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0. SUMMARY

Ion exchange resins are used in nuclear power plants for

purification and decontamination of water. In some of the cases, the

spent resins are solidified by drying at elevated temperatures and

then molded together with bitumen before final disposal. The

objective of the present work is to study the swelling behaviour of

such resins and describe it with a model that permits calculation of

the water uptake into the bituminized resins and the external

swelling pressure that might develop by the swelling resins under

repository conditions.

The experimental part of the study comprises the swelling of ion

exchange resins upon their exposure to water vapour before and after

thermal treatment under conditions simulating those used in the

various solidification processes. Seven different resins were

studied (Suprex SBH, SH, and SBOH Duolite ARC 351, ARA 366 and ARA

9366 and Dowex 50x8) in different chemical forms; H , Na , and OH~,

SO 2~ for the cation and anion exchangers respectively.

For each resin, water uptake, density and volume were measured at

different water activities at 25°C. A special robot-based automatic

isopiestic equipment was constructed and used for measuring water

uptake. This facilitated and accelerated the experimental procedure.

The (internal} swelling pressure for all resins studied was

calculated. A slight increase in swelling pressure after thermal

treatment could be observed, especially for anion exchangers. The

apparent molar volume of water in the resin phase has been

determined and the swelling free energies of swelling has been

calculated from experimental data at 25°C and estimated at 0°C.



1. INTRODUCTION

1.1

Spent ion exchange resins constitute an essential part of the

operating waste from nuclear power reactors. Before disposal the

resins are treated and conditioned in various ways in order to

achieve a stable waste form acceptable for disposal and possibly

also volume reduction. However, any such conditioning that involves

drying of the resin also leaves a waste product with an inherent

potential for uptake of water, i.e. swelling. This is the case for

spent resins solidified into a bitumen (asphalt) matrix. When

swelling occurs in a confined volume, e.g. in a repository, this

might lead to disturbance of the surrounding barriers against

transport of radionuclides.

This problem was accentuated in the licensing [1] of the Swedish

repository for reactor waste, SFR, and the question was raised

whether bituminized resins were a suitable waste form with respect

to the proposed disposal method. Since then several alternative

concepts for disposal of bituminized waste in the SFR have been

proposed, and the general background knowledge about swelling has

increased considerably. Much of the earlier knowledge about long-

term behaviour of bituminized resins has been discussed and further

developed within a Nordic collaboration project, NKA/AVF-2 [2].

However, before any definite decisions are taken, either regarding

disposal methods or waste acceptance criteria, it is highly

desirable to get an understanding that permits the impact of

swelling on the long-term performance of the barriers to be

expressed quantitatively. This work forms part of a larger research

programme with this goal in mind.



1.2 Ion •xchang* proc«t««> in nucltu power plants

The use of ion exchange varies from one kind of reactor to another

but might be summarized as follows:

-Continuous purification of reactor cooling water with beds of

granular resins in the so called parallell cleaning circuits. The

operating temperature is ca 60°C and a typical operating cycle lasts

for about 3 months.

-Condensate polishing in BWRs with powdered resins in precoat

filters. The temperature is ca 80°C during a typical cycle of 2-5

weeks.

-Cleaning of effluent streams at ambient temperatures (20-30°C) .

Examples of such streams are the system and floor drainages.

-Reactivity control in PWRs: The borate concentration in the primary

reactor circuit is adjusted by sorption/desorption on granular

resins.

-Clean-up of water in pools for intermediate storage of spent fuel.

-Treatment of blow-down condensates from the steam generator

circuits of PWRs.

Typical annual consumption rates of ion exchange resins in a BWR

unit are [2]:

- 2 - 5 tonnes of granular resins,

-5 - 15 tonnes of powdered resins (incl. filter aids).

The values given above are dry weights.

BWR - boiling water reactor

PWR - pressurized water reactor



1.3 Troatmnt and conditioning of «p«nt x««in«

1.3.1 General

As a first step in the management of the spent resins they are

treated and conditioned into a form and contained in a way that

fulfills the safety objectives of any subsequent handling steps,

including disposal. In Swedish nuclear power plants this is

accomplished by three different methods, storage in concrete tanks

and solidification into a matrix of cement or bitumen.

The concrete tanks are used for low level resins, mainly from BWR

condensate polishing and waste water treatment. The resins are

dewatered directly in the tank, which is provided with filters and

suction pump connections. The inner walls of the tank are lined with

butyl rubber. Sludges, e.g. from treatment of evaporation residues

and decontamination baths, are also conditioned in this way.

Solidification into cement or bitumen is employed for conditioning

of intermediate level resins, e.g. from the parallell and fuel pool

cleaning circuits, in the first place. Presently cement is the

preferred solidification matrix. The process is simple and flexible,

and a certain degree of additional radiation shielding is easily

accomplished. However, in order to get sufficient mechanical

strength the resin content in the final waste form is limited to

about 10% on a dry weight basis. The outer packaging for

cementizised waste is a concrete cr steel mould, where the former

can accomodate higher activity levels depending on the choice of

wall thickness (10, 25 or 35 cm).

Bitumen as a solidification matrix is described more in detail in

the next section.

The present situation with regard to conditioning of spent resins at

the Swedish nuclear power plants is as follows:

Barsebäck (2 BWRs): concrete tanks + bitumen,

Forsmark (3 BWRs): bitumen + cement,

Oskarshamn (3 BWRs): concrete tanks + cement,

Ringhals (1 BWR, 3 PWRs): cement only.



1.3.2 Bituminization processes

Several methods for solidification are used and it is convenient to

make a distinction between batchwise and continuous processes.

1.3.2.1 Batchwise bituminization

Usually mixing takes place after drying of the waste. Typical

examples of this principle are the processes in Forsmark and

Olkiluoto in Finland, cf Figures I and II (Appendix 1).

1.3.2.2 Continuous bituminization

Extrusion means that the wet waste is mixed with bitumen in a heated

box which is connected to condensors and pumps for removal of

off-gases. Mixing and forward transportation are achieved by a screw

conveyor. Several mixing/evaporation steps can be coupled in series.

This method is not used in Sweden, however.

Film evaporation means that the wet waste is fed together with

bitumen on the top of a thin film evaporator. This method is

employed in the Barsebäck plant, cf Fig III.

1.3.2.3 The plant at Forsmark 1 and 2

The flowsheet of this process (delivered by Belgonucleaire) is shown

in Figure I. The main parts are a rotary drum dryer and a mixing

vessel. The feed consists of a slurry with 10 - 20% dry matter;

granular resins are ground before drying. The surface temperature of

the drums is about ca 160°C, but the resin temperature will normally

reach only ca 80°C during the mean residence time of about half a

minute.

The dried resin is fed continuously into the mixing vessel, which

from the beginning has been charged with a sufficient amount of

bitumen for one drum (220 1) of the product. The treatment is

expected only to give partial degradation of anion resins. The waste

content in the product is about 50%. For powdered resins the water

content in the product has been measured to be between 5 and 10%.

This process will eventually be used only as a back-up for the

Forsmark 3 plant. About 1300 drums have been produced.



1.3.2.4 The plant at Forsmark 3

This process has been designed by Asea-Atom and is very similar to

the one insalled in Olkiluoto. The flowsheet is shown in Fig.II. The

main parts of the system are two conical vessels with planetary

screw stirrers. They are both heated by steam. The upper one is used

as an evaporator/dryer and the lower one as a vessel for mixing of

the dried resin with bitumen.

The feed contains about 20% dry matter and no pretreatment is

included. The evaporation and drying takes ca 15 h, which leads to

thermal degradation of at least the anion resins. The final

temperature of the resins is claimed to be ca 130°C, although the

surface temperature of the drier is 150°C. Mixing takes place in

batches corresponding to one drum of product each. The waste content

in the product is normally around 50%, but values as high as 60% can

be achieved.

Only a few hundred drums have been produced since the plant was

taken into operation in 1985. The drying step is also used in a new

method for solidification in cement, where the volume reduction due

to degradation of anion resins is utilized.

1.3.2.5 The Barsebäck plant

This plant of the thin film evaporator type has been designed by SGN

(France), see Fig. III.

Granular resins are coarsly ground before collection in the feed

tank, where the resin slurry is pretreated by addition of sodium

sulphate and an emulsifier. The feed is also neutralized before each

solidification campaign.

The thin film evaporator is a LUWA 210 (Fig. IV), heated by oil with

a temperature of about 220°C. Bitumen and slurry (10 - 20% dry

matter) is fed separately on the top of the LUWA. The product flow

is about 45 kg/h and the resin content between 10 and 25%. The

residence time is in the order of minutes and the product temperature

is normally between 140 and 170°C. Thus, when functioning properly

the process gives a dry product - the measured water content is

normally below 2% on a dry weight basis.



About 5000 drums were produced between 1975 and 1984. Since then

powdered resins are stored in concrete tanks (cf above) leading to a

decrease in the need for biLuminization at Barsebäck.

1.4 Scop* and framawork of th* praaant study

When it comes to assessment of the suitability of bituminized resins

for disposal, swelling of the waste form is of a prime importance

[2]. In fact, only when sufficient understanding of this phenomenom

has been reached it will be possible to decide upon acceptable

properties and disposal methods.

In order to achieve this goal the Swedish Nuclear Power Inspectorate

has engaged in a research programme aiming at a model description of

the uptake of water in bituminized waste. The transport of water in

the product is described as a diffusional process in a heterogeneous

medium, and the desired result of these calculations are the swelled

volume and the pressure needed from outside of the product to stop

further swelling at each moment. However, water sorption isotherms

are needed both for a proper modelling of the diffusion and for

calculation of the sought "outer" (or external) swelling pressure.

In addition a better knowledge would also be needed of how the

isotherms are influenced by the various methods for treatment and

conditioning. These are the main reasons behind the work presented

here.



2. SWELLING OT ION EXCHANGE RESINS

The organic ion exchange resins are built from monomer units to

which ionogenic groups are attached. The polymer chains are kept

together by side-chains (cross-links). The uncross-linked polymers

are soluble in polar solvents since their ionogenic groups and the

ions associated to them have an affinity for the solvent. When

absorbing solvents the coiled and packed polymer chains of the resin

matrix unfold and make room for the solvent molecules, but the

chains cannot separate completely because of the cross-linking. As

a result, the resin swells but does not dissolve.

The resin can only swell to a limited degree. Swelling reaches

equilibrium when the opposing forces, i.e. elastic forces of the

matrix and the forces caused by solvation balance each other.

The swelling of ion exchange resins can be attributed to:

1) the tendency of fixed and mobile ions to form solvation or

hydration shells.

2) the tendency for the interior of the ion exchange resin, as a

highly concentrated solution, to take up additional solvent

(known as osmotic swelling).

3) the tendency of the gel matrix to stretch because neighboring

fixed ionogenic groups repel one another by electrostatic forces.

2.1 Factors Affecting the Swelling of Resins

The extent of swelling depends on the following factors.

1) The solvent. Polar solvents are normally better swelling agents

than nonpolar since they interact more strongly with the ions

and polar groups in the resin.

2) Degree of cross-linking. The greater number of links makes the

network more rigid. The opposing force against swelling will be

stronger.



3) The fixed ionogenic group. Tbe greater the affinity of the groups

for the polar solvent, the J >re strongly does the resin swell.

If the ionogenic groups are completely ionized the swelling of

the resins will be particularly strong, cf (6) below.

4) Capacity. A resin with high ion exchange capacity, contains ions

in higher concentration. The tendency of the liquid in the resin

pores to dilute itself and the resulting swelling is more

pronounced than with a low capacity resin.

5) The counter ion. This effect is complex. The size of the solvated

counter ions as well as their charge will determine the extent of

the swelling.

6) Ion-pair formation and complex formation. Swelling is reduced if

counter ions and fixed groups associate to form ion pairs or

complexes. The change in swelling can be attributed to a change

in the degree of ionization of the fixed groups. This effect is

pronounced in weakly acidic/basic or amphoteric ion exchangers.

7) Electrolyte concentration in the surrounding solution. When

resins are equilibrated with electrolyte solutions, the swelling

is enhanced by low concentration in the solution. An increase in

concentration reduces the osmotic pressure difference between

the interior of the resin and the solution and consequently the

swelling.

2.2 Swelling Pressure and Solvent Activity

Various models can be applied to swelling equilibria. The model of

Gregor [3] will be outlined here.

The pressure difference between the inner and outer solution phase

is called swelling pressure, II,

n - P - p (i)

where:

P - osmotic pressure in the resin

P - osmotic pressure in the solution
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The developed swelling pressure affects the solvent uptake and thus

the solvent activity in the resin. For a resin in equilibrium with

a solvent, the chemical potential has to be the same in the two

phases. The following relation can be derived when the resin is in

equilibrium with pure solvent (solvent activity in the external

phase a w - 1).

Ilvw - - RTlnaw (2)

where:

V - partial molar volume of the solvent

a - solvent activity in the resin phase

The same standard state is assigned to both phases.

The derivation of equation (2) is given in Appendix 2.

2.3 The Relationship between Equivalent Volume and Swelling Freasure

The swelling pressure of a styrene-type resin is found to be a linear

function of the equivalent volume, V ( the volume of a resin sample

containing one equivalent), as given by the following equation [4-6].

