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Acidities and catalytic activities of persulfonated
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A series of macroporous sulfonated poly(styrene-co-divinylbenzene) ion-exchange resins with varying levels of sulfonation have been
prepared. The acidities of these resins have been measured calorimetrically by ammonia sorption. Catalytic activities have been measured
in two liquid-phase reactions: the dehydration of 1-hexanol under flow conditions and the hydration of propene as a batch process. The
molar enthalpies of ammonia sorption show that the strength of the acid sites increases as the level of sulfonation is increased; catalytic
activities follow the same trend. The most active resins are those that have been sulfonated at levels above one sulfonic acid group per
aromatic ring (“persulfonated”). These persulfonated resins also show higher thermal stabilities than conventional resins (sulfonated at just
below one acid group per aromatic ring).

KEY WORDS: sulfonated polystyrene ion-exchange resins; acid catalysis; olefin hydration; alcohol dehydration; calorimetry; base ad-

135

sorption; ammonia

1. Introduction

Sulfonated poly(styrene-co-divinylbenzene) resins are
widely used as acid catalystsin liquid phase reactions [1,2].
Commercial acid resins are typically sulfonated to a level
equivalent to just under one sulfonic acid group per aromatic
ring (henceforthreferred to as“normally” sulfonated). Com-
pared to most inorganic solid acids, they exhibit high con-
centrations of acid sites. However, they cannot be used at
temperatures significantly higher than 140-150°C and, in
general, the strengths of the acid groups are lower than those
found on zeolitic and similar solid acids [3]. The work re-
ported hereis part of a programme to understand these lim-
itations and to develop acidic ion-exchange resin catalysts
with improved thermal stabilities and stronger acid sites.

Oneof thefactorscontrolling the catalytic activities of the
sulfonic acid groups in these materials is the water content.
This varies from a maximum value in fully swollen resins
of typically 50-60% w/w, depending on the degree of cross-
linking, to the“fully dried” value (the limit to which the ma-
terials can be dehydrated) of typically 1-2% w/w residual
moisture. Water content controlsthe acid “ concentration” in
the internal solution within the resin gel. In general, the ac-
tivity of each sulfonic acid group increases as the water con-
tent per acid group is reduced. This can be illustrated with
atypical normally sulfonated resin. If the resin is partially
neutralised then it shows a reduced catalytic activity per re-
maining acid group, because those remaining acid groups
are effectively in amore dilute solution in the gel [2,4]. The
same reduced activity per acid group can be seen in resins
which have been sulfonated to a lower degree than normal,

again becausetheinternal acid solutionismoredilutethanin
afully sulfonated resin [5,6]. In most catalytic applications,
maximum activity is usually associated with minimum lev-
elsof acid group hydration. The most active sites are thought
to be anhydrous, undissociated sulfonic acid groups, or their
monohydrates|[7].

Another factor, proposed to explain the relatively high
specific activity of sulfonic acid groups in normally sul-
fonated resins, is related to interactions between neighbour-
ing sulfonic acid groups. It has been suggested that some
acid-catalysed reactions are facilitated by concerted partici-
pation of networks of sulfonic acid groups[8]. The extent to
which such networks can exist clearly dependson the overall
degree of sulfonation of theresin.

In summary, increasing the level of sulfonation of poly
(styrene-co-divinylbenzene) resins increases the concentra-
tion of acid sites, their relative strengths, and their catalytic
activities [2-8]. It is therefore of interest to examine the ef-
fect of excess sulfonation, preparing resinsthat contain more
than one sulfonic acid group per aromatic ring. In the work
reported here, new resins, preparedin thisway (referredto as
persulfonated resins), are compared with conventional, nor-
mally sulfonated, resinsin terms of acidity, catalytic activity
and thermal stability.

