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Thermal Stability of Cation-exchange Resins

N.G.Polyanskii and P.E.Tulupov

Experimental work on the thermal stability of cation-exchange resins in air, water, certain aqueous solutions, and also
organic media is summarised for the first time. Conclusions are reached about the effect of various factors on the thrmal
stability and about the nature of the processes responsible for the decrease in exchange capacity. Special attention is
paid to the existence of an inherent relation between the thermal stability and the catalytic activity of ion-exchange

materials. A list of 235 references is included.
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1. INTRODUCTION

The action of heat'’®, radiation®, and oxidants* on
carbon-chain polymers often causes irreversible chemical
changes in their macromolecules owing to rupture of the
carbon—-carbon single bond and the occurrence of degrada-
tion processes. Ion-exchange materials (resins and mem-
branes) contain also the far less stable bonds between
functional groups and the polymer matrix (carbon-nitro-
gen, carbon-sulphur, carbon-phosphorus, etc.). For
this reason the main problem of the thermal, chemical,
and radiation stability of ion-exchange materials is the
behaviour of the functional groups, which are responsible
for the ion-exchange and electrochemical properties under
certain conditions.

The importance of this problem arises entirely from
the inevitable heat-treatment of exchanger resins and
membranes during their preparation and examination of
their physicochemical properties. In several actual
cases of practical exploitation, exchangers are subject
simultaneously to thermal, chemical, and radiation
effects.

At the high temperature of the polycondensation of
hydroxybenzenesulphonic acid with formaldehyde the
exchange capacity of the sulphonated caiion-exchange
resin may be diminished by desulphonation °, the formation
of sulphones, and the interaction of sulpho-groups with
formaldehyde®, and the three-dimensional structure of the
polymer may undergo partial breakdown W1th oxidation of
the degradation products by sulphuric acid”. In the
preparation of sulphonated catlon-exchange resins based
on polystyrene and formaldehyde® or vinyl polymers ®an
excessive rise in temperature results in a decrease in the
exchange capacity.

The drying of exchange resins, which is usually con-
ducted at a high temperature (at or above 100°C) in order
to determine their physicochemical properties "”“,1 and
their preparation for chromatographic separations ™"’
and for the production of heterogeneous membranes '® may
be accompanied by a diminution in the exchange capac-
ity *?"®° and by irreversible changes in the structure of
the three-dimensional network?°

Many analytical separations by ion- exchange chroma-
tography are conducted at high temperatures? While
utilising the kinetic and thermodynamic advantages which

this confers, we must reduce to a minimum the chemical
changes in the exchange resins that are inevitable with an
incorrect choice of temperature conditions for the separa-
tion. The regeneration of spent exchangers is often
accomplished by means of heated solutions ** 2, the con-
sumption of which decreases with rise in tempera.ture

Exchangers are often used at high temperatures under
mdustnal conditions, e.g. in the deionisation of mdustrlal
waters *%, the purlﬁcatlon of radioactive solutions **, and
many catalytic reactions of organic compounds **. The
correct choice of exchanger, necessarily taking into
account its thermal, chemical, and radiation stability,
will govern its useful life, and often the successful accom-
plishment of the desired processes. Thus practical
interests demand a comprehensive investigation and survey
of data on the thermal, chemical, and radiation stability
of ion-exchange materials in all the typical media in which
they are used. Results for the radiation stability of ion-
exchange materials have been reported in detail in a mono-
graph®, but data on their thermal and chemical stability
are now summarised for the first time.

2. METHODS FOR THE STUDY OF THE STABILITY OF
ION-EXCHANGE MATERIALS

Ion-exchange materials are not individual compounds.
Their composition and properties depend on the purity of
the original monomers and the conditions for synthesis of
the polymer, the content of low-molecular-weight com-
pounds in the final product, and its pretreatment. The
physicochemical properties are therefore determined on
exchanger fractions of definite _Pa.rticle -size distribution,
freed from impurities by acid 87=% or alkali-acid **~*°
treatment, and in individual cases also by washing with
organic solvents ", Ton- -exchange membranes are
usually prepared by similar methods **"*?, but the possi-
b111ty of destroying the reinforcing fabrlc must be borne
in mind *°

Several physicochemical properties—exchange capac-
ity, moisture capacity, relative swelling, density, etc.—
must be studied for a complete description of exchangers
and their stability, and with membranes the electrical
conductivity, selectivity, permeability to water, mechani-
cal strength, and elasticity must also be examined.
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The most important physicochemical characteristic of
ion-exchange materials is the total exchange capacity. In
the case of polyfunctional exchangers and membranes the
exchange capacity is also determined with respect to indi-
vidual functional groups. However, by no means all
methods described in the literature for estimating exchange
capacity can be used to study the stability of exchangers
and membranes. Many authors recommend statistical
methods for determining the total exchange capacity of
mono-~ and poly-functional exchangers in the hydrogen or
the hydroxide form; these involve treating a weighed
portion of the resin with excess of a standard solution of
alkali ***® or acid *>*®*® in a closed flask for a definite
time. Sometimes a neutral salt is added to the solution
to accelerate the exchange of mobile ions*®. Total
exchange capacity is not a happy choice to represent the
stability of a polyfunctional exchanger, since different
types of functional groups usually split off at different
rates, and furthermore carboxylic and phenolic groups
may be formed on irradiation or by the action of oxidants.

The most reliable measure of the resistance of an
exchanger to a given factor is the capacity which is
retained with respect to individual active groups (expressed
in mg-equiv. g™ initial resin or as a percentage of its
original exchange capacity), determined potentiometri-
cally *>%~%  conductometrically ***", or titrimetrically
Potentiometric methods require a large amount of time,
and are advisable only for studying reaction mechanisms
and the formation of new functional groups. In series of
experiments it is more useful to apply rapid methods for
the separate determination of the exchange capacity of
cation-exchange resins in the hydrogen form **’*° (direct
titration of the resin in the presence of a neutral salt),
for whose development much credit is due to Vasil'ev and
his coworkers®°~%, The considerable difficulties
involved in the separate determination of the active groups
of different strengths in phosphoric-acid cation-exchange
resins ® have not yet been overcome.

Complexometric methods * " which do not require
conversion of the exchanger into the hydrogen form, have
undoubted advantages in estimating the exchange capacity
of the salt forms of cation exchangers.

In laboratory practice, and sometimes also in studies
of the stability of ion-exchange materials, use is guite
often made of the static exchange capacity ****°***"°  which
is determined by titrating a solution of a neutral salt, an
acid, or an alkali in equilibrium with the test polyelectro-
lyte. The static exchange capacity depends on many
factors—the concentration of the solution, the temperature,
the degree of cross-linking of the exchanger, etc.—and
therefore cannot serve as a criterion of its stability.

In the determination of the exchange capacity of an
exchanger under dynamic conditions an electrolyte solution
is filtered through a layer of the resin, and the ions dis-
placed from the active groups are subsequently titrated in
the filtrate ®7%*7™ = This method is considerably more
complicated than the static method, and requires a large
consumption of reagents, but it gives valuable information
on the dynamics of ion-exchange processes and on the
properties of the exchangers.

Values obtained by the above methods for the exchange
capacity may differ from those calculated from the formu-
la of the structural unit, owing to incomplete sulphonation
and phosphorylation or the occurrence of secondary pro-
cesces which convert some of the functional groups into an
“inactive” state ™™, The content of “inactive” sulphur
or phosphorus is determined from the difference between
the results of elementary analysis’ and titration.

40,41
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Exchange capacity is usually expressed in mg-equiv. g™
dry material. This quantity is to some extent arbitrary,
since it is evidently impracticable to obtain “absolutely”
anhydrous exchangers without changing their chemical
nature. Yet in several cases it is necessary to use
dehydrated exchangers.

Conditions of dehydration must be chosen for each type
of ion~exchange resin or membrane. It must be remem-
bered that part of the bound water remains in the
exchangers, and is capable of exerting a decisive effect on
their behaviour towards radiation, heat, and reagents.

It is interesting that the cation exchanger KU-2, after
being dried at 100°C to constant weight, contains mono-~
hydrates of the sulpho-groups or ~ 9% water ",

Many methods have been described for removing water
from caiion-exchanée resins: these reduce to drying in a
thermostat at 90°,™ 95~100°,™ 100 + 50°,%° 105 + 2°,%
105-110° ,1041:39,2,8,8 110_{15° 8 110~120°,% or 120°C*,
distillin% off the water azeotropically with an organic
solvent®, or evacuating in the presence of a drying
agent 2% 5,52 ,87 o4

Cation exchangers having a polystyrene-divinylbenzene
matrix can be dehydrated without danger of destruction
by any of the above methods, but the most convenient
treatment in practice is to heat in an air thermostat at
110-115°C to constant weight. The less thermostable
sulphophenol-formaldehyde and sulphostyrene-butadiene
(SBS resin) cation-exchange resins are appreciably desul-
phonated under these conditions: it is advisable to dry
them over phosphorus pentoxide or magnesium perchlo-
rate at a residual pressure of 5-10 mmHg in a vacuum
desiccator.

The equilibrium moisture content of an exchanger is
measured by the moisture capacity, expressed as the
number of grams or millimoles of water retained by 1 g
of the resin or 1 mg-equiv. of functional groups in the
state of maximum swelling®”’*, Determined under
rigorously standardised conditions, this quantity is of
great value for indicating changes in structure of the
matrix on heat-treatment, although it must be accepted
with the same reservations as the concept of an “abso-~
lutely dry” exchanger. The most reliable method for
determining the moisture capacity is to remove adherent
water from the fully swollen exchanger by centri-
fuging *****"% (or by squeezing between sheets of filter
paper in the case of membranes ®®), and then dehydrating.

