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ABSTRACT

The paper reports the results obtained by studying the kinetics of release of
anti-carious ions, such as Ca®" and F", from a carboxylic cation exchanger, Lewatit
58528, and a weak base resin, Lewatit MPG2, and their binary mixtures of
different compositions in contact with solution of amificial saliva. The release of

. ions from the resins was studied by using both the “shallow bed™ and the “limited
volume™ techniques varying the granulometric composition of the resin fractions
in the range of bead diameters from 0.42 to < 0.050 mm. It has been shown that
the kinetics of Ca’" release is far slower than that of F ions. The release of F ions
from the resin mixtures of different compasitions is essentially not affected by the
presence of the cation exchanger in the Ca-form in the mixture. An opposite
situation is observed for the release of Ca® ions, which appears to be far slower in
the presence of the anion exchanger in the F-form in the resin mixtures. The
results obtained are explained by different diffusivities of the jons under study,
The formation of a microcrystalline CaF; layer on the surface of cation-exchanger
beads has been shown to be responsible for the retardation of calcium ions release
from the resin phase
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INTRODUCTION

lon-exchange materials are mainly used for removal and separation of ionic
species from agqueous or non-aqueous solutions [1-5] Demineralisation of water
[6-8] and other nom-electrolytes [3, 9, 10], removal of metal jons from industrial
waste walers and effluents [11-13], separation of metal ion [14-16] and some
other problems can be successfully solved by using ion-exchange materals of
different types. The majority of industrial applications of ion exchangers are based
on the “demineralisation™ concept. Nevertheless, their ability to substimute
{exchange) ions of one type for ions of another type quite logically suggests a
possibility 1o use these materials for “remineralization™ purposes. For example,
application of jon-exchange materials as an easily regulated source of desired
ionic species was effectively used for the preparation of artificial nutrient media
for plants (ion-exchanger soils) [I7]. For this purpose a cation- and anion-
exchange resins were first loaded with ions of biogenic elements such as, K,
Ca*, Mg", NOy, H:PO, and some others and then mixed in the desired
propaostion corresponding to the physiological demands of plants [18]. A similar
approach can be used to soive some other remineralization problems such as, for
example, remineralization of mineralorganic (e g , dental) tssues.

Tooth caries (both deep and surface) is known to result in demineralization of
dental tissues due to bacterial activity leading to the formation of lactic acid and
some other products of bacteria metabolism. This acid, being a relatively strong

complexing agent [19], can interact with calcium containing tssues (such as, &.g.,
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fluoroapatite) converting calcium component in the water soluble calcium lactate.
This results, in murn, in the destruction of canies infected teeth due 1o their partal
decalcination. A conventional treatment of deep canes is based on the use of
calcium hydroxide comaining materials. The prevention of caries is usually
provided by using fluoride containing toothpastes, mouthrinses and varnishes [20,
21). Several communications reported the use of jon-exchange resins in the Ca-
and F-forms for the anti-carious treatment of dental tissues [22-24]. Nevertheless,
no data on the kinetics of Ca®" andior F release from jon-exchange resins under
conditions imitating their i wivo application can be found in the L1l_mr|.|:n=

The present work has been undertaken 1) to study the kinetics of Ca®™ — (K™ +
Ma") and F — CI" exchanges on weakly acidic and weakly basic ion-exchange
resins in contact with solution of artificial saliva, 2) to evaluate the mechanism of
the ion-exchange reactions under consideration through identification of the
ﬁrm rate-controlling step, and 3) to study the kinetics of both Ca™ and F

releass from the mixtures of powdered resins of different compositions

B

EXPERIMENTAL

Reagents, lon exchangers and Apparatus

Calcium chloride, sodium fluonde, sodium chloride, potassium :h}m‘idf.
potassium hydroxide and acetic acid of analytical grade were purchased from
Panreac (PA. Barcelona, Spain). Carbaxylic resin, Lewatit $8528, and a weak

base resin, Lewatit MP62, were kindly supplied by Bayer Hispania Industrial,



Jag MURAVIEY, TORRADOD, AND VALIENTE

TABLE 1. MAIN CHARACTERISTICS OF ION-EXCHANGE RESINGS

Type Lewatit S8528 Lewatit MP&2
Functional group Carboxylic Tertiary amine
Capacity (mmol/g) 3.5540.03 291004

| Color Yellow Beige
Density (g/em”) 118 1.03

| Apparent density (g/cm’) 0.75 - 0.85 0.60 - 0.70
Working pH range <4 <8

5.A. The main properties of the resins are collected in Table 1. Seamless cellulose
dialysis tubing was purchased from Sigma Chemical CO. (5t Louis, USA)
Doubly distilled water was used in all experiments. Prior to expariments the resins
were additionally conditioned by following a standard procedure [25]. The
conversion of the resins to the desired ionic form was camied out under dynamic
conditions in jon-exchange columns by passing 0.3 M CaCl; or 09 M NaF
solutions through the resin beds The cation and anion exchanger werse
preliminary converted to the K- and the Ac-form, respectively, to simplify their
final conversion to the desired ionic form {Ca*" or F). After complete loading of
the resins with respective counter-ion the resin phase was rinsed with water to
remove the excess of electrolyte solution. Then the resins were quantitatively
removed from the columns, filtered and air-dried. Samples of the air-dry resins in

different ionic forms were sieved by using a standard set of stainless steal sieves
(CISA, Spain) to collect the narrow granulometric fractions with bead diameters
of 0.42, 0.335, 0.205 and 0.105 mm. To fulfil this condition, only the beads stuck

in the holes of the respective sieve were collected. A portion of each resin was
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also powdered by using 3 mechanical agate mortar (Retsch RMO, Germany)
followed by sieving to obtain resin fractions with particle diameter of <0.05 mm.
The concentration of calcium ions was controlled either by the ICP technique
using an ARL Model 3410 spectrometer with minitorch (emission line of

422,87 nm) or by a $300BN Onon selective electrode and a 3010 Easi Ag/AgCl
reference electrode. The concentration of fluoride ions was followed by using a
2609BN Orion combined fluoride selective electrode. The release of ions under
batch experiments was followed up by PC contmolled ion-selective electrodes
Gilass columns (of 1.0 and 1.5 cm i.d) with a porous polymeric bed mpm at the
bottom and transhucent end fittings (Bio-Rad, USA) were used for carrying out the
iun-ex&mu equilibrium and kinetic expeniments under dynamic experiments.
Glass cells {of 5.5 cm i.d) connected with a thermostat (Grant KA, Spain) were
used to study the ion-exchange kinetics at a given temperature under batch

conditions

Procedurs

The experiments on the kinetics of ion exchange on resins of different
granulation were carried out under dynamic conditions at 293 + | K by using the
“shallow bed™ technique [see Ref 25, p.94]. A small portion of each resin (0.1-
0.5g) of known granulation was placed in an ion-exchange column. A solution of
astificial saliva (0.5 g/dm’ NaCl and 1 g/dm® KCI) was passed through the column
at 2 high flow rate (35 ml/min). The resulting eluate was collected in portions

followed by determination of either Ca** or F concentration in all samples
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collected. Then the resins were rinsed with water to remove the excess of
electrolyte solution followed by stripping of the residual Ca®* or F ions with
either 0.5 molidm’ HCI (for cation-exchange resin) or 0.5 molidm® NaNQ, (for
anion-exchange resin). The stripping solution was collected and analysed to
determine either Ca** or F content. Determination of the uta-mrmllﬁr.-g step was
carried out by using the “interruption test” technique described elsewhere [see
Ref 25, p. 87).

The experiments on the kinetics of ion-exchange on finely powdered ion-
exchangers (bead diameter <0.05mm) were carmed out under batch conditions at
310 4 0.5 K by using the “limited volume™ technique [26]. A small portion (0.050
g) of the resin or resing mixture of different composition was introduced imo a 6
cm dialysis tube. In experiments on evaluation of the rate of Ca®” and F diffusion
through the dialysis membrane (blank-experiments), the ube was loaded with an
aliquot of 2 ml containing the same amount of respective ion as the resin portions
used. The tube was closed hermetically and placed on a stainless stesl net supporn
rigidly fixed at the bottom of the thermostatic cell containing 50ml of artificial

saliva pre-equilibrated at 310 K. The liquid phase in the cell was vigorously

the cell was counted as zero me for kinetic experiments. The data obtained in
dynamic experiments were used to determine the degree of resin conversion, F,
expressed a5 follows:

j
eV

F =izt ()
du
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where v, is the volume of the eluate sample number f; ¢ is the concentration of ion
under displacement (Ca’* or F) in i sample, and g. is the total capacity of the
resin, which was determined from the results of kinetic and stripping experiments

as follows:
"fu‘Efa"'J"'FmEm- (2)

where Vg is the volume of the stripping solution collected, and C. is the
concentration of ion under interest in this solution.
The results of kinetic experiments obtained under batch conditions were used

to calculate F values by using the following equation:

FeVaucl)
J

(3)

where Vg is the volume of artificial saliva in the cell; cft) 1s the concentration of
ion under study in the cell corresponding to the period of time t, and g = mg, is
the total capacity of the resin sample of mass m (g) with specific capacity of g,
(meg/g).

Experimental results obtained in kinetic experiments under dynamic conditions
were presented in the form of respective kinetic curves (F versus time plots)
followed by their treatment with the use of the following equations describing the

kinetics of ion exchange controlled by intraparticle diffusion mechanism:
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Model 1 [26]:
F=1.08 (By" (4)

where t is the tme, and parameter B is the effective diffusion rate defined as
follows:

Dg?
ﬂ'n—rr

(5

Here D is the diffusion coefficient of ion under consideration in the resin phase,

and r is the radius of the resin beads,

.
Model 2 (Vermeulen approximation) [27, 28):
D gt
~In(l- FY)=—-1t=8t (6)
r'

&

Model | (equation 4) is known to be applicable at F < 0.05 while the range of
applicability of Model 2 {equation &) covers the interval of all possible F values

from Owo 1.

RESULTS AND DISCUSSION

The ion-exchange reactions, which proceed in systems involving the resins
under study and solution of artificial saliva (AS) can be written as follows:
Lewatit 58528 = AS system

(R-COO); Ca + 2Na® — IR-COO" Ma® + Ca® (M

(R-COO) Ca + 2K" — 2R-COO'K® + Ca¥ (8)
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Lewatit MP62 — AS system

RAR'SHN'F + CI' -+ R{R'LHN'CI + F (9)

After adding equations (7) and (3) one obtains the following equation describing

the overall cation-exchange process proceeding in Lewatit 58528 — AS system.
(R-COOY) Ca + (Na"+K") = (R-COO R Na'K* + Ca™ {(10)

Equation {10} permits to reduce the tricomponent cation-exchange system under
consideration to a pseudo-bicomponent one The validity of this approximation
follows from the far higher selectivity of the carboxylic resin towards 'Ca® in
comparison with that for alkali metal ions such as, Na™ and K [29-31], Indeed,
the far lower affinity of the resin towards unicharged ions and their higher
diffusivity in the resin phase (in comparison with Ca’* [see Ref 25, p.90]) allows
one to neglect their imerference with each other. The ion-exchange reaction (10)
can be considered to proceed “against™ the selectivity of the resin and must be
characterised by slow kinetics. The ion-exchange reaction (%) must proceed far
faster than reaction (10) as in this case the sorbability sequence of exchanging
jons is the opposite, i.e. a stronger sorbed jon (C) displaces a weaker sorbed one
(F).

