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Abstract

Kinetics ofd-fructose hydrogenation over a copper catalyst (61 wt% CuO and 39 wt% ZnO) in aqueous solutions was studied. The hydrogenation
experiments were carried out batchwise in a three-phase laboratory-scale reactor (300 ml, Parr Co.), operating at 35–65 bar and between 90 and
130◦C. The main hydrogenation products were mannitol and its epimer, sorbitol. Also, a minor isomerization of fructose to glucose was observed.
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In the operating regime studied, the reaction rate showed a second order dependency with respect to the hydrogen pressure. Manni
at the experimental range varied from 60 to 68%. The selectivity values improved slightly, as the hydrogen pressure increased or
temperature decreased. The effect of catalyst loading and catalyst deactivation during consecutive hydrogenation batches was also stuyst
characterization studies (nitrogen adsorption BET, XPS, SEM and particle size analysis) were carried out for a better understanding of
deactivation and reduction processes.

The fitting of the experimental data to the kinetic model was carried out by Modest software using a combined Simplex–Levenberg–
method. The proposed kinetic model was able to predict the experimental concentrations of fructose and mannitol as well as the
sorbitol and glucose with a better than 95% degree of explanation.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The interest towards specialty sugar alcohols has consider-
ably increased during the last years. The exciting functional
properties (i.e. anti-caries and other health-related effects) of
some products, such as xylitol, have inspired the alimentary and
pharmaceutical industry to increase the use of these commodi-
ties.

d-Mannitol is widely distributed in the nature (e.g. in olive
trees, fruits and vegetables). Mannitol has about half of the
sweetness of sucrose and it is least soluble in water of the all
commercially used sugar alcohols. Pharmaceutical industry is
the largest consumer of mannitol. Due to its low chemical reac-
tivity, low hygroscopicity and excellent mechanical compressing
properties, it can be used in the production of chewable tablets
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and granulated powders as a suitable inert, sweet excipie
both organic and inorganic agents[1]. Moreover, mannitol ca
be used as an osmotic diuretic[2], in the treatment of cerebr
edema[3], for reducing intraocular pressure[4] and as a laxativ
[5]. The main application for mannitol in the alimentary ind
try is as a sweetener in sugar-free chewing gums. It is use
powdering and sweetening the surface of diabetic confectio
because hygroscopic polyols are unsuitable for this purpos[1].

Nowadays, mannitol is usually obtained industrially by
alytic hydrogenation of fructose, sucrose or glucose–fruc
syrups[1,6–8]. Hydrolysis of sucrose produces a mixture
glucose and fructose, from which fructose can be sepa
by chromatography. Higher yields of mannitol are obta
when syrups with high fructose-contents or pure fructose
used. Hydrogenation of fructose over classical nickel-base
alysts gives mannitol yields between 48 and 50 wt%, the o
main-product being sorbitol[9,10]. Copper catalysts have a su
stantially higher selectivity to mannitol[11–14]. Pure mannos
is not economically feasible raw material for industry due
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Fig. 1. The fructose mutarotation scheme in water and relative amount of different forms at 20◦C [18] and 80◦C [17].

its high price, despite the fact that mannose leads to a signifi-
cantly higher mannitol yield. Approximately 30 kt of mannitol
was produced worldwide in the year 2000 having 8.0D /kg as
an average market price year 2002. As a comparison, sorbitol
was manufactured 900 kt/a, 1.8D /kg as an average world market
price[15].

Pure crystalline fructose exists in the�-pyranose form, while
the �-furanose form is most prevalent in naturally occurring
oligosaccharides containing fructose units, such as sucrose
[16]. In aqueous solutions, acyclicd-fructose is in equilibrium
with its four different cyclic forms:�-d-fructopyranose,�-
d-fructopyranose,�-d-fructofuranose and�-d-fructofuranose
(Fig. 1). The mutarotation equilibrium of fructose solutions is
strongly temperature dependent as shown inFig. 1. The rela-
tive amount of furanoses and�-forms of fructose with rising
temperature increases. Similar mutarotation equilibrium shift
with increased temperature has been observed in NMR studies
with xylose[19]. The rate limiting step in the fructose mutaro-
tation is the conversion of�-fructopyranose to the keto form
[6]. The furanose–furanose conversion kinetics are much more
rapid compared to the pyranose–furanose interconversion and
the furanose forms are always in mutual equilibria[20]. How-
ever, the interconversion between differentd-fructose species is
not rate limiting, because the mutarotation rate is much faster
compared to the hydrogenation rate[6]. The sugar concentration
has been shown to have only a minor impact on the mutaro-
t
d tion
s als

individual hydrogenation rates. It is claimed that hydrogenation
over Cu and Ni catalysts takes place via the hydrogenation of
the ring forms, but not by hydrogenation of the acyclic form.
The furanose forms have been found to be more reactive than
the pyranose forms[6,12].

