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bstract

The acidic and catalytic properties of sulfonic acids supported on polystyrene, on silica (via propyl and phenyl tethers) and on a fluorinated
ydrocarbon polymer (Nafion) are compared. Surface acidities are characterised using ammonia adsorption calorimetry under flow conditions in
hich pulses of ammonia are introduced to the sample from a flowing carrier stream. The extent of adsorption and molar enthalpies of ammonia

dsorption (�Hads
◦) are interpreted in terms of the abundance, accessibility and strength of surface acid sites. Catalytic activities are measured

or the isomerisation of �-pinene. The Nafion catalysts show the highest �Hads
◦(NH3) and the highest catalytic activities. Although both silica-
upported and polystyrene-supported sulfonic acids show lower specific activities and lower �Hads
◦(NH3) values, the correlation between activity

nd �Hads
◦(NH3) is relatively poor for these supported forms of the acid. It appears that while �Hads

◦(NH3) is certainly sensitive to the strength
f acid groups on which ammonia is adsorbed, it can only be used to compare acid strengths in a meaningful way for structurally similar catalysts.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Sulfonic acid groups can be bound to the surface of inert sup-
ort materials to form solid acid catalysts. The first objective of
his work has been to investigate the effect of the support mate-
ial, and the way in which sulfonic acid groups are tethered,
n the acidities and the catalytic activities of the acid groups.
he second objective has been to assess the usefulness and lim-

tations of ammonia adsorption calorimetry as a technique for
haracterising supported sulfonic acid catalysts on a range of
upports.

In previous work, we have shown that the catalytic activities
f a series of polystyrene supported sulfonic acid catalysts can
e correlated to the strengths of their acid sites measured using
mmonia adsorption calorimetric techniques [1–4]. In the work
eported here, we have extended this to sulfonic acid on other

olymeric and porous silica supports, in which acid groups are
ethered by short alkyl or aryl groups.

∗ Corresponding author. Tel.: +44 1484473397; fax: +44 1484472182.
E-mail address: d.r.brown@hud.ac.uk (D.R. Brown).
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Polystyrene supported sulfonic acids are widely applied
ndustrially [5–11] in, for example, MTBE, TAME and bis-
henol A syntheses. They are convenient to use and invariably
xhibit high concentrations of acid sites. However, compared to
any acid catalysts, they exhibit relatively low thermal stabili-

ies and comparatively low acid strengths [1–4].
The fluorinated polymer-supported sulfonic acid, Nafion, is

idely believed to be of high acid strength, even superacidic, on
ccount of the fluorine atoms close to the sulfonic acid groups
9,12–16]. In its pure form it is essentially non-porous and some-
hat resistant to solvation in commonly used solvents, limiting

atalytic applications. However, it can be obtained as a compos-
te material with silica gel (known as SAC-13) with a higher
urface area and more accessible sulfonic acid groups [14–16].

Sulfonic acids supported on porous silica have been widely
tudied, in part because they offer an alternative, and gener-
lly superior, way of imparting surface acidity to mesoporous
olecular sieve materials such as MCM-41 and SBA-15 to

hose methods that rely on isomorphous lattice substitution to

enerate intrinsic acidity [17,18]. The usual ways in which
ilica-supported sulfonic acids are synthesised are either via
o-condensation during silica gel formation or through post-
ynthesis grafting on the silica walls, in both cases with a suitable

mailto:d.r.brown@hud.ac.uk
dx.doi.org/10.1016/j.molcata.2006.11.022
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ulfur-containing silane compound such as trialkoxysilane-
ropylthiol [19–22]. Condensation of the alkoxy with silanol
roups binds the tether to the silica support and the acid is
hen generated by oxidation of the thiol to sulfonic acid. A dis-
dvantage of these materials is that, compared to polystyrene
upported sulfonic acid, the concentrations of supported sul-
onic acid groups tend to be low. An advantage is that the nature
f the tether can be manipulated to control acid strength, even
o the extent of using a perfluorinated hydrocarbon tether [23].