V e - all + b (3)

a and b are empirical constants characteristics for the resin.

a reflects the elastic properties of the resin, increases with

increasing cross-linking.

b is the volume of the unstrained resin and is independent of

cross-linking.

The pressure is independent of the salt-form and is thus simply a

function of the volume to which the polymer network is extended.
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2.4 Dttt«zaination of Smiling

Swelling pressures are difficult to measure directly. The most

convenient way of calculating swelling pressures is from

vapor-sorption isotherms. A sorption isotherm for a polyelectrolyte

analog or a weakly cross-linked resin is used as a reference for

the resin studied. The reference is assumed to absorb water with a

negligible strain, and hence to be under atmospheric pressure i.e.

aw - aw where; a w - solvent activity in the resin phase

aw - solvent activity in the solution

The method is based on the following argument. The chemical
potential of the solvent in the gas phase is

(Hw)g - O V + RT In P (4a)
c

PQ - vapor pressure of solvent (at saturation);

P - partial pressure of the solvent;

It follows from eqs. (1'), (6') (see Appendix 2) and (4a) that, in

equilibrium between the resin and the gas phase,

RT In aw - n w + RT In "äw (4b)

where the water activity; a - P

A comparison between the isotherm of the reference and that of the

resin is made at equal and constant external pressures and equal

solvent contents. For the reference, it is assumed that the internal

solvent activity is equal to the external solvent activity in the

solution at every point of the isotherm and that the swelling

pressure is zero. At equal solvent content the internal water

activity of the resin is the same ar for the reference. The internal

solvent activity of the cross-linked resin can thus be obtained from

the isotherm cf the reference.
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The equation that can be used to estimate the swelling pressure is

RT In f_w » nv (5)
a'w

a - actual solvent activity, corresponding to a certain solvent

content of the cross-linked resin at equilibrium

a'v - solvent activity for the reference at the same solvent content

as for the cross-linked resin, i.e. the internal solvent activity

of the cross-linked resin

This method can of course only be applicable in the cases where the

resins can be obtained at different cross-linking without significant

change in structure and weight capacity.
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2.5 Tx— Bnaxgy of Swelling

Vapor sorption isotherms can be used to calculate the free energies

of swelling.[3]

The free energy change, AG^ due to addition of one mole of dry

resin to an infinite amount of solvent vapor of relative humidity

P/Po,

+ n(H2O)p -• Resin(n H 20) p (6)

P / Po P
is AG - - RT / ndln _ (7)

0 Po

The free energy change, AG accompanying the transfer of n moles

of solvent from pure solvent at P pressure into an infinite amount

of resin in equilibrium with solvent vapor of relative humidity

P/Po.

n H20p -» n H 0 p (8)
o

is AG, - nRT In ^_ (9)

The integral free energy of swelling is the sum of these steps

P/P
AG - AG +AG - -RT / ° ndln £_ + nRT In £_ (10)

0 Pc Po

It has been observed that ion exchange resins swell to a lesser

extent in non aqueous media.The largest contribution to the swelling

free energy, AG, comes from the free energies of solvation of the

ions and is thus a measure of the extent of ionic solvation in the

resin phase. The swelling free energy increases with increasing

cross-linking. The contribution of cross-linking, i.e., of swelling

pressure, to the free energy can be estimated by comparing the free

energy of swelling of an uncross-linked reference resinate (AG)

swollen to the same extent as the cross-linked one; i.e., having the

same molality in the resin phase.
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These quantities are negative for the sulfonic type of resin [3]

with the sequence of -AG values for the various ion forms being

H > Li > Na > K . They decrease with the increase in the degree

of cross-linking (expressed as % of cross-linked agent; in this

case DVB). The differences between AG and AG have been computed

and are positive quantities [3], emphasizing that the decrease in

the free energy during the swelling of a cross-linked ion exchange

resin is less than in an uncross-linked resin swollen to the same

extent. This difference is the energy used in the expansion of the

network during the swelling process.
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2.6 Stability or ftasins

The chemical, thermal ar-a mcSiaw'_al stability and the exchange

behaviour of the resins c .^fids •-„;. the structure, the degree of

cross-linking of the malrix as well as on the nature and number of

the fixed ionogenic grou -s. [3]

Highly cross-linked resins are harder and more resistant to

mechanical breakdown and attrition. The most frequent causes for

resin deterioration are chemical and thermal degradation of the

matrix by, for example, oxidation and thermal hydrolysis. Most of

the commercial resins are stable in common solvents, except in the

presence of strong oxidizing or reducing agents. Strains in the

matrix may develop when the resin beads are placed in dilute aqueous

solutions or pure water.

The chemical stability of anion exchange resins does not match that

of the cation exchangers. This is particularly true for the strong

base resin with quaternary ammonium groups. The configuration,

especially in the hydroxide form, is not very stable.

Commercial cation exchange resins are thermally stable. They can

withstand temperatures well above 100°C without any changes in

their properties. The anion exchangers, on the other hand,

starts to decompose at temperatures above 60°C.

The decomposition of an quaternary ammonium resin in the hydroxide

form proceeds by the so called Hofmann degradation [5] to produce an

alcohol and a tertiary amine. The degradation can take place in

either of two ways:

-» R-CH2-OH + N(CH3)3 (I)

[R-CH2-N(CH3)3)
+ 0H~

-> R-CH2-N(CH3)2 +CH3OH (II)
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From reaction (I) the resin residue is an alcohol with no significant

exchange capacity while the other product is soluble trimethylamine.

Reaction (II) produces a residue with weakly basic properties.

The investigation made by Bauraan [7] shows the effects of thermal

treatment on the Amberlite IRA 400 resin in contact with water.

The resin in OR form, at about 90°C, lost 15% of its strong-base

capacity within the first 3 days. Approximately 60% of the

decomposition occurred by reaction (I).

This author also studied the effect of thermal treatment on the same

resin in the carbonate and bicarbonate forms. It is found that the

carbonate resin hydrolyses (III) in a solution to form hydroxide and

bicarbonate resin. The hydroxide form so produced decomposes

preferentially when the resin is heated. The exchange sites in the

carbonate and bicarbonate form are more stable and the decomposition

is assumed to proceed at a much slower rate.

The relative amount of the species CO 2 , HCO, and OH can change

not only by hydrolysis but also by loss of carbon dioxide (IV)

specially upon heating. The reactions are given below:

R2CO3 + H20 - RHCO3 + ROH (III)

2RHCO3 -» R2CO3 + C02 +H20 (IV)

It was found that the resin in carbonate and bicarbonate forms

loses about 12% of its capacity during 30 days of heating in an open

flowing system.
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3. PART

3.1 Material and

Several resins are used for water treatment in nuclear power

plants. For this study we selected resins from two suppliers;

Duolite International, USA, and Suprex S.A., France.

The following resins were used:

1) Suprex SBH

2) Suprex SH

3) Suprex SBOH

4) Duolite ARC 351

5) Duolite ARA 366

cation exchanger (Suprex )

cation exchanger (powder) (Suprex )

anion exchanger (Suprex )

cation exchanger (Duolite)

anion exchanger (Duolite)

6)

7)

8)

Duolite ARA 93<

Dowex

Dowex

50x8

lxl

56 anion exchanger

cation exchanger

anion exchanger

(Dow

(Dow

(Duolite)

Chemical:

Chemicals

USA)

USA)

Detailed specification of the resins are given in appendix 3

(Suppliers data sheets)

The last two resins (Dowex) are not, normally, used in the nuclear

plants but were nevertheless included in the study. Dowex 50x8 was

considered because it has been extensively studied and thus

comparison can be made with the results obtained in the present

work. Dowex lxl was considered as the low cross-linked reference

for the swelling pressure determinations of the anion exchangers.

The cation exchange resins were studied in both hydrogen and sodium

forms. The anion exchange resins were studied in hydroxide and

sulfate forms.

The chemicals used were all of analytical grade.

The water activity required was obtained by using saturated aqueous

solutions of different salts [8]. The water activities used in

this study are given below.
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Nater activity (25°C) Salt used

0.0703 NaOH

0.1105 LiCl

0.2245 K-acetate

0.3300 MgCl2-6H20

0.4276 K?CO3

0.5286 Mg(NO3)2-6H2O

0.6183 NH4NO3

0.7528 NaCl

0.8426 KC1

0.9248 KNO3

0.9800 K2Cr
2°7

3.2 Kxp*ria«ntal technique*

3.2.1 Conditioning of the Resins

The resins were first conditioned by transforming them into

two different chemical forms. Cation exchange resins were cycled

several times between Na - and H -forms. The anion resins were

cycled between OH~ and Cl~ forms In the case of the anion

exchange resins in OH form, special care was taken to avoid

contact with CO from air.

3.2.2 Water Content (dry weight)

The moisture content of the resins were determined by drying the

resins over P 0 under vacuum. The resins were repeatedly weighed

until constant weight. This normally required several weeks. Drying

the anion exchange resins by heating was not done in order to avoid

possible degradation of the resins and the loss of their functional

groups.

3.2.3 Capacity Determinations

Cation exchange capacity

The total exchange capacity of cation exchange resins were

determined using a batch technique. The resin (H+- form) was

equilibrated with 0,1 H NaOH in a 5% NaCl solution. Excess OH~

was titrated using a standardized acid. The capacity of the Na*

form was calculated from these measurements [&].
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The total base capacity

As mentioned earlier anion exchange resins are not completely

stable. Tertiary amine groups are one of the decomposition products

that has weakly basic properties. Therefore, the most representative

capacity determination method for these resins is that which detects

both the quaternary and tertiary amine groups.The method used in the

present study is described below.

The resin was converted to the chloride form by washing with

hydrochloric acid. The chloride was eluted from the resin with

sodium sulfate, and the amount of chloride was determined by Mohr

titration. The dry weight of the samples were determined in both

chloride and sulfate form. [9]

3.2.4 Isopiestic Measurements

The resins are equilibrated with water vapor at given constant

water activity and temperature. The change in the weight of the

resins indicates the amount of water absorbed at the particular

water activity.

Two different equipments were used for isopiestic measurements.

a) A simple set up; evacuated desiccators.

b) A computer controlled robot-based automatic apparatus.

The simple set up was used at high water activities (0.75 and

higher). The results from the two different equipment were checked

and found to be identical at medium water activities.

a. Simple set-up for isopiestic measurements

The apparatus consisted of a vacuum desiccator containing the salt

solution (to maintain the given water activity). The resin samples

placed in stainless steel containers on a 6 mm thick copper plate.

The copper plate was used to ensure that all samples have the same

temperature. The desiccators were placed in a thermostated room

where the temperature was kept at 25.0 ± 0.5°C. The temperature

inside the desiccators was continuously monitored using platinum

resistance thermometers and was found to be 25.0 1 0.1°C.
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Procedure

Samples of conditioned and air dry resin were taken simultaneously

for the determination of capacity, dry weight and water uptake. In

the later case a sample of approx. 0.6 gram resin was weighed into

each container (a single bead layer). The desiccators were then

evacuated in order to facilitate the attainment of equilibrium by

removing air from the pores of the resin. The samples were weighed

every second day. Once a desiccator was opened, each sample

container was quickly placed into a weighing bottle and closed

tightly. After weighing, the samples were placed back into the

desiccators that were re-evacuated. Approximately ten weighings were

made and the average value was used as the equilibrium one. Each

sample was used for isopiestic measurements at 2-3 different water

activities. After the experiments the dry weight and the capacity

of the samples were checked. This was specially important when

anion exchangers were used.

b. Robot based isopiestic measuring equipment

The major drawback of the simple set-up, is that for each weighing,

the desiccators have to be opened thus interrupting the vapor-resin

equilibria.For more accurate determination of water uptake data, an

uninterrupted system which allows in-situ weighing, was developed.

The equipment consists of (Fig. 2) a thermostated compartment

containing a copper plate with up to 12 samples, saturated salt

solution (for establishing a given water vapor activity), an

analytical balance and a robot. A micro-computer was used for

controlling the different functions of the equipment.

The equipment was placed in a thermostated room and the temperature

inside the containers was further controlled by a sensitive cooling/

heating device. The temperature inside the container, the saturated

solution and the copper-plate was continuously monitored (via the

computer) and is constant to better than 25.00 ± 0.02°C. A special

arrangement was made in order to perform the vacuum treatment of the

resin samples while inside the container and under the controlled

water activity. At pre-programmed intervals, the computer-

controlled robot picks a resin sample from the copper plate and

places it on the analytical balance.The weight of the sample is then

recorded by the computer.
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After weighing, the robot returns the sample to its original place

and picks the next sample and so on.

The data are displayed on the screen and stored for further

comparison or processing.

A measuring cycle normally required 30 minutes while equilibrium

is established within 2 days.

This equipment can be used only under non-condensing humidity

conditions, e.g.water activity of maximum 0.75.

A detailed description of the equipment and its operation is given

in appendix 4.

Water Sorption Isotherms

Water sorption isotherms were obtained from the isopiestic

measurements at different water activities. Using the measured

capacity of the resin, the number of moles of H O absorbed per

exchange group is calculated at different water activities.

3.2.5 Volume Measurements

The volume measurements of the resins were performed using

spherical beads only. For each resin, some seven beads with

different sizes were chosen.The beads were placed in a desiccator

and isopiestically equilibrated with a given water activity in the

same way as for water uptake measurements. After equilibrium was

established, the beads were removed from the desiccator and quickly

immersed in dodecane to prevent the alteration of their water

content. The diameter of the beads before and after equilibration

was measured by using a specially adapted microscope.