The moisture capacity is closely connected with one of
the most important characteristics of exchangers—the
relative swellability—that govern their mechanical,
kinetic, and catalytic properties. The relative swella-
bility is defined as the percentage increase in volume of
the resin in the hydrated state with respect to the volume
of the dry resin. Most known methods give only apparent
values of this quantity. In particular, the simplest
method, involving measuring the volume of the anhydrous
and the swollen resin in a cylinder ¥**°*% or in a cali-
brated column®®, gives values which depend on the granu-
larity of the exchanger. Methods based on measurement
of the volume'®**® or the weight ' of bound solvent yield
in effect the moisture capacity, owing to the breakdown of
additivity °*. The true value of the relative swellabilit
can be determined by measuring the specific volumes ®* or
from the increase in volume of a pyknometric liquid in a
w Lcro‘lmrette on the introduction of weighed portions of the
resin . Quite reliable values of the relative swellability
can be obtained by measuring individual resin particles
phorographically '™, microscopically %" ®"%  or pykno-
metrically **"% A gsimple pyknometric method 1%
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makes it possible to determine simultaneously density,
relative swellability, and moisture capacity, which are
interrelated functionally. An interesting method has been
described!® for determining the true density of ion-
exchange materials in binary solvent mixtures.

The change in the rate constant for the racemisation of
(+)-a -isobutyldeoxybenzoin has recently been used '*° as an
indication of the thermal stability of the resin Amberlite-15
when heated in inert media. This approach embodies the
idea of a close connection between thermal stability and
catalytic activity in ion-exchange materials, which has
been expressed repeatedly by the Reviewers in a series of
publications.

Since direct methods for recording changes in the
structure of exchanger macromolecules have not been dis-
cussed in the literature, indirect methods (moisture
capacity, relative swellability, sorption properties, etc.)
are used. The spectrophotometric method gives inter-
esting details of the chemical structure of a resin macro-
molecule """, Nuclear magnetic resonance "%,
electron spin resonance *'*#  and the Mossbauer
effect 2% are undoubtedly of interest for studying the
internal structure, in particular the bonding of water in
the resin macromolecule. These methods should find wide
application for investigating the thermal stability of exchang-
ers. Theapplication of diverse methods for investigating the
properties of exchangers in organic media and in the gas
phase''?*?® will provide valuable information on the
mechanism of the changes which occur.

The complete characterisation of ion-exchange mem-~
branes requires also a knowledge of the changes in selec-
tivity 2% electrical conductivity'*"** ™% water per-
meability ‘25"3"‘3", mechanical strength, and specific
elongation under tension'®. It must be remarked that
publications very seldom give a complete description of
the properties of membranes (or of ion-exchange resins),
and this lessens the value of the published results.
Authors usually determine only the most important elec-
trochemical properties of membranes, such as the con-
ductivity and the selectivity: a more complete description
of the physicochemical properties of membranes will be
found in only a few papers 272843

3. THERMAL STABILITY OF CATION-EXCHANGE
RESINS IN GASES AND VAPOURS

The systematic study of the thermal stability of
exchangers in air was initiated by the work of Sal-
dadze'®**°,  Using a thermographic method, he observed
an endothermic change, probably corresponding to dehy-
dration and occurring in the range 100~130°C depending
on the nature of the exchanger. Further heating to 400°C
was not accompanied by thermal effects which could be
recorded, and this was interpreted'® as evidence of great
thermal stability in the exchangers. Somewhat later
Evlanov and his coworkers'*" employed chemical and
thermographic methods of analysis to show the presence,
on the thermogram of the cation-exchange resin KU-1, of
a second endothermic effect at 260-270°C, which was
ascribed to the detachment of sulpho-groups. Neverthe-
less, the titrimetric method employed**', which gave the
total exchange capacity (including phenolic hydroxyls), was
insufficiently sensitive to detect small losses of sulpho-
groups, and led to the erroneous conclusion that the
exchanger had high thermal stability at the temperature
of the first endothermic effect (105-115°C). For the
same reason no change in concentration of sulpho-groups
was noticed** at 150°C, and the exchange capacity was
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judged to be constant from the potentiometric titration
curve before and after the heat-treatment of sulphorated
phenol-formaldehyde cation-exchange resins. By the
use of more delicate methods, involving measurement of
the exchange capacity with respect to sulpho-groups
alone®"* or the loss thereof using the acidity of agueous
extracts, Vasil'ev®, Polyanskii'*™*  and Jacubovic?®
showed that these exchangers underwent desulphonation
at 100°C.

The sulphonated copolymer of styrene and divinylben-
zene (KU-2 resin) was considerably more heat-resistant,
its exchange capacity remaining unchanged even after 2
months' storage in sealed ampoules at 70°C.** When the
temperature was raised to 150°C, however, losses in
capacig of up to 3% were detected analytically after only
1 day'“.

The loss in weight by the sulphonated cation-exchange
resins KU-1 and KU-2 at 110°C is due to the removal of
water. The only other substance liberated is sulphuric
acid, always in equimolecular proportion to the decrease
in exchange capacity at sulpho-groups, independently of
the duration of heating®. Hence under these conditions
desulphonation is due to thermal hydrolysis

RSOgH - HyO=RH + H,S0; (1)

involving residual water in the exchanger. The sulphuric
acid which accumulates in the resin absorbs some water
from the air, and therefore the weight of the cation
exchanger passes through a minimum with continued
heating **¢.

Raising the temperature to 150° and 185°C leads to the
accumulation not only of sulphuric but also of sulphurous
acid, their total quantity being molecularly equivalent to
the losses in capacity at sulpho-groups, and the propor-
tion of sulphurous acid increases with increased duration
of the experiment (in a closed ampoule)'*’. The forma-
tion of sulphurous acid is explained by redox reactions
of the type

Red + HyS0,=0x - Hy0 - SOy, (2)

where Red represents a molecule or an atomic grouping
having reducing groperties and present in the
exchanger ® **#~"' “and Ox the corresponding oxidised
form,

One of the Reviewers has shown '**'*" that the particle-
size distribution of different cation-exchange resins has
little effect on the relative losses in exchange capacity.
Hence thermal desulphonation can be regarded, not as a
topochemical process taking place at the surface of the
solid phase in contact with air, but as a chemical reac-
tion occurring throughout the exchanger grain.

The structure of the hydrocarbon skeleton of the
matrix, the position of the sulpho-group, and the presence
of other substituents in the aromatic ring greatly influence
the relative loss of exchange capacity. The maximum
thermal stability of the cation-exchange resin KU-2 may
be due to an especially stable matrix'™*, which has a
saturated hydrocarbon chain structure. The cation-
exchange resin SBS, although an addition polymer, exhibits
far lower thermal stability, probably owing to the presence
of unsaturated bonds in its matrix. At 185°C its stability
is comparable with that of sulphophenol~formaldehyde
resins'*®, The latter resins, containing phenolic hydrox-
yls in the aromatic ring, are unstable even at low tem-
peratures (110°C), their rate of desulphonation increasing
with the exchange capacity'*®, On comparing the relative
losses in capacity’*® of the cation exchangers KU-1 and
Wofatit P, we cannot agree with Naumann's statement '*
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that resins containing sulpho-groups in the side-chain
should be more stable. The sulphonaphthalene-formalde-
hyde resin KU-5, which is monofunctional, is more stable
when heated in air than is the cation-exchange resin KU-1G,
which has a similar exchange capacity, but is considerably
inferior to the resin KU-2.

Decreasing the residual water content in cation
exchangers (by raising the temperature of the preliminary
drying) slows down the thermal hydrolysis (1). Thus
specimens of KU-2 which had been dried at 110° and 130°C
lost 37.7% and 17.5% respectively of their exchange capa-
city after being heated in sealed ampoules at 185°C for
24 h.'*® When heated in open weighing bottles at 185°C
for 24 h the exchanger KU-2 loses only 14.5% of its
exchange capacity. The reason for these differences in
rate of desulphonation is that, when experiments are con-
ducted in sealed ampoules, not only the residual water but
also the water formed in the redox reaction (2) takes part
in the hydrolysis. The rate of the redox reaction is
determined by the structure of the macromolecule and
decreases in the sequence KU-1 > SBS > KU-2., Thus in
experiments with the cation-exchange resin KU-1 in
sealed ampoules at 195°C the proportions of the sulphuric
acid formed by hydrolysis that take part in reaction (2)
after 1, 6, and 24 h are respectively 46%, 90%, and 100%,
but in experiments with KU-2 only 5%, 12%, and 31%
respectively '*".

Heating a cation exchanger based on phenoxyethane-
sulphonic acid and formaldehyde in air for 8 h at 100°,
120°, 130°, 140°, and 150°C produces a change in
exchange capacity '*® from 4.30 to 4.40, 4.35, 4.10, 3.80,
and 3.75 mg-equiv, g~*. Sulphuric acid is detected in
agueous extracts obtained after the resin has been heated
at 130° and 140°C. Oligomers pass into the agqueous
extract when the experimental temperature is raised to
150°C.

Thus the quantity of sulphur dioxide evolved cannot be
the sole criterion of the thermal stability of a resin. It
is not fortuitous that the sequence of thermal stability of
sulphonated cation exchangers according to Griesbach '™
varies with the temperature: at 150°C Amberlite IR-100 <
Wofatit KS < Wofatit P < Dowex 50 < polynaphthalenesul-
phonic exchanger = Amberlite IR-120 = Wofatit KPS-20;
at 200°C Wofatit P < Amberlite IR-100 < polynaphthalene-
sulphonic exchanger < Wofatit KS < Dowex 50 < Wofatit
KPS 200 < Amberlite IR-120, The thermal stability of
the benzylsilane exchanger '**, which is desulphonated
above 300°C, is especially noteworthy.