The typical concentration-time histories (kinetic curves) of Ca™ - (Ma” + K')
and F — CI' exchanges on Lewatit 58528 and Lewatit MP62 resin samples of
different granulation are shown in Fig.1a and Ib, respectively. As follows from
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FIGURE 1 .Concentration-time histories of Ca™ — Na /K™ (a) and F - CI' (b)
exchanges on Lewatit SB528 (a) and Lewatit MP&2 (b) resin samples
of different granulation at 293 K- 042 mm (circles), 0335 mm
{squares);, 0.205 mm (triangles); 0.105 mm (inverse tnangles).

the comparison of the kinetic curves shown in Fig 1a with those presented in Fig.
Ib, the rate of F ions releass is far higher than that of Ca’" ions, which confirms
the above predictions. The kinetics of ion exchange in both systems depends on
the size of resin beads indicating that intraparticle diffusion is the rate-controlling
step of both processes This conclusion is confirmed by the results obtained by
determination of the rate-determining step of the ion-sxchange reactions under
study, shown in Fig. 2. As seen, the rate of exchange on both cation- (see Fig. 1a)

and anion-exchange resin (see Fig. 2b) substantially increases after a temporary
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FIG. 1. Continued.

isolation of the resin from the solution phase (“interruption test™) This result
" clearly indicats that the ion-exchange process in both cases is controlled by the
intraparticle diffusion mechanism [25]. An additional confirmation of this
conclusion is provided by the data shown in Figs. 3 and 4 where the results of the
treatment of kinetic curves shown in Fig | are treated by using equation 4 (see
Figs 3a and 4a) and equation 6 (see Figs. 3b and 4b). As seen, both F vs 1'% and -
In(1 = F%) vs t dependencies are well approximated by straight lines, which
provides additional confirmation of the above conclusion about intraparticle
diffusion comtrol of the ion-exchange processes under study. Note that similar

linear dependencies were obtained by the treatment of other experimental data on
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FIGURE 2. Kinetic curves of Ca - Na/K (a) and F - Cl (b) exchanges obtained in

“interruption test” experiments on resin samples of different
granulation: 0.42 mm (circles), 0.335 mm (squares);, 0.205 (riangles).
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FIGURE 3. Results obtained by treatment of kinetic curves of Ca®™ — Na K"
exchange on Lewatit S8528 resin sample of 0.42 mm by Mode! |
and Model 2 (b). ¥ @
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FIGURE 4. Results obtained by treatment of kinetic curves of Ca®™ - Na"/K’
exchange on Lewatit 58528 resin sample of 0.335 mm by Model | (a)
and Model 2 ().

kinetics of both cation- and anion-exchange with Model | and Model 2. The
results of these calculations are collected in Table 2 where the values of effective
diffusion rate (B values, see equations 4 and &) of Ca™ and F ions in the
respective resin phases are shown. As seen from Table 2, the effective diffusion
rates of both Ca™ and F ions substantially increase, as might be expected, with
the decresse of diameter of resin beads The data of Table 2 quantitatively
illusirate the difference in diffusivities of Ca®™ and F ions in the corresponding
rﬁiﬂphﬂﬁ.nﬁ:hdmhemnﬂuimdhyth:vmunfﬂuuf&:ﬁw
diffusion coefficients, D, of Ca™ and F icns. The D{Ca™") and D(F) values

calculated by using equations 4 and & are collected in Table 3.
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FIG. 4. Continued,

As follows from Table 3, although the DNCa®) values calculated by both eguation
4 and 6 are in a good agreement with each other, the use of Madel 1 (equation 4)
provides a bemter accuracy of D determination. The absolute D{Ca™) and DNF)
values differ from each other by four orders of magninude. This reflects the
influence of the selectivity parameters in the systems under consideration on the
kinetics of the respective ion-exchange processes. The data shown in Table 2 also
permit to estimate the B values corresponding to the resin fractions of small
particle sizes {resin powders), which can be used as an active caries preventive
component of toothpaste, vamishes, etc. This estimation is of particular

importance as & very high hydrodynamic resistance of the powdered resin bed



380

MURAVIEY, TORRADO, AND YALIENTE

TABLE. 2. EFFECTIVE DIFFUSION RATES, B, OF Ca® AND F IONS IN

BRESIN PHASE.
B (s")
B(Ca)x L0 B(F)x 100
Particle diameter (mm) Model 1 Model 2 biodel 2
042 1.4 2 23
0335 1.7 2 14
0.205 49 5 25
0105 93 7 T2
0.os 13 g BS

# Estimated from — log (B) vs particle size dependencies shown in Fig 5 (see 1ext).

TABLE. 3. EFFECTIVE DIFFUSION COEFFICIENTS, D, OF Ca** AND F

[ONS [N BESIMN PHASE.
Effective diffusion coefficient (m*s”
D (Ca")x 107 D (F) % 10"
Partcle diameter (mm) Model 1 Model 2 Maode] 2
0420 105 55+1.2 5.54+320 37209

complicates the experimental determination of B values for resin powders under
dynamic conditions (by using the “shallow bed™ technique). Fig. 5 shows -log B
versus bead diameter, d, plots for both systems under study. As seen in both cases
-log B vs d dependencies can be satisfactorily approximated by a straight line and,
hence, can be used to estimate B values cormmesponding to the resin fractions with
small particle sizes. The results of this estimation are also shown in Table 2 for
resin fractions of 0.05 mm.

The dramatic difference in Ca™ and F ion diffusivities reponed in Tables 2
and 3 must influence the rate of ion release from the powdered resin mixures.
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FIGURE 5. -log B versus particle diameter dependencies for Lewatit 58528 (a)
and Lewatit MPS2 (b) resins.
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This hypothesis is based on the following equilibrium and kinetic features of the
ion-exchange system involving a mixture of cation- and anion-exchange resing in
the Ca- and F-forms and AS solution:

I The jon-exchange reactions 9 and 10, proceeding simultanecusly, are
accompanied by interaction of Ca*" and F ions leading to formation of low

solubility calcium fuoride:

Ca + 2F — CaF, (11)
characterised by the solubility product, L.

L= [Ca¥HF] =2.7x10" (12)

It is easy to demonstrate that the ion-exchange equilibria in this systems can be
described by the equilibrium constant K. which is obtained by combining the
equilibrium constants of reactions 9 and 10, K; and K; respectively, with

equation 12 [32]:

_KiK2

K tor T

(13)

As seen from equation 13, the overall ion-exchange equilibrium in the system
must be shifted to the right as Kix >> |. This means that both cation- and anion-
exchange reactions in the system are coupled with each other due to subsequent
reaction 11 procesding berween the ionic products of reactions 9 and 10.
Formation of low solubility CaF; results in the decrease of concentration of both

Ca® and F ions in the solution phase which leads, in turn, to the shift of both ion-
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exchange equilibria to the rght Nevertheless, the shift of the equilibrium
parameters of systems involving low solubility substances can be complicated by
a substantial decrease of cation release.

2. The kinetics of ion exchange in a polyphase system including a cation
exchanger, an anion-exchange resin and a erysaallising substance is known to be
complicated by the formation of a solid crystalline laver (solid core) of low
salubility compound on the surface of the resin beads [33]. This layer can
substantially decrease the rate of ion-exchange reaction (ie, the rate of ion
release) due to the parial blocking of the resin bead surface by a hu:d-h- penetrable
(for exchanging ions) solid crystalline core [33]. The formation of the solid core
preferentially proceeds on the surface of the ion exchanger that exhibits a slower
kinetics (usually the cation exchanger) than the other ion-exchanger component of
the system. For example, let us consider a batch system including a mixture of
Lewatit $8528 and Lewatit MP62 resins in the Ca- and F-form, respectively, and
gsome limited volume of AS. Under these conditions one can expect a relatively
fast accumulation of F ions in the liquid phase in comparison with Ca' ions. In
this situation the fluoride anions can be imagined as to be “awaiting” for the
appearance of calcium cations from the cation exchanger (o interact with them as
in reaction 12. This interaction most probably proceeds at the surface of the
Lewatit 58528 resin beads. Hence, the kinetics of Ca** release in the system under
consideration must be slower in comparison with that of Ca®" ions from the
Lewatit S8528 resin alone measured under identical conditions. At the same time,
the rate of F ion release in the resins mixture must be nearly identical o that from

the Lewatit MPS2 resin alone.
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FIGURE 6. Conocentration-time histories of fluoride release from powdered
Lewatit MP62 resin (a) and mixtures of Lewatit MP&2 and Lewatit
58528 resins im F- and Ca-form, respectively, of different
compositions at 310 K, Lewant MP62 ; Lewatit 58528 ratio (in
equivalents of functional groups) = &:1 (circles); 4:1 (squares); 2:1
(triangles).

The confirmation of the above predictions is provided by the results of batch
experiments carried out with monocomponent resin samples and resins mixtures
of different compositions shown in Figs. 6 and 7'. Indeed, as seen in Fig. 6 the
kinetics of F - CI' exchange is not significantly affected by the presence of a

cation-exchanger in the Ca-form in the resin mixture (cf. Fig. 6a and 6b). On the

'mmﬂm&mmufmmﬂmﬁnﬂjm&mw carrespanding
to dynamic kinetic prudies. Therefore, the results cannot be campared with tesibs ghown is Fig, 1.
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contrary, as clearly follows from Fig. 7, the release of Ca’* ions from the resins
mixture appears to be far slower than that from a monocomponent resin. As seen
from Figs. 6 and 7, the composition of the mixture has only a very small effect on
the rates of either Ca** or F ion releases. Note that the rate of both Ca®™ and F
diffusion through the dialysis membrane is far higher than that of ions release
from respective resins and can be disregarded.

The confirmation of the validity of the above hypothesis about the decrease of
the rate of Ca™ release in the presence of F ions in the solution phase due to
formation of a solid CaF; core on the surface of the cation exchanger beads was
obtained from the results of the following model experiment. Two small portions
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FIGURE 7. Concentration-time histories of calcium release from powdered
Lewatit 58528 resin (a) and mixtures of Lewatit MPS2 and Lewatst
8528 resins in F- and Ca-form, respectively, of different
compositions at 310 K. Lewatit MP62 - Lewatit 58528 ratio (in
equivalents of functional groups) = 1:6{circles);, 1:4 (squares), 1:2
(triangles); 1:1 (inverse triangles).

of Lewatit 58528 resin (bead diameters of 0.42 and 0.105 mm) were placed in
ion-exchange columns and teated under “shallow bed” conditions (see
Expenimental section) with a NaF solution having an F concentration equal to that
of CI' ions in AS. The eluate was collected in portions in volumetric flasks
containing a certain volume of 0.1 M NaEDTA to prevent the precipitation of
CaF; in the solution collected. Then the eluate samples were analysed for Ca™

content to plot the concentration-time histories shown in Fig8. As seen, the
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FI1G. 7. Continued.

kinetics of Ca™* - Na” exchange in the presence of F” ions appears to be far slower,
as might be expected, than that of Ca®™ - (K* + Na") exchange from AS.

The resin phase used in this experiment was removed from the columns
followed by Rltration from the solution phase and drying. Dry resin samples were
analysed by SEM (scanning electron microscopy) technigue by using a JSM-6300
micrascope. The results of SEM analysis clearly indicated the formation of CaF;
microcTystals on the surface of resin beads. Hence, the formation of solid CaF,
core, by providing an additional diffisional resistance for the release of Ca** ions
can be considered to be the main factor responsible for the decrease of the rate of
Ca™"~ (K™ + Na") exchange in the system under study.
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FIGURE B Concentration-time histories of calcium release from Lewatit 58528
resin of different granulation in Ca-form in contact with MNaF {full
symbols) and AS (empty symbols) solutions at 293 K (see text): 0.42
mm {circles), 0 105 mm (inverse triangles).

CONCLUSIONS

The results obtained in this study can be summarised as follows:

1. The kinetics of release of Ca”" and F ions from the weak acid cation
exchanger Lewatit 58528 and the weak base anion exchange resin Lewatt
MP62 in contact with solution of artificial saliva is controlled by the
intraparticle diffusion mechanism.

2. The rate of ion release from both jon-exchange resins studied can be

quantitatively described in terms of effective diffusion rates (B values) of the
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respective ions in the resin phase. The dependencies of -log B on the diameter
of resin beads 15 satisfactonly approximated by straight lines and can be used
to estimate B values for finely powdered resin fractions.

3. The rate of F ion release from the mixtures of resin powders of different
compositions is not significantly affected by the presence of cation exchanger
in the Ca-form, while the kinetics of Ca’" release from resin mixtures
substantially decreases in nnl;:lpln'sun with that from a monocomponent resin
sample

4. The difference in rates of Ca’* and F~ ions release from the resin mixtures is
attributed to the difference in their diffusivities in the respective resin phases
leading to the accumulation of the faster diffusing F ions in the solution
surrounding the beads of cation exchanger in the Ca-form. Interaction of Ca™
and F ions accompanied by the formation of microcrystals of low solubility
CaF; on the surface of cation exchanger beads results in a decrease of the rate
of Ca® release from the resin phase.