The beads were then washed with ethanol and reused for further

volume measurements at other water activities.

3.2.6 Determination of Resin Density

The resin density is obtained by comparing it with the density of

an organic solution.
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The density of the resin beads will be equal to the density of an

organic solution in which they are suspended, i.e. the beads

neither float to the top nor sink to the bottom.

Such solutions are obtained by mixing two miscible organic

solvents, one lighter and the other is heavier than the bead

density. This was done in the following way:

The resin was isopiestically equilibrated at different water

activities as described before. After equilibration, the beads were

quickly covered with an organic solvent that has very low water

solubility, e.g. decane. The beads are then placed in the low

density solvent, and thus sinks to the bottom of the container. The

heavier solvent is added in successive amounts (the solution is

homogenized by mixing) until the beads tend to be suspended in the

solution. The density of the mixture is experimentally measured or

calculated using the following equation.

(13)

VV2

3.2.7 Thermal Treatment

The thermal treatment of the resins was performed in order to

simulate the drying of the spent resins that takes place during

bituminization. Three parameters were considered for the thermal

treatment:

1) The temperature at which the resin was exposed

2) The duration of the treatment

3) The presence of water vapor (wet or dry conditions)

The resin was placed in a specially designed steel container. The

container can be either left open or tightly closed. The container

was heated in a thermostated electric oven. The resin was placed

inside the preheated container at the desired conditions. The effect

of the thermal treatment on the resins was studied by two different

kinds of experiments.
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1) Water sorption isotherm determinations as described earlier.

2) A tentative method for checking the effect of the thermal
treatment on the volume and the capacity of the resin (described
below).

Gross volt

The resin was first allowed to swell in distilled water overnight

and was then transferred into a column and allowed to settle. The

column diameter was approximately 1 cm. The gross volume of the

resin was obtained by measuring the height of the resin bed.

The gross volume measurement was first performed on a given resin

sample. The same sample was then used for the heat treatment and the

volume was re-measured.The same sample was also used for the

capacity determination before and after the thermal treatment. In

this way the need to determine the dry weight of the resin was

eliminated.

Gross capacity determination

This method was applied to the resins used in gross volume

measurements (above). In the case of anion exchange resins this

method will only determine the strong base capacity.

To the resin bed, an excess amount of either HC1 solution (for the

cation exchange resin) or carbonate free NaOH solution (for the

anion exchange resin) was passed through the column. After the

resin is fully loaded, it is rinsed with distilled water to remove

the excess solution. The resin is then eluted with 3% NaCl

solution. Complete elution was detected by obtaining a neutral

solution from the column. The eluent was titrated with standard

HC1 or NaOH solution. After the capacity determinations were

carried out, the resins were transferred to H+, 0H~ or SO4
2~ forms

before the thermal treatment.
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4 RESULTS

4.1 Wat«r Soxption Isotherms

The water uptake by different resins was determined isopiestically

as described earlier (section 4.2.4). The water sorption isotherms

fox each resin was calculated and expressed as the number of

millimoles of water sorbed per milliequivalent resin. The water

sorption isotherms were determined for the resins in different

chemical forms.

4.1.1. Cation Exchange Resins

The water sorption isotherms were obtained for four different cation

exchange resins; ARC 351, SBH, SH (powder) and Dowex 50x8. The

isotherms were determined for resins in hydrogen form and in two

cases also for the resin in sodium form. The results are given in

Tables 1-3 and plotted in Figures 3-5. The total exchange capacity

of each resin sample was accurately determined and used in the

calculation of the isotherm. The capacity determined for the resins

studied are given below.

resin capacity (meqv/g dry resin)

H -form

SBH 5.13

SH (powder) 5.28

ARC 351 5.20

Dowex 50x8 5.22

The number of milliequivalents per gram resin in the sodium form was

calculated from the hydrogen form capacity using the equation:

CNa " C H / ( 1 + W ) ( 1 4 )

where:

W - (CH x M H a>- <CH x MH) (14a)

C M - resin capacity in Na -form
+

C u • resin capacity in H -form

MJJ and MH are the atomic weights
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4.1.2. Anion Exchange Resins

The sorption isotherms for three anion exchange resins; ARA 9366, ARA

366 and SBOH have been determined in sulphate form and in one case

in hydroxide form. The water uptake data are given in Tables 4,5 and

plotted in Figures 6,7. The results are expressed in millimoles H20

per milliequivalent.

The capacity of anion exchange resins can vary depending of the

history of the sample in question. Therefore the total base capacity

was measured for each sample, used for the isopiestic measurements,

before and after the experiments. The strong base capacity was found

to decrease to a high extent after the resins had been used in

experiments. The resins are especially sensitive to drying, which

causes a great loss in the strong base capacity. This is probably due

to the decomposition reactions described earlier.

Typical measured total base capacity values are given below:

resin total base capacity (meqv g"1)

exp. Cl" (1) calc. 0H~ (2) exp. SO4"
2 (3)

4.42 3.89

4.12 3.65

4.41 3.88

(1) Measured for resin in Cl~ form

(2) Calculated for resin in 0H~ form

(3) Measured for resin in SO^"2 form

The capacity in 0H~ form was calculated from the capacity values for

the resin in Cl form using an equation similar to equation (14),

The variation in total base capacity within the same resin, when

samples were taken at different occasions and with different

experimental history, was found to be approximately 8%.

ARA

ARA

SBOH

9366

366

4

3

4

.09

.83

.08
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4.2 The Volva» of tesin Baads.

The volume of resin beads, measured at different water activities is

given in Table 33. Figs. 8-9 give plots of the relative bead volume

as a function of the water activity. In the plots, average values

for a number of beads, calculated for each resin, are also given.

As seen there is a considerable scatter in the measured relative

volumes. This is partly due to the cracking of the beads during the

successive equilibrations with water vapor . This was more

pronounced for anion than for cation exchange resins. The main

reason for this scatter is probably the inhomogeneity of the resins.

The fact that the resins were not completely homogenous was clearly

observed during the density measurements. A more representative

average value for the relative bead volume can probably be obtained

if the number of beads used in the measurements are increased.

Volume measurements of the resins SBH and SBOH in H+ and 0H~ forms

were made in two different ways.

a) by using a conditioned resin, (described in 3.2.1)

b) by using the resin directly, without any pre-treatment.

The results for the resin SBOH are presented in Fig. 9a. It can be

noticed that the relative volume is larger for the sample which was

"cycled" between 0H~ and Cl~ forms. The cation exchange resin did

not show any difference in the measured volume after conditioning.

4:3 Density of the Rasins

The density is determined for the resins SBH, SBOH, ARC 351 and ARA

366 in different ionic forms (H+, Na+, 0H~ SO^2") . The results are

given in Table 8, and plotted in Figs. 10 and 11.

The two cation exchange resins studied seem to have the same density

for the corresponding chemical forms. The densities of the anion

exchange resins are slightly different.
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4.4 Thwcaally TxMt«d Basins

4.4.1 Water sorption isotherm for cation exchange resins.

The effect of heat on the water uptake properties has been studied

using two cation exchange resins ARC 351 and SH (powder), both in

the H form.

The resins were thermally treated by heating at 180°C for periods

of 1 hour and 15 hours. The water sorption data are given in Table 9

and plotted in Figs. 12 and 13. The one hour treatment, performed

only on ARC 351 resin, did not affect the water sorption property.

The 15-hour treatment caused a decrease in water sorption at high

water activities. The isotherms were used to calculate the swelling

pressure at different water activities. The calculated pressure

values are given in Table 24.

It is worth mentioning that, the thermal treatment of the resins

have slightly decreased their exchange capacity. Table 12. gives the

capacity determined for the thermally treated resins (in hydrogen

form)

4.4.2 Water Sorption Isotherm for anion exchange resins.

The effect of heat on the water sorption properties of the anion

exchange resins has been studied for the two resins ARA 9366

(OH'and SO^"2 forms) and ARA 366 (SO4~
2 form) .

The resin ARA 9366 has been exposed to 150°C for a one hour period.

The resin ARA 366 has been exposed to 100°C under wet conditions

(water vapour) for 10 min., 1 hour and 15 hours. The hydroxide form

and the sulphate form of the resin seem to be effected in different

ways by the heat treatment. The resin in sulphate form shows an

almost steady decrease in water uptake at every water activity. The

resin in the hydroxide form however, shows a very marked decrease

only at high water activities.

The treated resins show an increase in the strong and weak base

capacity values except for the hydroxide form. This is probably due

to loss of material, (as described by the decomposition reactions in

section 2.6)
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The data are given in Tables 10 and 11 and plotted in Figs 14-16.

The exchange capacities were determined for resin in Cl~ and SO 2~

forms. The capacity of the resin in the OH~ form was calculated from

that of Cl~ form. The results are given in Table 13.

4.4.3. Resin Volume (column experiments)

A number of thermal treatments were made at different conditions.

The volume and capacity of the resins were measured, for each sample

before and after tho heat treatment. The results are given in

Tables 16-20.

Note that the resin capacity is given as the number of

milliequivalents of the entire sample and not per gram dry resin.

Heat treatment during a short period of time seem to increase the

wet volume. However, the increase is caused by other factors than

swelling of the resin beads (sec section 5.6.4).

4.4.4. Thermogravimetric Analysis (TGA)

The thermal stability of the resins could be examined by using TGA.

Samples of different resins studied were analysed by measuring the

loss of weight as function of temperature. The thermogravimetric

graphs of the resin \RC 351 (hydrogen form) and ARA 366 (hydroxide

form) are given in Figs. 29 and 30.

The cation and the anion exchange resins show different thermal

stability behavior. The curve (% loss of weight as a function of

temperature) of the cation exchange type resin show two steep

slopes. The first region at 50 - 130°C, indicates loss of water. In

the region 270 - 330°C the resin decomposes. However for the anion

exchange resin, Fig 30, the loss of water and the loss of amines can

not be differentiated. Both reactions are simultaneously occuring in

the temperature range of 50 - 300°C. At higher temperature the

degradation is complete.



29

5. TREATMENT OF DATA AND DISCUSSION

5.1 Wat«r soxption iaothtxa

The water sorption isotherms for the four cation exchange resins

studied in the hydrogen form are given in Fig. 3. It is evident that

water uptake characteristics of these resins are similar. The solid

line is calculated for the resin ARC 351 using the model described

later and is seen to also fit the experimental data of the other

resins . The water uptake is strongly dependent on the chemical form

of the resin. Cation exchangers take up much more water, at all

water activities, when in the hydrogen form as compared to the

sodium form (Fig 4, 5)

more strongly hydrated.

sodium form (Fig 4, 5). This is due to the fact that the H + ion is

Water sorption isotherms for the different anion exchange resins

studied in the same chemical form are slightly different especially

at high water activity (Fig.6). A resin in the sulphate form adsorb

more water, at all water activities, than the hydroxide form (Fig.7).

This is also due to the difference in hydration. Polyvalent ions are

usually more strongly hydrated.

Sorption isotherms similar to those given in Figs 3-7 have been

reported earlier. There is a fairly good agreement between the

isotherms obtained for the cation exchange resins in this study and

those obtained by Boyd et al [4], Lai et al [10], and Gregor et al

[11]. In the first two studies [4,10] the authors used Dowex 50x8

while Gregor et al [11] used a resin, that they prepared themselves,

similar to Dowex 50x8. The water sorption isotherms obtained in this

study, as well as other reported, show a general tendency to be

rather similar except at higher water activity where they are

slightly different.

For low cross-linked polystyrene sulfonic acid the published water

sorption isotherms are less consistent. However the osmotic

coefficients obtained by Marinsky and Reddy [12] for polystyrene

sulfonic acid and sodium polystyrene sulphonate are considered to be

reliable and were thus used together with the corresponding data of

Gregor [11] and Bonner [13] in calculating swelling pressure.
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The anion exchange resins, on the other hand, have by far not been

studied to the same extent as the cation exchange resins. Sorption

isotherms for 6% cross-linked resin Dowex 1 in hydroxide form have

been published by Boyd and Soldano [4] and the 1%, 4% and 10%

cross-linked sulphate form have been examined by Sosinovich et al

[14]. The water sorption values show good agreement with those in

in the present study for the resins ARA 9366, ARA 3666, SBOH and

Dowex lxl if the effect of the different cross-linking, at high

water activities is considered.

5.2 Swelling pxvssux*

The swelling pressure of the resin is developed when the isotherm of

the resin is different from the isotherm of the reference

polyelectrolyte or resin. The maximum swelling pressure will depend

upon the water sorption of the resin at water activity equal to

unity. No measurements were performed at this water activity because

it requires very long time to reach equilibrium. The value is

obtained by extrapolation. The uncertainty is in the order of ± 0.4

mmol H20/meqv., with an error in the value of the swelling pressure

in the order of ±6 atm. For cation exchange resins in H form this

gives an average error of 4% of the estimated swelling pressure

(typically 160-180 atm).

5.2.1 Cation Exchange resins:

The sorption isotherms were used, together with literature data for

low crosslinked polystyrene-sulphonate resins [11], [13] and the

analogue polyelectrolyte [12], to calculate the swelling pressure

(II) as described in section 2.2 and 2.4. The reference isotherms are

given in Fig. 18a and 18b. The molar volume of water used in the

calculations of equation (5) was 17 ml/mol for the hydrogen form and

18 ml/mol for the sodium form of the resins (section 5.5)

The swelling pressures at different water activities are given in

Table 21 for the resins in hydrogen form and in Table 22 for the

sodium form.

