ) (g — a0) (6)
The kinetic constant is

ke = kilBI" G + kGG 37 (7)

ki has the dimensions of a first order equation kinetic constant,
min~!, as kCy in Eq. (3). It can be predicted from k¢ and ki, if Cg and
[B] are known. The integration gives this relationship, from which
the kinetic constant can be evaluated:

In(1 = X) = —kt (8)

where X =q;/qe is the fractional approach to equilibrium [28]. The
forward and backward kinetic constants can be evaluated by inves-
tigation at different counter ion concentration.

1.2. Prediction of the adsorption equilibria of metal ion on
complexing resins

The Langmuir and/or Freundlich isotherms which are most often
used to describe the sorption equilibria on ion exchange and com-
plexing resins, are not predictive, since the parameters, for example
the pH and the ionic strength change with the conditions [27].
Moreover the Langmuir isotherm is valid for monolayer sorption
onto a surface by combination with a finite number of identical
sites. This is not always true in the case of complexing resins,

in which a number of complexing groups, differently protonated,
can coordinate the metal ion. A method for the evaluation of the
distribution coefficient in a wide range of different conditions,
and in the presence of different complexation sites has been pro-
posed, based on the Gibbs-Donnan model of the resin [18,22]. The
resin is considered as an aqueous phase containing fixed groups
able to complex metal ions. Since these groups are often proto-
nated, the complexation reaction in the resin phase can be written
as:

M + HyL = MH,L + gH (9)

_ [MEL]H)
C IMI[HL
The species with the overbar are those in the resin phase. K; is
the complexation constant in the resin phase, and according to the
Gibbs-Donnan model should be equal to the corresponding equi-
librium constant in solution. The concentration of the x-protonated
groups HyL in the resin is calculated from the side reaction coeffi-
cient of the species HxL, a1, which is evaluated from the known
protonation equilibria of the active groups, as extensively reported
elsewhere [22]:

> olHiLl

[HxL]
r is the maximum number of protons that can be linked to each
active group. Assuming that the main driving force for the adsorp-

tion of a metal ion is its complexation by the active groups in the
resin, the corresponding adsorption equilibrium is

[MHL][H]
[M][HyL]
Kex can be evaluated from K; by applying the Donnan equilibrium

at the resin-solution interface [22,23] to evaluate the metal ion
concentration in the resin phase:

q—m
Kex = K; [B]

OHL =

M +HyL = MH,L + gH; Kex = (10)

(11)

Bisamonovalent counter ion, a cation in the case of the complexing
resins here considered, not complexed by the groups inside the
resin and m is the charge of the metal ion complexed by the active
groups in the resin. If complexable metal ions are present at trace
level, the concentration of the counter ion in the resin phase can be
calculated from the deprotonation degree () of the active groups
in the resin, i.e. the ratio of the concentration of the deprotonated
(L) to total active groups in the resin:

L 1
SoolHxLl > oKay[HY
K,y are the apparent protonation constants of the complexing
groups in the resin. The partition coefficient of the metal ion, A’/
(mLgres™ 1), is the ratio of the concentration of all the metal species
in the resin phase (qe = 21 [(MH,L);], summation extended to all

the u species in the resin) to the free metal ion in solution ([M]), at
equilibrium conditions:

A= & Z] MHZ
(M] (M]

B = (12)

oy foudt (13)
[H]a,c

L is the total concentration of free complexing groups in the resin
phase. The summation is extended to all the metal species formed
in the resin phase. The ratio of the activity coefficients in the resin
is assumed to be equal to 1, while the activity coefficients in solu-

tion are evaluated by the Debye-Huckel extended equation. The
partition coefficient can be evaluated at many different conditions,
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as for example pH and ionic strength, by Eq. (13). The distribution
coefficient D depends on the partition coefficient and on the side
reaction coefficient of the metal ion in solution:
_Aw
- OlMVS

(14)

o, i.e. the side reaction coefficient of the metal ion in solution, is
the ratio of the total to free metal ion in solution. In the present
investigation A’ is calculated by Eq. (13) from the adsorption equi-
libria of copper(II) on the complexing resins, which were known
from previous investigations [22,23,29]. The model described is
particularly convenient when some simplifying assumptions can
be made. For example, the concentration of free active groups in
the resin can be considered equal to the total concentration, since
the complexing groups are in large excess with respect to the metal
ion in resin phase. Another approximation is that in all the acidity
range investigated, 1 g of water is adsorbed per gram of resin, and
that the density of the solid phase is always 1 gmLs~!. Actually this
is only a rough approximation since the water adsorbed by unit
mass of resin depends on the deprotonation degree [22].

While A’ can be predicted merely from the adsorption equilibria,
D requires also the knowledge of the complexation of metal ion in
solution. On the other hand «; can be evaluated from experimental
D if A’ is known [14,30].

Eq. (13) shows that the concentration of free metal ion M can be
evaluated from the concentration of metal ion adsorbed on the resin
at equilibrium [31]. Since in dynamic procedures the equilibrium
between the stationary phase and the solution is reached when the
effluent concentration is equal to that of the influent [7,8,32-34],
the free metal ion concentration in the original solution, i.e. at Cy,
can be evaluated from Eq. (13) by fixed bed procedure, if A’ and ge,
the metal ion concentration in the resin phase at equilibrium, are
known.

2. Experimental
2.1. Materials and reagents

All chemicals were analytical reagent grade. Milli-Q purified
water (Millipore, USA) was used. Solutions were equilibrated for at
least one day before use to allow complete equilibration between
copper(Il) and ligands.