The product distribution upon hydrogenation over copper
catalysts seems to resemble the�/�-d-fructofuranose ratio.
According to one theory, as fructose is hydrogenated,�-fructose
molecules are converted to mannitol, while�-fructose molecules
give sorbitol as the hydrogenation product[12]. The pyranose
form probably plays a minor role in the hydrogenation. Tak-
ing into account the somewhat higher adsorption strength of
d-glucose (almost 100% in pyranose form) than that of fruc-
tose, the small contribution of the pyranose form ofd-fructose
to the hydrogenation reaction is due to its much lower reactiv-
ity [6,14]. Glucose and other by-products may also be produced
as fructose is hydrogenated. Proposedd-fructose hydrogenation
reaction scheme is displayed inFig. 2. Reaction temperature,
solvent, substrate purity, pH, hydrogen mass transfer and the
catalyst composition influence the formation of by-products and
the reaction rate.

Hydrogenation kinetics of fructose has been studied over
Ru/C[6], Cu/SiO2 [12] and Raney nickel catalyst[23]. So far,
no studies about the use of traditional methanol synthesis cata-
lyst CuO-ZnO for fructose hydrogenation application has been
published. Moreover, temperature range in previous fructose
h esent
w ena-
t

ation equilibrium[21] and interconversion rates[22]. These
ifferent tautomeric forms of fructose have different adsorp
trengths on the surfaces of hydrogenation catalysts and
 o

ydrogenation studies has been lower. The aim of the pr
ork was to determine the product distribution and hydrog

ion kinetics over a commercial CuO-ZnO catalyst.
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Fig. 2. Fructose hydrogenation scheme.

2. Experimental

The fructose hydrogenation experiments were carried ou
batchwise in a three-phase laboratory scale reactor (Parr Co
operating at 35–65 bar and between 90 and 130◦C. The reac-
tor was equipped with a heating jacket, a cooling coil, a filter
(0.5�m metal sinter) in a sampling line and a bubbling chamber
(for removing dissolved air from the liquid phase prior hydro-
genations). The effective liquid volume of the reactor was abou
150 ml (total volume 300 ml) and it was equipped with a hollow
shaft concave blade impeller to ensure efficient mixing and ga
dispersion into the liquid phase. The stirring rate was 1800 rpm
in all of the experiments to operate at the kinetically controlled
regime, i.e. in the absence of external mass-transfer limitations
A Parr 4843 controller was used for the temperature control and
for monitoring the impeller speed and the pressure in the reac
tor. The temperature and pressure profiles were recorded in
computer.

A 30 wt% aqueous fructose (Danisco Sweeteners) solution
was hydrogenated in all of the experiments, representing indus
trially relevant concentration regimes. Working with higher
concentrations would have caused problems due to the low
solubility of mannitol. The solvent used was deionized water
and water–ethanol mixture in one experiment. Prior to the first
hydrogenation batch, the catalyst from KataLeuna containing
61 wt% CuO and 39 wt% ZnO was reduced in the reactor unde

hydrogen flow at 300◦C for 2 h (10 bar H2, heating and cooling
rate 5◦C/min). The catalyst amount was varied between 10 and
25 wt% (before reduction) of the fructose weight throughout the
kinetic hydrogenation series. The catalyst median particle size
was 15.1�m prior the reduction.

The reactor contents were analysed off-line with a HPLC,
equipped with a Biorad Aminex HPX-87C carbohydrate col-
umn. A sample for pH measurement was withdrawn simultane-
ously as the HPLC-sample was taken. An additional sample was
withdrawn at the end of the hydrogenation batches to measure
the amount of leached metals in the sugar solution. Those sam-
ples were filtered with 0.45�m membrane, diluted with known
amount of water and nitric acid was added to ensure that dis-
solved metals did not precipitate prior to analysis. The dissolved
metals were analysed by direct current plasma technique. The
state of unreduced, reduced and recycled catalysts was investi-
gated by means of several catalyst characterization techniques:
nitrogen adsorption (BET), XPS surface analysis, SEM-EDXA
and particle size analysis (Malvern).

