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a  b  s  t  r  a  c  t

Mg-Al  mixed  oxides  and  reconstructed  hydrotalcites  prepared  from  mixed  oxides  by rehydration  attract
much  attention  as  solid  basic  catalysts  for organic  reactions,  such  as  aldol  condensation.  Therefore,  the
understanding  of  parameters  that  govern  their  catalytic  performance  is  of great  importance.  Cannizzaro
reaction  in  the  presence  of  mixed  oxide  and  reconstructed  HTC as  basic  catalysts  was  used as  a  model
reaction  to characterize  both  catalytic  systems  and  to  understand  their  behavior  in aldol  condensation.
The  performance  of  the  samples  was  investigated  in  the  conversion  of  aqueous  furfural  mixture  using
stirred  batch  reactor  operating  at T = 50 ◦C.  The  properties  of  both  initial  samples  and  catalysts  after
reaction  were  studied  by  different  physico-chemical  methods,  such  as  XRD,  DRIFT  and  TGA.  It was shown
that both  mixed  oxide  and  reconstructed  HTC  possessed  poor  activity  in  the  conversion  of dried  furfural
proving  the  importance  of water  presence  for the  reaction  to take  place.  Addition  of  water  to  the  reaction
mixture  resulted  in  growth  of  the  yield  of  both  furfuryl  alcohol  and  furoyl  furoate  as reaction  products.
Furoic  acid  was  not identified  by GC analysis,  but the  interaction  of the  acid  with  the  basic  sites  of  catalysts

was  confirmed  by DRIFT  and  TGA  analyses  indicating  that  at optimum  reaction  conditions,  most  of  the
basic  sites  were  involved  in  the formation  of  furoate  species.  The  formation  of  the  surface  furoate  species
influenced  the  behavior  of the  basic  catalysts  in  aldol  condensation  of furfural  and  acetone.  It allows
concluding  that  the  occurrence  of  Cannizzaro  reaction  should  be taken  into  account  when  considering
the  behavior  of basic  catalysts  in  organic  reactions  with  furfural  as  a  reactant.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

In recent years hydrotalcites (HTCs) have found numerous
pplications as adsorbents or ion exchangers, catalyst pre-
ursors or supports, etc. [1–4]. These materials represent a
lass of hydrated double hydroxides with a general formula
M2+

nM3+
m(OH)2(n+m)]m+ (Ax−)m/x·yH2O. The most commonly used

g-Al HTCs consist of a brucite-like [Mg(OH)2] network wherein
somorphous substitution of Mg2+ ion by a trivalent Al3+ occurs
nd the excess positive charge of the framework is compensated by
allery anions which are located in the interlayer along with water
olecules [4–6]. As-prepared HTCs typically contain carbonates as

ompensating anions which makes these materials inactive in base-
atalyzed reactions [7]. Thermal treatment of Mg–Al HTCs results in
ecomposition of carbonate groups accompanied by the release of

O2 and the formation of a well-dispersed mixture of magnesium
nd aluminum oxides (MgAlO). The calcined mixed oxides act as
eak Lewis acid/strong base catalysts and find various applications

∗ Corresponding author.
E-mail address: oleg.kikhtyanin@unicre.cz (O. Kikhtyanin).

ttp://dx.doi.org/10.1016/j.apcata.2016.08.007
926-860X/© 2016 Elsevier B.V. All rights reserved.
as effective catalysts in transesterification [8,9], alcohol elimina-
tion [10] and condensation [11,12] reactions. A distinctive feature
of MgAlO materials is their ability to reconstruct the lamellar HTC
structure (so-called memory effect) when contacted with water
vapor or liquid water in absence of carbon dioxide. This leads to
meixnerite (magnesium aluminium hydroxide hydrate), that is HTC
intercalated with OH− as compensating anions in the interlayer
[11,12]. In addition, the treatment of MgAlO with aqueous reac-
tion mixture (in situ rehydration) leading to reconstructed HTCs is
also known [12–14]. These rehydrated materials have been applied
to a number of base-catalyzed reactions which require Brønsted
basic character, including different self- and cross-condensations
[12–15] Michael additions [16], etc.

Condensation reactions attract much attention because they
allow obtaining more complex compounds with more carbon
atoms starting from relatively simple molecules. The interest
in these reactions stems from the fact that many of the initial
molecules for the syntheses can be obtained by biomass process-

ing. For example, furfural can be obtained by acid hydrolysis of
sugar cane bagasse, a residue from sugar cane processing, fol-
lowed by extraction [17]. The needed acetone may be obtained
by ketonization of acetic acid [18] that is an important product

dx.doi.org/10.1016/j.apcata.2016.08.007
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcata.2016.08.007&domain=pdf
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f biomass pyrolysis. Aldol condensation of these relatively sim-
le molecules allows increasing chain length to 8+ carbon atoms.
his route has attracted significant interest, because hydrogena-
ion/hydrodeoxygenation of these aldol condensation products
eads to various hydrocarbons suitable for blending in conventional
iesel fuel and kerosene [19]. A comprehensive study of aldol con-
ensation over solid catalysts is thus necessary for designing the
athway to components of motor fuels from renewable natural
esources.

Aldol condensation of furfural (F) and acetone (Ac) in the pres-
nce of a basic catalyst begins with the initial abstraction of the
-proton from acetone, forming a carbanion that consecutively
ttacks the carbonyl group of the nearby adsorbed furfural molecule
20,21]. Additionally, acetone can be transformed on basic (or
cidic as well) sites by its own reaction pathway which is acetone
elf-condensation resulting to the formation of diacetone alco-
ol, mesityl oxide, etc [11,13]. Both aldol condensation of furfural
ith acetone and acetone self-condensation can proceed simulta-
eously; in this case the rate-determining step should be shared
y both reaction pathways and involve basic sites with similar
trength [20].

Much less attention is paid to the transformation of furfural
n basic sites of a solid catalyst in absence of acetone, or gen-
rally in absence of carbonyl compounds having no �-hydrogen
toms. Nevertheless, furfural can hardly be considered as an inert
omponent when contacted with basic sites and a specific paral-
el reaction route has to be considered. Cannizzaro reaction (CR) is

 well-known base-induced redox reaction of an aldehyde lacking
 hydrogen atom in the alpha position. It represents the dispro-
ortionation of an aldehyde into a carboxylic acid and an alcohol
atalyzed by a strong aqueous base, i.e. it takes two  aldehydes to
roduce one acid and one alcohol. In case of furfural, two  furfural
olecules would produce furfuryl alcohol (F-OH) and furoic acid

F-OOH) according to the reaction scheme below (Scheme 1).
The mechanism of the CR is well postulated. The reaction begins

ith the attack of hydroxide from basic NaOH on the carbonyl
arbon followed by deprotonation to give a dianion. This unsta-
le intermediate releases a hydride anion which attacks another
olecule of aldehyde. In this process the dianion converts to a

arboxylate anion and the aldehyde to an alkoxide. The alkoxide
hen picks up a proton from water to provide the alcohol final
roduct, while the caboxylate is converted to the carboxylic acid
roduct after acid work-up [22]. It should be mentioned that in
queous basic solution carboxylic acid produced by CR can hardly
e detected in pure form as it immediately reacts with the base to
orm a corresponding salt.