Many spectroscopic and thermochemical methods can be
sed to characterise the surface acidity of solid acid catalysts
7,24] but there is no single method that is accepted as being
he most suitable for providing data that is useful in predict-
ng catalytic properties. However, base adsorption calorimetry
s generally regarded as a technique that can reasonably be used
o compare the acid strengths of related solid acids, and it is
his technique that has been used in the work reported here,
ith ammonia as the basic probe compound [7,24,25]. Most

ommonly, base adsorption calorimetry involves exposure of the
ample to a series of small doses of the probe base compound,
nder conditions where adsorption from the gas phase is allowed
o reach equilibrium after each addition. The molar enthalpy of
dsorption, measured for each addition, is then plotted against
he total uptake of ammonia per unit mass (surface coverage)
f the solid acid. On the assumptions that (i) ammonia adsorbs
toichiometrically on acid sites, (ii) the enthalpy of adsorption
s an indicator of the strength of the acid sites, and that (iii)
cid sites react in order of decreasing strength (constrained by
he Boltzmann distribution governing the relative populations
f sites of different strengths), the resultant �Hads

◦/coverage
rofile is interpreted in terms of the abundance, strength and
trength distribution of the surface acid sites [1–4].

In the work reported here, we have used base adsorption
alorimetry under flow conditions. In this technique ammonia
dsorption takes place from small pulses of ammonia which
re introduced to a flowing carrier gas which passes over the
ample in the calorimeter. An important difference between this
ow technique and the conventional equilibrium technique is

hat ammonia that adsorbs weakly and reversibly on the cat-
lyst surface from each ammonia pulse desorbs back into the
arrier after the pulse has passed. This ensures that the ammonia
hich remains bound, and the measured enthalpies of adsorp-

ion, are associated only with irreversibly and strongly adsorbed
mmonia—presumably that which is chemisorbed on acid sites.
his pulse-by-pulse discrimination between probe compound
dsorbed on strongly binding acid sites and that adsorbed on
eakly binding non-acidic sites cannot be obtained with the

onventional equilibrium base adsorption calorimetric experi-
ent.

. Experimental

.1. Materials
Three commercially available sulfonated poly(styrene-co-
ivinylbenzene) resins were used: Amberlyst 15, Amberlyst 35
Rohm and Haas) and C100H (Purolite). The first two are macro-

t

p
p
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orous (sometimes called “macroreticular”) and the third is a gel
esin with no permanent porosity. All were supplied as spher-
cal beads and ground to fine powders (facilitated by cooling)
f size ≤125 �m for our experiments. Nafion NR50 was from
upont and silica-supported Nafion, SAC-13 (Nafion loading,
3% (w/w)) from Sigma–Aldrich. Both Nafion NR50 and SAC-
3 were also ground to powders of size ≤125 �m. Dried helium
nd 1% ammonia in helium mixture were from BOC gases.

Silica-gel supported sulfonic acids were prepared as follows.
mesoporous silica gel (EP116) was supplied by Ineos Silicas.

he silica (1.5 g) was dispersed in 50 ml toluene. 3-Mercapto-
ropyltrimethoxysilane or 2-(4-chlorosulfonylphenyl)ethyl-
rimethoxysilane (3.6 g) was added and the mixture refluxed for
2 h at 383 K. The solid was collected by filtration, washed with
ot toluene followed by methanol and water, and air-dried. In the
ase of the mercapto- synthesis the resulting solid was stirred at
oom temperature for 2 h with excess 33% (v/v) H2O2 solution,
ltered, washed with water. All samples were dispersed in excess
.1 M H2SO4 solution and stirred overnight. The resultant solids
ere filtered, washed with water and dried at 333 K [26–29].
he concentrations of acid sites were measured by exchange

n 1.0 M NaCl solution followed by titration with 0.1 M NaOH
olution. Elemental analysis (Medac) for C and S clearly estab-
ished from the C/S ratios that the surface grafting was achieved,
n average, by the condensation of two out of three ethoxy or
ethoxy groups with surface silanol groups for both types of

ether compound.

.2. Methods

Nitrogen adsorption isotherms were recorded at 77 K. Surface
reas calculated by the BET method are given in Table 1. Des-
rption isotherms were used to calculate pore size distributions
sing the BJH method.

