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� Metal Cu nanoparticles on SiO2 were
attained by precipitation-deposition
method at pH ffi 7.

� An 80% yield in D-mannitol was
achieved over a Cu/SiO2 catalyst
without using co-catalysts.

� Strong fructose adsorption on large
metal Cu particles reduces activity
and D-mannitol yield.

� Interaction of metallic Cu
nanoparticles with acid/basic sites
favors isomerization to glucose.
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a b s t r a c t

The selective liquid-phase hydrogenation of D-fructose was studied on Cu-based catalyst, using an
ethanol-water (70:30) mixture as solvent. The catalysts were prepared by three different methods: incip-
ient wetness impregnation (Cu/SiO2-I and Cu/Al2O3-I), precipitation–deposition (Cu/SiO2-PD) and
co-precipitation (CuMgAl and CuZnAl). After the thermal treatment, the samples were characterized by
X-ray diffraction (XRD) and temperature-programmed reduction (TPR). Only a tenorite-like polycrys-
talline phase, formed by large CuO crystallites, was identified in Cu/SiO2-I, while none crystalline phase
was observed in the case of Cu/SiO2-PD. Instead, a unique spinel-like phase was detected with
Cu/Al2O3-I, CuMgAl and CuZnAl. Combining XRD and TPR results, we concluded that Cu2+ is highly dis-
persed in the Cu/SiO2-PD, Cu/Al2O3-I, CuMgAl and CuZnAl calcined precursors. As a consequence, after
reduction in H2 flow, the metal dispersion and hydrogen chemisorption capacity of these four samples
were one order higher than for Cu/SiO2-I. The catalytic tests showed that Cu/SiO2-PD was not only the
most active but also the most selective and stable catalyst of these series: a D-fructose conversion of
around 100% was reached after 6 h reaction, with a selectivity to D-mannitol of around 78–80%. These
results show that selective hydrogenation of fructose to D-mannitol is favoured over metal Cu nanoparti-
cles dispersed on the surface of a neutral support as SiO2. Additional catalytic tests, varying fructose initial
concentration (0.028–0.220 M) and hydrogen pressure (20–40 bar), were carried out with Cu/SiO2-PD. A
zero reaction order respect to D-fructose and a second reaction order respect to H2 were estimated. In
addition, it was found that D-mannitol selectivity is not dependent on reactant initial concentration and
hydrogen pressure.
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1. Introduction

Since the world’s fossil fuel resources are decreasing and due to
the effect of gas emission on the climate changes of our planet, the
chemical industry seeks to replace these non-renewable rawmate-
rials by others coming from renewable sources. Undoubtedly, bio-
mass is one of the most attractive renewable sources available on
our planet. In particular, carbohydrates constitute the two thirds of
the biomass and they are adequate for obtaining many useful
chemicals. Therefore, they are expected to be a major feedstock
for the chemical industry and especially for fine chemicals synthe-
sis [1].

Over the recent years, the interest towards carbohydrates-
derived products, such as sugar alcohols, has grown considerably
owing to diversified applications in medical treatments, foodstuffs,
cosmetics and pharmaceuticals [2–5]. D-mannitol is a low-caloric
sweetener, thus its main application is in the food industry as
sweetener. Furthermore, it is non-hygroscopic and the least
water-soluble sugar alcohol of all of the commercially available,
which favor its purification by crystallization processes. As well,
it is employed for the production of mannitol hexanitrate, which
is used as vasodilator in hypertension treatments [6], and in the
chemical synthesis of other high added value compounds, such
as propanediol [7,8].

D-mannitol is present in many plants such as manna, seaweed
and algae. However the extraction of D-mannitol from these raw
materials is not a profitable process. Instead, fermentation [9]
and catalytic hydrogenation processes [10] are used industrially.
Particularly, the catalytic hydrogenation process has been widely
used for the commercial production of D-mannitol. Nowadays,
mannitol can be obtained by catalytic hydrogenation of monosac-
charides like fructose (Fig. 1) or from glucose-fructose mixtures,
using Raney-Ni as catalyst. Higher yields in mannitol are achieved
with pure fructose or syrups with high fructose concentration than
from a glucose-fructose mixture. However, with Ni-based catalyst,
only about half of the fructose is hydrogenated to mannitol while
the other half is converted to sorbitol [8,11,12]. This results in
low yield and selectivity to mannitol (45–50%). Carbon supported
noble metal catalysts, such as Ru and Pt, were reported as the most
Fig. 1. Reaction scheme for hydrogenation of fructose in liquid phase.
active in the hydrogenation of carbohydrates [4,13]. However,
these metals are expensive and give low yield and selectivity to
mannitol, similar to those reached with nickel-based catalysts,
i.e., around 50% [14–16]. Copper-based catalysts were less active,
but more selective to mannitol than the noble and nickel-based
ones. At best, the yield in D-mannitol was close to 67% when these
Cu-based catalysts were used in the liquid-phase hydrogenation of

D-fructose [17–19]. For example, selectivity to mannitol around
66% was obtained over Cu/ZnO/Al2O3 and Cu/SiO2 catalysts [20].
Therefore, the nature of the metal and the support, as well as the
preparation method, can play an important role in the selective
hydrogenation of D-fructose to D-mannitol.