Taking into account the scheme of furfural transformation by
R the occurrence of this reaction on a basic solid can also be
ssumed provided that the catalyst possesses hydroxides of suffi-
ient strength as active sites and the reaction proceeds in aqueous
edium. Indeed, this reaction was proposed among others when

onsidering all possible reactions occurring during aqueous fur-
ural aldol condensation with acetone using base solid catalysts
23]. Additionally, it was mentioned that MgO  in aqueous media
ould catalyze the formation of the intermediate species for the
annizzaro reaction (furfuryl alcohol and furoic acid) resulting

n the formation of esterification product, 2-furancarboxylic 2-
uranmethyl ester (furoyl furoate, FF) [24]. Nevertheless, there is no
nformation available on the effect of CR on the physico-chemical
roperties of a solid basic catalyst as well as on its impact on the
ehavior of the catalyst in aldol condensation.

The scope of the present work is thus to understand the behavior

f calcined Mg-Al mixed oxide as a catalyst for converting aqueous
urfural mixture and to provide information on the extent of CR and
ts impact on the catalyst performance in aldol condensation.
A: General 525 (2016) 215–225

2. Experimental

Mg–Al layered double hydrotalcite (HTC) with a Mg:Al molar
ratio of 3:1 was prepared according to a procedure described in
[25]. The Mg-Al mixed oxide was prepared by calcination of the
dried as-prepared HTC at 450 ◦C for 3 h (heating rate 5 ◦C/min). The
rehydration of the mixed oxide was performed by its stirring in
water (2 g of freshly calcined material per 30 mL  of water) at room
temperature for 30 min, followed by the filtration of resulting solid
with a vacuum pump and drying in a rotary evaporator in N2 flow
during 40 min. The calcined HTC is further on referred to as Mg-Al
mixed oxide while the fully rehydrated mixed oxide is denoted as
reconstructed HTC.

The crystallographic structures of the dried as-prepared HTC
sample, Mg-Al mixed oxide and materials obtained during rehy-
dration experiments were determined by X-ray powder diffraction
using a Philips MPD  1880 instrument with Cu K� irradiation
(� = 0.154 nm) in the 2� range of 5◦–70◦ at the 2� scanning rate
of 2.4◦/min. The relative content of present crystalline phases in
the solids was evaluated using the areas of diffraction peaks at
2� = 11.4 and 22.8◦ for the HTC phase and at 2� = 43.1◦ for the MgO
phase, wherein the relative content of the respective phases in
as-synthesized HTC and Mg-Al mixed oxide were taken as 100%.
The textural properties of the samples (specific surface area and
pore volume) were measured by nitrogen physisorption at −196 ◦C
using an Autosorb surface area and porosity analyzer. The basic
properties of as-prepared HTC were evaluated by temperature pro-
grammed desorption (TPD) of carbon dioxide in a Micromeritics
Autochem 2950 apparatus. Before reduction, the sample was out-
gassed under a He flow of 25 cm3 min−1 with a heating ramp of
10 ◦C min−1 up to 500 ◦C. The sample was cooled down to 50 ◦C
and saturated under a CO2 flow (10 vol.% in He) of 50 cm3 min−1

for 30 min. Subsequently, the physically adsorbed carbon dioxide
was removed by flowing He (25 cm3 min−1) at 50 ◦C for 60 min.
Finally, the chemically absorbed CO2 was desorbed by heating up
the sample to 850 ◦C (heating rate of 15 ◦C min−1) in flowing He
(25 cm3 min−1) and maintaining this temperature for 30 min. The
amounts of desorbed species were quantified using calibration
standards. Thermogravimetric analysis of the dried as-prepared
HTC catalysts was  performed using a TA Instruments TGA Discovery
series equipment operating with a heating ramp of 10 ◦C/min from
room temperature to 900 ◦C in N2 flow. TGA-MS experiments were
performed on the same TGA unit equipped with mass-spectrometer
OmniStar GSD 320 (Pfeiffer-Vacuum) with MID  (Multiple Ion
Detection) measurement mode, SEM (Secondary Electron Multi-
plier) detector and quadrupole mass analyzer. The DRIFT spectra
were recorded on a Nicolet IS 10 FTIR spectrometer equipped with
DTGS detector and KBr beam splitter. All spectra were collected
over the range of 4000–400 cm−1 at a spectral resolution of 4 cm−1

and number of scans 128 (both for the background and the sample
spectra).

Furfural (Sigma-Aldrich) used for the study was pre-dried with
a molecular sieve 3A to exclude the influence of moisture orig-
inating from the chemicals. All catalytic experiments on furfural
conversion using either water-free conditions or aqueous furfural
mixture were carried out in a 100 mL  stirred batch reactor (a
glass flask reactor) operating at T = 50 ◦C. Furfural conversion as a
function of reaction time was studied in experiments using 2 g of
freshly calcined HTC (or rehydrated HTC prepared from the same
amount of Mg-Al mixed oxide) and 30 g of furfural. To prepare aque-
ous furfural mixtures, different amount of water (ranging from 0
to 33%wt.) was  added to furfural. As the solubility of water and

F in each other is limited [26], aqueous furfural mixtures with
water content ≤6 wt.% were monophasic solutions while higher
water amounts resulted in the formation of a biphasic (water
and organic phases) mixtures if no stirring was  used. To ensure
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Scheme 1. Cannizzaro reaction in the pre

 “quasi-constant” reaction conditions, the reaction mixture was
tirred at 300 RPM to afford aqueous organic emulsion. After adding
he catalyst to the reaction mixture, the reaction was  carried out
t T = 50 ◦C for 180 min  at 300 RPM. Samples were periodically
ithdrawn from the reactor during the experiment, filtered, and

nalyzed by Agilent 7890A GC unit equipped with a flame ioniza-
ion detector (FID), using a HP-5 capillary column (30 m/0.32 mm
D/0.25 �m).  The obtained products were identified based on stan-
ard reference compounds as well as additional GC–MS analyses.
he catalytic results of furfural transformation over basic catalysts
ere described in terms of product yield that was  calculated as

ollows:

Yield of producti(t)(mol%) = 100 × (mole of reactant

converted to product i)t/reactant t = 0.

After the reaction the catalysts were separated from aqueous
urfural mixture by filtration, washed with ethanol, dried in N2
ow at room temperature and characterized by different methods.
atalysts obtained from experiments with aqueous furfural mix-
ures having different water content are denoted HTC-xx where xx
tands for the wt.% of water in the mixture, i.e. HTC-23 is a cata-
yst obtained from reaction in which aqueous furfural containing
3 wt.% of water was used as feedstock.

Aldol condensation of furfural and acetone was  performed by
sing the same stirred batch reactor operating at T = 50 ◦C. For
hese experiments 0.5 g of freshly calcined HTC, 6.5 g of furfural
nd 19.7 g of acetone (Ac:F = 5 mol/mol) were used. After adding
he catalyst to the reaction mixture, the reaction was carried out at

 = 50 ◦C for 180 min  under intensive stirring. Samples were period-
cally withdrawn from the reactor during the experiment, filtered
nd analyzed by the same GC method. Catalytic results of aldol
ondensation of furfural and acetone were described by conver-
ion parameter that was calculated from the corresponding molar
oncentrations as follows:

Reactant conversion (t)(mol%) = 100 × (reactantt = 0

–reactantt)/reactantt = 0.

. Results

.1. Catalyst characterization
The physico-chemical properties of as-prepared HTC, calcined
TC (Mg-Al mixed oxide) and rehydrated HTCs investigated by
RD, TGA/DTG and DRIFT are presented in Table 1 and the Sup-
lementary information (SI).
 of sodium hydroxide as a basic catalyst.

