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ABSTRACT

Transport properties of tin ions through ion-exchange membranes were investigated by
chronopotentiometry. Since this specie may form positively and negatively charged complex species,
the present work evaluates the transport properties of tin through cation- and anion-exchange
membranes. The chronopotentiometry, where a membrane potential response to an applied current
density is measured, is a powerful characterization method to obtain information regarding the
membrane heterogeneity, transport number of the ions through the membranes and limiting current
density. Experiments developed with Sn(II) and Sn(IV) demonstrated that characteristic transition
times were obtained for both cationic and anionic membranes and for a wide range of applied
currents. The transition time corresponds to the moment where the interfacial salt concentration
becomes zero, and it decreases as the applied current increases. A study of different NaCl
concentrations revealed that chloride ions were the only species capable of crossing the anion-
exchange membrane for both Sn(II) and Sn(IV) species. The behaviour of the cationic-exchange
membrane was more complex and could be explained in terms of the different complex species
formed between tin and chloride, and of the possible hydroxylated tin species present in the

proximities of the membrane.
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1. Introduction

Membrane separation techniques are becoming more
and more mature for the purpose of treating effluents.
Over the last years, ion-exchange membrane processes
have been suggested as promising possibilities for the
removal and recovery of heavy metals and other inor-
ganic toxic substances generated in electroplating
processes [1-3]. The tin present in the spent activating
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solutions originated in the plastic plating industries can be
recovered using an electrochemical reactor with two
compartments separated by an ion-exchange membrane.
In this particular case, the use of a separator is justified in
order to prevent the oxidation of Sn(Il) at the anode,
which would lead to the loss of current efficiency in the
overall process. However, the presence of a separator in
an electrochemical reactor introduces an ohmic drop
which contributes to the increase of the overall cell
voltage. This ohmic drop has to be minimized since
energy inputs and electricity costs are directly affected by
the cell voltage [4].
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For the technical viability of an electromembrane
process it is useful to know the electrochemical behaviour
of ion-exchange membranes, their stability, conductivity,
selectivity, ion transport number and the associated
transport phenomena as the limiting current density. If in
an electrochemical cell separated by an ion-exchange
membrane the applied current exceeds the limiting
current density, operational problems such as the preci-
pitation of inorganic salts, destruction of the membrane
and an increase in the energy consumption can occur,
causing a decrease in the effectiveness of the process [5].

Several works have already demonstrated that chrono-
potentiometry, where a membrane potential response to
an applied current density is measured, is a powerful
characterization method to obtain information regarding
the membrane heterogeneity, transport number of theions
through the membranes and limiting current density
[6-18]. Compared with other characterization methods,
such as impedance spectroscopy and cyclic voltammetry,
it allows a direct access to the voltage contributions in
different states of the membrane/solution system. Com-
pared with steady-state voltage or current-sweeps, more
detailed information can be obtained by chrono-
potentiometry because the dynamic voltage response in
time can be analysed [7,12].

However, most of these studies have been carried out
with sodium chloride solutions [6-14], and few results are
presented with other ions [15-18]. In the case of the
activating solutions of the electroless plating of polymers,
they are mainly composed of SnCl, and PdCl, in HCI as
diluting agent where tin is the major species. As a con-
sequence of palladium reduction, and because of direct
oxidation by air, Sn(Il) is oxidized to Sn(IV), which may
form complex species in the presence of chloride ions. On
the other hand, both Sn(Il) and Sn(IV) present a high
tendency to form hydroxylated complex species at
moderate pH values [19, 20]. Since those complex species
may be positively or negatively charged, the present work
evaluates the transport properties of tin through both
cation- and anion-exchange membranes for a concen-
tration range of tin similar to that occurring in the
activated-wasted baths of the electroless plating of
polymers.

2. Theory

When an electrical current passes through a system
composed of an ion-exchange membrane separating two
identical solutions, the transient process occurring near
the membrane until a steady state is reached can be
studied by means of chronopotentiometry, which consists
on applying a current pulse and measuring the response
of the potential drop across the membrane (E,) as a
function of time.
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Fig. 1. Characteristic shape of a chronopotentiometric curve
obtained for a current intensity above the limiting current
intensity.