The complexing resins IC Chelate (Alltech Italia srl) and Chelex
100 (Bio-Rad, Richmond, Ca, USA), with a particle size of 100-200
mesh (70-100 wm), were delivered in sodium form. They were
washed with HNO3 1molL-!, in batch, stirring for 24 h in order
to exchange Na* with H*. Then they were washed with Milli-Q
water with successive portions until the pH of the washings was
4.5. Amberlite CG 50 (Sigma-Aldrich), delivered in H* form, was
treated similarly to the iminodiacetic resins. The maximum capac-
ity, corresponding to the number of active groups (L) per g of dry
resin, is 2 and 10mmolg-! for the iminodiacetic and carboxylic
resin respectively [22,23].

2.2. Apparatus

A PerkinElmer 100B flame AAS and a Shimadzu AA-
6601G/GFA 6500 spectrophotometer ETAAS were used for copper
determination. The operating conditions and the instrumental
parameters were those suggested by manufacturers. The linear-
ity range was 0.1-5mgL-! (LOD 0.2mgL-1) and 1.57 x 10~8 to
7.87 x 10-8 mol L-! (LOD 0.47 x 108 mol L-1) respectively for AAS
and GFA, determined according to the recommendation of the man-
ufacturers. The detection limit was twice the concentration of the
standard sample that gives an absorbance of approximately 0.0044,
multiplied R/S, where R is the highest blank signal and S is the

absorbance of the standard (average of ten replicate analyses). All
the determinations were done in HNO3 0.5mol L~1.

The pH of the solutions was measured with a combined Orion
glass electrode 9102 SC, standardized in H* activity.

Solutions were delivered to the column with a peristaltic pump
(Gilson, Minipuls3) through Teflon tubes previously washed with
HNO3; 1 molL~! and conditioned with a solution of the same com-
position of the sample. The fractions were collected by a fraction
collector 2110 Model, Bio-Rad. The experiments were carried out
in an air conditioned room at 20 & 1 °C, and some times at different
temperatures.

2.3. Column procedure

Glass and polypropylene tubes (Bio-Rad), with an internal diam-
eter of 0.5-1 cm, equipped with polyethylene frits and a removable
polyethylene stopcock, were used to prepare the columns. The
tubes were filled with a slurry of cleaned resins (0.07-0.65g of
dry resin) suspended in MilliQ water. Before connecting the col-
umn, the apparatus was fluxed with 50 mL of HNO3 0.1 mol L-, and
then conditioned with a solution containing only the background
electrolyte (0.05-0.1 molL~! NaNOs3) adjusted to the appropriate
pH with concentrated nitric acid or solid sodium carbonate, at a
flow rate of 2 mL/min. 150-200 mL of mobile phase were required
to obtain a pH in effluent solution equal to that of the influent
within 0.05 units. The pH of the effluent solution was monitored
every 10 mL. The sample was fed to the top of the column at a
flow rate 0.2-1 mLmin~! Effluent fractions (5-10 mL) were acidi-
fied with HNO3 0.1 mol L~ before analysis by atomic spectroscopy.
The volume of fractions was measured by weighting. At the end of
the experiment the column was washed with 1 mL of 0.05 mol L~!
ammonium acetate, and the metal ion adsorbed was recovered
with 40 mL of HNO3 0.5 mol L~1. The dynamic capacity of the resin,
i.e. the mmol of copper(Il) adsorbed per g of dry resins at equilib-
rium conditions, was determined from the experiments for which
a constant concentration of copper(Il) in the effluent was obtained.

2.4. Batch procedure

Different portions of resin (0.10-0.50 g of dry resin in H* form)
were contacted with individual 30 mL volumes of aqueous solution,
0.1 M NaNOs, containing copper(ll) and sometimes IDA as ligand,
under stirring on a rotating plate at 70-300 rotation per minute,
which was sufficient to maintain the suspension. The appropri-
ate pH was obtained with concentrated NaOH and nitric acid, and
controlled by pHmeter. The sorption was carried out up to equili-
bration, i.e. at constant concentration of the metal ion in solution.
After selected contact times, small volumes of the liquid phase,
0.1 mL were separated with a filtration syringe, acidified with HNO3
and the metal ion in solution measured by AAS or GFA.

Experiments were carried out in an air conditioned room, at
different temperatures from 17 to 25 °C, with an uncertainty of 1 °C.

3. Results and discussion

Some typical bt profiles of Cu(Il) on column of iminodiacetic
resin IC Chelate and carboxylic resin (Amberlite CG50) are shown
in Fig. 1a. The experimental details of these and other experiments
are reported in Table 1. The experiment at pH 8.36 in Fig. 1 was
carried out with IC Chelate. In this case the calculated retention
volume (Egs. (4) and (14)) was 3.4 x 102 mL even if the column
was relatively small. A complete elution profile can be obtained in
areasonable time, a few hours at most, only in experiments at much
lower pH.

All the sorption profiles of copper(Il) from Amberlite CG 50 are
symmetrical around Vg, while those from iminodiacetic resins are
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Table 1

Experimental conditions for the investigation of the adsorption of copper(Il) on small complexing resins columns.

