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A B S T R A C T

The effect of solvent on the activity and selectivity of SiO2-Al2O3 in the liquid-phase acid-catalyzed isomeriza-
tion/cyclization of citronellal (CNAL) to isopulegol was investigated using non-polar (cyclohexane, toluene),
weakly polar (chloroform), polar protic (ethanol, 2-propanol) and polar aprotic (acetonitrile) solvents. The
catalyst activity and selectivity greatly depended on the solvent nature. The CNAL conversion rate was higher in
weakly and non-polar (chloroform > toluene > cyclohexane) than in polar solvents (ethanol > acetonitrile
> 2-propanol). To interpret this activity pattern, the solvent-CNAL interactions were analyzed by measuring the
shift of the infrared C]O absorption band of CNAL in CNAL/solvent mixtures, while the solvent-catalyst in-
teractions were characterized by both determining the solvent adsorption enthalpies by calorimetry and fol-
lowing the product evolution from temperature-programmed desorption of solvents. In the case of polar solvents,
both the strong solvation effect in the liquid phase and the adsorption strength of solvents on SiO2-Al2O3 con-
tributed to decrease the catalyst isomerization activity. In particular, the selectivity to isopulegol was clearly
lower in polar protic solvents (ethanol and 2-propanol) because secondary reactions producing carbon deposits
took place. In contrast, in non-polar solvents the selectivity to isopulegol was higher than 97% in all the cases.
The highest isomerization rate was obtained in chloroform that partially adsorbs dissociatively on SiO2-Al2O3,
leading to a higher density of acid sites available for the isomerization reaction.

1. Introduction

In fine chemistry, the technological optimization of liquid-phase
catalytic processes promoted by solid catalysts requires the develop-
ment of active and selective catalysts, the use of proper reactor oper-
ating conditions and the correct choice of the solvent. Nevertheless, the
impact of solvent on catalyst activity and selectivity has been little
investigated in heterogeneous catalysis in spite that the solvent nature
may greatly influence the catalyst performance [1–3]. Optimal solvent
selection is not straightforward because a detailed knowledge on the
relationship between the solvent nature and the gas-liquid-solid inter-
actions taking place in slurry reactors is required to take a proper de-
cision. An exhaustive analysis of reactor data based on scientific prin-
ciples is therefore needed to better predict the solvent effect on catalyst
performance. Furthermore, experimental runs should be performed in a
significant number of different solvents in order to reach valid con-
clusions for a wide range of solvent properties.

In previous works, the effect of solvent on the activity and

selectivity of metal-supported catalysts for the liquid-phase hydro-
genation of aromatic ketones [4,5] and nitriles [6–8] was studied on
several metal-based catalysts (Ni, Co, Cu, Pt, Pd, Ru) using different
solvent groups (polar, non-polar, protic and aprotic solvents). These
studies showed that the solvent chemical nature may dramatically af-
fect the catalyst activity and selectivity for liquid-phase hydrogenation
reactions. For example, strong solvent adsorption on the catalyst sur-
face may partially (or totally) block the metal active sites for reactant
adsorption and thereby decreasing the catalyst activity. In the liquid
phase, the reactant solvation increases with the strength of reactant-
solvent interaction and may impact on the catalytic activity by ham-
pering the reactant adsorption on the catalyst surface.

In the present work, we study the effect of solvent in solid acid-
catalyzed reactions by using the citronellal (CNAL) isomerization/cy-
clization to isopulegol (IP) as a model reaction (Scheme 1). Conversion
of CNAL to IP is an isomerization reaction since both compounds have
the same molecular formula (C10H18O) and, at the same time, is a cy-
clization reaction because IP is a cyclic product. For simplicity, from
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now on, it will be identified as an isomerization reaction. This reaction
has been widely studied using liquid and solid acid catalysts because it
is involved in the reaction network for the synthesis of menthols [9,10].
In heterogeneous catalysis, the liquid-phase citronellal isomerization to
isopulegol was extensively investigated on acid zeolites, such as zeolites
HY, MCM-22, ZSM5 and HBEA, as well as on supported hetero-
polyacids, sulfated zirconia and titania, SiO2-Al2O3, Al-MCM-41 and
other solid acids [11–17]. However, few papers have been published on
the effect of solvent on the catalyst performance for this reaction.
Coman et al. [18] studied the citronellal isomerization on metal fluor-
ides in non-polar (toluene, cyclohexane and n-heptane) and polar (2-
propanol) solvents and found that the catalyst activity was higher in
non-polar solvents than in 2-propanol. They attributed the lower re-
action rates obtained in 2-propanol to a strong adsorption of the solvent
on the catalyst Lewis acid sites that renders the active sites inaccessible
to substrates. Consistently, Müller et al. [19] observed that citronellal
isomerization was faster in non-polar toluene than in polar acetonitrile
over SBA-15, Sn-SBA-15 and Sn-SiO2. In contrast, Yongzhong et al. [20]
reported that the citronellal conversion rate was faster in polar solvents
2-propanol, acetonitrile and 2-butanol than in non-polar solvents to-
luene and cyclohexane over Zr-zeolite beta.

