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Abstract

The %hermal stability of four weak and five strong
base exchange resins was measured at temperatures up to
180°C. The loss in strong base capacity, gain in weak
base capacity, yields of trimethylamine and methanol, and the
change in water regain were determined. The deoomposition
reaction followed a first order rate_%gﬁ'with activation
energies between 20 and 35 kcal/mole. The weak base
exchangers were found to be stable at 1809C, for up to
10 days. The strong base exchangers were much less
stable, and Deacidite FF was the most stable example. -

The effect of degree of crosslinking, particle size
and nature of the sorbed counter ion on the thermal
decomposition of Deacidite FF was investigated. A higher -
degree of crosslinking resulted in a substantial decrease
in staebllity; stability decreased with particle size
significantly above 100°C and the most stable iqnic form
of a resin was that in which the most preferred counter
ion was sorbed on the resin.

The behaviour of the Deacidite FF -~ hydroxide
in a flow system was studied in a hot water test,
specially constructed for this purpose. Thermal
decomposition of the resin in a flowing system was found
to be substantially the same as in a statié system .

Hydrodynamic studies in the test loop indicated that



the resin particles suffered no significant physical or
mechanical damage. The Carman Cozeny cqrrelation for
preagsure drop in fixed beds‘oi particles was found to account
for the>observed pressure drop in the test loop. A maximum
bed coméaction.of 5% occurred over a 70 day run.

Mass transfer stwdies in the region where both film
ahd particle diffusien are significant were carried out
with degraded samples of Deacidite FF, in a small packed
column, Diffusion coefficients were calculated from a
published mathematical theory; a Fortran IV coamputer programme
was written to accomplish these calculations. The rate of
exchange, and hence the partiele diffusion cqeffioient as
defined by the model, passed through a maximum value as
the total capaeity was reduced by thermal decomposition,
The chemical reaction of exchange, the rate of which
decreases with decreasing resin capacity, probably replaces
the diffusional mechanism as the exchange rate controlling

factor after the maximum has been passed.
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Chapter‘;
INTRODUCTION

Ion exchange resins were first developed for use
in watef treatment; lately they have found application in
many other chemical engineering operations. The increaéing
use of these materials has Qpened a whole new field of study,
concerned with measuring and improving their performance.

The develOpment of nuclear power in particular has
stimulated the use of ion exchang%é, both in their traditional
applications and where the more c;mmon separation
precesseg have proved unsatisfactory for economic or
technical reasons.. In nuclear chemical eperations ion
exchange resins are used for refining new materials,
reprccessing irradiated fuels and decontamination of primary
ooolant in water cooled reactors.

Ion exchange resinsg in common with all other engineering
materials have disadvantages which limitz their usefullness.
The inorganiec ion exchangers have poor resistance to
chemical attack, while the more commonly used organic
exchangers are seriously damaged by exposure to radiation
and elevated temperature. Elevated temperature is taken as
the range from 50“C to 180°C, . for the purposes of this

repert.
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The thermal instability of organic ion exchange materials
(such as quaternary ammonium polyétyrene based résins), in
the hydrsxide form is well known. In practical eperations,
manufacturers recommend that the temperature of process
solutions should be kept below 6000, t§ avoid serious chémical
decomposition. Very little quantitative data exists at the
present time on the preecise nature éf the decompesition
reactions, and the degree of chemical decompositions that
may ensue at operating conditions abeve 60°¢.

Wheaton and Baumann(ref,Wl) investigated the anion
exehangers Dowex 1 and Dowex 2 and found little capacity lass
after 26 hours when the hydroxide and chloride forms of these
resins were heated at 125°¢. Heating at 175°C for 26 hours
caused a complete loss of capacity in the hydroxide form and
a 75% loss in the chloride form of the resin. Results
obtained by heating Dowex 2 in the hydroxide and chloride
forms at 95°C for 50 days showed 60% capacity loss and ne
capacity loss respectively. Hall and Streat (ref.Hl) working
with the anion exchanger Deacidite FF hydroxide found 10%
loss in capacity when the resin was heated at 100°C for 26
hours and only 20% logs after 100 hours. Marinsky and
Potter (ref.Ml) however observed a marked decrease in
exchange capacity when Amberlite .IRA 400 hydroxide was
heated at temperatures of 117°¢ and 135°¢ for 100 hours.
Amberlite IRA 400 and Dowex 1 are chemieally szmllar.

E.W. Baumann (ref Bl) conducted an 1nvestigatlon inte the
thermal deoompo31tion of Amberlite IRA 400, in statlc and
simulated flow system and found that the resin decomposed
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on heating by 2 distinct reactions, suggested to be the
folibwing:-

R + - R ! \
Eyeton, o — “Rycnen .y

1

R - R
= O’Cﬂz-ﬂf@;}g O —w /" CHaN-Eblzy 4 Clg.0H

/

where R denotes the resin matrix. Creed (ref.Cl)'heaéed
Deacidite FF hydrexide at 150°C and reported total strong
base capacity loss in less than 12 hours . Several ether |
workers (ref.S1,J1,P1,P3) have reported results of experimental
work on the thermal stability eof anion exchange resins, but
as yet no exhaustive work has been completed., The results
to date are summarised in Table 1.1.

The results of the work described above are incomplete
and therefore the first stage of the present work was a
systematic study of the thermal stability of a variety eof
anion exchange resins under carefully controlled conditiens,
The second stage of the work was an investigatien of the
variation in the rate of exchange with temperature.

Jon exchange operations, whether in the 1abqratory or
in plant scale processes are most frequently carried out
in celumns, A solutiqn is passed through a fixed bed of
ion exchange particles, where its éomposition is changed
by sorption. The éqmposition change with time, depends
on the characteristics of the ion exchanger, and the

operating con&itiongi
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The characteristice of an ion exchange resin operating
on a given binary ionic system, which affect its performance
are resin capacity, selectivity, and the rate of sorption.
Resin capacity changes significantly with sustained temperature
above 50°C, The selectivity of an ion exchanger for a given
ion decreases with temperature sinee selectivity results in
most caszs from assoclation processes, which are suppressed
by an incréasing temperature, The rate of sorptidn is
strongly dependent upon diffusien processes, the rates -af.
which increase markedly with temparature:(ref,BB,HG,B9),
and are probably also affected by thermal damage.

The effects of temperature increase are therefore more
rapid exchange, consequent greater column utilisation, but
also an increased rate of resin decompositien. The mos+%
economic temperature for any resin operation occurs at‘the
point whére increased operating efficiency is balanced by
reduced resin lifetime caused by thermal damage.

Anion exchange at temperatures above 50°C is
accompanied by thermal decompesition of the resin, and the
release of decomposition products. The latter may cause
troﬁble in separation processes by contamination of the
process solution. 1In application where mixed beds of
resin are used (e{g;“coglant cleanup ), some decompositien
products may reduce efféctive cation capacity,and the
remainder accumulate in the process equipment. Salt forms
of anion exchangers decompose less rapidly at any givé£
temperature and have found application in elevated

temperature chemicél-pnpcessing (ref.R1).
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The work presented in this thesis had two aims.
Firstly, to examine the feasibility of processing elevated
temperature solutions without prior cooling, and secondly
to determine whether ambient temperature exchange processes
can be significantly improved by increasing the operating
temperature. Quantitative information is not available
on all tne factors relevant to these prbblems, gso the

answers must be determined by experiment.
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Chapter 2.

THERMAT, DECOMPOSITION OF ANION EXCHANGE RESINS UNDER
STATIC CONDITIONS

2.1 Intrqductiog;'
2.1.1 Scope of work, (Table 2.1).

The object of this work was an extensive study of the
effeet of prolonged exposure to elevated temperatures on
seleéted anion exchange~-resins (Table 2.2). Thé term
elevated temperature is used in this report to describe the
range between 50°C and 180°C,

The effect of time, temperature, sorbed counter ion,

‘ decomposition
degree of chSSlinking and particle size on thermal’
in anion exchange resins at elevated temperature was
investigated. The nature and quantity of all significant
decomposition products was determined. The reaction
mechanisms were identified and characterised by velocity
constants and activation energies. The faetors affecting
water regain were considered.'
- 2,1.2 Structure qf anign exchange resips. ‘

Organic aniéﬁ exéhangers contain fixed, basio,ic¢nie,
funétiénal groups attached>t6 an inert, irregular; three
diﬁensiénal matrix of hydrecarbon chains. The hydrbphqbié
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matrix‘is.insblubie but flexible and may swell to a limited
extqht by taking up water, depending on the degree of cross-
linking. The hydrophilic functienal grbups are able 1o
exchange ions selectively and may be weakly or strongly
basic. The chemical; mechanical, and thermal preperties
of an ion éxchange resin depend on the nature and degree of
crosslinking and the nature and number of fixed ionic
groups.

The early ion exchangers, now obsoletg; were based on
a phenol formaldehyde polycondensation matrix, erqsslinked .
with unsubstituted phenol. The degree of erdéslinking was
controlled by the relative amount of phenol aﬂded-tq the
reaetiﬁp mixture, but this was not easily adjustable.
Anion exchange properties were incqrpoféted by the use of
m-phenylene diamine. Resins prepared in this way were
polyfunetional aliphatie amines with very variable preperties.

A pignificant advance was afforded by the introduction
of the second generation'ion'exchange resins hased on a
polystyr ne matrix, and with which this work is entirely
eoncerned, In these resins the degree of crosslinking is
easily and aceurately adjustable by the eontrolled addition
. of divinylbenzene. The matrix is ehleremethylated in a
carefully contrelled reaetien before quaternization with
trimethylamine (type 1) or dimethylethanclamine (type 2).
The resulting anion exchanger is almest mengfunctional and
has repxoduéible praperties.

| The follewing structure has been suggested fop Amserlite

IRA 400, a typical type 1 second generation streng base
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gxchanger, quaternised with trimethylamine (ref H3).
(Strong base functional groups are those groups which are
capable of exchange over the whole pH range ,} whereas weak

base groups operate only at pH values less than 6),.

(M, — CH — C¥y —— W CHy O~ Ol
§
I\ + 4 I\ ot
- cuy-N (CH ’ jc»\l-w,\cn,)
Lv 323 X D
|
—CH — Ch — C»hz — (p —CH, —

+

A |
0 e

The resin confains strong base functional groups
—N+(aikyl)3 type and a small proportion of weak base
functional groups thought to be of the -N(alkyl), type.
Type 2 strong base exchangers differ from type 1 only in
the type of strong base functional group. A typical example
is Amberlite IRA 410:~

-—-(';12 —CH — CH, — tH — CH, — CH == CH, -

Z\ L), ‘/\l \/\* ) :;,(C“S)B

\ BT

S Gy H \} ST ol
—CH, — A — Cuy ~c‘u — K, —
o\ +/(c“3)3
4{-042&\\
W N

Weakly basic exchangers based on the polystyrene matrix

are prepared by the amination of a chloromethylated matrix
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with amines er ammonia, Examples of this type are Amberlite
IR 45 and Dowex 3.

Deacidite FF is a type 1 strong base exchanger produced
by the suspensien cepelymerisation of styrene w»ith a divinyl
aliphatic ester thought to be ethylene glycol dimethacrylate
(ref.B6). Sﬁbsequent chlersmethylation gives a matrix .
~ crosslinked by methyléne bridges as in structure X although
some typical DVB crosslinks are preduced as in structure Y.
The manufacturers of Deacidite FF élaim that their resin
centains mainly type X eresslinks, whereas in Amberlite
IRA 400 and other type 1 strong base exchangers.éepolymeriseﬁ
with divinylbenzene the DVB crosslink predominates -
(réf. A1,H3).

A TR ToRE X DVRGLTURE |
— Hy = CH - C[JR w—
tl )
7
(£ — T2 PR Y bt Pev—.
!\\ Ci ;s. ("H‘
i 2\
U
Cu, i
z Y
v
’L
AN\ ~ CH, = (= Ca -

Functional groups are distributed throughout the-whole
resin matrix and if exchange capaeity is to be fully utilised,
the exchanging oounter ions must be able te meve freely

through the partigle. The pore structure of the ¢enventional
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anion exchangers is such that large complex molecules are
unable to penetrate into the interior of the particle.
Macroreticular resins were introduced to overcome this
problem, These are highly porbus materials with pores of
several hundred Angstrom units diametér and & narrow pore
size distribution, which guérantee access to the interior of
the particle even when large molecules or non polar solvents
are used. They are identical to the conventional resins in
all other aspects. An example of this type of anion
exchanger is Amberlite IRA 900 .
| Samples of Deacidite FF used in this work were of the
o isopofous" type introdueéﬁ by the Permutit Co. in 1964
(ref.A2). "Isoporous'resins are claimed to have a uniferm
distribution of functional groups and pere sizes oﬁ the
molecular scale.
2.2 Experimental.
2.2.1 Preparation of resin for experimental work.

Raw resin was obtained from the makers pre&ominantly
in the chloride form, and treated as follows before use.
A large quantity of each resin was thoroughly mixed and
divided into equal batches for further treatment. This
procedure ensured constant properties in the resin usedin
this work, beeause a 10% variation in prépérties was siﬁe%imeg
found between reéin taken frq£ different bettles.

Each batch was condltloned by washing with 10 batch
volumes of warm methanol (40 C) and an equal volume of
fresh demineralised water, air dried and converted ts the

required ionic form as described in Appendix 1.
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After 99.5% sonversion (checked by capaecity analysis)
batches were stored under methamol in stoppered bottiles
until required. Immediately before use each batch was soaked
in fresh demineralised water for 24 hours, washed with 10
batch volumes of fresh demineralised water and divided into
samples of apprepriate size.

Resin for mass transfer work was pretreated as follows
befere carrying out the above operations. The raw material
was sleved after air drying and the fraction between 20
and 30 BSS mesh size was retained. Irregular and cracked
particles were removed by careful inspection and water
elutriation. A sample removed for examination under a
micrnscope showed that this treatment was suffieient to
reduce the fraction of undesirable particles to a negligible
level (0.005).

2.2.,2 Analytical techniques.
a) Capacity analysis.

Initially it had been deeided to use the standard
Fisher Kunin method for anion exchange capacity analysis.,
(ref.F1). However, at an early stage in the work a paper
by Juracka and Stamberg (ref.d2) was published which
demonstrated certain errors in the Fisher Kunin technique.
The paper showed that values of strong base capacity ebtained.
by the Fisher Kunin teehnique were too low and values of
weak base capacity were too high,. This was because theA
ammenium hydrexide reagent used, hydrolysed an appreciable
fraction of the strong base capacity. Fisher and Kunin had

assumed that ammonium hydroxide only reacted with the weak
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base functienal groups. The method of Juracks and Stamberg
was tested against the Fisher Kunin method and the conclusions
of the former confirmed. Results and discussion are given in
Appendix 2. The former method was used for all subsequent
analyses of eapacity. Juracka's method was further modified
by using a radiochemical technique to measure chloride,
instead of the Volhard v&lumetric analysis. This technique,
deseribed fully in Appendix 2 , saved a cohsiderable amount
of time since counting could be carried out automatically
while oather analyses were being made.
b) Water regain.

Water regain was measured by the method of Pepper et
al. (ref.P2). Samples were dried at 105°C for 48 hours to
obtain the final dry weight. This sufficed to attain
constant weight. Water regain was measured after carrying
out capacity analysis and samples were therefore always in
the sulphate form .
¢) Seluble deeomposition products.

After heating, resin samples were separated from the
liquid in which they have been heated. The liquid and-
washings from rinsing the sample were analysed for seluble
decompesition products. Trimethylamine, methanol,
démethylamine, methylamine and ammonia were expected.

It soon became apparent that trimethylamine»gn&—méﬁﬁanol
only were preduced as a result of the decompasidian,
Trimethylamine was measured by the amine picrate methed
(ref.D1). 1In the ngst methanol has only been inferred as

a decomposition product. Recently, however, quantitative
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measurement using a Perkin Elmer vapour phase chromatograph
has proved p#ssible, A column containing DE 105K packing,
(i.e. pelyethylene glycol 155 supported on chromisorb P) was
used, with a flame ionisation detector. Methanol yields
were measured only in a few cases, by comparing the area
under peaks produced from a sample of liquid and from a
controlled sample of known methanol content.

2.2.3 Experimental method.

A large number of small samples (0.5g) of ion
exchange resin were heated in demineralised water (5ml.)
to provide experimental data. Samples and water were sealed
in giass ampoules , to prevent the egcape of volatile
decomposition products. At temperatures up to 9000 the
ampoules were heated in a constant temperature water bath,
maintained to within + O.5OC of the required temperature
by a thermostatically controlled l1kw. Heater and stirrer
unit. At temperatures above 90°C a heavily lagged bath of
silicone oil was used ; the temperature was maintained to
+ 1°¢ of the required value. The ampoules were nlaced in a
small autoclave for work above 100°C. A trial experiment
was carried out to determine the time necessary for the
interior of the autoclave to attain the bath temperature.
This was found to be less than 2 minutes in all cases.
2.2.4 Sources of error and precautions.
a) Incomplete conversion,

Bach bath of resin was checked by separate analysis
and rejected if less than 99.5% converted to the desired

ionic form.
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b) Carbon dioxide absorption.

Streat (ref.Hl) showed that anion exchange resins in the
nydroxide form absorbe carbon dioxide rapidly on exposure
to airﬂ Hydroxide samples were accordingly stored under
methanol in stoppered bottles.
¢) Impurities in analytical reagents.

checked

Methanol, sedium, sulphate and ammonium hydroxide were
for chloride content before use in capacity determinations.
(see Appendix 2).'No chloride was detected.

d) Incomplete removal of sorbed chloride ions during
capacity analysis,

The.number of column volumes for complete elution of
the chloride:ions in the resin samples was determined
beforehand by collecting suceessive 10ml. aliquots of eolumn
effluent and analysing each for eluted chloride ions, until
no further amounts were detected.
¢) Loss of velatile deecomposition preoducts.

Soluble products of thermal decomposition include
volatile amines. Loss of these was avoided by heating resin
samples in sealed ampoules. After heating, these ampoules were
cooled to ambient temparature and broken under water.

2.3 Results and discussion.
2.3,1 Weak base exchangers,

No significant changes were observed over a 30 day
heating period in the four weak base exchangers, which were
heated in the e¢hloride and free base forms, at temparatures
up to 180°C. Results are shown in Table 2.3.

Limits of significance were taken as + 0.08% meq/g. change
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in capacity, 0.01 meq/g. yield of decomposition products and
+ 0.01 gHZO/g. dry resin for water regain. Weak base functicnal
groups in these anion exchangers are evidently stable up to
180°C for long periods of‘time.

Previous reports (ref.Bl0) had indicated good thermal
stability in weak base exchangers up to lOOOC. These new
results suggest that certain exchangers with properties
similar to weak base exchangers might be usefully applied to
water coolant treatment. For example Amberlite IR 63 ( which
has become available since this work was finished) operates
effectively over the whole pH range (ref.K3) yet has strong
similarities to the weak base exchangers in all other respeots
suggesting that the above thermal stability results may well
apply.

2.3.2 Strong base exchangers in the hydroxide form.

Strong base capacity decreases and the rate of capacity
loss increases with increasing temperature above 50°C. In the
hydroxide form Amberlite IRA 400 and Dowex 1 are stable at
50°¢ (Table 2.4) but have lost approximately 25% and 50%
strong base capacity at 7500 and 9000 respectiﬁely after 30 days
heating (Fig.2.1 and 2.4). Amberlite IRA 900 (Fig.2.2), a
macroreticular resin is slightly more stable with strong base
capacity losses of about 20% at 75°C and 40% at 90°C over the
gsame period. Deacidite FF resin (Fig 2.3) has the greatest
‘stability, lesing only about 10% and 30% strong base capacity
at 75°C and 90°C respectively after 30 days heating. The
results for Amberlite IRA 400 are in good agreement with’

E.W. Baumann (ref.Bl). At 120°C a more rapid loss of strong
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, base capacity was noted. (oisdeibleloss occurred in about
: 4 to 5 days, in all four strong base resins. Above 120°C
loss in strong base capacity was very rapid; cqmplete loss
occurred in 12 hours at 150°C and in four hours at 180°C.
. Deacidite FF was again the most stable of the resins over
the range 120°C to 180°C (Fig. 2.1-2.4). Marinsky and
| Potter's values for Amberlite IRA 400 at 117°C and 135°C
are again in good agreement (ref.lMl).

Significant increases in weak base capacity and yields
of +trimethylamine were measured when any loss in strong
base canacity occurred. At temperatures-up t9~9000, the
weak base capacity increased steadily with time, reaching
120% of the original value in Amberlite IRA 400, Dowex 1
and Amberlite IRA 900 and 150% in Deacidite FF, after 30 days
heating at 75°C (Fig.2.5-2.8). At 90°C values of 145% and
160% respectively were attained after the same heating
period. A similar result was observed for the productien of
trimethylamine (Fig.2.9-2.12).

At temperatures of 120°C and above, the weak baée
capacity increased rapidly, reaching a maximum when all
strong base capacity had been destroyed, after which a slew
decrease in weak base»vapécity occurred, At higher
temparatures six fold ihcreases of weak base capacity
were obsQrved. Yields of trimethylamine continued to
increase as the heating temperature was increased until all
strong base capacity had been lost, after which no further
change occurred. Weak base capacity changes are plotted on

a logarithmic scale for the sake of presentation.
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'THERMAL DECOMPOSITION

STRONG BASE CAPAQITY CHANGES

DEACIDITE FF - HYDROXIDE AND CHLORIDE

FIG 23

14-52 MESH, 7-9 % CROSSLINKING.
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STRONG BASE CAPACITY CHANGES

THERMAL DECOMPOSITION

FIG 24

DOWEX 1 - HYDROXIDE AND CHLORIDE

14-52 MESH, 7-9 % CROSSLINKING.
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WEAK BASE CAPACITY CHANGES,

THERMAL DECOMPOSITION

FIG. 2.5-

HYDROXIDE AND--CHLORIDE

AMBERLITE IRA L4LOO -

14-52 MESH, 7-9 % CROSSLINKING.
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' WEAK BASE CAPACITY CHANGES.

THERMAL, DECOMPOSITION

FIG 2.6

AMBERLITE IRA 900 - HYDROXIDE AND CHLORIDE

14-52 MESH, 7-9 % CROSSLINKING.:
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THERMAL DECOMPOSITION

WEAK BASE CAPACITY CHANGES..

FIG 27

DEACIDITE FF - HYDROXIDE AND CHLORIDE

14-52 MESH, 7-9 % CROSSLINKING.
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THERMAL DECOMPOSITION WEAK BASE CAPACITX CHANGES.'

FIG 28

DOWEX 1 - HYDROXIDE AND CHLORIDE

14-52 MESH, 7-9 % CROSSLINKING.
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(MEQ/G.)

TRIMETHYLAMINE YIELD

 FIG 2

THERMAL DECOMPOSITION TRIMETHYLAMINE YIELD,

AMBERLITE IRA 400 - HYDROXIDE . AND CHLORIDE

1452 MESH, 729 % CROSSLINKING.,
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TRIMETHYLAMINE YIELD
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(MEQ/G.)

F | G 2| l‘  THERMAL DECOMPOSITION

TRIMETHYLAMINE YIELD,

' DEACIDITE FF.- HYDROXIDE AND CHLORIDE

14-52 MESH, 7-9 % CROSSLINKING.
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(MEQ/G.)

" TRIMETHYLAMINE YIELD .

FIG 212

14-52 MESH, 7-9 % CROSSLINKING.
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-It is interesting to compare the slow decomposition
of the weak base groups formed by the decomposifion of strong
base capacity in the strong base exchangers, with the
completely stable weak base groups found in the weak base
exchangers. These two types of group are evidently of a
dif ferent nature, even though they both give a weak base
capacity reaction during capacity analysis.

It was suspected that methanol would be present as a
decompositien preduct at all temperatures, but actual
measurements were only made at l50°C in the static
experiments . Yields of methanol steichiometrically
equivalent to 10% of the increase in weak base capacityb
were measured in all four resins ( Table 2.8). If the
reaction scheme proposed by E.W. Baumann is correct then
the yield of methanol should be stoichiometrically
equivalent to the increase in weak base capacity. In fact
this is not so, and Baumann's scheme must be modified to make
allowance for this fact.

The changes observed during the heating of strong
base exchange resins can be adequately described by the
following three reactions. The proportion 6f the decomposition
occurring by any one reaction varies with temparature.

' ) bn 4 R\;
=CHy N lCHyy  OHT e Iy OW T ey
y\é} 2 3 Y 35 N

":f"‘- P

l R p + g 5 ."‘ . . .
@oQHzN (("“3)} 04— \{i ‘*iwc:u,_‘t\{'{_;’}z{;} -+ Cuasgbﬂ



Further evidence in support of this scheme is given in
Section 2.3.5.

The small loss in weight that occurred when resin
samples were heated was slightly in excess of the measured
weight of +trimethylamine resulting from héating. The small
yield of methanol, which was not measured in all cases, was
not taken inte account and is probably responsible>for the
discrepancy. The accuracy of the loss in weight experiments
was poor and little inference can be made from them.

No significant change in the water regain was detected
un to 9000, but at 12000, a 15000 and 180°C a rapid decrease
in water regain accompanied the loss in strong base capacity
(Fig. 2.13-2.16). In all cases it was noted that little
change in water regain took place until between 30% and 50%
of the strong base capacity loss occurred. The water
regain attained a constant value, independent of heating
temperature (within experimental error) when all strong base
capacity was lost. This suggests that a definite fraction
of the water regnin of a dry resin is associated with the
strong base functional groups, probably as water of hydration
and that this fraction was lost when the strong base groupns
are destroyed.