Experiment T (°K) Dry resin (g) Veor (ML) ccu (M) CLigand (M) pH Flow rate (mLmin~")
IC Chelate
e 290 0.073 0.1 1.25x 1073 2.50 x 1072 2.75 0.2
2 290 0.106 0.2 2.40 x 10> 5.00 x 102 3.00 1.0
3 290 0.106 0.2 2.40 x 10> 5.00 x 102 3.52 1.5
42 293 0.073 0.1 1.25x 1072 2.50 x 1072 1.96 0.2
53 293 0.073 0.1 1.25x 107> 2.50 x 102 1.96 0.2
6 293 0.073 0.1 2.40 x 107> 5.00 x 102 2.00 0.2
7 293 0.133 0.2 2.40x 10> 5.00 x 102 2.25 1.0
8 293 0.153 0.3 2.70 x 1077 5.00 x 102 2.40 0.8
92 293 0.073 0.1 1.25x 107> 2.50 x 102 2.75 0.8
10 303 0.168 0.3 2.39x 107 1.30 1.0
11 303 0.073 0.1 2.40 x 10~> 5.00 x 102 2.00 0.8
12 303 0.073 0.1 2.40 x 10> 5.00 x 102 2.68 1.0
13 303 0.156 0.3 2.40 x 107> 5.00 x 102 2.40 0.8
Chelex 100
1 rt 0.651 1.2 2.40 x 107> 1.20 0.8
2 rt 0.651 1.2 2.40 x 10> 5.00 x 102 2.20 0.8
3 rt 0.250 0.5 9.00 x 10—> 1.30 1.0
4 rt 0.250 0.5 9.00 x 10> 1.50 1.0
Amberlite CG 50
1 rt 0.500 1.9 5.00 x 106 1.00 x 103 3.97 1.0
2 rt 0.198 0.6 4.90x 1076 1.00 x 104 4.40 1.0
P It 0.200 1.2 5.00 x 1076 5.00 x 104 6.70 1.0

rt: Room temperature.
2 0.05M NaNOs.
b 1.00 M NaNOs.

considerably steeper in the first than in the second part, as seen for
example in Fig. 1b. Moreover in the experiments with IC Chelate
a large drop in the emerging concentration is observed when the
flux is interrupted in column for some hours. The concentration
drop increases with increasing interruption time. The same effect
was observed with Chelex 100, while not with Amberlite CG 50,
where it is not distinguishable from the experimental uncertainty.
Breakthrough profiles with a discontinuity after a flow interruption,
similar to that observed for IC Chelate, have been reported [35,36]
when different diffusion regions are present. In the case of microp-
orous resins IC Chelate and Chelex 100 the mobility of the ions in the
micropores is lower than that in the outer particle film, which is the
only diffusion region in the case of the macroporous Amberlite CG
50. The morphological difference is clearly seen in Fig. 2. The shape
of the whole bt curve is well reproduced by Eq. (3) in the case of
Amberlite CG 50, while not in the case of the iminodiacetic resins.
Here the two parts of the bt curves were independently treated
by Eq. (3), so that two values of the kinetic parameter kCy were
obtained, one for each part of the bt curve. The part of the bt profile
at lower eluted volumes is interesting for predicting the bt volume.
The shape of the second part of the elution profile determines the
attainment of steady state conditions. The results are summarized
in Table 2. The continuous curves in Fig. 1 were calculated by Eq. (3)
with Vg evaluated from the Gibbs-Donnan equilibrium model and
the kinetic parameter obtained experimentally from Eq. (3) in the
first part of the bt profile only in the case of the iminodiacetic resins.
The experimental data in the first part of the bt curve are well repro-
duced by Eq. (3). Other more complex models for unsymmetrical bt
curves have been proposed, for example the equilibrium-dispersive
model when the efficiency of the column decreases with increasing
concentration in the solution phase [7].

3.1. Adsorption equilibria in column

The retention volume depends on the adsorption equilibria
according to Eq. (1). It can be obtained directly from the bt curve,
at C/Cy=0.5, or as a parameter of Eq. (3). In the case of the imin-
odiacetic resins the two Vg values obtained in the two parts of the

elution curve, Vg and Vg, were similar as seen from the regression
line:
Vi = —6(9) + 1.6(2)Vp;; 2 =0.80 (n=11)

This similarity indicates that the same adsorption equilibria take
place in the two parts of the elution curve and that the different
shape is due to the kinetics.

The values of Vg obtained by Eq. (3) correspond well to those
obtained from the bt profile, at C/Cy=0.5, which are reported in
Table 2. They can be compared with Vg calculated by Eq. (1) (Vrcaic)s
using D evaluated from the Gibbs-Donnan model of the resin by
Eq. (14), which are reported in Table 2. The partition coefficients
) used for this evaluation are reported in Table 2 too. They were
evaluated from the protonation and exchange coefficients of the
complexing resins according to Eq. (13). The internal constants (K;)
of IC Chelate are equal to those of Chelex 100, as expected since the
same complexing groups at the same concentration are present in
the two resins. D depends on the side reaction coefficient of the
metal ion in solution, cc, (Eq. (14)) which measures the extent of
the metal complexation in the solution. The side reaction coeffi-
cients reported in Table 2 were obtained from the protonation and
complexation constants of iminodiacetic acid [22], and the other
ligands considered [29] reported in the literature. The speciation
code MEDUSA [37] was used for the evaluation of the side reaction
coefficients. In the absence of ligand the side reaction coefficient is
equal to 1.