3. Kinetic results

The effect of some reaction parameters (stirring rate, reduc-
tion temperature and solvent) was studied in the beginning of
the work, in order to optimize the hydrogenation of fructose
towards mannitol. The conversion and the selectivity values
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ere hardly affected by changing the stirrer speed from 1
o 1800 rpm as shown inFig. 3. The stirring speed was, ho
ver, fixed at 1800 rpm for the experiments to ensure tha
as–liquid mass transfer does not affect the reaction rate
ater vapour pressure values at different hydrogenation tem
tures were estimated according to the Gomez–Thodos m

25,27]. The values of estimated vapour pressures were us
alculation of partial hydrogen pressures at different rea
emperatures given inTable 1.

Internal mass transfer inside the catalyst particles was d
ined by calculation of the catalyst effectiveness factorηeff

25,26]. Calculation ofηeff under reaction conditions gaveηeff
lose value 1, indicating that hydrogen diffusion inside the c
yst pores does not affect the reaction rate. In general, diffu

ig. 3. The effect of the impeller speed on the hydrogenation of fructo
annitol.
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Table 1
Partial hydrogen pressures (bar) at different hydrogenation experiments

Total pressure (bar) 90◦C 110◦C 130◦C

35 – 33.65 32.72
50 49.25 48.65 47.72
65 – 63.65 62.72

Table 2
Evaluation of the role of intraparticular diffusion

T (◦C) 130
R′ (mol/(h gCAT)) 0.0324
CTOT (mol/l) 43.21
DH2(m2/s) 1.09× 10−8

εP 0.5
ρP (kg/m3) 850
ηeff 0.9994
p (bar) 65
RP (�m) 7.55
xH2 5.81× 10−4

Deff,H2(m2/s) 1.82× 10−9

τP 3
φ 0.098

effect increases as the reaction rate increases. Thus, the observed
initial rate and other physical parameters at the highest pressure
(65 bar) and temperature (130◦C) were used in calculations. The
results from the evaluation of the role of intraparticular diffu-
sion are summarized inTable 2. The diffusion coefficient of
hydrogen in the reaction solution was estimated according to
Wilke–Chang equation

DAm = 7.4 × 10−12(
∑n

i=1xiφiMi)
1/2

T

ηmV 0.6
A

m2/s (1)

wherexi is the mole fraction of each compound,φi the associa-
tion factor (2.6 for water and 1.0 for unassociated solvents),Mi

the molecular weight (18.02 g/mol for water and 180.16 g/mol
for fructose),ηm the dynamic viscosity of fructose solution and
VA = 14.3 cm3/g for hydrogen[28]. The dynamic viscosity of
30 wt% fructose solution was estimated from equations derived
for sucrose solutions[29] and was estimated to vary between
0.73 and 0.40 cP from 90 to 130◦C. The calculations indi-
cate that the diffusion coefficient of hydrogen varies between
5.4× 10−9 and 1.09× 10−8 m2/s at the temperature range from
90 to 130◦C. The hydrogen concentration in fructose hydro-
genation solutions was calculated from a correlation based o
experimental determination of hydrogen solubility in aqueous
sugar–sugar alcohol solutions

C
xF

[
0.1144

Fig. 4. The effect of the reduction temperature on the hydrogenation of fructose
to mannitol.

wherexF andxM represent the relative amounts of fructose and
mannitol in hydrogenation mixture[26].

Concerning the effect of the catalyst reduction temperature,
somewhat improved results were achieved as the temperature
was increased from 220 to 300◦C as revealed byFig. 4. Higher
reduction temperatures would have lead to a more severe loss of
active metal surface area via sintering. The influence of the cat-
alyst loading on the fructose hydrogenation kinetics was studied
as well. The initial reaction rate showed a linear dependency on
the catalyst load between 10 and 25 wt% of fructose amount,
i.e. the hydrogenation was first order with respect to catalyst
amount at the experimental range (Fig. 5). Nevertheless, a fur-
ther increase of the catalyst load did not give a full benefit.
Thus, the system was not anymore in the kinetic regime and the
liquid–solid mass transfer started to influence the reaction rate.

