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Abstract
Two phyllosilicates (montmorillonite and saponite) have been selected as starting materials to synthesize ZrO2- and 
Al2O3-pillared clays by the insertion of polyoxocations and subsequent calcination. These pillared clays display higher 
surface area, porosity and available acid sites in comparison to their respective raw clays. These samples were tested in the 
one-pot process to transform furfural into obtain valuable products. The incorporation of ZrO2 allows to reach the highest 
furfural conversion values, with high yields towards furfuryl alcohol (FOL) at shorter reaction times, whereas the formation 
of i-propyl furfuryl ether (iPFE) is favored at longer times, attaining iPFE yields of about 50% after 24 h at 170 ºC, using 
isopropanol as sacrificing alcohol.

Keywords  Pillared clays · Furfural · One-pot reaction · Furfuryl alcohol · Alkyl furfuryl ether · Alkyl levulinate · 
γ-valerolactone

1  Introduction

The depletion of the fossil fuels has led to the search of 
alternative and sustainable resources to obtain chemicals 
and fuels, which are currently synthesized from fossil-based 
feedstocks [1, 2]. In this context, biomass has emerged as the 
most abundant and economical resource, and, in particular, 
lignocellulosic biomass is being the most studied for the pro-
duction of high value-added chemicals [3]. Lignocellulose is 
mainly formed by three fractions: cellulose, hemicellulose 
and lignin, which can be isolated and then be subjected to 
biological and/or thermochemical processes to obtain their 
respective monomers, which can be transformed into valu-
able chemicals.

Focusing on the hemicellulose, this can be depolymerized 
by a hydrothermal treatment in acid medium to obtain liq-
uors of its respective monomers, mainly xylose, which can 
be dehydrated to give rise to furfural (FUR) [4, 5]. FUR is 

considered as a building block molecule due to it is possible 
to produce a large variety of products from hydrogenation, 
oxidation, condensation, amination reactions, among others 
[6]. Nevertheless, about 60–70% of the total production of 
FUR is used to obtain furfuryl alcohol (FOL) [7, 8] due to 
its high interest in the plastic and polymer fields by its high 
thermal resistance [9].

The hydrogenation reaction is been carried out industri-
ally using copper chromite [6]. However, the high toxic-
ity of Cr has driven research towards the development of 
alternative Cr-free catalysts, mainly based on Cu [10–13] 
or Ni as active phase [14–17]. Another alternative to reduce 
FUR into FOL is through the Meerwein-Ponndorf-Verley 
(MPV) reduction [18–20]. This process has been well 
known for more than 100 years; however, in the last dec-
ade, it has attracted the interest of the scientific community 
for the synthesis of FOL under mild conditions [21]. MPV 
process takes place through a catalytic transfer hydrogena-
tion (CTH), where usually a secondary alcohol is used as 
sacrificing alcohol, which donates a hydrogen through a 
six-membered intermediate to reduce a carbonyl group of 
an aldehyde or ketone to the corresponding hydroxyl group, 
while the sacrificing secondary alcohol is oxidized to a 
ketone [21].
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Generally, the CTH reaction has been carried out in 
the presence of Lewis acid catalysts or basic catalysts [21, 
although the coexistence of Lewis and Brönsted acid sites 
can lead to consecutive reactions yielding valuable products, 
such as i-propyl levulinate (iPL) or γ-valerolactone GVL 
from FUR [21]. The first studies were performed using alu-
minum alkoxide [24, 25], and, more recently, heterogeneous 
catalysts have been tested for this reaction, which facilitate 
isolation of products and catalyst reuse. Among the hetero-
geneous catalysts studied in the CTH reaction, Al- [26, 27] 
and Zr-based [28–30] materials have been the most reported 
catalysts. In this sense, those catalysts where a small propor-
tion of Zr has been structurally incorporated into porous 
silicas [31–33], zeolites [35–40], metal organic frameworks 
(MOFs) [41–43] or carbon [44–46] have demonstrated to be 
very active in CTH of FUR. Considering these results, it is 
necessary to synthesize more cheap catalysts for achieving 
a sustainable furfural hydrogenation process.

Clay minerals are very abundant in nature, being used 
in adsorption and catalytic processes. In addition, some 
phyllosilicates, like smectites, can host small molecules or 
cations in their interlayer region, even allowing the inser-
tion of polyoxocations, whose thermal treatment gives rise 
to pillared clays (PILCs) [47, 48]. Thus, many studies have 
reported that smectites intercalated with inorganic species 
maintain meso- and microporosity after a thermal treatment 
above 300 ºC [47]. In the present work, Al2O3 or ZrO2 have 
been inserted in the form of polyoxocations into two smec-
tites (montmorillonite and saponite). The presence of these 
metal oxides could improve the textural properties and the 
amount of acid sites, thus promoting the hydrogenation of 
FUR through CTH to obtain high value-added chemicals.