Ammonia adsorption calorimetry under flow conditions was
erformed on the catalysts using the system described ear-
ier based on a flow-through Setaram 111 differential scanning
alorimeter (DSC) and an automated gas flow and switching sys-
em [30,31], modified through the use of a mass spectrometer
etector for the down-stream gas flow (Hiden HPR20) connected
ia a heated capillary (at 175 ◦C) instead of the previously used
hermal conductivity detector. In a typical experiment, the cata-
yst (5–30 mg) was activated at 150 ◦C under dried helium flow
t 5 ml min−1. Following activation, and maintaining the sam-
le temperature at 150◦C, small (typically 1.0 ml but from 0.2
o 5.0 ml) pulses of the probe gas (1% ammonia in helium) at
tmospheric pressure were injected at regular intervals into the
arrier gas stream from a gas-sampling valve. The concentration
f ammonia downstream of the sample was monitored continu-
usly with the mass spectrometer. The interval between pulses
as chosen to ensure that the ammonia concentration in the

arrier gas (including that adsorbed and then desorbed after the
ulse had passed) returned to zero, and to allow the DSC baseline

o re-establish itself.

The net amount of ammonia irreversibly adsorbed from each
ulse was determined by comparing the MS signal during each
ulse with a signal recorded during a control experiment through
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Table 1
Characterisation, acidity and catalytic activity data for supported sulfonic acid catalysts

Catalyst N2 adsorption data Average
�Hads

◦(NH3)a

(kJ mol−1)

Saturation NH3

coverageb

(mmol g−1)

Turnover
frequency per
acid site (h−1)

Molar
selectivity to
camphene (%)Surface area

(m2 g−1)
Pore volume
(ml g−1)

Average pore
diameter (nm)

Amberlyst 15 53c 0.4c 30c −110 ± 4 4.7 ± 0.2 (4.7) 47 22
C100H – – – −110 ± 4 4.6 ± 0.2 (4.7) 9 20
Amberlyst 35 50c 0.35c 30c −116 ± 4 5.3 ± 0.2 (≥5.2) 112 40
Nafion NR50 pellets – – – −158 ± 5 0.76 ± 0.06 (≥0.8) 102 50
Nafion NR50 powder

≤125 �m
– – – −161 ± 5 0.85 ± 0.06 (≥0.8) 1325 55

Nafion SAC-13 196 0.6 10 −162 ± 5 0.12 ± 0.04 (0.11) 1709 50
SiO2 (EP116) 270 1.6 20.1 – – – –
SiO2–propylSO3H 260 1.4 17.1 −128 ± 5 1.10 ± 0.10 11 8
SiO2–phenylSO3H 190 0.95 15.5 −126 ± 5 0.68 ± 0.08 13 10

erage.
ally greater than −80 kJ mol−1.
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Fig. 1. Molar enthalpy of ammonia (irreversible) adsorption vs. surface coverage
for powdered polystyrene sulfonic acid resins, Amberlyst 15 and Amberlyst
35 (macroporous), and Purolite C100H (gel-type). Catalysts were activated at
150 ◦C and adsorption carried out at the same temperature.
a Average value of �Hads
◦(NH3) for ammonia adsorbing up to saturation cov

b Saturation NH3 coverage defined as total NH3 uptake with �Hads
◦ numeric

c Value supplied by manufacturer.

blank sample tube. Net heat released for each pulse, corre-
ponding to irreversible adsorption of ammonia, was calculated
rom the DSC thermal curve. From this the molar enthalpy of
dsorption of ammonia (�Hads

◦) was obtained for the ammo-
ia adsorbed from each successive pulse. The �Hads

◦ values
ere then plotted against the amount of (irreversibly) adsorbed

mmonia per gram of the catalyst, to give a �Hads
◦/coverage

rofile for each catalyst.
Activities of the catalysts in the isomerisation of �-pinene

ere tested at 100 ◦C. Catalyst (of various weights, see later) was
ctivated at 150 ◦C in a glass reactor under flowing dry air for 3 h.
he reactor was cooled to 100 ◦C and a pre-heated mixture of
.05 mol �-pinene and 0.01 mol decane (internal GC standard)
as injected and reaction initiated. The reaction mixture was

tirred fast enough to avoid external mass transfer constraints.
mall aliquots were withdrawn at regular intervals and analysed
ith GC, using a 25 m BP1 column with 5 ml min−1 helium flow

nd at a constant oven temperature of 75 ◦C.