Thermal decrosslinking can be discounted since it
would cause an increase in water regain., The change in

water regain corresponds completely with the change in
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3677
097
Os11
3.88
ODel7

0e 98

2065
0.95
Ua21
2e86
Uelb

0093

2075

ey

2,00 5400
2067
0e91
0.28
2495
0.27'

0.87
0030
2484
De37
la04 1,01
2484
0e 94 .
0021
3.05
Delb .

0490

2494
Ds30
127 1024
3.71
De 95
Del2

3.83
Ds22

3465
Ve93
Oolé

De34
0e96 0694
2455

0.90
0020

238
Qe84

260

0.22 De35

0694 0697

5.00

. 2040
0082
0e32

040

1.03

- D089
0.21

030
l.24

3e50
0.90
0e12
3462
D.28

G098

2042
0.86
0.23
2465
0040

094

‘254

2e72
0022

3.79

022

2eT2

2068

2489

1000

2625
D677
0e32
257
De68

104

2045
0e81
0e24
2469
De60

le23

3.40
De87
Del6
3e56

0.40*

0.96

210

De74

Oe2%

2e34
De61

De96

1000

2430
0679
0.33

De73
1.07
2047
0e82

0.22
2069

De51

1e23

3450
0«90
0.13
3e63
De4l

Q0e98

2612
0.76
0«24
2436
0065

0.91

2e63

15,00

1.95
0e67
0e33
228
‘De92

1.07
2427

075"

De25
‘252
0.70

1626
3430
De 84
0e17

de4T
0.54

De96

1.85
De 66
D0e25
2010
De93

0.95

15400

2.00
0e68
0034
2434
0. 86

1,02

220
D73
024
2e44
0675

l.26

3.20
0083

Del5

3435
0e67

0498

De95
0034

De 26

1,21
-De92

0497

2000

165

0e57
Ce35
2400
120

le06

20616

0e72
0e 26
2042
0.80

le26

3420
De82
0.19
339
De74

094

-1le 60

0657

De26

l¢86
lel?

0¢96

20.00

168
De58
0e36
2404
le16

l.02

‘207
0669
Da25
2432
0.85

le26

3«00
0678
De15
3015
080

0097

lo65
0e59
027
1692
le11

0.94%

25.00 ‘3040
150 - le3
De51 0Oe4
0e37 003
1e87 le7
133 1447
1004 1e0
187 1le7
0e62 De5
0028 0431
2.15 240
1.06 140
1027 1le2
3,04 248
De78 0e7
0e19 Dol
3¢23 2.9
0eB88 Deo9
0496 0.9
1050 1e4
0e53 De51
0027 De28
177 173
1le26 1630
095 0696
25,00
1060
0.55

0e38

198

1023

1002

1.90

0s63

Do 26
2416

1,00

1.27

2.90

0e 75

0a16

3,06

0e91

0697
1.52
0e54
De28
1.80:
1e23
0,97



RESIN IN THE HYDROXIDE FORM

1006

i.00

2036
Je 81
Os &7
283
0.37

2636
Ue T8

Ve 46

2482

‘Oetls

127

3013
Ue 80
0.35
3e48
0.51

099

220
De78
Os &4l
2461
0.41

0092

TEMPERATURE 12040 C

TIME . -7 ' DAYS 0 0025

AMBERLITE -~ SB CAPACITY MEQ/G 2492 2088

IRA 400  SB CAPACITY 1,00 0499
LS WB O CAPACITY MEQ/G 028 0.29

" 'TOTAL CAPACITY MEQ/G 3420 3,17
T TRIMETHYLAMINE MEQ/G 0 0603

~ METHANOL MEQ/G , .

, WTR REGAIN GM/GM 106 1,06
"AMBERLITE - SB CAPACITY MEQ/G 3,02 2498
IRA 960  SB CAPACITY 100 0,99
72 7 WB CAPACITY MEQ/G 020 0021

_ TOTAL CAPACITY MEQ/G 3422 3419
TRIMETHYLAMINE MEQ/G O 0.03
~ METHANOL . MEQ/G ,
WTR REGAIN GM/GM 1025 1lo26
SB CAPACITY MEQ/G 3491 3,85
SB CAPACITY 1400 0498
WB CAPACITY MEQ/G  0el0 0.1l
__ TOTAL CAPACITY MEQ/G  4.01 3.96
" TRIMETHYLAMINE MEQ/G ¢ e O&
~ METHANOL MEQ/G _
" WTR REGAIN . GM/GM 0698 0.99
SB CAPACITY = MEQ/G 2082 2079
_SB CAPACITY 1,00 0699
- WB CAPACITY MEQ/G - 0e21 0022
~ TOTAL CAPACITY MEQ/G 3403 3401
" TRIMETHYLAMINE MEQ/G O =~ 0402
METHANOL MEQ/G . -
WTR REGAIN GM/GM  0e94 093
7 SAMPLE 2
. RESIN IN THE HYDROXIDE FORM
"TEMPERATURE 12G«0 C
TIME DAYS 0 0e25
‘" AMBERLITE ~ SB CAPACITY MEQ/G 2092 2.85
- IRA 400  SB CAPACITY 100 Q.98
TUUTTLOU T WB CAPACITY . MEQ/G - 0e27 030
o TOTAL CAPACITY MEQ/G 3019 3,15
TRIMETHYLAMINE MEQ/G U 004
- i METHANOL MEQ/G
WTR REGAIN GM/GM  1.08 1.06
AMBERLITE SB CAPACITY MEQ/G 3001 2496
IRA 900 SB CAPACITY 1,00 0098
T WB CAPACITY MEQ/G Uel8. 0420
~ TOTAL CAPACITY MEQ/G 3419 3.16
TRIMETHYLAMINE MEQ/G © 0005
METHANOL MEQ/G
WTR REGAIN GM/GM - 1027 1027
DEACIDITE SB CAPACITY MEQ/G 3,87 3478
FE _ SB CAPACITY 1,00 0,98
o W8 CAPACITY MEQ/G G010 0013
TOTAL CAPACITY MEQ/G 3297 3,91
TRIMETHYLAMINE MEQ/G o 0e07
METHANOL MEQ/G
WTR REGAIN GM/GM .96 0,98
DOWEX "~ SB CAPACITY MEQ/G 2080 2474
1T SB CAPACITY 100 0098
T " WB CAPACITY MEQ/G  ©o20 0022
TOTAL CAPACITY MEQ/G 3.00 2496
TRIMETHYLAMINE MEQ/G 9 0020
ME THANOL MEQ/G
WTR REGAIN GM/GM  Ga94 0092

2.00

0.99
De34
092
le91
129

0e97

1.03
0e34
083
1e86
1.30

1e18
1.88
Da4B
Da78
2466
1140
De 86

0«96

Da34
- De8L

le 7T
le22

080

2400

1.08
De37
"Je91
1.99
1«32

D.98

1e12
0e37
0.85
la97
'le21

118

1«82
Qe &7
077
2059
1s 39

D.88

Da98
0.35
0«80
la78
le24

Da76

‘leb6

3.00

De4l
Qelsk

i.11

1le52

1.68

De84

Oe4l

.14
1406
le4T
1.70

1e13
1.18

030
1.01
2019
1.83

074

0«31
Os1l1
1.04
135

De 65

3000

0043
Uel5
1.14
1.57
1.65

0085

0043
O0oléd
1.06
1.49
io74

1.10

1.04
0,27
1.05
2009
1.88

Da74

0.36
D13
1,01
137
la 66

Gob3

4.00

D.19
DeOT
l.18
le37
l.84

De 74
0ei?

D06
1410

1627

1.87
0e94 -

De 66
Del?
1.20
1686
2012

0470

0e13
0.05
lels
1.27

1.81

De62

4¢00

020
0407

1.19.

1,39
le85

De76.

Oel?

Ce06

1.09
‘1e26
1,78

0e96

Oa b6
0017
1.17
l1.83
2el4

De 71

J.13
0405
1063
l.16
le79

10460

5.00 10,00

D.08
0.03
le21
1.29
1.91

D71
0.04

DeD1
"lel6 -

1,20
2401

091

0.39
DelD
1425
le 64
2438

0.68

0.05
De02
1.08
le13
1e86

0(61

500

007
002
lo24

lo31

1.87
00,73

0.02
0001

lold

i.16
1.96

090

Ce&l
001l
1,24
le65
2032

0,68

D0e.04
Do 01
1013
lel7
1.86

00@1




RESIN IN THE HYDROXIDE FORM

,

TEMPERATURE ~ 15040 C

TxMé*T;;é”*’  HRS 0 1400 3400 4e50 6400 9400 12400 15400 24400 48,00
AMBERLITE . SB CAPACITY MEQ/G 2492 2045 1460 100 0436 0406 0 0. 0 0

IRA 400  SB CAPACITY 1600 0084 De55 D34 0012 D602 0 0- 0o 0
7T WB CAPACITY MEQ/G 0e28 0450 0894 1620 1050 170 1075 1e78 1474 1,76
TOTAL CAPACITY MEQ/G 320 2095 2454 2420 1086 1a76 1e75 178 1le74 1l.76

o "TRIMETHYLAMINE MEQ/G O 0e24 0068 0e98 1alb le4l 1e43 140 lo44 1,42
METHANOL MEQ/G O . S Oel2 Deld 0.15
WTR REGAIN GM/GM 1406 1e04 1.05 0699 0e81L 0670 0e70 De67 0470 Do68

AMBERLITE = SB CAPACITY  MEQ/G. 3002 281 1096 1a18 0048 010 0 0 0 0D

“IRA 900  SB CAPACITY 1000 0093 0065 0439 0016 0e03 0 . .

. . WB CAPACITY MEQ/G U220 0e31 0669 1410 1e44 170 170 Llo74 1,76 1a70

" TOTAL CAPACITY MEQ/G 3¢22 3612 2665 2628 192 180 170 1le74 176 1a70

" TRIMETHYLAMINE MEQ/G O " DelD 0DeTé 0094 1647 1le54 1456 1e57 1555 1450
~ METHANOL MEQ/G O , - _ 0.15 D.13 0el2

WTR REGAIN . GM/GM 1625 1e24 1e21 1e17 1401 0De91 0e90 0De89 De91 0488

DEACIDITE SB CAPACITY = MEQ/G 3091 3062 257 1e59 0692 0617 006 0o O» 0.
FE__ . . SB CAPACITY 1600 0e93 0066 0e4l 0024 0404 De02 O 0o - 0o
- WB CAPACITY MEQ/G 0el0 0020 0455 0094 lea43 1e72 1le8l 1478 1484 1le8
TOTAL CAPACITY MEQ/G 4401 3482 3412 2453 235 1689 1leBT 1e78 1eB4 1le8
TRIMETHYLAMINE MEQ/G O, 0019 1e04 le4l 1653 1690 2410 2016 2416 242

_ METHANOL  MEQ/G 0 S o 0015 .. De20 . 0e20

" WTR REGAIN GM/GM  Ge98 0096 097 0690 0675 Deb&s Debl D660 0,60 046

"B CAPACITY  MEQ/G  2e82 2040 1a66 1608 D0e42 0404 O 0. o 0
5B CAPACITY 1,00 0e85 0659 0438 0415 0001 O 0 0 0

WB CAPACITY  MEQ/G  0e2l 0e25 0e47 0662 1ell’ 1e54 1060 1le6l 159 1leb
 TOTAL CAPACITY MEQ/G  3¢03 2e65 2613 1470 1653 1458 1460 1461 1459 1la6
. TRIMETHYLAMINE MEQ/G 9 Lt v 0.36 . Q. 88 ;-30 --1e33 !.¢43_ 1.41 . 1.¢40 lo42 '.;.4

 METHANOL  CMEQ/G__ O . . . " 0el3d 014 0u14
WTR REGAIN ~GM/GM " 0s94 0696 0097 0e94 DeT5 0eb4 Debl 0e60 0e62 0Dob
CGAMPLE 2T e e e
"RESIN IN THE HYDROXIDE FORM T
" TEMPERATURE 158.0 C | - - i |
TIME - - ' HRS ) 1000 3.00 4e50 6400 9,00 12400 15.00 24400 4840

"AMBERLITE ~7SB CAPACITY  MEQ/G 2092 2047 1o6l 1401 0e36 0,07 O 0

IRA 400 . SB CAPACITY 1600 0¢85 0455 De35 0el2 0402 0O 0.
TP WB CAPACITY  MEQ/G 0a27 0051 0098 1623 1652 1e7l 1073 1le76

TOTAL CAPACITY MEQ/G 3419 2098 2¢59 2624 1088 1le78 1le73 1476
TRIMETHYLAMINE MEQ/G O 002l 0e69 0e99° 1022 1le46 1e50 147

 METHANOL MEQ/G O o , Del2 Delb
| WTR REGAIN GM/GM 1008 1404 1,03 D0e97 0080 0e71 0668 0468
AMBERLITE  SB CAPACITY . MEQ/G 3,01 2e7% 1084 1408 0045 0009 0 0

IRA 900 =~ SB CAPACITY 100 0De91L 006l 0e36 0ol5 D603 D 0
: : WB CAPACITY MEQ/G JolB Q34 UaT77 1el3 1647 1le51 1le7l 173
TOTAL CAPACITY MEQ/G 3¢19 3408 2461 2621 1092 1e60 1le71 1,73

TRIMETHYLAMINE MEQ/G  © Doi7 0e77 0691 1le46 1671 1450 1e51
) METHANOL MEQ/G D s Gol3 0e1b
WTR REGAIN GM/GM 1027 1e21 1021 1419 104 0489 0490 0490

DEACIDITE  SB CAPACITY MEQ/G 3,87 3060 2031 1e51 0091 0e15 0.04 O

FF SB CAPACITY 1000 0093 0060 0639 0024 D04 Ded1 O

T WB CAPACITY MEQ/G  Uol0 0e2D 0s55 De9% 1043 1072 108l 1078
TOTAL CAPACITY MEQ/G 3097 3480 2¢86 2445 2034 1487 1085 178

-TRIMETHYLAMINE MEQ/G ¥] 0el8 1205 1le4l 1,48 1486 2013 217
o : METHANOL MEQ/G Q0 Val3 De19
S WTR REGAIN GM/GM D096 D698 U095 0489 0076 0Deb63 063 0661
DOWEX SB CAPACITY" MEQ/G 2080 2643 1063 1406 0De38 0,08 0 0
1 SB CAPACITY 1400 087 0458 De38 Uals D03 D 0
W8 CAPACITY MEQ/G iU 20 27 Da 44 0465 1.11 155 1062 1061
TOTAL CAPACITY MEQ/G ~ 3400 2070 2,07 1671 1049 163 1,62 1061
TRIMETHYLAMINE MEQ/G U - 0037 Ge9% 1630 1435 1638 1039 1a440
METHANOL MEQ/G %) D012 Oel5

"WTR REGAIN- GM/GM 0694 0098 095 0a89 0aT76 0463 0063 0Oebl



e T

- AMBERLITE
.IRA 400

TTAMBERLITE
__IRA 900G

i fF

ST
~_IRA_9G0

_FF

" DEACIDITE

" WTR REGAIN

T SAMPLE 2

COTIME T T

. AMBERLITE
Pyl LI R‘"A‘A’fq‘ioo Tt :

~ AMBERLITE -

‘”oEAcrotTE,

.~ TEMPERATURE 180.0 C

H

S8 CAPACITY
SB CAPACITY
WB CAPACITY
TOTAL CAPACITY

© TRIMETHYLAMINE

METHANOL

" WTR REGAIN

SB CAPACITY
SB CAPACITY

" WB CAPACITY

_TOTAL CAPACITY

T TRIMETHYLAMINE
 METHANOL

WTR REGAIN

SB CAPACITY
SB CAPACITY
WB CAPACITY

. TOTAL CAPACITY

TRIMETHYLAMINE

~ METHANOL
" WTR REGAIN

SB CAPACITY
SB CAPACITY

~ WB CAPACITY

TOTAL CAPACITY
TRIMETHYLAMINE
METHANOL '

TUTEMPERATURE 180.0 €

WTR REGAIN

" RESIN IN THE HYDROXIDE FORM

RS

. MEQ/G

" MEQ/G

MEQ/G
MEQ/G
MEQ/G

GM/GM -
MEQ/G

MEQ/G

MEQ/G

MEQ/G
MEQ/G
GM/GM

MEQ/G

MEQ/G

MEQ/G
MEQ/G
MEQ/G
GM/GM

MEQ/G

MEQ/G

MEQ/G

MEQ/G
MEQ/G

GM/GM

- RESIN IN THE HYDROXIDE FORM

HRS
"SB CAPACITY MEQ/G
'SB CAPACITY
WB CAPACITY MEQ/G

TOTAL CAPACITY MEQ/G
TRIMETHYLAMINE MEQ/G
 METHANOL MEQ/G
WTR REGAIN GM/GM
SB CAPACITY  MEQ/G

SB CAPACITY
WB CAPACITY MEQ/G
TOTAL CAPACITY MEQ/G
TRIMETHYLAMINE MEQ/G
 METHANOL MEQ/G
WTR REGAIN GM/GM
-SB CAPACITY MEQ/G

SB CAPACITY
WB CAPACITY MEQ/G
TOTAL CAPACITY MEQ/G
TRIMETHYLAMINE MEQ/G
METHANOL MEQ/G
WTR REGAIN GM/GM
SB CAPACITY  MEQ/G

SB CAPACITY
WB CAPACITY  MEQ/G
TOTAL CAPACITY MEQ/G
TRIMETHYLAMINE MEQ/G
METHANOL MEQ/G
GM/GM

V]

2092
1.00

0028 .
3420

0.
1.06

302

1.00

0e 20

3e22

1e¢25

391
1.00
Uel0
4¢01

0098

“0e9h

2092
1.00

De25

 1.83
Debl

3417
0o 81
00 62
3079
0e20

2482
100 -
021
3403
Q- '

0.25

027

U .
i.08

3001
1,00
Oe18

1027

3687
1.00
G.10
3¢97

0.96
2080
1.00

e 20
3400

Vo 9%

36019

3019

3408

00 80
De 66
3¢ 74
0.21

050 0e%5 1000

l.79

0.61
1007
2.86

Ue35

0690

0092

275

039

" 11l

2e55
De 65
0e99
3054

0.42

0.88

1470
De60
0.90”

260

0462 -
" 0e81

2405

De52
l.40
3e45
0.52

De&7

Uelb
1.78
2425
0«94

0e82

De4b:
Oel5

i.78

_2e24
- Oe81

1.03

1.07
U0 27
1,92

2499

1.01

Ue 80

Do42
 0el5

1e78

C 2420
ﬂ 0.86

0e75

2201
0a52
le42
3643
0e50

0.70

1.00

Oe45
Ga 15
i.81

2026

0e92
0«81

Go 47

" Oolb

1.81
2028
083

i.04

ioll
o229

1.93

3.04
1.08

D.81

0043

0015
1.79
2022
De 8%

Ca72

150
0s09

0.03
2611

2620

0.98
DeT2
Del3

De04 .

2401

2el4

De91
0e93
De28

0.07
2674

3402

1.16
De72
Del3

De05"
- 203
., 2016
’0.90*

Debl

- 20900

2020
2020
1.00

0670 -

2401
2401
D0.91

0092

2.83
2483
1021

© De70

2,12,

2012
0.88

0562




RESIN IN THE CHLORIDE FORM . S ' .
‘TEMPERAfuREJ'lso.o o :

TIME DAYS 0 0025 1000 2000 5400 10400 15400 20400 25400 3040

AMBERLITE S8 CAPACITY MEQ/G 2091 2091 2490 290 2488 2483 2475 270 2466 266
IRA 460  SB CAPACITY 1200 1400 1400 1.00 0e99 0497 De95 0e93 0091 049
B WB CAPACITY MEQ/G D028 0e28 0630 0a30 0031 0633 0635 037 0039 0Da%
TOTAL CAPACITY MEQ/G 3419 3419 3420 3620 3419 3016 310 3407 3005 340

TRIMETHYLAMINE MEQ/G  U. 0 o 0 0. 0402 0408 011 0s13 OQel
AMBERLITE . SB CAPACITY  MEQ/G 301 = 2498 2092 2486 283 277 2474 247
IRA 900  SB CAPACITY 1e00 0099 0097 0e95 094 0492 0o91 069
.- . " WB CAPACITY MEQ/G  ©.28 © De3l De32 De35 D436 0e38 0e38  De4

_ TOTAL CAPACITY MEQ/G 329 3429 3¢24 3021 3419 3615 3412 3.1
TRIMETHYLAMINE MEQ/G O " 0e0l 0403 0605 0e06 006 0e09 Osl

DEACIDITE  SB CAPACITY MEQ/G 3092 387 3688 3487 3.87 3684 3480 3478 3e74 - 307
~SB CAPACITY 1600 0099 0499 0499 0:99 0498 0697 0496 0e95 049
~ WB CAPACITY MEQ/G Osll 0Ool% Uol3 0el2 0413 0el5 0el7 0019  0Ne2l 0e2
_ TOTAL CAPACITY MEQ/G 4503 4401 4201 3099 4600 3699 3497 3097 3495 39

© TRIMETHYLAMINE MEQ/G 0.  0e02 0e02 0eil4 003 De04 0606 Da06 0o08 Dol

-SB- CAPACITY MEQ/G 2079 2678 277 277 2075 2470 2066 2061 2656 265
____SB CAPACITY 1000 1000 0099 0e99 0099 097 De95 De94 0s92 069
- - WB CAPACITY MEQ/G  0ei19 0el9 De21 022" 0625 0625 0627 0630 0632 063
~ TOTAL CAPACITY MEQ/G 2¢98 2497 2098 2699 300 2095 2693 2691 2088 268
_ TRIMETHYLAMINE MEQ/G 0 0-01 O ¢ N G 0603 0005 0607 0el0 Qol

, smnﬁtEﬁTZﬁf?f‘

| "RESIN IN THE CHLORIDE FORM
TEMPERATURE 15040 C |
TIME  DAYS 0 0025 1400 2400 5400 10400 15400 20400 25,00 30,00
AMBERLITE = SB CAPACITY MEQ/G . 2a91 2489 2488 2690 2489 248l 2672 2469 2467 246
IRA 400 . SB CAPACITY 1400 0699 0099 1400 0e99 0697 0693 0092 0092 049

“”, . "WB CAPACITY MEQ/G  ©0e28 0029 0030 0e31 0631 De34 0035 035 0e39 0o
 TOTAL CAPACITY MEQ/G 3019 3418 3418 3421 3420 3415 3407 3,04 3.06 3.0

NO O

"TRIMETHYLAMINE MEQ/G O ‘001 0e01 O ] 0e04 Del2 0el5 0s13 Dsl

" AMBERLITE = SB CAPACITY MEQ/G 3601 ... 2498 2495 2492 2083 2483 2477 247
IRA 900  SB CAPACITY 1.00 . 0099 0.98 De97 D94 De94 De92 049
T WB CAPACITY MEQ/G  0e29 " Da31l 0033 0635 0437 D638 0039 044
TOTAL CAPACITY MEQ/G 330 ° . - 3429 3028 3027 3420 321 3e16 3.l

" TRIMETHYLAMINE MEQ/G © ‘ " 0e01l 0003 DeD6 0006 008 0610 0al

DEACIDITE SB CAPACITY MEQ/G 3092 3689 3488 3088 3087 3085 3481l 3476 3073 36
FF- . SB CAPACITY 1000 0699 099 0699 0099 0098 0097 0696 0095 069
?‘ ;57‘1 WB CAPACITY MEQ/G Jell Dai3 0013 De13 Gol4 0016 0el8 0020 0e22 062
TOTAL CAPACITY MEQ/G 4003 402 4401 GaDl 4401 4601 3499 396 3495 349
TRIMETHYLAMINE MEQ/G 9 0 DeD2 De01 Ge0l 0401 0403 0e06 0607 O0l

SB CAPACITY MEQ/G. 2079 2079 2678 2678 2076 2071 265 2460 2454 264
SB CAPACITY 1000 100 100 1400 0299 06497 0095 0De93 0,91 0.8
WB CAPACITY = MEQ/G Uel9 0020 U200 De24 0025 0426 0028 0e31 0633 063
TOTAL CAPACITY MEQ/G 2098 2099 2698 3202 3001 2697 2093 2091 287 248
TRIMETHYLAMINE MEQ/G 0 0eG4 (UoD5 DeOl ©Cal2 0406 0010 0ei2 0el6 Dol




SAMPLE 3

RESIN IN THE CHLORIDE FORM

TEMPERATURE 18060 C

TIME DAYS 0
AMBERLITE ~ SB CAPACITY MEQ/G 2491
IRA 400  SB CAPACITY 1,00
DT 0T WB CAPACITY MEQ/G  De28
TOTAL CAPACITY MEQ/G 3419
TRIMETHYLAMINE MEQ/G ©
‘il AMBERLITE ~ SB CAPACITY MEQ/G  3.01
3 IRA 900  SB CAPACITY 1,00
{. 7 77T WB CAPACITY MEQ/G  0+28
 TOTAL CAPACITY MEQ/G 3429
_ TRIMETHYLAMINE MEQ/G G
| DEACIDITE  SB CAPACITY  MEQ/G  3.92
1 FF SB CAPACITY 100
WB CAPACITY MEQ/G  Oell
TOTAL CAPACITY MEQ/G 4403
.~ TRIMETHYLAMINE MEQ/G. O
" SB CAPACITY MEQ/G . 2079
 SB CAPACITY . 1le00
. WB CAPACITY MEQ/G ~ 0019
TOTAL CAPACITY MEQ/G_ 2498
" TRIMETHYLAMINE MEQ/G -~ O
"SAMPLE 4 ,
RESIN IN THE CHLORIDE FORM
| TEMPERATURE  18G.0 C
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strong base_capacity, so there is no evidence to sunport
thermal crosslinking, which is anyway an unlikely process.
2.3.3 Strong base exchangers in the chloride form.