The XRD pattern of the freshly synthesized sample used in this
study (see SI) shows a pure hydrotalcite phase (JCPDS 22-700) with
intensive symmetrical peaks at 2� ≈ 11◦, 22.8◦, 36◦ and 60◦, which
are characteristic for the brucite-like layers. No additional crys-
talline phases could be identified in the diffractogram proving the
high phase purity of the as-prepared hydrotalcite material. The
XRD pattern of the sample calcined at 450 ◦C (Mg-Al mixed oxide)
confirms the disappearance of the layered HTC structure. The only
reflections observed in the XRD pattern (see SI) correspond to the
MgO phase proving the formation of Mg-Al mixed oxide with the
MgO  periclase-type structure (JCPDS 87-0653). XRD pattern of a
sample obtained after interaction of the Mg-Al mixed oxide with
liquid water evidences the presence of a reconstructed HTC phase
(meixnerite, JCPDS 35-0965) (see SI). It is worth noting that the
XRD patterns of totally rehydrated samples shows neither a signif-
icant loss in intensity nor broadening of XRD peaks in comparison
with the as-prepared HTC., i.e. these samples can be considered to
be reconstructed HTCs. It also means that upon mechanical stirring
during the rehydration process in liquid phase the hydrotalcite-
like platelets were not broken or exfoliated which would result in
a decrease in their particle size and in a change in their textural
properties.

The textural properties of the as-prepared and Mg-Al mixed
oxide (Table 1) are similar to those obtained for similar materials in
our other studies [25]. According to chemical analysis, Mg/Al molar
ratio in as-prepared material is 3.8 (Table 1), i.e. slightly higher
when compared with the starting concentration of the elements
in reactive synthesis gel. Assuming that each Al atom in the solid
should produce one basic site, the theoretically possible concentra-
tion of basic sites in the sample with Mg/Al = 3.8 (with respect to
bulk Al content) is 4.9 mmol/g for calcined sample, i.e. Mg-Al mixed
oxide, (Table 1) or 2.7 mmol/g for dried as-prepared HTC taking into
account its general formula and weight loss upon calcination (TGA
data see below).

The actual concentration of basic sites was  measured by CO2-
TPD technique. The uptake of CO2 was 0.85 mmol per one gram
of dried as-prepared HTC sample used in the experiment, hence
the total concentration of basic sites determined by CO2-TPD was
0.85 mmol/g based on the as-prepared HTC or 1.54 mmol/g if recal-
culated for Mg-Al mixed oxide, i.e. nearly 31.5% of theoretical value
(Table 1).

The TGA profile for the as-prepared HTC sample (see SI) is in
good agreement with the profiles reported in literature for HTC-
like materials [27,28]. The total weight loss for this sample amounts
to 45.8 wt.% (Table 2) which is in accordance with previous results
[27,28]. The low temperature weight loss of 16.7 wt.% occurs in the
range of 20–200 ◦C due to the removal of water molecules. It is

clearly seen (see SI) that the signal in this range could be decon-
voluted in two  peaks with maxima at ca. 100 and 200 ◦C which
are generally attributed to the loss of physically adsorbed and
interlayer water molecules, correspondingly [27]. The high tem-
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Table 1
Physico-chemical characteristics of Mg-Al samples used in the present study.

Sample Phase
composi-tion

BET area (m2/g) Mg/Al in synthesis gel
(mol/mol)

Mg/Al by XRF
(mol/mol)

Theoretical amount of
basic sites (mmol/g)

Concentration of basic sites
by CO2-TPD (mmol/g)

HTCas-prep. HTC – 3 3.8 2.7 0.85
Mg-Alcalc. MgO  180 4.9 1.54
HTCreconstr. HTC – 2.7

Table 2
Results on the thermal analysis of the samples and their formula calculated from TGA-MS data.

Sample Weight loss (TGA), % Calculated formula (using TGA-MS)

Total 20–250 ◦C 250–800 ◦C
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HTCas-prep. 45.8 16.7 

Mg-Alcalc. 10.2 4 

HTCreconstr. 45.4 17.1 

erature weight loss of 29.1 wt.% is observed at temperature above
00 ◦C and originated from the dehydroxylation of the brucite-like
heets and the decomposition of carbonates in the interlayer [27].
o quantify the ratio between hydroxyl and carbonate groups in the
s-prepared HTC, TGA-MS technique was used to determine H2O
nd CO2 evolution from the sample. Above 250 ◦C, the MS  spectra
how the presence of signals of H2O and CO2 (see SI) with the max-
ma  at similar temperature, i.e. 395 and 404 ◦C, correspondingly,

hich prevents their differentiation by a routine TGA analysis.
sing data from chemical and thermal analysis, the composition
f the as-prepared hydrotalcite was calculated being very close to
xpectations from theory (Table 2).

In comparison with the as-prepared HTC, the weight loss of the
alcined material (i.e. Mg-Al mixed oxide) is, as expected, much
ower (only 10.2 wt.%) (Table 1). It corresponds to the loss of the
hysically adsorbed water below 100 ◦C (4.0 wt.%) and the removal
f residual hydroxyls and carbonate groups at T ≥ 500 ◦C remained
resent after the sample calcination at T = 450 ◦C (see SI). Total
eight loss in the rehydrated sample is 45.4 wt.% (Table 1), i.e.

ery close to the value determined for the as-prepared HTC mate-
ial. The distribution and intensity of the signals observed in the
TG spectra for the as-prepared and the reconstructed samples are
lso similar. Nevertheless, the performed TGA-MS study of both
amples evidences a substantial decrease in the intensity of the
ignal corresponding to the evolved CO2 (see SI). It proves that
s a result of the calcination-rehydration procedure most of the
arbonate groups are replaced by hydroxyls in the reconstructed
TC as evidenced by the calculated formula of the reconstructed
TC (Table 2). The observed presence of carbonate groups in the

econstructed HTC results most probably from the interaction of
he rehydrated sample with CO2 from air before the TGA analysis.

The DRIFT spectrum of the as-synthesized HTC material (see SI)
s similar to the spectra published elsewhere [1,12,29,30]. A typical
road band at about 3460–3500 cm−1 is attributed to the stretching
ibrations of structural hydroxyl groups in the brucite-like layer. A
houlder at 3000 cm−1 is assigned to hydrogen bonding between
ater molecules and the interlayer carbonate anions. The bands

t around 1640 and 1370 cm−1 confirms the expected presence
f interlayer water molecules and carbonate (chelating or bridg-
ng bidentate) anions, respectively. The vibration at 1515 cm−1 is
scribed to a reduction in the symmetry caused by the presence
f monodentate carbonates (�asymO–C–O) interacting with Mg2+, as
eported elsewhere [1,12,29,30]. The low frequency region shows

 band at about 560 cm−1, corresponding to the translation modes
f hydroxyl groups, influenced by Al3+ cations [12,31,32]. The band

t 870 cm−1 is characteristic for the out-of-plane deformation of
arbonate, whereas the in-plane bending is located at 680 cm−1

12].
29.1 Mg7.6Al2CO3(1.08)OH19.6·6.2H2O
6.2 –
28.3 Mg7.6Al2CO3(0.16)OH21·8.2H2O

Calcination of the as-prepared HTC results in water removal that
is evidenced by the disappearance of the band at around 1640 cm−1

(water bending vibrations) and of the shoulder at 3000 cm−1 (inter-
action of H2O CO3

2− in the interlayer) (see SI). The intensity of
the bands at around 3460–3500 cm−1 also decreases due to the
surface dehydroxylation upon calcination. The band at 1370 cm−1

(interlayer carbonates) decreases in intensity and the two peaks
at about 1515 and about 1400 cm−1 evidencing the interaction
between CO3

2− and Mg2+ [12] are also present, but their intensity
decreases as well. The obtained FTIR spectrum proves that residual
carbonate and hydroxyls anions as well as small amount of water
(band at around 1640 cm−1) are still present in HTC sample cal-
cined at T = 450 ◦C, i.e. in the Mg-Al mixed oxide sample, most likely
due the adsorption of CO2 and moisture from air during the DRIFT
experiment.