. Results and discussion

Physical characterisation data for the catalysts, a summary of
alorimetric adsorption and catalytic activity data are shown in
able 1. More detailed results from the calorimetric adsorption
xperiments are shown in the form of �Hads

◦ versus surface cov-
rage profiles for the catalysts in Figs. 1–3. Conversion versus
ime plots for the �-pinene reaction appear in Fig. 4.

.1. Acidity data

The �Hads
◦ versus surface coverage profiles for the

olystyrene sulfonic acid resin catalysts are shown in Fig. 1.
hese data are similar to those reported previously for the same
atalysts where ammonia adsorption was carried out in a static

ystem and allowed to reach equilibrium after each pulse [30,31].
he similarity between results obtained by the flow and the static
ethod is almost certainly linked to the very small surface area

f these materials – the acid sites are distributed throughout

Fig. 2. Molar enthalpy of ammonia (irreversible) adsorption vs. surface cover-
age for pure Nafion (beads and powder) and Nafion/silica composite SAC-13.
Catalysts were activated at 150 ◦C and adsorption carried out at the same tem-
perature.
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Fig. 3. Molar enthalpy of ammonia (irreversible) adsorption vs. surface coverage
for powdered sulfonated silicas, silicapropylsulfonic acid and silicaphenylsul-
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onic acid. Catalysts were activated at 150 ◦C and adsorption carried out at the
ame temperature.

he bulk of the polymer particles – and the fact that very little
eversible ammonia adsorption would occur on these materials
nder any conditions.

The data in Fig. 1 shows the following. Firstly, if it is assumed
hat the point at which �Hads

◦ drops steeply corresponds to sat-
ration of acid sites, and more specifically that only ammonia
dsorption at enthalpies of numerically more than −80 kJ mol−1

orrespond to adsorption on acid sites of significant strength
17,32], then it appears that total ammonia adsorption (saturation
H3 coverage) corresponds closely to one to one stoichiometric

dsorption on all acid sites. Amberlyst 15 is reportedly sul-

onated at 4.7 mmol g−1 [1] corresponding approximately to one
ulfonic acid group per styrene monomer unit. Amberlyst 35
s known to be sulfonated at a level of about 5.2 mmol g−1,

ig. 4. Catalytic activity data for supported sulfonic acid catalysts. Conversion
f �-pinene as a function of time. Conditions—catalyst: Nafion and polystyre-
esulfonic acids, 25 mg; SAC-13, 195 mg; silicapropylsulfonic acid, 125 mg;
ilicaphenylsulfonic acid, 200 mg; �-pinene, 0.05 mol, 100 ◦C.
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orresponding to more than one acid group per styrene unit
persulfonated).

Secondly, the molar enthalpies of ammonia adsorption of the
ersulfonated resin, Amberlyst 35, are significantly higher than
hose of the normally sulfonated resin, Amberlyst 15. This has
een observed before, and is generally explained in terms of
he enhanced acid strength of sulfonic acid groups on phenyl
ings on some of which there is a second (electron withdrawing)
ulfonic acid group. The enhanced acid strength of Amberlyst
5 is consistent with the very much higher catalytic activities
hat have been observed with persulfonated resins [1].

Amberlyst 15 and 35 are macroporous resins (sometimes
eferred to as “macroreticular”). A degree of permanent poros-
ty is built into the resin beads to ensure that a high proportion
f the acid sites, although distributed through the bulk of the
esin, are accessible to non-swelling solvents and reactants. The
esin C100H on the other hand is a gel resin, with no permanent
orosity. The nominal surface area of this material is very small
nd it is generally assumed that access to all but a very few of
he acid sites require significant diffusion through the resin gel.
he resin C100H is sulfonated at a similar level to the porous
mberlyst 15 resin. The data in Fig. 1 for C100H in powder

orm shows that in this form the resin adsorbs ammonia from
flowing gas stream in an almost identical way to the porous
mberlyst 15, generating an almost identical �Hads

◦/coverage
rofile. Average values for �Hads

◦(NH3) and saturation cover-
ge shown in Table 1 confirm this. It appears that ammonia is
uite effective at diffusing into the dry polymer matrix, at least in
owder form. This facility with which ammonia diffuses through
olystyrene sulfonic acid resins is mentioned here partly because
imilar behaviour is seen with Nafion resin (described below),
nd partly because, since typical reactant molecules are unlikely
o diffuse into these sulfonated resins in precisely the same way
s ammonia, it highlights possible difficulties in correlating acid-
ty measurements made with adsorbed ammonia with activities
n typical acid catalysed organic reactions.