The strong base exchangers in the chloride fbrm were
" more stable than in the hydroxide form and no measuraable
decomposition occurred over the 30 day heating period at
90°¢ (Table 2.4) . Above 9000 strong base capacity losses
were observed in all four resins. At 12000, losses were
approximately 1-2% in Amberlite IRA 400 and Dowex 1,
1% in Amberlite IRA 900 and Deacidite FF, after 30 days
heating but at 150°C strong base capacity losses of i%%
in Amberlite IRA 400 and Dowex 1, 5% in Deacidite FF and
10% in Amberlite IRA 900 were measured, over the same
periad. At 180°C Amborlite IRA 400 and Dowex 1 lost 30%,
Deacidite FF, 20%, and Amberlite IRA 900, 25%, strong base
capacity after 30 days heating (Fig.2.1 - 2.4).

Degradation of strong base capacity resulted in the
formation of weak base capacity in the heated samples
(Fig. 2.5 - 2.12), and the formation of trimethylamine.
No significant change was observed in the water regain
in any of the chleride form samples, presumably bgcause
the loss in strong base capacity never exceeded 30%. A slight
loss in weight was observed during thermal decomposition.
No attenpt was made to determine any decomposition products
other than trimethylamine.

By .analogy with the hydroxide form the following»set
of reactions probably account for the thermalidecomposition

of chloride form strong base exchange resins.
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2. 3 4 Kinetics of thermal decomp051tlon.

Loss of strong base capacity in the hydroxide and
chloride forms of the fogr strong base exchangers followed
a first order rate law, as observed by BE.W. Baumann and
Marinsky and Potter (ref.Bl,Ml). At 150°C and 180°C the
first order law is obeyed after transient decomposition has
been passed (see Sectien 2.3.9), Activation energies fer
decomposition calculated with the Arrhenius equation are
given.in Table 2.12, Values are of the order 25 to 35
kcal/mele as compared with 29 to 33 keal/mole reported by
Marinsky and Potter.

The decomposition of Deacidite FF was analysed in nore
detail and activation energiss for each of the three
reactions occurring during thermal decormosition are
given. A plot of velocity constants versus reciprbcal
temperature for each reaction (Pig. 2.17) shows that
reactiop (1) predominates over the range investigated, but
that reaction (2) becomes more important as the temparature
increases and reaction (3) becomes less important as the
temparatﬁre increases.

2.3.5 Heating of model c9mpouﬁds.

Thermal dgcomposition in anion exchange resins

detaches simple molecules from the main matrix structure.

Identification of the simple molecules is easy. The
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FIG 2.7

THERMAL DECOMFOSITION

REACTION KINETICS
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configuration remaining on the matrix after removal of the
simple molecules cannot be found by analysis, but may be
inferred by proposing reaction schemes, which account for
the formation of the simple molecules.

Alternatively a model compound may be used. This is a
8imple molecule identical with the suspected part of the
resin structure where thermal deconposition occurs.
IHanufacturing processes give some idea of the resin
structure and enable suitable model compounds to be chosen.

The method of production of the anion exchanger
Deacidite FF', suggests that the strong base functional
groups are substituted benzyltrimethylammonium salts or

bases linked to the main structure by methylene groups:-

+ -
R ‘\@-CQQ,N@HQJ X

‘Hence a useful model conpound is g benzyltrimethylammonium
salt or base . This splits into two simple molecules on

heating, both of which are readily identifiable. The

-+ . -
Y

configuration remaining on the matrix after thermal
decomposition may be inferred from model compound heating
results with some confidence.

Collie and Schryver (ref.C2) have reported the
formation of Dbenzyldimethylamine and trimethylamine when

the compound benzyltrimethylammonium hydroxide was heated.
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They found a gimilar reaction in the salt forms of the
compound, though at substantially higher temperatures.

Similar experiments were carried out as part of this
work. A 2 molar solution of the model compound (i.e. with the
same concentration as that of the functional groups in
Deacidite FF ), was prepared, and heated at 90°C, 12000,15000
and 180°C. No decomposition was obscrved at 9000 but at 120°C
and above increcasing amounts of trimethylamine, methanol
benzyldimethylamine and benzyl alcohol were detected by
vanour phase chromatography. Results are shown in Fig. 2.18.
No other significant products were observed over the
temperature range indicated. The reactions occurring in the
thermnl decomposition of the model compound are therefore:-

s N cH - “f"r. - )
f’ TR K&”z)g CH ‘/l\lm;.oH + (an) N
Y 1% 3

%]

}/\“’_ (,:Hz"*’f‘.v.i’la)g o ——— é\ﬂ-ffﬂz.l\4-(CH3>2 + CH;- 0
N

No attompts to measure the quantitative yields of
decomposition products were made, but some indications of the
relative increasé in yicld as the temperature increases can
be gained by comparing peak areas on the chromatograph reccord
(Fig. 2.18).

The following conclusions were drawn from the model
compound heating work.
- a. The model compound yiclds the same decomposition products
as the equivalent resin form, thus justifying the choice of

model and confirming the suspected resin
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The model compound has substantially better thermal
8iability than the resin,
b, The configuration remainiﬁg on the resin after thermal
decomposition is either a substituted benzyl alcochol group
or a substituted benzyldimethylamine group. The latter most
probably accounts for the increased weak base capacity and
suggests the structure of one type of weak base group.
c. The Hofmann Martius rearrangement reaction (ref.M3)
given below has been observed in compounds similar to the
model at temperstures between 200°¢ and 30000. In the
resin analogousreactions to (1) and (2) occur at some 50°¢-

lower than in the model compound, and it is probable that

+/ -
/l,cul-w (C“S)s X -cu,-u(cng‘),

0
§ ~CH, + M

the Hofmann Martius reaction will occur in the resin at
temparatures substantially lower than 200°¢.
2.3.6 The renction mechanism of thermal decomposition.
The’results of the present work have shown that the
simple Hofmann degradation scheme proposed by E.W. Baumann
(ref.Bl) requires some modification if it is to fully
describe the thermal decomposition of anion exchange resins.
In quaternary ammonium compounds, thermal decomposition
occurs by the abstraction of an electron by the guaternary
nitrogen atom, from one of the groups attached to it. This

nay result in substitution or elimination reactions.
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The nature of the functional group in the quaternary
ammonium polystyrene based anion exchangers precludes the
elimination reaction.

Collie and Schryver (ref.C2) and Hanhart and Ingold
(ref.H?) have heated many different gquaternary ammonium
compounds and have arrived at the following sequence of
organic groups arranged in order of inéreasing electron
affinity:-

(C6H5)3C— : (C6H5)2CH— : CoH-CHy- 033- : 06H5—

5
From the sequence it can bee seen that a quaternary ammonium
nitrogen atom can abstract an electron from a benzyl group
with greater ease than from a methyl group. Now , in the
strong base exchangers under study, there are only methyl

and substituted benzyl groups attached to the quaternary
nitrogen, which leads to the conclusion that both the reactions
suggested by E.W. Baumann should occur, but that the

trimethylamine producing reaction should predeminate;

E.W. Baumann's reaction scheme was as. follows :-—

R.

L R ~ Rin .
MCH" N+@n")3 T @Cﬁrx + (Chy), N

e Vg

2.;2 - R
RN cnynt lond, X TN N B 4 cuy X
& Qpemm s,

- The existence of methanol as a product of decomposition

was only inferred, no actual measurements being possible.
In the present work a spécial experiment was carried

out as described below to provide detailed information on

the reaction mechanisms, In addition a search for methanol
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was made and this product was detected and measured, though
in substantially smaller quantities than expected.
a.‘The loss in weight experiment.

The object of this experiment was to provide additional
information about the mechanism of thermal decomposition in
Deacidite FF .

Samples of Deacidite FF ( approx.,10g.) In the hydroxide
ferm (14-52 mesh, 7-9% crosslinking) were dried in a
desiccatof over silica gel to constant weight. The drying
time needed was three weks. This method of drying has been
found to be equivalent to heating the resin salt forms at
105°C for 48 hours. Accurately weighed dried samples were
placed in weighed ampoules and heated for 24 hours at 150°C.
Subsequently the ampoules and contents were cooled and.frozen
in liquid nitrogen prior to opening. The ampoule and frozen
contents were transferred to a vacuum distillation apparatus
( Fig.2.19) and the volatile preducts, i.e. methanol,
trimethylamine and water separated from the decomposed
resin. The volatile products were condensed in the cooler
part of the apparatus and collected. The separated resin
was analysed for strdng and weak base capacity by the method
described earlier and dried in the sulphate form at 105°C
to constant weight. .

The condensed products (Approx., lml.) were weighed.

To separate organic products from the water a simple
ffactional crystallisation was performed by freezing the
solution in a salt-ice bath at - 10°C., 1In this way it was

possible to separate ice crystals from the mother liquor
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6l
containing methanol and trimethylamine. The latter were
analysed by vapour phase chromatography and colorimetry
respectively. The ice was melted, checked for organic
vroducts and weighed, Results of the experiment are shown in
Table 2.13,

The capacity measurements were reproducible to 1%,
vhereas there was greater scatter in the measurement of
decomposition products. Trimethylamine was measured to
+ 5% and the yield of methanol was averaged from five
independent measurements. The scatter on the methanol
determinations is between + 10% of the arithmetic mean.

The measured amount of water given in Table 2,13 may possibly
be higher than the true yield from decomposition. This is
because the resin is expected to contain some tightly bound
water , which may be released during heating and subsequent
vacuum distillation.

b. Conclusions.

The following evidence is extracted from Table 2.13:-
i. Approximately half the decomposition results in the
formation of trimethylamine .

ii. The yield of water is approximately nine times the
vield of methanol.
iii . The loss in strong base capacity equals the gain in

weak base capacity plus the yield of trimethylamine.

iv, The yield of methanol is anproximately 10% of the
increase in weak base capacity.
v. The*enly significant decomposition products are methanol,

trimethylamine and water.
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- The two reactions suggested by E.W. Baumann can
satisfactorily account for the production of trimethylamine
and methanoi. However, these two reactions alone cannot
account for the proportion of weak base capacity to methanol,
as in (iv) . To account for those proportions there must be
at least another rsaction, which results in the formation
of weak base capacity and water,

The following three reactions account for all the

points of evidence:-
R

Ve

%\—cn,,-u:(cu,)’ o4 —— R\f\rcu,_-cu ( "
S N sy

AR

R
Jf — ou — ) N,
Qo == Tyt o,

p‘l\ CHy N éﬂa)) T ﬁl—cuaﬂ(‘%} ,.uo'

The discrepancy of 0.2 m moles/g between the
observed and expected yield of water based on the above
scheme (1.7 m moles/g) is more likely due to the loss of
tightly bound water from the resin matrix, than to any
other undstected reaction. At other temperatures, though
the overall contribution +to decomposition from each
reaction is different ( Table 2.14), the pattern of
reactions should be the same.
2.3.7 Effect of the sorbed counter ion on thermal stability.
It is known that the quaternary ammonium strong base

functional groups in anion exchange resin are less stable
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than the corresponding . tertiary amine weak base groups. A
possible explanation for this is the electron drift caused
by the pasitively charged nitrégen atom in the éuaternary
group, which tends to weaken the bonds between nitrogen,
the three methyl groups and the resin matrix. The
substituted benzyl group Between the nitrogen atom and thé
resin matrix is a better electron donor than the methyl
groups and reaction (1) is favoured.

The negatively charged counter ion will tend to
neutralise the electron drift caused by the nitrogen atom.
The magnitude of any effect depends upon ionic charge, ionic
- size, distance of nearest approach and any specific
interactions between the counter ion and resin functional
group. Similar criteria apply to the selectivity of the
resin for a given counter ion, The eounter ion of the
greatest selectivitiy is the most closely bound to the
functional group, and hence the most effective in
neutralising the effect of the nitrogen atom. This explanation
predicts that the order of increasing thermal.stability should
be identical with the order of selectivity. The results of
ztssting this hypothesis are shéwn in Table 2.15.

The order of stability was:-

4- 2-..

3“ ~ CNS™ = 17 > OH™
The difference in stability between borate, sulphate,

nitrate, thioéyanate and chloride is amall though outsidé
- the range of experimental error, whereas the difference |

between these forms and hydroxide is large.
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2,3.8 Effect of degree of érosslinking on thermal stability.

Results obtained by heating Deacidite FF hydroxide
samples of 2-3%%, 4-6% and T7-9% croéslinking are shown in
Fig,2.20 and 2.21, ‘It can becseen that the loss in capacity
is greatest in.the sample of greatest degree of crosslinking
at any given time, _ v

A possible explamation'of these effects is as follows.
A greater degree of crosslinking results ir a more closely
knit matrix, with functional groups much closer to one
another. As the degree of crosslinking increases there will
be an increasing tendency for the sorbed counter ion to
move continuously between adjacent functional groups. On
average the counter ion will be fwr-ther from any given
functional group, and hence have less effect in neutralising
the bond weakening action of the nitrogen atom, discussed in
the previous section,

Further, if a comparison is made between the stability
of Deacidite FF and Amberlite IRA 400, the former is found
to be more stable. The crosslinks in Deacidite FF are |
longer than in the latter resin, so resulting in a greater
separation between functional groups and an increased thermal
stability for the reason given above., In Amberlite IRA 900
¥he slightly greater thermal stability, when compared
with Amberlite IRA 400, could be caused by a greater
functional group separation resulting from the wider pofes.
2.3.9 Effect of particle size on thermal stability.

Samples of Deacidite FF in the hydroxide form, 7—9%
crosslinked were heated at 90°%¢, 150°C and 180°C"for 30. days
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or until all strong base capacity had been destroyed. Resin
samples in the BSS size ranges 14-52 mesh and 100-200 mesh
were used (i.e. 0.05 to 0.0l in. and 0,006 to 0,003 in.,
respectively). Strong base capacity changes were ﬁeasured.

At 9000, no significant difference between resin samples of
different particle sizes ( ratio approximately 7:1) was observed,
but at 150°C and 180°C, the smaller particles lost their entire
strong base capacity in about three quarters of the time taken by
the larger particles ( Fig. 2.22). It was noted that the strong
base capacity loss did not follow the first order rate law at
the start of the heatihg period.

It is possible that heating of an ion exchange particle
oceurs in two stages, i.e. firstly, a transient period during
which the bead is raised to the surrounding temperaturg,
followed by a steady state period when the entire bead is at
the surrounding temparature. During such a transient period,
decomposition would occur more slowly in the cooler inner part
of the bead. Hence the average rate of decomposition would
increase at first during the transient pefiod. attaining a
first order rate when the entire bead has attained constant
temparature. The duration of the transient period would
increase with particle size.

At 150°C and 180°C a particle size effect is ebserved
in Deacidite FF which may be explaired in terms of transient
periods lasting about five hours and one hour respectively
in the larger particles. The smaller particles show shorter
transient periods. After the transient period, decomposition

proceeds at the same rate irrespective of particle size,.
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At 90°C the duration of the transient period would be small
compared with the time for significant damage to occur, and
therefore no detectable difference would be expected,
Particle size effecta based on this explanation would only
be important when the transient period is appreciable
compared with the time for significant thermal damage to
occur. | |
2.3.10 Thermal decomposition of Permutit SK.

Permutit SK (ref.63) is a polysubstituted pyridine,
based, polyfunctional anion exchange résin which is thought
to be prepared by chlorinating a crosslinked polymer of an
alkyl vinylpyridine, aminating the chloro-alkyl group and
finally alkylating the tertiary-nitrogen'atom»inwthenpyridine
ring. This results in a measured weak and strong basc
capacity of 3.40 meq/g.and 0.81 meq/g. respectively.

The thermal stability of Permutit SK in the hydroxide
and chloride forms was stPdied at 90°¢, 120°C, 150°C and
180°¢. Samples were heated in demineralised water for
periods up to geven days and analyseﬁ for strong and weak
base capacity, A few determinations Qf the nature and yield
of soluble decomposition products were made.

At 90°C , this resin is stable in the hydroxide form
for at least 24 hours ( Fig. 2.23) and in the chloride
form for at least 7 days ( Fig. 2.24). Above 90°C, strong
base capacity decreases and the rate of capacity loss
increases with increasing temperatur. At 120°¢ no
significant capacity changes occur in the chloride form

up to 7 days, whereas the hydroxide form showed a strong base
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capacity loss f¢f 45% in 24 hours. At 150°C and 180°C
total loss of strong dbase capacity takes place in less than
24 hours in the hydroxide form (Fig 2.23), whereas the
chkgride form is-appreciably more stable, showing a strong
base capacity loss of about 10% and .30% respectively,af¥er
7 days heating ( Fig.2.24). Increases in weak base
capacity were measured in cases where decomposition occurred
(Fig.2.25 and 2,26).

Methanol was the only significant decomposition
product detected; the yield was measured in several cases
and found to be comparable with the increase in weak base
capacity. The precise chemical structure of Permutit SK
is not known, but the resulits of this work suggest that

the most likely configuration is:-

4
Q'C“Z_‘N GON
X

i
CHa

Although some quaternary side chains may exist, these are

small in number compared with the N-methyl groups. A

suggested mechanism of decomposition is as follows:-

L R

- R
wp N, X — Py +Cig X
Q: * * \N“~gu2 N{QK})Z

Chz,

The removal of methyl groups from the quaternary nitrogen

atom results in the conversion of strong base capacity to
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weak base capacity and the production of methanol.

The activation energy for thermal decomposition of
Permutit SK and the velocity constant at each temperature
are given in Table 2,18,

2.4 Conclusion.

The following conclusions were drawn from the work
described in this chapter :-

a. Organic anion exchangers with strong base capacity of
the guaternary ammonium type are generally unstnble above
50°C.Limited improvements may be attained by changing the
matrix structure and the groups attached to the quaternary
nitrogen aton.

b. Weak base capacity in the weak base exchangers is
thermally stable up to 18000, whereas weak base capacity
resulting from the dgcomposition of strong base capacity
isslowly destroyed at temparatures below 180°C, Hence there
are at least two kinds of weak base capacity groups.

¢. Trimethylamine bases and salts, methanol and its
derivatives and water result as products of the thermal
decomposition of strong base capacity. Of the two organic
products trimethylamine is the main product and the yield
of methanol decreases with temperature,

d. Particle size, degree and naturé of cross linking and the
nature of the sorbed counter ion have a limited effect on
the thermal stability of strong base capacity. Thermal
stability increases with decreasing degree of crosslinking
of increasing length of crosslinks. The most stable ionic

form of resin is that where the affinity between counter ion
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and functional group is greatest. The lifetime of an ion
exchange resin increases with particle size at . temperatures
in excess of 100°C.
e. Decomposition of strong base capacity proceeds by a
Hofmann degradation and a rearrangement reaction. The
reactiong are:—

R r R

L TNEN ey o . AN CH OH

I~ T N 3> CH . +(C£—|, N
N/ 3 J ' 3)3

- R t - E S '
<. }(} chy N (), O V@r cH,n(CH,) 4 CHyOH
N Y% N

- Ry e R R Chye N - {CH3)
@«C*Hl'ﬂ ((»“%._)3 O @C:} 3)1 + H,0

Activation energies are of the order of 30 kcal/mole.
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Chapter 3
DESIGN, COMMISSIONING AND OPERATION OF A TEST LOOP.

3.1 Introduction.

The aim of this work was to investigate the
behaviour of Deacidite FF~hydroxide in a flow system at
elevated temperatures. To this end it was neccessary to
design and construct a continuously operating test loop
and to specify in line measuring-instruments and automatic
control circuitry to allow unattonded operations.

A glass lined, cast iron system was considered at first,
to enable operation at temperatures up to 200°¢. However,
Teasibility studies indicated that the cost of such a loop
would be beyond the financial resources of the project.

In view of financial and also safety considerations it. was
decided that a 90°C all glass loop was feasible and would
produce useful data.

The apparatus was put to the following uses, during
a test run of 71 days at 90°C:- | ’

a. Measurement of changes in strong and weak base capacity
with time.in order to compare these changes with thermal
decompogition in a static system.

b. Analysis of the ionic form of the resin under tesgt at

various times during the run to determine whe ther the
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sample remained in the hydroxide form.
c, Identification of the decomposition products and measurener
of yields of :-

i. organic products.

ii., inorganic iong, in the loop water,if any.

4. Measurement of the particle size distribution before and
after a run.

@. Measurement of the pressure drop across the test beds
of anion exchange resin as a function of time and
determination of changes in voidage and ved compaction
during the run. Assessment of any physical damage to the resi
f., Measurement of the pH of the circulating water, upstream
and downstream of the test beds as a function of time.

g. Degradation of larger quantities of anion exchange resin
for mass transfer work as described in chapter 4.

3,2 The test loop.

3.2.1 Description.

The entire circulating loop (Fig.3.l) is constructed
of Q.V.F. glass pipeline, fittings, valves and pump. Water
only cones into contact with glass and plastic meterials,
hence maintaining a system where undisolved and digolved
impurities are reduced to a minimum, A schematic flowsheet
of the system is énclosed in the wallet.

Thelg circulating pump can deliver water at up to
20 g.p.m. against a head of 30 p.s.i.g. measured by a
' Bourdon gauge (Pl). Yater from the pump outlet is heated
by a lkw. booster heater scction (A3) before passing

through either of two 4 in., deep by 3 in. diameter clean
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up beds, included to remove decomposition products.
These beds contain Zeokarb 225 cation exchange resin and
can be isolated from the loop by valves (8V1,SV2,8V3,
8V4), when regeneration is necesgary. Water flew through
the main circuit is measured by a 65X glass rotaceter
with a korranite float, having a mazimum canacity of
25 g.p.m, water at 25°0. The flow rate in the main circuit
is controlled by the valve VB2 which regulates the flew
through the by-pass line. Beyend the rotameter two further
heater sections are incorporated; a 1lkw. beoster heater
section ( A2)and an lkw trimmer heater section (Al),
eontrolled by a sensitive mercury in glass temperature
sensor (TCl). The booster heater sections are operated at
a constant power level, which may be adjusted by a
"variac" autotransforrer. Water continues in down floﬁ
through a 6 in. diameter column containing the resin
ﬁnder test, before returning to the suction side of the
pump., PIFE bellows are incorporated in the pipeline at the
~suction and delivery side of the pump to allow for
misalignment in the pipe work and to ensure minimum
transmission of “ump vibration to the loop pipe lines and
components,

A header tank of 100 litres capacity vrovides make
up water to compensate for small leaks in the loop,
and maintains the reference pressure at the circuwlating
pump suction side at 4 p.s.l.g. For this purpose
vater may flow from the header tank through a manual

‘stop valve (SV7) and a pressure operating shut off
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valve (PV1l) into the loop through a tee immediately before
;the circulating pump. Suitable ventcocks and drain cocks
?for filling and emntying the system are provided.

The 6 in. diameter test column contains two fixed beds
‘0 anion exchange resin. The upper 4 in. deep bed congists
lof 20-30 mesh, 7-9% crosslinked Deacidite EF in the hydroxid
%form. The lower bed is of the same resin, in a 4 in. deecp
?layer, except that the resin is 2-3% crosslinked, Resin
Emay be loaded and unloadszd by hydraulic conveying as shown
?in Fig. 3;2 and 3,3. DMercury manometers are incornorated
for accurate pressure neasurement across each bed.
| Provision is made for temperature measurement by a
' mercury in glass thermometer (T1l) and é chrome alumel
:thermocouple (T2) in a glass jacket. The pH of the flowing
water is monitored by in-line electrodes (pH1 and pH2).
Safety dévices are designed to take action in the event of
low header tank level, excess system pressure , serious
leakage, circul:ating pump failure, excess temperature and
;failure of the safety circuitry. A clock is incorporated
for measuremnents of the running time.

3.2.2 Important design considerations.

Trace quantities oF metallic and other ions are
reported to have an appreciable effect on the thermal
decomposition of ion exchange resins (ref.A2), and the
circulating loop was therefore designed to reduce unwanted
‘impurities to a minimumn. |

Water was deionised to a conductivity less than

1 micromho/em, and thereafter allowed to come into contact
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- with only glass, plastic and other non contaminating

; materials. The leaching of silica from glass(ref.A3) was
expected and taken into account in assessing the results of
loop experiments. Where possible measuring deviuves and
sensors were gpecified in glass or plastic ( pH probes,
resistance thernmometers, mercury in glass thermometers and
temperature sensors), or specially manufactured in glass
(level sensor, Fig.3.4). In cases where metallic components
were unavoidable they were enclosed in glass sheaths
filled with mercury ( fail safe temperature overload
cutout), or in plain glass sheaths ( thermocoupled), or
separated from the system by PVC dlaphragms (pressure
switches, Fig. 3.5). The bronze spring safety valve was
situated at the end of a long dead leg and separated from
the circulating water by a non return valve ( NR1). This
allowved water to flow from the system wi¥: a pressure
overload occurred. In practice a small quantity of water
lenked past the non return valve and accumulated in the dead
leg from which it was periodically removed before the leg
become full. The pressure shut off valve used to separate
the header tank from the loop ( PV1l) was 2 rubber lined,
cast iron 1 in. Saunders valve, All glass pipelines and
components were Q.V.F, borosilicate glass to BSS 2598
(ref.Ql). The Dbeds of ion exchange resin were gunported
on a glasgss and nylon mesh grid. Asbestos gaskets with PTFE
sheaths or plain neoprene rubber gaskets were used at all
Joints. Stop cocks, ventcocks and draincocks were

lubricated with non metallic '"Apiezon" grease, Mercury
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manometers were separated from the loop water by a small
column of carbon fetrachloride .