D-mannitol yields over 70% were only achieved when co-
catalysts, in conjunction with Cu/SiO2 catalysts, were employed
to hydrogenate sugars. The best results were obtained when
borates were used as co-catalysts. In previous works, a cyclic com-
pound between sugar and borate, with a b–furanose-like form, was
assumed to be preferentially formed when borate co-catalysts
were added into an aqueous D-fructose solution. This cyclic com-
pound, at difference of a–furanose-like intermediates, can be
selectively hydrogenated to D-mannitol [19,21]. However, the co-
catalysts are added to the liquid phase and therefore its separation
from the products could become a difficult task in industrial pro-
cesses. The best results were obtained when borates are used as
co-catalysts, but borate-sugar esters are formed in liquid phase
what makes very difficult the separation of the co-catalyst from
the poliols obtained by hydrogenation [19,21,22]. Thus, it is of
great interest to develop Cu-based catalysts to achieve mannitol
yields higher than 70% without employing co-catalysts.

In this work, Cu-based catalysts, prepared by different methods
and using different oxides as supports, were evaluated in the
liquid-phase hydrogenation of D-fructose to determine the influ-
ence of the physicochemical and structural properties on the cata-
lyst activity, the stability and the selectivity to D-mannitol. The
objective is to determine the feasibility of improving the yield
and selectivity to D-mannitol, previously reported in the liquid-
phase hydrogenation of fructose, by employing new highly dis-
persed metal Cu catalysts without using a co-catalysts.
2. Experimental

2.1. Catalyst preparation

The Cu/SiO2-I and Cu/Al2O3-I catalyst precursors were prepared
using the incipient wetness impregnation method by adding drop-
wise an aqueous solution of Cu(NO3)2�3H2O (Merck 98%), with the
suitable concentration, over commercial SiO2 (Sigma-Aldrich, 230
m2/g) and c-Al2O3 (Ketjen CK 300, 190 m2/g), respectively. The
samples obtained in this way were dried in an oven at 373 K for
12 h, and finally calcined in air flow at 673 K for 2 h.

The Cu/SiO2-PD catalyst was prepared by the precipitation-
deposition method by adding simultaneously aqueous solutions
of Cu(NO3)2�3H2O and K2CO3 into an aqueous silica suspension,
placed in a stirred glass reactor, while the pH was maintained at
7.2 ± 0.2, i.e. above the isoelectric point of the silica, and the tem-
perature at 338 K. The precipitate was separated by filtration,
washed with deionized water and dried at 358 K overnight. Finally,
the hydrated precursor thus obtained was calcined in air flow at
673 K for 2 h.

The hydrated precursors of CuMgAl and CuZnAl were prepared
by the co-precipitation method at 338 K, keeping the pH at7.2 ± 0.2
for CuZnAl and at 10.0 ± 0.2 in the case of CuMgAl, following the
procedures described elsewhere [23–26]. The precipitates obtained
in these conditions were filtrated, washed with deionized water at
338 K and dried at 353 K overnight. These hydrated precursors
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were thermally decomposed in N2 flow at 773 K for 5 h to obtain
the corresponding mixed oxides.
2.2. Catalyst characterization

Elemental composition of the calcined samples were deter-
mined by atomic absorption spectroscopy (AAS) using a Perkin-
Elmer 3110 spectrometer. The specific surface area (Sg) and pore
volume (Vg) of the samples were measured by N2 physisorption
at 77 K in a Quantachrome Autosorb I sorptometer.

The identification of polycrystalline species in the oxide precur-
sors were carried out by X-ray diffraction (XRD) employing a Shi-
madzu XD-1 diffractometer, with Ni-filtered Cu-Ka radiation
(k = 0.1540 nm) and 2�.min�1 speed scan. The average crystallite
size was estimated applying Scherrer’s equation. Temperature pro-
grammed reduction (TPR) profiles of the oxide precursors were
obtained in H2(5%)/Ar flow (60 cm3.min�1) using a Micromeritics
Auto Chem 2920 system equipped with TCD detector.

The Cu metal dispersion was determined by pulse titration with
N2O at 363 K and considering a Cu0

S /N2O stoichiometry of 2, where

Cu0
S indicates the superficial atoms of metal copper [27]. The reac-

tor effluent during titration was analyzed by mass spectroscopy
(MS) using a Balzers Omnistar unit. Previously to titration, the
samples were reduced in-situ at 573 K by flowing H2 (100%)
through the reactor.

Electron microscopy observations were carried out at the LMA-
INA-UNIZAR facilities using a Tecnai G2-F30 Field Emission Gun
microscope with a super-twin lens and 0.2 nm point-to-point res-
olution and 0.1 line resolution operated at 300 kV. Energy disper-
sive X-ray spectroscopy (EDS) analysis and high angle annular
dark field scanning transmission electron microscopy images
(HAADF-STEM) were performed to determine the location and
composition of Cu nanoparticles. HAADF detector enables to
acquire HAADF-STEM images with atomic number contrast for
high scattering angles of the electrons (Z-contrast). To prepare
the samples for electron microscopy observation, catalyst powder
was dispersed in milli-Q water. After 30 s in an ultrasonic bath, a
drop of this suspension was applied to a Nickel grid (200 mesh)
coated with carbon film, and allowed to dry in air. Histograms
were obtained by measuring the particle size in STEM-HAADF
images using a TEM Imaging & Analysis Offline FEI software. The
samples analyzed by TEM were previously reduced in H2 flow for
2 h at 823 K and then passivated in O2 (2%)/N2 for 20 min at room
temperature to avoid the bulk oxidation of the samples.

