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Abstract

Equilibrium diagrams have been obtained for the ionic exchange that occurs betw®einrizein solution and the protons present in
a chelating ion exchange resin, in water, in alcohol and in hydroalcohol solvents. These diagrams have also been obtained for a natural
complex solvent (a wine matrix). A mathematical model has been developed to predict this equilibria which gives a good fit for the
experimental data in the first three types of solvents studied and, after making some modifications, also in the last case.

It has been observed that the type of solvent influences not only the resin equivalent capacity but also the equilibrium parameters of
the system. In the case of the wine matrix used as the solvent it has been found that other factors influence the equilibrium diagram, i.e.,
the presence of quelating compounds.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction “pblue clarification”) (Tarantola, 1968 However, the ef-
) S fectiveness of this treatment is limited to a level of iron
The presence of metals in solution in wines, fundamen- gjimination in the range 63—-80% and copper of 90-95%.
tally iron and copper, even in low concentrations, has a |t has been proven that the quantity of residual iron after
great influence on the oxidative stability of the bottled this treatment continues to exercise a remarkable effect on
products Amerine et al., 1979; Berg, 1953; Berg and the deterioration in the oxidative stability of the wine in
Akiyoshi, 1956; Cacho et al., 1995; Kean and Marsh, 1956 the hottle. Furthermore, this technique can induce the for-
Ribereau-Gayon, 1933; Ribereau-Gayon etal., 1988his  mation of undesirable substances such as hydrocyanic acid
sense, it is known that iron concentrations higher than 5 ppm gng ethyl carbamateS@nchez-Pineda and Martin Lépez,
can cause several stability problems, so above this concen1997). On the other hand, cyanurated industrial residues
trations it is necessary to treat the product. Depending on thegre formed and these are classified as toxic and dangerous
OdditieS Of eaCh indUStI’ia| pI’OCGSS |t can be found batcheSresidueS and require an appropriate disposa' regime_
of wine for treatment with concentrations higher than  an alternative operation to blue clarification involves the
10-30 ppm koubser and Sanderson, 1986; Scollary, 3997 gpplication of chelating resins as those used in the ion ex-
For this reason, demetalisation constitutes an important OP-change techniques. One of the most widely employed types
eration in the oxidative stabilisation stage for wines. This 0p- of resin in this respect is reticulated polystyrene resin, which
eration is traditionally carried out in the cellar by the addition has iminoacetic functional groupsi¢. 1) and shows a high
of potassium ferrocyanide (a well-known practice known as selectivity for the elements iron and coppétaflen and
Willey, 1976). Initial experimental results revealed that
* Corresponding author. Fax: +34 956016411. ion exchange technology with resins of this type is more
E-mail addresscristina.lasanta@uca.¢€. Lasanta). effective and more economical than the blue clarification
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the case of chelating ion exchange resins, which has a high
degree of homogeneity in the particle, these heterogeneous
models take less physical sense.
A different model for the ion exchange processes is based
on the Gibbs—Donnan ideaBgsavento and Biesuz, 1998
CH,COOH in which experimental data are treated considering the resin
CH, < as a solution phase separated from the external solution by
an interface. Through this interface a potential is generated,
Fig. 1. Structure of the cross-linked polystyrene matrix of the resin with the Donnal potentlal, and neu”al m0|eCU|eS_ and ions can
divinylbenzene, containing functional groups of the iminodiacetate type. diffuse, however the groups linked to the mainframe of the
resin cannot pass through the interface.

Finally, non-ideal homogeneous models have been devel-
technique, especially for the demetalisation of biological oped that use the Debye—Hiickel equation for the activity
ageing wines. The technique also minimizes the problems coefficients in the liquid phase and the Wilson equations for
associated with the generation of residues. the coefficients of the solid phaskucas et al., 2001 This

It has been demonstrated that the use of a suitable resirtype of models have been applied in the case in order to a
with a high selectivity for the metals iron and copper reduces better prediction of the different situations observed exper-
their concentrations by more than 99.5% in the studied wines imentally.