The spectrum of the reconstructed HTC is substantially sim-
ilar to that of the as-prepared HTC (see SI). The broad band at
3460–3500 cm−1 evidences the recovery of the structural hydroxyl
groups in the brucite-like layers. The bands at 3050 and 1640 cm−1

also reappears in the spectra of this sample, indicating a signif-
icant amount of adsorbed water molecules in the reconstructed
material. The band at 1370 cm−1 which also reappears in the spec-
tra as a symmetric peak is usually attributed to the presence of
carbonates in reconstructed materials, even after rehydration step
[12,32]. In the latter case, the existence of these groups in the
rehydrated samples is explained by a probable introduction of
(CO3)2− from air during the reconstruction process [12]. How-
ever, the performed TGA-MS analysis of the reconstructed HTC
proves low concentration of carbonates in the reconstructed HTC,
so the band at 1370 cm−1 in DRIFT spectrum cannot be unequivo-
cally attributed to carbonate groups. Moreover, anionic OH-groups
should be inevitably identified in the DRIFT spectra of the recon-
structed HTC material as well. It is known that anionic groups other
than carbonates could be characterized by absorption bands in the
FTIR region close to 1370 cm−1. For example, a band at 1364 cm−1

was previously ascribed to the anti-symmetrical stretching mode of
nitrate ions [33] and a band observed at 1390 cm−1 was  attributed
to the symmetric stretching of the carboxylate group [34]. Hence,
hydroxyl groups formed due to the rehydration of Mg-Al mixed
oxide (calcined HTC), which compensate the positive charge of
the layers, could be also responsible for the observed band lying
in the same FTIR-region. This makes us to conclude that the
band at 1370 cm−1 could in fact signify the presence of any
extra-framework functional anionic groups, including OH−, which
compensate the positive charge of the inorganic framework origi-

nating from the Mg-Al isomorphous substitution.
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.2. Interaction of Mg-Al mixed oxide with aqueous furfural
ixture

According to the reaction scheme (Scheme 1), water is a nec-
ssary participant of Cannizzaro reaction donating a proton for an
ntermediate alkoxide to be converted to a final alcohol. In other

ords, the absence of water makes the disproportionation of fur-
ural to furfuryl alcohol (F-OH) and furoic acid (F-OOH) in the
resence of a basic catalyst impossible. Accordingly, in our experi-
ents we have studied the behavior of Mg-Al mixed oxide in CR of

queous furfural solutions having different water content.
The main reaction products obtained by reaction of aqueous fur-

ural feedstock over calcined HTC, i.e. over Mg-Al mixed oxide, are
-OH and furoyl furoate (FF). Despite no F-OOH is found in reaction
roducts, the formation of F-OH and FF, a product of esterification
eaction between F-OH and F-OOH, provides an indirect evidence
hat furfural undergoes CR over the solid base catalyst. One-stage
lcohol formation from aldehyde is only possible by using hydro-
en atmosphere and a hydrogenation catalyst which is not the case
n our experiment. Moreover, due to the basic nature of the cat-
lyst used it is highly likely that F-OOH will react immediately
ith the basic sites forming either salts, e.g. sodium furoate when
aOH would be used as catalyst, or surface furoates in case of solid
ase catalysts. This is confirmed by a titration experiment (see SI)

n which F-OOH is successively added to Mg-Al mixed oxide (cal-
ined HTC) catalyst immersed in acetone followed by GC analysis
f the liquid phase. A signal on the GC diagram belonging to F-OOH
ppears only when the amount of acid added to the catalyst exceed
.3 g/gcat. The only plausible explanation of the performed titration
xperiment is that the acid remains adsorbed on the catalyst. It is
orth noting that the concentration of basic sites in the calcined

ample titrated with F-OOH is ≈2.7 mmol/g, which is higher than
hat determined by CO2-TPD (based on Mg-Al mixed oxide). Pre-
umably, furoic acid could additionally adsorb on weak basic sites
hich do not interact with CO2 in the CO2-TPD experiment. Assum-

ng the formation of surface furoates, we have introduced the yield
f F-OH as the measure of catalyst activity in Cannizzaro reaction.

Fig. 1A depicts F-OH yield observed during reaction of aqueous
urfural mixtures having different water content on Mg-Al mixed
xide in dependence on experiment duration. A clear dependence
f catalyst activity on water content in the mixture is observed.
t water-free conditions, F-OH yield is as low as 0.11 wt.% after
80 min  of the reaction. This result confirms the necessity of water
resence in the reaction mixture to facilitate the Cannizzaro reac-
ion, which is in accordance with the reaction scheme (Scheme 1).
he catalyst activity observed in the water-free experiment can be
xplained by the traces of moisture in the sample due to adsorption
rom air during the transfer of the calcined catalyst into the reac-
or. This explanation is also supported by TGA results. The observed
lcohol yield corresponds to 0.15 mmol  of F-OH produced per 1 g of
g-Al mixed oxide. Taking into account the reaction stoichiome-

ry, i.e. the equimolar formation of F-OH and F-OOH, and assuming
cid-base interaction between the formed F-OOH and basic sites of
he catalyst, it can be inferred that about 10% of the basic sites in
he catalyst probed by CO2 (Table 1) participate in the reaction and
eact with the produced acid forming furoate species.

Fig. 1A shows that the increase in water content in the mixture
esults in the growth of F-OH yield proving thus the importance of
ater in the reaction (Scheme 1). For monophasic reaction con-
itions (water content in the range of 0–6 wt.%) the F-OH yield

s below 0.5 wt.% after 180 min  of the reaction. Under biphasic
eaction conditions (water content >12 wt.%) the F-OH yield sub-

tantially increases to 1.8-2.3 wt.% (Fig. 1A). The maximum alcohol
ield of 2.3 wt.% is observed for water content of 23 wt.% in the mix-
ure while further increase in water content up to 33% results in a
light decrease of F-OH yield to 1.9 wt.%.
A: General 525 (2016) 215–225 219

The maximum F-OH yield of 2.3 wt.% (Fig. 1A) corresponds to
3.6 mmol  of produced F-OH per 1 g of calcined catalyst. Hence,
the amount of the produced acid should also correspond to
3.6 mmolF-OOH/gcat. Since F-OOH is not identified by GC among
reaction products, the concentration of basic sites that interacted
with the acid should also be equal to 3.6 mmol/gcat. This value is
larger than that determined by the direct titration of Mg-Al mixed
oxide with furoic acid (see SI) and substantially exceeds the value
determined by CO2-TPD (Table 1). On the other hand, the con-
centration of basic sites in the catalyst evaluated from its activity
in CR is still lower than the theoretical basicity derived from its
chemical composition. It allows concluding that not all basic sites
in the catalyst are involved in the reaction and the formation of
surface furoates. Nevertheless, the concentration of basic sites as
high as 3.6 mmol/g determined by the in-situ “titration” with furoic
acid proves that physico-chemical characteristics of basic catalysts
including the amount of basic sites can change during the rehydra-
tion step as discussed below.