A kinetic interpretation of the experimental results is
undoubtedly made difficult by the complicated effect of the
redox reaction (2) on the thermal hydrolysis (1). In spite
of the large quantity of data which have accumulated on
the thermal stability of ion-exchange resins, only the first
steps have so far been made in examining the kinetics of
the decrease in exchange capacity.

During the initial period of heating in open weighing
bottles all the cation exchangers investigated show fairly
high rates of desulphonation '**"%"% (see Table 1), after
which the process slows down. Application of first-order
and second-order kinetic equations did not reveal a law
describing desulphonation for all heating times'**. This
may be a consequence not only of variation in the water
content of the resin**®, which should ultimately become
constant for a given temperature and relative atmospheric
humidity, but also of the presence of energetically non-
equivalent sulpho-groups in the exchangers.

Observations'*®"%7 on the effect of heat-treatment in
air on the selectivity and the kinetic properties of sulpho-
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nated cation exchangers, which is especially marked in the
resin KU-1, are of undoubted theoretical and practical
interest. In the absence of heat-treatment, KU-1 absorbs
potassium, magnesium, and quinine cations quantitatively
from solutions of their salts until breakthrough occurs.
Both cations are absorbed from binary mixtures of a
solution of quinine sulphate with a salt of one of the above
elements in variable quantities. After KU-1 has been
heated in air at 150°C, however, none of the organic
cations nor magnesium is absorbed from mixtures of
potassium or magnesium with quinine, salsoline, or
ephedrine, whereas potassium is extracted quantitatively
from a comparatively large volume of the filtering solu-
tion. Since formation of magnesium complexes of the
alkaloids is excluded (absorption proceeds normally on the
resin KU-1 before heat-treatment), the observed effect is
explained by blocking of the surface of the grain by the
large organic cations and loss by the sorbent of the capac-
ity for the bulk absorption of strongly hydrated multivalent
ions. In the case of the cation-exchange resin KU-2 pre-
liminary heat-treatment in air at 150° and 185°C is
apparent only in a slowing down of ion exchange'*®™'%®
is accompanied by an increase in the exchange volume
capacity.

and

Table 1. Kinetics of the variation in exchange capacity of
cation exchangers in open weighing bottles at 185°C, 144,145,185

Exchange capacity after heat-treatment, Relative loss in capacity, %
Duration,| mg-equiv. g™ original resin ’

h KU1 KU2 KU KU1 Ku2 KU-S

0 2.0 4.75 3.37 0 0 [
1 1.75 4.64 3.00 12.9 2.8 1.0
3 1.66 4.52 2.72 17 .4 4.8 19.3
6 1.35 4.42 2.46 32.9 7.0 27.0
12 1.30 4.26 2.26 35.4 10.3 33.0
24 1.18 4.06 1.98 41.2 14.5 41.3
144, 0.59 3.00 1.44 70.7 36.8 57.4
312 0.58 2.40 1.27 71.2 49.3 62.4

The change in the kinetic properties of sulphonated
cation~exchange resins and their assumption of the proper-
ties of ionic sieves, as a result of heat-treatment in air,
can reasonably be attributed to contraction of the three-
dimensional structure of the macromolecule. This is
supported by the decrease in the equivalent moisture
capacity“" 3,156,158

Treatment of KU-2 with superheated steam produces a
decrease in exchange capacity and an increase in the
selectivity of the Ag*—~H* exchange, which is also explained
by structural changes in the resin f”. Heat-treatment of
the sulphonated cation-exchanger SBS in a current of
superheated steam at 200°C leads to a slowing down of the
van der Waals sorption of éghenol, nitrobenzoic acid, and
other organic compounds'®®, doubtless because of the
change in the structure of the sorbent.

The mechanism of the contraction of the three-dimen-
sional network has not been finally elucidated, but it is
obvious that preliminary heat-treatment in air may become
a method for controlling the kinetic properties of ion-
exchange materials.

Heat~treatment of sulphonated cation-exchange resins
in air is accompanied also by changes in the relative
swellabilitsy and in the density in dry and swollen
states %%,
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A possible cause of the decrease in the sorption capac~
ity of sulphonated cation exchangers might have been the
formation of weakly acidic groups®®, However, no new
groups of this type are formed in KU-1 and KU-2 on heat-
treatment at temperatures up to 185°C.'*® This may be
evidence of the insignificant part played up to 200°C by
oxidative degradation of the macromolecule. Oxidative
degradation of the polymer matrix occurs vigorously at
around 400°C and is accompanied by the accumulation of
carboxy-groups ‘.

The application of the modern methods of thermogra-
phic, differential thermographic, thermal, and differential
thermal analysis to the investigation of ion~exchange
resins has undoubtedly given interesting results '® ™%,
With sulphonated cation~-exchange resins the last of these
methods has revealed'® ~'%° three endothermic changes,
at 100-210°, 270-310°, and above 430°C, which were
attributed respectively to dehydration, desulphonation, and
oxidative degradation of the matrix. An exothermic effect
at 370°C is ascribed to depolymerisation of the copoly~
mer'®. The elementary composition of the exchangers
after heat-treatment is assumed!® %% o indicate par-
tial conversion of sulpho-groups into sulphones and the
formation of additional cross-links. Among possible
modes of formation of sulphones Soldatov et al.'® assume
direct reaction between sulpho-groups and the matrix:

RSO,H - RH=RSOR + H,0. (3)

At 430°C almost all the sulphur in the resin is already in
an inactive state (as sulphones)'®. Further rise in tem-
perature'® "% produces intense degradation of the macro-
molecule with breakdown of the sulphones and formation
of sulphur dioxide as the chief sulphur-containing product.
Ehlers et al.'®® assume the evolution of this gas to be a
consequence of the reaction

RSO.R — R$0, + R — SO, +R—R 4)

which occurs by a radical mechanism.

Examination of a single property may lead to erroneous
conclusions concerning the behaviour of an exchanger
when heated. Thus the existence of two forms of bond
between water and functional groups in carboxylated and
sulphonated cation-exchange resins (KB-4P and KU-2) was
assumed ' from the number of endothermic effects (at
100-110° and 150-180°C), but this conclusion has not
been confirmed by later workers'®™'%®, There is also
insufficient basis for the conclusion, reached from the
results of elementary analysis, that the hydrogen form of
the exchanger KU-2, dried at 200°C, contains 13 mole-
cule of water for every sulpho-group'®®, In view of the
partial conversion of sulpho-groups into sulphonesm’“z,
elementary analysis must be supplemented in this case
by alkalimetric titration in order to determine the content
of mobile hydrogen ions.

Dependence of the form of thermogravimetric and
differential thermal analysis curves on the water content
of the original excha.nger162 emphasises the importance
of using resins in the same initial state of hydration. The
resin dried at 100°C to constant weight, and containing
one water molecule for every sulpho~group, may serve
as such a state™.

Desulphonation of the cation exchanger SBR-4 when
heated in a current of superheated steam at 200-250°C
is accompanied by the formation of volatile products
(sulphur dioxide, hydrogen sulphide) and additional cross-
links of sulphonyl character with a corresponding contrac-
tion of the three~-dimensional network and diminution of
the moisture capacity’ Unfortunately, this interesting
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investigation“"1 was conducted on a non-standard exchan-
ger, which makes it impossible to compare the thermal
stability in air with that in superheated steam.

The conversion of sulphonated cation-exchange resins
from the hydrogen form into a salt form is accompanied
by a si§nificant improvement in their thermal stability
in ajr!fO1E6HIETEI0  However, investigation of the
behaviour of salt forms of sulphonated cation exchangers
is only in its initial stages, and the mechanism of the
reactions involved is still obscure.

The behaviour of carboxylated cation exchangers when
heated in air has been studied in far less detail than that
of sulphonated exchangers, while phosphoric-acid resins
have remained almost uninvestigated. From the results
of thermographic and chemical examination, together with
an analysis of the infrared spectrum, Peryshkina et al.'™
have established that the carboxylated cation-exchange
resin KB-4 is stable in the hydrogen form to prolonged
heating at up to 120°C. At 200°C the resin loses only
water—initially water of hydration, and then water evolved
by the condensation of neighbouring carboxyls in the
chain:

CH; CH, CH, CH,

) | | |
—R—C—CH,—C—R;— — H,0 4 —R- C‘CHr—(!J-Rl— . (5)

!

COOH  COOH

0=C—0—C=0

Between 200° and 260°C small amounts of carbon dioxide
are evolved together with water, as a consequence of
decarboxylation'”®, Similar conclusions were reached by
Chapiro et al.'™ in a study of the thermal stability of
homogeneous membranes based on carboxy-containing
monomers. These workers note'™ that reaction (5) slows
down when the membranes are heated in a vacuum. Hence
atmospheric oxygen plays a definite part in this reaction.
The salt forms of carboxylic cation exchangers are more
resistant to heating in air than is the hydrogen form'™, as
in the case of sulphonic exchangers. The behaviour of the
ammonium form of the cation-exchange resin KB-4 is
somewhat unusual, for the thermal stability is intermediate
between those of the hydrogen and the salt forms %,
Myagkoi and Suslina's conclusion '™ concerning the ener-
getic non-equivalence of the water of hydration in the
exchanger KB-4, which is based on a study of the equilib-
rium changes in weight of the resin at 100°, 150°, and
200°C, appears to be unsound. The weight of the resin
inevitably becomes constant at each temperature, owing

to the establishment of sorption~desorption equilibrium
between the exchanger and air, provided that decarboxyla-
tion and the formation of anhydrides make no significant
contribution to the total weight losses.