Hydrogen chemisorption was measured via volumetric adsorp-
tion experiments in the pressure range 0–0.15 bar applying the
double isothermmethod, as described elsewhere [24]. The samples
were reduced in-situ with H2 (100%) at 573 K for 2 h, and then
evacuated at 10�7 bar for 2 h. The amount of chemisorbed hydro-
gen was calculated as the difference between the total and the
physisorbed H2.

The concentration and acidity of surface acid sites was deter-
mined by temperature-programmed desorption of NH3 (NH3-
TPD). Firstly, the samples (100 mg) were heated in He (60 cm3.
min�1) flow from 298 K to 573 K at 10 K.min�1 and kept at 573 K
for 1 h. Afterwards, the samples were cooled down to 373 K and
exposed to an NH3(1%)/He gaseous stream for 1 h. The physisorbed
NH3 was removed by flowing He (60 cm3.min�1) at 373 K for 0.5 h.
Finally, the temperature was raised from 373 K to 973 K at 10 K.
min�1 and the NH3 concentration in the effluent was measured
by mass spectrometry (MS) using a Balzers Omnistar unit.

The concentration and basicity of surface basic sites were deter-
mined by temperature-programmed desorption of CO2 (CO2-TPD).
Firstly, the samples (50 mg) were pretreated by heating from 298 K
to 573 K in N2 flow (60 cm3.min�1) at 10 K.min�1. The final temper-
ature was kept for 1 h. Then, the system was cooled down to room
temperature and the samples were exposed to a CO2(2%)/N2 gas
stream (60 cm3.min�1) until surface saturation. Finally, the tem-
perature was increased from 298 K to 1073 K in N2 (60 cm3.min�1)
flow at 10 K.min�1. The effluent gas was converted to CH4 at 400 �C
in a reactor loaded with Ni/Kieselghur catalyst, while passing H2

flow, and then analyzed by an on-line Gas Chromatograph SRI
310C using a flame ionization detector (FID).

2.3. Catalytic tests

The liquid-phase catalytic hydrogenation of D-fructose (Anedra
99.9%) was carried out in a 500 cm3 stainless steel autoclave at
373 K and 20–40 bar of H2 pressure, using 150 cm3 of a mixture
of ethanol/deionized water (70:30% vol.) as solvent. Prior to the
catalytic tests, the samples (0.5 g) were activated ex-situ in H2

(100%) flow (60 cm3.min�1) for 2 h at 523–573 K. Then, the
reduced samples were transferred under inert atmosphere (N2)
to the high-pressure reactor containing a solution of fructose
(0.028–0.22 M) in ethanol/water. Afterwards, the reaction system
was stirred at 760 rpm and heated up to the reaction temperature
at 5 K.min�1. Finally, when the reaction temperature was reached,
the total pressure was augmented to the preset H2 pressure value.

Liquid samples were withdrawn from the reactor every 15–
30 min so that less than a 3% of the total liquid volume was
extracted during the complete run. Off-line analysis of the reaction
mixtures were done with a HPLC Shimadzu modular system
equipped with a dual-pump, a fixed-loop (20 lL) injector and a
temperature controlled oven. The separation of reactants and pro-
duct was performed using a Phenomenex column (Phenosphere 5
micras, NH2, 80Å, 250 mm � 4.60 mm) and the detection and
quantification by means of a differential refractive index detector
(RID-10A). The injected samples were eluted using acetonitrile-
water (85:15) as mobile phase at 0.8 cm3.min�1 and 298 K. All sol-
vents were HPLC grade and the water was ultrapurified by reverse
osmosis employing an OSMOION equipment. The mobile phase
was previously filtrated through a 0.22 lm nylon filter. In all of
the cases, the only compounds detected and quantified were fruc-
tose, glucose, sorbitol and mannitol.

The fructose conversion was calculated as XF = (n0
F � nF)/n0

F ,
where n0

F are the initial fructose moles and nF are the fructose
moles at a given reaction time. The product yields (gj) were calcu-
lated as gj = mF.nj/mj. n0

F , where nj is the moles of product j and mF
and mj are the stoichiometric factors of fructose and product j,
respectively. Selectivity to product j (Sj) was obtained as Sj = gj/P
gi, where gi is the yield in each product. The carbon balance

(CB) was defined as CB ¼ ðaF � nF þ aM � nM þ aS � nSþ
aG � nGÞ=aF � n0

F , where aF , aM , aS and aG are the number of carbon
atoms in fructose, mannitol, sorbitol and glucose, which is 6 in
all of the cases. Thus, the last expression for CB simplifies to
CB ¼ ðnF þ nM þ nS þ nGÞ=n0

F . The initial rates of fructose conversion
(r0F , mol of fructose .h�1.gCat�1) were estimated by applying polyno-
mial differentiation on the conversion data as a function of
W:t=n0

F and evaluating the corresponding derivative at zero time.

3. Results and discussion

3.1. Sample characterization

The results obtained from the characterizations performed on
the samples used in this work are summarized in Table 1. The Cu
load in the Cu/Al2O3-I, Cu/SiO2-I, Cu/SiO2-PD and CuZnAl samples
were between 8 and 13%, while for the CuMgAl sample was 18
wt%. The specific surface area (Sg) of Cu/SiO2-I, Cu/SiO2-PD and
Cu/Al2O3-I were slightly lower than the calcined SiO2 (230 m2.



Table 1
Physicochemical characterizations of the Cu-based catalysts.

