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ABSTRAt.'T. Study of ion exchange kinetics can give some insight into the rate
controlling step and mechanism in ion exchange. In the majority of cases, dif-

fusion of ions, either through the resin bead or through the surrounding static

layer of solution is the controlling step in the exchange process.

In the rate studies to be described, a modification of the Shallow bed tech-
nique was used; chloride ions were labelled with chlorine-36 and the resin
completely converted to the chloride form. After passing 1 x 10-5 M HCI

through the bed for the appropriate time at constant flow rate, the chloride was
displaced completely from the resin by nitrate. The chloride solution was mon-

itored using a suitable scintillation cocktail which measured the chlorine-36.

Results from a study of several ion-exchangers, including Dionex resins will

be presented and discussed.

Introduction
Low capacity anion exchangers are the most widely used stationary phase in ion chrom-
atography; typical capacity lies in the range of 0.01-0.1 mequiv./g. The rate at which ion
exchange between a. resin and the external (mobile) phase can be important in de-
termining the efficiency of ion chromatography columns[I]. Hellferich[2] has summar-
ized the early work on ion exchange kinetics. In the majority of cases the rate 'o£ion ex-
change is controlled by diffusion of ions either through the resin bead or through the
surrounding static solution (the Nernst film). Boyd and co-workers[3] divided the ex-
change process of ion between a resin particle and the solution into five steps. Where A
is an ion in solution, exchanging with B in the resin, the steps are:

I) Diffusion of A through the solution to the resin particle;
2) Diffusion of A through the resin particle;
3) Exchange between A and B at the exchange sites;
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4) Diffusion of B through the resin into the resin-solution interface; and
5) Diffusion of B through the solution, away from the resin.

Step 3, could involve chemical reaction as might occur for example in chelating res-
ins, but has never been proved conclusively[4-S], steps I and 5 may be reduced to neg-
ligible effect by sufficientll rapid agitation of the solution. Thus, the two best defined
rate determining step are[2, ,S]

I) Particle diffusion
2) Film diffusion

Most commonly, however, neither one of these steps is rate controlling, and both may
be considered to contribute.

Isotope exchange gives rise to the simplest {cinetic situation. For a reaction that is
controlled by diffusion within the particle, the fractional attainment of equilibrium, F, as
a function of time, t, is given by

6 ~ I [ Dt2n2 F=I--Ln=l-.exp --
7t2 n2 r2

where r is the radius of the particle, D is the inter diffusion coefficient of the resin and n
represents the integers from I to 00,

By substituting F = 0.5, the half time of exchange may be calculated from equation

0.030 r2tl/2 =
D

Liquid Scintillation Counting Applied to Chlorine-36

The scintillation counting technique used for radioactivity measurement depends on
the interaction of nuclear radiation with matter, producing light in the near UV or vis-
ible part of the spectrum. Chlorine-36 which is used in this work, has a half-life of3.1 x
IO5y and ~-particle end-point energy of 0.71 Me v[91.

The scintillation cocktail used consisted of 2g of 2,5-diphenyloxazole (PPO), O.lg of
1,4-di-(2-(5-phenyloxazolyl) benzene (POPOP) and 30g of naphthalene (all Scintilla-
tion grade chemicals, Fisons, Loughborough, Leicestershire, England, U.K.) dissolved
in 500ml of 1,4 dioxane (Fisons, Scintillation grade). A 5Oml portion of methanol
(Koch-Light Laboratory, Coinbrook, Slough, Berkshire, England, U.K.) and IOml of
ethyleneglycol (Fisons, A.R) were added to the cocktail. A magnetic stirrer was used for
about three hours to effect the solution. Finally, solvent saturated nitrogen gas was
bubbed through slowly to remove dissolved oxygen from the cocktail.

Experimental
The apparatus used is similar to that described by Boyd et aU3] and is shown in Fig.