(Loubser and Sanderson, 19861 addition, this technique

reduces the cost of the operation by more than 60% and

does not produce alterations in the sensorial, physical and2. Equilibrium mathematical model

chemical properties of the wines, thus improving the stability

of the wines against oxidative degradatidtalacios et al., The resin used has the iminodiacetic group as the func-
2001). tional group Fig. 1) and it is believed that the exchange cen-

Having demonstrated the effectiveness of the ion ex- ters are the acid protons of these acetic acid groups (RH).
change technique for the industrial demetalisation processin short, two protons for each iminodiacetic group are avail-
of wines, it is important to understand in detail the phenom- able. On the other hand, the molecular structure of this func-
ena that take place during the exchange process and obtaitional group means that the two acetate groups are in close
data concerning the equilibrium through which the process proximity to one another and it is therefore very probable
occurs. These aspects are necessary in order to carry out athat the chelation of the B&ion occurs only in two coor-
appropriate optimization of the operation variables. dination positions, to form the ferric iminodiacetato com-

In this way, we have to bear in mind that the ion exchange plex (R:Fe"). Equally, due to the relative distance between
equilibrium in non-agueous media was initially studied by two different iminodiacetic acid groups, the formation of the
several authordHelfferich, 1962; Marcus, 1933So initially complex with three coordination positionsgfRe) is consid-
it was thought that ion exchange in this type of nonagueous ered to be improbable. As a consequence, the most likely
solvent could be explained on the same basis as the processhemical reaction of exchange is as follows:
in water, that the resin can be regarded as homogeneous, and
that the entire resin capacity is available for the exchange.ZRHJr Fe' SRoFet + 2H™, (1a)
However, now it is known than they are n@iugner et al., : .
1966. It was demonstrated that thigis not(tj::gcase and that. On the other hand, in aqueous solution, several chem-

the resin capacity is not entirely available when a nonaque ical species of iron can be present in the mediun”(Fe
capacity y aq Fe(OHY*, Fe(OHY" and Fe(OH}). The predominant specie
ous medium is used_(icas et al., 1996 In short, the avail- . .
! . depends on pH. At normal wine pH (3.0-3.5) the predomi-
able exchange capacity decreases as the polarity of the pure L o .
S S . hant specie is Fe(OH), thus a more realistic chemical re-
solvent decreases and, in mixtures, this is determined by the

most polar solvent in the mixturé.gcas et al., 2001 action of exchange can be the following:

CH,COOH

In general, several equilibrium models have been devel- )RH 4 Fe(OH)2T SR,Fe(OH) + 2HT. (1b)
oped that consider the resin as a heterogeneous solid with
different types of active center for the exchanBattersack In any case, the combination valence of iron takes the

(1989) defined two kinds of effects, one due to the influ- value two, so both equations are analogous in order to ex-
ence of the morphology of the resin and the other due to thepress the equilibrium constant of the system. We will repre-
influence of the solvent and adsorbed molecuVéslis et al. sent species #£e(OH) and RFe by the symboR,Fe and
(1996) introducing the idea dflyers and Byington (1986) species Fe(OH) and Fé* by the symbolFe. Bearing in
developed a new model by assuming that the effect of mix- mind that the system consists of two phases, a solid one (the
ture nonidealities is smaller than that due to the resin hetero-resin) and a liquid one (the solution), the symB®# repre-
geneity. In the simplest situation, they use only two types of sents the hydrogen in the resin and the syntbokpresents
functional groups, which are equally abundant. However, in hydrogen in solution.
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The equilibrium constantkK) of this Egs. (1a) and (1b)  (K) and the activity functiori®), for a given equivalent ca-
can be generalized with the following expression, where  pacity of the resifQr) and a total equivalent concentration
are the activities of the participant compounds in each phase:in solution (N7).

) On the other hand, it is proposed that the activity co-
K = JReFedh o) efficients in the liquid phase can be calculated using the

G%HaFe Debye—Hiickel law limit Praustnitz et al., 20Q0This model

is known as the “ionic atmosphere” and is valid for dilute
solutions of strong electrolytes. This theory includes rela-
tive concepts concerning the structures of the solutions of
electrolytes as well as other thermodynamic concepts. For
solutions of up to 1 mol/Kg in concentration, the proposed

TrorelR2Fel p3[H]? expression is as follows:

= . 3
VRHIRHI? 7ealFel © AT

If one defines an activity function in the following way: 14 a;BJI

Since the activities can be calculated as the product of the
activity coefficient using the corresponding molar concen-
tration ([i]), one can express the equilibrium constant by the
following expression:

