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Mass Spectrometry

Calorimetric Adsorption for Catalyst Characterisation

D. R. Brown, University of Huddersfield, Department of Chemical Sciences.

Many processes in fine chemicals manufacture rely on acid or base catalysis. Traditional homogeneous acids and bases, such as sulphuric acid and caustic solutions
lead to large amounts of contaminated waste on separation from reaction mixtures. The use of solid catalysts would eliminate this waste, but offer challenges in

terms of providing adequate catalytic activity.

Crucial to the development of sufficiently active solid acids and bases are catalyst
characterisation techniques which can help us understand structure/function relationships.
One of the accepted techniques for characterising surface acidity and surface basicity is
adsorption calorimetry, using probe compounds to study the concentration and strength
of active sites. For solid acids a basic probe such as NH, is used, and for solid bases acidic
probe such as SO, or CO, are used. The probe is progressively introduced to the catalyst
until the active sites are saturated. The molar enthalpy of adsorption of the probe (AHads°)
is plotted against the amount of probe adsorbed on the catalyst. It is assumed that the
probe adsorbs stoichiometrically on active sites, and that AHads® is an indicator of the
strength of the acid or base sites. The resulting profile can be interpreted, broadly at least,
as an active site strength distribution profile.

The most widely used approach is to introduce the probe gas from a gas burette, allowing
the system to reach equilibrium at each addition, and progressively increasing the pressure
of the gas. The sample is held in the calorimeter cell which is inside the gas-tight system,
at a temperature high enough to minimise adsorption on sites other than active sites.
Difficulties with this method are that 1) experiments are long and complex, and, 2) it is
never possible to fully discriminate between adsorption on weak sites and adsorption on
active sites.

We have developed a different approach, in which the catalyst sample (< 50 mg) is held
on a frit in a flow-through differential calorimeter and the probe gas is introduced as a
series of pulses injected into a steady flow of carrier gas, normally nitrogen. The pulses are
delivered from a gas sampling valve upstream of the calorimeter under automatic control.

Figure 1: Flow adsorption calorimetry instrumentation. The flow-through Setaram DSC111 differential
calorimeter is visible on the extreme left. The sample tube is held vertically in the stainless steel furnace. The
automated gas sampling valve is visible on the platform in front of the calorimeter. The low-flow capillary
interface to the Hiden HPR-20 Mass Spectrometer can be seen under the valve platform. The tube furnace
alongside the calorimeter is for catalyst activation.
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Figure 2: Differential calorimeter output (top trace) and downstream Hiden HPR-20 output for m/z = 15 (lower
trace) for NH, adsorption on an acid catalyst (50 mg), held at 120 °C, under flowing N, (5 m/ min’) into which
1 ml pulses of 1% NH, in N, are introduced. In this experiment, the first two pulses are completely adsorbed
by the sample. Pulses three to eight are partially adsorbed

The pulse size is controlled by the sampling loop, and by the make-up of the pulse gas
(which is typically 1% probe gas in the inert carrier). Again, the calorimeter is held at
a temperature to minimise weak adsorption on non-active sites in the catalyst. The
outflow from the calorimeter cell is sampled by a low-flow capillary interface linked to
a Hiden HPR-20 QIC Quadrupole Mass Spectrometer.

Once calibrated with the probe gas, the mass spectrometer signal (using an m/z
unique to the probe gas) provides a measure of the amount breaking through the
sample from each pulse and therefore allows the amount adsorbed by the sample to
be calculated. The data is essentially equivalent to that available from the equilibrium
system described above and can be presented in the same way, as a profile of AHads®
against the amount adsorbed. The advantages of the flow technique are that it is
inherently simpler and quicker, and, most importantly, it is only sensitive to probe gas
that adsorbs irreversibly (strongly) on the sample. Probe that adsorbs reversibly desorbs
as soon as the pulse has passed over the sample and the gas reverts to the carrier
stream. In other words, it overcomes the difficulty of discriminating between weakly
and strongly adsorbed probe gas.
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The system is shown in Figure 1. Example data from an experiment in which NH, is
introduced to a solid acid catalyst is shown in Figure 2.

The usefulness of this data in characterising solid acid catalysts is illustrated in Figure 3,
where profiles of -AHads°(NH,) vs amount of NH, adsorbed are shown for a series of
polymer-supported sulphonic acid catalysts. The objective of this study was to identify the
most suitable of these catalysts for each of two liquid phase, acid-catalysed, reactions, and
to explain the results in terms of catalyst structures.
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Figure 3: -AHads® (NH?) vs. amount adsorbed for catalysts studied, at 120 °C.