The retention volumes calculated from D according to Eq. (1)
(VReale) and those obtained experimentally from the bt curves
(VRexp) are not significantly different:

VRexp = —31(12) + 1.4(2)Vrcalcs 2 =0.87 (n=20)

In this comparison all the experiments in Table 1 were consid-
ered, independently of the temperature. Indeed, the variation of
the equilibrium parameters with temperature is low for a rela-
tively small temperature range around the room temperature, as
that here considered [38]. The complexation constants used for the
evaluation were obtained at 25°C.
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Table 2

Equilibria and kinetics of the adsorption of copper(ll) on complexing resins determined from the bt profiles from small complexing resins columns. The experimental

conditions are in Table 1.

Experiment Ocy A D Vr(bt) VReale kCo (I) kCo (II)
IC Chelate
1 226.9 3.50 x 10° 1.15x 103 110 113 2.03 x 102 2.46 x 1073
2 759.8 9.37 x 10° 9.17 x 10? 95 131 3.53 x 102 1.47 x 102
3 32325 5.41 x 10°® 1.24x10° 255 177 5.45 %102 2.68 x 102
4 14 9.65 x 103 5.16 x 102 27 50 5.37 x 1072 1.11x 1072
5 14 9.65 x 10° 5.16 x 102 30 50 4.65 x 102 6.15x 1073
6 23.7 1.03 x 10% 3.25 x 10% 17 32 2.92 x 102 5.69 x 103
7 62 3.20 x 104 3.98 x 102 56 69 7.13 x 102 2.35x 102
8 107.7 6.35x 10* 4.45 x 102 170 90 5.33 x 102 6.81x 1073
9 226.9 3.50 x 10° 1.15x 103 75 113 9.97 x 102 1.42 x 102
10 1 4.09 x 102 3.05 x 102 119 69 2.01 x 107! 1.89 x 102
11 23.7 1.03 x 10* 3.25 x 102 8 32 1.60 x 10! 1.35x 102
12 282.1 223 x10° 5.92 x 10? 25 58 2.02x 10! 2.00 x 102
13 107.7 6.35 x 10* 4.54 x 102 17 92 2.07 x 10! 1.87 x 1072
Chelex 100
1 1 6.09 x 10! 4.41 x 10! 15 40 8.67 x 102 2.19x 102
2 51.3 6.58 x 10° 9.28 x 10! 42 83 1.87 x 10! 1.60 x 102
3 1 9.77 x 10! 7.08 x 10! 35 24 1.30x 107! 3.48 x 1073
4 1 2.49 x 102 1.80 x 102 63 62 1.46 x 10! 137 x10°2
Amberlite CG 50
1 1.8 3.52 x 102 6.94 x 10! 65 98 5.11 x 102
2 50.5 3.64x 103 2.93 x 10! 16 14 1.43 x 10! 9.94 x 102
3 563 9.16 x 10° 3.62 x 102 453 325 3.25 x 102 450 x 102

bt: Values obtained from the bt curve at C/Cy =0.5.

Comparing Vg of exp. IC Chelate, 1 and 9, with 6 and 11, which
were carried out at similar conditions except a small temperature
difference, but at different flow rate, it is seen that Vy is lower at
higher elution rate, the difference being 31% and 52% in the two
couples of experiments. The experiment at lower flow rate was
always nearer to Vgc,c than that at higher flow rate. This agrees
with previous observations [8], but is not predicted by the simple
model applied, based on the assumption that the concentration of
free active groups is constant, being the sorbed metal ion at trace
level. It is possible that the active groups at the surface of the par-
ticles are rapidly occupied by Cu(Il), causing a local saturation of
the active groups, which reduces 2/, according to Eq. (13). The sat-
uration of the active sites seems to take place earlier at lower pH
when the deprotonated active groups in the resin are at very low
concentration.

Another part of the bt profile related to the adsorption equilib-
rium is when the concentration in the outlet solution is equal to
that of the inlet solution. This can be considered an equilibrium
condition [7,8,32-34], since the concentration does not change in
the two phases. Eq. (13) can be used to evaluate the free copper(Il)
concentration in the presence of total metal ion concentration Cy,
from the concentration of copper(Il) adsorbed on the resin. In Fig. 3
the free metal ion concentration evaluated by Eq. (13) is compared
with [Cu?*] calculated from the side reaction coefficients reported
in Table 2.

The comparison is:

log[Cu?*]caic = —0.5(3) + 0.94(4) log[Cu®* |eyy;
r2=0.970 (n=18)

The fairly good agreement confirms that the proposed model
for the sorption equilibria of copper(ll) on the considered resins
is useful even in relatively irreproducible columns as those of SPE
procedures, making possible a fairly accurate prediction of D and
VR-

While the sorbing properties of a complexing resin can be well
predicted by the proposed method, the prediction of Vg is possible
only if the complexation state of the metal ion in solution is known
too [30].

3.2. Adsorption kinetics in column

The kinetics of the sorption of copper(Il) on complexing resin
columns determines the parameter kCy/Q (mL~1) of Eq. (3), which
represents the slope of the bt profile at the half exhaustion point
[10]. When the bt curve is symmetrical with respect to Vg, as in
the case of Amberlite CG 50, one kinetic parameter is obtained. In
the case of the microporous iminodiacetic microporous resins the
evaluation of the kinetic parameters was made separately for the
two parts of the bt curve, as done for Vg, obtaining two different
values of kCy (min~1), as reported in Table 2.