5. The mixtures of powdered Lewatit 53528 and Lewatit MP62 resins in the Ca-
and F-form, respectively, can be applied as an additive 1o toothpastes, tooth
varnishes and other caries preventive materials as they combine a high rate of
fluoride ion release with a sufficient release of calcium ions providing both

anti-carious and remineralising activity.
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KINETICSCHARACTERIZATION OF IONSRELEASE UNDER
DYNAMIC AND BATCH CONDITIONS. I. WEAK ACID AND WEAK BASE
TYPE RESINS.
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Abstract

The aim of the present work concerns with a study on the kinetics of release of both
Ca’" and F from loaded ion exchange resins (weak acid and base character for Ca?* and
F respectively), using both dynamic and batch experimental conditions, with an
artificial saliva solution as ion exchange media at 293 and 310 K. The influence of
resins particle size and temperature were evaluated by the kinetics parameters effective
rate of release (B) and diffusion coefficient (D). The rate of ions release increases with
temperature and when particle size decreases. The experimental data were fitted by
models based on intraparticle diffusion controlled processes. Under dynamic
experimental conditions, the linear dependence of —og (B) with the diameter of resin
particles can be applied for the estimation of B values when resins of very low particle
size are considered. Under batch experimental conditions, only alinear relationship was
attained for the case of slow ion exchange kinetics systems.

K eywor ds. ion exchange, kinetics release, macroporous ion exchanger, intraparticle
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1. Introduction

Calcium is a very abundant element in human body, 99% is found in bones and teeth
whereas the 1% remaining is required for functions like blood clotting, nervous signals
transmission and muscular contraction. Fluoride, on the other hand, is present in trace
quantities but, ingested in appropriated quantities in water and food, and used topically
in toothpastes, chewing gums, mouthrinses, etc, reduces the risk of dental caries and
promotes enamel remineralization.' With this aim, new controlled release formulations
based on ion exchange resins loaded with both ions immobilized have been
developed.?** The main advantage of including ion exchange resins in controlled
release systems is the possibility of lowering the release rate of the active principle, thus
increasing the long-lasting effect. On the other hand, these ion exchange resins act as
regulators of the damaged tissues (e.g. teeth enamel) responding to their demand and
providing, this way, an efficient remineralizing effect. The application of ion exchange
materials has also additional advantages, in comparison with conventional chemical
reagents. They do not introduce undesirable ions in the solution, the ions release is only
due to the ion exchange reaction, they are characterized by pH values practically neutral
and they can also adsorb bacteria on their surface. The majority of these resins are non
toxic and are used not only in the pharmaceutical industry and medical applications,”
but in the food industry as well.®

The aim of the present work has been to carry out a preliminary study on the kinetics of
release of both Ca®* and F from the corresponding ion exchange resins (weak acid and
base character for Ca®* and F respectively), using both dynamic and batch experimental
conditions, with an artificial saliva solution as ion exchange media at 293 and 310 K.
With fixed physicochemical parameters like porosity, crosslinkage, shape and ionic
resins form, pH and ionic strength of the external solution, the influence of particle size
and temperature were evaluated by kinetics parameters effective rate of release (B) and
diffusion coefficient (D).

2. Experimental

2.1. Materials

Highly purified ion exchange resins, carboxylic type Lewatit S8528 and terciary amine
type Lewatit MP62 with macroporous structures were kindly supplied by Bayer
Hispania Industrial, S.A (Barcelona, Spain). CaCl, 1 M and 0.3 M, KCI 0.01 M, NaCl



0.008 M, NaF 0.9 M, NaNO3 0.3 M and, NaOH 2.2 M solutions were prepared from the
corresponding Panreac (Barcelona, Spain) pro anaysis quality solid salts. HCI 1 M and
HAc 0.8 M solutions were prepared by dilution of the corresponding concentrated
Panreac (Barcelona, Spain) pro analysis quality acids. In al cases, deionized water
Milli-Q quality (Millipore, USA) was used.

2.2. Instrumentation

The release of Ca®* and F under batch experimental conditions, was determined by
corresponding ion selective electrodes system Orion (USA) controlled automatically by
a PC, whereas under dynamic conditions, Ca?* was determined spectrofotometrically by
inductively coupled plasma atomic emission spectroscopy technique (ICP-OES) using
an ARL model 3410 minitorch (USA). All the samples were analyzed with an
uncertainty lower than 1.5 % and al the experiments were carried out by triplicate.

2.3. Resinsloading

Resins were conditioned by following a standard procedure.” The conversion of the
resins to the desired ionic form was carried out in ion exchange columns under dynamic
conditions by passing agueous solutions of the corresponding concentrations through
the resin bed. After complete loading, the resin phase was successively washed with
water to remove the excess of electrolyte solution, then quantitatively removed from the
column and separated from water by filtration, followed by drying at the oven (60-70
°C). Resins in the different ionic forms were kept in hermetically sealed vials to avoid

water absorption.

2.4. Resins capacity

Determination of the specific capacity of the different resins towards Ca®* and F was
carried out under dynamic conditions in columns by following a standard procedure. A
weighed portion of each loaded resin was introduced in a 10 cm column (8 mm @) and
the counterion of interest was eluted with HCI in the case of the cationic resin and with
NaNOs in the anionic one. Eluate was collected in volumetric flasks and analyzed. The
results of the analysis were used to determine the specific capacity of the resins, g,

according to the equation:



g = 2

where V is the total volume of euted solution, Ci is the concentration of the solution
containing the eluted ion i and Wi is the weight of resin loaded with this ion. The

specific capacities determined experimentally are shown in Table 1.

2.5. Grinding and sieving

A fraction of each type of resin was ground in a mechanical agate mortar Retsch RMO
(Germany) and sieved by using a set of standard stainless steel sieves in a mechanical
siever, CISA (Spain). Thus, separate fractions of the resins were collected with particle
sizes of diameter 0.42 mm, 0.5-0.42 mm, 0.42-0.25 mm, 0.25-0.16 mm, 0.16-0.05 mm,

and <0.05 mm.

2.6. lon exchange kinetics determination
2.6.1. Dynamic conditions

The study of ion exchange kinetics of the different samples was carried out under
dynamic conditions using the “shallow bed” technique.® A small sample resin portion
loaded with the specific target ion was introduced in a column connected to a thermostat
and, a solution of artificial saliva (solution of concentration 1g/l KCl and 0.5g/I NaCl)
was passed through the resin bed at high flow rate (~30 ml/min). Experiments were run
at 310 K. All the resulting eluate was collected in volumetric flasks, analyzed and these
analytical data transformed to the degree of conversion, F, by using the equation:

th

GVi

F ot ,
a (2)

where vi corresponds to the volume of the eluate portion i, Ci to its concentration and ..

the total capacity of the resin, expressed as:
q, = .GV, +Vstr Cstr (3)

where Vstr corresponds to the volume of an eluate sample obtained from an elution,
with either acid or nitrate, carried out after the kinetics experiment and, Cstr to its

concentration.



2.6.2. Batch conditions

The study of the kinetics of ions release under batch experimental conditions was
carried out using the “limited volume” technique.® A small resin portion loaded with
the corresponding target ion was introduced in a thermostated cell (at 293 or 310 K),
containing 50 ml of artificial saliva vigorously agitated. The moment when the sample
got into contact with the desorbing solution (artificial saliva) was considered as the
starting time (time zero) for the kinetics experiment.

The experimental data obtained by ion selective electrodes were expressed in terms of

degree of conversion values, F, of the resins by applying the equation:

_ Vasc( ti )
q,

F (4)
where Vs is the volume of artificial saliva contained in the cdll, c(ti) is the concentration
of the target ion at the experiment time ti and, .= mgs is the total capacity of the resin
(in mmols), being m the weight of resin portion and gs (mmol/g) the specific capacity of

the resin towards the corresponding ion determined as described in the section 2.4.

3. Resultsand discussion

3.1. Influence of particlesize on therate of Ca’* and F release.

Kinetics release of Ca®* and F from the different particle size fractions, either under
dynamic or batch experimental conditions, are shown in Figures 1a-b and 2a-d. It can be
observed that when resin particle size decreases the rate of ions release increases,
because the contact surface between the solution and active functional groups of the
polymeric matrix increases. Note that for fluoride ion this effect can be appreciated in
shorter times because the rate of release is very fast. In previous studies,™ it was shown
that the rate of Ca* release is considerably lower than the corresponding of F, what can
be explained by the higher affinity of Ca?* towards the related polymeric matrix against
the corresponding affinity of F.

Under batch conditions, resins characterized by a slow kinetics can rarely release all
ions initialy immobilized in the resin phase because of the attainment of the
equilibrium with the media surrounding that will then contain the ion released as the ion

exchange process proceeds. On the contrary, under dynamic conditions the desorbing



solution passing through the resin bed is free of counterions to be released, that’s why

higher degrees of conversion are obtained.

3.2. Influence of temperature on therate of Ca®* and F release

Temperature has a clear effect on ion exchange processes.*? Figures 3a-d show that an
increase in temperature results in an increase in the rate of ions release as a consequence
of an increase in diffusion coefficients. This effect is reflected under both, dynamic and

batch conditions.

3.3. kinetics characterization of theion exchange process

3.3.1. Kinetics models description

Interruption tests carried out in a previous study™ showed that the rate determining step
of the ion exchange process under study was the intraparticle diffusion. So, results from
the above Figures la-b and 2a-d were treated by specific kinetics models, valid for the
description of ion exchange processes controlled by an intraparticle diffusion

mechanism under dynamic and batch conditions.

3.3.1.1. Dynamic conditions

a) Mode 1%

Thismodel isvalid for low degrees of conversion (F<0.05), so it will be applied only to
the data obtained from the kinetics release of Ca?* because F conversion degree gets

unity in afew minutes. The model is based on the following equation:
F =1.08(Bt)"? (5)

where B is the effective rate of release which is related to the diffusion coefficient, D,

by the expression:

B=—7, (6)

being r and t are the resin particle radius and time respectively.



b) Mode 2*

The applicability rank of this model covers the whole range of degrees of conversion, F,
from O to 1, and is based on the equation:

Dr?

“In(1-F2)=2 %

t = 2Bt (7)

where B is the effective rate of release, D the diffusion coefficient, r the radius of the
resin particle and t the respective time.

Lineal dependencies of F versus t¥? (Model 1) and —In (1-F?) vst (Model 2) verify that
the mechanism through which the ion exchange process takes place is controlled by
intraparticle diffusion. Some results of the treatment of the experimental data are shown
in Figures 4a-c. Figures 4a and 4b correspond to the application of models 1 and 2
respectively to the data obtained of the release of Ca®* whereas, results on Figure 4c
corresponds to the application of model 2 on data of the release of F. In this latter case
and as indicated before, only model 2 can be applied because F conversion degrees are
considerably higher than 0.05.

Results obtained from data treatment with equations 5, 6 and 7, are shown in Table 2.
As can be appreciated in this table, the effective rates of release increase when particle
size decreases.™* It is al'so remarkable the great difference existing in the diffusivity of
both ions in the respective resin phase. This difference can aso be characterized in
terms of the effective diffusion coefficient, D, defined as the mean of diffusion
coefficients of all particle sizes. The corresponding values are presented in Table 3.

The obtention of Ca* effective diffusion coefficients four orders of magnitude lower
than the corresponding of F, makes evident the influence of the selectivity parameters
of the ion exchange systems studied.

The application of both models to Ca?* release data provides effective rates of release
and effective diffusion coefficients that are in a good agreement between each other.
Results presented in Table 2 for Ca?* at 310 K, together with those obtained at 293 K
reported in a previous study,** are plotted as - og (B) versus particle size in Figures 5a-
b. Note that for the results obtained from the application of both models at 293 K there
is alineal relationship with particle size. On the contrary, at 310 K the corresponding
slope is considerably lower than the expected if it is compared with the results at 293 K.
Only a good correlation of -log (B) versus particle size at both temperatures will allow

predicting the behaviour of the ions release from resins of particle diameters different of



those studied in the present study. In the case of F (Figure 5c), there are no significantly
differences between correlations obtained at 293 and 310 K. The high rate of release of
the F <> CI" exchange results in minimal variations in rate of F release from the
corresponding polymeric matrix of different particle size.

Batch conditions are specially interesting for particle size resins lower than 100 microns
due to the high hydrodynamic resistance existing when working under dynamic

conditions using the “ shallow bed” technique.

3.3.1.2. Batch conditions
T.R.E. Kressman and J. A. Kitchener'® deduced an equation for ion exchange systems

under batch experimental conditions:

Q 6 Q Dt

S rataly ®
where Qq is the total quantity of ions initially immobilized in the resin phase, Q..is the
quantity of ions released from the resin phase at equilibrium time, Q; is the quantity of
ions released from the resin phase till the moment t, r the resin particle radius, D the
diffusion coefficient of the ion through the ion exchanger and, t time.
By plotting of Q/Q., versus t¥2, diffusion coefficients will be determined and, from
equation 6 effective rates of release will be evaluated. In Figures 6a-h examples of the
treatment of data presented in Figures 2a-d by the model described above are shown.
The mode fits all particle sizes correctly, however, two different behaviours can be
distinguished mainly in fractions of bigger particle size. The initial release is slower due
to afirst step of swelling of the resin. Resins tend to absorb solvent from the media
increasing the volume, thanks to an elastic gel structure; this behaviour was not
appreciated in the study under dynamic experimental conditions discussed above since
before each experiment the resin portion was kept in water for an hour. Once swelling
has taken place an increase in the rate of release occurs. This phenomena is more
relevant for higher particle sizes due to its smaller contact surface with external
solution.
As it can be observed in Figures 6a-h, lineal dependencies of Q/Q.. versus t can be

obtained. This verifies that the kinetics of the studied ion exchange processes under

batch experimental conditions is controlled by intraparticle diffusion and, in the other



side, allows to calculate the kinetics parameters of interest for both ions. These values
are presented in Tables 4 and 5.