5.2.2 Anion Exchange Resins

The water sorption isotherms were used to calculate the swelling

pressure. The water sorption isotherm for the anion exchange resin

Dowex lxl (1% DVB) (Data are given in Table 23) was determined and
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used as the low crosslinked reference.The isotherms of the reference

are given in Fig. 19a and 19b. The molar volume of water used in

equation (5) was 18 ml/mol for both the sulphate and the hydroxide

form of the resins (section 5.5).

The isopiestic measurements for anion exchange resins are less

accurate than the measurements for cation exchange resins for

reasons explained earlier (section 2.7). The error introduced in

the calculations by using the 1% DVB resin instead of a resin with

lower cross-linking is expected to be within the range of the

experimental errors.

The swelling pressures at different water activities are given in

Table 24.

Tables 25 and 26 give a comparison between the data of the swelling

pressure and equivalent volume for the resins included in this study

and published data. As can be seen, the swelling pressures are

somewhat higher for the resins ARC 351 and SBH than for Dowex 50x8

within the same ionic form. The difference is most noticeable in the

sodium form. It must be remembered that the publications referred to,

used the molar volume of water equal to 18 ml / mol in their

calculations, also for the hydrogen form of the cation exchanger.

The dry volumes are very similar for each ionic form. The resins

ARA 9366 and Dowex 1x6 in hydroxide form show almost identical

values.
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5.3 Treat-Mat of Water Sorptioa Data

The water sorption data can be treated by the following model [17].
Consider the reaction:

AR + nH?O -* AR(H2O)n (15)

The equilibrium constant of reaction (15) can be written as

2 ) n ) [AR(H2O)nJ y n 1
_< — — _____ _. _________ __ __ (16)

|AR}{H2O)n [AR] y0 a"

or

[AR(H2O)n] - -- K^IAR] a" - Kn [AR] a" (17)

*n

It is assumed that the activity coefficient ratio y /y - constant

in the range where the hydrate AR(H 0) is an appreciable fraction

of the resin present, i.e. where the fraction defined by

[AR(HO) 1 K a n

a - - - • - (18)
[ A R ] t o t l + l K n a n

is at least 5 to 10% of the total.
The number of water molecules per sulfonate group W is defined by

InK an B
W -—- - -- (19)

l+lKna
n S

where

B - lH20]tot - InKn[AR]a
n - [AR]InKna

n (20)

S - IAR]tot - [AR] + lKn[AR]a
n - [AR] (1+lK.a") (21)

In order to resolve experimental data, W as a function of aw, the

following approach was used. It is easily shown that:

d lnS
W (22)

d lna
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This expression can be rearranged to:

(23)d lnS

or

lnS -

W

a

1»S,

da

- /
H

a
da (24)

The S values are used for calculation of the constants K .
n

From eqn (19), we get

lim - - Kx (25)

a-»0 a

From the water absorption data at low water activities, the

constants Ki and K? are obtained. The water sorption isotherm

curve can then be fitted, using a curve fitting program (in this

case Mlab) [18]. The constants in Table 6, 7, 14 and 15 are obtained

in this way.

In the present case where a limited number of experimental data are

available only a set of possible n-values can be obtained. No unique

description of the experimental data into various hydrates can be

claimed. For this purpose, a much larger amount of experimental data

is needed. However, the method offers a simple chemical model for

the water sorption consistent with similar processes in aqueous

solutions.

In Tables 1-5 and 9-11 experimental and computed W-values are

compared for the different resins studied. The error <T(W) given in

the Tables is defined by:

n is the number of experimental points, and the error squares sum, U,

is defined by:

n
U - I(W -W ) 2 (27)

exp calc
i



34

In Figs. 3-7 and 12-17 the solid lines have been calculated using

the models obtained in this treatment and the constants for each

resin as given in Table 6 and 14 for the cation exchange resins and

table 7 and 15 for the anion exchange resins.

In Figs. 20 to 27 the fractions a are plotted against a (defined

by eqn. 18) for the different resins studied. These plots show the

relative importance of each of the species in the different water

activity ranges.

For cation exchange resins in the hydrogen form, it is seen that the

species with four water molecules dominates at low water activity, a

- 0.30 - 0.75, while for the sodium form, it is seen that the

species with one and two water are dominant over almost the whole

range. In the species containing eight or more water molecules, the

number of water molecules can be regarded as an average for several

overlapping hydrates. For the anion exchange resins, the species 2,

4 and 8 are predominant in the whole a range.
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5.4 Equivalent Vol

Different experimental data were used to calculate the equivalent

volumes of the resin under dry and "completely" wet conditions. The

equivalent volume of the dry resin is obtained from capacity of the

resin at dry conditions (determined experimentally) and the resin

density at aM - 0.07 (which is considered equal to that of the dry

resin). The equivalent volumes at the different a were calculated

from the corresponding water uptake and density data. The equivalent

volume of the completely wet resin is then obtained (from each water

activity ) using the corresponding relative volume data (V - -

V /V ). A set of consistent values is thus obtained for each

resin. The data used for calculations of the equivalent volumes of

the resin SBH in the hydrogen form are given below.

aw

0.0703

0.1105

0.2245

0.3300

0.4276

0.5286

0.8426

1.00

p - density

V - equivalent

V - equivalent

P

1.40

1.39

1.37

1.36

1.35

1.33

1.29

1.23

volume at

volume of

W

1.29

1.70

2.42

3.07

3.54

4.29

7.61

10.80

given aM»

completely

Vrel

0.55

0.56

0.57

0.57

0.63

0.67

0.82

1

(1000 + WMw
wet resin

Ve

156

163

174

184

192

205

257

317

rc0)/pc0

(aw - 1)

rH

279

295

311

323

305

306

317

317

C - capacity (meqv./g dry resin) (c.f. page 24)

As seen the values obtained for the equivalent volume of the wet

resin at the different water activities are constant within the

experimental errors, except for the first volume. The discrepances

in the V values are most probably caused by errors in the relative

volume determinations.
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Similar calculations are performed on the different resins, the

results are summarized in the following table.

Resin

ARC 351

SBH

SBH

ARA 366

ARA 9366

Ionic form

H+

H+

Na+

so4"
2

OH"

Vx (ml/eqv.)

310 ± 21

313 ± 21

290 ± 21

478 ± 6

410 ± 39

The error is taken as 3o (defined in section 5.3)

The agreement between the equivalent wet volume determined using the

different density values, and the relative volumes was satisfactory.

This is true in spite of the fact that results from four different

kinds of measurements are used in the calculations and that the

measured relative volumes show a considerable spread.

In Section 2.3 the relationship between the equivalent volume and

the swelling pressure is given by equation (3).

vg - an + b

The calculated equivalent volumes are plotted against the swelling

pressures (Fig 26) and the following values of a and b are given.

ARC 351 (H+, Na+) Ve - 0.62F1 + 196

Dowex 50x8 (1+, Na+) V - 0.8911 + 193

ARA 9366 (SO4~
2) Ve - 1.9511 + 267

ARA 366 (SO ~2) VA - 1.8911 + 282

The equivalent volumes of the completely dry and the completely wet

resin as well as the swelling pressures obtained in the present

investigation are given in Tables 25 and 26. For comparison, the

literature values for Dowex 50x8 and Dowex 1x6 are also listed.



37

5.5. Molar Voluma of Watar in tha Rasin Fhaaa.

The experimental data obtained in the present study have been used

to calculate the apparent molar volume of water in the resin phase.

The absorption of the water by the polymer matrix itself is assumed

to be negligible and that all water taken up by the resin is

expected to be absorbed at the exchange sites ( the ionogenic groups

and the counter ions).

The water absorbed by the resin can be considered to form a first

hydration sphere as well as a second hydration sphere. In this sense

the water may be bound differently in the resin phase. The first

hydration sphere would be bound to the resin stronger than the water

of the second sphere. Consequently, the apparent molar volume of

water in the first hydrati-n sphere is expected to be smaller than

that of the second hydration sphere. Although there is no direct

method that can be used for the distinction between the spheres, it

is generally agreed that the first hydration shell may consist of 4

or 6 water molecules whereas higher hydrates would be considered

to form secondary hydraticn sphere [17].

In the following treatment of the experimental data we considered

two different types of water volumes; water of the first and water

of the second hydration spheres.Two approaches are used to determine

the molar volume of water. In the first approach we used the

experimental data of water sorption and the equivalent volumes of

the resin at different water activities.In the second approach, the

molar volume is obtained from the volume of each hydrate. For the

sake of simplicity, we use the notation v. to indicate the hydration

number 1,2,4 and the notation v, to indicate higher hydration number

where the volume of the water should be very close to "free" water.

5.5.1. Determination of molar volume from water uptake data

The volume relationships for the resin-water system at constant

temperature and constant amount of water can be represented by:

V - vr + vhWh + vfWf (28)

V - total equivalent volume of the resin at the different water

activities (Ve)
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v r - equivalent volume of the resin

vft - apparent molar volume of water of the first hydration sphere

v_ - apparent molar volume of water of the second hydration sphere

W h - amount of water of the first hydration sphere (mol/equivalent)

W f - amount of water of the higher hydration sphere (mol/equivalent)

Equation (28) can be represented graphically by plotting the

equivalent volume of the equilibrated resin against the

corresponding water uptake.At low water activity range the term v.w.

kan be neglected because all the water, taken up by the resin, exist

as the first hydration sphere; i.e. w f- 0. In this range, the volume

data could be fitted to a straight line, with a slope - v. and an

intercept » v (the specific volume of the resin excluding the volume

of the water of hydration). It should be noticed that the specific

volume of the resin may be different from the specific volume of the

anhydrous resin, which is measured experimentally. This is due to

that the partial molar volume of the resin might change depending on

the degree of hydration.

The water uptake data for some resins were used to calculate the

apparent molar volume of water. The resins considered are:

1) ARC 351 H + form

2) SBH H + and Na + form

3) ARA 366 SO^2" form

4) ARA 9366 0H~ form

The apparent molar volume of the water of the second hydration

sphere is more difficult to determine as compared to the first

hydration sphere. This is due to the fact that the experimental data

available for these calculations are limited; 2-3 points for each

resin.

Figs. 31 - 35 shows plots of the total equivalent volume, V, versus

the amount of water absorbed, W, by the different resins studied.

From these plots, values of vh, v f and vr were obtained and are

given in Table 27. The value of v- were calculated considering

W h - 4 .
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5.5.2 Determinations of apparent molar volume from the volume of

sinql-- hydrates

Another approach for the determination of the molar volume of water

in the resin phase is done by using the equivalent volumes o' the

different hydrates. The volume of each hydrate can be estimated

using the fractions of each hydrate, aR, and the equivalent volumes,

V, at different water activities. For each water activity equation

(29) is valid.

V - I a v n (29)
n~l

where
n-0, 1, 2, 4, 8, N i.e. the number of water molecules in the hydrate

and v - volume of the hydrate

A set of equations, for the different equivalent volumes,is obtained

and can be solved for the different hydrate volumes simultaneously.

A general minimization program, MLAB [18], was used for solving

the equation system. The hydrate volumes for the resins ARC 351 in

H form, SBH in H form and ARA 366 in SO 2~ form are given in

Table 28.

By plotting the hydrate volumes against n (v - v + nv"w), the

part of the data where n<8, could be fitted to a straight line, and

its slope gives information on the molar volume of water of the

first hydration sphere as shown in Figs. 36-58. As seen, only 6

experimental points are used in the plot; 5 different hydrates and

the unhydrous species. However, it is clear that for all the resins

considered, the volume of the 16-water hydrate lies well above the

line fitted by the lower hydrates. For the anion exchange resin ARA

366 in sulphate form the 8-water hydrate also lies significantly

above the line. This indicates that the water molecules forming the

secondary hydxation shell have larger molar volume than that of the

water molecules forming the first hydration sphere. The values

obtained for the water of the first hydration sphere, vh, and the

volume of the anhydrous species, v , are given in Table 29.
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The vQ values given in Table 29 are obtained by fitting the

different hydrate volume data to straight lines, while the v values

i Table 28 were obtained by solving the equation system (29) for

each hydrate. As seen the results are similar.

The v values given in Table 27 is referred to as v i Table 29. The

different symbols were used in order to emphasize that they were

obtained using two different approaches. However, as seen the two

approaches give the same values, within the experimental errror.
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5:6 Th« Xff«ct of Thaxnal Tr^ataant

5.6.1. Cation exchange resins

Polystyrene sulphonate type cation exchange resins can withstand

quite high temperatures during long time without any changes in

capacity and swelling properties. The effects of the thermal

treatment were small even at temperatures of 180°C during 15 hours.

A small decrease in capacity probably causes the lower sorption, in

the region of high water activity, from osmotic reasons.

5.6.2. The anion exchange resin

In this case the effect of the thermal treatment is more complex.

The thermal stability and the decomposition reactions of anion

exchange resins are discussed in Section 2.7. These reactions are

used to explain the results obtained for thermally treated anion

exchangers.

The effect of the thermal treatment is illustrated in the two

following examples.