Bach of the three original heater sections consisted of

960 watt ™ thermocord " heating cord wound round a 2 ft.
length of 1 in. bore pipe line. A 2 in, layer of asbestos
string w:s wound over the heating cord to cut down heat loss
to atmosphere. This type of heater was liable to burn out
if accidental drainage of the system occurred, so each was
later replaced by two 500 watt silica " red rod" heaters
inserted into the loop through tee pieces . The red rod
heaters were nmuch more efficient, required no lagging and
did not burn out under any conditions. In addition: .fusible
links were cemented on to the outside wall of the »nipeline
in the heater sections, %o provide an additionnl safety
measure. The links melted if the outside wall temperature
exceeded lOOOC, because of accidental drainage of the loop.
3‘2'37 Choice of eguipment and operating conditions.,

The materials in cont~ct with the loop water were
chosen to minimise undesirable impurities. A centrifugal
circulating pump was chosen because it provided a constant
output of the required capacity and could be obtained in
glass as a standard item. The glass rotameter was chosen
because it was obtainable already calibrated. Calibration
would have been difficult had the alternative orifice
plate meter been used because of the large flow rates
involved. 1% in., 1 in. and % in. nominal bore pipelines
were considered. The 1 in. pineline gave the best safety

factor (i,e.G)under the internal pressure of the looyp.
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Only the 1 in. and § in. pipeline systems would fit in the
space allocated for construction. There was no significant
difference in the cost of the 1 in. and % in. pipeline
syatem, and the former would degrade twice as much resin
as the latter in one run. These factors made the 1 in.
system the obviocus choice,

Valves were chosen on two counts. Firstly, ease of
operation and secondly, minimuna pressure drop. The nressure
drop through a 1 in. Q.V.F. stopcock and the 1 in. DVS
diaphragm valve (ref. Ql) is anpraimately the same, but
the stopcock barrel is likely to seize unless frequent
maintenance is undertaken. The DVS valve was therefore
used where stop valves were required. The more expensive
VB type screw down valve was used where flow rate
adjustment was required because of its better characteristic,
Sensitive adjustment was achieved by using two of these valve
one in the by pass circuit and cne in the main circuit
(VB1L and VB2). )

IgD

The naximum superficial flow r:te wasA:g.p.m./sq. ft.
through the 6 in. diameter test column, this being the
maximum output of the larger Q.V.F. glass pump. This
superficial flow rate range was chosen to extend the work
of Creed (ref.Cl). He worked up to approximately
20 g.p.m./sg ft. in a & in. diameter bed. The test bed
dimensions ( 4 in. deep by 6 in.diameter) in this work
was chosen to avoid difficulties encountered by Creed and
to provide 1.5 litres of resin for mass transfer work,

reported in chapter 4.
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Beds of cation exchange resin ( 4 in. deep by 3 in.
diameter ) were necessary to give sufficient clean up
capacity for a minimum of 10 days operation with an acceptadb
pressure drop at the flow rafes used. The clean up beds
consisted of 14-52 mesh, 8% crosslinked Zeokarb 225 initially
in the hydrogen form, and were used to absorbe trimethylamine
producaed by decomposition of the resin in the test section.
Methanol, the other significant rroduct was not sorbed, and
was allowed to accumulate in the system for 10 days. After
this period the loop was drained and filled with fresh
deionised water.

The maxzimum working pressure in the loop was
26 p.s.i.g. Pressure a2t the pump inlet was maintained at
4 p.s.i.g. by the 8 ft, water column connecting the loop
to the header tank. The nmaximum vorking pressure was
sufficient to prevent cavitation in the circulating pump
at the maximun opsrating temperzture. The heating capacity
wvas calculated from formulae given by Colburn (ref.C5,C6)
with modifications. The calculated figure was 1.5kw.,
but this was doubled in view of the approximate nature of
the calculation. In practice 2kw., was sufficient for
sustained operation at 90°C, but the extra power was
useful for rapid attainment of operating temperature.
When the loop was operating, the maximum variations of
temperature over the test column were i,ZOC .
3.2.4 Safety circuitry.

The circulating loop was designed to run

gontinﬁously without the presence of an operator, and
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appropriate safety circuitry was designed to prevent
danage caused by maloperation. The following fault
conditions were considered.

a. Total loss of water caused by either a rapid leak or
a slow leak ( less than 0.5 litres per hour).

Damage would be caused by water spraying over personnel
and apparatus , and by possible overhasating and burn out
of fhe heaters. In addition the circulating pump would
overspeed, causing damage to its seals and bearings.

A float switeh (Fig.3.5) was incorporated in the loop
and arranged to discriminate between a rapid and slow leak.
A rapid leak caused a suction action which lowered the
float rapidly and actuated cutout circuits before much
vater had drained from the syrstem. Slow leaks were made
up by water “rom the header tank, causing a gradual drop
in the level in the tank and the float switch chamber.
Eventually, the float activated cutout circuits. The
cutout circuits shut down the heaters and circulating
pump and closed the pressure operating valve between the
loop and the header tank. Additional safety features wer
incorporated in case the electrical cutout circults failed.
The heater sections were individually protected by fusible
links and designed so that dry running wvould not cause
damage. The pump wns not additionally protected since
overspeeding control would have been difficult to achieve
reliably, and damage through overspeeding would have been
confined to easily replaceable PTFE seals. The whole

system was placed in a drip tray of sufficlent capaeity
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to contain twice the volume of wabter in the loop and header
tank, and was surrounded by an aluminium and perspex shield
to prevent spraying of the adjacent area.
b. Failure of the circulating pump.

In this case water circulation would cease and
boiling would occur in the heater sections causing pressure.
in the loop to rise beyond the design limit. A pressure
sengor was provided to detect lowered pressure, consequent
on pump failure and a second pressure sensor detected
pressure in excess éf the design 1limit, caused by boiling
and other factors. In addition fusible links in the hecster
sections would melt before boiling temperatures were reached.
In practice, boiling would also be prevented by the
temperature sensors in the system, which were set at 9000
and 9500 respectively.
c. Water temperature in excess of the desired value.

Water temperature in the system was maintained by
two booster heater sections switched on continuously and
a trimmer heater section controlled by a sensitive mercury
in glass temperature sensor. The operation of this sensor
completed a circuit when the set temper-ture was reached,
thereby initiating control action and hence failure of this
device would usunlly result in an uncontrolled tempersture
rise, A coarse bimetallic strip sensor was also
incorporated in the system to prevent excess temperature
due to this cmuse., This stand by sensor breaks the
circuit when the set temperature is reached.

Bignals from the sensors were transferred to relays
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, designed to bring about appropriate control action. The
relay systems were arranged so that a power failure would
cause shut down of the ecirculating loop. Dunlicate relays
were included were necessary to safeguard against relay
failures. Temperature control was semffresetting but the
other safetyﬁcircuits had to be rzset manually.
3.3 Results and discussions.
3.3.) Genernl considerations.

The pH of the circulating water remained at 7 + 0.2
units during the 70 day running period, showing that
trimethylamine was completely sorbed from solution by the
cation exchange clean up beds. Methanol wns not
gignificantly sorbed, and was detected in the loop water.

Sorbed trimethylamine was eluted from the clean up
beds by a 15% hydrochloric acid solution (ref.J3) every
10 days, 46% of the total capacity was utilised, without
significant leakage. This is in zgreement with the work
of Juracka and Kaspar (ref.J3) and Creed (ref.Cl) who
reported 90% capacity utilisation in controlled
experiments with cation exchangers and trimethylamine.
Creed's work was carried out at superficial flow rates
of up to 17.5 g.p.m./sq.ft. appromimately 20% of the
maxinuwe 2 this work. The present results show that the
decrease in cfficiency of clean up is very small if the
guperficial flow rnate is increased beyond
20 g.p.n./sq.Tt. up to 100 g.p.m./sq.ftt.

The observations regarding methanol sorPtion are in

agreement with E.W, Baumann (ref.Bl) who reported no
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significant sorbtion in a simulated flow system. At higher
methanol concentrations (50 g./litre) Wheaton and Bauman
(ref W5) achieved methanol sorFmion on Dowex 50—H+;
however it is unlikely that methanol sorbtion on cation
exchangers will occur in a predominantly agqueous
environment such as exists in water circulating systems.

The gize distribution of fully swollen particles in
the two resin beds before and after heating is shown in
Fig. 3.6. No significant damage was observed, Microscopic
exanination before and after heating revealed less than
0.1% broken f.oagments. These results show that no
gsignificant physical damsge has occurred, The majority
of the particles in the 2-3% and 7-9% crosslinked samples
have a diameter of 0.070+0.001 and 0.067+0.001 cm.

The close tolerance was nchieved by careful groding of the
particles as described in chapter 2.

Measurement of the cation exchanger capacity showed
that no thermal decomposition occurred in the clean up beds,
3.3.2, Thermal decomposition in a flow system,

The rate of loss of strong base capacity compared
with that in static heating experiments (see chapter 2)
is shown in Fig. 3.7. As found by E.W. Baumann (ref.Bl)
no significant difference was observed. The important
difference between the circulating system and static
experiments was that in the former the pH was mainiained
close to 7.0, whereas in the latier the pH incrensed as
a result of the accunulation of trimethylamine. Of the

possible 8N; and 8N, reactions (ref.H7), only the latter
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is pH dependent since the hydroxyl ion is one of the reactants.
Hence an SN2 reaction would occur more ranidly in the static

experimentd Dbecause of the resultant increase in Dbasiclty.

SN,

Ry + - g
Yo () o —e Koy
@{" RUN¢ 3)3 {\‘ CHyoh éﬂs)a.u

SNz

R * | N
et o = et

The methanol yield from the flow experiments 1s shown in
Fig. 3.9. The 2-3% crosslinked resin is the more stable
thermally. Changes in trimethylamine yields of the heated
samples (FPig., 3.8) again show no difference between the
static and flow experiments . This confirms the evidence of
the strong base capacity results, that there is no
difference in the rate of thermal decomposition in static
and flow systems.

Two Canadian workers (ref.A3) observed that silica
dimolved in water at 270°C. If silica also disolves
at 90°C it is probable that the disolved silica would be
sorbed by the anion exchange resin in the test bed. However,
analysis of the heated samples from fhe test bed
indicated that no more than 0.5% of sorbed silicate was

" present (Table 3.1). This means either that silica was not
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leached from the glass in significant quantities or that
gilieca was leached from the gl=ass but that it was not
sorbed by the anion exchange resin. Samples of loop water
were analysed to decide between th»se possibilities, and no
silica was detected. (Table. 3.2).

3.3.3 Pressure drop across the resin test beds.

Pressure drops per unit bed depth versus superficial
velocity are plotted for various times after the begining
of the 70 days running period (Fig. 3.10 and 3.11), After
the start of a run the pressure drop at a given superficial
velocity inecreased for several hours, till a steady value was
reached, At 13.5, 31, 45, and 71 days small samples of
resin were removed from the bed by fiuidisation. Immediately
after this operation the pressure drop corresponded to the
value at the begiming of the run. A steady rise to the
original constant value independent of time then ocecurred.
The change in prassure drop per unit bed depth with tiﬁe
at a superficial velocity of 0.016 ft./sec. is shown in
Fig. 3.12. The basic pattern after the heginning of the run
is repeated after each sampling time.

Several correlations between pressure drop and
superficial veloecity are currently accepted as accurate.
The Carman Cozeny relation (ref.C7) was chosen instead
of the more usually used Chilton Colburn plot (ref.C8)
because the former allows the ecalculation of bed voidage,
which was one of the aims of the experiment. In view of
the narrow partiecle size distribution in the test beds,

the necessary assumption of uniform particle size did
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not result in imporitant erroréa This might not hold in beds
with a wids particle size distribution althoush Demmitt's
results (ref.D3) are encouraging,

The correlation was based on the mean diameters
given in Section 3.3.1l, and used to determine the bed
voidage initially and after the steady pressure drop stage
had béen reached. This wags accomplished by visually
matching experimental curves and computed Carman Cozeny
curves for several voidages. At the beginning of the run
the voidage was avnproximately 0.40 in both beds. When
the time independent pressure drop stage was reached the
voldage was found to be approximately 0.36. The agreement
betveen predicted and experimental curves was good. The
decrease in bed voidage implies a bed compaction of 4% which
agrees well with the measurcd 5% decrease in bed height.
o4 Oonclusioﬁs.

1. The rate of thermal decomposition is the same in
~static and flow systems. Thernal decomposition in anion
exchangers occurs by SNi spontaneous decomnogsition
reactions.

2, No physiecnl damnie occurs to the resin particles
at temperatures up to 90°C and flow rates up to
100 g.p.n./sq.7t. over a 70 day running period .

3. Of the two significant decomposition products ,
methanol is not sorbed and trimethylamine is completely
sorbed , with no clean up bed leakage at up to 46% capacity
utilisation,

4, No silice was lesched from the glass tubing at 90°¢
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during the 70 day running period,
5. Bed voidage decreased from an initial value of
0.40 to a steady state value of 0.36 after two days running

so that a maximum of 4% bed compaction occurs.
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Chapter 4_
MASS TRANSFER STUDIES IN PACKED B DS OF ANION EXCHANGE RESIN

4,1 Introduction.
4,1.1. General.

In this stage of the project the effects were
investignted of temperature and solution concentration on
the mass transfer performance of Deacidite FF at various
stages of thermal decomposition. A theoretical model was
assumed so that derived parameters of the resin could be
calculated from the experimental results.

The kinetics of column processes are complex. Numerous
theories have been published, some based on unrealistic
assumptions and semi empirical approaches. Careful choice
of one of these theories based on a sound understonding of
the important factors can provide a good approzimation of
the operation of a given column and the most likely range
of obtimum operating conditions. Contrary to occasional
claims, a general and quantitative theory of ion exchange
column processes does not yet exist.

4,1.,2 performance.
’ Consider a system comprising a column filled with
wniformly sized ion exchange resin beads initially

saturated with ion A, A solution containing ions B is

© i g N e
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passed through the column at a constant flow rate. Ions A
are transferred to the solution and ions B enter the resin
until equilibrium is reached, The factors affecting the
separation performance of the columm are:-

a. Equilibrium,

The equilibrium between ions of equal valence in the
particle and solution phéses can be represented by a sinmple
mass action equation, the use of which has been justified
by Bauman and Eichorn (ref.B4) and ( Boyd ref.B5). The

RA + B” =RB + A~
selectivity coefficient K is a measure of the equilibrium;

K is defined as:-
K- [rellA7]
AR
ralres]
¥ has also been cailed the equilibrium constant and
separation factor, and varies with external solution
concentration, temperature and ionic composition of the resin.
in a given system (ref. XK1,K2,W4,G1).
b. Stoichiometric capacity. |
The exchange capacity of the resin in a column has an
important effect on performance.
¢. Rate behaviour.
The sequence of molecular scale processes involved
in the exchange of an ion between the external solution
and a resin particle can be grouped into four steps.
i. Fluid phase external diffusion (film diffusion).
Counter diffusion takes place of ion B from the bulk

external solution to the surface of the particle, and
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ion A from the surface into the bull: solution. The overall
effect of fluid phase diffusion can be nccounted for by a
hypothetical film as in the Nernst concept (ref.B7).
ii. Phase change at the particle surface.

Ions A =nd B cross the particle surface. Spalding
(ref. S5) has shown that provided this step is a purcly
physical process it occurs very rapidiyy
iii, Solid phase internal diffusion (particle diffusion).

Counter diffusioh of A and B occurs within the resin
particle between the surface and the site of exchange .
iv. Chemical reaction of exchange.

The sorbed ion B reacts with the functional group,
resulting in the release of ion A. This process follows a
second order law, but in ion exchange not involving complexing
reactions it is much more rapid than either of the
diffusional steps.

In nost ion exchange operntions only the
diffusional steps acting alone or togather meed be
considered, whén calculating the rate of ion exmchange.
4.1.3., Theories of column performance.

The various theories of column performance can be
divided into two main groups, the equilibrium theories
and the rate theories.

a, Equilibrium theories.

These f£211 into two groups. In the discontinuous
models the column is treated as a series of theoretical
stages in which the solution attains equilibrium before

entering the next stage. The effluent consists of a series
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of finite solution packets ench equal in volume to a
theoretical stage. These pockets undergo a series of

: through

equilibrintions on their way  the column. Deviations from
equilibrium are accounted for by a semi empirical stage
height (ref.F2,M2,82,83). The disadvantages of these
theories are their inability to predict stage height
and the fact that the stage height is differend for each
species.

In the sacond group of theories local equilibrium is
assumed in the column. These theories are inadequate for
linear and favour-ble isotherms because the spreading efféct
of a finite exchange rate persists even after the boundafy
has travelled a considernable distance. Good approximation
is attained for the case of anfavourable equilibriun
(ref.C3,D2,W2,W3).

The only advantage of the equilibrium theories is
their much greater simplicity. However, in the present work
they are clearly inadequate.

b. Rate theories.

These are based on continuous flow through the
column with a finite exchange rate and give a more
realistic approach to the problem., The mathematics of these
rate theories is difficult, but they allow the prediction
of column performance from fundamental data without the
use of empirical quantities. The various theories differ
in their simplifying assumptions about rate processes and
eduilibria. A general survey of theories of column

performance based on rate processes is given by



117
Vermeulen (ref.V1l). From the point of view of this work,
only certain general theories are of interest, and discussion
of published work is restricted to these alone.

Furnas (ref.B3) adapted his heat transfer solution
(ref.F3) to ion exchange, with a linear equilibrium
(K=1). The result is more general than previous theories.
Rosen (ref.R2) derived a nodel for the linear ecuilibrium
case based on diffusional processes. This nodel accounts
for ion exchange where both film and particle diffusion
are important,

Thomas (ref.T1l) assumed the rate of ion exchange to
follow a second order reaction with a constant selectivity
coefficient (K=constant) and derived the most general result
toidate. The main short-coming of Thomas's solution is that
ion exchange does not follow a second order reaction.

The region in which both film and particle
diffusion are important has not been satisfactorily
analysed for anion exchange with a constant selectivity
coefficient. The compounding of the individual rates
into the overall rate is very difficult because of the
discontinuity in the concentration profile at the interface
between particle and solution. All #htempts to date involve
simplifying assumptions that restrict validity to varying
degrees. Gilliland and Baddour (ref.G2) and others (ref.S4)
equated - the second order rate constant defined by
Thomas with an overall mass transfer resistance, This
resistance was calculated from the individual resistances

to diffusion in the £ilm &8 narticle by an equation
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valid only TFor linear equilibrium, Hiester et al.
(ref.H5) introduced a correcction term based upon local
donditions at the interface which enabled them to extend
Gilliland and Baddour's treatment to the case of a constant
selectivity coeffisient. The corraection term can be
evaluated if 0.4 << K- 7, where it is insensitive to changes
in local bed conditions; outside this range only a very
approximate value con be obtained since the interfacial
conditions are unknown. Rosen's model (ref.R2) accounts for
the interfacial eencentration by the use of an
integrodifferentiel boundary condition. His differential
equations can only be solved by numerical integration,
requiring several hours time on high speed electronic
computers.

Other rate theories have been vroposed with first or
.second order reversible and irreversible reactions. Rosen's
work has recently been extended to isotherms of the
Freundlich type (ref.T2) . Electronic computers were used
to tackle the lengthy connlications involved. The most
rigorous approaches to date consider ion exchange in terms
of diffusional steps.

The majority of these rate models arec deSigned to
enable the prediction of column performance over a wide
range of conditions from a few experimental measurements

and ag such have considerable value. However, mass
transfer and diffusion coefficients used in such models are
nacessarily defined by the assumptions in the k model

and do not necessarily coincide with conventionally
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accepted meanings of these parameters, and hence cannot be
expected to agree with independently determined values.

Since one of the aims of this work was to determine
conventional diffusion coefficients from column experiments,
the formulation of an improved model was attempted
(see Appendix 3).

4,2 Experimental.
4.2.1. 3cope of work.

The aims of the work described in this chapter were -

a. To investigate a cnse of favourable and a case of
unfavourable ion exchange in the region where particle and
film diffusion are significant, in order to calculate the
diffusional parameters in the particle and solution
vhases and to study to effect of changes in temperature,
solution concentration and thermalcdegradation on the
diffusion parameter.

b. To formulate arn improved model of ion exchange in
a columm , if possible.

4.2.2. Design of experiments,

Ion exchange measurements may be carried out either in
column or batch experiments. In a batch experiment, the
progress of exchange is followed by removing samples of
the resin at regular intervals, for subscguent analysis.
The analyticnl proceedure is time consuming and restricts
the number of expriments which can be carried out in a
given time. At temperatures in excess of 60%¢ exchange
occurs very rapidly and it is inp:ssible to remove

sufficient samples to follow the process accurately.



120

The concentration of ions in the effluent from a column
experiment can be ronitored and recorded with good accuracy.
A large body of data can be rapidly accumulated giving added
confidence to the final result. Rapid exchange at elevated
temperatures can be followed with a responsive system.
Finally,most vractich® ion exchange operations arc carried
cut in columns. These ccnsiderations led to the choice of
& column system in preference to a batch system.

Hydroxide-chloride exchange with Deacidite FF resin
was chosen for several reasons. Firstly, thermal
decomposition of Deacidite FF in these forms has been
theroughly investigated ( see chapter 2). Secondly, the
hydroxide-chloride c¥cle is of interest in vnractical ion
exchange operations at elevated temperature, such as coolant
circuit elean up. Thirdly, the efTlucnt concentration
change may be followed by pH measurement. Fourthly,
Deacidite FF shows a marked preforence for chloride ions ,
giving favourable exchange in one direction and
unfavourable exchange in the reverse direction.

Experimental apparatus was designed to reduce
unwanted impurities +to a2 minimum. The apparatus
(Fig. 4.1) was constructed of glass and plastic with the
exception of the feed pump. This was 2 DCL "M" plunger
head type pump with a pumping head constructed of
Hastelloy "B" to prevent corrosion by hydrochloric acid
used in the experimental work (ref. C4).

DPeacidite FF was used with a particle size range

between 20 and 30 BSS mesh size (see Fig. 3.6. ).
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This was chosen ns a good compromise between practical
resins (14-52 mesh) and applicability of the resu@%s to a
model based on uniform particles. Measurements were rade on
samples of 2-3% and 7-9% crosslinked Deacidite FF.

The solution concentration range was between,0.0l and
0.1 molar., This is the region where both solution and
particle diffusion are important rate controlling factors,
and includes the region of greatest practical importance in
chemical processing. The nrobable maximum operating
tgmperature of anion exchange resins in the hydroxide form
is 9000. Experiments were therefore carried out at room
temperature and at 50°C and at 90°¢C.

In 2 binary ionic system with a fixed bed of ion
exchange resin , the rate of exchange variecs with the
solution flow rate, when film diffusion is significant.

A typical cmse, sodium hydrogen exchange on Dowex 50 is
shown in figure 4.2 (ref.G2). At high flow rates, particle
diffusion contributes the major resistance, with film
diffusion resistance attaining greater importance as the
flov rate is decreased. The diffusion regions are shown
in Fig. 4.2. Vermeulen (ref. V1) recommends an empirical
correlation due to Wilke and Hougen (ref.W7) for the
calculation of film transfer resistance., The range of flow
rates apnlicable to this work was determined by using

this correlation.

Economy of time and materials prescribes a fired bed
system o nminimum size, A smnll system allows rapid

approach to equilibrium at 2 given flow rate and is easier
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to maintain at a uniform temperature., The dimenSions of
the fixed bed must be large enough to avoid significant
wall and entry eficcts. The mininum column diameter is
givén by Boyd (ref.Bll) as greater than 20 particle
diameters. No effect of column height was observed by
Gilliknd and Baddour as long as the minimum height
diameter ratio was greater than 6. Theorefore the bed
dimensions were fixed at l.5cm.diameter and about
12cm. height.

The effluent concentration from the coclumn was
monitored continuously by a pH flow cell, which was
carefully designed to avoid mixing and turbulence .

4.2.3. Experimental method.
a) Measurement of effluent concentration histories.

Resin samples were nrepared and sbred ns described
in Section 2.2.1 and soaked in deioniscd water (CO2 free)
for 24 hours prior to usc. Solutions of sodium hydroxide
and hydrochloric acid were stirred thoroughly before use to
ensure even concentration.

At the beginning of each day's experimental work
the following procedure was carried out. The pH meter and
recorder werc switched on one hour before work was due to
begin. Simultaneously , the pH cell was filled with a
‘buffer solution (pH 4), the solution temperature noted
and the meter controls adjusted until a reading of pH 4
was obtained. Ealf an hour later the meter was rendjusted
if necessary. The pH cell was then filled with deionised

water and the column loaded with avpromimately l2cm. height
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of resin., The column and pH cell were assembled and allowed
to stand for cone minute so that the resin night reach a
settled state, after vhich the bed height was noted,
meanwhile the pump controls and scew clips were sdjusted to
give the desirsd flow rate and the pump and recorder were
started. The recorder scale was adjusted to include the
expected concentration change., Finally the column outlct
valve was opened to allow flow through the resin bed and
the zero time marker on the recorder actuated a2t the same
time, The flow rate of the solution through the column was
neagsured by collecting solution for one minute. Three
successiye measurencnts were taken to check the constancy
of flow. The experiment was continued +ill the iﬂfluent
and effluent concentration were equal. The tenmperature
of the effluent was observed during the experinent.
Experiments were repeated at several solution flow rates,
temperatures and concentrationg. Both forward and reverse
exchange were exanined and r~sin sanples of 2-3% and 7-9%
crosslinking were ugsed.

Scurces of error and precautions taken against them
were as follows:-

i) Temparature constancy.