In'\.:

Vi

+ f1, 9

Year’ where| is the ionic force of the solution, which can be
®==RH (4)  calculated as
TRHYRyFe 1
_ = 2.
and, bearing in mind that the molar concentrations can bel = 2 Z ziti (10)

substituted by the quotient between the normal concentration
(N;) and the valence coefficient of the compougwl;),
then the equilibrium constant can be expressed as follows:

In Egs. (9) and (10)m refers to the molality of each
ion present in solution ang; to their chargeA andB are
constants that depend on the temperature and the nature of

(NRryFe/Valg,re) (N /valy)? the_solvent, Wh_ilez,- isa parameter t_hat is related to the ionic
= (Ne/Valr) 2(Nre/Valre) (5) radius of each ion. Lastlyj is an adjustment parameter that

RH/YEIRA) LT Fe/ Mele also depends on the type of solvent.

On the other hand, the equivalent fractions of each com- It is proposed that the activity coefficients in the resin

pound in each phase can be defined in the following way: can be calculated using Wilson equatioriBester and

N N Modell, 1997. The Wilson model \(Vilson, 1964, is an

l 1 . . .

Xi=—, yi=—, (6) empirical extension of the Flory and Huggins model and

Nt Qr incorporates concepts that consider the combined effects
wherex represents the fraction in the liquid phase girtthe of the differences in molecular size and the intermolecular
solid phaseN7 is the total normality of the ions in solution ~ forces. For a binary system, their adjustment parameters
and Q7 is the total equivalent capacity of the resin. Introduc- are based on the probability of finding a molecule of type
tion of these equivalent fractions in Eq. (5)—bearing in mind A in the vicinity of another of type B. The equation finally
that the combination valence coefficients of the compounds developed is the following:

are the samévaly =valgy = 1; valg,rFe=Vvalre=2)—makes I g ) , A
i Nyag =1—In{ya + (1 - ya)4ps} —
the equation ’AB Yy Yy A+ (= y)Ang
& YRoFe(Xp)° N @) (A =ya)Ba ,
(1—ya) + yadea

 (ORH)?QrxFe

(1—ya)
As there are only two components present in the solution " 7sa =1 —Infya + (1 — ya)4ea} — A= a) + yarden
and the resin (F& and H"), the nomenclature of the equiv- yAAAB
alent fractions can be simplified in the following way: - , 11
P g way ya+ (1 —ya)das (1)
yre=x; xH=(1-x); yrre=y; YRH=(1-Y). whereAag andAga are the Wilson coefficients. In this case,

A and B would be the respective species present in the resin,

Eq. (7) then becomes
a- (7) i.e., RFe" and RH.

pQr _yA-02 _y/A-y?
Nro 1=y x/1-x)?%
In this way, the proposed equilibrium model can be de-
nominated as a quadratic model on the basis of the exponenB.1. lon exchange resin
obtained in the fractions. Eq. (8) relates the equivalent frac-

tion of FE* in solution (x) with the equivalent fraction of The resin used in all cases was a weakly acidic, macrop-
Fe** in the resin(y), by means of the equilibrium constant  orous cation exchange resin with chelating functional groups

(8)

3. Materials and methods



3480 C. Lasanta et al. / Chemical Engineering Science 60 (2005) 3477—-3486

Table 1 Table 2

Characteristics of the exchange resin employed Analytical composition of the wine employed as the matrix

lonic form, as shipped Na Alcohol grade(°GL) 15.5
Functional group Iminodiacetic acid Total acidity (g tartaric ac./L) 4.84
Matrix Crosslinked polystyrene \olatile acidity (g acetic ac. /L) 0.21
Structure Macroporous pH 3.28
Appearance Beige, opaque Total sulphurous (mg/L) 86
Bulk weight (g/mL) 0.800(+5%) Fe (ppm) 0.0
Density in sodic form (g/mL) 1.18 Cu (ppm) 0.0
Water retention (%) 50-55 Na (ppm) 18
Total capacity (H form) (eq/L) 2.4 K (ppm) 480
Volume changgNat — H1) (%) —-30 Ca (ppm) 71
Temperature stability rang€C) —20 to 80 Mg (ppm) 51
pH stability range 0-14 Color (Optical density 470 nm) (ua) 0.092
Product storability (min. years) 2

Data taken from the product information.