Besides F-OH, furoyl furoate is observed as a reaction product
(Fig. 1B), apparently as a result of esterification reaction between
furfuryl alcohol and furoic acid. In contrast to F-OH, the yield of
the FF ester exhibits a less pronounced dependence on water con-
tent. Fig. 1B shows that after 180 min  of the reaction, the ester yield
is 0.16 wt.% for monophasic aqueous furfural mixture (≤6 wt.% of
water) and only small increase to 0.18–0.2 wt.% is observed for
higher water contents (biphasic reaction mixture). The observed
poor dependence of the ester yield on water content allows assum-
ing that the formation of this compound could be more preferable
in water-free reaction conditions. Obviously, as water is a prod-
uct of the esterification reaction, an increase in water content will
favor hydrolysis over esterification, i.e. shift the reaction equilib-
rium towards the reactants.

3.3. The properties of Mg-Al catalysts after reaction

The experimental results provide a strong indication that fur-
fural is converted by Cannizzaro reaction over Mg-Al mixed oxide
when water is present. Whereas F-OH is observed in the reaction
products by GC, it is highly probable that F-OOH forms furoate
species on the catalyst surface, i.e. remains adsorbed on the basic
sites of the catalyst. The formation of such species would definitely
change physico-chemical properties of a basic catalyst and these
have been monitored by different techniques.

3.3.1. XRD
Fig. 2A depicts XRD patterns of catalysts after reaction in depen-

dence on water content in aqueous furfural mixture. XRD patterns
of samples after experiments using a monophasic reaction mix-
ture (water content of 0–6 wt.%) contain predominantly reflections
characteristic for MgO  phase. As soon as the furfural mixture
becomes biphasic (water content ≥12 wt.%), the intensity of the
reflections due to the MgO  phase noticeably decreases while the
intensity of reflections corresponding to the HTC phase increases.
The calculated relative content of the crystalline phases (Fig. 2B)
evidences that a dramatic step change in the phase composition of
the catalysts occurs when the monophasic reaction mixture turns
into a biphasic one due to the increase in water concentration. In the
monophasic aqueous-organic mixture the probability for the inor-
ganic solid to interact with water molecules (a necessary step for
rehydration to take place) is low because of high furfural concen-
tration because both molecules compete for the same adsorption
places. As a consequence, the rehydration of the mixed oxide to

a reconstructed HTC is slow. In contrast, when the reaction mix-
ture is biphasic, the catalyst is in contact with both organic (mostly
furfural) and aqueous (mostly water) phases. The XRD data evi-
dence (Fig. 2) that such intermittent interaction of Mg-Al mixed
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Fig. 1. Yields of furfuryl alcohol (A) and furoyl furoate (B) observed during reaction of aqueous furfural mixture on Mg-Al mixed oxide in dependence on water content (in
wt.%):  1–0%, 2–3%, 3–6%, 4–12%, 5–18%, 6–23%, 7–33%. Treac. = 50 ◦C, mfurfural = 30 g, mcalc.cat. = 2 g.
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ig. 2. XRD patterns (A) and the relative content of HTC and MgO phases (B) in cata
–HTC-0, 2–HTC-3, 3–HTC-6, 4–HTC-12, 5–HTC-18, 6–HTC-23, 7–HTC-33 where th

xide with either organic or aqueous phase under intensive stirring
nsures the transformation of the solid mixed oxide into recon-
tructed HTC. The comparison of the catalytic results with the XRD
ata allows concluding that the observed high activity of the cata-

ysts in CR is connected with the high rehydration degree of Mg-Al
ixed oxide to a reconstructed HTC. This conclusion is in agreement
ith the reaction scheme of CR: the disproportionation of furfural

o F-OH and F-OOH takes place with the participation of hydroxyls
hich are Brønsted basic sites of the rehydrated HTC catalyst rather

han with the Lewis basic sites of Mg-Al mixed oxide.

.3.2. TGA
Fig. 3A depicts TGA curves of the catalyst samples after Canniz-

aro reaction of furfural aqueous mixtures having variable water
ontent. The catalysts were separated from reaction mixtures by
ltration followed by washing with ethanol and drying at 80 ◦C

or 4 h before TGA experiments to exclude the contribution of any
hysisorbed organic species to the results. The increase in water
ontent results in a progressive increase in the total weight loss of
he samples (Fig. 3A) which correlates with the transformation of
he Mg-Al mixed oxide to reconstructed HTC materials as proved by
RD (Fig. 2). The samples obtained from the reaction of monopha-
ic furfural-water mixtures possess low-to-moderate weight loss
n the range of 21–30 wt.%, due to the small rehydration degree

f the Mg-Al mixed oxide (<20%). In contrast, the weight loss of
he sample HTC-23 obtained after reaction of biphasic furfural-
ater mixture amounts to 49 wt.% which is close to the values

or as-prepared or water-reconstructed HTC samples (Table 1). In
fter reaction in dependence on concentration of water in aqueous furfural mixture:
bers denote wt.% of water in the mixture.

agreement with these results, the sample HTC-23 affords a nearly
fully reconstructed HTC after the reaction as evidenced by the XRD
results (Fig. 2).

The DTG curves of the samples after reaction (Fig. 3B)
show two ranges of weight losses in accordance with the
results for as-prepared or reconstructed HTC samples. The low-
temperature region consists of two  signals at T = 80–100 ◦C and
180–200 ◦C attributed to physically adsorbed and interlayer water,
respectively, the latter exhibiting a clear dependence on the recon-
struction degree of the rehydrated samples. In fact, the change in
phase composition is linearly proportional to the water content
in the aqueous furfural mixture. In agreement with the XRD data
(Fig. 2A) an obvious difference is observed between the TGA/DTG
curves for samples obtained from monophasic or biphasic reaction
mixture experiments.

In the high-temperature region of DTG curves, the presence
of two well-distinguished signals at ∼320 and ∼400 ◦C can be
observed. The signal at T = 385–400 ◦C is similar to those observed
in both as-prepared and reconstructed HTC samples and corre-
sponds to the removal of carbonate and/or hydroxyl groups from
the samples [27]. For the catalysts after reaction the intensity of
this peak increases with the growth in water content in the reac-
tion mixture and, as a consequence, it is in line with the increase
in the rehydration degree of Mg-Al mixed oxide proved by XRD

(Fig. 2). Nevertheless, the signal with maximum at T = 320 ◦C was
not previously observed in DTG curves for as-prepared and water-
reconstructed HTC materials (see SI). Therefore, this signal has to
originate from other compounds than water, CO2 or contaminants
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ig. 3. TGA (A) and DTG (B) curves of catalysts obtained after reaction with aqueou
–HTC-18, 6–HTC-23, 7–HTC-33.

rom ambient air, i.e. from furfural or reaction products of fur-
ural transformation including F-OH, F-OOH and FF. The intensity
f this signal also increases with the increasing concentration of
ater in the reaction mixture. As the increase in the water content

esulted in an increase in the furfuryl alcohol yield (Fig. 1A), it can
e deduced that the signal at T = 320 ◦C is due to furfuryl alcohol
r, more likely, due to surface furoates formed by adsorption of
uroic acid that is produced from furfural by Cannizzaro reaction in
quimolar yields as furfuryl alcohol, but unlike F-OH is not detected
mong reaction products.