Resin: ARA 9366 in 0H~ form, haat traatmnt 150°C on* hour

The capacity is decreased from 4.43 meqv/g resin in 0H~ form to 4.05

meqv/g resin after the thermal treatment.

Assume that reaction (I) is the only decomposition reaction, and

the loss of amine is x mmol, thus follows:

before treatment: a resin sample of lg

total capacity 4.43 meqv/g

considering the molecular weight of (N(CH ) - 59 g/mole

after treatment: resin sample weight - (1 - 59x) g

tot. capacity (4.43-x)xiO3 - 4.05 meqv./g
(1 - 59x)

This means that x - 0.46 mmol N(CH ) have been formed in ig resin

sample, the weight loss is 2.9% and the loss of exchange groups is

11.3%
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It is however reasonable to believe that both the reactions I, II

axe occurring simultaneously. In this case the loss of exchange

groups must be more than 11.3% to compensate for the loss of weight

in reaction (II). The decomposition can not be due only to reaction

(II). In this case the capacity would increase.

Consider the 0H~ form of the same resin in Tables 4 and 11. The

first sorption value (mmol/meqv) at low water activity for the

thermally treated resin is higher than for the untreated resin. The

difference is not too significant. A possible explanation can be that

the R-CH.-OH group from reaction (I) can be hydrated. However, these

groups do not have any exchange properties and do not contribute to

the measured capacity.

The decrease in water sorption, upon thermal treatment, at higher

water activities can be explained as follows. The decomposition

reactions (I) and (II) will lower the concentration of ionic groups

and counter ions in the resin. The osmotic sorption of water will

then be decreased as compared to the untreated resin.

Th« anion ftxchang* resin in SO 2~ form

Possible reactions of the resin in the sulphate form are hydrolysis

in water and loss of SO gas upon heating. R - resin (functional

(V)

(VI)

The resin contain a mixture of SO 2~, HSO^" and 0H~ forms also

before the heat treatment. The difficulty to interpret the results

of the thermal treatment is easily understood. Some suggestions can

however be made.

The measured resin capacity was found to increase upon heating the

resin in all the experiments. Consequently the weight loss must

be more pronounced then the loss of functional groups. This can be

explained by reaction (VI) and also by decomposition of the

hydroxide form formed in reaction (V).

and loss of

luded)

. R^so - «

contain

S 0 3

• S 0 3

gas

R+OH~

a mixture

upon

of

heating.

SO 2~, HSO4
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Considering water sorption data of the resins in SO 2 form given in

Tables 10, 11 and Figs 15-16, the decrease in water sorption, over

the whole water activity range, can possibly be explained by an

increased proportion of OH form compared to sulphate and

bisulphate in the resin.

5.6.3 Swelling pressure of thermally treated resins

Calculated swelling pressures of the thermally treated ion

exchangers are given in Table 32. As can be seen the swelling

pressure has increased after thermal treatment for all resins

studied. There are however some uncertainities about these swelling

pressure values that needs explaination.

In these calculations, the water uptake data of the resin are

compared to that of a reference e.g. an uncross-linked

polyelectrolyte or a low cross-linked resin with similar exchange

capacity. The thermal treatment may change some of the resins

properties, e.g. charge density. The decrease of the resin charge

density results in a decrease in the osmotic water uptake. If the

resin capacity is significantly decreased, the calculated swelling

pressure will thus be higher.

The thermal treatment has resulted in a decrease of the exchange

capacity except for one resin. The anion exchange resin ARA 9366 in

the hydroxide form has shown the highest decrease of the exchange

capacity; 9%, while the changes of the capacity of the cation

exchange resins are about 2%. The capacity of the resin ARA 9366 in

sulphate form has increased with at most 5%.

5.6.4 Effect of thermal treatment on wet volume

Some tentative experiments were made to compare the changes of resin

volume as a result of different thermal treatments.

The volume of thermally treated resins can not be studied by the

same method as used for the untreated resin. Most of the beads were

cracked upon heating and it was not possible to measure, bead

diameters as described in Section 3.2.5.

From the Tables 16-20 an increase in the resin volume can be noticed.

This is most probably mainly due to the experimental method of

measuring. The settling of the treated resin is less effective due

to cracking and the bead residues do not pack as dense as not

cracked beads.
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The cracking of the anion exchange resin is visualized in Figs. 17a

and 17b by photographs of a sample of the resin KRP J 5 6 before and

after thermal treatment. It was also noticed that drying the resin

causes a similar effect.

5.7 Fret Snaxgy of Smiling

The free energy change for the sorption process is given by equation

10 (sect. 2.5). However, it is not convenient to integrate the

equation in this form and therefore, the expression is converted to

aw
AG - -RT f ndaw + nRT In a w (30)

0 aw

When -RT/a is plotted against a , as a -» 0 a straight line

relationship is obtained and the extrapolation can be made.

Free energies of swelling for the resins studied have been computed

using eqn. 30. The AG values calculated for the resins studied are

given in Table 30 while AG for the thermally treated resins are

given in Table 31. The AG values represent the free energy change in

the resin system when it goes from a certain reference state (dry

ionic form) to a given "standard" state where the resin (swollen) is

in equilibrium with pure water.

In Figures 39 - 42 the AG valuer, of resins swollen at different

water activities are plotted against the water activity and the

water content.

The AG values are obtained at 25°C. However, as the resin will be

disposed off in underground facilities, it may be of interest to

estimate AG for the water uptake at lower temperature, say at 0°C.

However, this is a difficult task as the available thermodynamic

data for these resin systems are limited. It is possible to obtain

an estimate of AG for the formation of the different hydrates using

the Clausius-Clapeyron equation given by

In K - I^U + C (31)
RT
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Values for AHR of the formation of the hydrates were obtained from

calorimetric measurements, carried out by Sosinovich et al [14], using

the resin Dowex 1 containing 4% and 10% cross-linking.

The water-uptake data obtained by these authors agrees very well

with those obtained in the present studies for the resin ARA 366 in

sulphate form. However the authors do not report the same species as

found in the present study. Therefore, the AH values are

recalculated, considering the species found in the present study,

from the corresponding heat data. These AH values are used for the

estimation of AGRfor the resin ARA 366 in sulphate form.

The AG values obtained using AH for either 4% and 10% cross-linked
resin were similar (within lKJ/eqv). The AGfi for the resin ARA 366
could thus be estimated using AH for the resin Dowex 1, at either
cross-linking, without introducing any significant error. The AG
values obtained for the resin ARA 366 at 25 and 0°C are given in the
following table.

n

1

2

4

8

20

AGn(25°C)

-11.41

-19.67

-26.06

-29.36

-29.83

AGn(0°C) a

-12.03

-19.82

-26.69

-29.94

-30.37

AGn(0°C) b

-11.49

-18.86

-25.99

-29.21

-29.64

a) AH values for 4% cross-linked Dowex 1 resin were used.
b) AH values for 10% cross-linked Dowex 1 resin were used.

As seen, AG values at 0°C are practically the same as at 25°C
(within the experimental error in AGn(25°C) determination). However,
verification of the assumptions used in this treatment can only
be obtained by performing the experiments at some other temperature.
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«

6.1 Definition and i^licatioas

The external swelling pressure of an ion exchange resin might be

defined as the mechanical pressure that must be applied from outside

the resin grains in order to prevent swelling. This pressure is not

fully developed, or hypothetical, until a state of mechanical

equilibrium has been reached, i.e. the state where the external

swelling pressure is balanced by a counteracting pressure from

compression of surrounding materials.

This is the case that applies for swelling of bituminized resins in

a repository. The balancing pressure is produced by compression of

the material, or barriers that surround the waste package.

Calculation of the equilibrium state is of great interest since it

will give information on to what extent the surrounding barriers

might be impaired. The principles for such a calculation in a case

with compression of a bentonite clay buffer has been described by

[19] .

The calculations must rely on a relation between the swollen resin

volume and the external swelling pressure for the waste form, or

rather, the bituminized resins.

6.2. The clastic pressure

As already mentioned in Chap. 2 the swelling reaches equilibrium

when the osmotic pressure inside the resin is counterbalanced by

opposing mechanical forces. At free swelling these forces arise from

elastic strain in the cross-linked polymer network.

However, the same internal, or elastic pressure (pe^) will also be

developed when swelling of a resin grain takes place against

external opposing farces, i.e. an external swelling pressure (p
ex)•

At equilibrium the difference in osmotic pressure between the inner

and outer solution, AP, is thus equal to the sum of the elastic

pressure and the external swelling pressure, i.e.,

P e x - A? - P e l (32)
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€.3. Conditions »t tx— smiling

When P e x - 0 i.e. at free swelling, Eq (32) reduces to P . • ÄP,

which is the sane as Eq (1). As already indicated in 2.3 this means

that the ordinary swelling pressure II is a measure of the elastic

properties of the resin.

In the calculation of external swelling pressure according to Eq

(32) P e l is needed as a function of water uptake (W) or equivalent

volume (Ve), since both these parameters are known from other

calculations, as shown below. Clearly, the sought relationship is

given by Eq (5), which might be rewritten,

RT a (W or V )
P e l - _ In !_ (33)

Vw äw(W or Ve>

This relation between P g l and V is approximatively linear as

described by Eq (3). At intermediate water activities a w -» i w (cf

Figures 18 and 19) and P , -» 0. Despite this fact expansion of the

resin takes place even below this range of water activity as evident

from direct measurement of the equivalent volume (Figures 8 and 9).

In other words, at low water uptake the polymer matrix expands

without measurable stress [4].

S.4. Calculation of th« external swelling pressure

For a given moment during the swelling of bituminized resins in a

repository a certain amount of water has been taken up into the

waste matrix by diffusion. This amount can be calculated as a

solution to the partial differential equation for diffusive

transport of water in the waste package. The swollen volume or

the volume increase is given by the volume of this amount of water.

Now, since the sought external swelling pressure at a given moment

is equal to the pressure needed from outside the package in order to

prevent further swelling, this pressure has to be the same even

after a long time. During this time, the concentration profile

inside the package will have been leveled out by diffusion. This

means that the sought pressure relates to a state of the resin phase
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v.tiUf
where the total amount of î iiit is evenly distributed over the total

amount of resin in the package. However, with the continuous bitumen

phase acting as a permeable membrane, the resin is in equilibrium

with the surrounding groundwater, i.e. the water activity outside

the resin nearly equals 1. In such a case the osmotic pressure

difference is given by

pip
AP - - _ In a (W or V ) (34)

v w e

w

where, in principle, aw would have to be calculated from the inverse

of the sorption isotherm for an appropriate reference resin.

However, P is given by Eq (32) and the insertion of Eq (33) and Eq

(34) now gives as a result the simple formula,

_1 In a (W) (35)
w

W

Thus, all that is needed for calculation of the external swelling

pressure at a given water uptake is the inverse of th • sorption

isotherm for the resin in question.

An example of the external swelling pressure as a function of

relative equivalent volume, and its relation to the osmotic pressure

and the elastic pressure is shown in Figure 43.
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7. COHCLUSIOHS

The following conclusions are reported from the results of the study

described above.

1) The different cation exchange resins studied have similar

swelling characteristics, i.e. the different cation exchange

resins take up water almost identically at different water

activities.

2) The different anion exchange resins, mainly in the sulphate form,

show different water uptake characteristics. However, the

experimental water uptake data for a given anion exchanger are

less reproducible. The differences in water uptake for the

different anion exchange resins are not significant.

3) The highest relative increase (percent) in the volume of the

resin beads as a result of the swelling is found for the cation

exchange resins in the hydrogen form. Anion exchange resins in

sulphate form showed the highest absolute increase of the

volume.

4) The maximum swelling of all resin studied , in different forms,

result in an increase of the volume by a factor of two compared

to their dry volume.

5) There is no difference in the water uptake, and hence the

swelling pressure, between the bead form and the powder form of

of a resin.

6) Typical values of the swelling pressure for the cation exchange

resin are 170 and 113 atm for the hydrogen and the sodium form

respectively. Typical values for the anion exchange resin are

98 atm for the sulphate form and 106 atm for the hydroxide form.

7) The water uptake and the resulting swelling pressure for the

cation exchange resins ( both powder and beads ) are hardly

affected by the thermal treatment (heating at 180°C).

8) The thermal treatment dramatically affects the water uptake of

the anion exchange resin. The effect of the thermal treatment is

complex.
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- The total exchange capacity of the anion exchange resin, in

the sulphate form, is higher after the thermal treatment. The

capacity of the same resin in OH-form, on the other hand,

decreases as a result of the thermal treatment.

- The water uptake calculated per ion exchange group, for the

anion exchange resins, is lower for the thermally treated

resins. The resins in the hydroxide form show a decrease in

the water-uptake at high water activities. The resin in the

sulphate fo^rn show, however, a decrease in their water uptake

over the whole water activity range. This also means that the

volume increase per ion exchange group at maximum swelling

can not be higher than for untreated resin.

The thermal treatment probably affect the equivalent weight

of the resin. This can be due to changes in functional group

or change of the counter ions (ionic form).

9) The swelling pressure for the thermally treated anion exchange

resins increase as compared to the corresponding resin without

thermal treatment. The increase of the swelling pressure for

the resin in hydroxide form is much higher than for the same

resin in sulphate form when exposed to the same thermal

treatment. The swelling pressure obtained from the isotherms

of the resin exposed to 150°C during one hour were 228 atm and

135 atm for hydroxide and sulphate form respectively.

