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The appearance of catalyst–reactant interactions observed in on-line ATR FT-IR spectra of Nafion/silica catalysed

esterification and etherification reactions of 1-octanol was investigated. It was assessed by variation of catalyst and solvent that the

catalyst–reactant band is a result of the reaction of silica with 1-octanol, yields Si–O–R functionalities. Based on off-line TPD-MS

and TGA characterisation of the used solid catalyst powder, the formation of Si–O–R linkages on the SiO2 surface was confirmed.

This demonstrates conclusively that in specific liquid-phase reactions, on-line analysis of intermediate species adsorbed on

heterogeneous catalysts is possible. Using on-line particle analyzers, it was assessed that the absorptions were not the result of

severe attrition of the catalyst particles in the course of the reaction, but apparently the result of apolar interactions of the particles

with the diamond crystal.
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1. Introduction

Attenuated total reflection (ATR) Fourier transform
infrared spectroscopy (FT-IR) as real-time in situ mon-
itoring tool, has proven its applicability in various dis-
ciplines of (fine) chemical and chemical engineering
research. For the development of new synthesis routes
and processes for pharmaceutical products, ATR FT-IR
was successfully applied as real-time in situ tool to elu-
cidate reaction mechanisms and kinetics [1, 2]. Also for
the development of pharmaceutical crystallisation pro-
cesses, for which the kinetics of crystal growth and
nucleation are of great importance, this technique has
proven to be most valuable for the determination of
supersaturation concentrations [3–6].

In polymer research this real-time in situ technique
also showed to be an excellent monitoring tool, as
reactions can be analysed without complicated reactor
modifications or expensive deuterated monomers in
order to reveal the reaction kinetics and mechanism
[7–15].

In catalysis research, e.g. homogeneous catalysis,
with this technique not only kinetic and mechanistic
information was obtained, but also information about
the internal co-ordination of the applied metal complex
to the substrate [16–30]. Although in polymer and
catalysis research mostly organic phases are being
studied, also in aqueous phases e.g. in biocatalysis

research, ATR spectroscopy has shown considerable
potential as novel method for on-line measurements of
biocatalytic conversions [31].

In heterogeneous catalysis, this technique is exten-
sively used to study adsorbed surface species on thin film
layers deposited on an internal reflection element (IRE),
which is mostly a gas-phase application. Only few
papers on real-time in situ ATR FT-IR spectroscopy
have been dedicated to kinetic and mechanistic studies
of heterogeneous liquid-phase catalytic reactions at rel-
ative low pressures [32–37]. In these studies, however, no
evidence was found of reactants, reaction intermediates
or products interacting with or adsorbed on the catalyst
surface. E.g. Pintar et al. report that, within the applied
operating window (298 or 308 K, 1 or 10 bara), no
influence of catalyst particles dispersed in the liquid-
phase was found on the collected ATR FT-IR spectra
[36].

In a previous publication we have applied real time
in situ ATR FT-IR spectroscopy for analysis of the
esterification and etherification reactions of 1-octanol
and hexanoic acid (see figure 1) using Nafion/silica
catalysts, with the main result being the appearance of
IR bands in the spectra that were tentatively assigned
to interactions of one the reactants (alcohol) with the
solid catalyst particles [35]. The present study aims to
further evaluate the nature of the intermediate species
adsorbed on the heterogeneous catalysts, and the
reason behind the appearance of the accompanying
absorptions in the ATR-spectra, including particle size
effects.
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2. Experimental

2.1. Materials

Both the esterification reaction of hexanoic acid
(95+%, Merck) and 1-octanol (95+%, Baker) and the
etherification reaction of 1-octanol were performed in a
reflux slurry configuration, as was reported in [35]. The
kinetics of both reactions was either studied in cumene
(98%, Acros) at 427 K, or in n-decane (95+%, Merck)
at 447 K. The pressure was atmospheric, the total
reaction volume was 200 ml containing 0.4 mol/l acid
and alcohol, and 1.0 g of a Nafion on silica composite
consisting of 13% w/w Nafion, respectively. A sieve
fraction of 35–75 lm of the Nafion composite catalyst
was applied, which was kindly provided by Dupont
(N2-BET area typically 350 m2/g). In experiments where
silica was added, Silica gel DavisilTM grade 643 (99+%
Aldrich), was used, in a somewhat smaller sieve fraction
(35–53 lm, N2-BET area of 300 m2/g).