A water–ethanol mixture (70/30 wt% ratio) was compared to
pure water in fructose hydrogenation. The higher solubility of
hydrogen in alcohols could in principle give an improved reac-
tion rate. Nevertheless, the water–ethanol mixture had a negative
impact on the average hydrogenation rate and the mannitol selec-
tivity (Fig. 6). However, initial reaction rates were comparable
and it seems that the low mannitol solubility started disturbing

F 0
a

H =
xF + xM

ln(0.9991)−
T/K

+ 0.0004228 ln(pH (bar))

]

+ xM

xF + xM

[
ln(0.9993)− 0.11603

T/K

+ 0.00041126 ln(pH (bar))

]
(2)
n

ig. 5. The influence of catalyst loading on the initial reaction rate at 11◦C
nd 50 bar.
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Fig. 6. Solvent influence on the hydrogenation of fructose to mannitol.

the reaction and the HPLC-analysis at the end of batch. More-
over, it has been proved that the rate of fructose mutarotation
decreases as the concentration of ethanol in the solvent increases
[20]. Also, fructose solubility in alcohol solutions is known to be
relatively poor and the viscosity of the aqueous-alcoholic sugar
solution is higher than that of aqueous. These phenomena might
explain the diminished reaction rate in the alcoholic solvent.

The effect of the reaction temperature on the fructose hydro-
genation rate was clear. The hydrogenation rate was clearly
improved at higher reaction temperatures as shown inFig. 7.
An increased hydrogen pressure had a positive effect on the ini-
tial reaction rate, showing a second order behaviour at 110◦C
(Fig. 8). Only hydrogenation experiment at 35 bar and 130◦C
differed clearly from the other runs, because diffusion limi-
tations of hydrogen started probably influence the reaction in
the beginning of batch. Also, clearly more glucose was formed
at the hydrogenation at 35 bar and 130◦C. Under hydrogen
poor conditions, glucose molecules are easily dehydrogenated,
leading to gluconic acid formation. This reaction mechanism
can be explained as the so called oxidative dehydrogenation
or transfer hydrogenation[30,34], where simultaneously one
glucose molecule is dehydrogenated and other one reduced to
sorbitol. Obviously, it is not correct to denote the reaction as

F n rate

Fig. 8. Determination of the reaction order with respect to hydrogen pressure at
110◦C.

a Cannizzarro reaction, since only aldehydes without hydro-
gen in �-position are subject to the Cannizzarro reaction in
strongly alkaline solution[35]. In aqueous, alkaline medium
under ambient conditions,d-fructose is hydrogenated rapidly,d-
mannose rather slowly andd-glucose is dehydrogenated mainly
to gluconic acid and reduced tod-sorbitol [34]. Formation of
d-gluconic acid is known to deactivate catalysts by blocking the
active sites[30,31]. d-Gluconic acid is also a strong chelating
agent, which increases leaching of metals. These facts support
the theory that gluconic acid was formed upon hydrogenations
at low hydrogen pressures and high temperatures, because at
such conditions pH drop was more severe (Fig. 10) and catalyst
leaching increased. Also, more glucose was formed at hydrogen
poor conditions. The mannitol selectivity improved slightly, as
the hydrogen pressure was increased and the reaction tempera-
ture decreased. The sorbitol-to-mannitol ratio remained constant
during the entire hydrogenation time of each experiment (Fig. 9).
The mannitol selectivity at the experimental range varied from
60 to 68%.

In dilute basic solutions fructose epimerizes to glucose
and mannose according to Lobry de Bruyn–van Ekenstein

F g the
r
ig. 7. The influence of reaction temperature on the fructose hydrogenatio
 .

ig. 9. The effect of hydrogen pressure on the sorbitol/mannitol ratio durin
eactions.
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reaction[24]. In these kinetic experiments, glucose was formed
0.3–1.9 wt%, in the beginning of the hydrogenations and this
concentration remained almost unchanged towards the end of
the reaction, at hydrogenations between 90 and 110◦C. In fruc-
tose hydrogenations at 130◦C, the amount of glucose decreased
towards the end of the reaction. Mannose formation was below
the detection limit in all of these experiments, since it was pre-
sumably hydrogenated rapidly to mannitol.

4. Catalyst stability

According to the direct current plasma measurements, cop-
per leaching was always minor, but severe zinc leaching was
observed during hydrogenations. Lower hydrogenation pressure
and higher reaction temperature increased the amount of dis-
solved zinc. It was also observed that in such conditions, the
pH value of the hydrogenation solution decreased more signifi-
cantly during the reaction (Fig. 10). The catalyst leaching values
at the end of kinetic hydrogenation batches are summarized in
Table 3.