2 � Materials and Methods

2.1 � Reagents

Two smectites (montmorillonite and saponite), supplied 
by TOLSA, were used as starting materials for the prepa-
ration of the corresponding pillared clays. The Al-pillars 
were synthesized using aluminum nitrate nonahydrate, 
Al(NO3)3·9H2O (Sigma-Aldrich, > 99%), while the Zr-pil-
lars were formed using zirconium oxychloride octahydrate, 
ZrOCl2·8H2O (Sigma-Aldrich, 99%). Sodium hydroxide, 
NaOH > 99%, was supplied by VWR.

The catalytic process was carried out using furfural 
(Aldrich, > 98%), o-xylene (Aldrich, 99%), as the internal 
standard, and the solvent and sacrificing alcohol was 2-pro-
panol (VWR, 99%).

The gases involved in the reaction, quantification of rea-
gent and products and the characterization of the catalyst 
were He (Air Liquide, 99.999%), H2 (Air Liquide, 99.999%), 

N2 (Air Liquide, 99.9999%) and N2:O2 (80:20% vol.) (Air 
Liquide 99.99%).

2.2 � Synthesis of the Pillared Clays

The synthesis of Al-pillared clays was carried out fol-
lowing the methodology previously described in the lit-
erature [49, 50]. Briefly, a solution of NaOH 0.5 M was 
added dropwise to another solution of Al(NO3)3 0.2 M, 
maintaining a OH/Al molar ratio of 2, obtaining the cation 
[AlO4Al12(OH)24(H2O)12]7+. After 24 h stirring at room 
temperature, the pillaring solution was added dropwise to 
a 2 wt.% suspension of smectite. Then, the obtained sus-
pension was aged at 60 ºC for 6 h. The solid obtained after 
centrifugation was washed three times with distilled water. 
Finally, the solid was dried at 60 ºC overnight and calcined 
at 400 ºC for 2 h, with a heating rate of 2 ºC/min.

Zr-pillared clays were obtained according to the meth-
odology proposed previously [49, 51]. In this, a solution 
of ZrOCl2 0.1 M was added to a suspension of the smectite 
with a ratio of 1 mmol of Zr/g of smectite. The suspension 
was stirred at 60 ºC for 24 h. Then, the solid was obtained 
after centrifugation and washed three times with distilled 
water. The final thermal treatment was similar to that of Al-
pillared clays.

2.3 � Characterization of the Catalysts

The starting clays and the pillared materials have been 
characterized by X-ray diffraction (XRD), attenuated total 
reflectance (ATR) FTIR spectroscopy, transmission electron 
microscopy (TEM), N2 adsorption–desorption at −196 ºC, 
NH3 thermoprogrammed desorption (NH3-TPD), pyridine 
thermoprogrammed desorption (Pyr-TPD), 2,6-dimethylpyr-
idine desorption (2,6-DMPyr-TPD) and X-ray photoelectron 
spectroscopy (XPS).

The detailed information of the apparatus and the meth-
odologies used for the analysis of the samples are compiled 
in the Supplementary Information.

2.4 � Catalytic Tests

The hydrogenation of FUR was performed in Ace glass reac-
tors, 15 mL of volume (Aldrich). Each test was carried out 
with 100 mg of catalyst, 0.1 mmol of FUR and 2-propanol, 
which was used as hydrogen donor, with a 2-propanol/FUR 
molar ratio of 50. In addition, 0.02 mL of o-xylene was 
added to the reaction medium as internal standard.

Before each test, the glass reactors were purged with 
He to minimize collateral reactions. The reaction was 
performed until a maximum time of 24 h with a tempera-
ture range between 130 and 170 ºC, under magnetic stir-
ring of 300 rpm. The temperature was controlled using a 
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thermocouple, directly in contact with an aluminum block, 
where the glass reactors were placed, which is directly 
heated with a heating plate with stirring.

The reuse studies were carried out under conditions like 
those described previously. Between each cycle, the catalyst 
was filtered and washed with the solvent (2-propanol). After 
that, the catalyst was dried at 100 ºC overnight for later use 
in the next cycle.

Once the reaction is finished, the reactors were taken out 
of the aluminum block and cooled in water. Then, the liq-
uid was microfiltered and analyzed by gas chromatography 
(GC), which was equipped a flame ionization detector (TCD) 
and a CP-Wax 52 CB capillary column using a heating rate 
of 2 ºC/min from 40 ºC to 200 ºC, maintaining this tempera-
ture to 15 min. The analyzes were carried out in split mode.