Sample Cua (wt.%) Sg (m2.g�1) TPRb TM (K) VHI
c (cm3.g�1) DCu

d (%) Le (nm) CO2-TPD NH3-TPD

nb
g (lmol.g�1) TMf (K) na

h (lmol.g�1) TMf (K)

Cu/SiO2-I 11.4 221 563 0.016 2 32 nd – nd –
Cu/SiO2-PD 11.3 225 513 0.144 21 3,3 nd – 4 493
Cu/Al2O3-I 8.0 175 533 0.170 16 6,5 35 395 20 475
CuZnAl 12.9 171 523 0.242 22 – 210 405 nd –
CuMgAl 17.9 291 473 0.289 11 – 420 430 192 673

a Cu content determined by Atomic Absorption Spectroscopy.
b Temperature at the maximum H2 consumption in TPR experiments.
c Volume of irreversibly chemisorbed hydrogen per gram of metallic Cu.
d Metallic Cu dispersion determined by titration with N2O at 363 K.
e Cu metal particle size estimated from the metallic dispersion assuming cubic geometry.
f Temperature at the maximum desorption rate.
g Basic site concentration determined by TPD of CO2.
h Acid site concentration determined by TPD of NH3.

Fig. 3. TPR profiles [H2 (5%)/Ar; 60 cm3.min�1; 10 K.min�1]: (a) Cu/SiO2-I, (b) Cu/
Al2O3-I, (c) CuZnAl, (d) Cu/SiO2-PD, (e) CuMgAl.
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g�1) and c-Al2O3 (190 m2.g�1), indicating that textural properties
of the support were not significantly affected during the sample
preparation (Table 1). The specific surface areas of the mixed oxi-
des obtained by the co-precipitation method at constant pH were
171 m2.g�1 for CuZnAl and 291 m2.g�1for CuMgAl, the latter being
the sample with the largest specific surface area among all the
samples prepared in this work.

The X-ray diffraction patterns of the oxide precursors obtained
after thermal decomposition, either in air o N2, are shown in Fig. 2.
A polycrystalline phase, with a tenorite-like structure (CuO, JCPDS
5-0661) and a mean crystallite size of about 32 nm, estimated by
applying the Scherrer’s equation, was detected in the case of Cu/
SiO2-I oxide precursor. Instead, only the amorphous halo diffrac-
tion, characteristic of SiO2, was observed for the Cu/SiO2-PD cal-
cined precursor. This is suggesting that the copper oxide phase
obtained by thermal decomposition is quasi-amorphous or the
crystal domains are smaller than 4 nm. In the case of Cu/Al2O3-I,
CuZnAl and CuMgAl samples, only broad peaks matching a poly-
crystalline phase with a spinel-like structure (c-Al2O3: JCPDS 10-
425, ZnAl2O4: JCPDS 5-0669 and MgAl2O4: JCPDS21-1152) were
detected. As in the case of Cu/SiO2-PD, no polycrystalline CuO
was detected. Furthermore, for the mixed oxide samples obtained
by the co-precipitation method, no ZnO or MgO segregation was
observed. Then, it is very likely that Zn2+ and Mg2+cations in excess
remains highly dispersed in the spinel-like matrix [23].
Fig. 2. X-ray diffractograms of samples thermally treated at 673–773 K under gas
flow: (a) Cu/SiO2-I, (b) Cu/SiO2-PD, (c) Cu/Al2O3-I, (d) CuZnAl, (e) CuMgAl. NCuO, j
spinel-like phase.
Only one H2 consumption peak was observed in all of the TPR
profiles of the oxide precursors (Fig. 3). The temperatures at the
maximum H2 consumption (TMAX) are summarized in Table 1.
These values indicate that the reducibility of the oxidized copper
species present on these precursors followed the trend: Cu/SiO2-
I < Cu/Al2O3-I < CuZnAl < Cu/SiO2-PD < CuMgAl. In a previous work,
we concluded that the reducibility of copper oxide species aug-
ments as particle size diminishes due to increasing Cu-support
interaction [23]. Consequently, the lowest reducibility of Cu/SiO2-
I can be explained assuming the reduction of large CuO particles
with tenorite-like structure that have very low or none interaction
with SiO2. Reducibility of Cu/SiO2-PD precursor is higher than that
one of Cu/SiO2-I, probably due to the smaller particles of oxidized
copper species interacting with support surface after calcination. In
summary, the observed reducibility pattern may be explained on
the basis of the particle sizes of the copper species formed after cal-
cination and their interaction with the support (Fig. 3 and Table 1).
Besides, no H2 consumption peak due to CuAl2O4 reduction was
detected in the TPR profiles of CuZnAl and CuMgAl, which is con-
sistent with XRD characterization results. In addition, in all of the
samples, these TPR profiles indicate that oxidized copper species
were completely reduced under the conditions of activation
employed for the catalytic tests.

The metallic Cu dispersion (DCu) was determined by N2O
decomposition, after reduction in H2 (100%) flow at 300 �C
(Table 1). The highest values for Cu dispersion were reached for
Cu/SiO2-PD (21%) and CuZnAl (22%), which is twice higher than
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that one for CuMgAl sample (11%). Cu/Al2O3-I exhibited an inter-
mediate metal dispersion (16%) in the series of catalysts studied.
The dispersion for the impregnated sample on SiO2, Cu/SiO2-I,
was one order of magnitude lower than those of the preceding
samples. The pattern for the metallic copper dispersion, in the cat-
alyst series used in this work, was: CuZnAl ffi Cu/SiO2-PD > Cu/
Al2O3-I > CuMgAl� Cu/SiO2-I. Dispersion values of metallic copper
allowed the estimation of the average particle size of Cu/SiO2-I, Cu/
SiO2-PD and Cu/Al2O3-I, assuming cubic metal particles and using a
surface density of Cu atoms of 1.08 � 10�15 at.cm�2 (Table 1).