The �Hads
◦ versus surface coverage profiles for Nafion as

ylindrical pellets (diameter 1–2 mm), as powder (<125 �m)
round from the pellets, and as the silica composite, Nafion SAC-
3, also as a powder, are shown in Fig. 2. If, again, it is assumed
hat adsorption on sites with significant acid strength occurs
nly with enthalpies numerically greater than−80 kJ mol−1 then
H3 appears to probe about 0.12 mmol g−1 acid sites on SAC-
3, 0.76 mmol g−1 on Nafion in pellet form, and 0.85 mmol g−1

n powder form. The total acid site concentrations for these three
aterials are given in Table 1 as saturation NH3 coverages and

hese figures taken from Fig. 2 represent reaction with almost all
he acid sites on the catalysts. Nafion has no permanent poros-
ty and, compared to sulfonated polystyrene, swells slowly and
elatively little in most polar solvents. The fact that such a large
roportion of the acid sites on even pelleted Nafion is accessi-
le to NH3 was at first surprising. However, Nafion is known
o be particularly permeable to NH3. Nafion membrane has a

ery high ammonia permeability (of the order of 104 barrer),
nd shows selectivity over other gases such as hydrogen (500:1
t room temperature) and nitrogen [33,34]. In fact, Nafion mem-
rane has been explored as a selective membrane for separation
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f ammonia from other product gases for the Haber process
34].

In terms of enthalpies of ammonia adsorption and acid
trengths, the three forms of Nafion show very similar values
nd relative homogeneity of acid strength up to saturation. They
eem to be very much stronger acids than the polystyrene sup-
orted sulfonic acids. Nafion is frequently cited as a superacid
atalyst, on the basis of a Hammett acidity function (H0) of
11 to −13 [35], and the high �Hads

◦ values recorded here
re not inconsistent with this. It is worth mentioning that the
Hads

◦(NH3) for Nafion is one of the highest measured for
solid Bronsted acid using ammonia adsorption calorimetric

echniques [31,32].
The �Hads

◦(NH3) versus surface coverage profile for the
ilica-supported sulfonic acids appear in Fig. 3. Clear delineation
etween irreversibly adsorbed NH3 and reversibly adsorbed
H3 on the high surface area supports is apparent. A very dif-

erent and less well resolved profile would have been observed
ad the equilibrium adsorption technique been used.

The concentrations of acid sites on these sulfonic acid func-
ionalised silica samples were determined separately in water,
y exchanging with excess Na+ (from NaCl) followed by titra-
ion with standard NaOH solution. Values essentially the same
s the ammonia saturation coverage figures appearing in Table 1
ere found. However, the concentrations of sulfur in these mate-

ials, measured by direct elemental analysis, were somewhat
igher (typically 30–40%) than predicted from acid site con-
entrations. It is concluded from this that, when using both the
ercaptopropyl- and the chlorosulfonylphenyl- precursors to

ether sulfonic acids, a significant percentage of the precursor
esists conversion to the acid form.

The aqueous titration and calorimetric adsorption data sug-
est that ammonia, at 150 ◦C, can access essentially all the
cid sites on these functionalised silicas, perhaps unsurprisingly
iven their relatively large pores and high surface areas. The
oncentrations of acid sites on these two catalysts are, however,
elatively low. Acid strengths (enthalpies of ammonia adsorp-
ion) are reasonably uniform and are slightly higher than on
olystyrene, but well below those of the fluorinated Nafion
atalysts. Enthalpies of adsorption with propyl and phenyl teth-
rs for the acid groups are not significantly different, despite
he expectation that the electron withdrawing aryl group might
ave increased the sulfonic acid strength compared to the propyl
ether.