1. The. 4-way stop-cock, (A) consisted of a PTFE body with four inlets, having a tapered
KEL-F core and had a single inlet, as shown. The cell in which the resin was held (B)
screwed onto the stopcock core. It was made of KEL-F, and divided into two parts
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which screwed together. A filter was held between the two parts and was sealed by a sil-
icon rubber washer. The filter was a disk of 0.013mm thickness and 13mm in diameter
cut from a 3M18500 non-toxic Particle Mask (Whatman) subjected to 10 tons/in2- pres-
sure by means of hydraulic press (C-30, Research and Industrial Company, London,
England) so that it was slightly larger in diameter than the bore of the cell. A fresh filter

was used with each batch of resin.

B

Condilioning solution reservoir "'"

"""...""...
k-"

Nilric acid or Sodium nitrate reservoir

FtG. 1. Apparatus for Shallow Bed Technique.
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A weighted sample of resin (10 to 20mg) was placed in the cell and initially flushed
with deionized water to wet it and remove air bubbles. It was then eluted with condi-
tioning solution for about ten minutes at a constant flow rate (3.0mVmin) to achieve
equilibrium. This solution had the same composition as the solution containing the la-
belled chloride, but was inactive.

An active solution was then passed through the bed for a specified time at a constant
flow rate (3.0mVmin). Two Milton Roy mini-pumps manufactured by Laboratory Data
Control Riviera Beach, Fl, U.S.A., were used to pump both the conditioning and tracer
solution through the resin bed. Time intervals as short as 3 seconds could be measured
with reasonable accuracy. Finally, 5.0ml of approximately 4M nitric acid or 5.0ml of
0.5M sodium nitrate (when using the silica-based resin) were passed through and added
to 15ml of liquid scintillant for counting purposes. The procedure was repeated for in-
creasingly long fixed times. Thus, the same resin was eluted with tracer solution for a
range of times from 3 to 600 seconds. The measurements were performed at ::!: 1°C.

The tracer-containing solution was made from a stock solution of chloride-36 la-
belled hydrochloric acid of a concentration taken to. be 0.2M (the Radiochemical Cen-
tre, Amersham, 7.5mg/ml of chloride ion, 103~ Ci/ml). 50~1 was added to I liter of de-
ionized water using a microsyringe to give a solution of 5~Ci/liter activity. The count-
ing vials (20ml capacity) were made of polyethylene supplied by Koch-Light Ltd.

The counter used in this work was an L.K.B.-Wallc 1215 Rackbeta Liquid Scintillation
Counter. A background count vial was made up to contain 15ml of scintillant and 5ml (4M)
nitric acid (or sodium nitrate for experiments with silica based resin). The counting rate for
this vial was deduced from each of the sample vials as a correction for background activity.

Treatment of Results and Discussion of Errors

For each resin, the counting rate per unit weight (specific counting rate) expressed as
counts per minute CPM per mg, R, is tabulated asa function of time in seconds. From a
plot of R against time, t, the counting rate per mg beyond which equilibrium exchange
has been attained is estimated. Those values for which the specific counting rate is in-
dependent of time are marked with asterisk. The average of these R values is taken to be
R~. The fractional attainment of equilibrium, F, is then calculated from the relation

F=~
R~

Example, Table fort= 10,R,= 1.5

4.6+ 4.3+ 4.3+ 4.5 +4.4+ 3.9+ 5.4 + 5.4
R = = 4.6:tO.500 8

where the error quoted is the standard deviation of the mean

F = 1.5 = 0.33

4.6
.Jt = -IW = 3.2 and -In (I-F) = -In (1-0.33) = 0.40 are then readily calculated. The

reaction half-time. i.e. the time required for F to attain a value of 0.5 can be read from a
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plot of F against t (Fig. 2) From data in Table I and Fig~ 3, t 1/2 has a value of 24 second.
Each value of F and -In( I-F) is obtained using Roo so that an error in Roo would reflect
on the shape of the plots of F against .Jt (Fig. 4) and -In (I-F) against t (Fig. 5).

Time (sec.)

FIG. 2. Counting rate, R, against time for XAD-2 resin functionalised with CMEE and TMA.