2.2. Kinetic measurements

For a typical experiment at first, the glass reactor was
filled with solvent after which hexanoic acid and the
catalyst were added. Next, 1-octanol was added to the
reaction mixture when the reflux temperature was
reached, which is the starting point of the reaction and
collection of FT-IR spectra. In the case of studying the
etherification a mixture of solvent and catalyst was

heated to reflux temperature, followed by 1-octanol
addition.

The ATR FT-IR equipment used for on-line reaction
monitoring and the apparatus applied for "off-line" GC-
analysis have been described in detail in a previous
publication [35]. Also the processing of the obtained
ATR-spectra is described in this publication.

2.3. Analysis of particle size distributions

For the investigation of particle dimensions and
population a Lasentec FBRM D600R in-process probe
was used, which was obtained from Mettler Toledo.
This probe has a tip diameter of 25 mm and a sapphire
window that can withstand pressures up to 10 bar and
temperatures between )90 and 300 �C. Particle sizes in
the range of 0.5 lm–2.5 mm can be detected in scan
intervals of at least 2 s. The applied conditions depend
mainly on the solvent used.

The applied probe employs the focused beam reflec-
tance (FBR) principle. This principle is based on the
backscattering of a focused laser beam, which follows a
circular path in the liquid-phase. When a particle is
passing through this focused beam it will start to
backscatter the laser light until the opposite end of the
particle is reached (see figure 2). The distance measured
is the chord length. By applying this method typically
tens of thousands of chord lengths per second can be
measured. The constructed chord length distribution
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Figure 1. Esterification and etherification reaction analysed in the present study.
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Figure 2. FBRM probe and chord length measurement. Adapted from [38].
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gives a highly precise and sensitive means of observing
changes in both particle dimensions and particle popu-
lation [38].

2.4. TGA and TPD-MS analysis

To investigate the nature of chemisorbed species at
the catalyst surface both Thermogravimetric Analysis
(TGA) and TPD-MS were applied. For the TGA anal-
ysis a TGA/SDTA851e thermobalance, equipped with a
TSO 801RO sample robot and a TSO 800GC1 gas
control unit was used (All obtained from Mettler
Toledo). Helium was applied as a carrier gas in all
experiments, and fed with a flow rate of 100 ml/min.
Samples of approximately 25 mg were heated at a con-
stant rate of 10 K per minute, to a final temperature of
1073 K. Desorption of chemisorbed reaction species
present on the catalyst carrier was studied by TPD-MS
using an atmospheric plug-flow reactor. Approximately
35.2 mg of sample was weighed into a quartz TPD
reactor. After assembly of the reactor in the set-up, a
helium flow of 50 ml/min (maximal flow rate) was
applied over the reactor bed. When a stable MS-signal
was obtained (after half an hour), the reactor was heated
to 1073 K at a heating rate of 10 K per min.

3. Results

3.1. Reaction kinetics

The main region (1250–1000 cm)1) obtained from
on-line ATR FT-IR monitoring of the esterification
reaction in cumene (at 427 K) and n-decane (at 447 K)
that is of interest for the reaction kinetics is already
extensively discussed in [35]. Therefore, in this study we
only want to focus on the second region of interest
(1250–1000 cm)1 region) that is illustrated in figure 3,

which is the region where 1-octanol, ester and an
unknown reaction product shows IR absorptions. As is
illustrated in this figure, the asymmetric C–O stretching
frequency of 1-octanol can be detected (1045 cm)1 at
427 K). Figure 3 also shows the production of the ester
at 1170 cm)1, which is assigned to the asymmetric C–O
stretching frequency. Besides the bands assigned to the
ester and alcohol, a very strong IR band was observed at
1100 cm)1. The observation of this band is the basis of
this study in order to elucidate the origin of this band.