3.3. Operation conditions and experiments

(Fig. 1). This resin consists of a matrix of cross-linked  The equivalent capacities of the resin were determined
polystyrene with dlylnylbepzene (8%) and coptams func- using the iron elution curves obtained through a set of glass
tional groups of the iminodiacetate type (Lewatit TP 207, of .qjumns with the appropriate resin. In each case, an iron
Bayer, 1997. It has a high selectivity for the heavy and tran-  o|ytion 0.2 N (in water or ethanol) was eluted through the
sition metals and absorbs them in cationic form. The resin adium (resin) until column saturation was achieved. The
conforms to German law for the food industry (08/07/1993) pH of the aqueous and the hydroalcohol solutions & Fe

in that it contains total soluble organic substance levels be-\yare set at 3.3, which is the normal wine pH. Contrary, the

!ow the limit of 1 ppm. _Its general char_acteristics are outlined pH of the absolute alcohol solutions were not adjusted, due
in Table 1 The stability of the resulting complexes varies 14 the chemical species of iron in this media are different than
from one metal to another. For divalent ions, for example, i sse in water and the aim of the experiment is to determine
the selectivity is in the following order: the equivalent capacity of the resin in these conditions.
All this works were carried out in the appropriate resin

CWt > Hg?t > P > Ni2t > Zn?t > Cdt > C?t > column)s (h(;ghh 0.40m; diameter 0.(|)2 m; tote;l volgme

125mL) and the experiments were always performed ac-

-+ 2+ -+ 2+

F&" > Mn*" > C&* > Mg®". cording to the following steps:

The resin also retains trivalent ions such a§+AFe°’+, e Service phase, in which a feed flow of 5 L/h/L resin was
Cr3* and CG*. used.
e Regeneration phase, with an HCI solution (10%), using a
flow of 2 L/h/L resin, and a total volume of 2 L/L resin.
3.2. Solutions e Clearing phase, with demineralised water, until the exit

) ) ) ) pH current was about 3, and with a flow of 5 L/h/L resin.
The solutions used to determine the equivalent capacity

of the resin and some of the equilibrium diagrams were  Using the data of the elution curves the integral quantity
prepared with iron (lll) chloride (quality PA, Panreac), in of iron mass retained was computed and the equivalent ca-
demineralised water or in absolute ethanol (assay 99.5%,pacities of resin in the different conditions was established.
Panreac) depending on the case. On the other hand, the On the other hand, several equilibrium diagrams were ob-
equilibrium diagrams corresponding to low iron concentra- tained using an experimental set-up that consisted of 100 mL
tions were obtained using a standard solution of iron of flasks with a certain quantity of resin and a certain volume
1+0.002 g/L (quality AA, Panreac) due to the higher con- of iron solution of known normality. These quantities were
venience to obtain the necessary concentrations in the labovaried so that the largest possible range for the equilibrium
ratory. diagram it was covered. The initial pH of aqueous and hy-

The experiments for the wine matrix were carried out droalcohol solutions was settled near to 3.3 in order to ensure
with the same standard iron solution but in this case the that the predominant chemical species of iron in the media
solvent was a typical wine of the area of Sherry wine. The were the normal species in wine. The final pH obtained in
characteristics of the wine are givenTable 2 each flask were different depending on the evolution of the

The resin was regenerated using a 10% solution of 37% equilibria, the mass of iron adsorbed and the mass of pro-
HCI (quality PRS, Panreac) in demineralised water. tons desorbed.
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To attain the equilibrium state between resin and solu- 3000
tions the mixtures were agitated for 24 h in an automatic
agitator at a constant speed of 200 rpm. This reaction time 25007 FPeT
was considered adequate after the monitorization of several 5o !
batch experiments. The contents of each flask were filtered & .
to separate the solid phase from the liquid and the iron con- gl 15001
centration was measured in each case. The quantity of iron

. . . . 1000
retained in the resin was calculated as the difference between
the initial concentration of the solution and that obtained af- 5001
ter the equilibrium. All these experiments were carried out
at 25°C. 0 500 1000 1500 2000 2500 3000

In the case of the equilibrium diagrams obtained for wine
solutions, the wine alcohol level was adjusted to 15.5% prior
to the experiment in order to give comparable results with Fig. 2. Elution curves of F¥ in water (——) and in alcohol media
those obtained in the hydroalcohol mixture. The solution (——). Fe concentration in the eluted media (ppm Fe) vs eluted volume
for the wine matrix was previously demetalized by elution (mL). The straight line shows the initial concentration of iron solutions.
through a loaded column with the same resin as used in the
rest of the experiments. The desired quantity of iron was
later adjusted in solution.