Analysis of publications on the solvent effect for citronellal iso-
merization shows that the studies were carried out using a small
number of solvents and, as a consequence, a general understanding of
the relationship between the solvent characteristic and the catalyst
performance is lacking. Here, we investigated the solvent effect on
catalyst activity and selectivity for the liquid-phase isomerization of
citronellal to isopulegol over SiO2-Al2O3 using six solvents of different
properties and polarities: 1) cyclohexane (CHX) and toluene (TOL) are
non-polar solvents; 2) chloroform (CLF) is a weakly polar solvent; 3)
ethanol (EtOH) and 2-propanol (2-PrOH) are polar protic solvents; 4)
acetonitrile (ACN) is a polar aprotic solvent. The selection of the cat-
alyst for this study was based on the following requirements: a) high
density of Lewis and Brønsted acid sites; b) high stability during the
liquid phase reaction, without leaching; c) high specific surface area in
order to promote solvent-catalyst and reactant-catalyst interactions; d)
porous structure based on macro or mesopores in order to avoid in-
traparticle mass transfer limitations. In this study SiO2-Al2O3 was se-
lected to carrying out the reaction because is an efficient catalyst for
CNAL isomerization [12,16] and fulfills the previous requirements.
Data analysis by considering the solvent-reactant, solvent-catalyst, and
solvent-reactant-catalyst interactions allowed us to interpret and ex-
plain the solvent influence on catalyst performance on the basis of the
solvent properties.

2. Experimental

2.1. Materials

SiO2-Al2O3 Grade 135 (99% Aldrich), citronellal (≥95.0% Aldrich),
2-propanol (anhydrous 99.5% Sigma-Aldrich), cyclohexane (anhydrous

99.5% Sigma-Aldrich), toluene (anhydrous, 99.8% Sigma-Aldrich),
ethanol (anhydrous ≥99.8% Sigma-Aldrich), acetonitrile (anhydrous
99.8% Sigma-Aldrich), and chloroform (≥99% Sigma-Aldrich), n-do-
decane (99% Sigma).

2.2. Catalyst characterization

Elemental compositions were determined by atomic absorption
spectroscopy using a Perkin-Elmer 3110 spectrophotometer. Surface
areas and pore volumes were measured by N2 physisorption at −196 °C
in a Quantachrome Nova-1000 sorptometer using the BET method and
Barret-Joyner–Halender (BJH) calculations, respectively. The particle
size distribution was determined with a Camsizer XT particle analyzer
(Retsch Technology). In all the cases, the X-Jet dipersion module was
employed at 10 kPa air dispersion pressure.

Sample acid properties were probed by temperature-programmed
desorption (TPD) of NH3 preadsorbed at 100 °C. Calcined samples
(150mg) were treated in Ar (60mL min−1) at 200 °C for 1 h and then
exposed to a 1% NH3/He stream for 45min at 100 °C. Weakly adsorbed
NH3 was removed by flowing Ar at 100 °C for 2 h. The temperature was
then increased at 10 °C min−1 and the NH3 concentration in the effluent
was measured by mass spectrometry in a Baltzers Omnistar unit.

Coke formed on the catalysts during reaction was measured by
temperature-programmed oxidation (TPO). Samples (20mg) were in-
itially treated in N2 flow for 1 h at 100 °C to eliminate weakly adsorbed
molecules of reactants or products. Then, samples were heated in a 2%
O2/N2 molar stream at 10 °C min−1 from 25 °C to 800 °C. The evolved
CO2 was converted into methane in a fixed bed reactor containing a
methanation catalyst (Ni/kieselguhr) at 400 °C. Then, methane was
analyzed in a SRI 8610C gas chromatograph equipped with a flame
ionization detector.

The nature and density of surface acid sites were determined by
Fourier-transform infrared spectroscopy (FTIR) in a Shimadzu FTIR-
8101M spectrophotometer using pyridine as a probe molecule. Samples
were ground to a fine powder and pressed into wafers (20–40mg) at 5
ton cm−2. The discs were mounted in a quartz sample holder and
transferred to an inverted T-shaped Pyrex cell equipped with CaF2
windows. Samples were outgassed in vacuum at 450 °C K during 4 h and
then a background spectrum was recorded after being cooled down to
room temperature (RT). Data were obtained at RT, after admission of
pyridine and degassing at 150 °C, 300 °C, and 450 °C for 30min. Spectra
were recorded by subtracting the background spectrum. The spectral
resolution was 2 cm-1 and the spectra are the average of 50 scans.

2.3. Solvent-citronellal interactions

Solvent-CNAL interactions were investigated by FTIR. Solvent/
CNAL mixtures of CCNAL= 0.143M were analyzed in the 7500-370
cm−1 region with spectral resolution of 0.1 cm−1. A Bruker Equinox 55
FT-IR spectrophotometer equipped with a DLATGS detector, KBr win-
dows, and mechanical interferometer with ROCKSOLIDM alignment,
was used.

2.4. Calorimetric determinations

Enthalpies of solvent adsorption on SiO2-Al2O3 were determined by
mixing 5 g of sample with 20mL of solvent in a calorimeter equipped
with mechanical stirrer and digital thermometer ERTCO-EUTECHNICS
4400 (0.01 °C resolution). n-dodecane (Sigma 99%, 40mL) was used as
calorimetric fluid. The calorimeter constant was determined by mixing
bidistilled water and absolute ethanol; the ethanol molar fraction in the
final mixture was 0.05. The corrected temperature rise, due to lack of
adiabatic conditions and frictional dissipation of the stirring, was de-
termined from the obtained thermograms by the Dickinson method
[21].

Scheme 1. Isomerization/cyclization of citronellal to isopulegol.
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2.5. Temperature-programmed desorption experiments

Solvent-catalyst interactions were investigated by TPD of solvents
preadsorbed at RT. SiO2-Al2O3 samples (150mg) were heated in Ar at
200 °C for 1 h and then cooled down to RT. Afterwards, the sample was
exposed to a solvent-saturated Ar stream for 15min following the ef-
fluent composition by mass spectrometry in a Baltzers Omnistar unit.
The weakly adsorbed solvent was removed by flushing with Ar (60mL
min−1) at RT for 1 h. Temperature was then increased at a rate of 10 °C
min−1 up to 600 °C and the composition of the reactor effluent was
measured by mass spectrometry.