4. THERMAL STABILITY OF CATION EXCHANGERS IN
WATER AND AQUEOUS SOLUTIONS

One of the first papers on the chromatographic separa-
tion of rare-earth elements by high-temperature elution'”®
mentions the decomposition of the sulphonated phenol-
formaldehyde resin IR-1 above 60°C, and Dickel et al.'™
assume that sulpho-groups split off from cation exchangers
even during storage of the resins. Calmon and Kressman
consider'® that resins containing cyclic sulpho-groups
cannot be used above 40°C, since they underfo hydrolysis
with liberation of sulphuric acid. Osborn'?® does not
recommend working with ion-exchange resins at tempera-
tures above 70-80°C. Sulphonated cation-exchange
resins whose active groups are linked to the aromatic ring
through methylene bridges are less liable to hydrolysis ‘%,
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and can be used above 80-90°C. All the authors note
that polycondensed sulphonated cation-exchange resins
have the greater thermal stability, as when heated in air.
According to Lindsay et al.'™ the polymerised cation
exchanger Dowex-50 is stable when heated in water up to
105-115°C.

By heating a sulphonated polystyrene cation exchanger
in water at 180-210°C Boyd et al. " prepared a series of
sorbents differing in exchange capacity, in which the
quantity of sulphur present in active groups corresponded
precisely to that found by elementary analysis. The
equivalent moisture capacity of specimens obtained by
partial desulphonation passed through a maximum (corre-
sponding to the loss of 50% of the sulpho~groups), its
variation showing loosening of the three-dimensional net-
work, The structural changes in sulphonated cation
exchangers resulting from their heat-treatment are
clearly confirmed by the differences in the coefficients of
self-diffusion of ions ™™ in desulphonated specimens
and in the selectivity of ion exchange®. The self-diffu-
sion coefficients of Na*, Ag*, Zn®*, Y*, and La* first
increase with decrease in the exchange capacity, pass
through a maximum, and then decrease'™. The equiva-
lent moisture capacity shows a similar variation.

Table 2. Variation in exchange capacity of §ulphonated
cation-exchange resins when heated in water 4,

S 7 iv. ol initi Relative loss in capacit
Exchange capacity (mj uiv. initial pacity
Type of Temp., x g[em% aft);r(hegagig fof (%) after heating for
exchanger °,
¢ ¢ o | en | 24n 6h 24h
KU-1 110 2.01 1.84 1.72 8.5 14.4
KU-1 175 2.01 0.7 0.08 9.5 96.1
KU-5 175 1.99 1.77 1.50 11.0 24.6
SBS-3 175 0,91 0.57 0.48 36.7 47.6
KU2 x 1.5 170 0.87 0.86 0.81 1.3 6.6
KU-2 x5 170 2.00 1.81 1.61 10.3 19.4
KU-2 x 20 170 1.51 1.21 1.08 19.7 28.3
KU-23x 3 170 147 1.5 1,10 2.0 6.1
KU-23 x 6 170 1.56 1.52 1.47 2.0 5.5
KU-23 x 15 170 1.35 1.25 1.45 7.2 14.9
KU-23 x 20 170 1.40 1.11 0.88 20.6 37.0
KU-2 x 12PS 170 1.87 1.1 1.46 8.8 22.0

The most thorough studies of the thermal stability of
sulphonated cation-exchange resins in water have been
reported in Refs. 48, 87, 179, and 180. Table 2 gives as
illustration the exchange capacity and the relative loss in
capacity of specimens when heated in water. The
exchange capacity of KU-1 is based on the dehydrated
material; in other cases it refers to the state of limiting
swelling. The exchange capacity of all the sulphonated
resins decreases with rise in temperature and increased
duration of heating in water. Owing to the presence of a
permanent excess of water, the rate of decrease in the
exchange capacity varies more slowly with the duration
of heating than in experiments in air. With the same
heating time, therefore, the relative loss of exchange
capacity is greater in water with some exchangers, and
greater in air with others.

Certain conclusions concerning thermal hydrolysis as
a cause of the desulphonation of cation-exchange resins in
water can be drawn from a comparison of the absolute
losses of exchange capacity with the sulphuric-acid content
of the aqueous extracts. If thermal hydrolysis is not com-
plicated by redox processes involving the sulphuric acid
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formed or by the detachment of oligomers containing sul-
pho-groups, the content of H' and SO~ ions is double (in
number of milliequivalents) the absolute losses of capacity
by the exchangers. Table 3 shows that such a correlation
has been established, within the limits of experimental
error, for the cation exchangers KU-1, KU-2 X 4, and
KU-2 x 12PS. In individual cases, e.g. in experiments with
KU-5, KU-23 x 15, and especially SBS-3, agreement
between losses of capacity calculated from titration of the
resin and of aqueous extracts breaks down '*® (Table 3),
which may be due not only to redox processes leading to
the formation of sulphur dioxide (KU-1 and KU-2) or
hydrogen sulphide (SBS) but also to the segaration of sul-
phonic acids of low molecular weight '4°"™,

Table 3. Relative loss of exchange capacity after
heating for 24 h from titration of resin and of agueous
extracts .

Relative loss of capacity (%)
Temp. from titration of
Type of exchanger fgp ’

resin | HY in extract SO‘Z{ in extract

KU-1 175 96.1 95.8 93.5
KU-2 x 4 175 19.5 18.2 19.8
KU-5 175 24.6 23.6 22.2
SBS-3 170 47.6 37.3 =

KU-23 x 15 170 14.8 17.4 171
KU-2 x 12PS 170 22.5 23.1 22.3

Table 2 shows that the thermal stability of the sulpho-
nated cation-exchange resins in water diminishes in the
sequence~—~KU-23 X 15> KU-2 > KU-5 > SBS > KU-1—as
in air. In this sequence the condensation polymers KU-32—
KU-40 based on aromatic fused-ring systems (anthracene,
phenanthrene, pyrene), and the addition polymer KU-3A
based on 1-vinylnaphthalene, are probably intermediate
in thermal stability'®' between the resins SBS and KU-1,
The relative losses of capacity by the exchangers in water
depend substantially on the type of exchanger, the chemi-
cal structure of its macromolecule, the porosity of the
grain (which usually improves stability), and the purity of
the initial monomers. Replacement of technical divinyl-
benzene by the pure meta- and para-isomers produces
some improvement in the stability of the resin, presum-
ably owing to the greater regularity of structure of the
macromolecule*®, Infrared spectroscopy has shown that
sulphonation involves partial entry of sulpho-groups into
m-~divinylbenzene'®. The relative losses of capacity
increase with increased quantity of cross-linking agent in
gel-like*® and macroporous ' samples of the cation
exchangers. This rule has been explained hitherto ***'"®
by the diminished strength of bonding of sulpho-groups
with the matrix due to the increased mutual repulsion
between ions as the swelling of the polymer decreases.
However, an alternative is to regard the hydrolysis of
sulphonated cation~exchange resins as a process catalysed
by the hydrogen ions of the sulpho-groups and of the sul-
phuric acid which is formed. Such a view has been
developed in connection with sulphonic acids of low molec-
ular weight'®, Increase in the degree of cross-linking
leads to a decrease in the water content in the exchanger
phase, an increased concentration of hydrogen ions rela-
tive to water in the vicinity of sulpho-groups, and a con-
sequent increase in the rate of hydrolysis. No direct
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connection between degree of cross-linking and the water
content of the resin phase exists in macroporous cation
exchangers'™, Their water must be regarded as bound
(forming part of hydrate sheaths) and free (filling the
pores). Whereas in the desulphonation of gel-like cation-
exchange resins*® the equivalent moisture capacity varies
insignificantly, in macroporous specimens it increases
continually '™, since the content of free water remains
practically unchanged with decrease in the exchange capa-
city. Moreover, the volume of bound water probably
decreases with increase in the content of cross-linking
agent even in macroporous exchangers, so that the hydro-
gen-ion concentration near functional groups and the rate
of hydrolysis of the latter also increase.

Many attempts have been made at a kinetic interpreta~
tion of experimental results on the hydrolysis of sulpho-
nated cation-exchange resins when heated in
water 87’ #4621 79584 byt none of them can be regarded as
successful, since regularities concerned individual types
of exchangers and a limited time interval. Thus a linear
relation was found®” between the logarithms of the loss of
capacity and of the duration of heating for the exchangers
KU-1 and KU-2, but this rule is by no means always
followed by the exchanger KU-5'*" and macroporous
specimens '’ based on styrene and divinylbenzene.
relative loss of capacity AE/E, was found'® to vary
linearly with the duration of heating at 40-90°C with
extremely low degrees of desulphonation, and from this
the incorrect conclusion was drawn that hydrolysis of the
sulpho-groups in the cation exchangers KU-1, KU-11,
sulphonated coal, Zeocarb-215, Wofatit P, KU-21, KU-5,
and KU-6G conforms to a first-order rate law.

The logarithm of the mean rate of desulphonation of the
cation exchanger Dowex-50 X 12 was shown® to vary
linearly with the reciprocal of the absolute temperature,
which indicated that the hydrolysis of sulphonated cation-
exchange resins obeys the Arrhenius equation.

In none of the above investigations was the formation of
weakly acidic groups detected when sulphonated cation-
exchange resins were heated in water. Therefore the
conclusions *®® that such groups appear when the sodium
form of the cation exchanger Ankalit KT -3 is heated in
water at 90-100°C for 100 h, and that some of the sulpho-
groups are converted into sulphonyl groups, are somewhat
unexpected. In our opinion the basis for these conclu-
sions is insufficient.

Heating sulphonated cation exchangers in water is
accompanied not only by a decrease in exchange capacity
but also by changes in swelling and moisture capacity.