The FUR conversion and yields of the products were 
determined as follows (Eq. 1 and Eq. 2):

3 � Characterization of the Catalysts

The XRD patterns of the raw clays (Mont and Sap), com-
piled in Fig. 1, reveal that both phyllosilicates exhibit a 
broad diffraction peak, ascribed to the d001 reflection, with 
a maximum of 2θ of 7.0º, which corresponds to a layered 
structure with a basal spacing of 12.3 Å. This value is higher 
than that of a dry smectite (10 Å), which can be explained 
by the presence of cations, generally alkaline, in the inter-
layer region to compensate the excess of negative charge 
in the phyllosilicate sheets. Furthermore, these cations are 
generally hydrated. In the same way, other typical diffraction 
peaks of smectites (d110, d020, d130, d200 and d060) can also 
be observed. Among them, the d060 reflection is very useful, 
since it allows to discern between dioctahedral and trioctahe-
dral smectites. Thus, a dioctahedral smectite, like montmo-
rillonite, displays a d060 reflection of 2θ = 62.04º (1.49 Å), 
while for trioctahedral smectites, like saponite, appears at  
2θ = 60.78º (1.52 Å) [52]. In addition, minor amounts of 
crystalline quartz, gypsum and feldspars are also detected 
[52].

After the pillaring process, the basal diffraction (d001) 
disappears in all cases, suggesting that the formation of a 
pillared structure causes the formation of a disordered, or 
delaminated phyllosilicates in the form of a house of cards, 
as previously described in the literature [53]. Moreover, it is 
also noteworthy that some impurities, mainly quartz, are still 

(1)Conversion(%) =
moloffurfuralconverted

moloffurfuralfed
× 100

(2)Yield(%) =
molofproduct

moloffurfuralfed
× 100

observed after the pillaring treatment. On the other hand, 
no segregation phases of crystalline Al2O3 or ZrO2 were 
detected by XRD after the pillaring process.

The morphology of the raw and modified clays was eval-
uated by TEM (Fig. 2). These micrographs evidence the 
lamellar structures of both Mont and Sap. However, these 
sheets have an anisotropic structure due to the genesis of 
these materials are subject to environmental effects. After 
the pillaring process, as previously noted, disordered and 
delaminated structures can be observed, mainly in those 
materials where Zr species has been incorporated. The study 
of the dispersion of Al and Zr species, after the pillaring 
step, by EDX mapping (Supplementary Information, Fig-
ures S1 and S2), would confirm the suitable dispersion of 

Fig. 1   X-ray diffraction patterns of Mont, Mont-Al and Mont-Zr (A) 
and Sap, Sap-Al and Sap-Zr (B). Notes. Gp: gypsium, Qtz: quartz, 
Fds: feldspar
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these species, discarding a segregation of Al2O3 or ZrO2 
phases, as was inferred by XRD (Fig. 1).

The structural characterization of the raw Mont and Sap 
was also carried out by ATR FTIR spectroscopy (Fig. 3). 
The OH stretching region, between 3750 and 3000 cm−1, 
shows, for Mont, an absorption band located at 3625 cm−1, 
which is attributed to stretching vibrations of OH forming 
Al(OH)Al linkages [54], confirming the presence of an Al-
rich smectite, as montmorillonite. In the case of Sap, its 

spectrum in the OH stretching region shows a less defined 
signal with a maximum located above 3680 cm−1. This sig-
nal is assigned to OH stretching vibrations of Mg(OH)Mg- 
groups, which are typical of Mg-rich smectites, like saponite 
[55]. The Si–O stretching vibration appears about 980 cm−1 
for both raw clays. In addition, other absorption bands are 
detected at lower wavenumber values. Thus, it has been pre-
viously reported that the bands located between 950 and 
800 cm−1 can be attributed to Al-rich smectites, while the 

Fig. 2   TEM micrographs of Mont (A), Mont-Al (B), Mont-Zr (C), Sap (D), Sap-Al (E) and Sap-Zr (F). Scale: 50 nm

Fig. 3   ATR FTIR spectra of 
Mont, Mont-Al and Mont-Zr 
(A) and Sap, Sap-Al and Sap-Zr 
(B)



Topics in Catalysis	

bands between 700 and 600 cm−1 are assigned to Mg-rich 
smectites [56]. Finally, a small and broad band is observed 
between 1300–1600 cm−1 in the Sap sample [57], which is 
ascribed to low proportion of carbonate species, although 
crystalline metal carbonate were not detected by XRD.

Once the polyoxocations of Al and Zr have been incorpo-
rated and subsequently calcined to form nanoparticles of the 
corresponding metal oxides, acting as pillars in the interlayer 
region, the OH stretching region is modified, since the bands 
located between 3600 and 3700 cm−1, which are ascribed to 
silanol groups, disappear. In this sense, the thermal treat-
ment must cause a dehydroxylation in both phyllosilicates. 
On the other hand, the incorporation of Al and Zr species 
also provokes a shift of the Si–O stretching vibration at 
higher wavenumber values.