The pH meter wns used on an expanded scale of two
theoretical pH units and temperature con8tancy of
+ 0.05°C was necessary to avoid errors in pH measurement.
Where experiments were carried out at elevated temperature,
the exchange column was lagged and heated to the required

temperature by pumping deionised water through it,
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before beginning the experiment. Temperature constancy
in all work was maintained to the above limits.

ii) Distortion of the pH scale in high concentration
Tregion. |

At pH values greater than 11.0 and lesg than 3.0
it was found that the observed pH equation deviated
from tﬁe theoretical pH-concentration relation. The
following empirical relations were found to hold:-
pH 11.0

PH = 12.425 - 0.475 loglo(concentration)
pH 3.0

pH = 0.30 - 0.67 logy ( concentration)

iii) Distortion of the effluent concentration history
curves by turbulence and mixing thothe pH cell, and
axial dispersion in the column.

In experiments of this kind it is vital that the
effluent concentration history curves should be caused
only by ion exchange. Unless distortion of the curves
by hydrodynamic effects such as axial dispersion in the
resin column or mixing in the pH cell are eliminated,
the recults are meaningless.

The pH flow cell and resin column were tested by
pumping a solution of hydrochloric acid through a bed of
chlorid& form rasin at the maximum and minimum flow rates
to be used in the work., The resulting curves are shown
in Fig. 4.3, Distortion of the input step is shown to be

negligible.
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iV) Meter and recorder response.

A full scale deflection occurred in less than 0.5 sec.,
compared with at least 1 min. for the most rapid effluent
concentration change.

v) Flow rate constancy.

The instantaneous output of the DCL pump varied with
time, and a system of tanks (Fig. 4.4) was used to smooth
the pulsations before solution was passed to the column,
Flow through the column could be varied by adjustment of
a screw clip on the effluent line. IBxcess liquid delivered
by the pump was returned to supply via overflow pipes.

b) Determination of selectivity coefficient.

Experimental values of the selectivity coefficient
flor forward and reverse exchange in the hydroxide and chloride
system were determined as follows: 100 g. batches of resin
in the hydroxide and chloride form, prepared as desgribed
in chapter 2 were soaked in demineralised water for
24 hours prior to use. The capacity of a sample of each
batch was measured as described previously. Approximately
100 g. of resin was added to 25 ml. standard solution in
a clean conical flask, tightly stoppered and left for 24 hours
in a constant temperature bath, after which the solution
was drained off and replaced by a further 25 ml., of
standard solution. This procedure was repeated four times
after which equilibrium was attained =nd the solution
concentration remained unchanged. The resin and solution

were separated by centrifuging (ref.P2) for 30 minutes,

which sufficed to remove adherent liquid films from the
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resin particles., The resin selectivity coefficientsSwere
calculated from equation 4.1,

ROH + C17w== RCL + OH~

C

dp B R5:| c

A
K - ‘(qB/Q)/(CB/GO) 4.1

(1-G5/Q7T=C5/Cy)
ek gquin K w Bown o e i and T ol sl conconbalen Go

Measurementswere made at external solution concentrations

of 0.01, 0.05 and 0.1 N, temperatures of 18,150 and 90°C
X and 2;3% and 7-9% resin crosslinking; each equilibrfation
was repeated three times.
X Chloride resin samples were equilibr/ated with
sodium hydroxide solution and hydroxide samples with
hydrochloric acid solution,
The effect of ionic composition of the resin on the
L selectivity coefficient was investigated by equilibr/ating
resin samples with mixtures of sadium chloride and sodium
hydroxide solution. Two samples, one initially saturated
with hydroxide ions and one saturated with chloride ions
were equilibriated in each case.
Sources of error and precautions taken to avoid them
were as follows:~
i) Disturbance of equilibrium @uiring separation.
Bquilibriation is a relatively rapid process { 30 nins.
required for strong acid and base resins of less than
10% DVB crosslinking ), and therefore small traces of
solution can cause considerable error ( ref. F5), with

high capacity and dilute solutions. Care was taken to
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separate resin and solution rapidly. In practice most of
the liquid was removed Ffrom the solid in less than 15 secs.
after removal from the constant temperature bath,

ii) Disturbance of equilibrium by cooling before
separation,

At elevated temperature, the container in which the
resin and solution was separated was immersed in the constant
tenperature bath before use. This meant that most of the
liquid had been separated from the solid before a
significant temperature drop had occurred. Since the
standard enthalpy of ion exchange is of the order of
2 keal/mole., small changes in temperature do not cause
significant changes in equilibrium between resin and
solution,

iii) Changes in capacity caused by equilibrihtion
at elevated temperature.

The total time of heating was 96 hours. At the maximum
temperature investigated the loss in capacity during this
pericd of heating was small., Whore thermal damage was
likely to occur, the capacity of the s-mple wns determined
before and after equilibgihtion and an average of the initial
and final values taken,

iv) Contamination by glassware.

Soda glass is reported to exhibit ion exchange
properties, therefore pyrex glass was used in all
experimental glass ware.

4,3 Assessment of results.
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4.%.,1, General.

Since the attempted model developnment was not
accomplished, a suitable publishced model was selected for
the assessment of experimental results. The model was
that of Gilliland and Baddour (ref.G2) as modified by
Hiester and Vermeulen (ref. H5).

4,%3,2, Gilliland and Baddour's model.

A short resume of the mathematical development is
given here and the sources of error are indicated in more
detail. The basic assunmptions in the model are:-

i, The rate of exchange in a given resin ion systenm

follows. a second order reaction with a velocity constant
dependent on particle size,solution flow rate and
diffusional parameters. In fact ion exchange does not obey
a second order rate law in nost cases, 80 the velocity
constant varies with time dunring exchange and is a rate
parameter defined by the model, for use only with the model.
ii. The velocity constant may be equated to the combined
film-and particle mass transfer coefficients, based on
diffusional mechanisnms.,

The rate in ench individual phase is given by:-

Rate = kA(C—Ci) — 4,2
vhere k 1s a zeneral mass transfer coefficient per unit
interfacial area. Eguation 4,2 assumcs a constant linear
concentrotion gradient, which is accurate for film
diffusion but unrealistic for particle diffusion. In
Gilliland and Baddour's model the velocity constant is

related to the individual transfer coefficients by
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equation 4,3:~

i @ qQ - c

- 4.3

= o+ 9

Ky in k, g
equation 4.3 is only mathématiCally true when K eguals
unity. Hiester and Vermeulen (ref.H5) have modified
equation 4.3 so that it holds more closely for all values
of K,by the inclusion of a correction term b, The
modified equation igs-

be R ——— 4o
kpin@(l=e) kA kAD

The correction term is related to a mechanism

parameter as shown in Fig. 4.5. The mechanism parameter
can.be calculated from a knowledge of the interfacial
concentration or the diffusion coefficients of the system.
In practice b is not constant since the interfacizl
concentration varies with time as exchange proceeds.

iii, Equilibrium at the particle solution interface is
assumed to be described by a selectivity coefficient K,

The equilibrium in the system is :-

K = [Ral{s’] ——— 4.5
[reJR"3

where R represents the resin matrix, and K is assumed
independent of the ionic composition of the resin which
is not strictly accurate,

The rate of exchange based on these assumptions isi~
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da, [ a4 )
A - dr - U
T < Ean|CalQ-gy) = (S Cy) | 4.6

The use of equation 4.3 to relate the wvelocity constant and
the individunl coefficients can give values of the latter
an order tmlow or high if Kidiffers grently from unity.

In evaluating diffusion coefficients from experimental
data the value of the correction factor b cannot be
calculated, since neither the diffusion coefficients nor the
interfacial concentrations are known. For the case of
favourable exchange XK lies between 5 and 15 and b is
fortunately substantially independent of the mechanism
parameter, =nd has a value of 1.8. In the unfavourable
direction of exchange where X lies between 0.2 and 0.1,

b varies considerably during exchange and the best
compromise is to assume an average value of 0.35.

Combining equation 4.6 with the continuity equation
for a column* and making use of Thomas's result (ref.Tl)
gives equation 4.7, which describes the effluent concentration
history from a column:- ‘

CA/CO =1/ [l + G exp [(K—l) (Kw-u)/Kj’] -—= 4.7
where u = 'kkincoe : W o= kkin;_c:/Kv ;

It has been shown by past work that the mid
point slope of the effluent contentration histogy curve
can be used as a neasure of the whole curve for the
purposes of calculating transfer and diffussion

coefficients (ref.T1,G2).

* gee Appendix 3.
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The mid point slope of the effluent concentration history
curve is the gradient of the curve at the point where the
effluent concentration has attained half the value of the
influent concentration. Differentiating equation 4.7 with

respect to é;giVes the mid point slope in terms of +time:~

1 (C,/C4) kC
A"7Q 0
ﬁm-—ﬁm.mu = .4_-;;... + 6‘ - s s 4.8}1

where@® = t - x/v and is time mensured from the instant
when the solution front reaches a cross section x units

from the column entry, and k = kyin(K“l)/K° Written in

terms of, y, the volume of effluent collected,equation

4 .82 becomes 4.8b:-

N

(0 /00)  (B-1) Ky Cp

where @“18 a function of kkin‘
While this treatment is not sitrictly rigorous, the
introduction of Hips8ter's correction term yields diffusion

coefficients of the right order in both liquid and particle

4.3,3, Calculation of the diffusion coefficients.

it is not possible to obtain an explicit relation for
the diffusion coefficients in terms of the effiuent
concentration histories, so0 the former must be calculated
by a controlled trial and error process. This computation
can be substantially reduced by assuming that the
concentration histories are fully characterised by theilr
mid point slopes, so that equation 4.8b may be used for

calculations. This assumption should be checked by
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comparing experimental concentration history curves with
model curves when the derived diffusion coefficients are
gubstituted. In most cases good agreement will be found.

The nid point slope and the volume of effluent collected
at the time at which the mid point sloPeboccurred were
estimated from ench concentrﬁtion time curve, obtained
fron the recorder. Equation 4.8b was then used to evaluate
the velocity constant of exchange. The trial and error
process was accomplished as follows. A value of kkin wag
assumed and the mid point slope for that value calculated
and compared with the observsd mid point slope. The
agsumed value of kkin was then corrected in equal steps
of kkin /10 until the difference between the observed and
calculated mid point slopes passed the minimum and began
to increase, The direction of change in kkin was reversed
and the step magnitude changed to kkin/loo until the
minimum vas again passed, Finally, a third traverse was
garried out with seps of kkin/IOOO. This procedure was
programmed Tor a computer and gnve an accurate value of

k corresponding to the observed mid point slope.

kin
A further trial and error calculation was performed
using the results of five runs in which only solution
flow rate was varied. This was intended to separate the
velocity constant into the individunl film and particle
transfer coefficients, which was possible because the
particle transfer coefficient is independent of flow rate,

and the film transfer coefficient varies with flow rate

according to a known law.
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Film transfer resistance is proportional to the
Reynolds number to a known exponent. When the film transfer
resistance and flow rate are plotted on log-log paper they
should give a straight line of known slope. To determine
the value of the particle transfer resistance , trial and
error vnlues of the pnarticle transfer resistance are
subtracted from the total resistance, until the plot of
the logarithm of the difference =2gainst the logarithm of
flow rate gives a straight line of the required slope.
The application of this technigue to a sample set of
results is shown in Fig., 4.6. The results of the other runs
arce summarised in Tables 4.1-4.16.

The liquid diffusion coefficient was 2alculated from
the film transfer registance using the Sorrelation of
Wilke and Hougen (ref. W7) .

; -t
ke = 1.82v Re-o'sl Sc-o‘a/ -—= 4.9

L
The diffusion coefficient in the particle is calculated

from equation 4.10, which is based on a constant surface

concentration.
2
D _ Egggﬁ_ -—— 4,10
P 4%"=

A Fortran IV programme was developed to perform these
calculations (._.see Appendix 3). Computation was carried out
on the IBM 77090 system at Imperial College .

4.3.4, Bffect of a varying selectivity coefficient on
“the break through curve predicted assuming a constant value.
In general there is sbme vgriation of selectivity

with the ionic composition of the resin, and since the
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The following Tables a2te photocopies of
off line computer output. As such they contain certain
notations peculiar to the computer output systen,
The character E denotes the number 10.

For example 0.318E 03 means 0.318 « 10°.

Tables 4.1 to 4.10 refer to Deacidite FF,
20 - 30 mesh, 7 - 9% crosslinking.
Tables 4.1 - 4.2 are reproducibility measurenments.
Tables 4.3 and 4.4 show the effect of temperature.
Tables 4.5 and 4.6 shovw the eifect of concentration.

Tables 4.7 to 4.10 show the effect of thermal degradation.

Tables 4.11 - 4.16 refer to Deacidite FF, 20-30 mesh,

2-3% crosslinking.

Tables 4.11 and 4.12 show the erfect of temperature .
Tables 4.13 to 4.16 show the effact of Thermal degradation,



“ OBSERVED RESULTS -

OXIDE SOLUTION

~OBSERVE

SERIES ‘CRUUP RUn o MID POIT

U D.318E:
f;U0r287EQ
N L3 L0.312E
Sl 1. n 00,2536

.5 0.293E

“ . . CONCENTRATIUN 0.106

Lo 0s31kE.

Sl 200100 D 04312E

- /CONCENTRATICN 0.106

Co3 11 0.301E
120 0.295

oo SR

-”gfj[fg;i531 gigj”

" CONCENTRATION 0.106

. VOLUME

33;ﬁtf fT

'03W
03

03
03

L3
03

03 .

goﬁj:

E 03

oy

=03

BREAKTHROUGH CURVE

D
NT

"OBSERVED
MID POINT
L SLOPE -

03 -
03 C.116E-01
63 0.781E-02

0.593E-02

o MSEC

0.188E-C1 .

0-461E-02

MID POINT

... SLOPE

. 1/SEC

0.116E-01
U C.781E-02

. 0.593E-02

. QaU61E-02

- RAT

o ML/SEC

0.182E
0.408E
. TOLE
0.116E

0.170E

} SPECIFIC
CALCULATED SOLUTION
FLOW

OF

cM
0G
00 0.335000E-01
60
01 0.33500GE-01

01

N TEMPERATURE 18.73 C ~ PERZENTAGE DEGRADATION

0-190E-01.

O.118E-01

0.592E-02

0. 190E-01
- 0.118E-01

0.783£-02  0.783E-02

0.592E-02

0. 180E

- 0.398E

. O«TO2E

0.13TE

00 0.335000E-01

00 -0.335000E-01

00 0.335000E-01
01 0.335000€E-01

01 0.335000E-01

N TEMPERATURE 18.70 C PERCENTAGE DEGRADATION

0.189E-01
03 0.118€-01
0.781€-02
i0;5795+02

03 0.422E-02

0.118E-01

~0.781E-02

C.5T9E-02

0.181E
0.398€
0. T6UE
0.121€

0.193E

00 0.335000E-01

00 0.335000E-01

00 0.335000E-C1

01 0.335000E-01

01 0.335000E-01

N TEMPERATURE 18.70 C PERCENTAGE DEGRADATION

RADIUS

ACTUAL
E . PARTICLE

0.335000E-01"

0.335000E-01

IN
PARTICLE

“DIFFUSION COEFFICIENTS

IN
FILM

CM*CM/SEC CM*CM/SEC

0. 1LOE-05
0. 140E-05
0.140E-05
0. 140E-05
0.
0. 140E-05
0. 140E-05
0. 140E-05
0.140E-05
0. 140E-05

0.

0. T4OE-05 |

O.HI-OE‘D,S

0. T40E-05

0.140E-05
0. IL‘DE-OS

0.

- PARTICLE DIAMETER

'0.173E-04

PARTICLE DIAMETER

PARTICLE DIAMETER

0.173E-0b
0.173E-0k
0.173E-04

0.173E-0k

0.173E-04

0.173E-04.

2.6T00E-01 C¥

0.335000E-01 0.140E-05 0.173E-04 . R e

0.173E-04 RN G R

0.173E-04 o
3.6700E-01 CY
0.173E-04 v
0.173E-04

0.173E-04

0.173E-0b

0.173E-04

3.6700E-01 CM



=L

. SERIES

GROUP  RUN
h 16
5  TR &
18
b 19
b 20
CONCENTRATION
5 21
5 22
5 23
s an
5.-.25 7"
-~ 'CONCEMNTRATION
6260
62T
628
6. 29
”"6'1 36'
"TCQNCENTRATIUN

HLORIDE

BSERVED RESULTS . = _
SOLUTION - HYDROXIDE. RESIanfﬁ

0.334E

0.290F

0.331E
D.362E
“0.336E
S04 3575

. 0.336E

0.359E

OBSERVED

MID POINT

VOLUME -
ML

03
5.326E 03
03
0.339€
0.365E 03
G100 N
03

0.331E

0.100 N .

0.354E

0.367E

~C.100 N

03

03
03
03

03 .

03
03
03
03"

03

BR&AKTHROUGHACURVE

OBSERVED.
MID POINT
SLOPE

U V/SEC

" 0.219E-01

0.140E-01

0.9886-02
0.TT9E-02
0.6216-02
TEMPERATURE

 0.142E-01

0.989E-02

" D.TT5E-02

0.609E-02

_TEMPERATURE

0.218E-01

C0.1L1E=-0]

0.984E-02

0.T6UE=-02"

0.615E-02

TEMPERATURE

C.

_CALCULATED  SOLUTION 7 7% " 0F .
MID POINT FLOW ACTUAL InN IN
SLOPE RATE PARTICLE PARTICLE FILM -
Carsec ML/SEC CM CM=CM/SEC  CM=CM/SEC
0.219E-01 0.179E 00 0.335000E-01 0.540E-05 0.213E-0k
0.180E-01- 0,410E 00 0.335000E-01 0.5L0E-05 0.213E-0k
0.988E-02 0.762E 00 0.335000E-01 0.540E-05 0.213E-04
0.779E-02 0.116E 01 0.335000E-01 0.540E-05 0.213E-04
0.621E-02 G.171E 01 0.3350006-01 0.540E-05 0.213E-04
18.90 C PERCENTAGE DEGRADATION 0. PARTICLE DIAMETER
0.2196-01 ©0.180E 00 0.335000E-01 0.540E-05 0.213E-04
0.142E-01 0.397E 00 0.335000E-01 0.540E=-05 0.213E-0L
0.989E-02 2.761E 00 0.335000E-01 o.sudg—os " 0.213E-04
0.775E-02 0.117€ 01 0.335000E-01 0.540E-05 0.213E-0u4
0.609E-02 0.177E 01 0.335000E-01 0.540E-05 0.213E-04
18.99 C PERCENTAGE DEGRADATION  O. PARTICLE DIAMETER
0.218E-01 C.180E 00 0.335000E-01 0.540E-05 0.213E-04
%o;jgls-ol " 0.400FE 00 0.335000E-01 0.540E-05 0.213E-04
0.984E-02° 0.768E 00 0.335000E-01 0.540E-05 0.213E-0k
0.764E-02 0.120E C1 0.335000E-01 0.540E-05 0.213E-0b
0.6355—02 5.174E 01 0.335000E-01 0.540E-05 0.213E-0b
18.90 C .PERCENTAGE DEGRADATION PARTICLE DIAMETER

3.6700E-01 CM

2.67T00E-01 CM

DIFFUSION COEFFICIENTS

.6700E-01 CM




NN N

NOR NN

 SERIES GROUP

1

2

1. .=

2

NN N

“OBSERVED RESULTS -
,,LHLHYDROXIQE SOLUTIQN

R

'!
2. 0.287E
oy

Sh

5

L Y OBSERVED
MID POINT
VOLUME

Ul

M

1033 18E.

;Liﬁéi3iéé

U 0.253€

CONCENTRATICN ~€.106
6 T0l3206
T 00315

8 0«314E

‘9 . --0.311E

1o

L 0.312E

' CONCENTRATION 0.101

3

3
3
3

3

BRRE
12
13
e

.]b

- De331E
0.342€E

0.329€

L 0.329E 0

0.327E

293t

03
03"
03

03

¢3
83

e3

CCNCENTRATION - O 101 N

MID POINT
SLOPE

0.188E-01

0.TT6E-0T

 0.593E-02

0.126E-01

" C.8THE-02

0.673E-D2

0.54T7TE-02

0.185E-01

0.118E-01

BREAKTHROUGH CURVE
COBSERVED: . CALCULATED

S 14SEC e

0.7816-02

3 0.461E-02

N TEMPERATURE

3 .0.201E-01

N . TEMPERATURE _

' 0.653E-02

- 0.52CE-02

0.653E6-02

TEMPERATURE

MID POINT
_-SLOPE

o VISEC

I0318BE-01

0s116E-G1.

0.593E-02

O;‘ZéEfb]_
0.BTUE-02 .
0.67T3E-02 .

0.54TE-02

50.00 C

D.185E-01
C.118E-C1

0.832E-02

' 0.5206-02

90.C0 C

 SPECIFIC

Umissec

0l781E-02

0.461E-02 "

0.201E-01

0.769E

SOLUTION = 7 -0F
FLOW

RATE

G.182E 00 0.335000E-01
‘3.408E 00 0.3350G0E-01

G.T6LE 00 0.335000E-01

0.116E 01 0.3350C0E-01

0.170E 01 0.335000E-01

18.70C C PERCENTAGE DEGRADATION

0.179E 00 0.335000E-01
0.411E 00 0.335000E-01
00 0.335000E-01
0.119E 01 0.335000E-01

0.167E 01 0.335000E-01

 PERCENTAGE DEGRADATION

0.177E 00 .0.335000E-01

0.407E 00 0.335000E-01
0.773E 00 0.33500G0E-01
0.119E 01 0.335000£-01

G.179E 01 (G.335000E-01

PERCENTAGE DEGRADATION

RADIUS

ACTUAL
PARTICLE

“CM

DIFFUSION COEFFICIENTS

IN

" CM#CM/SEC CM=CM/SEC

0.140E-05
0. JLOE~-05
‘0. 140E-05
0. 140E-05
0« 140E-05
0.
D.412E-05
0.412E-05
0.412E-05
0.412E-05

0.412E-05

0. 136E-04
0.136E-0k
5. 136E-04
0.136E-04

O0.136E~-0U4

0. PARTICLE DIAMETER

PARTICLE

CIN
FILM

0.173E-04

0.173E-0k
0.173E-04
0.173E-04

0.173E-0Ok

PARTICLE DIAMETER

0.315E-04
0.3156-04
0.315E-04
0.315E-04

0.315E-04

0. PARTICLE DIAMETER

0.542E~-04
D.542E-0L4

0.542E-0L

- 0.542E-04

0.542E-0b

2.67TO0E-01 M .

 J).6700E-01 CM

J.6T00E=-21 CM



o

N

NN NN

NN NN

" OBSERVE

RUN
L 16'
v
18 -
w19
'hA 20

. CONCENTRATIQN
5 210

5 22
5 23
52
o525
CONCENTRATLON
60 26
6 27 -
6 028
629
6 30

CONCENTRATTON

- 0.321E

MID POINT

~ VOLUME

0.334E

0.326E

3.290EF

 0.292E

0.100

0.283E

 0.283E

0.283E

Ga103

D.32uE

- 0.324E
0.32LE

T0.329E

0.326E

1.103

03

03"

03
03
03
N

03
03

03

03

03

N N

c3

03

03

G3

N

. BREAKTHROUGH CURVE
R 0. OUBSERVED
 SERIES GROUP

OBSERVED
MID POINT
SLOPE

" 1/SEC
0.219E-01
0.14CE-01
0+988E-02
0.TT9E-02
0.621E-02
TEMPERATURE
0.396E-01
0.256E-01
0. 183E-01

0. 14TE-O]

TEMPERATURE
0.492€-0)
0.326E-01
0.232€-01
0.184E-01
0.1526-G1

TEMPERATURE

90.00 C PERCENTAGE DEGRADATION

“RADIUS

. | SPECIFIC " DIFFUSION COEFFICIENTS

CALCULATED SOLUTION OF S

MID POINT FLOW ACTUAL IN IN

SLOPE.  RATE  PARTICLE  PARTICLE FILM
1/SEC ML /SEC Cem CM*CM/SEC CM=CM/SEC

0.219E-01 0.179E 00 0.335000E-01 0.S4O0E-05 0.213E-04

0.140E-01 O0.410E 00 0.3350G0E-01 0.540E-05 0.213E-0k

0.98BE-02 0.T62E 0O 0.335000E-01 0.540E-05 0.213E-0k

0.779E-02 G.116E 01 0.3350006-01 0.580E-05 0.213E-0b

0.621E-02 0.171E O1 0.335000E-01 0.540E-05 0.213E-04

18.90 C PERCENTAGE DEGRADATION 0.  PARTICLE DIAMETER  2.6700E-01

0.396E-01 0.178E 00 0.335000E-01 0.233E-04 0.476E-04

0.256E-01 0.B09E 00 0.335000E-01 0.233E-04 0.4T6E-Ok

0.1836-01 0.768E 00 0.335000E-C1 0,233E-04 0.4T6E-Ok
_0.I47E-01 0.115E 01 0.335000E-01 0.233E-04 0.476E-Ob

0.118E-01 0.173E 01 0.335000E-01 0.233E-04% 0.4T6E-O

50.00 C PERCENTAGE DEGRADATION 0.  PARTICLE DIAMETER 0.6700E-01
0.492E-01_ 0.180E 00 0.335000E-01 0.728E-04 0.813E-0k

0.3266-01 0.399E 00 0.3350006-01 0.728E-O4 0.813E-0k
© 0.2326-01  0.771E 00 0.335000E-01 0.728E-04 0.813E-Ok

0.184E-0T 0.120E 01 0.335000E-01 0,728E-O4 0.813E-0k

0.152E-01 ©.173E 01 0.3350006-01 0.728E-0k 0.813E-0H

0.  PARTICLE DIAMETER  0.6700E-01




SERIES GROUP

CONCENTRATICN

© . CONCENTRATION .