One of the samples with the highest dispersion, Cu/SiO2-PD,
was also observed by TEM and the main results are presented in
Fig. 4. The HAADF-STEM images show that the metallic copper
phase is highly dispersed on the support surface and it is mainly
composed by nanoparticles with less than 10 nm in size
(Fig. 4A and C). The energy dispersive X-ray spectroscopy (EDS)
analysis confirmed that the observed nanoparticles are of copper
(Fig. 4B). By counting around 60 metallic copper nanoparticles,
the histogram shown in Fig. 4C was obtained: it was determined
that most of these nanoparticles are between 3 and 4 nm. The esti-
mated mean size was 4.7 nm and the median was 3.8 nm. Similar
distributions for the metal copper nanoparticles were observed on
other catalyst particles of the dispersed powder sample. All these
results are in a good agreement with the mean size determined
by titration with N2O (Table 1), thus confirming that the metallic
phase on Cu/SiO2-PD is formed by nanoparticles having mostly
less than 5 nm in size.

The significant difference of the metallic dispersion values
observed with Cu/SiO2-PD catalyst regarding Cu/SiO2–I was attrib-
uted to the preparation method. The constant pH (7.2 ± 0.2) used in
this work for the precipitation-deposition, which was significantly
higher than the isoelectric point of the silica (pH = 1–2), played a
very important role on the metallic dispersion of copper in the final
Cu/SiO2-PD catalysts. Under these conditions, SiO2 surface has a
very high negative charge density, i.e., there are a lot of negative
surface centers on which Cu2+ ions can be adsorbed. Thus, a great
number of nuclei are initially formed, on which nanoparticles of
hydrated precursor can be developed. As a consequence, a highly
dispersed phase containing Cu2+ ions can be deposited on the sup-
port surface, with a relatively high Cu-SiO2 interaction. After calci-
nation in air flow and reduction in H2 flow, this Cu-SiO2 interaction
favors the formation of a highly dispersed metallic copper phase.
Fig. 4. STEM-EDS of reduced and passivated Cu/SiO2-PD sample, prepared by the preci
Dispersive X-ray Spectroscopy (EDS) analysis; (C) Size distribution of metallic copper pa
Dewing et al. [18] also prepared Cu/SiO2 catalysts by the
precipitation-deposition method, but these catalysts were pre-
pared at variable pH and using ammonium compounds as precip-
itating reagents. In this case, the average size of the metal copper
particles was around 25 nm, i.e. five to six times larger than the
ones formed in our Cu/SiO2-PD catalyst. This result shows that,
during the precipitation-deposition process, the pH has an impor-
tant influence on the surface properties of the catalyst.

The irreversible H2 chemisorption capacity per gram of Cu for
the reduced samples followed the trend: CuMgAl > CuZnAl > Cu/
Al2O3-I > Cu/SiO2-PD > Cu/SiO2-I (Table 1). Therefore, CuMgAl is
the sample with the highest reducibility and capacity for H2

chemisorption, while Cu/SiO2-I has the lowest ones. Instead, Cu/
SiO2-PD, Cu/Al2O3-I and CuZnAl, showed and intermediate
behavior.

The acid and basic properties of the calcined samples were
determined by NH3-TPD and CO2-TPD, respectively. The main
results are summarized in Table 1. None surface acid or basic sites
were detected for Cu/SiO2-I sample, while only a very small
amount of surface acid sites were observed on Cu/SiO2-PD. In con-
trast, both acid and basic sites were observed on the surface of Cu/
Al2O3-I and CuMgAl samples. In the case of CuZnAl sample, some
surface basicity was observed but none surface acid sites were
detected. The concentration of surface acid sites followed the pat-
tern: CuMgAl� Cu/Al2O3-I� Cu/SiO2-PD. Furthermore, taking
into account the temperature at the maximumNH3 desorption rate
(TM), CuMgAl showed the highest surface acidity of this sample
series. On the other hand, the pattern for the concentration of sur-
face basic sites was: CuMgAl > CuZnAl > Cu/Al2O3-I. In this case, the
CO2 desorption temperature was similar for the three samples,
indicating no significant differences among the surface basicity of
them.

3.2. Catalytic tests

3.2.1. Activity of Cu-based catalyst and product distribution
The evolution of D-fructose conversion as a function of time is

shown in Fig. 5A. All catalysts are active for the fructose hydro-
genation, but the evolution of the reactant conversion was rather
different for each one. The fructose conversions (XF) after 6 h of
reaction are shown in Table 2: almost 100% conversion was
reached only with Cu/SiO2-PD, while the lowest conversion
pitation-deposition method at pH = 7.2 ± 0.2: (A) HAADF-STEM image; (B) Energy
rticles.



Fig. 5. Performance of Cu-based catalysts in the liquid-phase hydrogenation of
fructose at T = 373 K, pH2 = 40 bar, C0

F = 0.055 M: s Cu/SiO2-I, d Cu/SiO2-PD, N Cu/
Al2O3-I, h CuZnAl, j CuMgAl. (A) Fructose conversion (XF) and (B) mannitol yield
(gM) as a function of reaction time.