The CuO/ZnO catalyst was reused in four consecutive
batches to obtain information about its deactivation. Quite sub-
stantial decrease in the catalyst activity was observed as well
as slightly decreased mannitol selectivity from batch to batch

F tem-
p

T
L

T .

Fig. 11. Conversion and selectivity values obtained in the deactivation study
performed at 110◦C and 50 bar.

(Fig. 11). The zinc leaching increased in each consecutive batch
as the catalyst was recycled (Table 3).

5. Catalyst characterization results

Catalyst reduction at 300◦C reduced the specific surface area
and pore volume remarkably probably due to sintering. Recy-
cling of the catalyst in four consecutive hydrogenation batches
reduced further the surface area due to the pore blockage.Table 4
displays the results of the nitrogen adsorption experiments.

Surface analysis (XPS) of both fresh and reduced catalyst
samples were performed. In a fresh catalyst sample, Cu2+ (CuO
and Cu(OH)2) was the predominant Cu species. Zinc was present
in two separate oxidation states, mainly as ZnO. During the cat-
alyst reduction procedure, Cu2+ was fully reduced to metallic
Cu0. Zinc was not reduced during the catalyst activation to a sig-
nificant degree. The relative atomic ratio on the catalyst surface
was Cu/Zn = 0.70 after reduction.Fig. 12shows a comparison
of the oxidation states between fresh and reduced catalysts.

The particle size distributions of fresh, reduced and recy-
cled catalysts were measured by Malvern 2600 (Table 4). The
particle size measurements support the conclusion that metal
sintering takes place during the catalyst reduction since the
median particle size increased during catalyst activation. The
amount of catalyst fines increased as the catalyst was recycled
i ame
c tures
t

T

ig. 10. Evolution of pH in fructose hydrogenations performed at different
eratures.

able 3
eached metals at the end of different hydrogenation batches

(◦C) pTOT (bar) Cu (mg/l) Zn (mg/l) Batch no

90 50 1.6 56.7 1
110 35 1.7 314.1 1
110 50 1.8 227.0 1

110 65 2.8 155.4 1
130 35 2.3 1316.8 1
130 50 1.8 467.8 1
130 65 1.7 350.1 1
110 50 2.4 228.4 1
110 50 2.2 267.6 2
110 50 2.5 311.3 3
110 50 1.6 337.3 4

R

C cled

S
P 0
D
D
D

n four consecutive batches, most probably due to attrition. S
hanges in catalyst particle sizes were visible in SEM pic
oo.

able 4
esults of the nitrogen adsorption and particle size distribution analysis

atalyst sample Fresh Reduced Recy

pecific surface area (m2/g) 50.71 21.39 12.96
ore volume (ml/g) 0.2251 0.1125 0.090

50 (�m) 15.1 17.6 15.6

10 (�m) 4.9 3.5 3.0

90 (�m) 34.1 54.1 49.1
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Fig. 12. In the picture highest up is the Cu 2p X-ray photoelectron line for (a)
fresh and (b) reduced catalyst. In the picture below is displayed the Zn 2p3/2 line
for the same catalysts.

6. Kinetic modelling

The Langmuir–Hinshelwood–Hougen–Watson (LHHW)
approach is based on the Langmuir model describing the surfac
of a catalyst as an array of equivalent sites that do not interac
either before or after chemisorption. Moreover, it is assumed
that both reactants and products are in equilibria with surface
species that react on the surface in rate-determining steps. Th
surface coverages are correlated to the partial pressures or co
centrations in the fluid phase by means of Langmuir adsorption
isotherms. The Langmuir model is unrealistic from a theoretical
viewpoint, since the surface coverages are by no means identic
to the equilibrium values predicted by the Langmuir adsorption
isotherm for reaction systems in which kinetic coupling occurs.
Despite this weakness, the LHHW kinetics has proved valuable
for modelling heterogeneous catalytic reactions for reactor and
process design.