The determination of the textural properties was esti-
mated from their N2 adsorption–desorption isotherms at 
−196 ºC (Fig. 4). According to the IUPAC classification, the 
isotherms of the raw clay are between Types II and IV, which 
would imply that these solids display macroporosity ascribed 
to the voids between adjacent particles, but they also present 
a certain micro and mesoporosity [58], mainly in the case 
of the Sap sample where higher amount of N2 is adsorbed at 
lower relative pressure. Moreover, the hysteresis loops can 
be considered as H3, which is found in non-rigid aggregates 
of plate-like particles, as those of Mont or Sap [58]. When 
Al or Zr species are incorporated in the interlayer region 
of these phyllosilicates, the isotherms evidence an increase 
in the N2 adsorbed at low relative pressures, which  results 
in an increase in microporosity, mainly in those materials 
where Zr species were incorporated.

The specific surface area of the materials has been cal-
culated by the BET equation (Table 1) [59]. Raw Mont has 
a SBET value of 47 m2/g, while for Sap is 128 m2/g. In this 
sense, the higher surface of Sap could be ascribed to its 
lower crystallinity, since this phyllosilicate displays less 
intense and broader diffraction peaks, as observed in Fig. 1. 
After the incorporation of Al and Zr species, SBET values 
increase, although this improvement is more notable for 

Zr-based materials, reaching the maximum value for Sap-Zr 
sample (237 m2/g). This improvement of the textural proper-
ties is assigned to an increase in the meso- and, mainly, the 
microporosity by the formation of a pillared structure, as 
well as a partial delamination of the starting clays.

The study of the pore size distribution was carried out by 
DFT calculations (Fig. 5). Both raw phyllosilicates display 
a pore width with a maximum about 12 Å. After the incor-
poration of Al and Zr species in the phyllosilicates, a shift in 
the maximum of the pore width distribution at higher values 
is observed. This could confirm the formation of pillars in 
the interlayer region, although its deposition on the external 
surface cannot be ruled out. In the same way, the size dis-
tribution in the micropore region has also been studied for 
all samples (Fig. 6). The obtained data reveal that both raw 
clays (Mont and Sap) hardly display microporosity; however, 
the incorporation of Al and Zr species causes a different 
size pattern in both phyllosilicates. Thus, for Mont, a clear 
increase in the microporosity is observed, whereas, on the 
contrary, hardly affects the narrow microporosity of Sap. 

Active sites for the CTH of FUR are associated to acid 
centers, so the determination of total acidity was evaluated 
by NH3-TPD (Table 2 and Supplementary Information, 
Figure S3). This study reveals that raw clays displays an 
acidity of 68 and 145 µmol/g for Mont and Sap, respec-
tively, being ascribed to the presence of silanol groups, 
but also to the presence of Al3+ or Mg2+ species located 

Fig. 4   N2 adsorption–desorp-
tion isotherms at −196 ºC of 
Mont, Mont-Al and Mont-Zr 
(A) and Sap, Sap-Al and Sap-Zr 
(B)

Table 1   Textural properties of the catalysts determined from N2 
adsorption–desorption isotherms at −196 ºC

Sample SBET (m2/g) SMIC (m2/g) VP (cm3/g) VMIC (cm3/g)

Mont 47 23 0.0505 0.0106
Mont-Al 93 78 0.0565 0.0316
Mont-Zr 237 212 0.1229 0.0867
Sap 128 81 0.1102 0.0365
Sap-Al 143 91 0.1160 0.0395
Sap-Zr 205 133 0.1394 0.0645
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in the octahedral sheets. The insertion of Al and Zr species 
in Mont or Sap causes a notable increase in the amount of 
acid sites in all cases, achieving values in the range of 159 
and 435 µmol/g, respectively. The NH3-TPD data reveal that 
Sap-based catalysts display a higher acidity than those based 
on Mont, reaching the maximum value for the Sap-Zr cata-
lyst (435 µmol/g).

In order to identify the nature (Lewis and/or Brönsted) of 
acid sites involved in the one-pot process of FUR conversion 
into valuable products, Pyr- and 2,6-DMPyr-TPD experi-
ments were carried out (Table 2). In all cases, these values 
are below those obtained from NH3-TPD, which is expected, 

since Pyr and 2.6-DMPyr are bigger molecules than NH3, in 
such a way that these molecules can suffer steric hindrance. 
The TPD of 2,6-DMPyr quantifies the amount of available 
Brönsted acid sites [60]. In all cases, the concentration of 
Brönsted acid sites is very low, reaching the highest value 
(20 µmol/g) for Sap-Zr. The Pyr-TPD provides information 
related to the sum of Brönsted and Lewis acid sites, so the 
difference between Pyr- and 2.6-DMPyr-TPD data provides 
the amount of Lewis acid sites. Lewis acidity predominates 
in all catalysts (Table 2). The incorporation of ZrO2 and 
Al2O3 in both phyllosilicates increases the amount of Lewis 
acid sites compared to raw clays. Among them, Zr-based 
catalysts display a higher concentration of Lewis acid sites, 
achieving the highest value for Sap-Zr (140 µmol/g).