3.2. Observation of catalyst interactions

The further investigation of the band dynamics of the
unknown compound has been reported in a previous
publication [35]. The results of this investigation are
summarized in figure 4, and illustrate the effects of the
difference in reaction temperature and reaction mixtures
on the dynamics of the band at 1100 cm)1.

As illustrated by figure 4, during the esterification
reaction in n-decane this band was not observed at all
(curve A (�) in figure 4). In the experiment in decane,
where no acid was present in the reaction medium, only
a relative low intensity of the 1100 cm)1 band was
obtained. In cumene, even in the presence of the esteri-
fication reaction, the increase in the absorption band
was observed, which is significantly enhanced in the
absence of acid (curve E). Only without Nafion on the
catalyst carrier, a more rapid formation of the band at
1100 cm)1 was observed in n-decane (curve F).

The emerging 1100 cm)1 absorbance band was fur-
ther investigated, as was reported in [35], by comparing
ATR-spectra were taken from both silica particles and
Nafion on silica particles (both without solvent). The
ATR-spectra obtained from both solids show a broad
band of SiO2 between 1120 and 1020 cm)1 that is
assigned to Si–O–Si stretching vibrations, and the weak

Figure 3. Real-time FT-IR waterfall plot of the 1250–1000 cm)1 region collected in cumene. Dynamics of absorption frequencies of 1-octanol,

ester, and unknown compound X, respectively. Conditions: 200 ml, 0.4 mol/l 1-octanol , 0.4 mol/l hexanoic acid, 1.0 g Nafion/Silica at 427 K.
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band at around 975 cm)1 to Si–O–H [39–42]. The IR
bands assigned to SiO2 particles are near the wave-
numbers observed in the on-line spectra. Moreover,
when comparing the wavenumbers of the unknown
compound with spectra published in open literature
indicate that the absorption band at around 1100 cm)1

should be assigned to the formation of alkoxy linkages
of 1-octanol to the silica surface. The asymmetric and
symmetric stretching vibrations of alkoxy groups (Si–O–
C) are located at 1100 cm)1 ((C–O)M stretching) and
800 cm)1. The CH2-wag absorbance band of the Si–O–
R surface group is typically found at 1260 cm)1 [39–42].
Whether the origin of the 1100 cm)1 absorbance band is
really caused by Si–O–R surface groups associated with
SiO2 particles rather than with dissolved alkoxy species,
was further investigated by conducting a filtration
experiment of the reaction of 1-octanol with silica in n-
decane, as is reported in [35]. This experiment strongly
suggests that the high intensity bands at 1100 cm)1 in
the spectra are vibrations related to SiO2 particles
associated with alkoxy species.

3.3. Investigation of the origin of vibrations assigned
to alkoxy-linkages

3.3.1. Effect of catalyst attrition
The possibility of the formation of small silica par-

ticles during reaction (i.e. catalyst attrition) was inves-
tigated by means of on-line particle size measurements.
The most severe absorbance in the on-line ATR-FT-IR
measurement is expected from particle sizes of, at least
the size of the penetration depth of the evanescent wave
into the sample. The penetration depth of the evanescent
wave can be calculated with the following formula [43]:

dp ¼
k

4 � p � n1 � sin2 h� n2
n1

� �2� �1
2

: ð1Þ

In which dp is the penetration depth in nm, k is the
wavelength in nm, n1 is the refractive index of diamond,
n2 is the refractive index of the reaction mixture (in this
case the refractive index of the solvent is taken; cumene:
1.491, n-decane 1.411), and h is the angle of incidence of
the infrared light (in this case 45�). As the refractive index
of diamond is depending on the wavelength of the
infrared light, a Herzberger-type dispersion equation was
used to calculate the refractive index of diamond [44].

n2 ¼ Aþ B � Lþ C � L2 þD � k2 þ E � k4: ð2Þ

In which L=1/(k2)0.028)k in lm, and A = 2.3755,
B = 3.3644Æ10)2, C = )8.8752Æ10)2, D = )2.4046Æ10)6,
and E = 2.2139Æ10)9.