0.273E

o L0.2688

;;OE§ERVE
RUN
» . VOLUME

MID POI

- 0.316E
- 0.283E,

0.306E

0.051

72 0e2B6E

0.0l]

D.}E‘T

NT

Coousec
03
03

?oBSERVEp

MID POINT
SLOPE

C.133E-01 "
0.835E-02
 0.5T4E-02  0.574E-C2

- 0.443E-02

N
o
Ok
QQQQ
o

oL

N

TEMPERATURE 17.00 C
0+5038-03
0.274E-03

0.214E-03

"TEMPERATURE 17.60 C

[0.3506-03

CALCULATED _

MID .POINT
 SLOPE

0.133E-01

0.835€-02

0.443E-02

| 0.349E-02 0.349E-02

E 03 .0.634E-02 0.634E-02
03 0.398E-02  0.398E-02
03 0.276E-02 0.276E-02

6E 03 0.21LE-02 0.214E-02

0.762E-03
;0,503E—OSW»
0.350E-03
0.274E-03

0.214E-03

1/SEC

PERCE

SPECIFIC

SOLUTION

FLOW
RATE

0.182E 00

Q.4DBE 00

0. 764E 00
L0.116E 01

0.170E 01

Q. 179€E

0.409E 00
0.767E 00
03]]?EL0]“
586E 03 0.170E-02__0.170€-02 0.170E 01

0.183E°00 0

0.398E 00
0.770E 00
0.120€ 01

D.185E 01

PERCENTAGE DEGRADATION

ML/SEC

20

"OF
ACTUAL

PARTICLE

“em
0.3350905—01

0.335000€E-01

0.335000€-01

0.335000€-01

0.335000E-01

6_N= TEMPERATURE 18,70 C PERCENTAGE DEGRADATION

0.335000E-01
0.335000E-01
0.335000€E-01
0.335000E-01

0.335000E-01

ENTAGE DEGRADATION

. 335000E-01

'0.335000E-01

0.335000&-01
0.335000E-01

0.335000E-0]

"RADIUS

0O

CM=CM/SEC CM=CM/SEC

0. 140E-05
0. 140E-05
0. 140E-05
0. 140E-05
0. 14DE-05
0.

0.910E-06

0.910E~-06

0.910E-06

0.910E-06
0.910E-06
0u
0.4T0E-06

0.470E-06

0.4TOE-06
0.4TOE-06

9.4T0E-06

IN"
PARTICLE

IFFUSION COEFFICIENTS )

. IN,I
FILM

0.164E-OU
0.164E-OL
0.164E-OY

0.164E-0OL

0.164E-04

_PARTICLE DIAMETER

0.170E-04

0.170E-OL

0.170E-0k

0.170E-0u
0.170E-04

 PARTICLE DIAMETER

0.173E-0u

0.173E-04

0.173E-04

0.173E-0b

0.173e-04

PARTICLE DIAMETER

J.67T00E-D1 CM.

9.6700E-01

M

3.6T00E-D1



SERIES

G W

W

¥ " CONCENTRATION

© CONCENTRATION

W W W

- GROUP

Sy

:H.‘b.'- B

o

16

17
e

g
‘ g
T'CONCENTRATION,i
i e
220
o3
24

25

e
2
.
29

30

MID POINT
VOLUME

ML

;10.33ue‘o3.
S 0.326% 03"
0.290E 03
0.339€ 03 .

0.364E 03

0.105

0.635E 03"
- 0J64OE 53
- 0.640E 03

0.639E.03

0.325¢ on’
0.320E O

0.318E 24

- 0.323E Ob

"0«325E Ob

0.013 N

GL6u0E 03

_ " BREAKTHROUGH CURVEA"
. OBSERVED
RUN

OBSERVED
MID POINT
SLOPE
1/SEC

0.15LE-Q1

0.991E-02.

0.451E-02

N © TEMPERATURE

0.604E-02

0.428E-02

.05V N “TEMPERATURE

0.999€-032

G TUE-03

0.6L6E-G3

0.707E-02

0.561E-02

0.933E=02

0(341Ef02$w
0.2726-02
17.60. C
0.211€-02

0.141E-02

CALCULATE
MID POINT
SLOPE

1/SEC .

S0 ISLE-0T

0.991E-02

" 0.70TE-02
0.561E-02

D.US51E-G2

18.90 C -

0.933E-02 _

0.604E-02

0 428E-02

0.341E-02

0- 272E‘02

0.211E-02
0.141E-02
0.999E-03
'o;TeuEeos

0.646E-03

TEMPERATURE 17.60 C

SPECIFIC
D SOLUTION OF
‘FLOW
RATE
ML/SEC - CM
0.179E 00 0.335000E-01
0.410E 00 0.335000E-01
0.T62E 00 0.335000E-01
0.116E
3.171E 01 0.335000E-01
PERCENTAGE DEGRADATION
0.177E

0.4L0LE ‘00 0.335C00E-01

'0.768E 00 0.335000E-01
QOJ117E.

0.177E

'PERCENTAGE DEGRADATION

0.181E 00 0.335000E-01

“0.398E €O

N I

0.773E 0
0.120E 01 0.335000E-01
0.179E C1 0.335000E=0]1

PERCENTAGE DEGRADATION

RADIUS

ACTUAL
 PARTICLE

01 0.335000E-01

00 0.335000E-01

01.0.335000E-01

‘01 0.335000E-01"

0.335000E-01

0.335000E-01

N
PARTICLE

. CM=CM/SEC

0.540E=05
0.540E=-05
0.5L0E=05
0.5L0E=05

0.5L0E-05

0.  PARTICLE DIAMETER

0.L10E-05
0.L10E-05

0.L10E-05

9.410E-05

0.  PARTICLE DIAMETER

0.351E-05

0.351E-0C5

0.351€-05

0.351E-05

o. PARTICLE DIAMETER

IN
FILM

o.2i3E-ou
0.213E-04
0.213E-0k4
0.213E-04

0.239E-04

0.239E-04

00239E-0h

' 0.239E-0L

0.258E-04
0.258E-0b
- 0.258E-0k

0.258E-04

0.258E-0L

CM#CM/SEC

'DIFFUSION COEFFICIENTS o

J.6700E-21 CY

J.6700E-01 CM

3.6700E=01 v



~ OBSERVED RESULTS :
" HYDROXIDE SOLUTION - CHLORIDE.RESIN _ .= = = = ~ =

e TR e e ' PABLES4S2 s T e s

5 BREAKTHROUGH CURVE ““=5=SPECIFIC . "RADIUS ~  DIFFUSION COEFFICIENTS = ===

o OBSERVED OBSERVED CALCULATED SOLUTION- . oF o o

""SERIES GROUP RUN MID POINT MID POINT MID POINT  FLOW ~ ~~ ““TACTUAL CINDT O TTINT TR =
~ ‘ _ _VOLUME  SLOPE SLOPE _RATE ~ PARTICLE PARTICLE FILM )

ML/SEC ;fA,”

N_ML  h1%:r?;l£§EFf ;; l/SEC an CM*CM/SEC CM&CM/SEC B

fo luoe ~05 0. ;735 -ou

0-“&0E 05 ~0 l73E ou -‘;:t T

o 108 N TEMP“RATURE 19 oo"c

_@OﬁtENTgATIONV

0.264E-01

T 0.241E 03 _0726hE-01

:%0;2115—01

o.zoze 05 70’}735‘ T

oi%zozeldsﬁ*’:ﬁ“riéémdh~ -
:0’2025'd§ww6m];95 0w

7.20 PARTICLE. BIAHETER _0.6700E-01cM  — —

DEGRADATION'

0. 373E“b3 “0.186E 00 0. 3350005 01 o'éuue~os 0. |73£ 04—

_0.219€ os,wo .373E-01

0 zqu -05 " 0 113E 0h

:o 2135 01 ’ ‘u77E oo

",o 2qu 05 0 1735 6u

O.ZHHE 03 0. 820E-02

rER””o'brooe 01—

TEMPERATURE




SERIES GROUP

J_FV;#ﬁﬁrVﬁ:K;:?? 7: £ e eoF

o ELF EoE

"OBSERVED RESULTS

'OBSERVED
MID POINT
SLOPE

0BSERVED
RUN MID POINT
VOLUME
M
16 0.321E 03

17 0.315€ 03 0.179e-01

. Ts‘uéfbigéss 03
15*"°b”308é”63
2bV“E 0. 3105 03
| CONCENTRATION 0.100 N

0 282E 03 D 2755 01

s

21 :f
2

q;28#§j93,ﬁ921é1§701f

CONCENTRATION 0 100 N TEMPERATURE

~ CHLORIDE SOLUTION - HYDROXIDE RESIN

1/SEC
10.2526-01

0. Tsoe 01:
0. 9195—02T

‘o 699E—02

o o 241E 03 o 2195 01f
o o 2135 03 o.TTTE 01
- o 237¢ 03 0. suse«ozf

“PABLE L ST '—?f:::;gi?-zf;éf:%ﬁiff;»:_f;:}_::':: B

CALCULATE

MID POINT

~ SLOPE

1/SEC

Wd‘252t40if'
ﬁo 179E o1
vo ISOE 01:

009 ]9E-02

0 699E-02

TEMPERATURE 19 00 C

0 ZTSE 01

L279E 03 0.208E- 01w

0 208E Ol

.erélﬁleE:
EEQTHEfds"EO'ésoE;bzé"0”9535402’76{T655{63;07335600é401 ;

7 *f o 2u3& 03 0'2325 01 0.232E~C

0‘,2‘9579]

0.117e-01
0.845E-02

19.00 C

"'BREAKTHROUGH CURVE - " "ZSPECIFIC ~~ RADIUS ~ DIFFUSION COEFFICIENTS ~~ ~o=s=——

OF
- ACTUAL
PARTICLE

D SOLUTION
FLOW
RATE

IN
PARTICLE

IN T T e

— F I LM e e

ML/SEC cM EMPCM/SEC CHILM/SEC: S

0.175E 00 0.335000E-01 0.S40E-05 0.214E-04

' 0.328E 00 0.335000E-01 0.540E-05 0.214E-04

0.451E 00 0.335000E-01 0.540E-05

0.2tk E-ON

Ro.lore 01 0. 3356605-01 0.540E-05 0.21hE-08

0.170E 01 0. 3350005 o1 0. suoe 05 0.214E-0k

PERCENTAGE DEGRADATION o.""PARTICLE DIAMETER o 7005 oT’CM

0-172§WOO o,sssoooefol 0. 556E 05 o ZI%E ou

© 0.285E 00 0.335000E-01 "o 556E-05 o 26$E ou

0.457E 00 0.335000£-01 go 556E-05 o 2»&5 -ou”

EW°-79¢E -05 0.

0.385€ 00 0. 3350006~ 01“ 0. 796E 051;*

0.117€ 01 9.3350005—01"”0 796E osi‘ 0. 21

o;éb6é°01'bi33soooe401 o T96E 05 o zt%a ou

PERCENTAGE DEGRADATION 23.60 PART[CLE DTANETER“'




TABEE=4 S ——

OBSERVED RESULTS _
“"HYDROXIDE SOLUTION = CHLORIDE RESIN .= = = e =

" OBSERVED
MID POINT
VOLUME

" 'SERIES GROUP RUN

ML

0.160E O

“fm“m‘wmf;wyjm .
el
FowN

CONCENTRATION 0. OTI

;_ o 131& ou

,5 - " . . g s
s T 1o 0. 17ue

O 163E Oh

c NCENTRATION OvOIl N

0.142E Ou

T 0.163E ou
©0.167E ou
; o ISBE_OAQ

'*I:”'BREAKTHROUGH CURVE™

OBSERVED

"MID POINT
_SLOPE

ﬁ;:l/SEC o
0. 671E-ozf
fo 550E-02

0. 3655-02;;

o. 28LE-02
“o lsse-ozf
N TEMPERATURE

o 7135—02“

o 2105 ozwf

0.550€

_0‘28ﬁ5402”"6”8o6é'6b 0.335000€-01
'o.lase 02 0. 182E

0. 7135_02 _o IBIE 00 o.3ssoooe o1

==SPECIFIC 7 =RADIUS ~
CALCULATED“ 'SOLUTION OF

7JEIF§9§T9N;EQEFE!EI§§T§f“[L?5?

MID POINT ~ FLOW U ZACTUAL. TUTING
SLOPE 7 RATE ~ PARTICLE

ML/SEC

T/SEC

0. 671E oz o tsue 00 0.3350605401

-02 912265”00 0. 3350005 01

0,3§§§:927‘9;#?2E_09 o 3350005 ox_wo 316E 05

01 . 3350005"01”

PARTIFLE )

- CM CM*CM/SEC CM*CM/SEC
Oe 316E os o 1135 ou B

0. 316E 05 O ”3;5 Oll m

0. naf ou;m’”ﬁyEi

0. 3165 —05 0. nsé o
0. 3165_o§ o TTSE ou ;5

19. OO C

O 22SE-05

IPERCENTAGE DEGRADATION 33.10 PARTICLE DIAMETER

VAD,§?pOE—oi'tﬁ'f*

01735 ou s

19 OO c

TEMPERATURE

PERCENTAGE DEGRADATION k8 60

PARTICLE DIAMETER '




= =% "__ E==TABLE 410 T TR e s B ‘ = —

OBSERVED RESULTS y - _ .
.- CHLORIDE SOLUTION - HYDROXIDE RESIN. = == = o

7 BREAKTHROUGH CURVE "~ ""SPECIFIC = ~~ RADIUS ~ ~ DIFFUSION COEFFICIENTS 7=

~ OBSERVED OBSERVED CALCULATED SOLUTION oF e

 _SERIES GROUP RUN MID POINT MID POINT- MID POINT FLOW ACTUAL IN T TN T TS e
VOLUME SLOPE  SLOPE RATE PARTICLE  PARTICLE FILM = .

ML /SEC lISEC ML/SEC ‘ cH | CMCM/SEC CM*CMISEC S

16 0.202€ 03 Ap,375E7917_o 375E—01 _q,lauE 00 0. 335000~ 01  0.658E- 05 0.214E~ou' T

F e
|
1
I
i

17 0.201E 03"6;éé7E-bi"o 297E-01 o;gigE 00 0. 335000E-01 0.658E-05  0.204 E- -0y

ST RN I

e

18 0.185¢ 03 0.232E-01 O. 232E-o1,jo‘u35E 00 o. 335000E 01 0.658E-05 0.214iE- son

R S T B 194E7937f621)2E461>ﬁo 112€-01 0. 1528 o1 0.335000E 01 0.658E-05 0. zﬂﬁE—ou‘4;fiji”‘;f‘”ty”‘"

'T“i,f‘éd°f’ o 213E'o3:id°983ééoé':o 983E ozi:o 187E 01 0.335000E 01  0. 658E-05 fo 2w4E ol

‘:,fﬂm‘ Y

m"f CONCENTRATICN o loo,Nf TEMPERATURE 19 00 c PERCENTAGE DEGRADATION 3310 PARTICLE DIAMETER

~o 396E 01 ;p 181E oo 0. 335000E 01 vo ssuE 05 _

~0.200€ 03 0.396E-01

1 0. 298EM00 0.335000€- 01 fo ssuE os _o. 2M1E ou

0.433€ 00 0'335000E 01 ;o ssuE 05 o ZHJE ou

rwof117E 01 o 335000E 01 jp ssuE 05 o zr4E ou o

oneou:‘
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latter changes during ion exchange, o0 also does the
selectivity coefficient.In.a hinary ionic system, where the
resin is initially circulated with one ion, three cases
must be considered during exchange, depending upon the
relation between the assumed constant wvalue and the actual
varying selectivity coefficient.

Case a) The selectivity coefficient varies as showm
in Fig., 4.78 and the maximum value is taken as the assumed
coustant value.

Gilliland and Baddour's model (equation,4.8a) shows
that the slope of the breakthrough curve at any time
decreases with decreasing selectivity coefficient. The
breakthrough curve is another name for the effluent
concentration history curve. The difference between the
observed curve ( broken line ), and the predicted curve
(full line) based on a constant selectivity coefficient is
shown in Fig.r4.7a. In the narly stages of exchange,the
slope of the observed curve is smaller than that of the
predicted curve. Inter the slopes become equal. In the
present work, the selecfivity coefficient has a 5%
variation as shown in Fig. 4.8 and is independent of the
fractional ionic conversion over the upper part of its range,
so the assumption of 2 constant value equal to the maximum
is useful.

Case b) The selectivity coefficient varies as in Fig.4.7b
and the assumed constant value is taken to be the minimum
value.

The effect on the breakthwough curve is as shown in
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Fig. 4.7b. The observed curve (broken line) at Ffirst has
a greater slope than is predicted, and later attains the
predicted slope.
Case ¢) The selectivity coefficient varies & in Fig.4.7c
and the assumed oonstant value 1is an average of the maximum
and minimum values.

The difference between the predicted and observed
breakthrough curves is shown in Fig. 4.7c. These two
curves do not necessarily cross. The agsumption should be
used where the graph of selectivity coefficlent against
ionic fraction on the resin shows no regions of constant
selectivity coefficient.

A sample experiment on the system used in this work
is shown in Pig 4.8. It can be seen that the preference of
the resin for the hydroxide ion increases with increasing
saturation of the resin phase. This trend was assumed in
all the cases of exchange treated in this work and the
selectivity coefficient was assumed to have a constant
value equal to the maximum value,

4.3.5., Effect of 2 varying diffusion coefficient on the
breakthrough curve predicted assuming a constant value.

Equations 4.5 and 4.B may be combined to give 4,11,

= 2 :
by 1{1 CAd

_5 - - _..i - 4 20 % _— 4,11
k1 ,Q(1-€)  Aj kp 457 233 Dp &

Equation 4,11 indicates that the velocity constant and hence
the slope of the breakthrough curve increases with increasing
particle diffusion coefficient. This effect becomes

important when CO O/‘WE'ZD Dp 4s comparable to
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or greater than. 1/kL. Because of the factor d02 in the
particle diffusion term, voriation of the particle diffusion
coefficient has grecatest effect on the mid point slope for
large particles.

Helfferich (ref.H9) states thnt the particle-diffusion
coefficient for binary exchange , when ion A is diffusing
into resin initially saturated with a faster moving ion B,
decreases with increasing saturation of the resin by ion A.
The effect of this change in diffusion coefficient on the
slope of the breakthrough curve, calculated with a constant
average value is shown in PFig. 4.9.

4,4 Results and discussion.
4.4.1, Diffusion coefficient in the particle phase.
a) Diffusion coefficients of the counter ion.

Experimental changes of the diffusion coefficient with

externnl solution concentration , nature of the diffusing

species, temperature_degree of resin crosslinking and

percentage loss in sirong base capacity caused by thermal
degradation were examined.

i, Dependence on external solution concentration.

When the external solution concentration was increased
an increase in the counter ion diffusion coefficients was
observed ( Fig. 4,10). The magnitude of the change was
greater than that observed by other workers (ref.S6,R4,T3).
It is possible that the method of calculation of particle
diffusion coefficients in this work (dze. Gilliland and

Baddour's model) is responsible for the difference.

Helfferich attributes the change of particle diffusion
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EFFECT OF A VARTABLE PARTICLE DIFFUSION -
COEFFICIENT ON THE BREAKTHROUGH CURVE

FIG 4.9

PREDICTED BY A MODEL BASED ON A CONSTANT

PARTICLE DIFFUSION COEFFICIENT.
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coefficients with external solution concentration to the
increased concentration of the co ion in the pores of the
resin particles.

ii. Dependence on temperature.

Increased temerature was found to cause an increase
in the diffusion coefficient (Fig 4.11 and 4.12). This is
probably due to the weakening of specific and electrostatic
retardation of the counter ions and reduction of solvation
and hence ionic size., Activation energies are given in
Table 4.17, and lie in the accepted range below 10 kcal/mole,

iii. Dependence on degree of resin crosslinking .

Diffusion coefficients were found to be higher in the
less crossliﬁked sample { Fig 4.11 and 4.12). Boyd and
Soldano (¥ef.BB) observed the same effect. Evidently the
more opehn mitrix structure in the less crosslinked resin
increnses the ease with which any species may diffuse
through the particle. |

dv. Bffect of loss of strong base capacity by thermal
degradstion.

The change in diffusion coefficients with thermal
degradation is shown in Fig. 4.13 in terms of the loss in
total capacity. It can be seen that a2 maximum value in
the 7-9% crosslinked sample occurs vwhen the total capacity
is approximately 3.0 meq/g. for resin initially saturated
with hydrozide ions,and at about 2.75 meg/g. for resins
initially saturated with chloride ions. Similar maxima
may occur at slightly higher vealues of total capacity

in the 2-3% cross linked samples. These observations
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are congistent with Créed (ref.Cl) who observed the same
effect in self diffusion experiments with Deacidite FF and
bromide ions from sodium bromide solution. Creed's maximum
value occurred when approximately 2.3 meq/g strong base
capacity ( 3.0 meq/g total capacity) remained on the resin
samples. Cread found that degradation by heat and radiation
produced approximately the same maximum,

Boyd and Soldano (ref. Bl2) varied the total capacity
of sulphonated styrene type cation exchangers by partial
thermal désulphonation and Tound maxima in the curves of
self diffusion coefficient versus capacity for various ions.
The positions of the maxima were founé to be substantially
independent of the degree of crosslinking in the resin used.
However, as the authors point out, their procedure for
varying the capacity is likely to effect the degree of
crosslinking and swelling in the resin.

In thermal decomposition a2t 9O°C, it hag been observed
that no significant change in water regain takes place over
a 70 day heating period, and hence it is unlikely that
changes in crosslinking and swelling take place to any
nppreciable extent.

Any changes in the diffusion coefficients within the
particle must be caused only by changes in capacity.

In addition Creed's work shows that when samples were
degraded by radiation, a process which affects the degree
of crosslinking, the maxima occurred at the same value of
strong base capacity as in thermally degraded samples.

The inference again is that capacity changes are the prime
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reason for changes in diffusion coefficients during thermal
degradation.

Boyd and Soldano (ref.Bl2) also observe that the maxima
occurred at different values of total capacity for self
diffusion of different ions, although the difference was
small, In the present work the positions of the maxima
were also found to vary,slisghtly dependent upon the ion
initially saturating the resin., The magnitude of these
differences is such as to throw doubt on their significanée,

The reason for the existense of maxima can be
explained as follows. Initially a decreasé in capacity
results in an increase in diffusion coefficients because
of the decrense in electrostatic retardation of the
diffusing ions. Eventually the decrease in capacity
reaches a point where insufficient functional sites are
available to react with the entering ions as quickly as
they can diffuse inwards. The rate of exchange then becomes
controiled by the rate of the chemical renction of exchange.

If this ceZplanntion is correct, reaction rate models
such as that of Gilliland and Baddour should fit
experimentzl breakthrough curves with greater accuracy
after the maximum in the diffusion coefficient curve has
been passed. Fig.4.14 and 4,15 show a series of comparison
plots. The improvement in agreement between observed and
predicted curves is clearly shown. The velocity constant
of a gecond order reaction becomes--valid after the maximum
hag been passed and is a2 better way " of describing the

rate of exchange than the diffusion coefficients.
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PARTICLE DIFFUSION COEFFICIENTS

VERSUS DEGRADATION.

FIG 4.13
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Although no data is available for direct
comparison of the present results, the difference between
values of diffusion coefficients found in the present work
for hydroxide znd chloride ions and Creed's (ref.Cl) value
for bromine or Boyd and Soldano's (ref.B9) values for
bromine is consistent with expectation. The hydroxide
ion mobility measured in agqueous solution at infinite
dilution is considerably greater than that of the bromide
ion, whereas chloride and bromide are comparable. Hence
the hydroxide ion would be expected to diffuse more
rapidly than bromide and chloridg within the reésin matriz,
The rate of ion exchange has been found to be faster
¥hen the resin is initially saturated with the faster
rmoving ion ( ref. H8) and this is confirmed by the
results of this work, although the difference in measured
diffusion coefficients is less than one night expect from
the mobilities of the ions in solution. This is not
altogether surprising in vi:sw of the uncertainty as to the
degree of ionic solvation within the resin phase and as to
the effecfs of the tortuofity of the pores and specific
interactions of different ionic species with the resin
matrix.
4.4,.2. Diffusion coefficient in the fluid phnse.

Diffusion coefficients of electrolytcs can be
predicted very accurately at infinite dilution using

equation 4.12.

i 15"5 lwc‘ ; n

N _ iz, o+ om

D= 8,931 x 10~0p] + '

L ) | P i ——— 4,12
} A ao L - 4
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ﬂué %o Nernst (ref.N1)., At concentrntions other than
infinite dilution,Gordon (ref.G4) has derived an equation
for the correction of the values at infinite dilutiona
Unfortunntely fundamental data for this equation is scarce
g0 dits use ig limited severely.

Equation 4.12 was used to calculate diffusion
coefficients at infinite dilution for solutiong of hydro-
chloric acid and sodium hydroxide at the temperatures used
in this work,

In general the decrease in diffusion coefficient as
tﬁe concentration is incre=ased to 1.0 N from infinite
dilution is less than 10% of the value at infinite dilution
(ref.G5)., Thercfore an approximate predicted value can be
obtained for nure solutions at concentrations other than
infinite dilution«. However, in actual binary ion exchange
systems the fluid phase is generally a mixture of fowr lonic
specieg, and. diffusion -coefficientsnust therefore differ
from those: predicted Tor thoss of nure solutions. The
diffusion of faster species will tend to be retarded by
the presence of slower species although the difference is
unlikely to be large since ionic mobilities are generally
of the same order of magnitude.