The reason for the difference in apparent acid strengths
etween polystyrene and silica supported sulfonic acids is not
bsolutely clear. The tether on polystyrene is a phenyl group,
o is essentially similar to one of the tethers on silica. We have
lready shown how the strength depends on the degree of sul-
onation of the phenyl groups. Only in the case of sulfonated
olystyrene is disulfonation possible (because of the high over-
ll level of sulfoncation), so a reasonable expectation might
ave been that the sulfonated polystyrenes would have shown

igher average acid strengths than the sulfonated silicas. That
he reverse is actually observed may be linked to the fact that
emoval of water from sulfonated polystyrene resins is difficult,
nd even nominally dehydrated resins are known to hold at least

N
N
N
h

lysis A: Chemical 267 (2007) 72–78

ne water molecule per acid group [36], meaning that the mea-
ured acidity is in fact that of the H3O+ ion (albeit in a rather
nusual environment). Another, alternative, factor which may
nfluence the difference between �Hads

◦(NH3) on sulfonated
ilica and sulfonated polystyrene is the enthalpy associated with
dsorption and chelation of ammonia molecules in silica pores,
he “confinement” effect [37–39]. The contribution from this
ould be larger for the silica support than for the hydrophobic
olystyrene support.

The acid strength data for silica- and polystyrene-supported
ulfonic acids based on ammonia adsorption contrasts with that
ound by Stucky and co-worker [40], who compared the acid
trengths of propylsulfonic acid and phenylsulfonic acid on
ilica with Amberlyst 15 polystyrene sulfonic acid, based on
he 31P NMR shift for adsorbed triethylphosphine oxide. They
eported that Amberlyst 15 was the strongest of the three, fol-
owed by the silica arylsulfonic acid and the silica propylsulfonic
cid, somewhat in line with our own expectations. This certainly
uts into question the relative acid strengths based on enthalpies
f ammonia adsorption, and may even support the possibility
hat the higher enthalpies observed for the silica-supported sul-
onic acids in this work are not in fact due to higher acid strength
ut the additional heats of ammonia confinement in silica pores
eferred to in the last paragraph.

.2. Catalytic activity

Catalytic activities are shown as reactant conversion over 4 h
eaction periods in Fig. 4. The weights of catalyst used were
5 mg for polystyrene sulfonic acids, 125 mg for silicaproyl-
ulfonic acid and 200 mg for silicaphenylsulfonic acid, to give
pproximately the same number of acid groups for each catalyst.
or the very much more active Nafion catalysts, 25 mg of Nafion
as used and 195 mg of SAC-13, so that the Nafion content was

he same in the two experiments. The kinetic data is shown in
able 1 as turnover numbers per hour (TONs). Molar product
electivity to camphene is also given.

Of the polystyrene supported sulfonic acids, the non-porous
100H powder showed almost immeasurably low activity, as

hown in Table 1. Macroporous Amberlyst 15 and Amberlyst 35
owders showed very much higher activities. The higher TON
or Amberlyst 35 over Amberlyst 15 reflects the higher acid site
trength on this resin.

Nafion powder and Nafion SAC-13 both exhibited TONs ten
imes higher than the Amberlyst sulfonic acids. Nafion pellets
ere less effective, consistent with the inaccessibility of most of

he acid sites. Note that, even though all or most of the acid sites
n Nafion pellets and indeed C100H powder were accessible to
mmonia in the calorimetric adsorption experiments, the major-
ty of the acid sites are still buried inside the polymer matrix and
re evidently not accessible to a bulky, non-swelling reactant
uch as �-pinene.

The high TONs of sulfonic acid in powdered Nafion and

afion SAC-13 catalysts reflect the high acid strengths of
afion. As the measured strengths of acid sites are similar for
afion powder and Nafion SAC-13, it seems likely that the
igher activity and TON of Nafion SAC-13 is due to better
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ccessibility of acid sites. It is reported that Nafion in SAC-13 is
ispersed “on a nanometre scale” [16] and this would certainly
e consistent with the very high specific activity of Nafion on
his support.

Both silica-supported sulfonic acids show comparatively low
ctivities with low TONs. The very low activities mean it is not
ossible to say with any certainty whether changing the tether
rom a propyl to a phenyl group has any effect. The porosity data
rom nitrogen adsorption suggests that the functionalisation of
his mesoporous silica has neither blocked the pores nor reduced
he surface areas significantly, so accessibility to acid sites would
e expected to be good.