.3.3. DRIFT
DRIFT spectra obtained after contacting Mg-Al mixed oxide

ith aqueous furfural mixtures having different water content are
hown in Fig. 4 (reconstructed HTC rehydrated with pure water
s shown as a reference). With increasing water content, a broad
and in the range of 2700–3700 cm−1 reappears in the spectra
roving the recovery of structural hydroxyl groups in the brucite-

ike layers of the rehydrated samples (Fig. 4A). The bands in the
ange of 1300–1700 cm−1 which characterize the presence of inter-
ayer water molecules and compensating extra-framework anions
lso appear in the spectra (Fig. 4B). The change of the DRIFT spec-
ra for Mg-Al mixed oxide sample after its contact with aqueous

edium can be attributed to the HTC structure recovery and is
hus in agreement with XRD and TGA results. However, compar-
ng the DRIFT spectra for catalysts after reaction with the spectra
or both as-prepared and rehydrated HTC samples, it can be con-
luded that the composition of the functional groups in the samples
fter reaction is different than in the fresh samples. First, shoul-
er at 3000 cm−1 usually observed in the DRIFT spectra of both
s-prepared and reconstructed HTC rehydrated with pure water is
bsent in the DRIFT spectra of the spent catalysts. The absence of
his shoulder suggests that the H2O CO3

2− interaction in the inter-
ayer is weakened. Furthermore, the character of the bands in the
ange of 1300–1700 cm−1 differs: it becomes more complex for the
amples after reaction as additional bands appeared in the spectra
Fig. 4B). Instead of a single band at 1640 cm−1 which characterizes
he presence of water molecules in interlayer (Fig. 2) several bands
t 1561 and 1591 are present in the DRIFT spectra of catalysts after
eaction. These bands suggest that other molecules than water are
resent in the interlayer of the rehydrated catalysts. Moreover, two
ew bands at 1363 and 1390 cm−1 are also present in the spectra.

or as-prepared and reconstructed HTC rehydrated with pure water
he band at 1370 cm−1 characterizes the presence of compensating
nions, as discussed above. The appearance of the new bands at
363 and 1390 cm−1 can be related with the presence of new kind
ral mixture with different water content. 1–HTC-0, 2–HTC-3, 3–HTC-6, 4–HTC-12,

of compensating anions, such as furoates. Besides, a well-expressed
band at 1479 cm−1 not observed previously in the DRIFT spectra for
neither as-prepared nor rehydrated HTC samples is found in the
spectra of spent catalysts. Finally, several new bands appeared also
in the range of 900–1250 cm−1 (Fig. 4B) which could be caused by
the presence of new surface species in the catalysts after reaction.

In summary, the characterization data prove that the increase in
water content in the aqueous furfural mixture promotes the rehy-
dration of the Mg-Al mixed oxide and facilitates the formation of
reconstructed HTC. As soon as Brønsted basic sites are formed in the
reconstructed material, its activity in furfural conversion increases
as demonstrated by the increase in both F-OH and furoyl furoate
yield. After the reaction, the catalyst contains additional species
which differ from carbonate or OH− anions as well as from water
molecules. Taking into account the concentration of F-OH in the
liquid reaction products together with the absence of furoic acid
among these products, it is highly probable that these newly formed
species found in the catalysts after reaction are surface furoate
species. To support this claim, a specific study of furoic acid inter-
action with the rehydrated catalysts was undertaken.

3.4. The study of interaction between rehydrated HTC and furoic
acid

Different amounts of furoic acid were added to the mixture of
water and reconstructed HTC after the completion of the rehydra-
tion procedure (see the Experimental), and the resulting mixture
was stirred for 10 min. The solids treated with furoic acid were then
separated by filtration using a vacuum pump, dried in N2 flow at
room temperature and investigated by TGA and DRIFT.

A gradual growth in the DTG signal with the maximum at
T = 330–340 ◦C is observed for rehydrated HTC after its treatment
with furoic acid as the ratio of mFOOH/msample increases from 0 to
0.5 (Fig. 5). The filtrate solution was analyzed by GC, but no furoic
acid was  detected. This strongly suggests that it was adsorbed on
the catalyst and hence the signal at T = 330–340 ◦C may be unequiv-
ocally attributed to the surface furoate species. The position of this
signal agrees well with the observed unknown signal in the DTG
curves obtained for spent catalysts after their treatment with aque-
ous furfural mixture (Fig. 3). Consequently, it can be concluded that
furoate species are indeed present in the spent rehydrated HTC after
Cannizzaro reaction.
Additionally, the observed increase in the signal intensity at
T = 330–340 ◦C is in line with a gradual decrease in the inten-
sity of signals at T = 200–210 ◦C and T = 390–410 ◦C. The signal at
T = 200–210 ◦C characterizes interlayer water molecules which are
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Fig. 4. DRIFT spectra of calcined Mg-Al mixed oxide after its interaction with aqueous fur
2–HTC-6; 3–HTC-23; 4–reconstructed HTC rehydrated with pure water (reference mater
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ig. 5. DTG curves for rehydrated HTC treated with different amounts of Furoic acid.
FOOH/mcalcinedsample = 0 (1); 0.1 (2); 0.3 (3) and 0.5 (4).

tabilized in interlayer due to hydrogen bonding between them and
nterlayer compensating anions while the signal at 390–410 ◦C is
haracteristic for the removal of structural hydroxyls and compen-
ating anions [12]. The interaction of furoic acid with basic sites
nd the generation of furoic species should in fact decrease the
otal amount of structural hydroxyls and compensating anions and
hus result in weakened hydrogen bonding between the anions and
ater molecules. As a consequence, the amount of interlayer water
ould decrease as would the corresponding signal in DTG data,
hich is apparent in the experimental data (Fig. 5).

Fig. 6 depicts total DRIFT spectra for rehydrated HTC samples
reated with furoic acid in the range of 500–4000 cm−1 (A) and in
he specific range of 800–1800 cm−1 (B). The intensity of a shoulder
ignal at 2700–3200 cm−1 assigned to hydrogen bonding between
ater molecules and the interlayer anions decreases in intensity
ith the increase in acid content from 0 to 0.5 gacid/gcat. (Fig. 6A).

he behavior of this band correlates well with the decrease in the
ntensity of the DTG signal in the range of T = 100–200 ◦C and proves
he loss of water (including interlayer water) in the samples as

 consequence of the formed furoate species. A large difference
n the DRIFT spectra between the untreated rehydrated HTC and

he samples treated with furoic acid (Fig. 6) is observed in the
ange of 1300–1700 cm−1. The peak at 1640 cm−1 attributed to the
resence of interlayer water has very low intensity in the spectra
f F-OOH-treated rehydrated samples suggesting low water con-
fural mixture in the range of 400–4000 cm−1 (A) and 800–1800 cm−1 (B). 1–HTC-0;
ial).

tent in the interlayer. Instead, two  peaks appear in this range at
1594 and 1563 cm−1 (Fig. 6B). A peak at 1365 cm−1 which is usu-
ally attributed to carbonate cations [12] or, as supposed in the
present study, to compensating OH−-groups decreases in inten-
sity with the increase in acid content in the mixture while a new
band at 1390 cm−1 has appeared. Finally, a very distinctive band at
1481 cm−1 is observed in the samples, and its intensity correlates
well with the amount of acid in the treatment solution. In summary,
the observed changes and the appearance of new bands in the DRIFT
spectra of HTC samples treated with F-OOH can be unequivocally
attributed to the surface furoate species formed by adsorption of
furoic acid on the basic sites. The formation of furoate species in
the treated materials could be also related with the appearance of
new small bands in DRIFT spectra in the range of 900–1250 cm−1. In
total, the similarity in the positions of the bands observed in DRIFT
spectra of samples either treated with furoic acid or those obtained
after reaction with aqueous furfural mixture (Figs. 4 and 6B) allows
concluding that the formed surface species on the catalysts are
indeed furoates.