Figures 7a-b show the dependence of the effective rate of Ca®* and F release with
particle size. As seen, the rate of Ca’" release increases when particle size decreases.
Note the exponentia relation obtained for particle sizes under 100 microns. On the
contrary, there is a direct relationship between the rate of release and temperature: when
temperature increases the rate of release increases.

Correlation between —og (B) with particle sizes comprised between 0.42mm and
<0.05mm is shown in Figure 8a. For Ca’*, a linear correlation is obtained whereas, in
the case of F, the variability in the effective rates of release of the different particle size
fractions (Figure 7b) does not allow to establish any correlation (Figure 8b). F shows
degrees of conversion considerably higher than that of Ca’*, in fact, practically just
when contacting the resin phase with artificia solution, full conversion is achieved.
Thus, determining kinetics parameters with accuracy is very difficult.

Finally point out that under batch conditions, Ca?* presents higher effective rates of
release than F. This fact was explained in terms of the operation of the experimental
system itself. In the case of high kinetics release resins, although ions are quickly
released to the bulk solution and equilibrium is immediately achieved, the saturation of
the solution in the releasing ion can delay the initial rate of release. Surprisingly, this
effect affects mainly to F. Under dynamic conditions though, the desorbing solution
passing through the resin bed is free of counterions to be released, so higher conversion

degrees are obtained.

4. Conclusions

1- Differences in the rate of Ca®* and F release from the corresponding weak type
polymeric matrices can be explained in terms of relative affinity of the functional group
immobilized in the resin phase towards the ions present in the solution.

2- The rate of ions release increases when temperature increases and particle size
decreases.

3- Results from the study of the kinetics of release of Ca?* and F under either dynamic
or batch conditions are well interpreted by the models described valid for intraparticle
diffusion controlled processes.



4- The rate of ions release from the ion exchange resins studied are quantitatively
described in terms of effective rate of release (B) and effective diffusion coefficient (D)
of the respective ions in the resin phase. Under dynamic conditions, the linear
dependence of - og (B) with the resin particles diameter can be used for the estimation
of B valuesin very low particle resins. Under batch conditions, despite very low particle
resins can be studied a linear relationship was only attained for the case of slow ion

exchange kinetics systems.
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CAPTIONSAND LEGENDS

Table 1. Specific capacity of the resins towards Ca®* and F.

Table 2. Effective rates of release, B, of C&®* and F in the resin phase, at 310K under
dynamic conditions.

Table 3. Effective diffusion coefficients, D, of Ca®" and F in the resin phase at 310K
under dynamic conditions.

Table 4. Effective rates of release, B, of Ca®* and F in the resin phase under batch
conditions.

Table 5. Effective diffusion coefficients, D, of Ca®* and F in the resin phase under
batch conditions.

Figurel Kinetics release of resin samples of different particle size under dynamic
conditions at 310K. (a) Lewatit S8528 in Ca?*-form (b) Lewatit MP62 in F-
form.

Figure2 Kinetics release of resin samples of different particle size under batch
conditions. (a) Lewatit S8528 in Ca?*-form, at 293K (b) Lewatit MP62 in F-
form, at 293K (c) Lewatit S8528 in Ca*-form, at 310K (d) Lewatit MP62 in
F-form, at 310K.

Figure3 Kinetics release of resin samples of different particle size at 293 and 310K.
(a) Lewatit S8528 in Ca’*-form, under dynamic conditions (b) Lewatit
MP62 in F-form, under dynamic conditions (c) Lewatit S8528 in Ca’*-form,
under batch conditions (d) Lewatit MP62 in F-form, under batch conditions.

Figure4 Data treatment of resin samples of particle size 0.335mm at 310K with
dynamic models (a) lon exchange system Ca’*<>Na'/K*: Lewatit S8528 in
Ca’**-form. Model 1 (b) lon exchange system Ca?*«<>Na'/K*: Lewatit S8528
in Ca?*-form. Model 2 (c) lon exchange system F«>Cl": Lewatit MP62 in F-
form. Model 2.

Figure5 Dependence of -log (B) with resins particle size under dynamic conditions at
293 and 310K. (a) Lewatit S8528 in Ca’*-form. Treatment with model 1 (b)
Lewatit S8528 in Ca”*-form. Treatment with model 2 (c) Lewatit MP62 in F
-form. Treatment with model 2.



Figure 6

Figure7

Figure8

Data treatment of resin samples with batch model. (a) lon exchange system
Ca®*eNa'/K*: Lewatit S8528 in Ca’*-form of particle size 0.42 mm at 293K
(b) lon exchange system Ca**<>Na'/K*: Lewatit S8528 in Ca’*-form of
particle size 0.42 mm a 310K (c) lon exchange system Cat*<>Na'/K™:
Lewatit S8528 in Ca’*-form of particle size 0.105 mm at 293K (d) lon
exchange system Ca?*«<>Na'/K": Lewatit S8528 in Ca?*-form of particle size
0.105 mm at 310K (e) lon exchange system F«>Cl": Lewatit MP62 in F-
form of particle size 0.45mm at 293K (f) lon exchange system F«Cl:
Lewatit MP62 in F-form of particle size 0.45mm at 310K (g) lon exchange
system F<CI": Lewatit MP62 in F-form of particle size 0.105mm at 293K
(h) lon exchange system F<«Cl": Lewatit MP62 in F-form of particle size
0.105mm at 310K.

Effective rate of release of resin samples of different particle size under
batch conditions at 293 and 310K. (a) Lewatit S8528 in Ca’*-form (b)
Lewatit MP62 in F-form.

Dependence of -og (B) with resins particle size under batch conditions at
293 and 310K .. (a) Lewatit S8528 in Ca?*-form (b) Lewatit MP62 in F-form.



Tablel

Capacity (mmol g~)

ca™

=

L ewatit S8528

3.11+ 0.03

Lewatit M P62

2.91+0.04




Table2

B (s?)
B (Ca®") x 10° B (F) x 10°
& (mm) Model 1 Model 2 Model 2
0.42 (Ca™) - 0.45 (F) 2.2 1.5 3.0
0.335 2.2 15 5.0
0.205 31 15 10.0
0.105 14 45 13.0




Table3

D (m?s?h
D (Ca**) x 10 D (F)x 10"
& (mm) Model 1 Model 2 Model 2
0.42/0.45 - 0.105 5.6+ 3.0 35425 1.0+0.5




Table4

B(s")
T=293K T=310K
& (mm) B (Ca®)x10° | B (F)x10° B (Ca®") x 10° B (F) x 10°
0.42 (Ca™)- 0.45 (F) 42 621 1.0 249
0.335 3.6 5.4 3.6 6.1
0.205 3.7 16 12 7.8
0.105 23 297 38 586
<0.05 94 9.8 107 34




Table5

D (m?s?h
T=293K T=310K
@ (mm) D(ca®)x10* | D(F)x10® | D(ca®)x10* | D (F)x10%
0.42/0.45 - <0.05 11+6 8+16 9+3 3+6
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KINETICSCHARACTERIZATION OF IONSRELEASE UNDER
DYNAMIC AND BATCH CONDITIONS. Il1. STRONG ACID AND STRONG
BASE TYPE ION EXCHANGE RESINS.
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Departament de Quimica, Unitat Analitica, Centre GTS, Universitat Autonoma de
Barcelona, Facultat de Ciencies, Edifici Cn, E-08193, Bellaterra (Barcelona), Spain

Abstract

The purpose of this study has been to investigate the influence of key parameters (i.e.,
the structure of the resin organic polymer and its particle size, as well as the temperature
of the process) on the release of calcium and fluoride ions from cationic and anionic ion
exchange resins of strong character, in order to develop a formulation for a controlled
release of the mentioned ions, that are present in organomineral tissues. Kinetics
parameters were evaluated under dynamic and batch conditions. It has been observed
that the rate of Ca®* and F release increases when temperature increases and particle
size decreases. Because of the larger pore volumes that provide a greater effective
surface area, macroporous ion exchangers observe a higher rate of ions release than
those of gel nature. Results obtained in this study are well interpreted by the models
based on intraparticle diffusion as rate controlling step of the ion exchange process. The
effective rate of release, B (obtained from the application of mentioned models), of the
respective ions in the resin phase describes quantitatively the kinetic process. Linear
dependences of —og (B) with the resin particles diameters can be applied to the
estimation of B values for very low particle size resins, materials commonly used in the

development of controlled release formulations.
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1. Introduction

Since the first ion-exchange resin was synthesized for the use in the isolation and
purification of products from solutions, investigations carried out using this system have
led to a considerable increase in the number of possible applications. This is especially
true in the field of pharmacy where their use for sustained release of orally administered
drugs was proposed some 40 years ago,™* and quickly gained popularity.

Synthetic organic resins are the most widely used ion exchange materials. They are
water-insoluble polymers possessing acidic or basic functional groups which are
covaently bound to the hydrophobic matrix and associated with oppositely charged
mobile counterions which enable the resin to undergo ion exchange.’

Among the advantages of including drugs in ion-exchange resins, so that they can be
used as new drug delivery systems, we can mention the following: (i) a delay in the
release of the drug that will permit a longer duration of its effects; a variety of drug
delivery systems in the form of microspheres,* microcapsules,” nanoparticles® and
liposomes’ have been developed for this purpose, (i) an increase in its stability and (iii)
the masking of possible unpleasant tasting drugs.®

Out of many methods for the preparation of sustained release formulations, the use of
ion exchange resins has occupied an important place due to its well controllable
properties like particle size, shape, and internal pore structure. The release of any
substance that possesses an ionic site from a resin particle, can be controlled by
intraparticle diffusion or by the resistance of the film surrounding the particle (film
diffusion).® Several equations have been proposed in the literature.*®** In this concern,
the essential objective is to determine the mechanism controlling the release. Normally,
intraparticle diffusion control is expected for the release of species from a resin and
hence the experimental data are tested for this type of mechanism.

Cationic and anionic ion exchange resins are suitable for the design of preparations with
prolonged action.* Selection of the matrix quality (IX groups, capacity, particle size,
cross-linking), external conditions (e.g. ionic strength, pH, temperature and choice of
the release salt in the medium), and the properties of the releasable substance (charge,
lipophilicity and molecular weight), can be manipulated to control the kinetics release
of the active principle from the ion exchange system.****

The present study aims to investigate the influence of key parameters (i.e., the structure

of the resin polymer and its particle size, as well as the temperature of the process) on



the release of calcium and fluoride ions from cationic and anionic ion exchange resins
of strong character (strong acid and strong base) to develop a controlled release
formulation for the possible applications to remineralization of dental tissues, which are
known to be formed by carbonated calcium hydroxyapatite. In the presence of fluoride,
after a remineralization process the new mineral will contain calcium hydroxyapatite
and fluoroapatite (Cas(PO4)sF), both of which are less soluble than the origina
carbonated calcium hydroxyapatite, what will protect the teeth from further acid attacks.
Kinetics parameters of the release of target ions calcium and fluoride were evaluated
under dynamic and batch experimental conditions.

2. Experimental

2.1. Materials

lon exchange sulphonic resins Lewatit S100 (gelular structure) and SP112WS
(macroporous structure) and quaternary amine resins Lewatit M600 (gelular structure)
and MP600 (macroporous structure) were kindly supplied by Bayer Hispania Industrial,
S.A (Barcelona, Spain). CaCl, 0.5 M, KCI 0.01 M, NaCl 0.008 M, NaF 0.8 M, and
NaNO3 0.5 M solutions were prepared from the corresponding pro analysis quality solid
salts Panreac (Barcelona, Spain). HCI 0.5 M solution was prepared by dilution of the
corresponding concentrated pro analysis quality acid Panreac (Barcelona, Spain). In all
cases, deionized water Milli-Q quality (Millipore, USA) was used.