The work is focused on the so-called “macroporous’ or
“macroreticular” resins. This is partly because most cat-
alytic applications require resins of thistype, and partly be-
cause the acidities of these resins, unlike those of conven-
tional gel resins, can be studied successfully by quantitative
ammonia sorption microcalorimetry [3,9]. We have shown
previously that ammonia is sorbed essentialy stoichiomet-
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rically at 100°C by acid sites on macroporous sulfonated
poly(styrene-co-divinylbenzene) resins, and the catalytic ac-
tivities of aseries of resinsin liquid-phasereactionscorrelate
quite well with molar enthal pies of ammoniasorption [3,9].
Two relatively demanding model reactions have been
used in this work to test catalytic activities. Thefirst is the
dehydration of 1-hexanol in aflow reactor. The second isthe
hydration of propeneto 2-propanol in a batch process.

2. Experimental
2.1. Sulfonated poly(styrene-co-divinylbenzene) catalysts

The following macroporous resins were provided by
Purolite International :

(i) CT-175, a standard, normally sulfonated material with
acation-exchange capacity (CEC) of 4.90 meg-H* g1
(dry),

(if) CT-275, apersulfonated version of CT-175, witha CEC
of 5.40 meg-H* g1 (dry),

(iii) CT-375, a further persulfonated resin with a CEC of
5.52 meg-Ht g1 (dry).

These resins were compared with Amberlyst 15 (Rohm
and Haas Co.), one of the first broadly-applicableresin cata-
lysts developed forty years ago [10]. Amberlyst 15 (CEC =
4.74 meg-HT g1 (dry)) and CT-175 are roughly analogous.

All resins were used in their H™ forms. All quoted data
are based on the “dry weights’ of the resins (containing
1-2% w/w residual water) which were determined by Puro-
lite. The water contents of the fully swollen resins were also
determined by Purolite and were al in the 50-60% w/w
range.

2.2. Sorption microcalorimetry

A Setaram CB80 differential microcal orimeter, operating
on the Calvet principle, was used to measure the enthalpies
of ammonia sorption. Custom-made glass cells were at-
tached to an evacuable glass gas-handling system, shown
schematically in figure 1.

Resin samples (150 mg dry weight) were conditioned
in the calorimeter sample cell at 100°C under vacuum for
2 h. The reference cell was empty. Ammonia sorption was
carried out at 100°C. Using calibrated volumes, successive
pulses of ammonia (ca. 0.06 mmol) were introduced to the
sample. The amount of ammonia sorbed was measured for
each pulse, using the recorded pressure of ammonia (typ-
ically ca 25 Torr) in the dosing volume (ca. 40 cmd) be-
fore exposure, and the pressure of ammoniain the combined
cells/dosing volume (ca. 75 cm®) on reaching equilibrium.
Enthalpy changes associated with each dose were converted
to molar enthal pies of sorption and expressed as functions of
resin coverage.

The gas handling system was at room temperature. At
thistemperature, reversible ammoniaadsorption on the glass
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Figure 1. Combined gas handling system and differential microcal orimeter
for measuring molar enthalpies of anmonia sorption.

walls is a possible source of error. This was accounted for
in the experiments reported here by calibrating the system
volumes using ammonia at a range of pressures. In fact,
for resins, which have relatively high concentrations of acid
sites and sorb high concentrations of ammonia, the error is
relatively small anyway. However, in preparation for use
with awider range of materials, modifications are currently
being made to heat the dosing system to eliminate the prob-
lem [11].

A further point to noteisthat we are not reporting herethe
results of adsorption/desorption/adsorption cycles, which
are conventionally performed to correct the first adsorption
leg data for the effect of physisorption of ammonia occur-
ring at the same time as chemisorption on acid sites [12].
The reason is that two-cycle experiments of this type were
performed on selected resins and, unlike typical inorganic
solid acids, they showed that almost no reversible ammonia
adsorption (physisorption) occurs up to the point where all
the acid sites are saturated. We are therefore confident in
reporting the molar enthal pies of anmonia adsorption for a
single adsorption leg, as representing the molar enthal pies of
irreversible chemisorption on acid sites.