The surface reactions between adsorbed species, i.e. fru
tose and hydrogen, were presumed to be the rate-determinin

steps, and the remaining ones were assumed to proceed rapidly.
In accordance with some studies[23], the organic molecules
and the hydrogen atoms compete for different kind of active
sites. However, a competitive adsorption model, in which all
the species occupy the same type of sites, was applied here.
The reaction steps and rate equations were derived according
a principle shown in reference[19]. The adsorption of hydro-
gen was assumed to be dissociative. Nevertheless, the hydrogen
atoms were presumed to be added pairwise to the carbonyl
group. Since, the rate, adsorption and isomerization constants
are dependent on the temperature, a kinetic model was con-
structed in order to estimate the pre-exponential factors of these
constants. The model predicts the same reaction orders for both
mannitol and sorbitol formation, according to the real product
distribution (Fig. 9).

The fitting of the experimental data to the kinetic model
was carried out by Modest (MOdel ESTimation) software
using a combined Simplex–Levenberg–Marquardt method[32].
The differential equations describing the mass balances of the
organic components were solved by the backward-difference
method during the parameter estimation[33]. Because of the
absence of severe external mass transfer limitations, the con-
centration of dissolved hydrogen was obtained directly from Eq.
(2). The estimation of the parameters was based on simultaneous
fitting of the multiple data sets, i.e. the experiments performed at
various temperatures and pressures. Based on previous knowl-
e lues,
m ing
o
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dge, some of the parameters were fixed at certain initial va
eanwhile the others were allowed to change. The follow
bjective function was used in data fitting:

=
∑

(Ci,exp − Ci,calc)
2wi (3)

here the weight factors were chosen as follows:w = 1 for fruc-
ose, mannitol and sorbitol, andw = 5 for glucose. Weighting wa
eneficial to enhance the influence of glucose concentrati

he estimation, since it was present in considerably lower
entrations than the main products and the reactant. The q
f the data fitting was controlled by using the degree of ex
ation (R2), defined as follows:

2 = 1 −
∑

(Ci,exp − Ci,model)2∑
(Ci,exp − Ci,mean)2

(4)

hereCi,mean indicates the average value of the experime
alues.

Fig. 13 illustrates the fit of the kinetic model to the expe
ental data in the different experiments carried out. The fig

eveal that the kinetic model is able to predict the experim
al concentrations quite well. The overall degree of explana
f the obtained fit, taking into account all the experiments

ormed, was 95.6%. As the experiment carried out at 13◦C
nd 35 bar H2 pressure was not included in the model,
egree of explanation increased to 98.0%. Evidently the
ere not stoichiometrically consistent at 130◦C and 35 bar, a

ndicated by theFig. 13. The difference between the activat
nergies of the hydrogenation of fructose to mannitol and
itol can be estimated from the values obtained in the kin
odel (Ea2− Ea1= 4.1 kJ/mol). The value obtained from th
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Fig. 13. Kinetic curves of fructose hydrogenation experiments at different temperature and pressure values (©, experimental values; —, model fit).
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Fig. 14. Estimation of (Ea2− Ea1) from the experiments performed at different
reaction temperatures.

estimation is in the same order of magnitude as the one obtained
fromFig. 14(Ea2− Ea1= 8.07 kJ/mol) calculated on the basis of
the experiments carried out at different temperatures. As it was
mentioned before, the temperature does not have an essential
influence in the selectivity of the fructose hydrogenation towards
mannitol or sorbitol, but an increase in the reaction temperature
will slightly benefit the production of sorbitol, due to the higher
value ofEa2.

7. Conclusions

According to the measurements carried out at the laboratory
the catalyst reduction at 300◦C diminished the surface area by
57.8% and the pore volume 50% due to sintering. The surfac
area was further reduced by 39.4% after hydrogenating fou
consecutive batches fructose, mainly due to pore blockage. Th
drop of initial reaction rate from first to fourth batch was 29.4%
and thus of similar order of magnitude than decrease of active
catalyst surface area. The reasons for pore blockage were pr
sumably the leaching and back-precipitation of the zinc on the
catalyst surface. Moreover, metal complexes between zinc an
some hydrogenation products, such as gluconic acid, were pre
sumably formed. The decreased catalyst surface area combine
with partial catalyst oxidation and poisoning of active sites were
explanations for the catalyst deactivation.
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consecutive batches. Amount of the catalyst fines increased as
the catalyst was recycled, probably due to attrition.

A kinetic model was developed and it was able to predict
the experimental concentrations, the fructose conversion and the
product distribution rather well. The overall degree of explana-
tion of the obtained fit, taking into account all the experiments
performed, was 95.6%.
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