2.2. Instrumentation

The release of Ca’* and F under batch experimental conditions, was determined by ion
selective electrodes Orion (USA) controlled automatically by a PC, whereas under
dynamic conditions, Ca®* was measured spectrofotometrically by inductively coupled
plasma atomic emission spectroscopy technique (ICP-OES) using an ARL model 3410
minitorch (USA). All the samples were analyzed with an uncertainty lower than 1.5 %

and all the experiments were carried out by triplicate.

2.3. Resinsloading
Resins were conditioned by following a standard procedure.’® The conversion of the
resins to the desired ionic form was carried out in ion exchange columns under dynamic

conditions by flowing aqueous solutions of the corresponding reagents through the resin



bed. After complete loading, the resin phase was successively washed with water to
remove the excess of electrolyte solution, quantitatively removed from the column and
separated from water by filtration, followed by drying at the oven (60-70 °C). Resins in
the different ionic forms were kept in hermetically sealed vias to avoid water
absorption.

2.4. Resins capacity

Determination of the specific capacity of the different resins towards Ca®* and F was
carried out under dynamic conditions in columns by following a standard procedure.'’
A weighed portion of each resin was introduced in a 10 cm column (8 mm @) and the
counterion of interest was eluted with HCI in the case of the cationic resin and with
NaNO; in the anionic one. Eluate was collected in volumetric flasks and analyzed. The
results of the analysis were used to determine the specific capacity of the resins, g,

according to the equation:

ds =—— (1)

where V is the total volume of eluted solution, Ci is the concentration of the solution
containing the eluted ion i, and Wi is the weight of resin loaded with this ion. The
specific capacities determined experimentally are shown in Table 1.

2.5. Grinding and sieving

A fraction of each type of resin was ground in a mechanical agate mortar Retsch RMO
(Germany) and sieved by using a set of standard stainless steel sieves in a mechanical
siever, CISA (Spain). Thus, separate fractions of the resins were collected with particle
sizes of diameter 0.42 mm, 0.42-0.25 mm, 0.25-0.16 mm, 0.16-0.05 mm, and <0.05

mm.

2.6. lon exchange kinetics
2.6.1. Dynamic conditions
The study of ion exchange kinetics of the different samples was carried out under
dynamic conditions using the “shallow bed” technique.® A small resin portion loaded

with the specific target ion was introduced in a column connected to a thermostat and, a



solution of artificial saliva (solution of concentration 1g/l KCl and 0.5g/I NaCl) was
passed through the resin bed at high flow rate (~30 ml/min). Experiments were run at
293 and 310 K. All the resulting eluate was collected in volumetric flasks, analyzed and
these analytical data transformed to the degree of conversion, F, by using the equation:

F= @

where vi corresponds to the volume of the eluate portion i, Ci to its concentration and ..

the total capacity of theresin, expressed as:

q, = .GV, + Vstr Cstr ©)

where Vstr corresponds to the volume of an eluate sample obtained from an elution,
with either acid or nitrate, carried out after the kinetics experiment and, Cstr to its

concentration.

2.6.2. Batch conditions
The study of the kinetics of ions release under batch conditions was carried out by using
the “limited volume” technique.® A small resin portion loaded with the corresponding
target ion was introduced in a thermostated cell (at 293 or 310 K), containing 50ml of
artificial saliva vigoroudly agitated. The moment when the sample got into contact with
the desorbing solution (artificial saliva) was considered as the starting time (time zero)
for the kinetics experiment.
The experimental data obtained by ion selective electrodes were expressed in terms of
degree of conversion, F, of the resins by applying the equation:
Vo dt)

.

where Vs is the volume of artificial saliva contained in the cell, c(ti) is the concentration

F (4)

of the target ion at the time of the experiment ti and, .= mgs is the total capacity of the
resin (in mmols), being m the weight of resin portion and gs (mmol/g) the specific
capacity of the resin towards the corresponding ion determined as described in the

section 2.4.



3. Resultsand discussion

3.1. Influence of particlesize on therate of Ca’ and F release

Kinetics release of Ca?* and F from the different matrices and particles size fractions,
either under dynamic or batch conditions, are shown in Figures 1a-d and 2a-d. It can be
observed that the rate of ions release increases when resin particle size decreases. The
rate of release depends significantly on the average size of the resin particles due to the
greater diffusional path lengths in larger beds.®® Note that for fluoride ion this effect
must be appreciated in shorter times because the equilibrium is quickly achieved. As
previously reported in the case of weak base and acid types of ion exchangers® this can
be explained in terms of affinity of the ion exchanger matrix towards the ion of interest.
Quaternary amine anionic ion exchangers have a higher selectivity for chloride ion
present in the artificial saliva whereas, sulphonic cation exchangers have a higher
affinity for calcium ion (ion initially fixed) than for Na" and K™ present in the desorbing
solution. In the first studies though, Ca®* rate of release was even lower than the one
obtained with the corresponding strong acid type matrix. In fact, calcium ions are

known to adsorb stronger to carboxylic groups than to sulphonic ones.?

3.2. Influence of temperature on therate of Ca®* and F release

As observed in Figures 3a-d and 4a-d, temperature affects the ions rate of release due to
its influence on the diffusion coefficients. The rise in temperature, under either dynamic
or batch conditions, accelerates the rate of exchange.?®

3.3. Kinetics characterization of theion exchange process

To a proper characterization of ion exchange kinetics, it is essential to determine the
mechanism of control release.

Boyd et al.?* demonstrated that three possible control mechanisms may take place in an
ion exchange process. (i) Diffusion in the resin boundary liquid (film diffusion rate
determining step) (ii) Diffusion in the solid particle (intraparticle diffusion rate
determining step) (iii) Diffusional resistances in both phases. Several factors will affect
to proper ascertain the mechanism taking place in a given system.

Under batch conditions, if the rate of ions release increases with the stirring of the

liquid, then either (i) or (iii) will be the rate controlling step, whereas for mechanism (ii)



the ions release should be independent of the power stirring. Experiments were carried
out under controlled 450 and 780 rpm stirring conditions and are shown in Figures 5a-b
and 6a-b. It can be appreciated, that the stirring conditions have no influence on the ion
exchange rates. This fact together with the dependence of the degree of conversion with
the exchanger bead diameter for both resins tested, gel and macroporous type, suggests
an ion exchange mechanism controlled by intraparticle diffusion.”

Under dynamic conditions, the information provided by the interruption tests of

previous studies,

establishes that the ion exchange mechanism is controlled by
intraparticle diffusion.
Thus, results from the above Figures 1 and 2 were treated by specific kinetics models,

valid for the description of ion exchange processes controlled by intraparticle diffusion.

3.3.1. Dynamic conditions

The model selected, developed by Vermeulen,® is applicable over the whole range of
degrees of conversion, F, from 0 to 1, and is based on the equation:

Drx?

—In(l-F2)=2—"
r

t=2Bt (5)

where B is the effective rate of release, D the diffusion coefficient, r the radius of the
resin particle and t the respective experiment time.

Observed linear dependences of —In (1-F%) versus time verify that the mechanism
through which ion exchange process takes place, in both gel or macroporous type ion
exchangers, is controlled by intraparticle diffusion. Some results of data treatment are
shown in Figures 7a-d. Results obtained from experiments carried out at higher
temperature (310 K) were also correspondingly treated. The effective rates of release, B,
calculated according to equation 5 are presented in Tables 2 and 3. As can be
appreciated in the collected data, the effective diffusion rates increase when particle size
decreases, this is in accordance with the results shown in Figures 1a-d. Differences in
diffusivity between both ions are aso confirmed whatever polymeric structure is
studied. On the other hand, differences between effective rates of the ions release and
the polymeric matrix structure are not appreciated because the model only include data
obtained at the beginning of the experiments. On the contrary, a comparison of the rate
of Ca?* and F release from gel and macroporous ion exchangers (Figures 8a-b) reveals

some appreciable and advantageous difference towards macroporous matrix, mainly



when long periods of time are considered. A single macroporous ion exchange particle
may be viewed as a cluster of tiny microgels with an interconnected network of pores
which provide a greater effective surface area due to the larger pore volumes?’ The
same conclusions can be drawn at 310 K.

When comparing the results obtained from the - og (B) dependence with particle size at
273 and 310 K (Figures 9a-d), it is observed that at both temperatures there is a good
linear correlation. This correlation will enable to predict the behaviour of Ca®* and F,
under the conditions studied, for resin fractions under 100 microns; otherwise
discontinuous conditions (batch) should be applied. Batch conditions are especially
interesting for particle size resins lower than 100 microns due to the high hydrodynamic
resistance existing when working under dynamic conditions using the “shallow bed’
technique. However, the small acceleration promoted by the increase of temperature can
not be quantitatively appreciated with the model applied.

3.3.2. Batch conditions
T.R.E. Kressman and J. A. Kitchener?® deduced the following equation for ion exchange
processes under batch experimental conditions:

Q_6 Q |[bt

Q rQ-Q\V=z ©

where Qq is the total quantity of ions initially immobilized in the resin phase, Q.. is the
quantity of ions released from the resin phase at equilibrium time, Q; is the quantity of
ions released from the resin phase till the moment t, r the resin particle radius, D the
diffusion coefficient of the ion through the ion exchanger and, t time. The diffusion

coefficient can be related with the effective rate of release B, by the equation:

D2
B= 2 7

wherer and t are the resin particle radius and time respectively.

By plotting Q/Q.. versus t“2, diffusion coefficients will be determined and effective
rates of release calculated with equation 7. In Figures 10a-h examples of the treatment
of data from Figures 2a-d by the model described above are shown. The model fits
correctly the data from different particle sizes; however, two different behaviours can be

distinguished mainly in fractions of higher diameter. Swelling of resin particles



produced at the beginning of the experiments causes this effect. A much higher
surface/volume ratio in small particle sizes results in a faster hydration process. This
different behaviour was not observed in the study under dynamic experimental
conditions discussed above because, in this case, before each experiment the resin was
kept in water for an hour to prevent the cracking of the column due to swelling effect.
Once swelling has taken place, a considerable increase in the rate of release is
appreciated.

Taking into account this last consideration, linearity attained with all particle sizes,
temperatures and ion exchangers structures (plots with a correlation coefficient, r?,
always higher than 0.9), suggests that the ions diffusion is controlled by a intraparticle
diffusion process.

Results obtained from data treatment with equations 6 and 7, are shown in Tables 4 and
5.

Similar conclusions to those obtained from the corresponding dynamic conditions can
be drawn now. An inversely proportional relationship between particle size and the rate
of ions release is once again reflected in the obtained results. Differences between
effective rates of the ions release and the polymeric matrix structure are hardly
appreciated in the case of Ca’* whereas, for F there is more variability. This will affect
the correlation of -og (B) versus particle size which is presented in Figures 11a-d.
Indeed, only in the case of cationic ion exchangers, linear plots with a correlation
coefficient r? higher than 0.9 are obtained. Again, the model described does not let to
quantify neither the effect of temperature nor the differences between ion exchange
structures, despite Figures 12a-b, show considerable higher rates of ions release for
macroporous type ion exchangers.

Finally, it is remarkable that Ca®* presents effective rates of release of the same order of
magnitude for both dynamic and batch conditions. In the latter case Ca?* shows higher
rates of release than F that presented effective rates of release two orders of magnitude
higher under the corresponding dynamic conditions. It has been reported™ than when
samples prepared for sustained release delivery system are loaded at higher
temperatures, they show slower release profiles, this is probably due to the swelling of
the resin particles as a result of both thermal and hydration effects produced as
temperature increases. An increase in the pore diameter provides access to centers of

ionic activity deep within the resin structure, and as temperature drops on cooling, resin



particles shrink and trap the drug within the matrix, leading to increased drug loading
and reduced release profiles. After the loading process resins in fluoride form were not
submitted to an excessively high temperature in the drying process, so this effect must
be explained in terms of operation of the system itself. Under batch conditions with
resins of low kinetics release, al ionsinitially immobilized in the resin phase can rarely
be released from the polymeric matrix because an equilibrium situation with bulk
solution surrounding the ion exchanger is achieved. In the case of high kinetics release
resins, although ions are quickly released to the bulk solution and equilibrium is
immediately achieved, saturation of the solution in the releasing ion can delay the initia
rate of release. Under dynamic conditions though, the desorbing solution passing
through the resin bed is free of counterions to be released, so higher conversion degrees

are obtained.

4. Conclusions

1- Differences in the rate of Ca®* and F release from the corresponding strong type
polymeric matrices can be explained in terms of relative affinity of the functional group
immobilized in the resin phase towards the ions present in the solution. Besides, the rate
of ions release increases when temperature increases and when particle size decreases.