2.6. Catalytic tests

The liquid-phase isomerization of citronellal was carried out in a
batch reactor (Parr 4843) at 70 °C and 5 bar (N2). The reactor was
loaded under N2 atmosphere with 150mL of solvent, 0.2 g of catalyst
(previously calcined in air at 500 °C for 2 h) and 1mL of n-dodecane as
internal standard. The reaction system was stirred at 700 rpm and he-
ated slowly up to 70 °C; then, 4mL of citronellal were added to the
autoclave and the N2 pressure was rapidly increased to 5 bar to start the
reaction. In all the cases, the initial citronellal concentration was
0.143M. Product concentrations were analyzed by ex-situ gas chro-
matography using an Agilent 6850 GC chromatograph equipped with
flame ionization detector, temperature programmer and a HP-1 capil-
lary column (50m×0.32mm ID, 1.05 μm film). Samples from the re-
action system were taken by using a loop under pressure to avoid
flashing. Data were collected every 15–60min for 300min. In all the
catalytic experiments, the only products detected in liquid phase were
the isopulegol isomers, i.e. isopulegol, neo-isopulegol, iso-isopulegol,
neoiso-isopulegol. In all the cases, the isomer ratios were close to those
predicted by thermodynamic equilibrium, i.e. isopulegol:neo-iso-
pulegol:iso-isopulegol:neoiso-isopulegol = 63:26:8:3. Here, we note as
isopulegol (IP) the sum of isopulegol isomers.

The significance of gas-liquid, liquid-solid and intraparticle mass
transfer on the kinetic regime for the reaction operating conditions used
in this work (stirring speeds of 700 rpm and particle diameters lower
than 150 μm) was investigated by applying the quantitative criterion
described by Ramachandran and Chaudhari [22]. The absence of in-
traparticle diffusion limitations was also checked by using the Weisz-
Prater criterion [23]. Details of these calculations are presented in the
Supplementary Information (Section SI.1). Based on the above analysis,
it was verified that the kinetic data presented here were obtained under
chemical regime.

The conversion of citronellal was calculated as

=
−

XCNAL
C C

C
( )CNAL CNAL

CNAL

0

0 , where CCNAL
0 is the initial concentration of ci-

tronellal and CCNAL is the concentration of citronellal at time t. The yield
to isopulegol (ηIP, mol of isopulegol/mol of citronellal fed) was de-
termined as =η C C/IP IP CNAL

0 where CIP is the isopulegol concentration at
time t. The selectivity to isopulegol (SIP, mol of isopulegol/mol of ci-
tronellal reacted) was calculated as =S η X/IP IP CNAL. The carbon balance
at time t (%C) was determined as =

+C% . 100C C
C

( )IP CNAL

CNAL
0 .

3. Results

3.1. Characterization of SiO2-Al2O3

The Si/Al ratio of the SiO2-Al2O3 sample used in this work was 7.
The SiO2-Al2O3 textural properties (surface area and pore size dis-
tribution) were obtained from the adsorption/desorption isotherms of
N2 obtained at −196 °C and are shown in the Supplementary
Information (Fig. SI.1a). The surface area determined from the N2 ad-
sorption isotherm by applying the BET method was 462m2 g−1. The
pore size showed a bimodal distribution (Fig. SI.1b) with the maximum
at 50 Å and a shoulder at 100 Å. The sample pore volume obtained by

using BJH calculations was 0.74 cm3 g−1.
The particle size distribution of SiO2-Al2O3 determined by dynamic

image analysis is presented in Fig. SI.2. Particle sizes were lower than
150 μm (Fig. SI.2a) while the average particle size was 62 μm (Fig.
SI.2b). The obtained D-values were D10= 38.4 μm, D50=63.8 μm and
D90=97.9 μm.

The density and strength of surface acid sites were probed by TPD of
NH3 preadsorbed at 100 °C; the obtained TPD curve is shown in Fig. 1a.
The evolved NH3 from SiO2-Al2O3 sample gave rise to a broad band
between 150 °C and 600 °C with a maximum around 240 °C. The acid
site density obtained by deconvolution and integration of the NH3 TPD
trace in Fig. 1a was 380 μmol g−1. The nature and strength of acid sites
on SiO2-Al2O3 was determined by FTIR of adsorbed pyridine after ad-
mission at RT and degassing at 150 °C, 300 °C and 450 °C. Fig. 1b shows
the IR spectra obtained in the 1400-1700 cm-1 region for pyridine ad-
sorbed on SiO2-Al2O3. The pyridine absorption band at around
1545 cm-1 is characteristic for pyridinium ions adsorbed on Brønsted
acid sites (B), while the band at 1455 cm-1 accounts for coordinately
bound pyridine on Lewis acid sites (L) associated with tricoordinate Al
atoms [24,25]. The relative contribution of Lewis and Brønsted acid
sites was obtained then by deconvolution and integration of pyridine
absorption bands at 1455 cm−1 and 1545 cm-1, respectively. A value of
L/(L+B)=0.79 was obtained from the spectrum obtained after de-
gassing at 150 °C. After degassing at 450 °C, the band at 1455 cm−1 was
still present while that at 1545 cm-1 was negligible, thereby indicating
that SiO2-Al2O3 contains strong Lewis and weak Brønsted acid sites.