Fig. 1 shows a typical chronopotentiometric curve
obtained at a current above the limiting current, where
different regions can be defined. When a fixed current
intensity is applied, after a instantaneous increase in the
membrane potential (E,) which is due to the ohmic
resistance of the system (region 1 of the curve shown in
Fig. 1), a slow increase in the membrane potential can be
observed (region 2). When the concentration of the
electrolyte drops to zero at the membrane surface, the
membrane potential increases rapidly (region 3). The
point at which this increase occurs is the transition time, t,
which is related with the concentration and the diffusion
coefficient of the electrolyte. After the inflection point,
other mechanisms of mass transfer towards the membrane
surface, such as convection, become important. These
mechanisms result in a decrease of the potential growth
rate and its stabilization with time (region 4). The potential
breakdown obtained immediately after switching-off the
current (region 5) corresponds to the ohmic potential drop
over the polarised membrane system. The last region,
referred to asregion 6, describes the diffusion relaxation of
the system [7].

As mentioned above, the transition time corresponds
toasharp increase in the membrane potential drop, due to
the concentration decrease in the depleting solution near
the membrane/solution interface, and can be determined
from the derivative of the membrane potential as a
function of time as shown in Fig. 1 [3]. On the other hand,
the theoretical transition time can be calculated using the
Sand’s equation:
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Fig. 2. Typical current-voltage curve of an ion-exchange
membrane and the characteristic regions.

bulk, i is the current density, D is the electrolyte diffusion
coefficient, z the charge of the counter-ion, ¢, and ¢; are
the transport numbers of the counter-ion in the membrane
and in the solution, respectively, and F is Faraday’s
constant.

Typical current-voltage curves (Fig. 2) can be obtained
from the constant values of the membrane potential, E,,
when the stationary state is reached in the chrono-
potentiograms [6,12]. In this context, three characteristic
regions can be observed in the plot presented in Fig. 2: a
quasi-ohmic variation of the current-voltage curves in the
lower voltage range (region 1), followed by a plateau from
which the value of the limiting current, I;;,,, can be deter-
mined (region 2), and then, an increase of the current with
the membrane potential (region 3). This increase is attri-
buted to several effects: water splitting, electro-convection
and the formation of space charges in the polarization
layer [17]. Eq. (2) predicts a theoretical expression for the
limiting current density [21]:
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where § is the diffusion boundary layer and the limiting
current density, iy, is the limiting current I, divided by
the membrane area (A).

3. Experimental

Chronopotentiometric curves were obtained using a
two-compartment electrochemical cell as shown in Fig. 3.
This cell was composed of two 250 ml symmetrical half-
cells between which the ion-exchange membrane was
clamped. Ionics Cation 67-HMR-412 and Ionics Anion-
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Fig. 3. Schematic diagram of the two-compartment electro-
chemical cell used to obtain chronopotentiometric curves.

204-SXZL-386 were used respectively as cation- and
anion-exchange membranes The main properties and
characteristics of these membranes are presented in
Table 1. The membrane surface area was 12.6 cm™

Two Ag/AgCl flat electrodes, obtained by anodic
chlorine oxidation of silver sheets in 0.1M HCI solution,
were used to impose the current in order to prevent the
generation of H and OH ions by electrode reactions. Two
Ag/AgCl reference electrodes immersed in Luggin
capillaries were used to measure the potential drop
through the membrane, E,. The constant current was
supplied by a Tacussel Electronique PJT-120-1 potentio-
stat/galvanostat. The membrane potential and the im-
posed current were registered using a PC data acquisition
system. The current-voltage curves were obtained from
the steady-state polarization voltage corresponding to an
applied current. All experiments were conducted at room
temperature and without stirring. The experiments were
accomplished after a membrane equilibration period of at
least 24 h using a solution with the same characteristics as
that used in the experiments.

Since Sn(Il) is progressively oxidized to Sn(IV) in the
activating solutions, synthetic solutions of Sn(IV) and
Sn(ll) from analytical reagent grade SnCl,-4H,O and
SnCl,2H,0O were prepared. The selected tin concen-
trations were similar to that occurring in the real solutions
and were in the range of 10 *M. The applied current pulses
depended on the electrolyte concentration and on the ion-
exchange membrane under study.