2- Macroporous ion exchangers show a higher rate of ions release than gel type resins

due to the larger pore volumes resulting in a greater effective surface area.

3- Results from the study of the kinetics of release of Ca?* and F under either dynamic
or batch conditions are explained by the models described valid for intraparticle
diffusion controlled processes.

4- The rate of ions release from the strong ion exchange resins studied are
quantitatively described in terms of effective rate of release (B) of the respectiveionsin
the resin phase. Under dynamic conditions, the linear dependence of —-log (B) with the
resin particles diameter can be used for the estimation of B values in powdered resins.
Under batch conditions, despite powdered resins can be studied a linear relationship was
also obtained. However, differences observed in kinetics release curves due to the type
of polymeric matrix and temperature effects are not reflected in the corresponding

effective rates of release.
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CAPTIONSAND LEGENDS

Table 1. Specific capacity of the resins towards Ca®* and F.

Table 2. Effective rates of release of Ca®* and F in the macroporous type resin phase at
293K under dynamic conditions.

Table 3. Effective rates of release of Ca?* and F in the gel type resin phase at 293K
under dynamic conditions.

Table 4. Effective rates of release of Ca®* and F in the macroporous type resin phase at
293K under batch conditions.

Table 5. Effective rates of release of Ca?* and F in the gel type resin phase at 293K

under batch conditions.

Figurel Kinetics release of resin samples of different particle size under dynamic
conditions a 293K. (a) Lewatit SP112WS in Ca*-form (b) Lewatit
MP600 in F-form. (c) Lewatit S100 in Ca?*-form (d) Lewatit M600 in F-
form.

Figure2  Kinetics release of resin samples of different particle size under batch
conditions at 293K (a) Lewatit SP112WS in Ca**-form (b) Lewatit MP600
in F-form (c) Lewatit S100 in Ca?*-form (d) Lewatit M600 in F-form.

Figure3 Kinetics release of resin samples of different particle size under dynamic
conditions at 293 and 310K. (a) Lewatit SP112WS in Ca**-form (b)
Lewatit MP600 in F-form (c) Lewatit S100 in Ca?*-form (d) Lewatit M600
in F-form

Figure4  Kinetics release of resin samples of different particle size under batch
conditions at 293 and 310K (a) Lewatit SP112WS in Ca**-form (b)
Lewatit MP600 in F-form (c) Lewatit S100 in Ca?*-form (d) Lewatit
M600 in F-form.

Figure5 Agitation effect on the kinetics release of resin samples of different particle
size under batch conditions at 293K. (a) Lewatit SP112WS in Ca*-form
(b) Lewatit MP600 in F-form.

Figure6 Agitation effect on Kinetics release of resin samples of different particle
size under batch conditions at 310K. (a) Lewatit S100 in Ca**-form (b)
Lewatit M600 in F-form.



Figure7

Figure8

Figure9

Figure 10

Figure1l

Figure 12

Data treatment of resin samples of particle sizes 0.42 and 0.105 mm with
dynamic model (293K). (a) lon exchange system Ca’*«<>Na'/K*: Lewatit
SP112WS (b) lon exchange system F«>Cl": Lewatit MP600 in F-form (c)
lon exchange system Ca?*<>Na'/K*: Lewatit S100 in Ca**-form (d) lon
exchange system F«>Cl": Lewatit M600 in F-form.

Kinetics release of resin samples of particle sizes of 0.42 and 0.105mm,
under dynamic conditions at 293K (a) Lewatit SP112WS and S100 in
Ca®*-form (b) Lewatit MP600 and M600 in F-form.

Dependence of - og (B) with resin particle size under dynamic conditions
at 293 and 310K. (a) Lewatit SP112WS in Ca®*-form (b) Lewatit MP600
in F-form. (c) Lewatit S100 in Ca®*-form (d) Lewatit M600 in F-form.
Data treatment of resin samples with batch model (293K and 310K). (a)
lon exchange system Ca®*<>Na'/K*: Lewatit SP112WS in Ca®*-form of
particle size 0.42 mm (b) lon exchange system Ca®*<>Na'/K*: Lewatit
SP112WS in Ca**-form of particle sizes 0.105 mm (c) lon exchange
system F<«<>Cl": Lewatit MP600 in F-form of particle size 0.42mm (d) lon
exchange system F<Cl: Lewatit MP600 in F-form of particle size
0.105mm. (€) lon exchange system Ca®*«<>Na'/K*: Lewatit S100 in Ca®*-
form of particle size 0.42 mm (f) lon exchange systen Ca®*<>Na'/K*:
Lewatit S100 in Ca**-form of particle size 0.105 mm (g) lon exchange
system F<Cl": Lewatit M600 in F-form of particle size 0.42mm (h) lon
exchange system F«Cl: Lewatit M600 in F-form of particle size
0.105mm.

Dependence of -log (B) with resin particle size in size under batch
conditions at 293 and 310K. (a) Lewatit SP112WS in Ca**-form (b)
Lewatit MP600 in F-form (c) Lewatit S100 in Ca®*-form (d) Lewatit
M600 in F-form.

Kinetics release of resin samples of particle sizes of 0.42 and 0.105mm
under batch conditions at 293K. (a) Lewatit SP112WS and S100 in Ca’*-
form (b) Lewatit MP600 and M600 in F-form.



Tablel

Capacity (mmol g*)

ca** F
L ewatit S100 1.75+ 0.03 -
Lewatit S112WS 147+ 0.01 -
L ewatit M 600 - 2.84+0.05

L ewatit M P600

2.33+0.08




Table2

B (s
Particle diameter (mm) B (Ca*") x 10* B (F) x 10°
0.42 1.0 3.3
0.335 1.0 7.1
0.205 25 13
0.105 4.0 17




Table3

B (s
Particle diameter (mm) B (Ca*") x 10* B (F) x 10°
0.42 0.5 5.7
0.335 1.0 6.9
0.205 2.0 12.5
0.105 35 12.0




Table4

B (s
Particle diameter (mm) B (Ca*") x 10* B (F) x 10°
0.42 6.7 0.6
0.335 9.9 0.9
0.205 35.0 19
0.105 49 28
<0.05 130 24




Table5

B (sY)
Particle diameter (mm) B (Ca’") x 10 B (F) x 10°
0.42 4.3 52
0.335 17 2.6
0.205 30 15
0.105 46 17
<0.05 80 35
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Calcium and fluoride release from ion
exchange polyphasic systems
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Abstract: The present study concerns the kinetics of ion exchange accompanied by CaF, precipitation in
tri-phasic and quadri-phasic systems involving a weak base anionic exchanger and a carboxylic cationic
exchanger in the F~ and Ca’* forms, respectively, in contact with a solution of artificial saliva. It was
shown that in both systems the rate of Ca’* release from the cationic exchanger is much lower than that of
F~ from the anionic one. The rate of release for both ions, controlled by intraparticle diffusion, has been
characterized by a Fick’s law model. The kinetic parameters of effective rate of release (B) and diffusion
coefficient (D) of the respective ion in the resin phase depend on the type of resin and the presence of
different numbers of phases. The amount of the precipitate crystallizing on the surface of the resin beads
depends on the type of the ion exchange resin, its particle size and on the ratio of resin components. By
varying this ratio and the particle size of the ion exchangers it is possible to accomplish the precipitation

mostly on the larger surface of the ionic exchanger.

© 2003 Society of Chemical Industry

Keywords: ion exchange; kinetics release; polyphasic system; calcium fluoride

1 INTRODUCTION

The most traditional forms of investigation in the
field of ion exchange are habitually bi-phasic systems.
These systems involve, as a rule, a solid or liquid
ion exchanger and a liquid solution. The presence of
additional phases in such systems, either by addition
of new phases or by possible formation during the
ion exchange process, will substantially complicate
the study. Despite this, a new tri-phasic system
can show some advantages in comparison with the
traditional ion exchange process. The best known
tri-phasic systems are the catalytic systems,' > which
consist of a solid phase and two immiscible liquids
(S-L-L systems). Recently, new studies based on
the AIR (Aqua Impregnated Resins) concept have
appeared. They attempt to convert S—L-L systems
to the corresponding bi-phasic system, where resins
impregnated with an aqueous solution (AIR) are
contacted with an organic solution. In this way, a batch
operation process can be transformed to a dynamic
one by using a column procedure. Successful results
have been obtained in the selective separation and
recovery of metal ions using the AIR technique.* ¢
Another type of tri-phasic system used classically
are the solid—solid-liquid systems (S—S—L systems)
which are known as mixed resin beds. These are

9 0

widely used for water deionization,’ ° synthesis,!
liquid chromatographic separations!! and for other
purposes. However, the precipitation of poorly soluble
substances in the resin bed increases the resistance
to mass transfer in the resin phase because of
the precipitate coating the exchanger beads. This
problem has been addressed by either the addition
of precipitation inhibitors, or by the use of sectional
columns or counter-current units.'?

On the other hand, a combination of ion exchange
materials loaded with required ions can be effectively
applied as an ion release system to solve different
remineralization problems. Thus, a sustained release
of nutrients for plants has been successfully obtained
by using an appropriate ion exchange blending.!?> A
similar approach can be used on the remineralization
of organomineral dental tissues.'*!> Fluoride has been
proved to be effective for the prevention of dental caries
in various forms and concentrations, and its reactivity
with the mineral components of sound and carious
dental enamel has been associated with both increased
resistance to acid demineralization and increased rates
of remineralization i vitro and in vivo.1%17 Several
studies report the deposition of CaF, on the surface
of human enamel after treatment with fluoridated
solutions.!®!° The hypothesis that CaF, uptake by
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dental enamel acts as a fluoride reservoir for a long
period of time and that it enhances fluorapatite
formation has been defended. However, it is not
firmly established that CaF, formed as a result of
topical fluoride application is the basic element in the
prevention and control of dental caries.?® As is known,
the rate at which the components are released is a key
parameter to successful crystal growth.?1-22 Because in
our case this is a primary objective related to enamel
restoration, ion exchange resins mixed bed systems
let to controle the concentration of ions released to
the solution. So, the characterization of this release
process will be of key importance in optimizing a
successful application in a dental treatment.

The aim of the present work is to study the kinetics
of ion exchange accompanied by CaF, precipitation
in tri-phasic and quadri-phasic systems involving a
weak base anionic exchanger and a carboxylic cationic
exchanger, respectively in the F~ and Ca?*t forms, in
contact with a solution of artificial saliva.

2 EXPERIMENTAL

2.1 Materials

Highly purified ion exchange resins, carboxylic
type, Lewatit S8528 (pK, = 4.5-5), and tertiary
amine types, Lewatit S3428 and MP62 (pK, =
7-8), with macroporous structures, were kindly
supplied by Bayer Hispania Industrial, SA Solu-
tions of CaCl, (I1moldm™3 and 0.3moldm™),
KCl (0.01 moldm—2), NaCl (0.008 moldm—2), NaF
(0.9moldm™2), NaNO; (0.5moldm™2), NaOH
(2.2moldm™3), and EDTA (0.1 moldm—3; pH = Se
adjusted with NH3) were prepared from the corre-
sponding Panreac (Barcelona) pro analysis quality
solid salts. HCI (1 moldm~2) and HAc (0.8 mol dm—3)
solutions were prepared by dilution of the correspond-
ing concentrated Panreac pro analysis quality acid. In
all cases, deionized water of Milli-Q quality (Millipore,
USA) was used.

2.2 Instrumentation

The release of F~ was determined by potentiometry
using an ion selective electrode, Orion (USA),
whereas Ca’?t was measured spectrophotometrically
by inductively coupled plasma atomic emission
spectroscopy (ICP-OES) using an ARL model 3410
minitorch (USA). All the samples were analyzed with
an uncertainty lower than 1.5% and all the experiments
were carried out in triplicate.

Qualitative analysis of the elements present in the
polymer surface was carried out by an X-ray elemental
analysis. This technique takes advantage of the X-
rays emitted by a sample covered with carbon, after
being bombed by a primary electron beam from
an SEM (Scanning Electron Microscopy) instrument
(Jeol model JSM-6300, Japan) equipped with an X-
Ray Energy Dispersive Spectrometer (EDS) (Link
ISIS-200, England) to generate the X-ray spectra.

2

2.3 Resins loading

Resins were conditioned by following a standard
procedure.??> The conversion of the resins to the
desired ionic form was carried out in columns under
dynamic conditions by flowing aqueous solutions of
the corresponding concentrations through the resin
bed. After complete loading, the resin phase was
successively washed with water to remove the excess
of electrolyte solution, quantitatively removed from
the column and separated from water by filtration,
followed by drying in an oven (60—70°C). Resins in
the different ionic forms were kept in hermetically
sealed vials.