3.5. Reconstructed HTC as a catalyst for Cannizzaro reaction

Catalytic results presented above indicate that the increased cat-
alyst activity in CR is observed when reconstructed HTC is formed
as a result of complete rehydration of the Mg-Al mixed oxide. This
reconstruction is achieved provided large water amount is present
in the reaction mixture. On the other hand, the catalytic results
indicate that water could have a negative effect on the reaction
resulting in a decrease in furfural conversion (Fig. 1). Using a recon-
structed HTC prepared by a pre-treatment of mixed oxide with
liquid water allows avoiding large water content in the reaction
mixture. In addition, these experiments reveal more accurately the
effect of water on the course of Cannizzaro reaction, i.e. it allows
decoupling the influence of water on catalyst reconstruction (and
its activity) from its influence on the reaction.

In these sets of experiments 2 g of freshly calcined HTC was
used in rehydration procedure as described in the Experimen-
tal to prepare reconstructed HTC sample as a catalyst for the
reaction. It allows making an accurate comparison between the
catalytic activity of mixed oxide and reconstructed samples based
on their calcined form. Fig. 7 depicts F-OH yield obtained dur-
ing the interaction of reconstructed HTC with aqueous furfural
mixture. The catalyst possesses poor activity in the conversion of

water-free furfural evidencing the necessity of water for the Can-
nizzaro reaction to take place. In this experiment F-OH yield of
∼0.1 wt.% could be attributed to the residual water in the dried
reconstructed HTC catalyst. Addition of water to furfural promotes
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Fig. 6. DRIFT spectra of rehydrated HTC treated with different amounts of Furoic acid. mF

range  of 800–1800 cm−1.

Fig. 7. The yield of furfuryl alcohol in experiments with aqueous furfural solu-
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3 h of its addition to the acetone + catalyst mixture is in the range
ion having different water content using dried reconstructed HTC as catalyst.
reac. = 50 ◦C, t = 3 h, mcat. = 2 g (calcined base), mF = 30 g.

he activity of the reconstructed HTC: alcohol yield increases from
.28 wt.% to 0.76 wt.% as the water content in aqueous furfural
ixture grows from 1.5% to 6%, respectively. Nevertheless, fur-

her increase in water content in the mixture does not result in
 corresponding growth in the furfuryl alcohol yield (Fig. 7). It is
orth noting that the maximum F-OH yield observed in experi-
ents with the reconstructed HTC (Fig. 7) is significantly lower

han that for Mg-Al mixed oxide (calcined HTC) treated with aque-
us reaction mixture (Fig. 1). The observed difference in catalytic
ehavior suggests that the number of basic sites which are accessi-
le to furfural molecules in the catalyst rehydrated with pure water

s lower compared with the catalyst rehydrated in situ with biphasic
queous-organic mixture. Indeed, calculations show that the max-
mum alcohol yield of 0.76 wt.% produced on reconstructed HTC
orresponds to 1.19 mmol  of alcohol per 1 g of the catalyst (cal-
ined base). Consequently, 1.19 mmol/g of furoic acid produced by
R is bound with 1.19 mmol/g of basic sites in the catalyst, which

s 24.3 wt.% with respect to the bulk Al content. This concentration
f basic sites titrated with the acid is much lower than that eval-
ated from the results of catalytic experiments with Mg-Al mixed
xide. Moreover, it is also slightly lower than that determined by
O2-TPD (1.57 mmol/g, calcined base, Table 1). On the other hand,
he concentration of basic sites evaluated in rehydrated HTC by

eans of Cannizzaro reaction agrees well with the results from
12] that 24.5% of the OH− sites with respect to the bulk Al con-

ent in HTC rehydrated in liquid water are evaluated by CO2-TPD.
n summary, the obtained catalytic results make us suggest that the
oncentration of basic sites in the reconstructed HTC depends on
OOH/m sample = 0 (1); 0.1 (2); 0.3 (3); 0.5 (4). A – the range of 400–4000 cm−1,  B – the

the properties of a liquid medium used for rehydration of Mg-Al
mixed oxide, i.e. calcined HTC. Nonetheless, further fundamental
studies are necessary to understand the relationship between the
basic sites formation and the properties of the media used.

3.6. The impact of CR on aldol condensation of furfural and
acetone

Aldol condensation (AC) of furfural and acetone takes place in
the presence of basic catalysts, for example activated HTC. In gen-
eral, any of the two  components of the reaction mixture interacts
with the active centers of the catalyst. Basic sites promote the acti-
vation of acetone which is necessary for AC to take place [20,21],
while furfural is also transformed by CR, as shown in the present
study. Both reactions, AC and CR, proceed simultaneously and share
the same active centers; therefore, the deactivation of basic sites
with furoic acid formed by CR should influence the conversion of
reactants by AC. The following model experiments represent exam-
ples aimed to demonstrate the degree of this influence. Three series
of catalytic runs with Mg-Al mixed oxide were carried out:

Example I. Mg-Al mixed oxide is added at once to prepared F + Ac
mixture (a reference run).

Example II. Mg-Al mixed oxide is initially stirred in acetone for
0–90 min  and then furfural is added.

Example III. Mg-Al mixed oxide is initially stirred in furfural for
0–90 min  and then acetone is added.

The results of these experiments are presented in Fig. 8. In the
reference run (Fig. 8A, Example I) furfural conversion is 20.7% after
3 h of the reaction. Along with compounds formed by aldol conden-
sation, the formation of furfuryl alcohol with the yield of 0.06 wt.%
after 3 h is observed. Its presence among other products evidences
the simultaneous occurrence of AC and CR, i.e. the formation of
furoic acid. As shown above, furoic acid interacts with the basic
sites of the catalyst resulting in the formation of surface furoate
species. As a consequence, the amount of active sites which are
able to participate in both reactions is reduced thus leading to a
loss of activity.

The initial stirring of catalyst in acetone for 0, 30, 60 and 90 min,
respectively, (Example II) does not introduce any significant effect
on its performance in either AC or CR reaction routes. Regardless
of the duration of the initial step, the conversion of furfural after
of 18.6-21% while the yield of F-OH is 0.05-0.06 wt.%. These experi-
ments (Example II) evidence that the contact between acetone and
catalyst does not contribute to any change in the catalytic activ-
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Fig. 8. Furfural conversion (A) and the yield of F-OH (B) observed after 3 h of the aldol condensation of furfural and acetone over Mg-Al mixed oxide. I – Catalyst is added to
the  mixture of acetone and furfural (Reference run); II – Catalyst is stirred in acetone for 0, 30, 60, 90 min  followed by furfural addition; III – Catalyst is stirred in furfural for
0,  30, 60, 90 min  followed by acetone addition. Reaction conditions: mcat. = 0.5 g, F:Ac = 6.5/19.7 g/g (1/5 mol/mol), Treac. = 50 ◦C.
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Fig. 9. Furfural conversion (A) and the yield of F-OH (B) observed during the aldol condensation of furfural and acetone over reconstructed HTC. I – Catalyst is added to
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0  min  followed by acetone addition (Triangles). Reaction conditions: mcat. = 0.5 g (c
eaction mixtures (I–III) are mixed with 0.4 g of water to promote CR.

ty in AC, so the behavior of the catalyst is comparable with that
bserved in the reference run (Example I).