TABLE I, XAD-2 resin functionalized with chloromethyl ethyl ether (CMEE) and trimethylamine (TMA).
Particle size: 30-40~m; exchange capacity 0.014 meq./g.
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Test for total exchange
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FIG. 3.Fraction, F, against time for XAD-2 resin functionalised with CMEE and TMA

In the plots for the -In( I-F) function of t, as F ~ 1 the errors increase rapidly so
that the value for t > 120 second are unreliable. The error in I-F rises steeply. For an
uncertainty of 18%, values of F beyond F = 0.66 in the data set taken here will give un-
reliable misleading results. Thus, the plot -In( I-F) against t should not be considered
beyond t = 120 seconds. When that is done set data points for the various Roo fall on a
reasonably smoothon-linear curve. Thus, general conclusions regarding the rate con-
trolling process in anion exchange do not. appear to depend critically on the Roo taken.
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FIG. 4. Fraction, F, against .Jt for XAD-2 functionalised with CMEE and TMA.
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The times, tl/2 for 50% exchange are read conveniently from a plot of F against t.
These are 60,84 and 104 second, respectively, i.e. around :t22% different from the me-
dian value as would be expected if Roo was the major source of uncertainty in the plotted
data (Fig. 3) with other sources (e.g. counting rates) contributing around 5%. The plots
of F against -Ii and -In( I-F) against time tend to show that the shape of the former is
quite insensitive to the value chosen for Roo but the slope of the apparently linear por-
tion will change. For spherical particles the model of Boyd et al.[3] giyes

F = I.O3ffi

2
7twhere \3 = Dz
r

D is the diffusion coefficient in the liquid phase and r the radius of the particle. The
standard deviation is 18% Roo in the example taken and .J"t3Will be uncertain by about
that amount. This is comparable to the uncertainty in many ion diffusion coefficients
obtained experimentally.

The quantity -In( I-F) carries the error associated with Roo and as F approaches
unity the error increases rapidly.

Discussion of Results

The data from the rate studies are summarized in Table 2 along with the exchange ca-
pacity in column 2 and particle size ranges in column 3. Column 4 gives the exchange
half-times while column 5 and 6 recorded F as function of tl/2 and -In( I-F) as func-
tion of t in terms of rectilinear or non-rectilinear curves.

TABLE 2. Summary of the results of the rate studies and other data relating to the anion exchanging sub-
stances.

(a) Before sedimentation, (b) after sedimentation
TLMAI = trilaurylmethylammonium iodide
crAB = cetyltrimethylammonium brontide
The XAD.2 resin products were functionalized a$ described in ref. [10].
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It is convenient to consider the Dionex and Vydac exchangers first because they were
studied in the fonn of spherical particles and therefore may be expected to confonn in
beha~iour more closely to conditions specified in the model used by Boyd et aU3] to de-
rive the functions enabling us to distinguish between partic]e and film diffusion rate
controlling mechanisms. However. of these four exchangers, it has been seen from the
electron micrographs that the first three really consist of very small (about 0.1 I.lm di-
ameter) approximately spherical particles agglomerated on the surface of much larger
(251.lm diameter) spheres. In the case of AS2 resin, the particles are unifonnly O.ll.lm in
diameter and its rate does not pennit a distinction to be made between the two mech-
anisms. For AS 1 and AS2 particle diffusion control of the rate of exchange is favoured.

The Vydac 302 exchanger consists of hydrocarbon chain chemically bonded to a
spherical particle of mean particle diameter 20l.lm and pore diameter 330ft.. The func-
tional groups are within- the large pores of the particles and they are expected to be im-
mersed in the static liquid water medium not much affected by the flow of mobile phase
over the particles. For Vydac 302 either film diffu"sion or the ion exchange process
could be the rate controlling. The data for the functionalized XAD-2 resin show that the
particle diffusion control or chemical exchange is rate detennining for the larger par-
ticle/higher capacity sample. It might be -expected that particle diffusion control would
apply to these large particles and such high capacity materials. Unfortunately. the data
for low capacity smaller particles do not give a clear distinction between the possible

mechanisms.

Turning to the coated resin (Number 7 to 12) it is seen that the results are in-
conclusive for 12. The inconclusive result for 12 maybe due to a decreasing exchange
capacity with time as observed from regeneration steps. For 7. 8. 9. 10 and II it is seen
that film diffusion or chemical exchange rate control would appear to be consistent with

the data.
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