The increase in the swelling of KU-1 and KU-2 as a result
of being heated in water at 100°C is accompanied by an
increase in their electrical conductivity '®®,

Boyd et al.'” attribute the slight increase in the equiva-
lent moisture capacity of gel-like cation exchangers to a
decrease in the number of cross-links in the matrix on
heating in water. However, it was shown later®’ that the
changes in equivalent moisture capacity are reversible,
and level out after drying followed by swelling in water.

The same effects occur when heat-treated KU-2 and
KU-1 are regenerated with alkali and acid with complete
(KU-2) or partial (KU~1) restoration of the electrical
conductivity® In view of the reversible character of the
changes in moisture capacity on heat-treatment, one of
the Reviewers has attributed them to temporary deforma-
tion of the three-dimensional network under the influence
of immobilised water®".

Heating macroporous cation exchangers in water pro-
duces a redistribution of pore size, while the total porosity

The
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remains unchanged”‘. This observation opens up methods

for controlling the properties of ion-exchange materials,
The salt forms of cation exchangers'® (KU-1%" MSF'*°,
polystyrenesulphonate'”, polycyclohexadiene '®’) show
considerably better thermal stability than the hydrogen
form when heated in water, as in air. At 175°C appre-
ciable desulphonation effects are observed only with KU-1
resin®., The thermal stability of sulphonated cation-
exchange resins depends on the nature of the gegenion,
and diminishes in the sequence of ionic forms Mg‘*‘ >
Ca®* > Na* > H*.'®*® Thus when KU-1 was heated in these
ionic forms at 150°C for 1 day, the corresponding losses
in exchange capacity were 21.6%, 25.2%, 29.6%, and
81.2%.'%°  The rule found for the series of salt forms can
reasonably be explained by desulphonation by the reac-
tion 87,180

RSOM +- HO=RH -+ MHSO, . (6)

The hydrogen ions liberated by the hydrolysis (6) undergo
ion exchange

RSOsM -+ MHSO=RSOsH + M;SO, {n

replacing some of the metal ions in the sulpho-groups and
lowering the thermal stability of the exchangers.

The abnormally low thermal stability of the hydrogen
form of KU-1 in comparison with other cationic forms was
explained by hydration of the hydrogen ion in the resin and
by its special polarisation and quantum-mechanical prop-
erties '*°, However, if hydrolysis of the sulpho-groups
is considered in terms of acid catalysis, the above experi-
mental results find an unequivocal explanation. In fact,
heating KU-1 under conditions excluding access of hydro-
gen ions to the resin phase (in a carbonate buffer)'®® does
not result in desulphonation at 150°C. From the above
discussion, it is easy to understand why the sodium form
is less stable than the magnesium and calcium forms:
in conformity with the charge and radius of the hydrated
ion, sodium is most easily replaced by the hydrogen ion
in the resin phase. However, the magnesium form is
more stable than the calcium form, although according to
the exchange constants the magnesium ion should be
replaced more easily by the hydrogen ion in the resin
phase. This apparent discrepancy is eliminated by
assuming that the equilibrium

(RSO3), Ca -+ H,S0, 7 CaSO, + 2RSO.H (8)

shifts to the right because the calcium ions in the liquid
phase are bound as the relatively sparingly soluble sul-
phate*®®, A more general view may be to assume that the
equilibrium is reversed at high temperatures owing to
variation in the molar volumes of the hydrated exchange-
able ions 189 ag follows from the Gregor~Gliickauf equa-
tion™™",

Thus the thermal stability of the salt form of a resin
in an unbuffered medium can be discussed only arbitrarily,
with the realisation that actually it is determined by the
proportion of sulpho-groups present in the hydrogen form,

The changes in other physicochemical properties
(density, swelling, moisture capacity, etc.) which occur
when the salt forms of sulphonated cation-exchange resins
are heated in water are essentially the same as those
observed with the hydrogen form?®'*%8,

Published assessments of the stability of sulphonated
cation-exchange resins in alkaline and acidic media are
contradictory. The suggested '“® low resistance of sulpho-
phenol-formaldehyde exchangers to the action of alkalis
is partly confirmed by experiment. Thus the exchange
capacity of Wofatit P is diminished by prolonged > 40
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min) boiling with 0.1~1,0 N potassium hydroxide solutions,
but is unaffected by shorter treatment'*®, Another
phenolsulphonic exchanger, Dowex 30, loses its exchange
capacity when heated in 1 N caustic soda above 100°C,
but the observed losses are nevertheless smaller than
with the hydrogen form of the exchanger under the same
conditions. At high pH-values the polymer structure
breaks down with separation of an organic compound even
at moderate temperatures. Nevertheless, according to
Lindsay et al.'” the properties of the addition polymer
Dowex-50 are unaffected by brief heating in solutions of
pH 10.5 and in 1 N caustic soda up to 168°C. In weakly
alkaline media sulphophenol-formaldehyde cation
exchangers'® and the condensation polymers KU-5 and
KU-8 are completely stable both in the cold and on
heating™"®, The decrease in exchange capacity observed
in some cases when phenol-formaldehyde cation
exchangers are heated in alkaline media'*®**® ig probably
due, not to hydrolytic elimination of sulpho-groups, but
to degradation of the macromolecule and separation of
sulphonates of low molecular weight.

Heating in dilute non-oxidising acids also produces
larger losses in capacity of sulphonated phenol-formalde-
hyde resins than of polystyrene resing. A monograph“”
mentioned the possibility of using sulphonated polystyrene
cation exchangers in acid media at temperatures up to
120°C. Other results'® indicate breakdown of sulpho-
nated phenol-formaldehyde resins on prolonged boiling in
dilute hydrochloric and sulphuric acid, but no definite
conclusions can be drawn owing to the absence of a compa-
rison between the action of these media and that of water.
The loss in capacity of KU-1 at 100°C has been found***
to diminish with increase in the concentration of sulphuric
acid, being 92%, 72%, and 48% after 6 h in the 0.1 N,

0.5 N, and 1.0 N acid respectively. This was explained '™

by suppression of hydrolysis of the sulpho-groups in sul- .

phuric-acid media, but this contradicts other conclusions*’,

Homogeneous sulphonated cation-exchange resin mem-
branes based on polyethylene'® are not very stable in
alkaline media. After being kept in 10 N potassium
hydroxide solution at room temperature their electrical
resistance has fallen from 0.51 to 0.26 ohm cm®.

Membranes based on fluorinated polymers are probably
the most promising with regard to thermal stability and
chemical resistance. According to Chapiro and Seidler'™
graft membranes based on tetrafluoroethylene and acrylic
acid are stable at room temperature in 6 N caustic potash,
water, and concentrated solutions of hydrochloric acid,
sulphuric acid, and potassium carbonate, but undergo
decarboxylation and dehydration with conversion of the
carboxyls into anhydrides when heated to 200°C. The
polytetrafluoroethylene matrix remains unchanged for
140 h at 200°C.

According to Munari and his coworkers , sulpho-
nated cation-exchange membranes based on styrene
grafted to tetrafluoroethylene can function for a long time
in water at 180°C (in the hydrogen form) and at 280°C
(in the salt forms), but in concentrated solutions of sodium
hydroxide, sulphuric, hydrochloric, and nitric acids, and
a mixture of hydrochloric and nitric acids at temperatures
above 100°C. Unfortunately, these conclusions were not
supported by experimental results.

In oxidising acids the hydrolytic elimination of sulpho-
groups is accompanied by degradation and oxidation of the
matrix. Thus the addition of potassium chromate to
dilute sulphuric acid greatly diminishes the stability of the
cation exchanger KU-1 owing to simultaneous desulphona-
tion and redox processes'®. Kazantsev et al. 198,199

196,197
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showed by means of infrared spectroscopy that the desul-
phonation of KU-1 in dilute nitric acid is accompanied by
the entry of nitro- and carboxy-groups into the aromatic
rings of the matrix. Losses of capacity by KU~1in 3 N
nitric acid are enormous even in the cold, reaching 50%
after 24 h. Under the same conditions KU-2 loses up to
25% of its capacity. The exchanger SDV-3 is completely
desulphonated after being heated in the presence of 1 N
nitric acid at 90°C for 30 days. Investigation by several
independent methods of the behaviour of KU-2 at 20° and
80°C in solutions of potassium bromate and dichromate,
hydrogen peroxide, and nitric acid indicated®® fundamental
structural changes in the resin and the occurrence of a
variety of reactions.

A study®™ of the stability of the sulphonated cation-
exchange resins KU-2, KU-2 x 8chs, KU-2P, and KU-22
in 6 N sodium hydroxide solution and in 3 N nitric acid at
75°C indicated that KU-2 was the most stable with respect
to change in weight. However, variation in weight cannot
be regarded as an unambiguous criterion of the stability
of exchangers. In nitric acid the exchange capacity of the
resins even increases. Atroshchenko et al,?* observed
no changes in capacity or signs of breakdown of the
macromolecule when KU-2 was regenerated in the cold with
13-26% nitric acid. However, the exchanger broke down
with the evolution of oxides of nitrogen when boiled in 40%
nitric acid for 2 h. The working exchange capacity of a
filter bed of this resin was 5% less than that of a layer
which had been subjected to 16 cycles of treatment with
15% nitric acid in the cold and to 19 cycles with 40% nitric
acid. After this the capacity of the resin remained
unchanged during normal operation®®,

Cation exchangers containing sulpho-groups in the side-
chain (Wofatit P, Stacionit F) are more stable in solutions
of various oxidising agents (hydrogen peroxide, potassium
permanganate, chromic acid) than are resins having
sulpho -groups in the ring (KU-1G)'*°, In our opinion the
statement that Wofatit P is more stable than the sulpho-
nated polystyrene cation-exchange resin in permanganic
acid and hydrogen peroxide containing iron(liI) salts'*®
requires verification. Additions of tervalent iron and
other ions which accelerate the decomposition of hydrogen
peroxide greatly intensify the breakdown of the sulphonated
polystyrene cation exchanger Permutit Q in 50% hydrogen
peroxide at 60°C, with rupture of cross-links and ulti-
mately complete dissolution of the resin®®, These pro-
cesses most probably involve the intermediate formation
of hydroperoxides, which are converted into sulphonic
acids of low molecular weight. According to Wiley and
Reich®™ the stability of sulphonated copolymers of styrene
with 8% of divinylbenzene in 3% hydrogen peroxide in the
presence of iron(II) sulphate at 75°C is strongly dependent
on the purity of the monomers and the nature of the divinyl-
benzene isomer. The rate of desulphonation is highest
with the technical cation exchanger Dowex-50 X 8, and
decreases in the series of resins containing p-divinylben-
zene, technical divinylbenzene, and m-divinylbenzene.
Complete breakdown of the exchangers is observed after
270-300 min.