Eluted volume (mL)

3.4. Analytical procedures experimental data shown Fig. 2and applying the integra-
tion procedure indicated previously. The experiment gave
Metal analysis was carried out by atomic absorption spec- values of 1.38 eg/L of resin in the case of water and 1.10 eqg/L
trophotometry (Philips, model PYE UNICAM SP9) using of resin for absolute ethanol. It can be seen that the capac-
an apparatus equipped with hollow cathode lanRislips, ity in the alcohol medium is only 80% of that in water. This
1984. result confirms the previous hypothesis that the capacity of
The pH determinations were carried out using a digital the resin is affected by the nature of the solvent and de-
pH-meter (Crison) equipped with a combined electrode with creases in less polar media. Consequently, as far as the in-
temperature compensation. dustrial application of the exchange technique is concerned,
The alcohol grade was determined by distillation and mea- this indicates that the demetalization process would be less
surement of the density of the distillate, according to the effective as the alcohol level of the treated wine increases.
official methods of analysis in wine©(V, 1990.
The wine used as the wine matrix was characterized as
follows: the total S@ content, total acidity and volatile acid- ~ 4.2. Equilibrium diagrams
ity were measured using the official methods of analysis in
wines IV, 1990). The colour measurement was carried out 4.2.1. Results in aqueous solutions
by determining the optical density at 470 nm using a Hitachi  The previously described experimental procedure was

spectrophotometer (U 2001 model). used to obtain the equilibrium diagrams for3Hel* in
aqueous solution at five different normalities: 0.002; 0.067;
3.5. Data treatment 0.166; 0.333 and 0.667 N. The results are showhign 3.

These experimental data were used to adjust the proposed

The calculations and the development of the equations Mathematical model in the following way. Firstly, the values
used in the mathematical model were performed using ©f the Debye—Hiickel parametekandB (Eq. (9)) for water
a range of computational programs implemented in the Were taken from the literaturey =1.05 andB = 3.17x 10°
program Matlab 6.5, version 12, from Math Works. The (Lucas etal., 1996 Secondly, the parametes;” (Eq. (9))
parameters of the model are obtained from the data by anWas calculated as the average ionic radius of the ions in
iterative calculation algorithm based on the procedure of Solutionin each case, with values 06@x 101%m for Fe*,
square minimaNlathews and Fink, 1999 1.54x 10719m for H" and 181 x 10~1%m for CI~ (Weast,
1975. The parameter&yy and Qr are known (Eg. (8)) and
they reflect the operation conditions of each experiment.

4. Results and discussion Therefore, only four parameters remain to be determined in
the proposed model and these are: the equilibrium constant
4.1. Resin equivalent capacity K (Eq. (8)), Debye's parameter (Eg. (9)) and the Wilson

coefficientsApe_n and Ax_re (EQ. (11)).
The effective equivalent capacity of the resin, both in  The iterative adjustment procedure outlined previously
water and in absolute ethanol, was determined using thewas used to determine the values of these parameters and
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Fig. 3. Equilibrium diagrams of Fe/H* in water: (a) 0.002N, (b) 0.067N, (c) 0.166N, (d) 0.333N, (e) 0.667 N. (-) theoretical diagrams, (0) experimental

data.

they were found to be

K =216, f = 0.624 Apepy = 1.12;

AH—Fe= 0.662.

retical curves is also shown iRig. 3. It can be observed

coefficient in aqueous solution reaching a minimum and then
increasing again.

