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Abstract

Kinetics ofp-fructose hydrogenation over a copper catalyst (61 wt% CuO and 39 wt% ZnO) in aqueous solutions was studied. The hydrogenat
experiments were carried out batchwise in a three-phase laboratory-scale reactor (300 ml, Parr Co.), operating at 35-65 bar and between 9
130°C. The main hydrogenation products were mannitol and its epimer, sorbitol. Also, a minor isomerization of fructose to glucose was observ

In the operating regime studied, the reaction rate showed a second order dependency with respect to the hydrogen pressure. Mannitol selec
at the experimental range varied from 60 to 68%. The selectivity values improved slightly, as the hydrogen pressure increased or the reac
temperature decreased. The effect of catalyst loading and catalyst deactivation during consecutive hydrogenation batches was also gstidied. Ce
characterization studies (nitrogen adsorption BET, XPS, SEM and particle size analysis) were carried out for a better understanding of the cat:
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—Marqua
method. The proposed kinetic model was able to predict the experimental concentrations of fructose and mannitol as well as the by-prodt
sorbitol and glucose with a better than 95% degree of explanation.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction and granulated powders as a suitable inert, sweet excipient for
both organic and inorganic agerjt§. Moreover, mannitol can
The interest towards specialty sugar alcohols has considebe used as an osmotic diuref], in the treatment of cerebral
ably increased during the last years. The exciting functionakdemd3], for reducing intraocular pressyd and as a laxative
properties (i.e. anti-caries and other health-related effects) db]. The main application for mannitol in the alimentary indus-
some products, such as xylitol, have inspired the alimentary antdy is as a sweetener in sugar-free chewing gums. It is used for
pharmaceutical industry to increase the use of these commodbowdering and sweetening the surface of diabetic confectionery,
ties. because hygroscopic polyols are unsuitable for this purfddse
p-Mannitol is widely distributed in the nature (e.g. in olive  Nowadays, mannitol is usually obtained industrially by cat-
trees, fruits and vegetables). Mannitol has about half of thalytic hydrogenation of fructose, sucrose or glucose—fructose
sweetness of sucrose and it is least soluble in water of the adlyrups[1,6—8] Hydrolysis of sucrose produces a mixture of
commercially used sugar alcohols. Pharmaceutical industry iglucose and fructose, from which fructose can be separated
the largest consumer of mannitol. Due to its low chemical reacby chromatography. Higher yields of mannitol are obtained
tivity, low hygroscopicity and excellent mechanical compressingvhen syrups with high fructose-contents or pure fructose are
properties, it can be used in the production of chewable tabletssed. Hydrogenation of fructose over classical nickel-based cat-
alysts gives mannitol yields between 48 and 50 wt%, the other
main-product being sorbit¢®,10]. Copper catalysts have a sub-

* Corresponding author. Tel.: +358 2 2154574; fax: +358 2 2154479, stantially higher selectivity to mannitfl1-14] Pure mannose
E-mail address: jkuusist@abo.fi (J. Kuusisto). is not economically feasible raw material for industry due to
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Fig. 1. The fructose mutarotation scheme in water and relative amount of different form&&[18] and 80°C [17].