2.3. Catalytic activities

2.3.1. 1-hexanol dehydration

All the catalytic reactions were carried out at atmospheric
pressure in a fixed-bed continuous-flow reactor at 140°C.
Theresins were pre-soaked in 1-hexanol for three days. The
swollen resins were ramped (10°C min~1) to 140°C in dry
He (25 cm® min—1) and held at this temperaturefor 1 h. The
resin was supported on aglassfrit and alayer of glass beads
above the catalyst bed served as a preheating zone, ensuring
that the reactant reached reaction temperature before con-
tacting the catalyst. The reactor temperature was monitored
(constant to +1 °C) with athermocouplein the catalyst bed.
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A microprocessor-controlled infusion pump was used to in-
troduce 1-hexanol in a stream of dry heliumat a W/Q ra
tio in the range 0.072-0.52 ghcm~2, where W represents
the weight of catalyst and Q is the inlet liquid volumetric
feed rate. The overall gas hourly space velocity (GHSV)
was maintained at 2 x 10% h~1. The product stream was
collected in aliquid nitrogen trap and periodically analysed
by gas chromatography (Al Cambridge GC94) using aDB-1
(50 m x 0.2mmi.d.) 0.33 um capillary column (J&W Sci-
entific).

2.3.2. Propene hydration

The reaction was performed in a sealed copper-lined,
high pressure, vessel of internal volume 240 cm?, fitted with
a mechanical stirrer. This reactor was charged with 15 g
resin (dry weight), 100 g water and 54 g of propene. The
reaction mixture was stirred continuously at 300 rpm and
heated to the reaction temperature of 140°C. The pressure
in the vessel was monitored continuously. The maximum
pressure achieved was typically 300 bar. The progress of the
reaction was followed using the pressure drop as propene
was consumed, and a pseudo-first-order rate constant esti-
mated. At the end of the run (typically 16 h) the autoclave
was cooled to room temperature and excess propene vented.
The reactor was then opened and the contents were trans-
ferred to aweighed sample container. A portion of the liquid
product was analysed by capillary gas chromatography to
determine propene conversion and selectivity to 2-propanol.

2.4. Resin thermal stability

The samples (1 g) were heated with 50 cm® water at
200°C for 8 h in a sealed 100 cm? pressure vessel, un-
der autogenous pressure. This temperature was chosen be-
cause it gave measurable degradation of resin acidity within
a reasonable time, even though it was significantly higher
than the target reaction temperatures. Resins were then thor-
oughly rinsed with water at 60 °C, prior to determination of
the remaining acidity. Thiswas measured by ammonia sorp-
tion calorimetry, as described above. The concentration of
acid sites was also determined by thoroughly swelling the
resins in water, exchanging with Nat (1.5 mol dm~3 NaCl
solution), and directly titrating with standard NaOH solu-
tion [13].

3. Resaults
3.1. Resin acidities

Representative plots showing the molar enthal pies of am-
monia adsorption as afunction of acid site coveragesfor the
four resins are shown in figure 2(a). Note that, in each case,
the profiles fall abruptly at coverages close to their cation-
exchange capacities, showing that the interaction between
these resins and ammoniais essentially stoichiometric. Mo-
lar adsorption enthalpies for each resin fall steadily with
increasing coverage. For comparative purposes, it is con-
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Figure 2. Enthalpies of adsorption of ammonia with coverage for CT-175,
CT-275, CT-375 and Amberlyst 15: (a) differential plots and (b) an integral
plot (CT-175) with mean gradients for the four resins.

venient to plot the cumulative enthal pies against coverages
and determine mean gradients up to saturation coverage (fig-
ure 2(b)). This gives average molar enthal pies of ammonia
sorption for each catalyst.

On the assumption that enthal pies of adsorption do indeed
reflect the strengths of the Bransted acid sites, the two per-
sulfonated resins show very similar acid strengths. The two
normally sulfonated resinsal so exhibit very similar strengths
to each other. However, the two persulfonated resins are sig-
nificantly stronger acids than the normally sulfonated resins.
This observation is consistent with our preliminary results
on CT-175and CT-275[3,9].