Raising the temperature accelerates the changes in
capacity, density, and especially swelling of the exchanger
KU-2 on treatment with oxidising agents ®,  Correct
procedures were used in this work“’® to prove the forma-
tion of carboxylic, ketonic, and alcoholic groups when the
oxidants attacked C~H bonds in methylene groups and at
tertiary carbon atoms. Mixtures of nitric acid with
potassium bromate and with potassium dichromate pos-
sessed greater oxidising power than these oxidants alone,
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hydrogen peroxide, or ammonium peroxodisulphate**.

The sulphonated cation exchanger and membranes based on
aBB-trifluorostyrene?® show no change in properties when
heated with 3% hydrogen peroxide in the presence of Fe*
ions at 70°C for 24 h. Under these conditions the loss in
weight of a phenol-formaldehyde exchanger is 97%, and
those of sulphonated styrene-divinylbenzene cation
exchangers containing 1%, 2%, 4%, 8%, and 12% of divinyl-
benzene are respectively 62%, 46%, 26%, 11%, and 6%.
The great stability of the new exchanger towards oxidants
was explained?®®® by the greater strength of the C~F bond
than of the C-H bonds (103 and 77 kcal mole™).

Many authors assign great importance to elementary
oxygen as a sensitiser of the aging of resins *®’*"4*2% by
the rupture of cross-links. Industrial establishments,
therefore, undertake the deaeration of water or add
reducing agents (e.g. sodium sulphite), in this way
increasing the useful life of the exchangers to many
years®”. It must be remarked, however, that the impor-
tant question of the role of oxygen in determining the
thermal stability of ion-exchange resins has not yet found
due recognition in laboratory investigations, and needs
to be studied systematically.

Very little study has been made of the stability of
phosphoric-acid cation exchangers towards thermal hydrol-
ysis“®*2%  puplished information enables only a few
general conclusions to be drawn: with the same structure
of hydrocarbon network in the macromolecule the Ehos-
phoric-acid exchangers (KF-1, KF-11,2® and SF °®) are
more stable than the sulphonated exchangers (KU-2), but
the stability also falls with increase in the divinylbenzene
content. The difference in behaviour between salt forms
and the hydrogen form is far smaller than with the sul-
phonated exchangersz"". In contrast to the latter, porous
specimens of phosphoric-acid resins 2]gossesxs lower ther-
mal stability than the gel-like resins . Changes in
exchange capacity after heating in water are larger at the
less thermostable strongly acidic groups than at the weakly
acidic groups®®. However, this interpretation cannot be
accepted, since the exchangers investigated contained
-PO(OH): groups, which dissociate in two stages. In our
opinion the observed effects are more plausibly explained
by variation in the proton-donor power of the active
groups resulting from heat-treatment of the exchangers.

5. THERMAL STABILITY OF SULPHONATED CATION-
EXCHANGE RESINS IN ORGANIC MEDIA

The use of sulphonated cation-exchange resins as
catalysts in various organic syntheses * stimulated inter-
est in the study of their behaviour in organic media.
Before the appearance of experimental results it seemed
to many authors?°2'! that such exchangers should exhibit
great thermal stability in organic media. Thus Astle®!
was sure that they could be used in organic media up to
180°C, but expected rapid breakdown under more severe
conditions. Saldadze et al.?° consider that they can be
used in hydrocarbon media at 150-170°C.

However, the very first experimental results showed
that assumptions of great thermal stability were too opti-
mistic. Thus Andreas?®? used a sulphonated phenol-
formaldehyde exchanger as catalyst for the esterification
of acetic acid by ethanol and by butanol, and of adipic
acid by methanol, and found that the resin was not wholly
stable to heating above 120°C. He observed that Wofatit P
decomposed with the evolution of sulphur dioxide and
formaldehyde at temperatures above 180°C. Losev and
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Trostyanskaya®?®, who used the exchangers MSF and SBS
as catalysts for the preparation of butyl butyrate, found
that the catalytic activity and the acidity (a measure of
exchange capacity) of both resins fell rapidly with
increased number of cycles. In view of the poor stability
of the exchangers, these workers?® recommend that they
should not be employed above 120°C.

According to Menyailo et al.** the exchangers KU-2 and
SBS show poor stability when used to catalyse the hydration
of propene at 160-170°C. Naumann '# found the polycon-
densation exchangers Wofatits P and F to be inferior in
stability to the polyaddition resin Wofatit KRS-200. Solu-
bility data indicate that all the resins are more stable in
non-polar than in polar solvents.

Systematic investigation of the behaviour of sulphonated
cation-exchange resins in various organic media was
begun by the present Reviewers ‘2747112257217

The relative losses of exchange capacity found by
titrating the resin and the agqueous extracts (Rx and Ry),
which are compared in Table 4, indicate that KU-1 is less
stable than KU-2 in hydrocarbon media, as when heated in
water and in air. The losses in exchange capacity by
KU-1 are almost the same in hydrocarbons and in air?'527,
The thermal stability of KU-2 resin, on the other hand,
is lower in hydrocarbon media 2217 At 100°C, how-
ever, the effects of different media even out 7%,

Table 4. Relative losses in capacity (%) of cation-exchange
resins after being heated in various media.

Expt.| Temp., |Dt Air Isopentane Isopentenes Ret
No. | °C h Re | R Re | Ra Re | Re ek
KU-1 cation exchanger
1 100 10 11.3 | 10.9 — - 12.8 10.9 215
2 120 24.6 ) 23.7 — — 26.0 23.7
3 240 25.6 | 25.1 — — 30.3 21
4 125 10 17.5 | 18.5 — — 14.7 15.2
5 120 3.4 )22.6 34.0 — 37.8 23.5
6 240 39.7 1 29.4 42.0 — 43,7 34.3
KU-2 cation exchanger
7 150 10 6.7] 6.5 5.7 4.6 7.8 4.8 46
8 24 6.61 6.5 7.7 5.6 13.1 5.0
9 120 10.4 | 85 11.0 5.4 37.0 3.4
10 200 2 12,0 9.7 15.0 7.5 36.0 5.4
11 10 26 12 41 5.4 65 1.7
12 2% 54 15 62 6.1 75 | 2.6

The diminished stability of KU-2 in alkenes %217 ig
explained by a weakening of the R~SOsH bond as a conse-
quence of the formation of a carbonium ion from the alkene
and the hydrogen ion of the sulpho-group??®, and also by
redox reactions the products of which (H.O) either take
part in or promote thermal hydrolysis. Formation of
carbonium ions and redox interaction are less marked with
saturated than with unsaturated hydrocarbons, and there-
fore KU-2 resin is more stable in the former. However,
KU-2 is less stable in isopentane**'® and benzene®” than
in straight-chain alkanes and in air. Benzene and alkanes
containing a tertiary carbon atom probably form @ ~com-
plexes éa.nd carbonium ions with the gegenions of the active
grc.);ps 8. they undergo redox interaction with sulphuric
acid.
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The lack of effect of the medium on the thermal stability
of the exchanger KU-1, like the low rate of polymerisation
of alkenes in its presence, is explained®® by steric hin~
drance to the formation of carbonium ions. It is inter-
esting that the catalytic activity of KU-1 in the polymerisa-
tion of alkenes is enhanced by grinding or by pretreatment
with methanol in a Soxhlet extractor??, However, the
activation of the exchanger is only temporary, and dis-
appears after heating at 150°C for a short time®'’,

Comparison of the values of Rk and Ry (Table 4) shows
that the nature of the medium affects the course of the
redox reactions. Identical values of Ry and Rk indicate
the transfer of sulpho-groups to degradation products as
sulphuric acid owing to hydrolysis (1) involving the resi-
dual water in the exchanger. With rise in temperature
and increase in duration of heating, sulphuric acid accu-
mulates in the reaction products until it reaches a con-
centration at which redox reactions involving molecules of
the resin and of the medium can occur. The reducing
properties are, of course, more pronounced for alkenes
than with alkanes*?'%'7," Reducing activity increases in
the series of resins—KU-2, KU-1, SBS.?°

An empirical linear relation® IgE = f(lg 7) describes
the kinetics of the variation in the exchange capacity of
KU-2 in air, isopentane, and isopentenes, as in water.
The slope of the straight line serves as a qualitative indi-
cation of the effect of the medium on the rate of desulpho-
nation. The temperature dependence of the loss of capac
ity in KU-2 obeys the Arrhenius equation®'".

The breaks between the linear portions of the IgE-1g7
graphs probably indicate acceleration of hydrolysis of the
sulpho-groups in the exchangers by the redox reaction (2)
and its products. The correctness of such an interpreta-
tion is supported by the agreement between the abscissa
for the break and the start of the redox reactions®.