its high price, despite the fact that mannose leads to a signifindividual hydrogenation rates. It is claimed that hydrogenation
cantly higher mannitol yield. Approximately 30 kt of mannitol over Cu and Ni catalysts takes place via the hydrogenation of
was produced worldwide in the year 2000 having€Kg as  the ring forms, but not by hydrogenation of the acyclic form.
an average market price year 2002. As a comparison, sorbitdlhe furanose forms have been found to be more reactive than
was manufactured 900 kt/a, k&g as an average world market the pyranose formf,12].
price[15]. The product distribution upon hydrogenation over copper
Pure crystalline fructose exists in tBepyranose form, while  catalysts seems to resemble tRéx-p-fructofuranose ratio.
the B-furanose form is most prevalent in naturally occurring According to one theory, as fructose is hydrogenaefiictose
oligosaccharides containing fructose units, such as sucroseoleculesare converted to mannitol, whiléructose molecules
[16]. In aqueous solutions, acycliefructose is in equilibrium  give sorbitol as the hydrogenation prod{(it?]. The pyranose
with its four different cyclic forms:B-p-fructopyranosew-  form probably plays a minor role in the hydrogenation. Tak-
p-fructopyranose 3-nb-fructofuranose ana-p-fructofuranose ing into account the somewhat higher adsorption strength of
(Fig. 1. The mutarotation equilibrium of fructose solutions is p-glucose (almost 100% in pyranose form) than that of fruc-
strongly temperature dependent as showkim L The rela- tose, the small contribution of the pyranose fornpefuctose
tive amount of furanoses andforms of fructose with rising to the hydrogenation reaction is due to its much lower reactiv-
temperature increases. Similar mutarotation equilibrium shiftty [6,14]. Glucose and other by-products may also be produced
with increased temperature has been observed in NMR studies fructose is hydrogenated. Proposétductose hydrogenation
with xylose[19]. The rate limiting step in the fructose mutaro- reaction scheme is displayed kig. 2 Reaction temperature,
tation is the conversion g8-fructopyranose to the keto form solvent, substrate purity, pH, hydrogen mass transfer and the
[6]. The furanose—furanose conversion kinetics are much moreatalyst composition influence the formation of by-products and
rapid compared to the pyranose—furanose interconversion arbe reaction rate.
the furanose forms are always in mutual equilijé@]. How- Hydrogenation kinetics of fructose has been studied over
ever, the interconversion between differerftuctose speciesis Ru/C[6], Cu/SiG [12] and Raney nickel cataly§23]. So far,
not rate limiting, because the mutarotation rate is much fastamo studies about the use of traditional methanol synthesis cata-
compared to the hydrogenation rfig¢ The sugar concentration lyst CuO-ZnO for fructose hydrogenation application has been
has been shown to have only a minor impact on the mutaropublished. Moreover, temperature range in previous fructose
tation equilibrium[21] and interconversion ratg®22]. These hydrogenation studies has been lower. The aim of the present
different tautomeric forms of fructose have different adsorptionwork was to determine the product distribution and hydrogena-
strengths on the surfaces of hydrogenation catalysts and alsion kinetics over a commercial CuO-ZnO catalyst.
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Fig. 2. Fructose hydrogenation scheme.

2. Experimental

hydrogen flow at 300C for 2 h (10 bar H, 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 15.1um 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 0.4am 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
were hardly affected by changing the stirrer speed from 1200
to 1800 rpm as shown iRig. 3. The stirring speed was, how-
ever, fixed at 1800 rpm for the experiments to ensure that the
gas—liquid mass transfer does not affect the reaction rate. The
water vapour pressure values at different hydrogenation temper-
atures were estimated according to the Gomez—-Thodos method
[25,27] The values of estimated vapour pressures were used for

The fructose hydrogenation experiments were carried ougalculation of partial hydrogen pressures at different reaction
batchwise in a three-phase laboratory scale reactor (Parr Cagmperatures given iable 1

operating at 35—-65 bar and between 90 and°Q30The reac-

Internal mass transfer inside the catalyst particles was deter-

tor was equipped with a heating jacket, a cooling coil, a filtermined by calculation of the catalyst effectiveness faatgy
(0.5pm metal sinter) in a sampling line and a bubbling chambel[25,26] Calculation ofpe¢ under reaction conditions gavgs
(for removing dissolved air from the liquid phase prior hydro- close value 1, indicating that hydrogen diffusion inside the cata-
genations). The effective liquid volume of the reactor was aboulyst pores does not affect the reaction rate. In general, diffusion

150 ml (total volume 300 ml) and it was equipped with a hollow
shaft concave blade impeller to ensure efficient mixing and gas
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 a
computer.

A 30wt% 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 containingig. 3. The effect of the impeller speed on the hydrogenation of fructose to
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Table 1

Partial hydrogen pressures (bar) at different hydrogenation experiments

Total pressure (bar) 9 110°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
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conversion, %
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/ —®— reduction at 220 °C,
—#— reduction at 220 °C,

conversion

selectivity

20
T(°C) 130 - reduclion at 300 zC, conve.rs.ion
R’ (mol/(h gcar)) 0.0324 od V- reduction at 300 °C, selectivity
gTOT (T/OV h 13631 108 0 50 100 150 200 250
Ho (M/S) 9 hydrogenation time, min
ep 0.5
pp (kg/n?) 850 Fig. 4. The effect of the reduction temperature on the hydrogenation of fructose
Neft 0.9994 to mannitol.
p (bar) 65
Rp (um) 7.55 _
XH, 5.81x 10°* wherexg andxy represent the relative amounts of fructose and
Deft p,(MP/s) 1.82x 1077 mannitol in hydrogenation mixtur@6].
;P 8098 Concerning the effect of the catalyst reduction temperature,

somewhat improved results were achieved as the temperature
was increased from 220 to 30Q as revealed bifig. 4. Higher
effectincreases as the reaction rate increases. Thus, the obseryegduction temperatures would have lead to a more severe loss of
initial rate and other physical parameters at the highest pressuggtive metal surface area via sintering. The influence of the cat-
(65 bar) and temperature (130) were used in calculations. The  alyst loading on the fructose hydrogenation kinetics was studied
results from the evaluation of the role of intraparticular diffu- as well. The initial reaction rate showed a linear dependency on
sion are summarized ifiable 2 The diffusion coefficient of the catalyst load between 10 and 25wt% of fructose amount,
hydrogen in the reaction solution was estimated according tpe. the hydrogenation was first order with respect to catalyst
Wilke-Chang equation amount at the experimental randéd. 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