4.2.2. Results in absolute ethanol
The aforementioned experimental procedure was also
used to obtain the equilibrium diagrams for3Hed* in

The regression coefficient obtained for these values is absolute ethanol at three different normalities: 0.002; 0.067
high (% = 0.922. A graphical representation of the theo- and 0.333. The results are representeBiq 4.
As in the case for aqueous systems, this data was used to
that the curves are lower in the diagram as the solution be-adjust the proposed mathematical model. The corresponding
comes more concentrated. However, at a certain concentra€alculations in this case were carried out as follows. Firstly,
tion of Fe* (between 0.333 and 0.667 N) the curves are the values of the ionic radiia;) were similar to those used
higher again. This effect is a result, according to the applied in the previous case, since these are supposedly indepen-
model on starting from a certain concentration, of the activity dent of the solvent. Secondly, new values for the parameters
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1 The iterative adjustment procedure previously outlined
gave the following values:
0.8
06 A=1.85 B=196x 10% ff = 3.38 Are_n = 2.08;
_ Ax—pe= 1.35.
0.47
2 The regression coefficient obtained was slightly lower
0.2 than that obtained for the aqueous systems but was never-
theless high~2 = 0.853). A graphical representation of the
0 - - - - corresponding theoretical curves is showrFig. 4.
@ 0 02 04 y 06 08 1 In a similar way to the aqueous solutions, the curves ini-
tially become lower upon increasing the solution normality
1 = and, at a certain concentration, they rise again. However, the
= different values ofA, B and validf in this case mean that
0.8+ the minimum point occurs at a lower normality offe
% On the other hand, if we compare the range of curves
0.6+ o obtained in water with the range of curves corresponding
> to ethanol, a negative displacement is observed in the case
041 of the ethanol curves. This effect indicates that the solvent
has a major influence on the exchange process and reduces
0.24 the effectiveness of the exchange process in the nonaqueous
media.
O T T T T
0O 02 04 06 08 1
(®) X 4.2.3. Results in hydroalcohol solutions
1 " Having validated the model for the pure solvent systems
(water and ethanol), it was decided to test the applicability
0.8 54 in solvent mixtures. In this case, the equilibrium data were
o determined using 15.5% hydroalcohol solutions in order to
0.6 1 y mimic the typical composition of the industrial products
> 4 under investigation.
0410 The values of the parameters used in the theoretical model
are as follows. Firstly, the values &f anda; were taken
0.2 to be the same as in the pure solvents, since they are not
0 ' 1 . . dependent on the nature of the solvent. As previously, the
0 02 04 06 08 1 value of Ny corresponds to the specific experimental con-
(©) X ditions employed, 0.002N in this case, to mimic the real

conditions in wine. Finally, the values of the remaining pa-

rameters were taken as all being proportional to the alcohol
content (15.5%) starting from the known values for the pure
solvents. Consequently, the values used are as follows:

Fig. 4. Equilibrium diagrams of F&/H* in absolute ethanol: (a) 0.002N,
(b) 0.067 N, (c) 0.333N. (-), theoretical diagrams, (0), experimental data.

N7 and Q7 were taken as appropriate for the new condi- 4 =117 B=2.98x 10% p = 1.04 Ape-ni = 1.27;

tions (i.e., in ethanol) since they are different to those used 4H-Fe=0.76% Q7 = 1.142.

in water. Finally, the value of the parametemwas taken as

that determined previously in water, as this constant is sup- The above values allow the value pfto be calculated

posedly independent of the nature of the solvent, which is for different values ok. Since they data experimentally ob-

included in thed factor. tained are known, it is possible to compare the predictions
On the basis of the above information, there are five un- obtained using the proposed model with the real experi-

known parameters in the model and these are as follows:mental data. The results of this comparison are presented in

the constanté andB from the Debye—Huickel equation, the Fig. 5 The value of the regression coefficient obtained in

Debye—Hiickelf parameter and the two parametefise_H this case is also high-2 = 0.912).

and Ay _re from the Wilson equations. All of these parame- It is clear that, in general, the proposed model agrees

ters need to be recalculated for alcohol media since they arequite well with the experimental data for the values of the

dependent on the nature of the solvent used. indicated parameters. These results serve to validate the
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Fig. 5. Adjustment of theoretical data [y (theor)] versus experimental data

A - Fig. 6. Comparative representation of theoretical data [y (theor)] with
[y (exp)], in 15.5% hydroalcohol solution.

experimental data [y (exp)] in wine media. (0), initial theoretical model,
(o), modified theoretical model.