The rate of desulphonation is unaffected by the grain-
size of the exchanger KU-2, contamination with traces of
sulphonic acids of low molecular weivght, or the relative
proportion of resin and isopentenes®’. This confirms
the fact established previously, that the desulphonation of
cation-exchange resins is controlled by an actual chemical
reaction (hydrolysis) occurring throughout the resin'*®”%",

Increasing the divinylbenzene content from 3% to 7%
does not affect the thermal stability of the cation exchanger
KU-2, but further increase in the degree of cross-linking
(to 17% of divinylbenzene) is accompanied by a decrease
in thermal stability. It is interesting that the ratio of the
losses in capacity by a strongly and by a weakly cross-
linked specimen of the exchanger decreases with rise in
temperature and increase in duration of heating. Thus
when resins containing 17% and 7% of divinylbenzene are
heat-treated for 10, 24, and 48 h the ratio R /Ry is
respectively 1,94, 1.52, and 0.91.%" Similar relations
have been established in the heat-treatment in water of
KU-2 containing 24% and 12% of divinylbenzene*®, for
which the ratio of the losses in capacity RiIE?/Ri after
heating at 150°C for 6, 24, and 120 h is respectively 1.94,
1.69, and 1.25. This levelling of the rate of elimination
of sulpho-groups from specimens having different contents
of divinylbenzene was explained” by an equalisation of the
electrostatic interaction between functional groups. How-
ever, such an explanation is equivocal. An alternative
view relates the change in thermal stability to the exis-
tence of energetically non-equivalent sulpho-groups, the
number of which should increase with increase in the
degree of cross-linking in the resin. When the resin is
heated in any medium, weakly bound sulpho-groups (e.g.
those occupying the ortho-position in styrene-2,4-disul-
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phonic acid) should be the first to split off; but when
equivalent sulpho-groups remain (occupying the para-
position), the effect of the degree of cross-linking should
level out.

A comparative study of the behaviour of various cation
exchangers when heated in air and in isopentenes showed
that, as in aqueous media, the thermal stabilit;/ increased
in the sequence KU-1G < KU-1 < SBS < KU-2 '¢*°,
Addition polymers in the above series are more stable
when heated than are polycondensation exchangers.
Experiments with KU-1 and KU-2 revealed that polymeri-
sation of the alkenes inevitably led to acceleration of the
loss of exchange capacity. Different results were
obtained with the resins SBS and KU-1G: the polymerisa-
tion of isopentenes is catalysed by SBS, although its ther-
mal stability is the same in air and in isopentenes; yet
KU-1G is almost without catalytic effect on this reaction,
although its thermal stability in isopentenes is less than
in air. This anomaly has not yet been explained satis-
factorily, and requires further study.

A detailed chemical, potentiometric, and spectrophoto~
metric (infrared) investigation of the cation exchanger
KU-2 established''? that, under all conditions of heat-
treatment in air up to 200°C, all the sulphur is present in
sulpho-groups. When KU-2 is heated in isopentane, a
small portion of the sulphur passes into an “inactive”
state. A considerably larger quantity of “inactive” sul-
phur is present after the resin has been heated in isopen-
tenes. Successive treatment of the resin with alkali and
acid converts part of the “inactive” sulphur into a state
which is active with respect to ion exchange, and is
included in the determination of sulpho-groups. This
“inactive” sulphur is assumed "? to be present as S-esters
of thiosulpho-groups R.SO0:.SR’, where R and R’ are
organic radicals of the resin and of a thiol. The infrared
spectra show that severe heat-treatment of KU-2 in air
and in isopentane can cause sulpho-groups to migrate from
the para- to the meta-position, and polyphenyl bonds may
be formedé with a decrease in the equivalent moisture
capacity ''%.

Table 5. Effect of content of water in KU-2 resin on its
thermal stability at 150°C.2'® -
Relative loss in exchange capacity, %
Expt.| Waterin in air after in isopentenes after
No. resin, % 1 day 2 days 1 day 2 days
Ry Ry Ric Ry Rk Ry Rk Ra
1 * 241 1.8 2.8 2.0 4.0 2.4 7.1 2.4
2 A 661 6.5 7.5 8.2 131 5.0 25.8 2.8
3 24.2 12.2 1 14.0 18.0 19.5 8.6 6.6 14.4 6.2
4 48 .4 9.6 9.2 10.0 10.0 9.6 8.2 9.0 1.2
5 57.3 6.2 6.8 8.2 9.0 4.8 6.8 8.6 8.8
* Exchanger dehydrated at 150°C
** At 110°C

Bound water is involved in the hydrolysis of sulphonated
cation exchangers, and has a greai influence on the occur-
rence of reactions (1) and (2)%'® (Table 5). With
increased water content the relative loss in capacity
passes through a maximum, whose position and height
depend on the nature of the medium. In air the maximum
losses of capacity occur in a resin containing 24% of water.
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The increase in the rate of hydrolysis of sulpho-groups as
the water content of the resin increases to 24% is probably
due, not only to the autocatalytic action of the sulphuric
acld2 , but also to the easier transport of HsO" ions to
the hydrolysable C~S bond. Further increase in the
water content of the resin inevitably dilutes the sulphuric
acid in the exchanger phase and diminishes its catalytic
activity.

In contact with isopentenes the losses in capacity are
largest with a specimen of the resin which has been
dehydrated at 110°C. Developing the earlier views®
we must suggest that direct reduction of sulpho-groups by
the alkenes with the formation of sulphur-containing com-
pounds is probable, as is redox interaction between sul-
phuric acid and reducing groups in the resin or the medi-
um. According to Table 5 use of a resin which has been
‘dehydrated at 150°C is most favourable for the occurrence
of such processes.

If the choice of catalyst for organic synthesis is guided
solely by considerations of thermal stability, well dehy-
drated exchangers are to be preferred. However, the
removal of water may hinder dissociation of the active
groups, and thereby have an adverse effect on the catalytic
activity of the exchanger. The resin KU-2 in a state of
limiting swelling at 150°C catalyses the isomerisation of
3-methylbut-1-ene into 2-methylbut-2-ene and 2-methyl-
but-1-ene'®, the hydration of isopentenes to t-pentyl
alcohol, and the polymerisation of alkenes® In the
presence of an exchanger containing up to 24% of water no
hydration of isopentenes occurs, only polymerisation. The
inability of hydrate water in KU-2 of moisture content
24.2% (or 8.5 mmoles H.O mg-equiv. -! sulpho-groups) to
effect hydration is probably due to its very strong bonding
to the sulpho-groups. This is supported by data®? indi-
cating that absorption of the first three molecules of water
on each sulpho-group in the resin is accompanied by a
large heat release. The exchanger KU-2 which has been
dehydrated at 110°C exhibits the maximum catalytic activ-
ity for the polymerisation of isopentenes: further dehydra-
tion at 150° and 175°C lowers the activity®

The infrared spectra show that catalysis yzelds sulphur-
containing compounds and small amounts of aromatic
compounds—degradation products of the polymeric matrix—
as well as polymers. Chemical, potentiometric, and
polarographic analyses have established the presence of
elementary sulphur, thiols, and alkyl sulphides among the
products of catalysis 2, The difference between the total
sulphur content found by elementary analysis and the
aggregate quantity present as the above comgounds was
attributed to polysulphides and sulphoxides '*

Sulphur dioxide and hydrogen sulphide were detected in
the gas phase'®®, With experiments in isopentane and in
air, the gas phase contained only sulphur dioxide, but the
aqueous extracts contained both sulphuric and sulphurous
acids'?

The whole range of reactions which occur when the
cation-exchange resin KU-2 is heated in hydrocarbons
discussed above, can be summarised as indicated below.

112,146
’

Resin Phase

The fall in the exchange capacity is governed by hydrol-
ysis of sulpho-groups involving residual water (reaction 1).
This is accompanied by redox interaction of the resulting
sulphuric acid with reducing groups of the macromolecule
(reaction 2). In media which undergo no chemical reac-
tions, the changes undergone by cation exchangers are
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confined to these two reactions.
may be formed:

In alkenes sulphones

RSOgH + CsHyo=RSO,—CsH, + H;O (9)
and also S-esters of thiosulphonic acids:
RSOgH +- C;H;SH=RSO0,—SCH, + H,0. (10)

It is quite probable that sulphuric acid may take part in the
formation of polyphenyl cross-links:

|
—CH,—(I;H—C.H,, -+ —CH,—CH—CyH; + HyS04=2H,0 + SO, +
/
4 —CH,CH~CH—C—CHy 1)
! CH,

Liquid Phase
The following changes are possible in the liquid phase.

1. Processes involving isopentenes and catalysed by
hydrogen 1ons from the resin: (@) isomerisation of

alkenes'
P
CH CHy—C==CH—CH
[ He : (12)
CHy—CH—CH=CH, CIH,
~—— CH,=C—CH,—CH,

(b) polymerisation of isopentenes

nCHy 5 (CHig)y (13)
(c) hydration of isopentenes
CoHyo -+ H,0 53 GH,0H . (14)

2. Reactions between alkenes and desulphonation prod-
ucts: (a) formation of sulphonates

CyHyy + H,S0, — C,Hy—O0SOH (15)
2CyHyy + HySO, — C3Hy—0S0,0—CoHy, + 2 H;0 (16)
(b) formation of sulphoxides??*
2 CyHyo + S0, — CgHy—SO—CyH, + H,0 am)
(c) formation of thiols
CeHyo + HyS — CyHySH (18)
(d) formation of polysulphides
xCyHip 4 4S ~ (GHu),S, « (19)

The sulphur consumed in reaction (19) has been formed by
the interaction of sulphur dioxide and hydrogen sulphide:
2HzS + 8O, — 38 + 2H0.