7.4 x 10_12(2?:1xi¢iMi)1/2T 2
o6 m</s
UmVA

1)

Dpm =

wherey; is the mole fraction of each compoung],the associa- ) . . .
tion factor (2.6 for water and 1.0 for unassociated solvens), PUe water in fructose hydrogenation. The higher solubility of

the molecular weight (18.02 g/mol for water and 180.16 gimofYdrogen in alcohols could in principle give an improved reac-
for fructose) m the dynamic viscosity of fructose solution and fuon rate. Nevertheless, the water—_ethanol mixture had a negative
Va = 14.3cnd/g for hydrogen[28]. The dynamic viscosity of impactonthe average hydrogenation rate and the mannitol selec-
30 wt% fructose solution was estimated from equations derivelVity (Fig. 6. However, initial reaction rates were comparable
for sucrose solutionf29] and was estimated to vary between and it seems that the low mannitol solubility started disturbing
0.73 and 0.40cP from 90 to 13C. The calculations indi-
cate that the diffusion coefficient of hydrogen varies between

0.20
5.4x 10~2 and 1.09x 10~8 m?/s at the temperature range from ,
90 to 13C°C. The hydrogen concentration in fructose hydro- :'(0): _["_is;; 1102 + 7.6843x10° x cat load
genation solutions was calculated from a correlation based on ~ 0.15{ '
experimental determination of hydrogen solubility in aqueous
sugar—sugar alcohol solutions f&
XF 0.1144 £ 0101
CH = In(0.9991)— =
1= Inosean) s
0.05
+ 0.0004228 Inpy (bar))}
XM 0.11603 0.00 ’ . . . :
+m [In(0.9993)— T/K 0 5 10 15 20 25 30

catalyst load, wt-%
(2) Fig. 5. The influence of catalyst loading on the initial reaction rate at €10

+ 0.00041126 Inpy (bar))]
and 50 bar.
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Fig. 8. Determination of the reaction order with respect to hydrogen pressure at

110°C.

the reaction and the HPLC-analysis at the end of batch. More-
over, it has been proved that the rate of fructose mutarotatio§ cannizzarro reaction, since only aldehydes without hydro-
decreases as the concentration of ethanol in the solventincreaifé1 in a-position are subject to the Cannizzarro reaction in
[20]..Also,fructose solub_ilityin alcohol solutions is knowr_1 tobe strongly alkaline solutiori35]. In aqueous, alkaline medium
reIatl_ver poor and the viscosity of the aqueous-alcoholic SUgander ambient conditions;fructose is hydrogenated rapidiy,
solution is higher than that of aqueous. These phenomena Migannose rather slowly andglucose is dehydrogenated mainly
explain the diminished reaction rate in the alcoholic solvent. gluconic acid and reduced tesorbitol [34]. Formation of

The effect of the reaction temperature on the fructose hydrop,_giyconic acid is known to deactivate catalysts by blocking the
genation rate was clear. The hydrogenation rate was clearlyqiiye siteg30,31] p-Gluconic acid is also a strong chelating
improved at higher reaction temperatures as showfign 7. agent, which increases leaching of metals. These facts support
An increased hydrogen pressure had a positive effect on the injrg theory that gluconic acid was formed upon hydrogenations
thl reaction rate, showmg a seconq order behaviour at €10 i |ow hydrogen pressures and high temperatures, because at
(Fig. 8). Only hydrogenation experiment at 35bar and 180 g,ch conditions pH drop was more sevefig( 10 and catalyst
differed clearly from the other runs, because diffusion limi-jeaching increased. Also, more glucose was formed at hydrogen
tations of hydrogen started probably influence the reaction iny,or conditions. The mannitol selectivity improved slightly, as
the beginning of batch. Also, clearly more glucose was formeghe hydrogen pressure was increased and the reaction tempera-
at the hydrogenation at 35bar and T8 Under hydrogen e decreased. The sorbitol-to-mannitol ratio remained constant
poor conditions, glucose molecules are easily dehydrogenategying the entire hydrogenation time of each expeririigt. ©).
leading to gluconic acid formation. This reaction mechanismrpe mannitol selectivity at the experimental range varied from
can be explained as the so called oxidative dehydrogenatiogy 1o 6g04.
or transfer hydrogenatiof80,34] where simultaneously one |, gjjyte basic solutions fructose epimerizes to glucose
glucose molecule is dehydrogenated and other one reduced {84 mannose according to Lobry de Bruyn—van Ekenstein
sorbitol. Obviously, it is not correct to denote the reaction as