Acidity measurements made before and after hydrother-
mal treatment at 200°C are shown in figure 3. In addition
to the calorimetric data, acid site concentrations measured
on swollen resins by agqueous NaOH titration are al so shown
in the figure, together with the percentages of the origina
acid concentrationsthat these represent. The steep decreases
seen in molar enthal pies of ammonia adsorption, which cor-
respond to saturation of acid sites, occur at coverageswhich
roughly coincide with the acid site concentrations measured
by agueous NaOH titration of the swollen resins. Given
this broad agreement between the two methods of measur-
ing acid site concentration, the results show clearly that the
extent of desulfonation, in terms of the percentage of acid
siteslogt, isvery much less for the persulfonated than for the
normally sulfonated resins.
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Figure 3. Enthalpies of adsorption of ammoniawith coverage as differential

plots, for Amberlyst 15, CT-175, CT-275 and CT-375, before () and after

(M) hydrothermal treatment at 200 °C for 8 h. Cation-exchange capacities
of treated resins, determined by NaOH titration, are also shown.

3.2. Catalytic activities

The dehydration of 1-hexanol over all the activated resins
gave primary and secondary hexenes, and dihexy! ether(s).
The rate of dehydration of 1-hexanol over Amberlyst 15,
CT-175 and CT-275, was measured over a range of inlet
1-hexanol volumetric flow rates (1.4-10.0 cm®h~1). At all
flow rates the persulfonated resin (CT-275) delivered the
highest conversions. Reaction rates and specific activities,
incorporating corrections for the different concentrations of
acid sites on each catalyst, are shown in table 1 for an in-
termediate inlet 1-hexanol flow rate. Molar ratios of hexene
to ether at steady state are also shown. There is no obvi-
ous trend in terms of selectivity under these process condi-
tions. It is worth noting that a higher selectivity in terms
of alkene formation with the more active catalysts has been
reported for other solid acids, such as acid-activated clays
[14,15]. However, the reverse trend has also been observed
[16,17], and a link between catalyst activity and selectivity
in 1-hexanol dehydration has not been generally established.
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Tablel
Reaction rates, specific activities and reaction selectivities at steady state
for the dehydration of 1-hexanol under flow conditions at 140 °C over sul-
fonated poly(styrene-co-divinylbenzene) catalysts, at a 1-hexanol inlet flow
rateof 6 cm3 h1,

Catalyst Reaction rate Speific activity Selectivity
(10~2 umol (1073 umol converted  ([hexene]/
converted g 1 h™1)  mmol~1(-SO3zH) h™1)  [ether])
Amb15 25 5.3 14
CT-175 23 47 1.0
CT-275 7.6 14.1 14

Table 2
Pseudo-first-order rate constants (k) for the hydration of propene using
sulfonated poly(styrene-co-divinylbenzene) catalysts in the batch mode

at 140°C.
Catalyst k k (based on Selectivity towards
(™ acid sites) 2-propanol (6 h reaction)
) (mol%)
Amb15 2.7 0.57 92
CT-175 2.7 0.55 92
CT-275 5.7 1.06 95
CT-375 5.6 1.02 95

The pseudo-first-order rate constants for propene hydra-
tion are shown in table 2. Specific rate constants, corrected
for the concentrations of acid groups on the resins, are also
given. In al cases the major product was 2-propanol but
small amounts of oligomers were also detected. Again, the
persulfonated resins are more active than CT-175 and Am-
berlyst 15, and 2-propanol selectivity is dightly higher for
the persulfonated resins.

4, Discussion

All the results support the view that persulfonation not
only increases the concentration of acid sites on poly(sty-
rene—divinylbenzene) resins but also increases the acid
site strengths, and the catalytic activities towards hydra-
tion/dehydration reactions. At the sametime, persulfonation
significantly improves thermal stability.

It appearsthat the trendsin catalytic activities previously
observed [2,4-6] for fully and less than fully sulfonated
resins are maintained when sulfonation is extended beyond
the full or normal level. We suggest that the explanation
may lie in both the varying water content per acid group in
theresins, and structural characteristics associated with high
levels of sulfonation.