Given that the strengths of the silica-supported sulfonic acid
roups (based both on ammonia adsorption and on 31P NMR
f adsorbed triethylphosphineoxide) are at least comparable to
he strength of sulfonic acid on polystyrene, the low activity
f these groups is surprising. A possible explanation is that
he hydrophilicity of the support hinders surface reaction with
he hydrophobic reactant �-pinene. Indeed, in other reactions
nvolving more polar reactants, silica-supported sulfonic acid
as been reported to be as active as polystyrene sulfonic acid
29] and even, in the very polar methanol/ethanoic acid ester-
fication reaction medium, more active than Nafion [28]. It is
lear that the relative activities of supported sulfonic acids are
xtremely sensitive to the nature of the reaction, and the com-
atibility of catalyst surface with the reaction medium. It is
ell documented that the activity of silica-supported sulfonic

cid towards non-polar reactants can be enhanced by tuning the
urface hydrophobicity of silica-supported sulfonic acids with
dditional grafted alkyl or aryl groups [41,42].

The catalysts tested show quite different selectivities towards
amphene over limonenes and other products as shown in
able 1. Both Nafion and Nafion SAC-13 show the highest
electivities to camphene. Of the polystyrene sulfonic acids,
mberlyst 35 shows the higher selectivity to camphene. These

rends possibly suggest that the degree of selectivity to camphene
ollows the general trend in overall activity towards �-pinene
onversion, but it is worth pointing out that there is no con-
ensus in the literature over the conditions or catalytic features
hat favour camphene formation [43–46], so no attempt is made
ere to link trends in product selectivity to acid properties of the
atalysts.

. Conclusions

The results reported here show that the acid strength of sul-
onic acid on polymeric and on silica supports are similar. On
he fluorinated support used in Nafion the acid strength of the
ulfonic acid is significantly higher. Nafion catalysts show very
uch higher specific activities in �-pinene conversion than the

ther supported sulfonic acids, in line with this. In compar-
ng Amberlyst 35 (persulfonated) and Amberlyst 15, again the
igher catalytic activity of the former can only be explained in

erms of its higher acid strength as predicted from differences in

Hads
◦(NH3). However, other comparisons, particularly involv-

ng the silica sulfonic acid catalysts, do not reveal a simple
elationship between acid strength, as measured by calorimetric

[
[
[
[
[

lysis A: Chemical 267 (2007) 72–78 77

mmonia adsorption, and catalytic activity. It seems likely that
wo factors are responsible. Firstly, the molar enthalpy of ammo-
ia adsorption on sulfonic acid, while certainly sensitive to the
trength of the sulfonic acid group, also appears to be sensitive
o environment of the sulfonic acid. Using these enthalpies of
dsorption to compare acid strengths of sulfonic acid groups on
imilar polymer supports (Amberlyst 15 versus Amberlyst 35) or
n silica supports (silicapropylsulfonic acid versus silicaphenyl-
ulfonic acid) is quite likely justified, and trends in catalytic
ctivity tend to be consistent with trends in �Hads

◦(NH3), but
omparisons between the two types of supported acids based
n this calorimetric data are subject to question because there
ay be additional events with significant associated enthalpies

ccurring on one type of support and not on the other. Secondly,
n trying to predict catalytic behaviour from enthalpies of ammo-
ia adsorption, differences in the way the ammonia probe and
he reactant might interact with the surface have to be taken into
ccount. Again, comparisons between members of a set of simi-
ar catalysts (e.g. Amberlyst 15 and Amberlyst 35) may provide
eliable predictions of difference in catalytic performance, but
omparisons between different types of catalyst, even if they
ontain the same functional groups, yield less reliable and less
trong correlations between adsorption enthalpies and catalytic
ctivities.

Despite this, the work has demonstrated the usefulness of
ow calorimetric adsorption studies for characterising surface
cidity in terms of acid site abundance, strength and acid site
trength distribution. The ability to discriminate between irre-
ersibly and reversibly adsorbed probe compound over the range
f surface coverage makes the technique particularly powerful
n this regard. It has however highlighted the vital fact that dif-
erences between the ways an experimental probe compound
nd a reactant molecule might interact with catalyst acid sites
nd the catalyst surface in general, have to be taken into account.
he overall conclusion is that acidity characterisation techniques

hat rely on the calorimetric measurements of the adsorption (or
ven desorption) of probe compounds can only be safely used
o predict catalytic activities for closely related catalysts.
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