Differently from the equilibrium parameters, the kinetic param-
eter depends on the temperature, according to the Arrhenius law:

logkCo = —5.0(7) x 103% +16(2); r2=0.81 (n=13) (15)
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-4,0
5,0 - o

5,0 1

log[Culexp

o
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-9 -8 7 5 5 -4 -3
I°g[cu]calc

Fig. 3. Comparison of the free copper(Il) concentration calculated from the known
equilibria in solution and the free copper(Il) concentration obtained by Eq. (13) from
copper(Il) concentration adsorbed on the resin at equilibrium conditions.
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Fig. 4. Kinetic parameter kCo from breakthrough profiles of copper(ll) at different
pH, at T=293+2°K. A: Chelex 100, first part of the bt profile; 4: IC Chelate, first
part of the bt profile; x: IC Chelate, second part of the bt profile; 0: Amberlite CG
50, whole bt profile.

The high irreproducibility is due to the different conditions at
which the experiments were carried out, and probably also to the
poor control of the temperature. In Fig. 4 some kinetic constants
obtained at similar temperature (293 °K) are reported as function
of the solution acidity.

The kinetic constants kCy of Amberlite CG 50 and of the first part
of the bt curve of the iminodiacetic resins are very near, indicating
that the rate limiting step in the first part of the bt curve is the
same for the two resins, probably the ion exchange at the external
particle surface. The kinetic constants in the second part of the elu-
tion profile for IC Chelate are reported in Fig. 4 too. They are lower
than in the first part, suggesting that in the second part the rate
limiting step is the diffusion in micropores, in which the diffusion
coefficient is smaller than in the external diffusion layer.

The acidity and the ionic composition of the solution phase does
not seem to significantly influence the kinetic parameters, while
it highly affects the adsorption equilibria, since the adsorption is
essentially an ion exchange. However it will be shown by batch
procedure that the acidity has an influence on the Kkinetics too.
Probably the experimental irreproducibility of SPE is too high to
make those possible an accurate investigation of the effects of the
solution composition.

The sorption kinetics from solutions at different concentrations
of copper(Il) was examined, sometimes in the presence of ligands.
The kinetic parameter does not seem to be significantly affected,
as seen for example comparing exp. IC Chelate 10, without ligands,
with experiments 11, 12, 13, carried out in the presence of ligand,
which significantly affects the concentration of the free metal ion,
as seen from the side reaction coefficients reported in Table 2.

From the results in Table 2 and Fig. 4 it is seen that there is a
high irreproducibility in the kinetic parameters. In Fig. 5 the kinetic
parameters are reported as function of the experimental retention
volume, whichis related to the column efficiency by the well known
relation

N =16(Vg/W)?

N is the number of theorical plates and W is the width of the chro-
matographic peak at the base. The irreproducibility is much higher
at low Vg, lower than around 200 mL, corresponding to about 100
theoretical plates.

Considering the experiments in which Vj is higher than 100 mL,
at around 20°C, the average value of the kinetic constant is
0.051(5)min~. From this value it can be calculated by Eq. (3) that

0,01
0,24
0,4 4
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logkC,
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Fig.5. Kinetic parameter kCp from breakthrough profiles of copper(Il) at variuos half
exhaustion volumes. A: Chelex 100, first part of the bt profile; : IC Chelate, first
part of the bt profile, T=290°K; x: IC Chelate, first part of the bt profile, T=293°K;
@®: IC Chelate, first part of the bt profile, T=303 °K; 0O: Amberlite CG 50, whole bt
profile, at rt.

VR — V}, is about 40 mL at Q=1 mLmin~!, considering as bt volume
the eluted volume for which 10% of the total concentration emerges
from the column. This value is higher than the retention volume in
some of the experiments considered, particularly at low pH.

3.3. Batch sorption of copper(Il) on complexing resins

Some examples of kinetic sorption curves of copper(Il) on com-
plexing resins obtained by batch procedure are shown in Fig. 6,
where the metal fraction adsorbed is reported as function of time.

Several experiments at different conditions were carried out, as
reported in Table 3. In all the experiments the amount of metal ion
was largely below the total active groups in the considered resins.
The fractions of copper(Il) adsorbed at equilibrium (fz ) are reported
in Table 4, together with those predicted from the partition coeffi-
cient A’ (fca1c) as previously described [22]:

_ 1

fcalc 1 + (aMVsol/)‘/W)
Vol is the volume of the solution phase and the other symbols have
the same meaning as in the column experiments. The partition
coefficient A’ was calculated from the internal complexation and
protonation constants of the resin, as in the column experiments, as
was the side reaction coefficient, aps. Both A’ and ay are reported in
Table 4. The agreement between the fraction of adsorbed copper(Il)
calculated and that experimentally obtained is good. Most often the
fraction of copper(Il) adsorbed was near to 1 at the considered con-
ditions, only in the case of Amberlite CG 50 fractions of adsorbed
metal ion sometimes much lower than 1 were considered. It is seen
that the fraction of adsorbed metal ion at equilibrium is predictable
at different conditions on the basis of the Gibbs-Donnan model.