3.2. Catalytic tests

Fig. 2 shows the XCNAL evolution as a function of time for all the
solvents used in this work. From the results in Fig. 2, it is clear that the
SiO2-Al2O3 activity for CNAL isomerization was strongly influenced by
the solvent employed to carry out the reaction. Quantitative data ob-
tained from catalytic tests are given in Table 1. Specifically, Table 1

Fig. 1. Characterization of SiO2-Al2O3 acidity: (a) TPD of NH3 (preadsorbed at
100 °C); (b) FTIR spectrum of pyridine (preadsorbed at RT and degassing at
150 °C, 300 °C, and 450 °C; B: Brønsted, L: Lewis).
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presents the initial CNAL conversion rates (rCNAL
0 , mmol min−1 g-1), and

the values of XCNAL, ηIP, SIP and %C obtained at the end of the runs. The
rCNAL

0 values were determined from the experimental curves of Fig. 2 by
polynomial regression and numerical differentiation at t = 0. Inspec-
tion of the results in Fig. 2 and Table 1 allow us to distinguish between
two groups of solvents: i) XCNAL was higher than 70% at the end of the
runs when the reaction was performed in CLF, TOL and CHX (Table 1,
entries 1–3); ii) XCNAL was lower than 50% in EtOH, ACN and 2-PrOH
(Table 1, entries 4–6). The solvents used in this work may be classified,
according to their values of dielectric constant (ε) and dipole moment
(μ) [26], in two categories: i) non-polar and weakly polar solvents
(CHX, TOL and CLF), and ii) strongly polar solvents (EtOH, 2-PrOH and
ACN). Regarding the effect of solvent on CNAL conversion rates, data in
Table 1 show that rCNAL

0 follows the order CLF > TOL > CHX for
weakly and non-polar solvents and EtOH > ACN>2-PrOH for polar
solvents.

Data in Table 1 also show that the selectivity to isopulegol depended
on the solvent used. In fact, SIP was close to 100% in weakly and non-
polar solvents and in ACN, while in polar protic solvents 2-PrOH and
EtOH it reached only 58.7% and 11.8%, respectively. On the other
hand, the carbon balance at the end of reaction was higher than 97% in
all the solvents excepting 2-PrOH (%C=93%) and EtOH (%C=63%).

In summary, results presented in Fig. 2 and Table 1 clearly show
that the solvent selection is crucial for obtaining high citronellal iso-
merization rates in liquid phase. For example, rCNAL

0 in CLF was more
than 30 times higher than in 2-PrOH (Table 1). In an attempt of ex-
plaining the strong effect of solvent on catalyst activity, we investigated

the different solvent interactions between CNAL and the catalyst in the
reaction system, i.e. solvent-CNAL, solvent-catalyst, and solvent-CNAL-
catalyst interactions.

3.3. Catalyst activity and solvent-CNAL interactions in the liquid phase

3.3.1. Analysis based on solvent polarity parameters
To interpret the effect of solvent on catalyst activity in liquid-phase

reactions, many authors have tried to correlate the reaction rates values
with classical solvent polarity parameters, i.e. dipolar moment (μ) and
dielectric constant (εD). However, both parameters provide little in-
formation about the ability of the solvent molecule to interact with the
reactant molecule at a close range [27]. Thus, other parameters, such as
solvatochromic scales of polarity that reflect better the solvent-reactant
interactions at molecular level have been employed to predict the sol-
vation properties of a solvent and to elucidate the solvent effect on
catalyst activity [28]. In this work, we have investigated the influence
of solvent-reactant interactions by plotting the CNAL isomerization rate
against classical polarity parameters (μ and εD) and several solvato-
chromic scales such as hydrogen-bond donor (α) and hydrogen-bond
acceptor (β) parameters, π* polarity/polarizability index, Kosower’s Z
and ET(30) scales. The definition and significance of these parameters
as well as their values for the solvents used in this work are given in
Supplementary Information (Table SI.3).

The plots of initial CNAL isomerization rates against the solvent
polarity parameters are presented in Fig. 3. Results in Fig. 3 show that
no linear or monotonic correlation exists between rCNAL

0 and the solvent
polarity parameters. By analyzing separately in the graphical re-
presentations of Fig. 3 the experimental points according to the solvent
type (polar and non-polar solvents), we observe that when the reaction
was carried out in weakly and non-polar solvents CLF, TOL and CHX,
rCNAL

0 increased by a factor of about three from CHX to CLF, even though
there are no important differences among the polarity/polarizability
parameters of the three solvents (Table SI.3). In contrast, the rCNAL

0 value
was similar in polar solvents 2-PrOH, ACN and EtOH in spite that the
solvent polarity changed significantly (see Fig. 3a–d).

In summary, no proper correlation between rCNAL
0 and solvent po-

larity parameters is observed in Fig. 3 for the whole series of polar and
non-polar solvents used in this work. Solvatochromic scales of solvent
polarity are based on shifts in the absorption spectrum of a reference
dye. The shifts in the maxima of the charge-transfer bands reflect the
solvent effect on the energy gap between the ground state and the ex-
cited state of the reference dye molecule. The Kosower’s Z and the
ET(30) solvatochromic scales are based on the absorption spectra of 1-
ethyl-4-carbomethoxypyridinium iodide and pyridinium N-phenol be-
taine dyes, respectively [28,29]. It is worth noting that the nature of the
solvent-dye interaction is different from that of solvent-CNAL, and thus
these solvatochromic scales may not necessarily predict the solvent
nature effect on solvent-CNAL interactions. In order to gain a better
understanding of the effect of solvent-reactant interactions on catalyst
activity, we investigated the direct solvent-CNAL interaction by FTIR

Fig. 2. Solvent effect on citronellal conversion over SiO2-Al2O3 [T= 70 °C,
PN2 =5 bar, WCat = 0.2 g, CCNAL

0 =0.143M, VCNAL:VSolv = 4:150 (mL)].

Table 1
Citronellal isomerization over SiO2-Al2O3: Catalytic results.