By applying both formulas 1 and 2 the maximal
penetration depths in cumene and n-decane can be
determined. At 650 cm)1 (15.385 lm) the estimated
penetration depth in cumene and n-decane were
approximately 0.904 and 0.852 lm, respectively. Thus,
the on-line particle size measurements give information
on the presence, or formation of particle sizes of below
1 lm during the reaction. For these measurements an
insertion probe was used.

To investigate whether catalyst attrition could be
inducing the 1100 cm)1 absorbance band, chord length
distributions were measured of catalyst particles applied
in the esterification at 427 K in cumene and at 447 K in
n-decane, respectively. The ATR-spectra obtained were
consistent with the results reported in [35] for cumene at
427 K and for n-decane at 447 K. The resulting chord
length distributions are depicted in figure 5A, B. The
chord length distribution for the esterification reaction
at 427 K in cumene is given in figure 5A. At the end
of the reaction a small but significant shift in the
chord length distribution has occurred indicating that
de-agglomeration of catalyst particles has occurred. The
end curve shows no formation of fines indicating that
attrition of catalyst particles is limited.

Figure 5B depicts the chord length distribution for
the esterification at 447 K in n-decane. This experiment
shows the same trend in chord length distribution as was
obtained for the experiment at 427 K in cumene. In this
case also some agglomerates were present at the start of
the reaction. Despite of the fact that de-agglomeration
had occurred no fines were observed during the course
of the esterification reaction under these conditions. It
must be noted that in both experimental cases catalyst
particle sizes below 1 lm were not present neither in the
beginning of the experiment nor at the end. Also no
influence of bigger particles/agglomerates were found on
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Figure 4. Comparison of the 1100 cm)1 band dynamics under various

conditions: (A, d) esterification in n-decane (447 K); (B, +) esterifi-

cation in n-decane (427 K); (C, n) etherification of 1-octanol in

n-decane (447 K); (D, �) esterification in cumene (427 K, figure 3);

(E, m) etherification of 1-octanol in cumene (427 K); (F,}) reaction of

1-octanol with silica in n-decane (447 K).
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the successive ATR spectra, as no absorbance bands of
catalyst particles were observed just before addition of
1-octanol.

3.3.2. TGA and TPD-MS
In order to validate whether physisorbed or chemi-

sorbed 1-octanol is causing the very strong 1100 cm)1

absorbance band in the ATR-spectra, TGA analysis was
applied on the Nafion/silica catalyst (as received), the
spent Nafion/silica catalyst after 3 h of reaction in a
mixture containing cumene, hexanoic acid and 1-octanol
at 427 K (case D in figure 4) and silica particles applied
in a reaction mixture of n-decane and 1-octanol at 447 K
after 3 h of reaction (case F. in figure 4).

Figure 6(A–C) depicts the derivative profiles of the
TGA results obtained for the three cases.

In the case of the Nafion/silica catalyst (as received),
figure 6A, between 323 and 398 K physisorbed residual
water is evaporated. In the interval of 523–723 K SO2

evolution is observed, which is caused by decomposition
of the SO3

) group of the Nafion resin. At around 773 K
several decomposition products like, HF, and SiF4 are
observed. The obtained TGA results are in good agree-
ment with the results described in literature [45, 46].

In the derivative profile of Nafion/silica catalyst used
in the esterification reaction in cumene at 427 K (fig-
ure 6B), besides the evolution of water in the interval
between 323 and 398 K also the evaporation of cumene
is observed at around 427 K. Like in the case of the
unused Nafion/silica catalyst the production of SO2 is
detected in the interval from 523 to 723 K, although the
evolution temperatures have somewhat shifted. The
decomposition band assigned to HF and SiF4 at around
773 K has broadened, which indicates the presence of an
additional decomposing species.