10) The swelling free energies, when dry resins are swollen

upto the water activity equal to unity, are in the order

16-30 KJ/equivalent depending on the resin type and ionic form.

11) The estimated values of the free energies of formation of the

different hydrates for the resin ARA 366 in sulphate form at

0°C do not differ significantly from those calculated at 25°C.

Consequently the swelling behaviour of the resin at 0°C is

expected to be the same as at 25°C.

12) From the water uptake data, estimates of the apparent molar

volume of water were obtained and found to be 15-16 ml/mol for

the first hydration sphere (1-4 water molecules in the hydrate)

and 17-18 ml/mol for the second hydration sphere.
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Table 1.

Measured water uptake data, wexD» (irmol HO/ meqv.) for the three

different resins: ARC 351, SBH and SH in hydrogen form, at different

water activities, aw, (T = 298 K). The calculated water uptake

values, W ^ , are obtained using species and constants given in

Table 6. The error square sum, U, and the standard deviation, o are

defined by equations (26) and (27).

aw

0.0703

0.1105

0.2245

0.3300

0.4276

0.5286

0.6183

0.7528

0.8426

0.9248

0.9800

ARC 351

Wexp

1.26

1.72

2.51

3.07

3.48

4.23

4.72

6.21

7.42

9.05

10.33

U -

O - ±

H+

Wcalc

1.31

1.69

2.48

3.06

3.56

4.16

4.81

6.13

7.45

9.08

10.31

0.032

0.06

SBH H+

w
exp

1.22

1.70

2.42

-

3.54

4.29

5.12

6.40

7.61

9.24

10.26

U -

O -

w
calc

1.29

1.65

2.39

-

3.57

4.29

5.06

6.44

7.68

9.16

10.29

0.027

± 0.05

SH (powder) H+

Wexp

1.34

1.70

2.35

-

3.40

3.93

-

6.15

-

9.10

10.46

U •

O -

Wcalc

1.33

1.66

2.33

-

3.38

4.01

-

6.09

-

9.16

10.42

• 0.018

± 0.05



Table 2.

Measured water -uptake data, w
e x p» (mmol HO/ meqv.) for the resin

SBH in sodium form, at different water activities, a , (T - 298 K).

The calculated water uptake values, w c a l c» are obtained using the

species and constants given in Table 6. The error square sum, U, and

the standard deviation, O, are defined by equations (26) and (27).

aw

0.0703

0.1105

0.3300

0.4276

0.5286

0.6183

0.7528

0.8426

0.9248

0.9800

Wexp

0.76

1.03

1.75

2.14

2.87

3.15

4.35

5.43

6.98

7.85

Wcalc

0.79

1.03

1.85

2.20

2.67

3.22

4.39

5.49

6.83

7.94

U = 0.0952

O - ± 0.103



Table 3.

Measured water uptake data, w e x D» (mmol HO/ meqv.) for the resin

Dowex 50x8 in hydrogen and sodium forms, at different water

activities, aw, (T - 298 K) . The calculated water uptake values,

W . , are obtained using the species and constants given in Table

6. The error square sum, U, and the standard deviation, o, are

defined by the equations (26) and (27) .

Dowex 50X8 H+ Dowex 50x8 Na+

aw Wexp Wcalc Wexp Wcalc

0.0703

0.1105

0.2245

0.4276

0.5286

0.7528

0.9248

0.9800

1.34

1.72

2.42

3.48

4.04

6.19

9.33

10.95

1.35

1.70

2.43

3.47

4.06

6.13

9.49

10.82

0.80

1.00

1.50

2.13

2.37

4.17

6.87

8.57

0.78

1.03

1.47

2.10

2.49

4.06

7.02

8.47

U - 0.047 U - 0.062

a - ± 0.08 O - ± 0.09



Table 4.

Measured water uptake data, w e x D» (mmol HO/ meqv.) for the resin

ARA 9366 in hydroxide form, at different water activities, a , (T

- 298 K). The calculated water uptake values, wcaic» are obtained

using the species and constants given in Table 7. The error square

sum, U, and the standard deviation, a, are defined by the equations

(26) and (27).

a

0

0

0

0

0

•

.1105

.2245

.4276

.7528

.9800

W

1

1

2

4

10

e«P

.12

.58

.52

.90

.05

Wcalc

1.14

1.63

2.52

4.90

10.06

U - 0.003

O = ± 0.027



Table 5.

Measured water uptake data, IT . (mmol HO/ meqv.) for three
6Xp 2different resins: ARA 9366, ARA 366 and SBOH in the sulphate form,

at different water activities, aw, (T - 298 K). The calculated

water uptake values, w
caic»

 a r e obtained using the species and

constants given in Table 7. The error square sum, U, and the

standard deviation, o, are defined by the equations (26) and (27).

aw

0.0703

0.1105

0.2245

0.3300

0.4276

0.5286

0.6183

0.7528

0.8426

0.9248

0.9800

ARA

Wexp

1.64

1.90

2.58

-

3.68

4.19

-

6.33

-

9.84

12.12

U

O

9366 SO,"2

Wcalc

1.62

1.92

2.60

-

3.68

4.32

-

6.25

-

10.04

12.06

- 0.068

- ± 0.10

ARA 366

Wexp

1.69

1.85

2.56

3.13

-

4.49

4.73

-

7.67

9.95

12.50

U =

O - ±

s°r2

Wcalc

1.68

1.96

2.65

3.21

-

4.39

5.05

-

7.67

10.14

12.43

0.180

0.15

SBOH

Wexp

1.96

2.03

2.54

3.10

3.42

4.20

4.58

5.96

7.14

9.60

13.75

U

O -

so,"2

w ,
calc

1.61

1.88

2.52

3.05

3.57

4.20

4.85

5.89

7.03

9.97

13.84

- 0.405

• ± 0.20



Table 6.

Species and constants obtained from treatment of the experimental

data W(aw) of water sorption for the different cation exchange

resins studied. T - 298 K

Resin Ionic form Species, n, and

constants, K
n

ARC 351

SBH H

SBH

SH

Dowex 50x8 H

Dowex 50x8 Na

1^-2.15
K2-4.2
K4-5.0
K 8 - l . 5

^ - 2 . 1 5
K2-4.2
K4-4.1
K 8- l . 8

K i 6-1.5

VI. 7
K 2 = 8 . 6

K 4 = l . 9

V4-3

K16- 2 - 2

^ = 2 . 6

K2-5.1
K4-4.2

Kg-1.3

V2.6
K2-5.2
K4-5.3
K 8 - l . 5

K i6- 2 - 0

K . i . 7

K2-8.6
K 4- l . 5

KB-2.8

K ie- 2 ' 6

X

X

X

X

X

i X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

101

102

103

104

104

: 10:

102

103

104

104

101

101

102

102

102

101

102

103

104

104

101

102

103

104

104

101

101

102

102

102



Table 7.

Species and constants obtained from treatment of the experimental

data w( £
w) °f water sorption for the different anion exchange

resins studied. T«298 K

Resin Ionic form Species, n, and

constants, K

ARA 366 so. K^l.O X 102

K2-2.8 X 1O
3

K4-3.7 X 1O
4

1.4 X 105K

x 105

ARA 9366 SO.

ARA 9366 OH

SBOH SO -2

^ - 6 . 0
K2-l . 6

K4-2.0

K8-7.5

S-3.2
K2-1.3

K - 6 . 0
4

K8-9.7

K2-6.0

K2-l . 6

K4-1.7

K8-6.0
K - 7 . C

X

X

X

X

1 X

X

X

X

X

) X

X

X

X

X

) X

10 '
103

104

104

104

10 1

102

102

102

: 1 0 3

10 1

103

10 4

104

: 1 0 4



Table 8.

Resin densities measured at different water activities.

Hater

activity

aw

0.

0.

0.

0.

0,

0,

1,

0703

.2245

.3300

.4276

.5286

.8426

.00

Resin and ionic

SBH

H+

1.40

1.37

1.36

1.35

1.33

1.29

1.23

Na+

1.52

1.52

1.50

1.49

1.48

1.41

1.30

H

1

1

1

1

1

1

1

form

ARC
+

.42

.38

.37

.35

.34

.29

.23

353L

Na+

1.

1.

1,

1.

1,

1,

1,

.51

.51

.50

.50

.48

.44

.30

OH

1.

1.

1.

1.

1.

1.

1.

SBOH

20

15

18

17

16

12

13

1

1

1

1

1

1

1

so4"
2

.24

.26

.23

.23

.18

.13

.10

ARA

OH~

1.

1.

1.

1.

1.

1.

1.

14

14

14

14

14

09

10

366
SV

1.

1.

1.

1,

1.

1

1

.17

.17

.17

.17

.17

.10

.09



Table 9.

Measured water uptake data, wext)» ( mmol H 0/ meqv. ) for the

thermally treated (180°C 15 hours) resins ARC 351 and SH (powder)

in hydrogen form, at different water activities, a , (T - 298 K) .

The calculated water uptake values, w c ai c» are obtained using the

species and constants given in Table 14. The error square sum, U,

and the standard deviation, a, are defined by the equations (26)

and (27).

aw

0.1105

0.2245

0.4276

0.5286

0.7528

0.9248

0.9800

ARC 351

W(exp)

1.72

2.39

-

4.18

6.05

3.73

9.86

U

a -

W(caic)

1.69

2.48

-

4.17

6.06

8.72

9.87

- 0.011

± 0.05

SH

W(exp)

1.72

2.35

3.34

-

6.00

8.53

9.67

U

a -

W(calc)

1.68

2.38

3.38

-

5.96

8.65

9.57

« 0.034

± 0.08



Table 10.

Measured water uptake data, w
ext)« ( nunol H O / meqv. ) for the

thermally treated resin ARA 366 in sulphate form, at different water

activities, aw, (T - 298 K) . The calculated water uptake, W . , are

obtained using the species and constants given in Table 15. The

error square sum, U, and the standard deviation, O, are defined by

the equations (26) and (27).

aw

0.0703

0.1105

0.2245

0.3300

0.4276

0.5286

0.7528

0.9248

0.9800

ARA 366

10 min

Wex P

1.74

2.08

2.64

3.20

3.86

4.32

6.22

9.48

11.69

U -

O - ±

w

1

1

2

3

3

4

6

9

11

0.

0

treatment 100

calc

.68

.96

.65

.20

.72

.34

.19

.64

.57

079

.10

1 h

Wexp

1.52

1.83

2.35

2.88

3.57

4.00

5.66

8.76

10.84

U -

O -

°c

Wcalc

1.49

1.81

2.45

2.96

3.42

3.97

5.65

8.87

10.77

- 0.058

± 0.09

15 h

Wexp

1.45

1.76

2.54

2.84

3.38

3.80

5.51

8.68

10.63

U

a -

Wcalc

1.46

1.78

2.43

2.93

3.36

3.85

5.45

8.77

10.57

- 0.039

±0.07



Table 11.

Measured water uptake data, w
e x D» ( mmol H O / meqv. ) for the

thermally treated resin ARA 9366 in hydroxide and sulphate forms, at

different water activities, aw, (T - 298 K) . The calculated water

uptake data w c a l c are obtained using the species and constants given

in Table 15. The error square sum, U, and the standard deviation, o,

are defined by the equations (26) and (27).

ARA 9366 treatment 150°C 1 h

OH SO -2

aw Wexp Wcalc Wexp Wcalc

0.0703

0.1105

0.2245

0.4276

0.7528

0.9800

1.24
1.62

2.36

4.26

7.25

1.21

1.65

2.35

4.26

7.25

1.63

2.18

3.24

5.65

10.90

1.61

2.23

3.21

5.65

10.88

U = 0.002 U - 0.004

O - ± 0.02 O = ± 0.03



Table 12.

Capacity of thermally treated cation exchange resins.

resin

(H+ form)

thermal treatment capacity

(meqvg"1)

% decrease

of capacity

ARC
n

SH

351

(powder)

180°C

180°C

180°C

1

15

15

hour

hours

hours

5.

5.

5.

16

08

19

1

2

1

.0

.3

.7

Table 13.

Total base capacity of thermally treated anion exchange resins.

resin ionic form thermal treatment total base capacity

( meqv. g"1 )

ARA 366 SO."2 no treatment

100cC 10 min,

100°C 1 h

100°C 15 h

3.65

3.77

4.16

4.24

ARA 9366 SO -2 no treatment

150°C 1 h

3.89

4.08

ARA 9366 OH no treatment

150°C 1 h

4.43

4.05



Table 14.

Species and constants obtained from treatment of the experimental

data, W(a ), of water sorpt

exchange resins. (T- 298 K)

data, W(a ), of water sorption for the thermally treated cation

resin ionic form treatment Species, n, and

constants, Kn

ARC 351 H+ 180°C 15 h

SH H+ 180°C 15 h

Kl "

K < 8 -

K
1 6 "

Kl -

K4 -

K 8 *

2.

4.

5.

1.

• 1

2.

5.

4.

1.

« 9

15

2

0

5

.2

60

1

2

4

.9

X

X

X

X

X

X

X

X

X

X

101

102

103

104

lO4

101

102

103

104

103



Table 15.

Species and constants obtained from treatment of the experimental

data w(aw> of the thermally treated anion exchange resins.