Fig. 6. Carbon balance (CB) as a function of reaction time. s Cu/SiO2-I, d Cu/SiO2-
PD, N Cu/Al2O3-I, h CuZnAl, j CuMgAl.
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(XF = 37%) was obtained with Cu/SiO2-I. The fructose conversion
with Cu/Al2O3-I, CuZnAl and CuMgAl increased rapidly in the first
30 min of reaction, but then the rate of reactant conversion dimin-
ished drastically. The most striking decrease for the rate of fructose
conversion was observed with CuZnAl catalyst. Thus, the final con-
version was around 75% with CuMgAl, 52% with Cu/Al2O3-I and
40% with CuZnAl. In summary, the conversion pattern after 6 h
reaction was the following: Cu/SiO2-PD > CuMgAl > Cu/Al2O3-
I > CuZnAl > Cu/SiO2-I.

It is important to notice that, although the fructose conversion
increases with time during the first 30 min, in general, there is
not a good correlation with the formation rate of the major reac-
tion products, i.e., mannitol and sorbitol (Fig. 5A and B). The yield
in mannitol with Cu/Al2O3-I, CuZnAl y CuMgAl catalysts was prac-
tically zero at the beginning of the reaction and polyol formation
was observed only after 25–30 min (inset in Fig. 5B). A similar evo-
lution was observed for sorbitol (not shown in this figure). These
evolutions for the initial yields in the corresponding polyols are
Table 2
Initial rates for product formation (r0P), fructose conversion (XF), selectivity (Sj) and carbon b
based catalysts.

Catalysts r0P x 102 (mol.h�1.g�1) XF (%)

Cu/SiO2-I 0.22 37
Cu/SiO2-PD 2.28 98
Cu/Al2O3-I 0.15 52
CuZnAl 0.04 41
CuMgAl 0.28 74
not in accordance with the rapid disappearance of fructose
observed with these catalysts (Fig. 5A). It is worth to notice that
this induction period in the production of mannitol and sorbitol
was not observed with Cu/SiO2-PD and Cu/SiO2-I. In addition, it
was verified that there is good agreement between the evolutions
of the fructose conversion and the total yield in the two polyols
when the metallic copper was supported on silica.

In order to find an explanation for the above differences, the
carbon balance was analyzed. Fig. 6 shows the carbon balance
(CB) as a function of the reaction time for all of the catalysts used
in this work. The CB for Cu/SiO2-PD and Cu/SiO2-I reached values
between 95% and 98%, while the CB for the rest of the catalysts
decreased rapidly during the first minutes to 80–75%. These evolu-
tions suggest that it is very likely that fructose and/or some of the
hydrogenation products initially formed were strongly adsorbed
on the surface of Cu/Al2O3-I, CuZnAl and CuMgAl. In the order to
verify this hypothesis, additional experiments were carried out at
the same conditions of the hydrogenation experiments, but in an
inert atmosphere (N2), i.e. in the absence of H2. Fig. 7 shows the
fructose molar concentration (C0

F ) as a function of time after addi-
tion of this carbohydrate to the system. It was verified that, with
CuMgAl, CuZnAl and Cu/Al2O3-I catalysts, the fructose concentra-
tion diminished with the contact time. A very fast drop of the fruc-
tose concentration was observed with CuMgAl in the first minutes
and afterwards the decrease is much slower. The evolutions were
similar for CuZnAl and Cu/Al2O3-I, but the initial decrease of the
fructose concentration was less dramatic than in the case of CuM-
gAl. Instead, fructose disappearance with silica-supported Cu cata-
lysts was negligible and fructose concentration practically kept
constant during all the experiment.

These results are in agreement with the hypothesis that the dis-
appearance of fructose during the first 30 min of reaction with
CuMgAl, CuZnAl y Cu/Al2O3-I is due to the strong adsorption of
reactant over the surface of these three catalysts. This fact can be
alance (CB) after 6 h of reaction in the liquid-phase hydrogenation of fructose over Cu-

SM (%) SS (%) SG (%) CB (%)

68 28 – 96
78 22 – 98
68 29 – 69
43 14 43 78
64 18 18 66



Fig. 7. Evolution of fructose concentration as a function of time over Cu-based
catalysts in absence of H2 at T = 373 K, PN2 = 40 bar and C0

F = 0.055 M: s Cu/SiO2-I, d
Cu/SiO2-PD, N Cu/Al2O3-I, h CuZnAl, j CuMgAl.
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explained considering the initial interaction of fructose with acid
and basic sites present on the surface of the Al2O3 and mixed oxi-
des of Mg-Al and Zn-Al, which are not present on the SiO2 surface
(Table 1). These strongly adsorbed fructose molecules cannot be
easily hydrogenated, what may explain the disappearance of fruc-
tose without production of polyols.

The initial rates for the production of mannitol and sorbitol (r0P,
mol.h�1.gcat�1) are presented in Table 2. For Cu/SiO2-PD and Cu/SiO2-
I, the initial rates were estimated at time equal to zero, since no
induction time in the product formation was observed with these
two catalysts. Instead, for Cu/Al2O3-I, CuZnAl y CuMgAl, the initial
rates were calculated after correction of the induction time. The r0P
with Cu/SiO2-PD catalyst was at least one order of magnitude
higher than with the other catalysts (Table 2). The highest catalytic
activity of Cu/SiO2-PD can be attributed to metal copper nanopar-
ticles (3–4 nm) highly dispersed over a neutral support (SiO2),
which have a relatively high H2 chemisorption capacity. Instead,
in the case of Cu/SiO2-I, the metal phase is constituted by large par-
ticles of metallic copper (>30 nm) with low capacity for H2

chemisorption (Table 1). The low hydrogenation rates observed
with Cu/Al2O3-I, CuMgAl and CuZnAl, in spite of their high metallic
dispersion and high H2 chemisorption capacity, may be explained
considering a very strong adsorption of fructose over the surface
acid and/or basic sites that are neighboured to the metallic sites.
The strongly adsorbed fructose must be partially blocking the
active sites of these catalysts, thus making difficult the adsorption
and dissociation of H2, and therefore the subsequent hydrogena-
tion of reactant molecules. Evidence of the strong adsorption of
fructose over Cu/Al2O3-I, CuZnAl and CuMgAl was obtained exper-
imentally in this work and shown in Figs. 6 and 7.