Entry Solvent Initial reaction rate Conversion a Yield a Selectivitya C balancea

rCNAL
0

(mmol min−1 g−1)

XCNAL

(%)
ηIP
(%)

SIP
(%)

%C
(%)

1 CLF 6.2 98.6 96.3 97.7 97.7
2 TOL 5.1 98.4 97.2 98.8 98.8
3 CHX 2.3 74.2 72.5 97.7 98.3
4 EtOH 1.1 42.5 5.4 11.8 62.9
5 ACN 0.6 25.3 25.3 100.0 100.0
6 2-PrOH 0.2 17.2 10.1 58.7 92.9

T= 70 °C, PN2 =5bar, CCNAL
0 =0.143M, WCat= 0.2 g, VSolv= 150ml.

a At the end of 5-h catalytic runs.
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technique.

3.3.2. Study of citronellal-solvent interactions by FTIR
Solvation involves the formation of a set of interactions between a

solute and a solvent as well as a change in the interactions of the solvent
molecules in the vicinity of the solute. The application of IR spectro-
scopy is a simple and convenient method for investigating solvent-so-
lute interactions because the solvent polarity may induce significant
shifts in the position of the IR absorption bands corresponding to solute
functional groups. The carbonyl stretching vibrations, νC=O, of a wide
range of compounds in many solvents were determined in pioneer
works and it was observed that the νC=O shifts seem to be produced
mainly by local association effects with the solvent rather than by di-
electric constant factors [30–32]. In particular, the IR spectra of alde-
hyde molecules such as citronellal exhibit the absorption band char-
acteristics of the carbonyl stretching vibration in the 1740–1655 cm−1

region. Here, we obtained the IR spectra for pure citronellal and sol-
vent-citronellal mixtures in the 1650-1800 cm−1 region and measured
the νC=O peak position arising from citronellal. Results are given in
Table 2. The peak maximum of νC=O band for pure CNAL appeared at
1725.3 cm-1. The difference between the νC=O values determined for
CNAL and a given CNAL-solvent mixture (ΔνC=O, cm-1) provides in-
formation about the nature and strength of CNAL-solvent interaction.
An upward or blue shift of νC=O was observed when CNAL was dis-
solved in non-polar solvents TOL (ΔνC=O = 2.0 cm−1) and CHX
(ΔνC=O =6.5 cm−1), thereby indicating a low CNAL-solvent interac-
tion strength. These non-polar solvents have not capability to act as H-

bond donors (α =0 for TOL and CHX, Table SI.3) and they can interact
with CNAL only via non-specific induction and dispersion forces. Thus,
CNAL dilution by the addition of TOL or CHX would decrease the in-
teraction between CNAL molecules and, as a consequence, the vibration
frequency of the carbonyl group increases. In contrast, a downward
shift of νC=O was verified for the CNAL-CLF mixture (ΔνC=O =
−3.2 cm−1), which is qualitatively in agreement with other published
data for aldehydes-CLF and ketones-CLF mixtures [33,34]. CLF is con-
sidered a non-polar solvent in terms of the dielectric constant value
(εD<5), but it is actually a low-polarity solvent (μ=1.04 D and
εD=4.9) that can act as H-bond donor (α=0.20) and presents higher
values of π∗ and ET(30) in comparison to CHX and TOL (Table SI.3).
Previous studies on the interaction between chloroform and ketones
and aldehydes provide substantial evidence that the association occurs
via hydrogen bonding, Cl3CH—O]C-R [34,35], which is possible be-
cause of the effect of electron attraction of Cl atoms on the CleCeH
bonds. Here, the association of CLF and CNAL via hydrogen bonding
would decrease the force constant of the C]O group and, as a con-
sequence, νC=O shifts to lower frequencies. On the other hand, νC=O

decreased when CNAL was dissolved in polar solvents EtOH (ΔνC=O =
−2.8 cm-1), ACN (ΔνC=O = −3.8 cm−1) and 2-PrOH (ΔνC=O =
−4.8 cm−1). This red shift of νC=O shows that the C]O bond of CNAL
is weakened in polar solvents and reflects a strong solvation effect, due
to both the solvent-induced polarization via dipole-dipole interactions
and the formation of hydrogen bridges between CNAL and protic sol-
vents EtOH and 2-PrOH. The rCNAL

0 values were plotted as a function of
ΔνC=O in Fig. 4 and it is apparent that there is no general relationship
between rCNAL

0 and ΔνC=O. Nevertheless, if we take into account only the
results obtained in non-polar solvents, it is observed that rCNAL

0 dimin-
ished with ΔνC=O, probably reflecting that the activation of carbonyl
group of CNAL decreases by CNAL dilution in non-polar solvents. An
opposite trend between rCNAL

0 and νC=O was observed in polar solvents,
which may be interpreted by considering that the CNAL adsorption on
surface acid sites is hindered when the CNAL-solvent interaction in-
creases.

In summary, results in Table 2 and Fig. 4 show that the effect of
solvent on catalyst activity cannot be satisfactorily interpreted only in
terms of solvent-CNAL interactions as determined by νC=O band shifts.
For example, rCNAL

0 was about 6 times higher in CLF than in EtOH in
spite that the ΔνC=O shift for citronellal was similar in both solvents. In

Fig. 3. Initial CNAL conversion rate as a function of dipole moment μ (a), dielectric constant εD (b), hydrogen-bond donor parameter α (c), hydrogen-bond acceptor
parameter β (d), polarity/polarizability parameter π* (e), and solvatochromic parameters ET(30) (f) and Z (g) [Catalyst: SiO2-Al2O3, T= 70 °C, PN2 =5bar, WCat

= 0.2 g, CCNAL
0 =0.143M, VCNAL:VSolv = 4:150 (mL)].