The analysis of the surface chemical composition of cata-
lysts was performed by XPS (Table 3). As expected, Mont 
has a high Al content, while Mg is higher in Sap. These data 
confirm that Mont is a dioctahedral smectite, while Sap is 
trioctahedral, as was deduced by XRD (Fig. 1) and ATR 
FTIR spectroscopy (Fig. 3). The Si content is similar in both 
cases, with a surface content between 14.9 and 16.8%. On 
the other hand, the XPS results suggest that Na+ is the main 
cation located in the interlayer region to counterbalance the 
charge deficiency of sheets. In all cases, the binding energy 
values are typical of phyllosilicates, such as montmorillonite 
and saponite.

Fig. 5   Pore size distribution 
estimated by DFT method for 
Mont, Mont-Al and Mont-Zr 
(A) and Sap, Sap-Al and Sap-Zr 
(B)

Fig. 6   Micropore width distri-
bution estimated by MP method 
for Mont, Mont-Al and Mont-Zr 
(A) and Sap, Sap-Al and Sap-Zr 
(B)

Table 2   Determination of the acid properties of the catalysts meas-
ured by NH3-TPD, Pyr,-TPD and 2,6-DMPyr-TPD

Sample NH3-TPD
(µmol/g)

Pyr-TPD
(µmol/g)

2,6-DMPyr-
TPD
(µmol/g)

(Pyr-TPD—
2,6-DMPyr-
TPD)
(µmol/g)

Mont 60 28 6 22
Mont-Al 208 130 10 120
Mont-Zr 159 140 7 133
Sap 145 43 9 34
Sap-Al 159 70 10 60
Sap-Zr 435 160 20 140
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After the formation of pillars, a decrease in carbon con-
tent is observed in all cases. This could suggest the presence 
of carbonate species in the raw clays, which are removed 
during the pillaring process. On the other hand, the incor-
poration of Al and Zr species causes an increase in the sur-
face content of these cations of around 5% compared to raw 
smectites (Fig. 7). This confirms the incorporation of Zr or 
Al species after the pillaring process. Furthermore, the XPS 
data confirm that both Al and Zr appear in their oxide form. 
Finally, it is also noteworthy the decrease in the Na content, 
confirming that the Na+ ions are generally replaced by the 
Zr and Al polyoxocations, which are calcined to form nano-
particles of Al2O3 and ZrO2, acting as pillars in the interlayer 
region of phyllosilicates.

4 � Catalytic Results

Raw clays and pillared samples were evaluated as catalysts 
in the one-pot process of FUR conversion to valuable prod-
ucts. In this sense, it has been previously claimed that this 
one-pot process starts with the CTH reaction of FUR to 
obtain FOL. This reaction requires Lewis acid sites, and 
the mechanism takes place through a six-membered inter-
mediate where a sacrificing alcohol, generally a secondary 
alcohol, transferred a hydrogen to an aldehyde or ketone, 
promoting its reduction. In the next step, FOL can be etheri-
fied with the sacrificing alcohol to yield iPFE, on Lewis or 
Brönsted acid sites. Then, both FOL and iPFE could suffer 
ring opening on Brönsted acid sites to produce alkyl levuli-
nate, which is quickly reduced by a CTH reaction on Lewis 
acid sites via a lactonization process, forming GVL in the 
last step [34, 35].

In the first study, the catalytic activity of the raw clays 
was evaluated at 170 ºC, which was selected according to 
previous works, since it is required for some steps involved 
in the one-pot process [21, 61–63] (Fig. 8). In both cases, 
FUR conversion increases with the reaction time, reaching 
a maximum conversion of 66% after 24 h with Sap, while 
it was only 52% for Mont. In spite of both catalysts possess 
a similar concentration of acid sites, as determined by Pyr-
TPD, Sap has better textural (SBET of 143 versus 47 m2/g) 

and acid (145 versus 60 mol NH3 desorbed/g) properties, 
which could explain its better catalytic performance.

Regarding the reaction products, FOL is preferably 
formed at short reaction times with Mont, with a maximum 
yield of 15% after 6 h. At longer reaction times, a progres-
sive decay in FOL yield is observed, which is accompanied 
by a rise of the iPFE and iPL yields, the last being the main 
product after 24 h, with a yield of 17%. It is also noteworthy 
that a yield of about 15% is associated to non-detected prod-
ucts. In the case of Sap, a similar trend is observed, since 
FOL is also obtained at short reaction times, decreasing 
with the reaction time. However, the yield pattern at longer 
reaction times differs from Mont, since Sap shows a lower 
proportion of iPL, the main product being iPFE, attaining a 
maximum value of 24% after 24 h. Moreover, the formation 
of non-detected products is also high, with a yield of 20%.