Regarding the product distribution, mannitol and sorbitol were
observed with all of the catalysts, while glucose was detected only
with CuZnAl and CuMgAl catalysts. Cu/SiO2-PD was the catalyst
with the highest yield in D-mannitol (gM ffi 76%), after 6 h reaction
(Fig. 5B). It is worth noting, that D-mannitol yield achieved with
Cu/SiO2-PD was even higher than the values reported in previous
works, in which Cu-based solid catalysts without a co-catalyst
were employed for the D-fructose hydrogenation in liquid phase.
At the same time on reaction, the mannitol yield with Cu/SiO2-I
and CuMgAl catalysts was only 25%, while it was lower than 20%
with Cu/Al2O3-I and CuZnAl. In summary, the yield in mannitol
(gM) followed the trend: Cu/SiO2-PD > Cu/SiO2-I ffi CuMgAl > Cu/
Al2O3-I > CuZnAl (Fig. 5B). Then, Cu/SiO2-PD was the catalyst with
the highest activity and selectivity to D-mannitol of these series
(SM ffi 78%, Table 2). In previous works, similar selectivity could
be obtained with Cu-based catalysts only if a co-catalyst was
employed [19,21]. The selectivity reached with Cu/SiO2-I and Cu/
Al2O3-I was 68% at 6 h reaction (Table 2), which is similar to those
reported by Makkee et al. and Toukoniitty et al. [19,20]. It seems
that the metal copper nanoparticles formed on Cu/SiO2-PD, which
are highly dispersed on an inert support, play a very important role
in the selective hydrogenation of D-fructose to D-mannitol. Instead,
large metal copper particles formed over the same support, as
those in Cu/SiO2-I, are less active for the selective hydrogenation
of fructose to mannitol. In the case of the catalysts with spinel-
like structure, constituted by small metal copper particles that
are strongly interacting with amphoteric mixed oxides, the selec-
tivity to D-mannitol was lower. This is because the basic and acid
sites present on the surface of Mg-Al and Zn-Al catalysts favor
the isomerization of D-fructose to D-glucose [28,29]. Strong adsorp-
tion of D-fructose over Cu/Al2O3-I was also observed but no forma-
tion of D-glucose occurs. This may be explained for low
concentration of basic and acid sites on the Cu/Al2O3-I compared
to co-precipitated catalysts (Table 1).

In summary, Cu/SiO2-PD catalyst, in which the active phase is
mainly constituted by nanoparticles of metallic copper over a sup-
port without surface acid and basic sites, is very active, selective
and stable during hydrogenation of fructose in liquid phase, with-
out using any kind of co-catalysts. Thus, a 100% fructose conversion
and high values of yield and selectivity to D-mannitol, almost 80%,
can be reached. On the other hand, Cu/SiO2-I showed also low acid-
ity and basicity, but it is constituted by large metal copper parti-
cles, which are much less active and selective for hydrogenation
of fructose into D-mannitol than Cu/SiO2-PD. In previous works,
Cu/SiO2 catalysts were also used for carbohydrates hydrogenation.
However, selectivity to D-mannitol with these copper-based cata-
lysts was always lower than 70%. Higher selectivities were reached
only when borate co-catalysts were employed in conjunction with
Cu/SiO2 catalysts. In this work, we got similar activity and selectiv-
ity to D-mannitol, employing a Cu/SiO2-PD catalyst, without any
borate co-catalyst as used in previous works. We assume that some
surface intermediates, probably with a similar b-furanose form as
that observed by Makkee et al. [19], are preferentially formed on
the surface of the metal Cu nanoparticles with 3–5 nm in size.
These surface intermediates can be more easily and selectively
hydrogenated into D-mannitol than those formed on the surface
of larger metal copper particles. For example, it was suggested that
an intermediate with a-furanose form is selectively converted into

D-sorbitol instead of D-mannitol, while pyranose-like surface spe-
cies are little reactive [7,19]. Thus, the highest activity and selectiv-
ity to D-mannitol of Cu/SiO2-PD can be explained assuming that a
most reactive surface intermediate, which can be preferentially
hydrogenated into D-mannitol, is formed over 3–5 nm metal cop-
per nanoparticles.

Based on the above results, a kinetic study with the most active,
selective and stable Cu/SiO2-PD catalyst was carried out. The aim is
to estimate the reaction order respect to fructose and hydrogen for
the conditions used in this work.