2.4 Resins capacity

Determination of the specific capacity of the different
resins towards Ca?t and F~ was carried out under
dynamic conditions in columns following a standard
procedure.?* A weighed portion of each resin was
introduced in a 10cm column (8 mm®) and the
counterion of interest was eluted with HCI in the case
of the cationic resin and with NaNOs3 in the anionic
one. Eluate was collected periodically in volumetric
flasks and analyzed. The results of the analysis were
used to determine the specific capacity of the resins,
gs> according to the equation:

VG
Wi

gs = Y]
where V7 is the total volume of eluted solution, C; is
the concentration of the solution containing the eluted
ion and W is the weight of resin loaded with this ion.
The specific capacities determined experimentally are
shown in Table 1.

2.5 Grinding and sieving

A fraction of each type of resin was ground in a
mechanical agate mortar Retsch RMO (Germany)
and sieved using a set of standard stainless steel
sieves in a mechanical siever, CISA (Spain). Thus,
separate fractions of the resins were collected with
particle sizes of diameter 0.42 mm, 0.5—-0.42 mm and
0.16—0.05 mm.

2.6 lon exchange kinetics

The study of ion exchange kinetics for the different
systems was carried out under dynamic conditions
using the ‘shallow bed’ technique.?> A small portion of
loaded resin was introduced into a column connected
to a thermostat and a solution of artificial saliva

Table 1. Specific capacity of the resins towards Ca®* and F~

Capacity (mmolg™")

Ca?t F-
Lewatit S8528 3.11 £0.03 —
Lewatit MP62 — 2.91+0.04
Lewatit S3428 — 2.53+£0.03

F Chem Technol Biotechnol 78:000—000 (online: 2003)
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at 310K with a relatively high concentration of the
exchanging ion (solution of concentration 1gdm™3
KCl and 0.5gdm™2 NaCl, pH = 5.5) passed through
the resin bed at a high flow rate (~30 cm® min—'e). All
the resulting eluate was collected in volumetric flasks,
analyzed and these analytical data transformed to the
degree of conversion, W, by using the equation:e

Iy
E CiU;
;=1

v=1=

(2)
9o

where v; corresponds to the volume of the eluate
sample 7, ¢; to its concentration and ¢, = mq, is the
total capacity of the resin where m is the resin sample
weight and ¢, (mmolg™!) the specific capacity of the
resin towards the immobilized ion as determined in
Section 2.4.

In the case of tri-phasic systems, a further elution
after the first artificial saliva desorption and washing
with water was carried out by using either a 0.1M
EDTA solution at pH 8 for cationic resins, or a 0.5M
NaNOj; solution for anionic resins.

In the case of quadri-phasic systems with mixed
bed resins mixtures (composed of both anionic and
cationic exchangers with different particle sizes), after
the artificial saliva desorption and washing with water,
the mixed bed system was separated in the two resin
components by sieving. Separated resin samples with
larger particle sizes were transferred quantitatively to a
column and either the EDTA or NaNQOj; solution was
passed through the column depending on the type of
ion exchanger. During elution, the CaF, precipitate
remained on the surface of the resin beads and only the
Ca?*t or F~ still immobilized in the polymeric matrix
was eluted by the respective solutions.

On the basis of the analytical results, the CaF, mass
precipitated on the surface of the exchanger beads (P)
was calculated by:

(oo — g )MWecar,
2

P(mg) = 3)

where g is the total number of mmol of F~ released to
the solution, ¢, is the total capacity of the resin and,
MW, is the molecular weight of CaF,.

All samples were additionally washed with water,
dried and kept for Scanning Electron Microscopy
(SEM) analysis with the instrument equipped with
an X-Ray Energy Dispersive Spectrometer (EDS), as
described in Section 2.2.

To investigate the influence of the mixed bed
composition on the ¥ value for both the anionic and
cationic exchanger components, kinetic experiments
were performed on mixtures of the resins at different
ratios. For comparison, tri-phasic systems (loaded
resin, target counterion solution and solid CaF5)
were studied at the same anionic to cationic ratios.
The ratios Ca?*:F~ studied, expressed in terms of
milliequivalents, were 4:1, 2:1, 1:1, 1:2 and 1:4. In

F Chem Technol Biotechnol 78:000—000 (online: 2003)

the case of tri-phasic systems, the concentrations of
Ca’" and F~ in solution (direct solubilization of the
corresponding solid salts in the artificial saliva) are
shown in Table 2. The main parameters of the systems
investigated are given in Table 3.

3 RESULTS AND DISCUSSION
The experimental data have been expressed in terms
of degree of conversion, W, versus time.

The corresponding curves for systems 1, 4 and 5-8
(Table 3) are presented in Figs 1a and 1b and indicate
that the conversion rates of the cationic exchangers
are much lower than that of anionic exchangers both
in the bi-, tri- and, quadri-phasic systems. This can be
explained by the different selectivity of the cationic and
anionic exchange resins towards the target exchanging
ions.2® It is also observed that the increase in the
number of phases leads to an increase in ¥ values in
the case of cationic ion exchangers, and a decrease
in the case of anionic exchangers. To interpret these
results the following facts are considered: the results
obtained for the tri-phasic and quadri-phasic systems
include both the shifting of the equilibrium in systems
where ion exchange is accompanied by precipitation
(in this case CaF,, e o Kps =2.7 x 1071!) and the
coating of the surface of the resin beads with the
precipitate. The formation of solid CaF, follows the
actual equilibrium conditions in the related systems.
Thus, the concentrations of fluoride and calcium play
an important role. In the case of fluoride (Fig 1b), the
observed decrease is due to the presence of Ca?" at
different conditions. Thus, in the tri-phasic system,
Ca?" is at relatively low concentration in the solution
of artificial saliva, whereas in the quadri-phasic system,
the resin is loaded with Ca?* and provides a higher
local concentration of this ion when meeting the
released fluoride in the artificial saliva flowing through
the mixed bed of resins. These results correlate with
those obtained for Ca?t (Fig 1a) since the observed
higher release of this cation in the quadri-phasic
system, within the relative low volume of the resin,
leads to a lower concentration of fluoride because of
the formation of the solid CaF, under these conditions.
In the case of Ca®*, the observed increase in the degree
of conversion in comparison with the bi-phasic system
may be attributed to the ‘supersaturation’ effect that
occurs in the mixed bed system. This supersaturation

Table 2. Ca?t and F~ concentration in the desorption solution of
tri-phasic systems studied

Rp-Ca?t:F~ R—F:Ca?*
solution system solution system
Ca?t:F~ ratios (moldm—3) (moldm=3)
4:1 5.6 x 1074 1.0 x 1073
2:1 8.4 x 1074 7.0x 1074
1:1 9.6 x 1074 4.4 x1074
1:2 1.1 x 1078 2.6 x 107
1:4 1.2 x 1073 1.5x 1074
3
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Table 3. Parameters of ion exchange systems under investigation

Resin 1, lonic Resin 2, ionic Desorbing Number of Overall
System No form, Granulation (mm) form, granulation (mm) solution Precipitate  phases reaction?
1 58528 — KCI + NaCl — 2 Ro-Ca + 2Nat/Kt = 2R-
Ca?*-form Na/K+Ca®*t
0.42
2 — MP62 KCI 4+ NaCl — 2 R-F+CIm =R-Cl+F~
F-form
0.105
3 58528 — KCI + NaCl — 2 Ro-Ca + 2Nat/Kt = 2R-
Ca?*-form Na/K + Ca®*
0.105
4 — S3428 KCI + NaCl — 2 R-F+CIm =R-Cl+F~
F-form
0.45
58 S8528 — KCI 4+ NaCl + NaF CaFy 3 Ro-Ca + 2NaF = 2R-
Ca?*-form Na/K + CaF
0.42
62 — S3428 KCI + NaCl + CaClo CaFy 3 2R-F + CaCly = 2R-
F-form Cl + CaF»
0.45
7 58528 MP62 KCI + NaCl CaFy 4 Ro-Ca + 2R-
Ca?t-form oF—-form F + 2Na/KCl = 2R-
0.42 0.105 Na/K + 2R-Cl + CaF»
8 58528 S3428 KCI + NaCl CaFy 4 Ro-Ca + 2R-
Ca?*-form F~-form F + 2Na/KCl = 2R-
0.105 0.45 Na/K + 2R-Cl + CaF»

2NaCl and KCI have not been taken into account in the overall reaction despite being involved in the ion exchange process.

stabilizes the solution within the column interstitial
space and the eluate collected can start to crystallize
either spontaneously,?”?® or after a certain period
of time.!® Thus, both Ca?t and F~ would benefit
from such an effect, but it is only noticed for Ca?*
because of its low W values. For F~, the degree of
conversion is very high so the supersaturation effect is
not appreciated.

Results obtained in a previous study using interrup-
tion tests?? have shown that the rate-determining step
of the ion exchange processes on individual resins is
intraparticle diffusion. Taking into account these find-
ings, data collected in Figs 1a and 1b of the present
study have been treated by a specific kinetic model
valid for the description of ion exchange processes
controlled by an intraparticle diffusion mechanism in
dynamic systems.>°

The model is based on a Fick’s law adapted to ion
exchange resins composed of spherical beads by using
the equation:

Dr?

t= 2Bt

—In(1—-v? =2 4)

2
where B is the effective rate of release related to the
diffusion coefficient, D, by the equation:

. Dr?

B==; 5)

7

and r and r are the resin particle radius and time
respectively.

(a) 0.07
0.06
0.05

0.04

¥ (Ca?t)

0.03

0.02

0.01 A

(b)

¥ (F)

—@— Bi-phasic system 1
—— Tri-phasic system 5
—&— Quadri-phasic system 7

15
Time (min)

20 25 30

—8— Bi-phasic system 4
—&— Tri-phasic system 6
—— Quadri-phasic system 8

10

15

20 25 30

Time (min)

Figure 1. (a) Kinetics of Ca?* release from cationic resin in
Ca?t-form of 0.42 mm particle size in the 1:1 Ca2*:F~ ratio.
(b) Kinetics of F~ release from anionic resin in F~-form of 0.45 mm
particle size in the 1:1 Ca?*:F~ ratio.
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The observed linear dependencies of experimental
data in terms of —In(l1 —W?) vs ¢ verify the
intraparticle diffusion control of the ion exchange
process.

The results obtained in terms of B values are
presented in Table 4. As can be appreciated, the
increase in B(Ca?') with the number of phases
corresponds to the shift of the equilibrium reaction
because of the formation of solid CaF,. On the
contrary this solid formation causes a decrease
in B(F™), ie, the presence of the corresponding
equilibrium diminishes the rate of fluoride release.
In addition, the remarkable difference on diffusivity
of both ions in the respective resin phase is revealed.
This difference can also be characterized in terms of
the diffusion coefficient, D, calculated by eqn (5). The
corresponding values are presented in Table 5.

The influence of the resin affinity for the different
ions is emphasized by the significant difference in the
respective diffusion coefficients.

The relative proportion of anionic and cationic
exchange resins in these mixed bed systems has
a remarkable influence on the respective W values.
Thus, kinetic experiments using mixtures of different
proportions of the resins as described above were
carried out to elucidate such influences. The results
of this series of experiments are shown in Figs 2a, 2b,
3a and 3b. As seen, as more Ca’" is present in the
resins mixture, the more solid CaF, is formed and
consequently less Ca®* is released into the solution
phase (due to the influence of the related ion exchange
reaction) and this outcome is independent of the
particle size of the resins. Therefore, the intraparticle
diffusion barrier is not a relevant process compared
with the precipitating reaction.

In these figures, the dependence of the release rate
of the ions with particle size can be observed. A
comparison of the rates of Ca?* and F~ release from
the size fractions 0.42/0.45 and 0.105 mm shows that

Table 4. Effective rates of release, B, of Ca2* and F~ in the resin
phase

B(s™"
B (Ca?*t 0.42 mm) B (F~ 0.45mm)
System type x 108 x 108
Bi-phasic 0.4 4.3
Tri-phasic 0.5 3.6
Quadri-phasic 1.5 2.3
Table 5. Diffusion coefficients, D, of Ca2* and F~ in the resin phase

D (m2s~1)
D (Ca?t 0.42 mm) D (F~ 0.45mm)
System type x 1018 x 10™
Bi-phasic 2.0 2.2
Tri-phasic 2.2 1.8
Quadri-phasic 6.7 1.1

F Chem Technol Biotechnol 78:000—000 (online: 2003)
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Figure 2. (a) Kinetics of Ca?* release from cationic resin in
Ca?*t-form in mixed beds Ry-Ca®* (0.42 mm):R-F~ (0.105 mm) of
different composition. (b) Kinetics of F~ release from anionic resin in
F~-form in mixed beds Ry-Ca®* (0.42 mm):R-F~ (0.105 mm) of
different composition.

the decrease in the resin particle size increases the
rate of ion release. This follows from the increase in
the amount of surface contact between the solution
and functional groups in the polymeric matrix as the
particle size diminishes. This fact is clearly shown in
the case of the cationic ion exchanger. Again, the
relatively sharper increase of the Ca?" release rate is
seen to be more relevant because of the low value of
its degree of conversion.