proposed theoretical model for aqueous, alcohol and hy-y values were recalculated, but in this case an ionic force
droalcohol media. constant of 0.125, a typical value in this type of wine, was
considered. A comparative representation of the pexal-
4.2.4. Results in wine media ues obtained using the modified model is showig. 6.
Finally, having confirmed the validity of the model in It can be seen that the modified theoretical valugs move
simple solutions, the model was analyzed in a complex nat- close.r to the diagonal ar?d.t'herefore showa better anustment
ural solution, which in this case was wine as a represen- than in the case of the initial theoretical model. This result

tative industrial product for treatment, with iron concentra- demonstrates that the effect of the real ionic force of the
tion of 0.002 N and 15.5% alcohol grade. The values of the medium must be included in the theoretical calculations,
model parameters used in the calculation of the theoreticalthus relegating Eg. (10) to use in simple solutions of known
data were the same as those employed for the hydroalco-cOMposition. . o

hol solutions, since these solutions mimic the conditions in  Nevertheless, despite the modification to the model, the
the industrial product. A comparative representation of the theoreticaly values were not adjusted perfectly to the diag-
theoretical values with the experimental ones is shown in onal and so it seems reasonable that factors other than the
Fig. 6. salinity must contribute to the deviations found.

In this case, however, it is clear that the obtained theoreti-
cal values stray considerably off the diagonal. This situation 4.2.5. Modification due to complexing compounds
indicates that the initially proposed model is not a good rep-  In order to explain the deviations observedHig. 6, it
resentation in the case of the complex solution (wine media) is necessary to consider the existence of substances that are
under investigation. capable of complexing iron in the wine matrix. The pres-

The deviations from model behaviour observed in these ence of this type of substance in the wine has been widely
experiments can be explained by considering the diversereported in the bibliography. These compounds are usually
range of different components present in the wine matrix, organic acids, polyphenols, tannins and proteins, amongst
that is likely to modify the equilibrium. In this sense, a others; where the highest quantity of complexes are formed
major cause of this deviation can be attributed to the high with the organic acidsRibereau-Gayon et al., 1976; De
saline concentration in the wine, which is considerably Rosa, 199Y. In this media, the principal acids forming com-
higher than that expected on considering only the iron plexes with iron are the citric, malic, tartaric and lactic acids
salts. (from highest to lowest stability). However the most abun-

As the salts dissolved in the wine are many and varied, dant acid in wine is tartaric, follow by malic, lactic and cit-
the real ionic force is significantly higher than that estimated ric, been normally reached a total quantity of organic acids
theoretically considering only the iron salts. Since the ionic between 5 and 10 g/L, where more than 75% is tartaric. The
force affects the activity coefficients and the calculated val- most stable complex formed between iron and tartaric acid
ues ofy, these differences in salinity may well be a key in is K(FeGOgH>) (potassium ferritartate) which has 1:1 ste-
explaining the observed deviations. In this sense, theoreticalquiometry De Rosa, 1997; Usseglio-Tomasset, 1978
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Fig. 8. Total iron fraction(xg) versus effective iron fractioqx). Calculus

. take of Eq. (18), which includes the presence of complexing substances
The fact that the F& cations are perfectly complexed and i, the media. Ke=1x 103L/mol andCo = 1 x 102 mol/L).

stabilized in solutions by some compounds would diminish
the quantity of free cations in the media. The effective con-
centration of iron in solution that is able to undergo ionic ~ The result of the quantitative study of Eq. (14), is pre-
exchange with the resin would be lower than the total mea- Sented inFig. 7, where we are taking ¢ = 1 x 10°L/mol
sured concentration of iron. If the measured concentration andCo =1 x 10-2mol/L, that are typical values in wines.
of iron in solution is higher than the effective concentration,  In fact, the theoretical calculations should be carried out
then the normal fraction measured forould also be higher ~ using the effective iron fraction dater) rather than the
than the effective normal fraction of As a consequence, data for the total iron fractioixo), which was used in the
the theoretical estimated values using the experimental ~ Previous calculations for the modeFig. 6). Therefore, a
values would also be higher than those actual. In general, quantitative reproduction of the corresponding deviation due
this would lead to a deviation of the curve for the theoretical to this effect can be obtained using the representation of
y values. the total iron fraction against the effective iron fractiom (