In Fig. 4.16 experimental values of liquid phase
diffusion coefficients at several concentrntions are shown
for hydrochlorideacid and sodium hydroxide.

In ¥ig.4.,17 experimental variations in liguid phase
diffusion coefficients with temperature and the nature

of electrolyte are compared with the predicted value at
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DIFFUSION COETFICIEITS OF IONS IN THE
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FTIM DIFFUSION COEFFICIENT

FIG 4.17
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inifinite dilutien based on the pure electfolyte entering
the cvlumn. It can be seen that the experimental values lie
reagonably close to the predicted value at infinite dilution
and are generally within 10% cf the latter. Activation
energies for liquid diffusion were found to lie between
3 and 6 kcal/mole. as generally accepted.

444.34 Selectivity coefficilents.

1, Dependence on temperature,

Generally ion exchange occurs with little evolution
of heat and therefore only small changes in equilibrium
would be expected as the temperature increases. Activatioh
energiles are usually smallcer than 2 keal/mole. (ref.X1).
In this work (Fig 4.18) a small change in selectivity
coefiicient was observed with activation energies of
-2.14 and 2.26 keal/mole. For resin  initially in the
hydroxide and chloride forms respectively. The effect was
subbtantially independent of the degrece of resin crosslinking.
~In the hydroxide chloride system, the unfavoured hydroxide
ion becomes more favoured as teﬁperqture increases; the
opposite is true of the chloride ion.

ii. The effect of degree of crosslinking and external
solution concentration,

Fig. 4.18 shows experimental selectivity.coefficients
at various temperatures for Deacidite FF resinw@th 2-3% and
7-9% crosslinking. Selectivity is found to decrease with
increasing degree of crosslinking. The effect of varying
the external solution concentrntion is shown in Table 4.20

for 7-9% crosslinked resin., An inercase in dilution of the
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external solution resulis in an increase in selectivity.
Helfferich (ref.H9) attributes both these observations to
the increanse in swelling pressurs that occurs as the degree
of crosslinking and dlution of the external solution are
increased. The elastic properties of the resin matrix
result in a preference of the ion exchangerafor the counter
ion of smaller equivalent solvated volume and this tendenty
is pronounced when the matrix is highly strained ( i.e. when
the swelling pressure is high).

iii., The effecf of thermal degradation.

Table 4.2F shows the change in selectivity
coefficient with percentage loss in strong base capacity
caused by thermal decomposition. The observed gain in
selectivity is small presumably since the loss of
functional groups affects both ions. The effect of ionic
composition of the resin on the selectivity coefficient
is shown in Fig.438. The observations are reasonably
consistent with Gregor (ref.Gl) who investignted Dowex 1.
Gregor gives a detniled theoretical explanation of the
reasons for the changes.
4.5 QConclusions.

An increase in the operating temperature of a binary
_ion exchange system leads to an increase in the diffusion
coefficients and selectivity changes such that the
selectivity coefficient tends to unity.

Considering firstly, changes in diffusion
coefficients, it can be seen that an increase in the

diffusion coefficient results in o greater tid point slope
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at any given time, (equation 4.8b and 4.11) =nd a .greater
rate of exchange (equation 4.6). Both ions aire likely to
be arfected to much the sme extent, since activ-tion
energies for diffusion are similar. The result of these
changes is an increasing sharpness of the breakthrough
curve,

The favoured ion becomes less Ffavoursd as the
selectivity coefficient tends to unity; the converse is
true for the unfavoured ion. As n result the sharpness of
breakthrough incruases only for the unfavoured ion.

The nett effect of an increased operating temperature
is therefore an increase in separation efficiency for the
unfavoured ion, whoreas the effect on the favoured ion
depends on whether the diffusion of selectivity effect is
stronger. In normal ion exchange tﬁe diffusion effect
predoninates, since activation engregidés for diffusion are
between 3 and 5 times those for selectivity.

If separation performance alone is immortant, a good

rule is to raise the temperature for unfavourable exchange

[

operations. However, in nost practical cases, resin lifetime
and product contamination aroc important and the inecrease in
separation performance nust be balanced against decreased
resin lifetime and product contaninntion caused by thermal
danage to the resin.

In hydroxide resin operations thermal damage will
probably restrict the maximum practicanble operating
temperature to less than 100°C. The effe@ts of thermal

degradation (i.e. andeventual decrease in the particle
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Diffusion coefficient and an increase in selectivity)
begin to offset the advantages gained in elevated temperature
operation if operation is continued to high percentage
degradation,

In salt forms, the maximun practical operating

tempernture is likely to be 200°C.



4,6
A

o o
fav I

R R
o

g(u,

Hl

186

Nomenclature,

particle surface area per unit volume of

packed column I
correction factor in equation 4.4 ' dimensionless
ionic concentration in external

solution ML,~?
digtribution parameter - Q/COE dimensionless
axial dispersion coefficient 11

fluid diffusion coefficient r2p-t
particle diffusion coefficient 127t
particle diameter ’ L

term used in Gilliland and Baddour's

model = (-g(Xw,u/K))/g(w,n) dimensionless
w) =

0.5 (L+HE W) )+H" (Jou+ J) /4 (T0sf) dimensionless
error function dimensionless
derivative or error function dimensionless
modified first order Bessel function

of the first kind dimensionless
selectivity coefficient dimensionless
rate parameter = kkin(K'l)/K m1iy 31
liquid film mass transfer coefficient

per unit interfacial area Lot
overall mass transfer coefficient

per unit interfacial aresa LT’l

particle mass transfer coefficient

per unit interfacial area 17t



kkin second order reaction velocity

=g e

Hl'éﬂb?i o =

H

4 B ¢ B

constant
ionic conductance of any ion

mass

term in series expansion

constant
ultimate volumetric cepacity of resin
particles

ionic concentration in resin
average ionic concentration in

resin’

external solution flew rate
overall mass transfer resistance
film mass transfer resistance
particle mass transfer resistance

particle radius

radins of surface of equal concentration

in a spherical particle

absolute temperature

real time

dimensionless parameter = kkinc o Q
superficial flow rate

dimensionless parameter = kkin§/Kv

term used in Fick's law equation X:CAr

linear distance from column
entrance

volume of}effluent collected

|
i
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term used in alternative model

= L(K—l)CA/C;]/(1+(K;1)CA/CO)
ionic charge of an ion
equilibrium capacity of the packed
column

void fraction in a packed bed

time measured from time of arrival
of solution front at any cross
section x cm. from the column
entrance =.f¥x/v

denotes a functional relation

term in equations 4.8a and 4.8b

=(u/4y)2[w/u exp(-u-w)I, (2faw)/g(w,u)

fluid density

- dum of ionic conductances of all

species in solution

n n

< .+ <7

= (: 1 + L“ 1
Nn=

1 n=1

fluid viscosity

Subscripts and superscripts

A
B

property of ion A

property of ion B

condition at column entrance
value at infinite dilution
equilibrium value

cationic property

188

dimensionless

dimensionless

M

dimensionless

T

M1

-1

M TLT

pr Lt
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Appendix 1
CONVERSION OF RESIN SAMPLES TO DNSIRED IONIC FORM.

99% Conversion to a given ionic form was achieved by
carrying out the appropriate c¥ele between chloride and
the desired form four times in a fixed bed before final
conversion. A sample from each batch was removed and
checked for 99% conversion.

a) Hydroxide form.

A two stage process was used because of the unfaveurable
equilibrium (ref.W6). A solution of 0.1M sodium carbonate
was passed through the bed followed by a 3M solution of
sodium hydroxide.

b) Chloride form.

The rawv resin as supplied by the manufacturer wvas
predominantly in the chloride form. After pretreatment as
described in chapter 2 the resin was washed with 4% hydrochloric
acid and washed free of acid with methanol.

c) Nitrate form.

~ Chloride form resin was treated with 4% nitric acid and
washed with methanol . Percentage conversion was checked by
eluting a sample with 4% sodium sulphate and estimating the

nitrate in the eluate by standard methods.
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d) Borate,Thiocyanate and Sulphate form,
These were prepared by treating chloride form resin with
4% solutions of sodium tetraborate, ammonium thiocyanate and
sulphuric acid reSpectively, Percentage conversion was
determined by eluting samples with 4% sodium nitrate in the
first two cases and 3M sodium hydroxide in the third case.

The respective eluates were analysed by standard method.
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Appendix 2
DEVELOPMENT OF THE CAPACITY AHALYSIS SCHEMIZ.

The scope of the gsmall scale studies described in
Chapter 2 involved the analysis of a large number of
samples and would have been very time consuming if carried
out by normal volumetric and colourimetric techniques,
each requiring individual attention. In addition Stamberg
and Juracka (ref.Jl) suggested that the standard

Fisher Kunin method of capacity analysis was inaccurate.

Their conclusions were confirmed by experiment here and
the results are given in Table Al. Stamberg claims that
whereas the ammonium hydroxide leach is populariy assumed
to remove only those ions attached to the weak bawe groups,
in fact some of those attached to the strong base groups
are also exchanged and are converted from chloride to
hydroxide fbrm during analysis. These hydroxide groups
are then released in the subsequentAsulphaté leach and can
be measured by acid base titration. Hence the true weak
and strong base capacity can bé calculated.

The technique used in this work was Stamberg's, further
modified to include the use of chlorine 36 tracer to

measure chloride concentration rather than the conventional
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TABIE A1,

.Comparison of the new method with the Fisher Kunln ‘method for
measurement of capacity.

Analytical method  Salt Weak : ‘Strong . motal

used . Splitting Base Base Capacity
. Capacity Capacity Capacity

" Pisher Kunin 2,92 1,02 222 3,24
S 290 093 2.3 3.2
"o 2,92 105 2,21 3.4
3 " tracer used 2,92 1,05 2.8 3.23
i Modified method 2,92 0.31 2,92 3,23
" . 2,94 0.30 . 2,95 3,20
n 2,92 0.25 2.9 3,20

" tracer used 2,92 0.33 2,91 -‘3.24

All capacities are given in milliequivalents per grém'
of.dry resin, The tests were carried out on.Amberlite IRAv
400 in the hydroxide form, The nakers quote the resiﬁ as
. having a total capacity of 3.30 meq/dfy g o
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Volhard titration, leaving the operator free to perform
the relevant colorimetric analyses. In this way the time
necessary for a complete analysis of one sample was almost
halved. |

A survey of counters was carried out to find the most
efficient and casiest to use for automatic counting of
chlorine 36. The isotope is a beta emmitter of energy
0.708 llev. A special liquid counter (ref. D4,H4) using a GM4
tube was built and this was compared with a standard
liquid Geiger lMuller counter using a M6H tube and also
with a solid source technique using a GM4 tube. It was
found that the solid source technique was the most efficient
but difficulty was experienced in making reproducible
sources. Of the two liquid counters the specisl counter was
the most efficient but least convenient to use, whereas the
liquid M6H counter was much more easily filled and cleaned.
The latter was thorefore used.

One of the important disadvantages of the Fisher Kunin
capacity analysis technique was the poor agreement between
strong base and salt snliitting capacity. This has been
eliminated by using the new method. It can be seen (Table Al)
that the salt splitting capacity measurement agrees in all
cases as expected since no difference exists in the two
schemes for this measurement . However, the value of strong

base capacity should agree with the value of the salt

splitting capacity and this is only the case where the new

method is used. The values of total capacity are in
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agreement in all cases. The use of the tracer technique
gives the same results as when the chloride ion concentration
is measured by Volhard titration.

The weak base capacity as given by the Fisher Kunin
method is three times the correct value and the strong base

capacity values are proportionatly smaller.
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Appendix 3

AN ALTERNATIVE NODUL OF ION EXCHANGE.

a) lModel formulation.

For the purposes of this model ion exchange resin beads
were assumed to be quasi homogeneous, rather than to
consist of a solid frame work with pore spaces as in reality.
The effec”ive difflascon coefficient calculated from
experimental measurements using such a model is a macroscopic
average for a large number of ions in pores of widely
different sizes, shapes and directions in the solid matrix
at greater and smaller distances from the pore surfaces.
As such it expresses the average ability of a species to
diffuse in any direction. A riodel based on such a diffusion
coefficient is consistent only if all possible diffusion
processes can indecd be described by a single diffusion
coefficient . These requirements are met by most ion
exchangers since the beads are isotropic and diffusion within
them is not limited by slower non diffusional processes.
In addition the anvlication of diffusional flux equations
based on a quasi homogeneous structure has proved quite
successful in the common styrene ty e polymer ion exchange

resin.
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Ions originally in the solution must diffuse through
the liquid "film" to re-ch the particle surface. Diffusion
through the film depends upon the solution flow rate, which
affects the film thickness, while di“fusion through the
particle remains unaltered. In this alternative approach
the liquid film is replaced by an equivalent particle film,
and the actual particle and the particle film are compounded
into a hypothetical particle. This rcmoves the difficulties
normally encountered at the particle solution interface,
since the concentration gradient is assumed to be
continuous across the hypothetical particle, and to follow
Pick's law equations. The concentration profiles in the real
case and that assumed in the model are shown in FiguAl.,
lNow, fince both the liquid and equivalent particle film
are very thin, the nature of the gradient assumed within
them is not of great importance. In fact the Fick's law
gradient is almost linear at the surface of the hypothetical
particle., The thickness of the assumed particle film and
hence the hypothetical particle radius vary with the
solution flow rate.

Fig. A.1.
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b) Mathematical developments.

The development of this alternative model of ion
exchange was attempted but was not completed within the
available time. The uncompleted work is described below,
because the final solution of the problem is solely one
of mathematical manipulation.

The model assumes equimolar counter diffusion within the
particle according to_Fick‘s law, This assumption ignores
some of the more subtle erfects associated with electric
ceoupling between ions, but is otherwise quite satisfactory
and has been successful in much past work. Ho specific
interactions (ion-ion, ion-solvent or ion-matrix) are taken
into account. The co ions arc assumed to have no direct
effect on diffusion within the particle because of Donnan
exclusion. The diffusion coefficients are assumed to be
independent of position within the bed, Variations in
solution concentration and velocity over any cross section
of the bed are assumed negligible. Concentration within the
bed depends on one space variable x, and one time variable t.
i. Conservation of mass.

A mass balance over any cross scetion in the column;-

_o%e, %4 3(1-€) 3 M, 30,
-eDld——§“ + £ + 3 + Ve -
2x At 4R ot ox

=0 ——-A.1

neglecting longitudinal dispersion i.e.
2
: c c
-£D S A <L ve a—-—é
a0 x? x
and introducing a new variable®d = t - %/v where 8 is the
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time at which the saturatiné solution reaches any cross
section distant x from the column entrance, equation A.1
can be simplified as follows:-

By a fundnmental property of partial differentials:-
Y 90 BC, ~ ,;CA}
,@ X X 'g
(a%) - Vj(;c)
0t

and hence C ~3(1-€)f 2 M,
| @_ A\ _ _3__(__'_5_ i__é) ———h 2
3
ux/ drr 7 \Ut/x

ii, The rate of diffusion into a sphere.
The equasion of diffusion in a homogeneous spherical
particle, where the surfaces of equal concentration arc

concentric spheres is:-

2
d Gy 20 230
a t or r.ar
gsubstituting X:CAr this reduces to:-
2 ,

If the particle initially saturated with ion B is situated
within a column of similar ion exchanging particles, through'
which a solution of ions A hag been passing since zero
time, then the concentration of ion A at the surface of
the spherical particle will be a function of time and
position in the coclumn,

The diffusion equation must be solved with the following

boundary condition:-
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= 0 tr =0 ; : ~-—=A.4b
X ='%(t,}{) ;3 T = I'o; ———A';_‘4C
X=0 ; T =0 ; ~——=A.4d

If the parameter*@::t - x/v is used, the boundary condition

become :-
X=0 s r =0 +—-A,5b
X =?§8) ;T = Ty; +—=A.5¢C
X =0 ; @ =0 ; ---A.5d

and equation A.4a becomes :-

U, A%
Y —DP ‘3r2 -—=A.5a

5 represents time measured from the instant when the
solution front reaches a given cross section in the col:umn
distant x units from the entrance. At that cross section
diffusion begins when ~ - oo.

The solution of equation A.5a is given by Carslaw and

Jager (ref.C.9) as :-

ey
<! .
q = Ez__ 4_,lexp(-—DPn2ﬂ26/I’§) sin(nnr/r ) X -n
oNn n=

&

(-nﬁDP(‘l)n exp(DPn%'fz(A)/ri )¢(/\)d}\ ~—=A,6
The ;g%e of diffusion across the surface of the particle
may be obtained by differentiating A.6 with respect to
r, substituting for_r:ro and combining the rcsult with

equafion A,7 to give A.8.

oM > 00, AT
2t —Dpdwry cr
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M

%—,b—A-— C 4-\ nZeXp(—DPnZHZG/r(Z)) X

‘ n=1

LGXP(DPH%‘ZQ/T-?) i(rsel ——-4.8

where Cl is a constant.
At the particle surface equilibrium between particle and
fluid phases is attained :-
*®
Ay KC
e T C,
combining A.8 and A.9 with the continuity equation for the

hence

=%

|

(1+(X-1)C, /C,) ~—=-A.9

column A,2 gives the partial differential equation for

column operation A.10:-

w
6 Cp ' 2
= C, 41 nzexp(-DPngwﬂ}/rg) *
JLexp(D n.w-$fr ) (KC. /(l+(K—l)C )) -—=-A,10
here is a constant.

The solution to the problem of diffusion into spheres
in a deep packed column is given by the integration of A.10
Bquation A.10 may only be integrated by trial and error so lo
as the integral signc on the RHS remains, QSiﬁé'%he
~ substitutions Y= (K-—l)CA/CO and Z = Y/(Y+1) aiz uscd to
change A.10 to %;ll°—

A S 2
L - PB 2 nPexp(-Dpn“n@8/r2)
2t (1-z} n=1
exp(DPnEHZQ/rg) 7 -——A,11
Jy
Now the LHS may be expended by the binomial theorem to give
.—‘
the series :ﬁ nzn"l. Subscquently the corresponding terms on
n=1

each side of the equation A.1l may be equated. Generally this

gives A.12,.
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"

nz® 1 L exp(n®2€/v2) = b, exp(Don?r?8/r?) 7R——mp.12
Il2 P 0 3 P 0
ot (\
Differentiation of both sides yields A.l13 which can be

integrated by the Laplace Transform method in principle.
Lo Z -
5c 55+ Ay = 62 ———-—A.13
where G = 87D2C_QK/(K-1)r
‘ P o o)

Insufficient time was available for the final solution
of this problem since it was only a secondary aim of this
work. lowever, at this stage the last step should merely

be a matter of time.
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Appendix 4

COMPUTER FROGRAITMES.

a) A programme to calcuiate diffusion coefficients
from experimental breakthrough curves using Gilliland and
Baddour's model. This comprises the following:-
i. The main programme, which reads in date, accomplishes part
of the calculation and prints the results.
ii. A subroutine subprogramme SBGCAL which achieves the
controlled trial and error calculations described in
Section 4.3.3.
iii. A subroutine subprogramme FMTBGC which calculates the
film mass transfer coefficient from Wilke and Hougen's
correlation (ref.W7).
iv. A subroutine subprogramme DETECT which is used in minimum
detection in conjunction with SBGCAL, in the controlled trial
and error calculations.

Variable names used in the main programme.

Common variables.

B correction factor in equation 4.4.
CAP vltimate volumetric resin capacity.
CFINIS external solution concentration at column

entrance.
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CMDIA column diameter.

CMHT column height.

CMPILP calculated mid point slope.

COAREA column cross sectional area,

COLCAP column volumetric capacity.

DG percent degradation of strong base capacity.
DENS external solution density.

DLIQ external solution diffusion coefficient,
DPAR particle diffusion coefficient.

EDTA particle diameter,

EQCON selectivity coefficient.

FIRATE external solution flow rate.

IDIR control variable in trial and error processes.
KBAR K in nomenclature.

KF¥ film mass transfer coefficient,

KOV overall mass transfer coefficient.

KPAR particle mass transfer coefficient.
OMPSLP observe mid point slope.

RF film mass transfer resistance.

RFA assumed film mass transfer resistance,
RI Reynolds number.

ROV overall mass transfer resistance.

SC Schmidt number.

SPFLRT specific flow rate.

TEMP temperature

VALA constant term in Wilke and Hougen's equation.



VISC

VIMID

VOID
Dimensioned
HEAD
NGROUP
NSERIS
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external solution viscosity.

volume of effluent collected at mid point.

voidage in rcsin column,

variables.
headings.
group number.,

series number,

Undimensioned variables.

I

IF

IS

X
KFACT
PRAD

Variable

subscript.

loop finishing value.

loop starting value.

subscript.

parameter of KBAR.

particle radius.

initial assumed value in trial and error
process.,

names used in subroutine SBGCAL.

Undimensioned variables.

A
BA
BB
BC

D
DIFF

DIFFA
DIFFB

assumed value in trial and error process.

nth assumed value of parameter.

n+l th assumed value.

n+2 th assumed value.

distribution factor.

general difference between assumed and actual
value.

nth difference.

n+l th difference.



DIFFC
EQA

EQB
EQC
IZ
JDISC
KDISC
KFACT
KTT

X7
NDISC
NDIV
NQ
NSX
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n+2 th difference.
assumed value of parameter. in nth traverse
of minimum,
assumed value in n+l th traverse,
assumed value in n+2 th traverse.
control value.
control value.
control value.
meaning as in main programme,
initial assumed value of parameter in trial
and error process.
control value.
control value.
control value.
control value in minimum defection

control value in minimum detection.

variable names used in subroutine FMTBGC.

Undimensioned variables.

EXPA
EXPB
KFACT

Reynolds number exponent.
Schmidt number exponent.

value of film mass transfer coefficient.

Variable names used in subroutine DRTECT.

Undimensioned variables.

A
B
C
NA

firset value.

second value,

- third value.

controlled value transferred to subroutine.
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NS control value transferred to calling programme.

The difference betﬁeen the observed and assumed value of
the perameter to be determined by triﬁl and error must be
calculated for three consecutive cases to allow the detection
of minima and maximai The thrce difference values are stored
in A,B and C. The absolute values of A, B and C must be |
used since the sign of the diffecrence changes when a
minimum or maximum is passed.

b) A programme for the prediction of break through curves
from diffusion coefficients by Gilliland and Baddour's model.
This comprises the following:-

i. The main programme BGPDN which reads in data calculates
overall mass transfer coefficients and prints‘results o

ii. A subroutine subprogramme FMTBGP which calculates film
mass transfer coefficients from Wilke and Hougen's equation .
iii. A subroutine subprogramme FLCVBG which calculates
breakthrough curves from data supplied by the main programme.

N.B. This programme is set for a void fraction of 0,37
and a column diameter of 1.5 cm.

Variable names used in the main programme. These are only
defined where they are different or additional to those in the
previous programme.,

Common variébles.

RELCN relative efflucnt concentration CA/CO'
VOL volume of solution fed to column.
Undgémentioned vokriables.

RP particle mass transfer resistance.
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Variable names used in subroutine FLCVBG.

Timensioned variables.

GEE value of g(x,y) as in nomenclaturec.
UA parameter x in g(x,y).

v parameter y in g(x,y).

BIGGEE value of G as in nomenclature.

c) A programme to calculate the pressure drop across
a packed column of particles for any flow rate, particle size,
voidage and fluid uding the Carman Cozeny correlation.
This comprises the following:-
i. The .main programme PRESDP , which reads in data calculates
the ordinate values from the input data, and calculates the
pressure drop per unit bed length from the Carman Cozeny
ordinate wvalue supplied by the function subprogramme
FRICF and prints results.
ii. A function subprogramme FRICF which determines the
Carman Cozeny ordinate for any supplied ABGIE8A value
Variable names used in the main programme.
Common variables.
F Carman Cozeny abcissa value.
RN Carman Cozeny ordinate value.
Dimensioned variables.
ROELIQ Tignid &onenfy.
VISC liquid viscosity.
Undimensioned variables.,
X Carman Cozeny abcissa value. in main programme.

REYNO Reynolds number.
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DELP pressure drop.
Variable names uéed in the subprogramme FRICF.