4. Results

Fig. 4 shows a characteristic set of chronopoten-
tiometric curves measured in the cation-exchange
membrane at different applied current intensities for an
electrolyte concentration of 0.01M SnCl,, When the
applied current is lower than the limiting value (120 mA),
no sudden increase in the membrane potential (E,) is
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Table 1
Main properties and characteristics of the 67-HMR-412 cation-exchange membrane (CEM) and the 204-SXZL-386 anion-exchange
membrane (AEM)
Properties and characteristics CEM AEM
Reinforcing fabric Acrylic Acrylic
Specific weight (mg/cm?) 13.7 13.7
Membrane thickness (mm) 0.56-0.58 0.5
Burst strength (kg/cm?) 7.0 7.0
Water content (% of wet resin only) 46 46
Capacity (mequiv./dry g resin) 2.10 2.20
Water tranport (L per Faraday in 0.6 M NaCl; 16 mA /cm?) 0.149 0.120
0.01 M Na(Cl 0.1 M Na(Cl 1 M NaCl
CEM AEM CEM AEM CEM AEM
Area specific resistance (ohm cm?) 10.1 14 6 11 2 5
Specific conductance (Scm™) 55x10°  3.6x10°° 9.3x10°  4.5x10° 25x10°° 101073
Current efficiency 0.99 0.99 0.94 0.96 0.89 0.88
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Fig. 4. Chronopotentiometric curves obtained with the cation-
exchange membrane for 0.01M SnCl, at different applied
currents.

measured in contrast to current intensities above the
limiting value. Also, the curves below the limiting current
are not characterized by the transition time because the
concentration at the membrane solution surface does not
reach a zero value. Above the limiting current, charac-
teristic transition times are found. After the sharp
membrane potential rise at the transition time, E,, levels
off and a quasi-steady state is reached.

Fig. 5 presents the same representation as that shown
in Fig. 4 for an electrolyte concentration of 0.02M SnCl,.
For an applied current of 20 mA no transition time is
observed because the applied current is lower than the
limiting value. At an applied current of 35 mA, a slight
maximum in E, is observed after the inflection point
which may be attributed to the presence of protons that

(s)

Fig. 5. Chronopotentiometric curves obtained with the cation-
exchange membrane for 0.02M SnCl, at different applied
currents.

are transferred through the cation-exchange membrane
from the anodic compartment. These protons compete
with tin cations for the transport through the membrane
towards the cathodic compartment. The membrane
potential decreases due to the higher mobility of the
protons compared with that of Sn(II), and then a dynamic
equilibrium of the H*/Sn(Il) partition is reached within
the membrane. The presence of H" in solution is due to the
water dissociation phenomenon occurring for over-
limiting currents, generating OH and H".

For applied currents higher than 35 mA, an increase of
E, is observed after a short-time plateau which coincides
with the appearance of a precipitate of Sn(OH), located at
the anodic solution-membrane interface. The presence of
this precipitate is also a consequence of the water splitting
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process which takes place on cation-exchange membranes
placed in divalent metallic chlorides such as SnCl,, MgCL,
NiCl, or CoCL,. In these cases, the water dissociation is
promoted when the corresponding metallic hydroxides
are placed under the conditions of low ionic concentration
and high electrical potential [17].

Comparing Figs. 4 and 5, it is inferred that Sn(II) has a
higher tendency for water dissociation in comparison with
Sn(IV). On the other hand, the Sand’s equation, Eq. (1),
predicts that the transition time varies inversely with the
applied current. This factis reflected in both figures where
the higher the applied current, the lower the transition
time.

Current-voltage curves are experimentally determined
by a step-wise increase of the current intensity through the
cell. After an increase in the current, the system is allowed
to reach a steady state for some time, after which the
membrane potential is measured. The obtained combi-
nations of current and membrane potential give the
experimental current-voltage curve. An example of
current-voltage curve is presented in Fig. 6 where the
cation-exchange membrane behaviour for different elec-
trolytes, 0.02M SnCl, and 0.02M SnCl,, is compared. The
limiting current value obtained for 0.02M SnCl,, around
300 mA, is higher than that obtained for 0.02M SnCl,,
around 25 mA.

The transport of Sn(IV) through the cation-exchange
membrane is a complex phenomenon due to its high
charge density leading to an important hydratation shell,
to its low mobility, and, particularly to its trend to form
insoluble salts. On the other hand, depending on the CI
concentration in solution, Sn(IV) may form different
charged-complex species, as shown in Fig. 7 where the
speciation diagram of Sn(IV) as a function of the chloride
concentration is presented.

Fig. 8 illustrates the speciation diagram of Sn(Il) as a
function of pH. Water splitting produces pH variations in
solution due to the formation of H" and OH ions. Since
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Fig. 6. Current-voltage curves of the cation-exchange mem-
brane for 0.02M SnCl, and 0.02M SnCl,.