3. Reactions of derivatives of alkenes: (a) dispropor-

tionation of sulphoxides into sulphones and sulphides
2 CyHy—SO—CsH, 5 CyHy—S—CyHy + CHy—SO,—CeH, (20)

(b) formation of aldehydes and thiols from sulphoxides

CyHy—SO—CyH, —2%— C;H,SH c.x-x,c(o 21)
H
(c) formation of dialkyl disulphides in the presence of
atmospheric oxygen
4CH,SH + 0y ~ 2CyH,—S—S—GH, + 2H,0 (22)
(d) reaction between dialkyl aisulphides and water
o
S5 - . v
CsHg—S—S—CsHy + H;0 — C;HgSH -+ C¢H7C\H+ H,;S (23)

(¢) formation of sulphides

CHuSH + CiHyg — CHyu—S—CiHy o (24)
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This whole complicated system of changes, including
catalytic reactions, has a decisive effect on the thermal
stability of the cation exchanger KU-2 in tertiary pentenes
and determines the composition of the products.

The existence of a connection between the thermal
stability of cation exchangers and catalytic reactions of
the medium is confirmed by analosgous investigations of
resins in alcohols®'"?**) phenol®®°, and acetone®®, Table
6 shows that the thermal stability of the cation exchangers
KU-1 and KU-2 depends on the nature of the alcohol.
Losses in capacity by KU-2 increase, whereas those of
KU-1 decrease, as the alcohol molecules become larger.
At 150°C the exchanger KU-1 is almost completely desul~
phonated after 24 h. At 125°C losses in capacity by KU-1
are almost the same in ethanol, n-pentanol, and isopen-
tanol, but considerably greater than in t-pentyl alcohol
or decanol. At 100°C the effect of the nature of the alco-
hol on the thermal stability of KU-1 levels off, and the
losses in capacity after 24 and 120 h in ethanol are 16 6%
and 36%, compared with 12.2% and 38.8% in decanol®

Table 6. Thermal stablhty of sulphonated cation-exchange
resins in alcohols®'7®*

Loss in capacity of resin, %
ngp., Dur:tion, ethanol n-pentanol isopentanol :igz'l‘le I decanol
Ry l R, Ry | R, Rg ] Ry Ry ] R, ] Ri l R,
KU-1 cation exchanger
125 24 55.2°] 22.5 62.2 18.7 1 59.3 1 15.3 [ 43.1 | 38.8 1 26.8 | 22.5
150 24 92.9} 73.5 100 80.4196.5)69.5}96.170.039.2{20.0
KU-2 cation exchanger
150 10 30 286 74 5.5 3.6 50| 74| 6.6 (1001 4.8
24 7.0{ 5.8 12.0 120 9.4 86 124114 |15.6( 6.2
48 8.2 6.8 15.2 116 117.213.2 (144122 [185] 1.6

The discrepancy observed between Rk and Ry cannot be
explained by redox reactions of type (2), since alcohols
are dehydrated to ethers and alkenes

2 GHuOH ™ C,Hy,0CHy, 4- Hy0 (25)
CeHuO—CHy HY 2.GHy, + H,0 (26)
in the presence of sulphonated cation exchangers **, and

the water that is formed dilutes the sulphuric acid, whose
redox potential is lowered. Since no sulphur-containing
compounds were present in the gas phase, the discrepancy
was explained by the assumed formation of esters of the
alcohols with sulphuric acid and with sulpho-groups of the
resin®

@7
(28)

CHuOH 4 H,80, ™5 CyHy,—0—SO.H + H,0
CyHyOH + RSOGH — RSO,0—CgHy + HyO .

As the alcohol molecules become larger, the relative
solvation of the KU-2 falls, and the corresponding increase
in concentration of active groups accelerates esterifica-
tion®**, These factors tend to accelerate the thermal
hydrolysis of cation exchangers in alcohols in comparison
with the rate of this process in water®

Examination of the thermal stability of KU-2 in phenol
and in acetone®®® reveals an apparent breakdown in the
usual type of relation between catalytic reactions of the
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medium and the stability of cation-exchange resins. In
the presence of KU-2 phenol does not undergo any chemi-
cal change other than oxidation by air. Acetone gives
various condensation products and water even in the cold.
It would appear that KU-2 should be less thermostable in
acetone than in phenol. However, experiment indicates
that the thermal stability of the resin decreases on passing
from acetone to its mixtures with phenol and to phenol
itself 5, This “anomaly” is explained by formation of a
large quantity of water on the condensation of acetone;
this water is sorbed by the resin and tends to increase its
thermal stability *®

The condensatlon products of acetone accumulate in the
“pores” of the exchanger, shield the sulpho-groups, and
may lead to a loss of catalytic activity by the resin even
in the absence of thermal hydrolysis. The process of
shielding must be distinguished from blocking of the sul-
pho-groups by their direct interaction with molecules of
the 1;1edium to form such compounds as esters (with alco-
hols).

Thus the investigations give an idea of the specific
character of the processes occurring in exchanger macro-
molecules in organic media. First, a correlation between
thermal stability and catalytic activity is clearly revealed
in cation exchangers. Secondly, the thermal hydrolysis
of cation exchangers in organic media is not the only
cause of the diminution in exchange capacity, for its com-
petes with blocking and screening of the ion-exchange
groups. Thirdly, the relative loss of capacity ih organic
media is determined by the composition and the properties
of the reaction system as a whole (including reaction prod-
ucts), not only by the added liquid reagent. Unfortunately,
the question of the effect on thermal stability of the dis-
tribution of components between liquid phase and resin has
not yet been raised.

---000---

Experimental results which have accumulated show that
the main reason for the decrease in exchange capacity of
ion-exchange materials when heated and subjected to
corrosive media is the detachment of functional groups,
in most cases by hydrolysis. Among the numerous factors
influencing the strength of bonding between active groups
and the matrix, and therefore the thermal hydrolysis of
the exchangers, the nature of the heat-treatment medium,
the chemical structure of the exchanger macromolecule,
and the nature of the functional group and its gegenion are
especially important.

The medium in which the exchanger is heated affects
the decrease in exchange capacity in four cases: (1) the
medium or its reaction products interact with the func-
tional groups; (2) the medium undergoes catalytic reac-
tions involving the gegenion of the functional group (poly-
merisation of hydrocarbons, esterification of alcohols,
condensation of ketones, etc.); (3) the molecules of the
medium form unstable addition products, including 7-com-
plexes, withthe functional groups; or (4) the “pores” of
the resin grains are filled with reaction products of the
medium that shield the functional groups (products of the
condensation of acetone, the polymerisation of alkenes,
etc.). Hence it follows that the necessity of cons1der1ng
the thermal stability and the catalytic activity of ion-
exchange materials together with their reactions is dic-
tated not only by the requirements of a right choice of
catalysts but also by considerations of the causal relation
between these properties in molecular terms,
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Some interesting relations between the chemical struc-
ture and the thermal stability of the exchangers have been
revealed. As in the lower sulphonic acids, the electron-
donor phenolic hydroxyls in sulphonated phenol-formalde-

hyde cation exchangers facilitate electrophilic substitutions.

Therefore all phenolsulphonic acids of high molecular
weight undergo hydrolysis more easily than, and are
inferior in thermal stability in the media investigated to,
sulphonated cation exchangers having a polystyrene-
divinylbenzene matrix. The cation exchanger SBS is
inferior to KU-2 resin in thermal stability, perhaps
because butadiene groups have a stronger polarising action
than have divinylbenzene groups on the C~S bond.
Increase in the degree of cross-linking of sulphonated
polystyrene exchangers is accompanied by an increase in
the rate of hydrolysis of the sulpho-groups. Thus varia-
tion in the chemical structure of the matrix may be an
effective means for the planned synthesis of thermostable
cation exchangers.

With matrices of the same structure the liability of
cation exchangers to undergo thermal hydrolysis and other
processes leading to a change in exchange capacity depends
on the nature of the active group. This aspect needs to
be studied thoroughly, but it can already be stated that
sulphonated exchangers are less stable than resins con-
taining phosphate and carboxylate groups, The hydrogen
forms of the exchangers, like the ordinary oxy-acids, are
less stable than the corresponding salts. On the other
hand, it must be emphasised that very few investigations
have been made on the thermal stability of the salt forms,
despite their importance; this gap must be filled in the
near future.

However, the main task in investigating the thermal
and chemical stability of ion-exchange materials is, in our
opinion, to study the elementary processes occurring in
exchangers and leading to deterioration in their operational
properties, and also to establish the kinetics of these pro-
cesses. Progress in this field will undoubtedly contribute
to the development of methods for the planned synthesis of
ion-exchange materials having specified properties and
satisfying the demands of modern science and technology.

---000---

While the manuscript has been awaiting publication,
several papers have appeared which have deepened our
knowledge of the thermal stability of cation-exchange
resins. They include detailed thermographic investiga-
tions®®**™22%  and new generalisations on the thermo-oxida-
tive degradation of carboxylated exchangers®?°.

Individual papers®*®®* have raised the question of the
useful life of cation-exchange resins as catalysts of

organic reactions under industrial conditions at 130-150°C.

Experience indicates®*® that, after use as an alkylation
catalyst for 40-45 days, KU-2 loses its activity and can-
not be regenerated. In our view the development of
methods for the regeneration of cation exchangers requires
the closest attention, and is urgently required for their
practical employment in several catalytic reactions con-
ducted at high temperatures.

The work of Paushkin and his pupils on the pre-
paration of thermostable cation exchangers containing a
system of aromatic rings in the conjugated chain is worthy
of special mention. However, a direct study of thermal
stability in various media is required to assess the pros-
pects for new cation exchangers.

232=-235
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