Next, the catalytic study of pillared clays (Fig. 9) revealed 
that, in all cases, FUR conversion was improved compared to 
raw clays. The incorporation of Al2O3 pillars in Mont or Sap 
led to lower FUR conversion values (Fig. 9A). These differ-
ences are even more pronounced at shorter reactions times. 
Thus, Mont-Al only reaches a FUR conversion of 13% after 
1 h at 170 ºC, while Sap-Al achieves a conversion of 33%, 
under similar experimental conditions. Longer reaction time 
causes an improvement in FUR conversion, attaining a value 
of 75% for Mont-Al and 86% for Sap-Al after 24 h. In the 
case of the Zr-based catalysts, the conversion values increase 
notably at shorter reaction time, since Mont-Zr reaches a 
value of 40% after 1 h, while Sap-Zr provides a conversion 
of 82%, with full conversion after about 6 h.

The higher FUR conversion attained with pillared clays 
could be ascribed to the incorporation of these metal oxides 
increases the amount of acid sites, which are involved in the 
consecutive reactions to obtain valuable products (Table 2). 
Between Al2O3 and ZrO2, it has been previously reported 
that Zr(IV) species give rise to more active sites involved in 
the one-pot process of FUR [32, 34, 35, 42, 46].

Concerning the reaction products (Fig. 9B), FOL is again 
obtained at shorter reaction times. The incorporation of ZrO2 
to smectites leads to higher FOL yield, achieving a maxi-
mum value of 42% for Sap-Zr after 1 h, which agrees with 
the high activity in the MPV reaction of Zr-based catalysts 

Table 3   Surface atomic 
composition of the catalysts 
determined by XPS

Sample Atomic concentrations

C 1 s O 1 s Si 2p Al 2p Mg 1 s Zr 3d Na 1 s Fe 2p

Mont 16.0 57.2 16.8 5.7 1.4 – 1.9 1.0
Mont-Al 7.3 63.5 16.6 9.5 1.8 – 0.4 1.0
Mont-Zr 7.5 63.3 16.2 5.5 1.7 4.5 0.2 1.0
Sap 15.3 53.6 14.9 1.5 11.9 – 2.4 0.4
Sap-Al 9.0 58.3 15.0 5.3 11.4 – 0.6 0.4
Sap-Zr 10.0 58.8 14.5 1.7 8.79 5.2 0.1 0.4
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[37]. In this sense, the presence of Lewis acid sites in these 
catalysts promotes the catalytic transfer of hydrogen, as sev-
eral authors have stated [21, 34, 35].

The use of longer reaction times again causes a progres-
sive decrease in FOL yield, which is associated to the forma-
tion of iPFE (Fig. 9C). It has been previously reported that 
this step can be performed with the participation of Lewis 
or Brönsted acid sites [62]. The formation of iPFE is faster 
when ZrO2 has been incorporated in the phyllosilicates. 
In both cases, yields close to 50% are reached for Mont-
Zr and Sap-Zr after 12 h. However, those catalysts where 

Al2O3 has been incorporated, Mont-Al and Sap-Al, display 
a more progressive increase in the iPFE yield, a maximum 
yield of 43% being attained with Sap-Al after 24 h. These 
data indicate that Zr-based catalysts, which are more active 
in the reaction, are also the catalysts most likely to favor 
etherification reactions with the sacrificial alcohol to form 
iPFE. Thus, several papers have reported that Al2O3-based 
catalysts are less prone to promote etherification reaction 
than ZrO2-based ones [26, 34, 35].

On the other hand, the formation of iPL (Fig.  9D) 
is more progressive throughout the 24 h, although the 

Fig. 7   Al 2p (A), Mg 1 s (B), Zr 
3d (C) and O 1 s (D) core level 
spectra of the catalysts
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maximum iPL yield is 24% with Mont-Al, while the rest 
of catalysts display yields below 16%. From these results, 
the one pot process seems to be retained in the forma-
tion of FOL or iPFE. This fact could be ascribed to the 
low proportion of Brönsted acid sites (Table 2), which are 
required for the opening of the furan ring to form alkyl lev-
ulinates [34]. Finally, small proportions of GVL are also 
observed (Fig. 9E), which is expected, since the one-pot 
process does not progress to more advanced consecutive 
reactions. In any case, it has been reported that the forma-
tion of GVL is the limiting step in the one-pot process, due 
to long reaction time and high temperature are required 
to promote the final lactonization to form GVL, through 
Lewis or Brönsted acid sites [34]. Thus, the maximum 
GVL yield is obtained for Sap-Zr, with 10% after 24 h.

In addition, the analysis of the carbon balance has 
revealed the formation of non-detected products (Fig. 9F), 
whose yields increase at longer reaction times, with values 
between 25 and 33% after 24 h.