The consistency of the model can be checked by comparing the
free copper(Il) concentration evaluated by Eq. (13), from the con-
centration of copper(Il) adsorbed in the resin, and that calculated
from the complexation constants of Cu(Il) with IDA in aqueous solu-
tion reported in the literature. These values are shown in Table 4.
The comparison is:

(16)

[Mleyp = —0.8(9) + 0.8(2)[M]caic; 7> =0.701 (n=38)

As for the adsorption kinetics, it is seen in Fig. 6 that the kinetic
behaviour of the two kinds of resin is quite different, as it was in
the column experiments. With Amberlite CG 50 the equilibrium
is reached after about 60 min in the pH range considered, while
a much longer equilibration time is required for the microporous
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Fig. 6. Sorption curves of copper(Il) on complexing resins by batch equilibration. The fraction of adsorbed metal ion is reported as function of time at different pH. (a) IC
Chelate (0.500 g of dry resin); 0.1 M NaNOs3; Ccy =2.1 x 10~3 M: ¢: pH 1.96; W: pH 2.16; A: pH 3.60, ¢: pH 3.90, Cipp =5.0 x 102 M; O: pH 4.30; A: pH 4.80; x: pH 6.05. (b)
Amberlite CG 50 (0.300 g of dry resin); 0.1 M NaNOs; Ccy, =5.1 x 104 M: ¢: pH 3.24; A: pH 3.73, 0: pH 4.52, Cipa =6.7 x 1074 M; O: pH 5.03; a: pH 5.45; ¢: pH 6.36.

iminodiacetic resins particularly at pH lower than 2.5. The kinetic
constant k. defined in Eq. (7), was obtained by Eq. (8). In the case
of Amberlite CG 50 all the points lie on a single straight line pass-
ing through zero, while in the case of the iminodiacetic resins two
distinct straight lines were obtained. The first one, at time periods
shorter than 5min, has slope similar to that of Amberlite CG 50,
while the second one, at longer time, has a lower slope, indicating
that a different diffusion, probably in the micropores, is rate lim-

iting. The kinetic constants kj obtained by Eq. (8) are reported in
Table 4.In some of the experiments with Chelex 100 only the second
straight line was detected, not passing through zero, because only
long time periods have been considered. This behaviour is similar
to that previously reported for the sorption of copper(Il) and zinc(II)
on Chelex 100 and IRC 748 [27].

In general the kinetic parameters k in Table 4 are similar to kCy
determined by the column procedure at the same temperature. The

Table 3
Experimental conditions of adsorption of copper(Il) on complexing resins by batch procedure, in NaNO3 0.10 M.

Experiment T (°K) Dry resin (g) Stirring rate (rot min—") ccu (M) Cipa (M) pH

IC Chelate
1 291 0.4766 108 1.93x10°° 2.05
2 290 0.4849 104 2.20x 1073 2.58
3 290 0.4824 104 230x 1073 5.11x 102 2.88
4 294 0.4836 104 2.08 x 1073 1.96
5 295 0.4553 104 224 %1073 5.00 x 102 2.16
6 295 0.4712 104 2.09x 103 3.60
7 295 0.4601 104 2.13x 1073 5.10 x 102 3.90
8 295 0.4742 104 2.09 x 103 4.30
9 294 0.4750 104 2.21x107° 4.80
10 294 0.4720 104 2.19x 107 6.03
11 295 0.4483 172 2.24x1073 2.00
12 298 0.4480 76 2.23x 1073 1.94
13 298 0.4971 104 2.16x 104 227

Chelex 100
1 291 0.4877 104 1.97 x103 4.98 x 102 2.03
2 291 0.4409 104 1.92x 103 2.06
3 291 0.4617 104 2.19x 1073 5.00 x 102 2.51
4 291 0.4294 104 2.06 x 103 5.00 x 102 2.54
5 291 0.4779 104 2.11x1073 5.00 x 102 2.55
6 291 0.4237 104 220x 1073 2.83
73 298 0.5224 104 4.85x 104 2.00

Amberlite CG 50
1 295 0.3106 104 496 x 1074 3.24
2 295 0.3103 104 519 x 104 3.73
3 295 0.2986 104 497 x 1074 6.76 x 104 4.52
4 295 0.3109 104 5.08 x 1074 5.03
5 295 0.2967 104 5.08 x 10~4 5.45
6 295 0.3017 104 5.13x 1074 6.35
7 295 0.2951 288 5.09 x 104 4.75
8 295 0.1066 288 5.06 x 10~4 5.23
9? 298 0.3107 104 4.87 x 1074 3.80
10 298 0.1089 104 522 x 1074 3.92
11 298 0.2835 104 1.61x1073 4.63
12 298 0.1066 104 5.25x 1074 5.72
13 298 0.2841 68 5.16 x 1074 4.50
14 298 0.2860 76 523 x 1074 4.50
15 298 0.2821 184 523 x 1074 4.52

2 1.00 M NaNOs.
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Table 4

Equilibria and kinetics of adsorption of copper(Il) on complexing resins determined from the adsorption curves of copper(Il) on complexing resins by batch procedure. The

experimental conditions are reported in Table 3.