H* cross the membrane, OH ions remain in the anodic
side of the cation-exchange membrane producing a local
pH increase, and consequently, this fact produces the
formation of positive hydroxylated complexes such as
Sn(OH)"*, which may compete for the transport through
the cation-exchange membrane. Hence, the behaviour of
the cation-exchange membrane is quite complex and
depends on the presence of the different complex species
present in solution. The lower mobility of the Sn(II) hydro-
xylated species in comparison with that of the Sn(IV)-Cl
complexes could explain the observed behaviour in Fig. 6.

Fig. 9 presents the current-voltage curves for the anion-
exchange membrane and for different electrolytes: 0.02 M
SnCl, and 0.02M SnCl,. The limiting current values
observed in this figure for Sn(Il) and Sn(IV) are about
35mA and 70 mA, respectively, i.e. the limiting current of
Sn(IV) is twice that of Sn(II), which means that chloride
ions are the only species capable of crossing the anion-
exchange membrane in both cases since the amount of
chlorides liberated in solution by Sn(IV), as SnCl,, is two
fold the amount of chlorides due to Sn(Il), as SnCl,. This
assumption is in accordance with Eq. (2) which predicts
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Fig. 7. Speciation diagram of Sn(IV) as a function of chloride
concentration expressed as pCl.
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Fig. 8. Speciation diagram of Sn(II) as a function of pH.
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that the limiting current depends directly on the concen-
tration of the counter-ion in solution. This fact has
important implications as the anion-exchange membrane
only allows the passage of Cl" regardless of the species
under consideration, Sn(Il) or Sn(IV).

In order to corroborate the previous assumption,
experiments with sodium chloride in the anion-exchange
membrane were carried out and are presented in Fig. 10.
As observed in this figure, a similar value of the limiting
current (20 mA) is obtained for 0.01 M SnCl, and 0.02M
NaCl since the Cl ions liberated in solution are the same
inboth cases. The same conclusion can be extrapolated for
0.02M SnCl, and 0.04 M NaCl as both species have the
same value of the limiting current, around 40 mA, which
is twice the value obtained for 0.01M SnCl, and 0.02M
NaCl. Therefore, from Fig. 10 it is inferred that Cl" is the
only species that can go through the anion-exchange
membrane for both Sn(IT) and Sn(IV) since the behaviour
of this membrane is identical when tin is absent, as has
been proved using sodium chloride.

In Fig. 10 is also observed that although the limiting
current value is the same when the amount of CI ions
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Fig. 9. Current-voltage curves of the anion-exchange mem-
brane for 0.02M SnCl, and 0.02M SnCl,.
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Fig. 10. Current-voltage curves of the anion-exchange mem-
brane for different species: Sn(Il), as SnCl,, and NaCl.

liberated in solution is similar, such as in the case of 0.01 M
SnCl, and 0.02M NaCl, the membrane potential, E,, is
higher in presence of Sn(Il) due to the higher mobility of
Na' in comparison with that of Sn(II).

5. Conclusions

This work presents a study of the transport properties
of two ion-exchange membranes present in an electro-
chemical reactor used to process the wasted and rinse
baths of the electroless plating of polymers industry.
These baths are composed of tin as a major species. Since
tin, as Sn(Il) and Sn(IV), may form positively and nega-
tively charged complex species, this paper deals with the
transport properties of tin through both cation-and anion-
exchange membranes.

Chronopotentiometric experiments revealed that
characteristic transition times were obtained for both
cationic and anionic exchange membranes, a wide range
of applied currents and electrolyte concentrations. Experi-
ments performed in the cation-exchange membrane
showed that the water splitting takes place preferably
with Sn(II) rather than Sn(IV). This phenomenon could be
observed by analysing the shape of the chronopotentio-
grams and was corroborated by the presence of a Sn(OH),
precipitate in the anodic side of the cation-exchange
membrane.

The current-voltage curves obtained in the cation-
exchange membrane revealed that its behaviour was quite
complex and depended on the presence of the different
complex species present in solution which compete for the
migration through the cation-exchange membrane
towards the cathode: depending on the Cl concentration
in solution, Sn(IV) may form different charged-complex
species, such as SnCI**, SnCl3* and SnCl;; and on the other
hand, the water splitting process leads to the formation of
positive Sn(II) hydroxylated complex species, such as
Sn(OH)".

On the contrary, the transport through the anion-
exchange membrane depended entirely on the chloride
concentration in solution, which was corroborated by
means of experiments in the presence of NaCl. The
limiting current value was the same in the presence and in
the absence of tin, which meant that chloride ions were the
only species capable of crossing the anion-exchange
membrane.
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