3.2.2. Influence of reactions conditions

The effect of initial fructose molar concentration (C0
F) and

hydrogen pressure (pH2) on the activity of Cu/SiO2-PD catalyst, at
constant temperature, was also studied in this work. The order of
reaction with respect to C0

F and pH2 was estimated using a
pseudo-homogeneous kinetic model based on a power-law rela-
tionship between the initial reaction rate (r0F) and the initial con-

centrations of D-fructose (C0
F) and partial hydrogen pressure (pH2)

in the liquid and gas phases, respectively (Eq. (1)).

r0F ¼ kðpH2ÞaðC0
FÞ

b ð1Þ



Table 3
Initial hydrogenation rates (r0F ), fructose conversion (XF), selectivity (Sj) and carbon balance (CB) after 6 h of reaction in the liquid-phase hydrogenation of fructose over Cu/SiO2-
PD catalyst varying initial fructose concentrations and H2 partial pressures.

C0
F

(mol.l�1)

pH2

(bar)
r0F � 102

(mol.h�1.g�1)
XF

%
SM
%

SS
%

SG
%

CB
%

0.028 2.07 98 78 20 – 98
0.055 40 2.28 98 78 21 – 99
0.110 2.31 97 76 24 – 100
0.220 2.54 93 82 18 – 100
0.055 30 1.29 93 78 18 3 96
0.055 20 0.62 88 76 16 4 88
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The dependence of the initial fructose hydrogenation rate (r0F)

upon C0
F was studied at 383 K by varying C0

F between 0.028 and
0.22 M, while keeping constant pH2 at 40 bar. The plot representing
ln r0F as a function of ln C0

F is shown in Fig. 8(a). The reaction order

with respect to C0
F (b) was estimated applying lineal regression

with Eq. (1). With this procedure, the estimate for bwas 0.09, what
indicates that reaction is practically order zero respect to the fruc-
tose initial concentration. This result is indicating that fructose
molecules adsorbs strongly on the active sites of Cu/SiO2-PD cata-
lyst, in agreement with results reported in this work (Figs. 5–7). In
a similar study, Makkee et al. [19] carried out the hydrogenation of
fructose over Cu(20%)/SiO2 prepared by incipient wetness impreg-
nation. They found that the reaction rate was first order respect to
initial fructose concentration when C0

F <0.3 M. This reaction order
is totally different to the one estimated in this work with a Cu/
SiO2 catalyst prepared by the precipitation-deposition method.
The last is indicative that the interaction between fructose mole-
cules and active surface of both catalysts is rather different. This
supports the idea that the type of metal copper surface highly
depends on the preparation method and plays an important role
in the kinetic of fructose hydrogenation.

The fructose conversion and the selectivity to D-mannitol,
sorbitol and D-glucose, for different initial concentrations of

D-fructose and partial pressures of H2, are shown in Table 3. At a
H2 partial pressure of 40 bar, the final fructose conversion was
between 93 and 98% and the only products detected were always
mannitol and sorbitol. In all of the cases, the selectivity to

D-mannitol was around 80% and it was independent of fructose
initial concentration.

The influence of hydrogen pressure was investigated varying
pH2 between 20 and 40 bar at 383 K and C0

F = 0.055 M. A reaction
order respect to H2 (a) of 1.85 was estimated applying lineal
Fig. 8. Dependence of initial hydrogenation rate (r0F ) with (a) initial fructose
concentration [T = 373 K, pH2 = 40 bar] and (b) partial hydrogen pressure [T = 373 K,
C0
F = 0.055 M] in the liquid-phase fructose hydrogenation over Cu/SiO2-PD.
regression with Eq. (1), at 0.055 M initial concentration of fructose
(Fig. 8b). This estimate for parameter a indicates that fructose
hydrogenation rate would be second order respect to H2, which
it is consistent with results obtained in a previous work [7].
Besides, at the same final reaction time, the fructose conversion fell
down to 88% as the hydrogen pressure was diminished from 40 to
20 bar (Table 3). Instead, the mannitol selectivity was practically
the same at H2 pressures between 20 and 40 bar. However, at
hydrogen partial pressures lower than 40 bar, some small amounts
of glucose were detected, which becomes more difficult to be
hydrogenated over non-noble metals catalyst as the H2 partial
pressure is diminished [7,15,19]. Besides, carbon balance also
decreased as the hydrogen partial pressure was reduced (Table 3).
This is probably due to the fact that the fructose and/or glucose
strongly adsorbed on the metal copper surface is hydrogenated
at lower rate when pH2

<40 bar [4–7,11].
4. Conclusions

We have successfully achieved the selective hydrogenation of
fructose in liquid phase with high yields in mannitol using a Cu-
based catalyst supported over SiO2, prepared by the
precipitation-deposition method at constant pH, without using
any co-catalyst. The high activity and selectivity to mannitol of this
catalyst is attributed to active sites present on the surface of metal-
lic copper nanoparticles, which are interacting with the surface of a
support that have very low surface acidity and basicity, as SiO2. The
use of Cu catalyst with low metallic dispersion, such as Cu/SiO2-I,
prepared by the incipient wetness impregnation method, shows
the lowest activity and selectivity to mannitol. An important loss
of activity with time was observed when Cu is supported over
metal oxides that have acid and basic surface sites, such as Al2O3

and Mg-Al or Zn-Al mixed oxides with a spinel-like crystalline
structure. The last was explained assuming that strongly adsorbed
fructose molecules blocks metal copper active sites during reac-
tion. In addition, the basic and acid sites present on the surface
of the mixed oxides promote the isomerization of fructose to glu-
cose and, as a consequence, the yield in D-mannitol diminished.
In summary, the metal copper nanoparticles must be highly dis-
persed on the surface of an inert support to reached high activity
and selectivity to D-mannitol, since large metal copper particles
or acid and basic sites on the support surface led to a drastic
diminution of the selectivity to mannitol and hydrogenation activ-
ity of metal copper sites.
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