(T-298 K)

resin ionic form treatment Species, n, and

constants, K
n

ARA 9 3 6 6 OH 150°C 1 h

ARA 9366 SO4
 2 150°C 1 h

Kx - 3 . 2 0 X 10 1

K2 - 1 .8 x 102

K4 - 5 . 1 x 102

K - 7 . 3 X 102

8
K14 - 4.3 x 10

2

Kx - 3.00 x 1O
1

K2 - 5.0 X 10
2

K4 - 3.5 X 10
3

K - 9.3 X 103

8

Klg - 1.0 x 10
4

ARA 366 SO, 2 100°C 10 min - 1.00 x 102

- 2.8 x 103

- 3.7 x 104

- 1.3 x 105

- 1.4 x 105

ARA 366 SO4"2 100°C 1 h K: - 3 . 0 x 101

K2 - 8 .2 X 102

K4 - 7 . 7 X 10 3

Kg - 2 . 0 X 10*

K19 - 1.8 X 104

ARA 366 SO4"2 100°C 15 h - 3 .00 x 10 1

7 . 6 X 102

7 . 0 x 103

K2 - 7 . 6 X 102

Kg - 1.4 x 104

K o - 1.5 x 104

18



Table 16.

Effect of thermal treatment on resin capacity and volume.

Thermal treatment: 100°C (water vapour) Duration: 16 hours

resin volume (ml) change capacity (meqv) change

ionic form before after % before after %

SBH

SBOH

SBOH

H+

OH~

so4"
2

9.

7.

5

7

6

.2

9.

6.

5

6

8

.2

-1.

-10.

0

0

5

18.

5.

6

8

2

.4

18.

4.

6

8

5

.4

-13

0

.5

0

Table 17.

Effect of thermal treatment on resin capacity and volume.

Thermal treatment: 18O°C (dry) Duration: 16 hours

resin volume (ml) change capacity (meqv) change

ionic form before after % before after %

SBH

SBOH

SBOH

H+

OH"

SO^"2

9.
7.

9

C

4

.6

9.

2.

3

0

0

.8

-0

-72

-60

17.

5.

11

4

2

.8

15.7

0

0

-10

-100

-100



Table 18.

Effect of thermal treatment on resin volume.

ARA 9366 S O ^ form Thermal treatment: 105°C (dry)

time (min) volume before

(ml)

45
60

180

12.6
13.6

13.2

volume after
(ml)

21.0

24.5

21.3

% change

67

80

61

Table 19.

Effect of thermal treatment on resin volume.

ARA 9366 OH~ form Thermal treatment: 105°C (dry)

time (min)

45

60

180

volume before

(ml)

10.8

11.3

10.1

volume after

(ml)

17.5

19.7

11.0

% change

62

71

9

Table 20.

Effect of thermal treatment on resin volume.

ARA 9366 SO4~
2 form Thermal treatment: 150°C (dry)

time (min)

15

30

60

volume before

(ml)

10.0

9.5

7.9

volume after

(ml)

12.8

12.8

10.6

% change

28

35

34



Table 21.

Calculated Swelling Pressure, at different water activities for cation

exchange resins in hydrogen form.

water activity

0.8426

0.9248

0.9800

1.000

11 (atm)

resin

ARC 351 H+

100

131

154

165

SBH H+

96

130

154

169

SH H+

135

154

162

Dowex 50x8 H

96

122

141

150

Table 22.

Calculated Swelling Pressure, at different water activities, for cation

exchange resins in sodium form.

water activity FI (atm)

resin

SBH Na+ Dowex 50x8 Na+

0.9248

0.9800

1.000

-
123

143

91

106

113



Table 23.

Measured water uptake data, w e x p» t™1101 H 2° /meqv.) for the resin

Dowex lxl in hydroxide and sulphate forms, at different water

activities, a . (T - 298 K).

Dowex 1X1 OH

W mmol H2O/meqv.

Dowex lxl SO4~
2

Wexp Irano1 H2O/meqv.

0.0703

0.1105

0.2245

0.4276

0.5286

0.6187

0.7528

0.8426

0.9248

0.9800

0.97
1.16
1.66
2.67
3.23
4.16
6.15
7.43

10.97
18.30

1.73
1.99
2.57
3.83
4.41
5.02
6.49
8.54

12.60
17.34



Table 24.

Calculated Swelling Pressure for anion exchange resins studied in

different chemical forms.

water II (atm)

activity resin

ARA 9366 OH~ ARA 9366 SO^"2 ARA 366 SO4~
2

0.8426 - 53 53

0.924d 91 67 6/

0.9801 105 86 78

1.000 106 98 91



Table 25. Swelling Pressure and Equivalent Volumes of completely dry

and completely wet cation exchange resins.

Resin and

ionic form

ARC 351

SBH

H+

Na+

H+

Na+

Vd
(ml/eqv.)

135

-

139

144

(ml/eav.)

310

-

313

290

n
(atm)

165 *

-

169"

143

Reference

This work

_ w _

SH 162

Dowex 50x8 H

Na+

—
135

144

-

_

142

152

-
326

356

-

_

292

317

150
160

143

135

113

113

113

90

_ «* —

Ref.

Ref.

Ref.

This

Ref.

Ref.

Ref.

2

11

12

work

2

11

12

V. - Volume of completely dry resin

V - Volume of completely wet resin



Table 26. Swelling Pressure at a ' 1 and Equivalent Volumes of the

completely dry and the completely wet anion exchange resins.

Resin and

ionic form

ARA 366 SO4"
2

ARA 9366 SO^"2

OH"

Dowex 1x6 0H~

Vd
(ml/eav.)

234

220

198

205

(ml/eqv.)

478

458

410

403

n
(atm)

91

98

106

105

References

This work

_ « —

Ref. 2



Table 27. Apparent molar volume of water of the first hydration sphere,

v^, as well as the second hydration sphere, v,, and the

equivalent volume of the resin phase, v for different resins

and ionic forms.

Resin

ARC 351

SBH

SBH

ARA 366

ARA 9366

ionic form

H+

H+

Na+

so4
2"

OH"

vh
(ml/mol)

15.9

16.1

15.0

15.3

15.8

vf
(ml/mol)

17.0

16.9

17.6

20.4

18.6

vr
(ml/eqv.)

131

135

143

234

198



Table 28. Tabulated volumes of the different hydrates, AR(H 0) .

d - standard error

n

0

1

2

4

8

16

19

SBH

vn

130

159

164

203

254

418

H+

(ml/eqv)

O - ±

U - 1

d

4

2

2

2

3

0.60

.34

ARC

vn

125

146

165

197

260

402

351 H+

(ml/eqv)

o - ± 0.

U - 1.28

d

7

2

2

2

2

56

ARA

vn

230

244

270

291

382

599

366 SO4
2"

(ml/eqv)

o - ±

U - 4

d

7

3

2

2

3

0.91

.99



Table 29. Volume of water of the first hydration sphere, v. calciT.ated

from the volume of each hydrate, as obtained for different

resins. The volume of the anhydrous species, « , is also

given.

resin ionic form v. (ml/mol) vQ (ml/eqv.)

131

134

231

ARC

SBH

ARA

351

366

H+

H+

SO 2"

16.

15.

15

2

5

.7



Table 30.

The swelling free energy ( AG ) when dry exchangers are swollen upto

the wat(

studied.

the water activity, aw - 1, tabulated for the different resins

resin ionic form AG (KJ/eqv.)

25.7

25.8

16.8

25.7

26.0

16.5

19.5

28.7

29.4

28.3

ARC 351

SBH

SBH

SH

Dowex 50x8

Dowex 50x8

ARA 9366

ARA 9366

ARA 366

SBOH

H+

H+

Na+

H+

H+

Na+

OH~

SO/

so4
2

so/



Table 31.

The swelling free energy ( AG ) of thermally treated ion exchangers

swollen upto water activity, a w - 1.

resin ionic form therm, treat. AG (KJ/eqv.)

ARC

SH

ARA

ARA

ARA

ARA

ARA

351

9366

9366

366

366

366

H+

H+

0H~

so4
2

so4
2

so4
2

SO 2

180°C

180°C

150°C

150°C

100°C

100°C

100°C

15

15

1

1

10

1

15

h

h

h

h

min

h

h

- 25.7

- 25.2

- 18.3

- 24.6

- 29.0

- 26.5

- 25.7



Table 32.

Calculated swelling pressure at water activity equal to unity for the

different thermally treated resins studied.

resin ionic form thermal treatment II (atm)

ARC 351

SH

ARA 9366

ARA 366

H+

H+

OH"

S 0 <~ 2

so4"2

180°C

180°C

150°C

150°C

100°C

100°C
100°C

15 h
15 h

1 h

1 h

10 min

1 h
15 h

198

205

228

135

110

132

140



Table 33. Average relative volume, V ., at different water

activities tabulated for the different ionic forms

studied. Vrel-V(aw)/V(aw-1)

ARC 351 H SBH SBOH OH ARA 366 SO4
2"

0.0703

0.1105

0.2248

0.3300

0.4276

C.5286

0.6183

0.7528

0.8426

0,9248

0.9800

0.55

0.57

0.57

0.63

0.67

0.69

0.7S

0.81

0.87

±

±

±

±

±

±

±

±

±

0.02

0.01

0.02

0.03

0.02

0.02

0.05

0.C1

0.02

0.52

0.53

0.59

0.63

0.67

0.71

0.76

0.79

0.68

±

±

±

±

±
4.

±

±

±

0.02
0.02

0.03

0.03

0.02

0.02

0.02

0.03

0.03

0.50

0.52

0.55

0.53

0.61

0.68

0.65

0.71

0.77

±
-

±

±

±

±

±

±

±

±

—

0.02

0.03

0.03

0.03

C.02

0.02

0.01

0.01

0.01

0.51

0.52

0.59

0.63

0.69

0.76

0.78

0.86

0.90

±
±

±

±

±

±

±

±

±

0.01
0.01

0.02

0.04

0.01

0.05

0.03

0.01

0.02
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FIG. 5.
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FIG. 8a RELATIVE VOLUME at different water a c t i v i t i e s

relative volume

ARC 351 H+ form
water activity

. relative volume of a resin bead

* average relative volume of the studied resin beads

smoothed curve



FIG. 8b RELATIVE VOLUME at d i f f e r e n t water a c t i v i t i e s

relative volume

SBH Na+ form

.6 .8 1

water activity

. relative volume of a resin bead

* average relative volume of the studied resin beads

smoothed curve



FIG. 9a RELATIVE VOLUME at d i f f e r e n t water a c t i v i t i e s

relative volume (a)

(b)

.4

SBOH OH- form

.6 .8 1

water activity

. relative volume of a resin bead

* average relative volume of the studied resin beads

(a) conditioned resin (described in 3.2.1)

(b) the resin beads were used directly, without any

pre- treatment

smoothed curve



FIG. 9b RELATIVE VOLUME at different water a c t i v i t i e s

relative volume

ARA 366 eulphat<
water activity

form

. relative volume of a resin bead

* average relative volume of the studied resin beads

smoothed curve



FIG. 10 Densities at different water activities
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FIG. 11 Densities at different water activities
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FIG. 14.
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FIG. 17 a.

FIG. 17 b.

fig. 17 a. A photograph of a resin sample (ARA 366 sulphate form)

in water.

Fig. 17 b. A photograph of the same resin in water after thermal

treatment. To avoid extra stress caused to the resin by

transforming from completely dry to completely wet

conditions, the sample was exposed to air of normal

humidity for a day before adding water.
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Pig. 18 a Water sorption isotherm for Hydrogen Polystyrenesulphonate.

The data are obtained from ref. 12. The isotherm of the resin
ARC 351 in H+ form is given for comparison.
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Fig. 18 b Water sorption isotherm for Sodium Polystyrenesulphonate.

The data are obtained front ref. 12. The isotherm of the resin
SBH in Na form is given for comparison.
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Fig. 19a Water sorption isotherm for the resin Dowex 1X1 in
hydroxide form. The isotherm for the resin ARA 9366
is given for comparison.
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Fig. 19b Water sorption isotherm for the resin Dowex 1X1 in
sulphate form. The isotherm for the resin ARA 9366
is given for comparison.
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FIG. 28 Relationship between Swelling Pressure and Equivalent
Volume

swelling p^sesure (aim)

»quivaleni volume Cml/eqv)

(1) ARC 351 and SBH resins in hydrogen form (+) and in sodium form (*)
(2) Dowex 50/8, hydrogen and sodium form © equivalent volumes fron

ref. 2
(3) ARA 9366 sulphate form (*)

(4) ARA 366 sulphate fonn (+)



Fig. 29 Thermogravimetric graph of the resin ARC 351 (hydrogen

form)
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Fie. 30 Thermogravimetric craph of the resin ARA 366 (hydroxide

form)
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Fig. 32
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Fig. 37

49i

ISi

Mi

Si

volume of hydrate (»1/eqv. )

• . . . i . . .

"i 4 8

n (number of water

SBH H+ form

• . . . i

12 16

molecules)



Pig. 38

-

IM

"i

volume

-

ARA 366

of hydrate

*-

4 8

n

S04= form

(ml/eqv.)

t

12
(number of

- ^

water

• . f
it a

molecules)



free energy (KJ/eqv. )

2 4 a i it 12

water content (mol/eqv.)
ARC 351 H* form

39a. The swelling free energy, AG, plotted as a function
of water content for the resin ARC 351 in H form.
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Appendix 1. PROCESS DESCRIPTIONS
Figures I - IV

TO WASTE WATER TREATMENT

2001 DRUM

TO MEDIUM-LEVEL STORAGE

Fig. I Bituninization system at Forsmark 1 and 2.