Table 2
Frequency shift of the νC=O absorption band of CNAL in CNAL-solvent mixtures.

CNAL-Solvent mixture νC=O peak of CNAL Frequency shift
Wavenumber (cm−1) ΔνC=O (cm−1)

CNAL-CNAL 1725.3 –
CNAL-CHX 1731.8 6.5
CNAL-TOL 1727.3 2.0
CNAL-EtOH 1722.5 −2.8
CNAL-CLF 1722.1 −3.2
CNAL-ACN 1721.5 −3.8
CNAL-2-PrOH 1720.5 −4.8

[T=25 °C, CCNAL
0 =0.143M].
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order to get more insight on the effect of solvent on CNAL conversion
rate we carried out additional experiments to explore the effect of
solvent-catalyst interactions on catalyst activity.

3.4. Catalyst activity and solvent-catalyst interactions

Solvent-catalyst interactions were investigated by employing two
different techniques: i) solvent adsorption strength was determined by
measuring the solvent adsorption entalphy by calorimetry; ii) product
evolution from TPD of preadsorbed solvents on SiO2-Al2O3 followed by
mass spectrometry furnished information on the nature and strength of
solvent-catalyst interactions.

3.4.1. Study of solvent-catalyst interactions by calorimetry
The average molar adsorption enthalpies (Δhads, kcal mol−1) of

solvents on SiO2-Al2O3 were determined by assuming a 1:1 stoichio-
metry between solvent molecules and acid sites, and are presented in
Table 3 (the obtained experimental thermograms are shown in Fig. SI 3
and Table SI 4). The Δhads values for polar solvents were between 50
and 60 kcal mol−1 following the order ACN > EtOH ≅ 2-PrOH, while
those corresponding to non-polar solvents were lower than 32 kcal
mol−1, in the order TOL ≅ CLF > CHX. These calorimetric data show
that the adsorption strength of polar solvents on SiO2-Al2O3 is clearly
higher as compared to that of non-polar solvents.

The CNAL conversion rates as a function of Δhads are represented in
Fig. 5. A general lack of correlation between rCNAL

0 and Δhads is observed
in Fig. 5 for polar and non-polar solvents. We note that rCNAL

0 was higher
in non-polar than in polar solvents that are strongly bonded to the
catalyst surface. In contrast, if we consider only the non-polar solvents,
then it is observed that the highest rCNAL

0 values were obtained in CLF
and TOL that exhibited the highest Δhads values.

3.4.2. TPD of solvents on SiO2-Al2O3

Fig. 6 presents the solvent TPD profiles obtained on SiO2-Al2O3. In
all the cases, the m/z signals corresponding to the most abundant
fragments formed from the solvent-derived species were followed by
mass spectrometry. The TPD of TOL (Fig. 6a) shows that the peak
maximum corresponding to the most abundant TOL ions (m/z=91, 92,
39 and 93 signals) appeared at 100 °C. An additional broad band cor-
responding to the evolution of C1 fragments (m/z=16) was detected
between 100 °C and 300 °C, with a maximum at 150 °C, and is asso-
ciated with methane formed from toluene decomposition. This later
result shows that a part of TOL adsorbs irreversibly on SiO2-Al2O3 and
decomposes at low and middle temperatures.

The desorption of CHX (Fig. 6b), followed by the m/z=41, 42, 56
and 84 signals, occurred as relatively small peaks at 93 °C. No signals of
evolved compounds accounting for possible decomposition of CHX
molecule were detected thereby revealing a weak interaction between
CHX and SiO2-Al2O3, which is consistent with the fact that the CHX
adsorption enthalpy was the lowest among the solvents used in this
work (Table 3).

The CLF TPD curves in Fig. 6c show that CLF desorbed between
60 °C and 250 °C (m/z=83, 85, 47, 48, 35) and presented two bands at
98 °C (intense) and 169 °C (weak) respectively, which suggests that a
part of CLF is stronger adsorbed on SiO2-Al2O3. Two additional frag-
ment evolutions (m/z=27, 70) appeared at 116 °C and 169 °C re-
spectively, and were attributed to CH2Cl2 and Cl2 formed from the
dissociative chemisorption of CLF on surface acid sites of SiO2-Al2O3.

Fig. 6d presents the ACN TPD profiles. The desorption of molecular
ACN (m/z=41) gave rise to an intense band in the 70–300 °C range
with a maximum at 120 °C and a shoulder at 190 °C; other fragment
evolutions (m/z=39, 38, 28, 14) were also included in Fig. 6d. The
evolution of the m/z = 41 signal indicates that there is a significant
interaction between ACN and SiO2-Al2O3; nevertheless, no signals of
evolved compounds associated with ACN decomposition were detected.

On the other hand, the peak maximum corresponding to desorption
of 2-PrOH occurred at 148 °C as shown by evolutions of the most
abundant 2-PrOH fragments (m/z=45, 43, 59) in Fig. 6e. Additional
bands corresponding to fragments attributed to propene (m/z=41, 39,
27, 42) appeared at 173 °C. Formation of propene shows that a sig-
nificant part of 2-PrOH was dehydrated on the acid sites of SiO2-Al2O3.

Finally, the EtOH TPD profiles are presented in Fig. 6f. Desorption
of molecular EtOH (m/z=31, 29, 45, 15, 46) showed a broad band
between 75 °C and 320 °C with an intense peak at 110 °C and a weak
one at 200 °C. Several fragments (m/z=28, 27, 26) attributed to des-
orption of ethene formed from dehydration of EtOH presented two
desorption bands at 110 °C and 285 °C, respectively.