Once the catalysts were tested in the CTH of FUR to 
obtain valuable products, the used catalysts were recovered 
to identify modifications of physico-chemical properties 
of the catalysts along the reaction. The analysis of the tex-
tural properties of the used catalysts, reported in Table 4, 
shows a drastic decrease in both mesoporosity and micr-
oporosity in all catalysts. A detailed study of the pore size 
distribution, determined by the DFT method (Supplemen-
tary Information, Figure S4), has confirmed a blockage 
of the pore with dimensions in the range of 1–2 nm. In 
this sense, previous studies have reported that FUR and 
FOL are prone to suffer polymerization reactions leading 
to humins or resins [64–66], which can be deposited in 

the micro- and mesopores, worsening textural properties 
of catalysts.

The characterization of the catalysts after the reaction 
by XPS showed that the atomic concentration data differ 
compared to the fresh catalysts (Table 5). Thus, the surface 
C content increases markedly after the reaction, with per-
centages between 38.2 and 58.6%, which agrees with stud-
ies reported in other reactions of hemicellulose valorization 
[67].

However, the Si, Al, Mg and Zr contents decreases after 
the reaction (Supplementary Information, Figure S5). These 
data would point out the deposition of carbonaceous species 
on the catalyst surface, which causes a progressive block-
age of the active sites involved in the reaction. In fact, the 
detailed analysis of the C 1 s core level spectra (Fig. 10A) 
reveal the presence of C–O–C or C–O–H bonds (at a bind-
ing energy of 286.0 eV), which could confirm the deposi-
tion of furfural or furfuryl alcohol derivatives in the form of 
humins. In the same way, the O 1 s core level spectra also 
display a new contribution located about 533 eV (Fig. 10B), 
which is ascribed to organic C–O bonds, also agreeing with 
the deposition of carbonaceous species.

In the next study, the influence of the reaction tempera-
ture on the CTH of FUR has been evaluated (Fig. 11). In 
the entire temperature range studied, the insertion of ZrO2 
nanoparticles in smectites led to a higher activity at lower 
reaction times. The highest FUR conversion was obtained 
for Sap-Zr, which achieves a FUR conversion of 81% after 
only 6 h at 130 ºC, while it was almost complete after 6 h at 
170 ºC. Regarding the obtained products, FOL and iPFE are 
generally formed at lower temperature [31]. Among them, 
in most of cases, FOL yields decay when the temperature 

Fig. 8   FUR conversion and 
yield with raw Mont (A) and 
Sap (B). (Experimental condi-
tions: 0.1 g of catalyst, tempera-
ture reaction: 170 °C, reaction 
time: 0–24 h, iPOH/FUR molar 
ratio: 50, FUR/catalyst weight 
ratio: 1)
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increases, except in the case of Mont-Zr, where FOL and 
iPFE grew similarly. For the other catalysts, a drop in FOL 
yield and a concomitant increase in iPFE yield was observed 
due to the etherification reaction of FOL with iPOH, in 
such a way that iPFE is the main product at higher reaction 

temperature. In the same way, the formation of iPL is also 
favored at higher temperature [68]. However, these yields 
are relatively low compared to those of iPFE, confirming 
that the reaction is retained in the furan ring opening regard-
less the reaction temperature due to the low proportion of 
Brönsted acid sites in the catalysts (Table 2). Finally, GVL is 
only observed in Sap-Zr catalyst, being expected due to the 
poor iPL yield attained in previous studies (Fig. 9). In addi-
tion, as previously noted, the lactonization reaction to form 
GVL requires high temperatures and longer reaction times. 
Moreover, the formation of non-detected products increases 
with the reaction temperature in all cases, confirming that 
the polymerization and undesired condensation are favored 
at higher temperatures.

In a final study, the reuse of the most active catalysts 
(Sap-Zr and Mont-Zr) was also evaluated (Fig. 12). In both 
catalysts, FUR conversion decays with the number of cycles 

Fig. 9   FUR conversion (A), furfuryl alcohol, FOL (B), i-propyl fur-
furyl ether, iPFE (C), i-propyl levulinate, iPL (D), γ-valerolactone, 
GVL (E) and non-detected products (F) yields in the one-pot reaction 
of FUR into valuable products using Mont-Al, Mont-Zr, Sap-Al and 

Sap-Zr. (Experimental conditions: 0.1 g of catalyst, temperature reac-
tion: 170 °C, reaction time: 0–24 h, iPOH/FUR molar ratio: 50, FUR/
catalyst weight ratio: 1)

Table 4   Textural properties of the used catalysts after 6 h of reaction 
at 170 ºC

Sample SBET (m2/g) SMIC (m2/g) VP (cm3/g) VMIC (cm3/g)