Fig. II Bituminization system at Olkiluoto.



r. u»

Fig. Ill Flowsheet of the bituminization system at the Barsebäck
nuclear power station.
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Fig. IV LUWA thin film evaporator.



APPENDIX 2

Derivation of equation (2)

The general thermodynamic condition fox equilibrium between two

different phases is that the chemical potential of every component

in both phases have to be equal [3].

(|li)1 - ^ i ) 2 subscripts 1 and 2 refers to the two phases (1')

The chemical potential |i± of the component i is defined by

V.± - ( *1 ) (2')

G - free energy, n̂ ^ - number of moles of component i, P - pressure,

T " temperature, j and k « components other then i.

The pressure dependence of the chemical potential is given by

* i - « ( * , - « < * , - 5 1 - v . ( 3 ' )
©P~ 5F 5iT SnT 6T" 8n±

V - volume

v. - partial molar volume of species i, defined by

(4')
P, T, n., n.

For the sake of simplicity two assumptions are made.

1) The partial molar volumes are constant i.e. independent of

composition and pressure (which is not completely true, the molar

volumes are somewhat dependent on the pressure).

2) The chemical potential can be separated into two additive therms,

one depending only on composition and the other only on pressure.



The chemical potential jî  of an arbitrary species i in a solution

with molality m under the pressure P is thus given by:

ll^P,*) - ^"(P0,») + (P-P°)vi (5')

P° - standard pressure, taken as 1 atm

The activity a^ of species i is defined by

V±(V.m) - ^"(P
0,) + RT In a± (6')

|i.° - chemical potential of species i in the standard state

Combining eqs. (5') and (6')» it follows

^(P^m) - ^"(P0) + RT In a± + (P-P°)vi (7')

When eq. (7') is applied to the solvent, the standard state is taken

to be pure solvent under atmospheric pressure.

When the resin is in equilibrium with pure solvent under atmosperic

pressure ( subscript w refers to the solvent ) the following

relationship is valid:

Hw - *iw°(P°) (8')

Combining the equations i\'), O' >, (8') and (1) it follows,

IlVw - - RTlnaw (9')

Which is referred to in the text as eq. 2.
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ABSTRACT

A computer controlled robot-based apparatus for isopiestic

measurements is described. The apparatus allows un-interrupted

determination of water-uptake data. The resin samples are placed

under a controlled water activity and the weighing is performed

in-situ. The equipment enables fast generation of data with high

accuracy. The in-situ weighing is especially important for obtaining

reliable data at low water activities.

The equipment has been used to obtain isopiestic data of some ion

exchange resins by measuring the weight (water uptake) of the resin

samples at different water activities.

Author to whom correspondence should be addressed



INTRODUCTION

The most convenient method for determining water-vapor sorption

isotherms is by isopiestic measurements. This technique was developed

by Robinson [1] for electrolyte solutions and has been adapted to

ion exchange resins by Boyd [2]. The method implies measurements

of the water contents of the ion exchangers in equilibrium with

water vapor at various water activities. Changes in the weight of

the resin then indicates the amount of water absorbed.

The equipment for isopiestic measurements can be divided into two

main types; non-continuous and continuous measurements.

a) Non-continuous measurement* is by far the most frequently used

type. The equipment consists of a closed vessel (usually desiccator)

with stirring and thermostating facilities. When porous materials

(e.g.resins) is used, the system may be evacuated in order to enhance

attainment of equilibrium [2,3] but is sometimes used at atmospheric

atmospheric pressure [4] which normally is more time consuming.

The major disadvantage o f this type of operation is that the

system has to be opened in order to weigh the samples. In this way,

it is difficult to avoid contact between the sample and air outside

the vessel. The water content of the sample may thus be altered

especially when measurements are performed at water activities that

are very different from the ambient air humidity e.g. low water

activities. The uncertainty in determining when equilibrium is

reached usually necessitates in allowing extended equilibration

times. To be sure that the equilibrium is reached a number of

measurements, at each water activity concerned, have to be made.

Using non-continuous measurements, the equilibration of the sample

at the given water activity, requires longer time as the system is

opened for sample weighing.

b) Continuous msasuxsasnts of the weight of the samples are performed

without disturbing the state of equilibrium and requires a more

sophisticated assembly. A few devices using different possibilities

to monitor the weight of the samples have been reported. An

apparatus using a magnetic balance was designed in Oak Ridge

National Laboratory by Carbide and Carbon Chemicals Company [5].

This apparatus has a complicated mechanical construction and can

handle several samples at the same time. Another automated

adsorption isotherm device was described by Wilkinson et al. [6].



In this equipment, the vapor pressure and the weight of the sample

are continuously measured using transducers. The equipment can

handle only one sample at a time and the accuracy of the

determinations is rather poor (± 5%). In an experimental set up, used

by Dickel and Fiederer [7], the sample is attached to a microbalance

during equilibration and the weight can be directly monitored. Also

in this case, only one sample can be equilibrated at a time.

In this paper, a computer controlled apparatus for water sorption

measurements is described. The apparatus consists of commercially

available units. An analytical balance is used for recording the

weight of the samples. The computer-control makes the equipment easy

and convenient to operate. Isopiestic measurements of up to 12

samples can be performed simultaneously. Equilibrium is reached

relatively fast (5-12 hours) depending on the resin type and the

water activity.

EXPERIMENTAL

Isopiestic Measurements and Water Sorption Isotherms

The resins are equilibrated with water vapor at a given constant

water activity and temperature. The change in weight of the resin

sample indicates the amount of water absorbed at the particular

water activity. Using the measured capacity of the resin, the

number of moles of HO absorbed per exchange group is calculated at

different water activities.

The experimental details are described in ref.[8].

Apparatus

The major components of the equipment are:

1) Thermostatic box. A well insulated, air tight box (made of PVC)

that contained all different parts of the equipment; the balance,

the robot, sample compartment. A controlled atmosphere was maintained

inside the box. The water vapor activity was controlled using

saturated salt solutions [9] which were placed in a special

stainless steel container with a thick copper bottom.



The box is kept at a constant temperature. The produced heat by the

stepping motors is readily adsorbed by a high surface area heat

exchanger, where a pre-thermostated fluid (about 20°C) is circulated.

The temperature in the box is kept constant by heating up to the

desired temperature (25°C) using a sensitive heat source. Several

fans (totally 6) are used to ensure a homogenous temperature profile

inside the box. A specially constructed circuit is used for accurate

temperature control. All connections through the box are made with

special care to be as air tight as possible. Temperature measurements

are performed, in different places, using suitable sensors. The

constancy of the temperature inside the box was better than ±0.02°C.

2) Analytical balance. A digital balance, Mettler AE160, was used.

The balance is connected to the computer system via a RS232-C

interface. The balance can be used at up to 80% humidity.

3) Robot. A robot-arm (manufactured by Colne Robotics LTD, UK.)

consists of a 6-stepping motor controlled movement in 3-dimensions

as well as grip facilities. The stepping motors are controlled via a

digital output/input interface.

4) Sample compartment; consisting of:

- Sample containers,

- Sample holder and

- Vacuum facility.

The sample containers are made of stainless steel. The sample holder

consists of a 6 mm thick copper plate, about 30 cm in diameter. The

plate have marked places for totally 12 sample containers. The

upper surface of the copper plate and the base of the sample

containers are made as flat and smooth as possible to ensure maximum

contact. The sample holder rotates by a stepping motor that is

controlled by the computer. The sample holder is equipped with a

vacuum facility using a tightly fitted semi-spherical lid. When the

lid was placed on the sample holder, the sample compartment could be

evacuated. A two-way valve is used to connect the sample-compartment

either to vacuum pump or to the controlled atmosphere in the box.

When not in use, the lid was manually lifted from the sample holder.



The equipment is placed on a vibration free table that is required

for the operation of the balance.

Computer system

The equipment was remotely operated using the computer system.

However, the temperature control is performed using a specially

designed temperature control circuit. The temperature inside the box

was monitored by the computer and also by a digital thermometer.

A block diagram of the microcomputer-controlled system is shown in

Figure 1. The computer used is the Hewlett Packard HP 86B with an

internal memory of 128K. Several interfaces are used for

communication with the different equipment. Moreover, an advanced

Data Acquisition and Control unit is used (HP 3421A). The following

functions are controlled by the computer system:

1) Robot operation.

2) Weighing operation.

3) Data recording and processing.

4) Rotation of sample-holder.

5) Operation of the fans.

6) Temperature measurements.

Software

The computer program used is written in HP-Basic. A simplified

flow-chart showing the principles of the program is given in Fig.2.

(A list of the program can be obtained from the authors upon

request.)



System Operation

1) Equipment Preparation (Start up):

A total of 12 samples can be used in each run. The samples (0.6 gram

resin gives a single layer beads) are placed in the sample

containers which are in turn placed in its position on the sample

holder. The salt solution is also added in its container. The box

is then closed and carefully tightened.

2) The temperature controlled circuit is operated. The temperature

inside the box is continuously monitored by the computer until a

satisfactory temperature stability and homogeneity is recorded. The

temperature stability in the salt solution is 25.00 ± 0.02°C.

3) After temperature stabilization, the lid is tightened to the

sample holder and the compartment is evacuated. The valve is then

switched to the position where the sample holder compartment is

connected to that of the box. Few minutes later, the lid is pulled

to the top of the box and kept in this position during the rest of

the operation. The computer then rotates the sample holder to the

start position (identify sample no.l).

4) The isopiestic measurements are performed by recording the weight

of the individual samples periodically until constant weight. The

weighing cycle is described below.

5) The operation is repeated until a constant weight is obtained for

each sample.

6) The different data collected are stored in the computer and are

used for further processing and plotting.

The Weighing Cvcle

1) Balance zero adjustment: As the door of the balance is kept open,

the fans are stopped to reduce air turbulence in the balance

compartment. The computer checks the balance stability and record

the zero weight.



2) The robot places the sample on the balance, where the weight is

recorded. The computer sets the fans to operate again.

3) Time, temperature, sample number and the corrected weight are

stored on a data file.

4) The sample is returned to its place on the holder, which is then

rotated to bring sample no.2 is in position for weighing.

5) Steps 1-5 are repeated for each sample.

One measuring cycles (all 12 samples) requires normally 10-12

minutes. The operation is periodically repeated until constant

weight is recorded for all the samples.

RESULTS AND DISCUSSION

Water sorption data obtained for the resin SBH in H + and Na+ forms

are presented. The data at low water activities have been measured

using a simple set-up (desiccators) as well as the computer

controlled system.

Water sorption data are given in Table 1 and plotted in Figs. 3 and

4. The solid curves are obtained by fitting the data to a

theoretical model. Details of the data treatment are given in Ref.

[9]. Experimental data at water activity range higher than 0.75

were obtained using the simple set-up.

As seen, there is a good agreement between the data obtained using

the two different equipments except at the low water activity range.

The data obtained by the simple set-up tends to be higher at this

range than those obtained by the automatic equipment. This is, most

probably, a result of exposing the resin to the ambient atmosphere

(higher water activity) when opening the evacuated system. The data

obtained using the simple set-up also shows somewhat more scattering

than those obtained using the automatic system.

At high water activity range, the automatic equipment is not

suitable to use l ->cause limitation on the use of the balance.

However, the time ded for the measurement at one water activity

is much shorter in the automatic equipment (2-3 days) as compared to

the simple set-up (2-3 weeks).



In this equipment, the robot used has a repoducibility of 1-2 mm in

positioning. If the error sums up, this will result in a

displacement of the positioning of the samples. A more accurate

robot would have been a much more expensive alternative. He therefore

reduced the operation of the robot and used a sample holder with a

separate stepping motor and sensor for position identification. This

has greatly increased the reliability of operation.

The stopping of the fans during weighing could be avoided if the

balance could be equiped with a door opening and closing facility.

Such arrangement can easily be computer controlled and would

certainly increase the thermal stability of the system during

operation.
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Table 1.

Water sorption at different water activities, for the resin SBH in

hydrogen and sodium forms. At water activities higher than 0.62 the

measurements are using the simple set up.

water sorption (mmol HO/meqv.)

SBH H+ SBH Na

0.0703

0.1105

0.2245

0.3300

0.4276

0.528o

0.6183

0.7528

0.8426

0.9248

0.9800

1.70-1.82

1.89-1.89

2.42-2.55

3.27-3.28

3.56-3.57

4.27-4.30

5.11-5.13

6.41-6.42

7.61-7.62

9.23-9.25

10.25-10.27

1.22

1.70

2.42

-

3.54

4.29

5.12

±

±

±

±

±

±

0.02

0.02

0.03

0.02

0.01

0.01

1.15-1.15

1.19-1.19

1.71

2.07-2,08

2.14

2.87-2.87

3.15-3.15

4.35-4.36

5.41-5.44

6.98-6.98

7.85-7.85

0.76

1.03

1.75

-

2.14

2.87

3.15

±

±

±

±

±

±

0.02

0.03

0.02

0.04

0.02

0.01

a

b

Measurements made with the desiccator set up.

Measurements made with the automatic apparatus.
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