Experiment 23V fcalc fexp kk (l) kk (H) 1Og[l\/[]exp log[M]calc
IC Chelate
1 1 1.00 0.98 3.8x1073
2 1 1.00 0.98 3.8x 1072 8.5x 1073
3 861 0.94 0.86 2.4x1072 23x1073
4 1 0.99 0.89 1.2x10°2 1.8x103
5 24 0.87 0.66 1.5x 1072 1.8x103 5.0 -4.5
6 1 1.00 0.99 1.4x 107! 2.4x102
7 1210 0.99 0.98 1.3 x 107! 1.9x102
8 1 1.00 0.99 1.8x 107! 3.8x1072
9 1 1.00 0.97 8.7x 102 2.4x102
10 1 1.00 0.97 8.3 x 102 23 x1072
11 1 0.99 0.87 3.1x1072 4.0x 1073
12 1 0.99 0.93 1.8x 1072 3.0x 1073
13 1 1.00 0.93 6.8 x 102 9.6x 103
Chelex 100
1 24 0.64 0.83 5.6x1073 —4.4 —-4.8
2 1 0.97 0.95 54 %1072
3 154 0.74 1.00 93x 1073
4 154 0.72 0.85 7.7x1073 -5.3 -5.7
5 154 0.74 0.91 8.9x103
6 1 0.99 0.99 1.6x 1072
7 1 0.97 0.95 3.4x10°! 1.7 x1072
Amberlite CG 50
1 1 0.32 0.22 1.5x 107! -3.6 -34
2 1 0.74 0.86 5.6 x 1072 -3.8 —4.1
3 1 0.32 0.26 7.2 x 1072 -35 -34
4 1 1.00 0.98 6.7 x 102
5 1 1.00 0.99 7.3x 1072
6 1 1.00 1.00 5.9 x 102
7 1 0.99 1.00 6.2x 10!
8 1 1.00 1.00 54x 10!
9 1 0.59 0.89 2.1x10°! 35 43
10 1 0.67 0.60 9.2 x 1072 3.8 3.7
11 1 0.99 0.99 14x10°!
12 1 1.00 1.00 1.2x 107!
13 1 0.98 0.97 3.6x 1072
14 1 0.98 1.00 43 %1072
15 1 0.98 0.98 7.1x 107!

Arrhenius law for experiments at similar conditions, i.e. at a stirring

rate of 104 rotmin—!, in 0.1 M NaNOs, and pH higher than 3 is:
logky = —6(2) x 10° () +20(6); 12 =0.51(n=

14, grouped in three temperature clusters) .

The parameters of the above relationship are similar to
those obtained by column procedure (see Eq. (15)), where the
dependence of the kinetic parameter kCy from temperature was
considered.

Several different conditions were tested, obtaining largely dif-
ferent kinetic parameters. They should vary according to Eq. (7).
The effect of the counter ion concentration on the kinetic constant
can be observed by comparing the experiments in 1M NaNOs with
similar experiments in 0.1 M NaNOs, reported in Table 4, for exam-
ple exp Chelex 100 7, and IC Chelate 13, at pH~2.2 and t=25°C,
and Amberlite CG 50 9 and 11, at pH~4 and t=25°C. The kinetic
parameters are higher in 1M than in 0.1 M for both the resins, the
differences being respectively 0.27 and 0.077 min~1.

The concentration of monovalent counter ion in the resin phase
([B]) can be evaluated by the Gibbs—-Donnan model, since the intrin-
sic protonation constants are known: 0.18 mmolg~! in NaNO3
0.1M and 1.10mmol g~! in 1M NaNOs for Chelex 100 (at pH 2.2),
and 0.405mmolg-! in 0.1M NaNOs and 2.02mmolg~! in 1M
NaNOs3 for Amberlite CG 50 (at pH 4) [29]. The values of the forward
kinetic constants were determined by solving the two equation
systems. The results are: for iminodiacetic resins, k=191 and for
Amberlite CG 50, kg=112. They confirm that the same step is rate
limiting for the adsorption of copper(ll) on the two resins. Neg-
ative values were obtained for the backward constants, probably

because they are too low to be correctly evaluated from only two
data points, subjected to a considerable irreproducibility.

The knowledge of the forward constant makes possible to eval-
uate the kinetic constant kj at different ionic compositions and
acidity levels of the external solution.

According to Eq. (7), the solution acidity should affect the kinetic
constant, since the concentration of free counter ions in the resin
phase ([B]) depends on the acidity and the ionic composition of the
solution, as extensively described for the two kinds of resins here
examined [22,29]. The effect of the acidity of the solution phase
on the adsorption kinetics is shown in Fig. 7, in which the results
of some experiments carried out at 104rot min~!, T=291°K and
295°K, in NaNOs3 0.1 M, are reported. At pH higher than 3.5, the
kinetic parameter is independent of the solution acidity, while at
lower pH it decreases with increasing acidity. Actually, if the active
groups in the resins are monoprotonated, and if K,;[H] is much
higher than 1, the following relationship is obtained by substituting
the concentration of counter ion in the resin in Eq. (7):

w Cot
ke = ke Ka[H]
When the first term to the right in Eq. (17) is much higher than the
second one, logky vs pH is a straight line with slope 1, while it is
a line parallel to the abscissa at higher pH when the first term is
negligible. The pH effect is clearly seen in batch experiments, while
it could not be detected in the case of the column experiments
(Fig. 5), probably due to the high irreproducibility of those experi-
ments at low pH, and low Vg It is interesting that some aspects of

+kbC§% (17)
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Fig. 7. Effect of the solution acidity on the kinetic constants of the sorption of cop-
per(Il) on complexing resins by batch equilibration, at 104 rotmin="', 0.1 NaNO3; ¢:
IC Chelate, T=295°K; x: IC Chelate, T=290°K; O: Amberlite CG 50, T=295 °K. For IC
Chelate, log ky is that obtained in the first 5 min.

the adsorption kinetics can be well justified on the basis of equi-
librium concepts, as for example the protonation of the weak acid
groups in the resins phase.

Another variable that could have an influence on the kinetic
parameter is the amount of resin per unit volume of solution
(w/V in gs mL~1). This can be appreciated in the case of Amber-
lite CG 50 by comparing Exp. (8) and 9 (w/V=0.0036) with Exp.
(7) (w/V=0.0094), at 104rotmin—!, T=298 °K, or Exp. (14) with
Exp.(13)at 288 rot min~1, T=295 °K. The kinetic constant is slightly
higher when the resin concentration is higher, particularly at lower
rotation rate, but not as much as expected from Exp. (17). More
investigation must be done to elucidate this point.