The broadening of the decomposition band at around
773 K, in the case of the spent Nafion/silica catalyst,
was compared to a TGA profile of silica particles reac-
ted in n-decane at 447 K in the presence of 1-octanol.
The resulting derivative profile is depicted in figure 6C,
which shows the presence of some water and solvent.
However, at around 573 K the evolution is detected of a
species believed to be related to a Si–O–C8H17 like
chemisorbed compound that maximises at around
773 K. This confirms the result found for the spent
catalyst, indicating the presence of an additional chem-
isorbed species (besides HF and SiF4) on the catalyst
carrier surface at around 773 K.

The desorption experiment for silica particles reacted
in n-decane at 447 K in the presence of 1-octanol was
repeated in a set-up combining TPD and mass spec-
trometry (TPD-MS).

At 773 K, where the desorption rate of the chemi-
sorbed species is maximising, the following mass spec-
trum was recorded (see figure 7). The numbers in
figure 7 indicate the most important mass fractions.
Reference spectra of 1-octanol and dioctyl ether are
shown in figure 8. In both figure 8A, B the most
important mass fractions are indicated by the numbers.

Comparing the mass fractions in figures 8A, B for
1-octanol and dioctyl ether with the obtained mass spec-
trum of the desorbed compound in figure 7, the mass
fraction pattern in figure 8A strongly resembles the mass
fractions pattern obtained for the desorbed compound in
figure 7. On the other hand, the mass fraction pattern of
dioctyl ether (figure 8B) significantly differs from themass
fractionpattern infigure 7, especially in themass fractions
43, 57, and 71. This indicates a very low concentration of
dioctyl ether on the catalyst surface, if any, and the
absence of ether formation during the desorption step.
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4. Discussion

4.1. In situ reaction monitoring

ATR FT-IR is a very useful technique to analyse
heterogeneously catalysed esterification reactions, its
kinetics, and reaction mechanism. Complementary
results with the off-line analysis are obtained when
studying the reaction kinetics, since the obtained con-
centration profiles by on-line reaction monitoring are in
perfect agreement with GC-analysis [35]. The fact that
the analysis is performed during the reaction allows the
observation of short living, or labile, intermediates.
Either in the vials used for GC-analysis, or on the GC
columns, these intermediates will have decomposed
before they can be analysed. The ability of on-line
reaction monitoring to detect reaction intermediates is
illustrated by the fact that an intermediate is observed
during the esterification at 427 K in cumene (figure 4D),
whereas this intermediate was not observed when
changing the reaction temperature to 447 K in n-decane
(figure 4A). Being able to detect these intermediates
provides valuable information on the mechanism for
this reaction, as this intermediate was not detected by
GC-analysis.

Numerous other advantages of the in situ monitoring
are obvious. Especially the fact that samples do not have
to be extracted from the reactor is highly advantageous
if one wants to determine reaction kinetics. Artefacts
due to volume changes are prevented this way.

It should be mentioned here, that the formation of a
Si–O–R species (at 1100 cm)1) on the catalyst surface
severely interferes with both the analyses of side product
formation (ether) and the 1-octanol reactant, in the case
of the esterification reaction.

4.2. Catalyst–reactant interactions

The experimental work in our previous publication
[35] provide us with evidence that the band dynamics of
the Si–O–R absorbance frequencies can be ascribed to
the visibility of particles, and not Si–O–R species de-
solved in the reaction medium.

Particle size measurements indicate the absence of
fines at the beginning and the end of the esterification
reaction in both cumene and n-decane (figure 5A, B). It
should be mentioned however that, in the case of the
esterification in cumene, a significant amount of parti-
cles in the range of 2–10 lm was present in the reaction
mixture. Despite the presence of these small particles
during the reaction, SiO2 related vibration bands were
not observed. This is probably because the size of these
particles still exceeds the maximal penetration depth
(G1 lm) of the evanescent wave. As the production of
fines during the esterification reaction was not observed,
the 1100 cm)1 band is most certainly not caused by
attrition of the silica carrier.