In the corresponding tri-phasic systems, the results
obtained at the same Ca?":F~ ratios, plotted in Figs 4
and 5, support the above findings.

3.1 Formation of solid CaF,

Several experiments were carried out to study the
formation of the solid CaF,. Thus, the results obtained
using EDTA solutions (10% v/v, pH 8) are shown in
Figs 6a—6d. The higher conversion degree obtained
for Ca2*, under these conditions, shows that EDTA
diminishes the formation of CaF, by competition
with fluoride for calcium ions. Furthermore, the
total quantity of Ca?* and F~ recovered, obtained
as the sum of both the kinetic release experiment
and the additional stripping with the corresponding
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Figure 3. (a) Kinetics of Ca?* release from cationic resin in
Ca?t-form in mixed beds Ry-Ca?* (0.105 mm):R-F~ (0.45 mm) of
different composition. (b) Kinetics of F~ release from anionic resin in
F~-form in mixed beds Ry-Ca?* (0.105 mm):R-F~ (0.45 mm) of
different composition.

Ratio 4:1
Ratio 2:1
Ratio 1:1
Ratio 1:2
Ratio 1:4
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Figure 4. Kinetics of Ca2* release from cationic resin in Ca2t-form of
0.42 mm particle size in tri-phasic systems of different composition.

solution, is lower than the number of ions initially
immobilized on the respective ion exchange resins. It
was also demonstrated that neither the EDTA nor the
NaNOj; stripping solutions are capable of dissolving

)
> 0.
0.4 1 —e— Ratio 4:1
0.3 —& Ratio 2:1
02 —— Ratio 1:1
) —&— Ratio 1:2
0.1 — Ratio 1:4
0 T T T T T )
0 5 10 15 20 25 30

Time (min)

Figure 5. Kinetics of F~ release from anionic resin in F~-form of
0.45 mm particle size in tri-phasic systems of different composition.

CaF, at the working pH. On the contrary, complete
desorption of both Ca?* and F~ is achieved from
the corresponding ion exchangers when the above
solutions are used. Accordingly, the observed lack of
Ca®t and F~ and the low solubility of CaF, support
its precipitation on the surface of the exchanger beads.

As a consequence of the previous findings, the
amount of CaF, precipitated on the exchanger beads
in the quadri-phasic systems 7 and 8 has been
determined (Fig 7). Note that this amount of CaF,
has been obtained by potentiometric measurements
of fluoride, since Ca?* was determined by atomic
emission spectroscopy (ICP-OES), where both Ca?*
free in solution and present as suspended particles of
CaF, are jointly determined. In fact, some precipitate
can be observed in the first aliquots of the desorption
solution due to the high flux rate flowing through
the resin bed that carries away some of the solid
precipitated on the exchanger beads.

To verify the above results, comparative analysis of
the data of calcium determination by both potentio-
metric (ISE) and atomic emission spectroscopy was
performed. As seen in Fig 8, the higher conversion
values for Ca?" when the solutions are analyzed by
ICP-OES support the presence of solid CaF,.

Additional confirmation of the formation of solid
CaF, is reflected in the concave curves shown in
Figs 9 and 9b, where the concentrations of Ca’t or
F~ with time in the desorption solutions for systems 5
and 6 are plotted. Indeed, during the first 0.5—2 min
a decrease in either Ca?T or F~ concentration, in the
respective system, reveals the formation of solid CaF,.

Finally, acidic treatment of both cationic and
anionic resins from systems 7 and 8 (1:1 Ca?":F~
ratio) after the kinetic eexperiments indicates the
presence of fluoride mainly in the larger resin granules
(Table 6), that can directly be assigned to the
CaF, precipitated on the surface of the exchanger
beads.

Note that in system 7 the quantity of CaF,
precipitated is considerably higher and is concentrated
on the cationic exchanger. According to previous
findings,?! the formation of these crystals in a mixture

F Chem Technol Biotechnol 78:000—000 (online: 2003)

61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120



0~ O Ul s W IN—

40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Calcium and fluoride release from ion exchange polyphasic systems

(a) 0.08
0.07
0.06 A

0.05

0.04

¥ (Ca?t)

—@— Eluate without EDTA
—O— Eluate with EDTA

0.03

0 5 10 15 20 25 30
Time (min)
(¢) 0.25 -

0.2

0.15

¥ (Ca?t)

0.1 4

—&— Eluate without EDTA
—— Eluate with EDTA

0.05

0 5 10 15 20 25 30
Time (min)

(b) 1.1 7

14
0.9 A
0.8
0.7
0.6

Y (F)

0.4 4 —&— Eluate without EDTA
0.3 —— Eluate with EDTA

0 L\ T T T T T 1
0 5 10 15 20 25 30

Time (min)

(d) 1.17

3
=
—A—Eluate without EDTA
031 —~—Eluate with EDTA
0.2
0.1 ~
0% T T T T T |
0 5 10 15 20 25 30
Time (min)

Figure 6. (a) Kinetics of Ca2* release from cationic resin in Ca2*-form in mixed bed Ry-Ca?* (0.42 mm):R-F~ (0.105 mm) of 1:1 ratio. (b) Kinetics of
F- release from anionic resin in F~-form in mixed bed Rp-Ca?* (0.42 mm):R-F~ (0.105 mm) of 1:1 ratio. (c) Kinetics of Ca®* release from cationic
resin in Ca2*-form in mixed bed Rp-Ca2* (0.105 mm):R-F~ (0.45 mm) of 1:1 ratio. (d) Kinetics of F~ release from anionic resin in F~-form in mixed

bed Rp-Ca?* (0.105 mm):R-F~ (0.45 mm) of 1:1 ratio.
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Figure 7. Dependence of the formation of crystalline solid CaF, with
mixed bed systems Ry-Ca?* (0.42 mm):R-F~ (0.105 mm) and
Ro-Ca?* (0.105 mm):R-F~ (0.45 mm) composition.

of ion exchange resins mainly takes place on the
surface of the resin characterized by the lowest
kinetics of release and largest particle size. In fact,
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Figure 8. Kinetics of Ca* release from cationic resin in Ca?*-form in
mixed bed Ry-Ca?*t (0.42 mm):R-F~ (0.105 mm) of 1:1 ratio. Detection
techniques comparison: ion selective electrode (ISE) and atomic
emission spectroscopy (ICP).

under the experimental conditions employed, rapid
accumulation of F~ in the solution surrounding the
ion exchangers, in comparison with Ca®*, can be
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Table 6. Mass of CaF, precipitated on the surface of the ion exchangers
Ro-Ca R-F
0.42 mm 0.105mm 0.45mm 0.105mm
(system 7) (system 8) (system 8) (system 7)
mg CaF» 2.33+£0.05 0.067 4+ 0.002 0.233 + 0.005 0.130 +0.003
(@) 1.4 - R In addition, the data in Fig 7 show that the increase
—m— Ratio 2:1 in the cationic component in the emixture increases
1.3 1 I g;gg H the amount of CaF, formed, so the mass of crystalline
E‘; 124 —>— Ratio 1'4 solid formation is dependent on the lower releasable
C?E ion, ie calcium. Thus because the rate of release
= is also dependent on the resin surface, system 8,
g which is formed by the cationic resin in Ca®*-
i form with the smallest particle size, should lead
(?E to the highest CaF, formation. However, none of
= the experiments have confirmed this expectation. In
g this case, the supersaturation taking place within the
- column interstitial space clearly depends on the extent
of such space, which is far higher in system 8 than
0.6 . . . . s in system 7 because the lower density of, the anionic
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Figure 9. (a) Variation of the concentration of F~ with time in the
desorption solutions used in tri-phasic systems Rp-Ca?*

(0.42 mm):F~ (solution). (b) Variation of the concentration of Ca2* with
time in the desorption solutions used in tri-phasic systems R-F~

(0.45 mm):Ca?* (solution).

expected and thus promotes the formation of solid
CaF,; on the surface of the cation exchanger. However,
the contribution of the bead surface is remarkable since
in system 8 the precipitate of CaF, is observed on the
particles of larger size and not on those with a slower
releasee rate.

Following the previous description and taking into
account size and rate of ion release, the formation of
CaF, follows the sequence:

R;-Ca 0.42mme > R-F 0.45mm > R,
-Ca 0.105mm > R-F 0.105mm

resin leads to a higher bed volume when the largest
particles are used.

3.2 SEM characterization

The results obtained can be further confirmed by
the scanning electron microscopy images shown in
Fig 10. As seen from the figure, the crystals formed on
the surface of the cationic ion exchanger of 0.42 mm
particle size can be clearly seen; indeed a smaller
amount is observed in the image of the 0.45mm
particle size anionic ion exchanger and practically
nothing in the resins of 0.105 mm particle size. Other
SEM images of ion exchangers of large size from
the ratios Ca?>":F~ 4:1 and 1:4 obtained from both
systems 7 and 8, also show (Fig 11), in comparison
with systems 1 and 2, the presence of CaF, crystals
on the surface of the ion exchanger. Further analysis
by SEM—-EDS and the fact that the system does not
chemically allow formation of any other solids (no
ions other than calcium and fluoride are present in the
polymeric matrices) have confirmed the presence of
CaF, crystals on the ion exchangers’ surface.

4 CONCLUSIONS
From the results obtained, the following conclusions
can be drawn.

1. The ion exchange kinetics in tri-phasic and quadri-
phasic systems involving a weak base anionic
exchanger in F~-form and a weak acid cationic
exchanger in Ca?*-form is accompanied by CaF,
precipitation and shows that in both systems the
rate of Ca®* release from the cationic exchanger is
lower than that of F~ from the anionic resin.

2. The release rate of calcium and fluoride ions
is controlled by intraparticle diffusion and has
been characterized by a Fick’s law model. The

F Chem Technol Biotechnol 78:000—000 (online: 2003)
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Figure 10. SEM images from mixed bed systems 7 and 8 (1:1 ratio) after desorption. (a) System 7: Rp-Ca?* (0.42 mm):R-F~ (0.105 mm). (b) System 87

8: Ry-Ca?* (0.105 mm):R-F~ (0.45 mm).
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Figure 11. SEM images from mixed bed systems 7 and 8 of different composition after desorption. (a) R2-Ca?* (0.42 mm) of system 7 (R-Ca?* : 112
R-F~ ratios: 1:0, 4:1 and, 1:4). (b) R-F~ (0.45 mm) of system 8 (R-Ca®* : R-F~ ratios: 4:1, 1:4 and, 0:1). 113

quantitative terms of effective rate of release (B)
and diffusion coefficient (D) of the respective ions
in the resin phase clearly depend on the type of resin
and the presence of different numbers of phases.
3. The amount of precipitate crystallizing on the
surface of resin beds depends on the type of the ion

F Chem Technol Biotechnol 78:000—000 (online: 2003)

114
exchange resin, the respective particle size eand on 1 15
the ratio of resin components (cationic/anionic) 116
mainly in the case of a quadri-phasic system 117
containing a mixed resin bed. 118

. By Varying the ratio of type of resins and 119

their particle size it is possible to accomplish 120
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the precipitation mostly on the larger surface
of the ionic exchanger. Under supersaturation
conditions, when the solution leaves the resin
column, precipitation takes place mainly in the
solution phase after a certain period of time.
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directly onto the proof at the relevant place. Do NOT mark your corrections on this
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Query No. Query

Ql Please clarify

Q2 Confirm pH 8 refers only to EDTA?
Q3 Confirm amendment?

Q4 Define t

Q5 Confirm OK, not K, or Kp;,

Qo6 Define symbol

Q7 ForF~

Q8 Please clarify

Q9 Confirm amendment

Q10 What does R indicates

Ql1 Please clarify

Q12 Please clarify

Q13 “Please provide names of all contributors rather than et al”’
Q14 KA or K

Q15 Closing page nos

Ql6 Closing page nos
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