Undimensioned variables,

FRICF subprogranme returned value.
B . subprogramme argument.
FRF interpolated value,

I subscript.
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IBFTC BGCAL L e T T
" REAL KF,KPAR; KOV, KBAR, KFACT
COMVON/COMA/EOCON(]Z),CFINIST12): ~ DPAR
© 1,DENS{12),VISC(12),DLIQL12),DEGE12),TEMP(12)
: COMMON/COMB/VMID(bO),CMHT(bO).FLRQTE(bO).SPFLRT(éO);
! ~ KF(60), RN(60),SC(60
COMMON/COMC/ - CMDIA,;VOID,COAREAyIDIR,PI,EDIA
COMMON/COMD/OMPSLP (60),CMPSLP(60),COLCAP(60)
COMMON/COMX/KPARI12) 4KOVI60) ,KBARL6O),
COMMON/COMY/RF {60) 4ROV {60) ‘
 COMMON/COMV/CAP(12),B(12)
DIMENSION NSERIS(60),NGROUP(60),HEAD(40)
= READ(5,b4) (HEAD(I)sI=1,30
! FORMA](éAé) -
S NOIN=0.37
CMDIA 1.5
CPI=3.181952 0 vk
 COAREA=CMDIA#22sPI/4

DO 21 K=1,1 T
READ(5,2) FQCON(K).CFINIS(K),PRA
T{K):CAP(K),B(K) )

2 FORMAT(TEIO.4,2F4.2)
EDIA=PRAD*2. o
SQRDIA=PRAD# %2 fii_'»jg"
IS=(K=1)%5+1 -~ 4
IF=1S+k R
DG 21 I=1S$,IF , f
o READ(5,:1) - FLRATE(I)vCMHT(I),VMID(I),OMPSLP(I)
1 FORMAT(4EIO.L)
SR COLCAP(I)—CNHT(I)*COAREA*(1.—VOID)*CAP(K
SPFLRT{I)= FLRAT&(I)/%CO
U NGROUP(IY=K o :
NSERIS(I)=]
0 IDIR=]
- X=0.1
" CALL SBbLAL(X K, 1,18,1F)
DO 22 K=1,1
I[S=(K=T)#5+1
IF=1S+4
IDIR=2
X= ROV(IF)*B(K)/IO. ,
CALL SHBGCAL (X,K3I,ISsIF): =
DO 23 1=IS,1IF K
CALL FMTBGC (I,K) _.7o- .
vDPAR(K)—KPAR(K)*SQDIA/(& *PI
DO 526 K=1,6 - - =
IS={K=1)%5+1 o o
IF=1S5+h : 3 AL
N IF{K.EQ. 1) WRITt(b,lo) (HE
10 FORMAT(]H!.:X 6A6/6X;, 6A6)”: :
IR (KLEQL ) WRITE(65,10) (HEAD(I),I =1,6)
IF(K.EQ.T) WRITE{6,916) S e :
IFUKLEQ.B) WRITEL6,916) BT

CHEADTI)




2916 FORMAT(IMG 27X, 1BHBREAKTHROUGH CURVE ;9X ,8HSPECIFIC2Xy = 6Xy "
16HRADIUS, 5%, 22HDTFEUSTON COEFFICIENTS/21X, BHOBSEAVED; 3X, BHOBSERVED

"Z,SX{lﬂHCALCULATLD 2X EHSOLUTION,2Xy —  ‘BX,2HOF/1X, 6HStRIES DXy 5H

SGROUPS2X3 3HRUN, 32X y2HMID POINT) 35X, UHFLOW, 4X, : : 6X,6
S OWHACTUAL X, ZHING9X 3 2HIN/ 22X 6HVOLUME , 6%y 5HSL3PE,ox+JHSL0PE;7x uHKA
STE UX, 5%y dHPARTICLE,ux.BHPARTICCE 5Ky UHFILM/ /23X, 3HML
' G OHT/SFC6Xy5HT/SEC6X 6HML/SEC, 33Xy 7 78X, 2HCM, 7x 9HbM*CM/SEC 2xr”
7 QHEH*CM/SEC) e o § ‘
52¢ WRTTL(6,12)7 nsLRxbll),NbKUUV(r7,1 VMIU(YJ,UM’SLP(I),CMPSLP(I).
O ISPFLRTAINPRADy - 7 o0 2 U DPARIK)I S ULIQUK) v i : :
12 FORMAT(IHO, 14,17, IJ:FI% 3,3611.3, E13.6, 2511.5)
526 WRITE(6,13) CFRINIS{K);TEMP(K),DEG(K) ,.,EDIA LT
13 FORMAT(THO y 6X, 13HCONCENTRATION, F7.3,2H- N, 13 TEWPERATUREWFO 2y
12H Cy28H PERCENTAGE DEGRADATION,F7.2, 19H VPARTI’LE DIAMETER,E13.4°
2,,H CM) ‘
DO 527 K=1 y 6
15~(u-1)*5+1

: =15+L I e “"'it”'“f “‘3"{ .;;4;,;j;q*j_;Q;;
TF(K.EQ. 1) WRITE(6,10) (HEAD(I),I=1,6) (HEAD(I},I=13,18)

IF(K.EQ.) WRITE(6,10) (HEAD(I) 1=

| | 1 1,6) (HEAD(T),1=19,2u)
[F(K.EQ.1) WRITE(6,911) CrUL SR

© o IF(K.EQ.H) WRITE(6,911) e T
911 FORK QT(]HO 5Xs C4BHSERIES FILtM s
. 1 T — ‘ : L mi L R , 63HO!-‘.“%
_ILUTION 7 PARTICL& "REYNOLDS SCHMIDT. ' I 6Xy
1108HNO. NO CNO o MaTe it MeTe T FLOW S T MLT
b NUMEER ; NUMHER'“ : TS /18X, 61H ‘ o
. 1COEFF ©  COEFF  RATE -~ "~ COEFF.. - /29X,41HSEC-1
1 SEC-) ML/SEC SEC- 1) o ST

DO 523 I=1S,I1F - ' ‘
WRITL(é 6) FLRATE(I):CMHT(I) VMID(I) OMPSLP(I)
j;c’FGRMAT(IHP HEI0.H) 2 ’ LU LN
523 WRITC(6,913) NSLRIS(I):NGRUUP(X); ,KOV(I):KF(I).FLRATE(I): o
s TKPAR(K) o RN(I),SCCL) - - R o
"913 FORMAT(1HD, 17,19, 18 L1u 3 5512 3)
S527 WRITU(6,13) CFIvIS(K),TEMH(K{,QEQLEJ_,:1§Q}5§

K ‘ Yoo
{ SR R
} S
RN .
( ) B
. - ),‘
z
G,
‘v- .5 b
cro »
‘"‘-;-‘\;/ ~ 3
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DO 3001 k=1,6 -

CTF(KXX.EQe5 . ANDWKLEQ3) 75 60703071 - &
TF (KXY EQ.BoAND Ke EQ.6) 60 TO 3071
O IF(KXX.EQ«B.ANDJKLEQ.3) "o 60TO 30T T
CIF{KRXX.EU.84AND K, tu b)”“ eo TO 3071"
Is-(}«—1)¥5+1' S ' :
IF=T1s+4
CUIROKGEQL Y T WRITE(6,517) 7
IF(KetbQalt) WRITE(OGyS17)

FORMATLIHT 65X, 6A6) - © 0
IFIK.EQ.T) WRITE(O 519) .

[

S(HEADII),1225,30)
(HEAD(II:I 25,3o>

T IF(KGEQeW) UUMRITE(6,519) 50 e mn R e
519 FORMAT(1HO, 1X;7T8HSERTES ~ GROUP  RUN™ FLOW CONCN TEMP *~ DEN™
SO1SITY . . VISCOSITY ““UEGRDN/COLy 23HUMN = CAPACTTY. OLUMNZZZX{uHRAT

2F, 51X,°HHT,18X SHCAPACITY/ZZX 6HML/SLC sx 6THN B R GM/
T TPOTSE S By M £ sEE ' L

3071 VRITE(013061) (NSERIS(I),NGPOUP(I),I FLR
) TENS(K) s VISCUK) yDEG(K)y CMHT (T CAP(K),COLCAP(IL&E =
3061 FORMAT{IHO,1X,11,18,17,2X, 2510 2,F601,2E10.2;F8,1,3E1042)
525 CONTINUE ~- 7 e e '
CosTOP
ENDY

FESS BB I

T
=
e



RS

-~ COMMON/COMY/RF {60) ,ROV(60),RFA(60)"

1, DENS (121, VISC(12),DL1G(12), DEG(12), TEMP (12}

SIz=1

ijstc 1
TKTT=X

_JpIsc=1
© 60 TO 660

“KDISC=0 =

iliil

'SUBROUTINE SBGCAL (X,K,I1,IS,IF)
REAL KF, KPAR KTT KOV KBAR KFAC]

COMMON/COMB/VMIU(bO)yLMHT(éO),FLRATt(bo) SPF
1 _ S UKFL60)y RN(éO),SC(bO),VALA(éo
COMMON/COMC/ CMDIA,VOID, COAREA IDIR PI,EDIA

'COMMON/COMD/OMPSLP(bO):CMPSLP(bO) , COLCAP {60
"COMMON/COMX/KPAR(12),KOV({460),KBAR(60).

COMMON/COMV/CAP(]Z);B(12)

L

NQ=-1

GO TO 6u2
NQ=1

G0 To 6w2
KTT=1.1*KTT'”””" SR

6O TO (oub}6u1;§39i{db1§pmmm»”

"NDISC=1

KDISC= KDISC+1

L INDLYSKOLSCEV T IR

CTUY=EQA =
.60 T0_6HZWH,..MMWMWWMMM‘MNm_»WMwM
CEQB=EQA-FLOAT(NQ) * FLOAT (NDIV=1) *X/ 47

: : Y E Q G Z:.,:_'.".'. S
' 60.To (822, 8231.101R
CIF(1Z.EQ. ) -

CUUKOVIT)=KBAR(I) *EQCON(K)/ (EQCON(KI=1.)
CIF(KOVIT).LT.0.) S KOVUIY=-KOV(I)

=G0 TO 6uT

NDIV=NDIV+1

.60 O (643,644, 6U5),NDISC -~ =" - =

Y=EQB

EQC= EQB+FLOAT(NQ)*FLOAT(NDIV 1)ax/8.

LfKBAR(I)— 3
IF(IZ ER. 2. AND KZ. EQ 1) KBAR(I)‘(BB*DIFFA+BA*DIFFB)/(DIFFA+DIFF8)

'KFACT CFINIS(K)*KBAR(I)/(& *FLRAT&(I))




U IF(I1Z.EQ.2). T RETURNS

213

44ROV(I)“B(K)*VOID/(KOV[I)*CAP(K?*(1-—VOID))
CMPSLP(I)—KFACT

DIFF= UiPSLP(I)—CMPSLPA )
G0 YO 824 i e h
A=0. S
00 20 1=1S,IF
RFE(I)=ROVII)=-Y
RFA(I)*SPFLRT(I)**(—O U9)
CASAFRF (L) /REACLY '
DIFF= ARSTA=S. = RFE(TFY/RFACTE e
IF{NDIV~ (KDISC+1))630,631.632 m
DIFFA=DIFF . =
BA=KBAR(I)
GO TO 655 o
DIFFB=DIFF
BB=KBAR{I) "=
GO TO 655 ]
DIFFC=DIFF T w70 o
BC=KBAR(IY
IF((DIFFA%DIFFB).LE«Os)
IF{(DIFFC#DIFFB).LE.Op) R
CALL DETECT(DIFFA, DIFFB,DIFFC!NDISC NS ==
NDISC=NSX
GO TO (648,6u8,6u8,649,649,6507
JOISC=JDISC+T - '
GO TO 653 ~ . ,:zﬁf
NDISC=NDISC-2
GO TO 656~ i
GO 710 (75] 750)1IDIR 1_”
12=2 - s
6o 70 822 o
) D=CAP(K)*(1.-VOID)/{CFINIS{KI*VOID
KPAR({K)=Y#D S
DO. 720 I=IS,IF .-+
KF{I)=1./RF(1)
CONTINUE . = .-
CONTINU&
- RETURN | = = e
ENO 0k ko ST : e SRR
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SIBF ¢ FTHICK = @77 7o
SUBROUTINE FMTBGC (I,K) '
REAL KF,KPAR, = KOV,KBARyKFACT

1

: t

-EXPA= —ﬂ 51
tXPB——(" 67

RETURN - =
r:f\‘D

.y 23
—

N
SR~ o R I 2, P

SV I O

-
i y
.
- ' ‘
- R EEE
[ HRY
{3 rl v-
- ‘ roo
t ; Viohe !
3 ' :
i o



) | :  210

IF(B.LT.A.AND C.LTeB) GO TO 20
IF(BeLTsA¢cANDSCCECBI 60 TS ST o=

IF(B.EO A-AND.C GT-B) GO TO 21
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IBFTC BGPON ~ NOGECK e ,,“M”_w“fmwwwwugmfwmwyme,w
' REAL KF,KPAR, =~ KOV.,KBAR = =m0 mor—— R
COMMON/COMA/EQCON(12),CFINIS(12), " DPAR(IZ) I
1 DENS(lz),VISC(lz),DLIQ(12).DEG(12).TEMP(12)‘

COMMON/COMB/VMID(60), CMHT(bO),FLRATE(éO),SPFLRT(60). e B T T
1 KF(60), : 'RN(bO),SC(bo).VALAlbo)- S
COMMON/COMC/ = CMDIA,VOID,COAREA;IDIR,PI,EDIA- = . e
COMMOR/COMD/OMPSLP(&O),CMPSLP(60) COLCAP(bO)'
COMMON/COME/RELCN(400),VOL{400) ¢ P
COMNON/LOMX/KPAR(]2),KOV(bO),KBAR(bO) T
COMMUN/COMY/RF{60),ROVI60),y P
COMMON/LOMZ/CAP(12),8(12) ]‘fw

DIMENSTON NSERIS(60), NGROUP(bO) HEAD(MO)
. READ(5,4) (HEAD(I),I=1,30) . B
FORMAT(bAb)
VOID=0.37
CMDIA 1.5
PI=3.141952
COAREA= CMDIA**Z*PI/hn

DO 626 K=1,6 . )T U
READ(5,2) EQCON(K),CFINIS(K),PRAL PRAD
1{K) ,CAP(K),B(K) '

FORMAT(TETO0.L,2F4, 2,,
 EDIA=PRAD#2.
CSQDIA=PRAD##2 - G
READ(5,3) DPAR(K) DLIQ(K)
FORMAT(2E10.4) - TR
D= CAPAK)*(1.—VOID)/(CFINIS(K)*VOID)
KPAR(K) =k, *PI*PI*DPAR(K)ISQDIA
RP=1./(KPAR(K)®#D) ~ -
IS=(K-1)#5+1 :H_-?fﬁff:ii
IF=1S+4 o S

DO 627 I=IS,IF: N
__READ(5,3) FLRATE(I).cMﬁij) -
_'COLCAP(I)-CMHT(I)*LUAKtA*\1.°VOID)*CAP(K)
SPFLRT(I)}=FLRATE(I)/(COAREA®VOID):=z -~ - =~
XOV=CMHT (1)/SPFLRT (14
NGROUPTL)=K - e
NSERIS(I)-1 s .,
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= CALL FMTBGP(I,K)

~ RF(I)= PRAD/(KF(I)*3.*(l.—VOID))

"ROV(I)=RP+RF(I)

KOV(I)= B(K)*VOID/(ROV(I)*CAP(K)*(I.-VOID))

. KBAR(I)=KOV{I)#(EQCON(K)=1.)/EQCON(K)" E

IF(KBAR(I).LT.0O,) KBAR(I)==KBAR(I)

S IFLI.EQ.IS) WRITE(6+650) .  KXX . .

QSO_FORMAT(IHI 6Xy14) T

T WRITE{6418) NSERIS(ID,NGROUP{I), I - i 0

18 FORMAT( THO 45X 13HSERIES NO »13,4X, 12HGROUP NO~

_T9HRUN NO +»13/7/5%,4HC/CO,2X, 6HVOLUME) .
CALL FLCVBG (XOV,I,KsISyIF)

“ WRITE(6,9)  FLRATE(I),CMHT(I):

9 FORMAT(1HP,2E10.4) » .

o CMPSLP(I1)=KBAR(I)*CFINIS{K)/(4s#SPFLRT(I)):

- OMPSLP(I)=CMPSLP(I) T e

627 CONTINUE

626 CONTINUE .

7 DO 526 K=1,6 e R b

, IF(K.EQ.1) WRITE(6410) (HEAD(I),I=1,6) (HEAD(I),I=13,18)

10 FORMAT(THY,5X,6A6/76X,6A6) ~ -
CIF(K.EQ.Y4) WRITE(6,10) (HEAD(I)sI=1,6) (HEAD(I),I=19,24)
IF(K.EQ.1) WRITE(6,916) ; B

IF(K.EQ.Y4) WRITE(6,916)

916 FORMAT(1HO,27X, 1BHBREAKTHROUGH CURVE;9X,8HSPECIFIC,2X, O 6Xy

_16HRADIUS,5X ¢22HDIFFUSTON COEFFICIENTS/21X,8HOBSERVED,3X, BHOBSERVED |

233X+ VOHCALCULATED 2X,BHSOLUTION; 2Xy -~ BXy 2HOF/1X, OHSERIES s 2Xe 5H

"3GROUP 42Xy 3HRUN 32X, 9HMID POINT)»5X,UHFLOWsUX, S Y-

TV LHACTUAL s 8X 9 2HIN,9X s 2HIN/ 22X 4 6HVOLUME y 6X 3 SHSLOPE s 6 Xy SHSLOPE  TX, UHRA

S5TE,4X, ' 5x.BHPARTICLE.ux.BHPARTICLE 5%y 4HFILM/ /23X, 3HML 48X

T 535H1/SECy6XSHT1/SEC 16X ¢ 6HML/SEC3X5- = T.8Xy2HCM3 TX s JHCM*CM/ SEC, 2X

T+9HCM=CM/SEC) ' '

CIS=(K=1)#S541 . T o aT T

IF=1S+4 I R

DO 522 I=1S,1F A

522 WRITE(6,12) NSERIS(I).NGROUP(I).[ VMID(I) OMPSLP(I)

- 1SPFLRT(I)yPRADy . - . ‘DPAR(K ) DLIQ(K) & 25 = L

" 12 FORMAT(1HO, Ik, 17,15,E13.3,3E11.3,  EI3. 6.2511 3

526 WRITE.(6413) CFINIS(K) TEMP(K),DEG(K)- -y EDIA"T ST T

13 FORMAT(1HO,6X, 13HCONCENTRATION F7.3, 2H Ny 13H EMPERATURE,F622,
212H C,24H PERCENTAGE DEGRADATION,F7.2,19HZ PARTICLE DIAMETER,E13.4

2,3H CM) e

=-DO 527 K=1,6

~IS= (K-l)*5+l

i;IF IS+h
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IFAK.EQ.b4) WRITE(6,10) (HEAD(I),1=1,6) (HEAD(I),1=19,24) "1 "~ ~
IF(K.EQ. 1) WRITE(6,911) e e

U IFAK.EQ.B) WRITE(6,911) CEEIT T EARTOL T ey
11 FORMAT [ 1HO, SX,OUBHSERIES GROUP ORUN OVERALL COFILMT T s
S - S LT 63H0
"ILUTION  PARTICLE REYNOLDS SCHMIDT . T rexy T
“1108HND NO NO  MaTo 750000 MaTa 200 FLOW MeT
1 NUMBER NUMBER 418X 61H . - '
1COEFF COEFF  RATE ' COEFF " '" /29X, 4 IHSEC=1

B SEC-1 ML/SEC SEC- 1)
DO 523 I=1S,IF L s R
523 WRITE(6,913) NSERIS(IT“NGROUP(I) I.KOV(I) KFII) FLRATE(I). -”
AKPAR(K) 4RN(1),5SC(I) s
,9‘3 FORMAT ( 1HO, 17,19,18, E1u 3,5E12. 3)
527 WRITE(6,13) CFINIS(K),TEMP(K)yDEG(K)  +EDIA
TODO 3071 K=1,46 '

ST IS= (K1) 2541
- IF= 1S+4 -
IF{K.EQ.1) WRITE(6,517) (HEAD(I),1=25,30) " 7"
. IF(K.EQ.U4) WRITE(6,517) (HEAD(I),1=25,30)
517 FORMAT(1H1,5X,6A6)
- IF(K.EQ.1) WRITE(64519)

IFIK.EQ.4) WRITE(6,519)

N519 FORMAT (1HO, 1X,78HSERTES GROUP RUN FLOW CONCN TEMP. DEN
o 1SITY VISCOSITY DEGRDN COL,23HUMN ..CAPACITY. COLUMN/ZZX.MHRAT'T
2E, 51X, 2HHT, 18X, 8HCAPACITY/22X:6HML/SEC,5X 67HN T * ' GMICC

3 POISE £ CM e - MEQ/ML . "MEQ7/) . - 3

071 WRITE(643061) (NSERIS(I) ¢NGROUP(I), I,FLRATE(I)oCFINIS(K).TEMP(K). |

© _ VENS(K)4VISC(K) ,DEG(K),CMHT(T),CAP(K)yCOLCAPLT) 4 I=ISyIF)

061 FORMAT(1HD, 1X, 11,18, 17,2X,2€10. 25F6.1,2E10.2

525 CONTINUE-- - e '

S END T e e
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IBFTC FCBGCL
' SUBROUTINE FLCVBG (XOV.I, K.IS.IF)

REAL KF,KPAR, = ‘KOV,KBAR & . oo coooiiol st o oo
LOMMON/COMA/EQCON(12),CFINIS(12). o ”"’DPAR(IZ)
4 1,DENS{12),VISC(12),DLIQ(12),DEG(12),TEMP{12) ~ =%
COMMON/COMB/VMID(60) ,CMHT(60) FLRAT&(bO),SPFLRT(bO)

1. , T KF(60), . , .RN(bO),SC(bo) VALA(bO)
COMMON/COMC/  CMDIA,VOID,COAREA, IDIR,PI
 COMMON/COMD/OMPSLP(60),CMPSLP(60Q), COLCAP(bO)
COMMON/COME/RELCN(400),VOL{400)
COMMON/COMX/KPAR(12),KOV(60) KBAR(60)
j COMMON/COMY/RF(bO),ROV(bO)a~

UIMENSION V(Z).GEE(Z) UA(Z)
JA=1 I _
| H=0. 1*FLOAT(I Is+1)*u *o l/(CFINIS(K)*S
HB-—’I(\ #R3uH . oo o o ]
TX= XOV*FLRATE(I)
YA=0.00V - . . T
- DO 1020 J=1,1000 Jy"w ,
S JB=J—JA+] . =
VOL(JB)—TX+FLOAT(JB-1)*HB N
Y=YA+FLOAT (JB=1)#HB =5
APAR= COLCAP(I) -{ /CFINIS(K) Y
~ BPAR=APAR#KBAR({I)#CFINIS(K)/SPFLRT(I) §
U= KOV(I)*CFINIS(K)/SPfLRT(I)
~ V{2)=KOV{I)=#COLCAP(I) *
VV(l)—V(Z)/EQCON(K)
- 10=00 T
A =UsY '
L UA(Z)-UA(i)/EQCON(K)
ID=ID+1
A= SQRT(V(ID))—SQRT(UA(ID))
C=A%A ‘ v M
IF{C.GT.80.) 7 - C=80.7 =
- DERF=2, #EXP (- C)/SQRT(PI)
~ GEE(ID)=0. 5*(1.-ERk(A))+DERF/(M.*SQRT(SQRT(V(ID)*UA(ID)))+u.*SQRT(
TUACID)))
IFLID.EQ. 1) GO TO us
BIGGEE=(1.~GEE(2))/GEE(1)
IF{BPAR.GT.80.) +  BPAR=80..:
IF(BPAR.LT.—80.) BPAR=-80.
RELCN{JB)=1./(1.+BIGGEE*EXP(BPAR).)
y IF(RELCN(JB)=0.10) 1020,230,230
IF(HB=(H®*10.%0. 001)))231 231,232
IF(RELCN(JB).GE 0.99) GO T0 1030
_(JO T0 1020 l' i "i': L
JA=J+1 S
IF{TX.NE. VOL(JB)) TX= =VOL {JB=1):
"IF{YAJNE.Y) YA= Y- HB
i HB=HB/10. - o
1020 CONTINUE

/SPELRT(I)

,.“

1030 WRITE(65,1010) (RELCN(JC) s VOL(JC),JC=1,JB)
1010 FORMAT(1H 56Xs8E12.40
DO 1021 J=1,1000




225

S IF{RELCN(J)=0.5) 102V,2k1,282 ... =
241 VMIDII)=VvOL(J) e
T RETURN : : SRR T
242 JC=4-1 I EE LRI s S
: ]VM!D(I) VOL(J!-(VOL(J)-VOL(JC)H(RELCN(J)-O Sl/(RELCN(J)-RELCN(JC)_-E:?--
\ I SR

e RETURN - et Do
1021 CONTINUE - .. T
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ETCEFTHICK DECK. .- - ,
o SUBROUTINE FMTBGP cl.K)

COMMON/COMA/EQCON(12)-CF1NIS(12)01
”ADENs(12),vxqc¢1ax.Don(123.056(1230T5Mﬁiizrﬁ




P123,141592 = =
READ(5+ 1) J(RN(l)OF(l)OI—lClq)
'.:1, FOQMAT ( 2E7 2 ) Tl T TR T e e I L

WRITE(6.10)
=10 ORMAT(1H1s6Xs34HPRESSURE:DROP:IN_BbDb«

TFLRATE=FLOAT (K/10) = , < ;
SPELRT=FLRATE /COAREA === == e
S=6.*(1«-VOID)/PDTA
REYNO ~ROEL10(1)*xPFLRT/(VIsC(ii*‘*‘ B e
X=FRICF(REYNO)Y : : '
TDELP= X*S*ROELIO(!)*SPFLRT**E/(14§L£32'EiMBID**BY:::::2~l
20 WRITE(6412) FLRATE + SPFLRT+REYNO X DELP A i
2: FORMAt HO 6)(! 4E 1 2 + 836X E1 e 42} o e e N roie I
WRITE(64+13)
:Z*:IB“FORMAT(iHO?SXvP9HUNITS—£QEEgaiuIiS¢F:

o [T —— - e s - . N e et P

$IBFTC FIGBS
:FuNcTIOM'FRICFTB) e

1 (ALOGIO(RN(T))=ALOGIO0(RN(N))) .

=== FRICF=10+*¥ABSIALOGLOIECEI=ERE) , EE
; RETURN -

S ENDE
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01 OE=01048E- 03+
—___010E_000S2E 02
Z=-"010E.01050E.01
 030E_01018€_01
E==050E:01012E=01"2 .
_O10E_02072€ 00

"0 1-0E- oaolga oo;

_0S0E_04017E 00
==—"1010E.050156 00"
023E-02060E 00

Z062E. ozovnF-oaﬁ;

The first fourteen data cards contain the Carman-Cozeny.
correlation curve as fourteen X and Y values, These cards
must be included in the programme, The number of following
data cards will depend on the number of separate calculations

- t0 be carried out. . _ .
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