Several studies on interactions of adsorbed alcohol
species, such as methanol, ethanol and 2-propanol, on
silica surfaces been reported in literature. The adsorp-
tion of methanol on silicalite and silica surfaces was
studied by Pelmenschikov et al. [45, 47], whereas Natal-
Santiago et al. studied the adsorption of methanol and
ethanol on silica [45, 48]. Both studies applied trans-
mission FT-IR spectroscopy to investigate surface
interactions of the adsorbed species. Poston et al.
applied ATR FT-IR spectroscopy to study adsorbed
2-propanol at the silica surface on a silica-coated ZnSe
internal reflection element. Though intense interactions
of the alcohols were observed in these studies, strong Si–
O–R adsorption bands in the 1100 cm)1 region were not
reported [43, 45]. In the present study, by conducting
TGA (figure 6C) experiments in a Helium atmosphere
of silica particles that had reacted in a mixture of
n-decane and 1-octanol (figure 4F), the desorption of a
chemisorbed species at around 773 K was detected,
believed to originate form Si–O–C8H17 surface species.
This should be compared with physisorbed 1-octanol on
silica, which is expected to desorb at around 468 K
(boiling point of 1-octanol). Re-examination of the
"reacted" silica particles under the same conditions in a
TPD-MS set-up confirmed the presence of these surface
species, since the mass fraction pattern of this com-
pound nicely coincides with the mass fraction pattern of
1-octanol (see figure 7, 8A).

Normally, specific strong interactions of the silica and
adsorbed surface species to ATR internal reflection ele-
ments are established by means of coating an internal
reflection element. For example Rivera et al. and Poston
et al. applied silica suspensions in ethanol to dip-coat a
Germanium reflection element [43, 49], also high-surface-
area silica particles combined with a polymeric binder
have been applied to coat ZnSe reflection elements [50].

The present study indicates that also in particular
cases with immersion probes, the interactions of chem-
isorbed species on the surface silica particles can be
observed without the use of coating procedures.

5. Conclusions

In situ ATR FT-IR spectroscopy utilising the ATR
sampling technique is a powerful analysis tool for
monitoring heterogeneous catalytic hydrolysis reactions.
Not only excellent results have been obtained when
comparing conventional off-line GC-analysis with the
on-line measurements, but also the reaction kinetics
determined by both techniques, are in agreement. The
surplus value of the in situ technique was illustrated by
the fact that interactions with catalyst particles were
observed in both hydrolysis reactions, which could
not be detected by GC-analysis. However, off-line
GC-analysis was still required to determine reaction
selectivity due to the severe interference of the absor-
bance bands of the observed intermediates.
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Further evaluation of the observed reaction inter-
mediate indicated that this compound associated with
the 1100 cm)1 vibration band was related to catalyst
particles, as when the particles were filtered off the
1100 cm)1 band disappeared. By conducting on-line
particle size measurements during the esterification
reaction it was shown that no fines were present or
produced during the reaction. No evidence was found of
particle sizes present in the reaction mixture interfering
with the evanescent wave of ATR FT-IR spectroscopic
technique, indicating that the observed intermediate was
not caused by the catalyst carrier alone.

Finally by investigating the catalyst carrier after
reaction utilising TGA and TPD-MS, the observed
reaction intermediate could be characterised as being 1-
octanol chemisorbed on the catalyst carrier as a Si–O–
C8H17 surface species. This indicates that in this specific
case catalyst surface species can be observed when util-
ising ATR FT-IR spectroscopy in heterogeneous catal-
ysed liquid-phase reactions, predominantly if the rates
of formation of these species is significantly higher than
subsequent reaction leading to the final products.
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