In contrast, the initial stirring of catalyst in furfural (Example
II) leads to unique results (Fig. 8A). Even a brief contact between
urfural and catalyst decreases the activity of the catalyst in aldol
ondensation which is evidenced by furfural conversion of 11.9%
fter 3 h of the reaction (Fig. 6A). When increasing the time of
he initial stirring of the catalyst in furfural up to 90 min, a fur-
her decrease in furfural conversion in aldol condensation down
o 3.4% is observed. Simultaneously with the decline in the overall
ctivity of the catalyst, the increase in the yield of furfuryl alco-
ol from 0.12 to 0.23 wt.% is observed as the duration of the first
tage of the experiment increases from 0 to 90 min, respectively
Fig. 8B). As postulated above, the presence of F-OH indicates that
-OOH is formed because these two compounds are related with
ach other by the stoichiometry of Cannizzaro reaction. Being pro-
uced by Cannizzaro reaction, F-OOH generates surface furoate
pecies by reacting with the basic sites and, consequently, the
asic sites become catalytically inactive. It could be also assumed
hat the organic salts being formed on the catalyst surface would
esult in selective leaching of the corresponding catalyst compo-
ents. To evaluate the plausible leaching, we have analyzed the
eaction mixture after catalytic experiment (Example III) by ICP.
owever, we did not detect any traces of Mg  or Al in the solution
fter reaction. It allows concluding that the catalyst is chemically

table and the organic salts, if formed, stay bound on the catalyst
urface. Therefore, the decrease in furfural conversion observed in
min  followed by furfural addition (Circles); III – Catalyst is stirred in furfural for
d base), F:Ac = 6.5/19.7/ g/g (1/5 mol/mol), Treac. = 25 ◦C. Prior to catalyst addition the

these experiments (Example III), can be explained by the gradual
poisoning of the catalyst with products formed by CR.

Similar experiments investigating the influence of mixing order
of reactants during aldol condensation on furfural conversion were
performed with reconstructed HTC (Fig. 9). As expected, the activity
of the reconstructed HTC in the reaction was higher in comparison
with Mg-Al mixed oxide, so to observe any differences in conver-
sion the catalytic experiments were carried out at T = 25 ◦C

In agreement with the results obtained for Mg-Al mixed oxide,
furfural conversion is similar when the rehydrated catalyst is either
added to the mixture of acetone and furfural (Example I) or stirred
in acetone for 30 min  followed by furfural addition (Example II)
(Fig. 9A). In contrast, the activity of the reconstructed HTC in aldol
condensation is significantly lower when the rehydrated catalyst
is initially in contact with furfural (Example III). In all three cases
F-OH is detected among reaction products proving the occurrence
of CR, as discussed above. Nevertheless, its yield is much lower in
Examples I and II being 0.10–0.14 wt.% in comparison with Example
III (0.64–0.72 wt.%). These experiments give an additional evidence
that CR proceeds simultaneously with AC and definitely influences
the performance of a basic catalyst in the latter reaction.

CR may  contribute not only to the observed activity of basic cata-
lysts in aldol condensation reaction involving furfural but may also
affect re-using of the catalysts. The loss of the activity of hydro-
talcites and mixed oxides in several successive catalytic runs of

condensation reactions has been reported repeatedly. In general,
two different deactivation causes have been considered: fouling
caused by subsequent aldol condensations and leaching of active
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ompounds from the catalyst in the aqueous medium [20]. The
esults presented in this study evidence that other reasons could
xplain the loss of catalyst activity in condensation reactions, for
xample, the occurrence of Cannizzaro reaction. Under the real
xperimental conditions of AC, a catalyst is in contact with both
omponents of the reaction mixture (acetone and furfural) and the
eaction is usually carried out in excess of acetone. Therefore, the
robability of furfural interacting with basic sites that is neces-
ary for CR to take place is low under high Ac to F molar ratio in
eaction mixture. As a consequence, the influence of CR on catalyst
erformance in AC is not pronounced and conventional solid basic
atalysts exhibit good activity in AC. Nevertheless, it is not possible
o avoid a contact between furfural and basic sites, so the AC and CR
ake place simultaneously, as evidenced by the formation of furfuryl
lcohol even at conventional reaction conditions (Figs. 8 and 9B,
xample I). Even the small contribution of CR would result in the
rogressive deactivation of the catalyst thus decreasing its activity

n AC and making it difficult to recycle/reuse the catalyst without an
xidative regeneration step. Therefore, the optimization of catalytic
roperties and the determination of optimum reaction conditions
o perform AC which would allow reducing the influence of CR on
atalyst behavior are important objectives of forthcoming studies.

. Conclusions

The rehydration of Mg-Al mixed oxide (calcined as-prepared
ydrotalcite) using pure water results in the formation of recon-
tructed hydrotalcite that possesses OH− groups rather than
arbonates in interlayer as proved by TGA-MS results. The com-
arison of DRIFT spectra of the as-prepared and the reconstructed
aterials allowed concluding that these newly formed hydroxyls

re characterized by the band at 1370 cm−1 which is usually con-
idered as a characteristic band of carbonate groups. The results
lso show that Mg-Al mixed oxide can be successively rehydrated
ith aqueous furfural mixture resulting in the formation of recon-

tructed hydrotalcite structure. The amount of water in the mixture
nfluences the rehydration degree and the total reconstruction of
he hydrotalcite structure is observed only when using biphasic
water-organic) reaction conditions. The catalytic data allow con-
luding unequivocally that Brønsted basic sites of the reconstructed
TC catalyze furfural transformation by Cannizzaro reaction. Both

urfuryl alcohol and furfuryl furoate formed during the reaction
re evidenced by GC analysis. On the contrary, furoic acid is not
etected among reaction products by routine GC analysis because

t remains adsorbed on the basic sites of the catalyst forming surface
uroates. These species can be detected by both TGA (a peak in the
ange of T = 320 ◦C) and DRIFT (characteristic band at 1481 cm−1)
ethods. The formation of the surface furoates leads to a grad-

al catalyst deactivation, as evidenced by the time dependency of
urfural conversion and yield of furfuryl alcohol.

The rehydration of Mg-Al mixed oxide (calcined HTC) with
queous furfural mixture affords a reconstructed HTC possessing

 higher amount of basic sites in comparison with a reconstructed
TC prepared by rehydration of the same Mg-Al mixed oxide with
ure water. This is demonstrated by the yield of reaction products
ormed by CR. It can thus be inferred that the rehydration procedure
as a significant influence on the basic properties of the resulting
econstructed material.
The performed comparative experiments show that the Can-
izzaro reaction also influences aldol condensation of furfural and
cetone. The longer is the contact time between furfural molecules
nd the basic sites of a catalyst, the lower is the furfural conversion

[
[

[

A: General 525 (2016) 215–225 225

in aldol condensation. Consequently, Cannizzaro reaction would
result in the gradual deactivation of the catalyst thus making it diffi-
cult to recycle/reuse the catalyst without an oxidative regeneration
step.
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