Several copper(ll) concentrations were considered, from
2x107> M to 5x 10~3 M, in the presence and in the absence of
the ligand IDA. The total or free copper(ll) concentration does not
appear to affect the kinetic constant, neither does the presence
of the ligand IDA, as seen by comparing, exp. IC Chelate 4 and 5
(at t=22°C, pH~2) with 7 and 6 (at t=22°C, pH~3.6), and exp.
Amberlite CG 502 with 3. The differences are within the experimen-
tal uncertainty. The same was found in the dynamic adsorptions in
column. It was previously documented for Chelex 100 and other
metal collectors [39,40] that the exchange of complexed metal
ions is slower than that of aquo-ions. However in the cases here
examined the rate determining step is evidently not the dissocia-
tion of the copper(ll) complexes, but the adsorption on the resin
by ion exchange. Further investigation with different ligands must
be carried out to clarify this point, which is important to transfer
the concepts here described to unknown samples, as for example
environmental waters. Besides the variables described above, the
effect of which can be predicted by Eq. (7), the stirring rate too
influences the kinetics, particularly in the case of Amberlite CG
50. This confirms that the ion exchange takes place at the exter-
nal particle/solution interface, in the film at the particle surface.
The proposed model is not able to predict this effect, however it
has been found that at 104 rot min~! kinetic parameters similar to
those in column at elution rate around 1 mLmin~! are obtained. In
a previous investigation on the batch adsorption of copper(Il) on
Chelex 100 [7], at 25°C and not defined counter ion concentration
in solution, the first order kinetic constant was found to be around
0.8 min~1, not so different for the results of the experiment here
carried out at the same temperature, and in 1M NaNOs, 0.3 min~'.

The kinetic parameters evaluated at time periods longer than
about 5 min are similar to the corresponding parameters obtained
by column procedure, and so can be used for the prediction of the
attainment of equilibrium conditions in column. These kinetic con-
stants are less affected by the counter ion concentration than those
in the first part of the adsorption curve, indicating that the rate
determining step is different, possibly the diffusion in the pores. A
complete investigation of the variables relevant for these constants
was not here carried out.

4. Conclusions

Only seldom a comparison of the equilibrium and kinetic param-
eters of a sorption process from fixed bed and batch experiments
has been carried out. For example in a recent paper [12] the two
approaches were used, but the batch results were considered only
for equilibrium characterization, and the column results only for
kinetics. In the present investigation it has been demonstrated
that both the equilibrium and the kinetic parameters character-
izing the bt profile of copper(Il) on complexing resin columns
can be predicted at different conditions, such as ionic composi-
tion and acidity. It has been demonstrated that this was possible
also in the case of small columns of complexing resins, similar
to the cartridges used for solid phase extraction, with a relatively
low number of theoretical plates. The retention volume Vg, which
depends on adsorption equilibria, can be predicted in a wide range
of conditions, by applying the Gibbs-Donnan model. The agree-
ment between the experimental and calculated Vj is fairly good,
considering the uncertainty in the evaluation of the exchange coef-
ficients. The knowledge of a kinetic parameter is required for the
evaluation of V},. In the present investigation it has been found to be
very similar for the three considered resins, due to the fact that the
ion exchange in the external film is the rate limiting step, at least
under the conditions here considered. The morphology of the resin,
and in particular the presence of micropores, seems to influence
mainly the second part of the elution profile, so it is not important
for prediction of V},. The effect of ionic strength and acidity of the
solution on the kinetic constant has been investigated, and found
to be in agreement with the hypothesis that the rate determining
step for the adsorption of copper(ll) is the ion exchange reaction,
at least in the first part of the bt profile. A large irreproducibility
is inherent to the SPE methods. Despite this, the feasibility of the
prediction on the basis of completely independent determinations
was here demonstrated for two different kinds of resins, the imin-
odiacetic and the carboxylic resin, both of which are widely used
for SPE of metal ions.

Nomenclature

[B] concentration of the counter ion not linked to the active
groups in the resin phase

C outlet concentration of total metal ion

Co inlet concentration of total metal ion

Cg concentration of a monovalent counter ion in the solution
phase

L total concentration of free complexing groups in the resin

D distribution coefficient, i.e. ratio of the total concentration
of the metal ion in mobile and solution phase

ky kinetic constant of the ion exchange reaction in batch

kCo first orderrate constant of the sorption reaction in column

ke, ky, forward and reverse rate constants

Kay apparent protonation constants of the complexing groups
in the resin

K; complexation constant in the resin phase
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e concentration of the metal ion in the resin phase at equi-
librium with Cy

qr concentration of metal ion in the resin phase at time t

Q volumetric flow rate

Vb breakthrough volume, i.e. eluted volume for which a low

concentration of metal ion (for example 1-10% of the orig-
inal concentration) emerges from the column

Vi volume of the mobile phase in column

VR retention volume, i.e. eluted volume corresponding to the
inflection point of the bt curve

Vs volume of the stationary phase in column

w mass of resin in column and batch experiments

X=q¢/qe the fractional approach to equilibrium

Greek symbols

OlH, L side reaction coefficient of the x-protonated groups HxL
in the resin phase

oM side reaction coefficient of the metal ion in solution, i.e.
ratio of total to free metal ion in solution

B deprotonation degree of the active groups in the resin

A ratio of the concentration of all the metal species in the

resin phase to the free metal ion in solution, at equilibrium
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