In this sense, it can be considered that a complexing re-versusx). This situation is represented Fig. 8 whereK ¢
action occurs between the free iron ions in solution (that we andCo are the same as ifig. 7and pH = 3.3.
will represent with symbol Fe) and the different complexing It can be seen that the form of the resulting curve is sim-
substances (represented with symbol C listlessly of charge)ilar to that presented ifrig. 6, so it is possible to explain
to form a stable iron complex (symbolized by FeC), that we the type of deviations observed Fig. 6 by considering

can consider with a 1:1 general stequiometry. This reaction this modification. In consequence, a complete mathemati-
is represented as follows: cal model which present good fit to the real system must to

include Eq. (14) to obtain the effective valuesxof
Fe+ C = FeC. (12)

If the free iron and free complexing concentrations in so- 5. Conclusions
lution are expressed as a function of the total concentrations

in the media of each of the constituents {fed G), re- Firstly, it is necessary to point out that the equivalent
spectively, the equilibrium constant for this reactiokic) capacity of the studied resin decreases on changing from
can be calculated as a function of the molar concentrations:water to alcohol media and reaches a level of approxi-
[FeQ [Fep] — [Fel mately 80% of the initial value. Ther.efore,. it hgs been shown
Kc = (13) that the alcohol grade of the medium significantly affects

= = _ R
[FEIICT [FellCol — [FellFep] + [Fel the ionic demetalisation process, with the yield decreasing

On clearing the concentration of free iron as a function as the concentration of alcohol in the medium increases.
of the concentration of total iron, one has the expression

_ _ _ 2
(Fel = (Kc[Col — Kc[Feol +1) & \/(Igli[co] Kc[Fepl + 1D + 4K c[Fen] _ (14)
c
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The developed theoretical model includes the Debye— Lucas, A., Valverde, J.L., Romero, M.C., Gémez, J., Rodriguez, J.F,
Hickel equation for the liquid phase and Wilson equations 2001. lon exchange equilibria in nonaqueous and mixed solvents on
for the resin phase. It has been demonstrated that the model the cationic exchanger Amberlite IR-120. Journal of Chemical and
. .. . . . . Engineering Data 46, 73—78.
IS SumCI?ntly valid for the process in qu,esuon both in Wa__ Marcus, Y., 1973. lon exchange in nonageous and mixed solvents. In:
ter and in alcohol or hydroalcohol media. Nevertheless, it wmarinsky, J.A., Marcus, Y. (Eds.), lon Exchange and Solvent Extraction,
is clear that factors exist in the wine matrix that make the  New York, (Chapter 1).
ionic exchange process move away from the ideal behaviourMathews, J.H., Fink, K.D., 1999. Numerical Methods Using MATLAB.
initially considered in the model. Prentice Hall, New Jersey. (Chapter 5).

Among the factors that cause deviations, it was found that Melis, S., Markos, J., Cao, G., Morbidelli, M., 1996. lon-exchange

g o ! ) . equilibria of amino acids on a strong acid resin. Industrial and

the value of the real ionic strength of the medium, which  gngineering Chemistry Research 35, 1912.
is higher than that calculated on the basis of the iron salts Myers, A.L., Byington, S., 1986. Thermodynamics of ion exchange:

alone, is extremely important due to the presence of a diverse Pprediction of multicomponent equilibria from binary data. lon
range of salts dissolved in the medium. Exchange, Science and Technology. Ellis Horwood Ltd., Chichester.

Equallv. it was shown that it is necessary to bear in mind Naden, D., Willey, G., 1976. Reduction in copper recovery cost using
a Y: itis ssary ! Ind, solid ion exchange. Society of Chemical Industry, London.

when establishing the theoretical considerations for the pro- o}y, 1990. Recveil des Méthodes Internationales dAnalyse des Vins et
posed model, the presence of iron-complexing substances in des Modts. Office International de la Vigne et du Vin, Parfs.

the medium. These substances reduce the effective iron conPalacios, V.M., Caro, I., Pérez, L., 2001. Application of ion exchange
centration in solution and, therefore, diminish the exchange techniques to industrial process of metal ion removal from wine.

effect and reduce its effectiveness Adsorption 7, 131-138.
) Pesavento, M., Biesuz, R., 1998. Characterization and applications of

chelating resins as chemical reagents for metal ions, based on the
Gibbs—Donnan model. Reactive and Functional Polymers 36, 135—-147.
Philips, 1984. Introduction to Atomic Absorption Spectrophotometry, third
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