Mont-U 18 1 0.0423 0.0003
Mont-Al-U 17 3 0.0289 0.0013
Mont-Zr-U 8 2 0.0145 0.0011
Sap-U 35 2 0.0613 0.0008
Sap-Al-U 19 1 0.0334 0.0003
Sap-Zr-U 10 2 0.0186 0.0006
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due to the formation of carbonaceous deposits on the catalyst 
surface, because of polymerization or condensation reac-
tions of FUR or FOL. This implies an impoverish of the 
textural properties (Table 4 and Supplementary Information 
Figures S4 and S5), as well as a blockage of the acid sites 
involved in the one-pot process causing a progressive decay 
in the catalytic activity. Thus, Mont-Zr shows a decrease of 
FUR conversion from 78% after the 1st cycle to 40% after 
the 4th cycle, after 6 h at 170 ºC in each cycle. In the case 
of Sap-Zr, a similar trend is observed, since the FUR yield 
decays from 98% after the 1st cycle to 62% after the 4th 
cycle. The regeneration of the catalyst by a thermal treat-
ment at 550 ºC for 6 h with air in static conditions causes a 
notable improvement of the catalytic performance, probably 
due to the removal of the carbonaceous deposits, reaching 
values close to those obtained after the 1st cycle. In this 
sense, the FUR conversion values are slightly below those 
obtained after the 1st cycle due to the loss of acid sites after 
the thermal treatment at 550 ºC.

The profile of the obtained products also differs after each 
cycle. Thus, both iPL and iPFE yields progressively decrease 
after each cycle; however, the FOL yield enhances. In this 

Table 5    Surface atomic 
composition of the used 
catalysts after 6 h of reaction at 
170 ºC

Sample Atomic concentrations

C 1 s O 1 s Si 2p Al 2p Mg 1 s Zr 3d Na 1 s Fe 2p

Mont-Al-U 47.1 39.5 7.6 4.6 0.5 – 0.2 0.6
Mont-Zr-U 58.6 32.6 5.0 1.7 0.1 1.3 0.2 0.5
Sap-Al-U 38.2 43.3 8.5 3.3 6.3 – 0.2 0.2
Sap-Zr-U 48.1 38.2 7.2 1.1 2.1 2.6 0.3 0.3

Fig. 10   Comparison of the C 
1 s (A) and O 1 s (B) core level 
spectra, before and after the 
catalytic reaction at 170 ºC for 
24 h

Fig. 11   FUR conversion and yields for Mont-Al, Mont-Zr, Sap-Al 
and Sap-Zr between 130 and 170 ºC. (Experimental conditions: 0.1 g 
of catalyst, reaction time: 6 h, iPOH/FUR molar ratio: 50, FUR/cata-
lyst weight ratio: 1)
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sense, the blockage of acid sites retains the one-pot process 
in earlier steps, in such a way that the CTH reaction to form 
FOL is the main reaction. In contrast, the etherification and 
ring opening reactions are more limited due to the worsen-
ing of textural properties and blocking of active sites. The 
regeneration of the catalyst by calcination leads to a similar 
pattern of products in comparison to the 1st cycle, although 
it is not possible to recover the initial values.

5 � Conclusions

Two smectites, montmorillonite and saponite, have been 
used as starting materials for the synthesis of pillared clays 
by the insertion of polyoxocations in the interlayer region 
and subsequent calcination. The presence of these polyoxo-
cations causes a partial delamination of the clays, as well as 
an increase in the surface area and pore volume. In the same 
way, the insertion of Al2O3 and ZrO2 promotes the formation 
of acid sites, generally of Lewis type, which are involved in 
the catalytic transfer hydrogenation to reduce aldehydes into 
alcohols. In the same way, the presence of a small proportion 
of Brönsted acid sites also promotes other reactions as the 
opening of the furanic ring, in such a way that consecutive 
reactions take place in this process.

The study of these samples in the one-pot process to con-
vert FUR into valuable products reveals that Sap sample dis-
plays a higher conversion in comparison to Mont, probably 
due to its better textural properties (larger surface area and 
pore volume). The study of the pillared clays points out an 
improvement in the catalytic behavior, reaching full conversion 
at shorter reaction times, mainly in the case of the Zr-based 

catalysts. Regarding the obtained products, the most active 
catalyst is Sap-Zr, showing the formation of a high proportion 
of FOL at short reaction times,with a maximum FOL yield of 
42% after 1 h of reaction at 170 ºC. However, longer reaction 
times provoke a decrease in FOL yield, while the formation of 
iPFE is favored notably, achieving iPFE yields close to 50% for 
Mont-Zr and Sap-Zr samples, after 12 h of reaction at 170 ºC. 
On the other hand, it seems that the reactions are retained in 
the formation of iPFE, probably due to the low proportion of 
Brönsted acid sites involved in the one-pot process.

The reuse evaluation shows a notable decrease in the FUR 
conversion due to the formation of carbonaceous deposits 
along the reaction, causing a decrease in the surface area, pore 
volume, as well as the blockage of the acid sites. However, 
these catalysts can be regenerated by calcination, achieving 
conversion and yields close to those of the fresh catalysts.
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tary material available at https://​doi.​org/​10.​1007/​s11244-​024-​01971-3.
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molar ratio: 50, FUR/catalyst 
weight ratio: 1)
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