4.1. Resin water content and internal acid solution

It is difficult to estimate the relative acid concentrations
in the internal solutions in the gel regions of macroporous
resins becauseit is not possibleto fully differentiate between
water in the resin and water in the macropores. This com-
plication does not exist with the simpler gel resins, and there
is direct evidence both in the literature and in our own work
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that the water content per sulfonic acid group in these mate-
rials does indeed decrease as the number of acid groupsin-
creases [18]. The polymeric matrix in a macroporous resin
is essentially similar to that in a gel resin so the same trend
is expected. This would explain, in part at least, the in-
creasein acid strength, and hence catalytic activity, on going
from normally sulfonated CT-175/Amberlyst 15 to the per-
sulfonated CT-275/CT-375.

We appreciate that this explanation is based on the be-
haviour of hydrated, swollen resins. The catalytic activities
were measured using reactions in which water was present
either as a reactant or a product, so the explanation seems
quite plausible for the differencesin catalytic activities seen
between resins. However, the acidity measurements shown
in figure 2 were all made on almost dehydrated resins, con-
taining only 1-2% w/w water. Relating catalytic activitiesto
these measured aciditiesin terms of water content can there-
fore only be done on the assumption that the relative ten-
dencies for the resins to retain water are similar when com-
pletely hydrated and after drying at 100 °C.

4.2. Srructural effects of persulfonation

The theoretical cation-exchange capacity for a precisely
mono-sulfonated resin of the types studied here is 5.2
meg g~ (the value depends on the DV B content of theresin)
[19]. Thehigher valuesexhibited by the persulfonated resins
mean that some di-substitution (at least) must have occurred.
A second sulfonic acid group on an aromatic ring should ac-
tivate the first substituted group, increasing its acid strength.
The effect of thiswould be to increase the overall molar en-
thalpies of ammonia adsorption, as seen in figure 2(a). Itis
worth pointing out that the presence of afraction of stronger
sites, as proposed here, would be unlikely to result in a dis-
crete step in the acid strength distribution profile. Thisis
because, firstly, it is unlikely that ammonia sorption would
be under purely thermodynamic control at 100 °C, and, sec-
ondly, evenif it were, the relatively small energy differences
between the strong and weak sites would almost certainly
mean that neutralisation of both types of site would occur
simultaneously at all coverages[11].

Another possible consequence of vigorous sulfonation is
the formation of sulfone, —SO,—, bridges between neigh-
bouring phenyl rings. These bridging sulfone groups should
activate sulfonic acid groups on the same phenyl rings, in-
creasing acid strength. Sulfone bridges could, in princi-
ple, be detected by IR spectroscopy and IR measurements
will indeed be made on persulfonated resins. However, it
is worth pointing out that IR studies of normally sulfonated
resins have indicated that very few, if any, sulfone bridges
are present in these materials [20] and, intuitively, it seems
unlikely that their abundance will be increased dramatically
on persulfonation.

An important consequence of di-substitution of the aro-
matic rings, and/or the presence of sulfone bridges between
sulfonated rings, is a reduced susceptibility to electrophilic
attack. Thisisimportant because the thermal degradation of
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sulfonated polystyreneresinsis generally associated with an
electrophilic, acid-catalysed desulfonation process [21,22].
The results of this work show that persulfonated resins are
thermally more stable than normally sulfonated resins. This
suggests that the effect of di-sulfonation in increasing ther-
mal stability outweighs the tendency to reduce thermal sta-
bility that inevitably accompanies the higher acidity in the
internal solution.

5. Conclusions

There are two possible consequences of persulfonating
poly(styrene-co-divinylbenzene) resins. The first is an in-
crease in acid concentration in the internal solution, and the
second is an increase in the level of di-sulfonation. Both
effects contribute to an increase in acid strength. However,
while the former should also lead to reduced thermal stabil-
ity as aresult of higher acidity in the internal solution, it is
necessary to invokethe presence of di-sulfonation to explain
theincreased thermal stabilities shown by persulfonated over
normally sulfonated resins.
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