Fig. 4. Initial CNAL conversion rate as a function of the νC=O band shift of
citronellal [Catalyst: SiO2-Al2O3, T=70 °C, PN2 =5bar, WCat = 0.2 g,
CCNAL

0 =0.143M, VCNAL:VSolv = 4:150 (mL)].

Table 3
Corrected temperature rises and solvent adsorption enthalpies over SiO2-Al2O3

determined by calorimetry.

Solvent ΔTC Δhads
(°C) (kcal mol−1)

CHX 0.78 −17.4
CLF 1.39 −31.2
TOL 1.37 −31.3
2-PrOH 2.12 −51.4
EtOH 2.25 −52.7
ACN 2.45 −57.5

Fig. 5. Initial CNAL conversion rate as a function of solvent adsorption en-
thalpies [Catalyst: SiO2-Al2O3, T= 70 °C, PN2 =5bar, WCat = 0.2 g,
CCNAL

0 =0.143M, VCNAL:VSolv = 4:150 (mL)].
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In brief, the solvent TPD curves of Fig. 6 show that the molecular
desorption temperature of non-polar solvents was ≤ 100 °C while that
corresponding to polar solvents was ≥ 110 °C. In agreement with the
values obtained by calorimetry (Table 3), results in Fig. 6 confirm
therefore the stronger interaction between polar solvents and SiO2-
Al2O3.

4. Discusion

The isomerization of citronellal to isopulegol is an intramolecular
ene reaction, in which the C]C bond with an allylic hydrogen (the ene)
of citronellal reacts with the C]O enophile group. The ene reaction is
considered to proceed through a concerted mechanism via a cyclic
transition state but it can also occur stepwise via cationic intermediates
[36,37,38]. According to literature, the isomerization of citronellal is
catalyzed by solids containing either Lewis [39,40] or Brønsted [11,14]
acid sites but it seems that the reaction is more efficiently promoted on
samples exhibiting dual Lewis/Brønsted acidity [13,41]. The iso-
merization mechanism on catalysts containing Lewis and Brønsted acid
sites would involve the citronellal coordination to a strong Lewis site,
followed by protonation from a neighboring Brønsted site [13]. The
SiO2-Al2O3 sample used in this work contains strong Lewis and weak
Brønsted acid sites in a L/(L+B) ratio of 0.79, and efficiently promotes
the citronellal isomerization to isopulegol. However, the citronellal
conversion rate strongly depends on the solvent used in the reaction.
Our results in Table 1 show, in fact, that rCNAL

0 was clearly lower in polar
solvents EtOH, ACN and 2-PrOH than in weakly and non-polar solvents
CLF, TOL and CHX. This difference in catalytic activity may be con-
sistently explained by taking into account that the solvent TPD profiles
(Fig. 6) and the data obtained by calorimetry (Table 3) showed that the
adsorption strength for polar solvents on SiO2-Al2O3 was stronger than
for weakly and non-polar solvents. The strong adsorption of EtOH, ACN
and 2-PrOH on SiO2-Al2O3 suggests the existence of competitive

solvent/CNAL adsorptions on surface Lewis acid sites that might de-
crease the number of active sites accessible for CNAL adsorption. Fur-
thermore, our results regarding the CNAL-solvent interaction in liquid-
phase (Table 2) show that CNAL is strongly solvated in polar solvents.
The CNAL molecules would be then surrounded by solvent molecules
that hinder the CNAL adsorption on surface acid sites, thereby con-
tributing to decrease the catalyst activity. On the other hand, the se-
lectivity to isopulegol and the carbon balance were clearly lower in
polar protic solvents EtOH and 2-PrOH than in the other solvents
(Table 1). Previous works on citronellal isomerization over Ru(Pt)/C
catalysts have reported the formation of citronellal acetals when the
reaction is conducted in alcohols such as ethanol or 2-PrOH, thereby
decreasing significantly the selectivity to isopulegol [42,43]. Similarly,
the reaction of CNAL with EtOH or 2-PrOH on the acid sites of SiO2-
Al2O3 to form citronellal acetals may explain here the lower selectivity
to isopulegol observed when the reaction was performed in these al-
cohols. Nevertheless, we did not detect acetals in the liquid phase,
probably because the acetal intermediates remained adsorbed on the
catalyst surface, which is consistent with the low carbon balance values
determined in alcohols (%C=62.9% in EtOH, Table 1). In order to
verify this assumption, we carried out additional catalytic tests for
quantifying the amount of coke formed on SiO2-Al2O3 when the CNAL
isomerization reaction is carried out in EtOH. Specifically, the carbon
deposited on SiO2-Al2O3 following a standard CNAL isomerization run
in EtOH (5 h at 70 °C) was characterized by TPO technique and com-
pared with the carbon formed after contacting a SiO2-Al2O3 sample
only with EtOH under the same experimental conditions (blank run).
Results are presented in Fig. 7. The TPO curve corresponding to the
SiO2-Al2O3 sample recovered from the blank run in EtOH exhibited two
small peaks at 290 °C and 563 °C, respectively, while that the sample
recovered after the CNAL isomerization run in EtOH presented an ad-
ditional large peak at 158 °C that reveals the formation of citronellal-
derived coke deposits. The carbon contents determined from the areas

Fig. 6. TPD profiles of solvents preadsorbed at RT on SiO2-Al2O3: (a) TOL; (b) CHX; (c) CLF; (d) ACN; (e) 2-PrOH; (f) EtOH [Heating rate= 10 °C min−1, Ar
stream=60mL min−1, WCat = 0.15 g].
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under the curves of Fig. 7 were 0.6% (blank run) and 23.3% (CNAL
isomerization run). The significant amounts of coke formed during the
CNAL isomerization in EtOH is consistent then with the assumption that
CNAL can react with EtOH forming byproducts such as acetals that
remain adsorbed on SiO2-Al2O3 and diminishing the selectivity to the
formation of isopulegol.