Five catalysts were studied. Amberlyst 15 is a macroporous polystyrene sulphonic acid
resin. Amberlyst 35 is similar except that it has been sulphonated at a level above

the stoichiometric level of one acid group per styrene residue. D5081 and D5082

are polystyrene sulphonic acid resins that incorporate additional cross-linking and

are described as "hypercrosslinked’, resulting in very high surface areas (> 500 m? g*'
compared to ca 40 m?g™" for Amberlyst 15/35) and, it is assumed, good accessibility of
acid sites to reactant molecules.

Nafion is a fluorinated polymer-supported sulphonic acid, and the SAC-13 derivative is a

composite with silica gel, designed to increase surface area and accessibility of acid sites.

The data in Figure 3 shows the relative concentrations of acid sites on the five resins
(it is assumed that only those sites on which -AHads® is greater than 80 kJ mol ' are
significantly acidic). The average values of -AHads® above this value for each catalyst are
indicators of acid strength.

The two reactions used were (a) the esterification of oleic acid with methanol and (b)

the rearrangement of a-pinene to camphene. The former is a relatively facile reaction,
and the latter requires relatively strong acid sites for catalysis.

a) CH,(CH,),CH=CH(CH,),COOH + CH,0H —» CH,(CH,),CH=CH(CH,),COOCH, + H,0

b) CHs CH,
HsC
CHj CH3
c— + Limonenes
a-pinene camphene

Initial turnover frequencies (TOF) for the two reactions appear in the Table. These TOF
values can be taken as measures of the activities of the individual acid sites. The important
observation from this data is that, for the more demanding a-pinene reaction, the TOFs
show a direct dependence on the strengths of the acid sites (from Figure 3) whereas for
the facile oleic acid esterification reaction there is only a weak dependence of activity on
acid strength (the most active catalyst is Nafion, but the order displayed by the others does
not correspond to the order of acid strengths).

Catalyst TOF (a-pinene) / h! TOF (oleic acid) / h’
D5081 184 171
D5082 19.1 9.7
Amberlyst 15 23.1 0.97
Amberlyst 35 24.2 0.34
Nafion SAC-13 257 22.2

Table 1. Catalytic activities, as initial turnover frequencies, in the two test reactions.

Reaction conditions: 10 g a-pinene, 0.20 g catalyst, 120 °C
4 g oleic acid, 20 g methanol, 0.20 g catalyst, 65 °C.

The conclusion from this is that the key factor in controlling the kinetics of the more
demanding, a-pinene, reaction is catalyst acid strength. In contrast the kinetics of oleic
acid esterification are largely controlled by acid site accessibility, and the hypercrosslinked
resins, while exhibiting relatively weak acid sites, show high activity because of their
expanded structure and highly accessible acid sites.
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Follow the link to the product catalogue on our website for further information:
http://www.hidenanalytical.com/en/products/for-gas-analysis/hpr-20-qic-r-d
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Mass Spectrometer Tracks Fast Gas Pulses

Hiden Analytical announce a new gas analyser, the HPR-20 TMS
system, specifically configured for analysis of fast transient pulses
and rapid compositional changes in gaseous processes. Initially
developed for the researcher, the system proves suited to studies
of diverse thermally triggered and chemically triggered reactions.

Operating with sample pressures from near-atmospheric up

to 30 bar, the bench-top mass spectrometer uses a fast digital
detection system for minimised signal response times and features
the Hiden triple-stage mass filter for optimum sensitivity, species
identification and corrosion resistance. Coupling to the process is
via a flexible, heated capillary interface of length 0.9M(3ft) with

a throughput of just 20 mL/minute. Measurement rate is up to
500 data points per second over a 7 decade dynamic range, with
a compositional change at the sample point recorded in less than

150 milliseconds. Pulse profile resolution (5% to 95% peak height) is just 60 milliseconds.

The multi-mode Windows MASsoft Professional software features quantitative analysis and statistical data reduction programs,
peak area integration, and the APSI-MS soft ionisation mode to enhance spectral purity. The system includes provision for
import of two external signals to enable simultaneous integration of parameters such as temperature and weight with the mass

spectrometer data.
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