SiO2-Al2O3 efficiently promotes the selective synthesis of isopulegol
from citronellal in weakly and non-polar solvents CLF, TOL and CHX;
the selectivity to isopulegol was in fact ≥ 97.7% in the three solvents
(Table 1). Regarding the SiO2-Al2O3 activity, the CNAL conversion rate
followed the order CLF > TOL > CHX. TOL and CHX are not H-bond
donor solvents and they interact with CNAL in liquid phase only via
dispersion forces (dilution effect) without forming any type of H-bonds
with CNAL. Here, we observed that the vibration frequency of the C]O
group of CNAL increases following the CNAL dilution in TOL or CHX
(Table 2). These νC=O upward shifts are explained by considering that
the interaction between CNAL and TOL or CHX is very weak, so that the
main solvent effect is to decrease the interaction between CNAL mo-
lecules, which increases the force constant of the carbonyl group.
Nevertheless, ΔνC=O was much higher in CHX (6.5 cm−1) than in TOL
(2.0 cm−1) indicating a weaker solvent/CNAL interaction when CNAL
is dissolved in CHX, which is consistent with the fact that the polarity/
polarizability index π* is zero for CHX (Table SI.3). The lower activa-
tion of the C]O group of CNAL in CHX may explain then that the
citronellal conversion rate on SiO2-Al2O3 was lower in CHX than in
TOL. It is worth noting that the CHX adsorption strength on SiO2-Al2O3

as determined in our TPD experiments (Fig. 6) was very weak and is not
expected, therefore, that the interaction CHX/catalyst can influence the
intrinsic kinetics of the citronellal conversion to isopulegol on surface
acid sites.

The highest SiO2-Al2O3 activity for CNAL conversion was obtained
in CLF. Our results show that a strong interaction exits between CNAL
and CLF in liquid phase, probably via hydrogen bonding, which would
hinder the CNAL adsorption on the catalytic surface by the solvation

effect. The high activity observed for SiO2-Al2O3 in CLF cannot be ex-
plained then by any CNAL-CLF interaction in liquid phase. The TPD
profiles of CLF on SiO2-Al2O3 showed that a part of CLF is dissociatively
chemisorbed on the solid and releases CH2Cl2 and Cl2 to the gas phase
(Fig. 6c). Probably, chlorinated species formed from CLF decomposition
may remain on the catalyst and generate additional surface acid sites
that would enhance the catalyst activity. In order to verify this as-
sumption, we performed additional experiments by measuring the SiO2-
Al2O3 acidity following CLF adsorption. Specifically, a SiO2-Al2O3

sample was impregnated with CLF for 30min at the reaction tem-
perature (70 °C) and then treated in Ar at 200 °C for 30min to eliminate
physisorbed CLF. The sample acidity was then determined by ammonia
TPD and the results are presented in Fig. 8. The NH3 surface densities
for acid sites were determined by deconvolution and integration of TPD
traces of Fig. 8. A value of 456 μmol g−1 was obtained for SiO2-Al2O3

sample pretreated with CLF, which is about 20% higher as compared to
SiO2-Al2O3 reference sample (380 μmol g−1). These results that show
that the SiO2-Al2O3 acidity is enhanced by CLF impregnation at the
reaction temperature may explain therefore that the highest CNAL
isomerization rate was determined here in chloroform.

5. Conclusions

The SiO2-Al2O3 activity and selectivity for the acid-catalyzed iso-
merization of citronellal to isopulegol greatly depend on the solvent
used. The catalyst activity in polar solvents (ethanol, acetonitrile, 2-
propanol) is lower than in weakly and non-polar solvents (chloroform,
toluene, cyclohexane), mainly because polar solvents strongly adsorb
on the catalyst surface and partially block the acid active sites for re-
actant adsorption. Furthermore, the strong CNAL-polar solvent inter-
action increases the CNAL solvation in liquid phase and thereby hinders
the CNAL adsorption on SiO2-Al2O3, which contributes to decreasing
the CNAL conversion rate. The selectivity to isopulegol was lower in
polar protic alcohols (EtOH and 2-PrOH), because CNAL react with
these solvents forming byproducts that remain adsorbed on the catalyst
surface.

In weakly and non-polar solvents, SiO2-Al2O3 forms selectively
isopulegol from citronellal; the selectivity to isopulegol in CLF, TOL and
CHX was in fact ≥ 97.7%. The SiO2-Al2O3 activity for CNAL iso-
merization follows the order CLF > TOL > CHX. TOL and CHX are
not H-bond donor molecules and they interact with CNAL in liquid
phase only via dispersion forces (dilution effect). The adsorption
strength of non-polar solvents on SiO2-Al2O3 was clearly lower as
compared to polar solvents; in particular, the interaction between CHX
and SiO2-Al2O3 was very weak. The highest CNAL conversion rate was
obtained in CLF. Chloroform is dissociatively chemisorbed on SiO2-
Al2O3 and releases CH2Cl2 and Cl2 to the gas phase. Additional surface
acid sites are generated from CLF decomposition, thereby increasing the
SiO2-Al2O3 acidity and enhancing its catalytic activity.
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Fig. 7. TPO profiles of SiO2-Al2O3 samples recovered after the citronellal iso-
merization run in EtOH (A) and the blank run in EtOH (B) [5 h at 70 °C].

Fig. 8. TPD of NH3 adsorbed at 100 °C on SiO2-Al2O3 (A) and SiO2-Al2O3

contacted with chloroform (B) [30min at 70 °C].
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