12
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Fig. 9. The effect of hydrogen pressure on the sorbitol/mannitol ratio during the

Fig. 7. Theinfluence of reaction temperature on the fructose hydrogenation rateeactions.
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reaction[24]. In these kinetic experiments, glucose was formed 100
0.3-1.9wt%, in the beginning of the hydrogenations and this
concentration remained almost unchanged towards the end of 80 |
the reaction, at hydrogenations between 90 and®C1ln fruc-

tose hydrogenations at 13@, 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-

[=2]
=]
s

conversion, %
selectivity, %

sumably hydrogenated rapidly to mannitol. L
/’ —@— 1. batch, conversion
4. Catalyst stability 20 4 —O- 4. batch, conversion
/ —&— 1. batch, selectivity
. . —37— 4. batch, selectivity
According to the direct current plasma measurements, cop- 0 . : — : :
per leaching was always minor, but severe zinc leaching was 0 50 100 150 200 250 300

observed during hydrogenations. Lower hydrogenation pressure hydrogenation time, min

and higher reaction temperature increased the amount of disig. 11. Conversion and selectivity values obtained in the deactivation study
solved zinc. It was also observed that in such conditions, theerformed at 110C and 50 bar.
pH value of the hydrogenation solution decreased more signifi-
cantly during the reactiorH{g. 10. The catalyst leaching values
at the end of kinetic hydrogenation batches are summarized ifFig. 11). The zinc leaching increased in each consecutive batch
Table 3 as the catalyst was recycletaple 3.
The CuO/ZnO catalyst was reused in four consecutive
batches to obtain information about its deactivation. Quite sub- L.
stantial decrease in the catalyst activity was observed as welt Catalyst characterization results

as slightly decreased mannitol selectivity from batch to batch . .
Catalyst reduction at 30@ reduced the specific surface area

and pore volume remarkably probably due to sintering. Recy-

7.5 . . . .
cling of the catalyst in four consecutive hydrogenation batches
70 reduced further the surface area due to the pore blockabke 4
displays the results of the nitrogen adsorption experiments.
6.5. Surface analysis (XPS) of both fresh and reduced catalyst
samples were performed. In a fresh catalyst samplé&’ @uO
T 6.0 and Cu(OH}) was the predominant Cu species. Zinc was present
e —®= 90 °C and 50 bar in two separate oxidation states, mainly as ZnO. During the cat-
5.5- —®= 110 °C and 50 bar alyst reduction procedure, €uwas fully reduced to metallic
—4~ 130 °C and 50 bar CWP. Zinc was not reduced during the catalyst activation to a sig-
5.0+ L . X nificant degree. The relative atomic ratio on the catalyst surface
- - —a was Cu/Zn=0.70 after reductioRig. 12shows a comparison
45 ‘ , ‘ , i of the oxidation states between fresh and reduced catalysts.
o 50 100 150 200 250 300 The particle size distributions of fresh, reduced and recy-
hydrogenation time, min cled catalysts were measured by Malvern 2608b{e 4. The
Fig. 10. Evolution of pH in fructose hydrogenations performed at different tem-Particle size measurements support the conclusion that metal
peratures. 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
Table 3 in four consecutive batches, most probably due to attrition. Same
Leached metals at the end of different hydrogenation batches changes in catalyst particle sizes were visible in SEM pictures
T(°C) pror (bar) Cu (mg/l) Zn (mg/l) Batch no. t0O.
90 50 16 56.7 1
110 35 1.7 314.1 1
110 50 1.8 227.0 1 Table 4
110 65 2.8 155.4 1 Results of the nitrogen adsorption and particle size distribution analysis
130 35 23 1316.8 1 Catalyst sample Fresh Reduced Recycled
130 50 1.8 467.8 1
130 65 17 350.1 1 Specific surface area @iy) 50.71 21.39 12.96
110 50 2.4 228.4 1 Pore volume (ml/g) 0.2251 0.1125 0.0900
110 50 22 267.6 2 Dsg (um) 15.1 17.6 15.6
110 50 25 311.3 3 Dio (um) 4.9 35 3.0
110 50 16 337.3 4 Dgo (um) 34.1 54.1 49.1
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steps, and the remaining ones were assumed to proceed rapidly.
In accordance with some studig23], 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 referend&9]. 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
IS 25 i UMMM | WM "3 distribution €ig. 9).
1015 1016 1017 1018 1019 1020 1021 1022 1023 1024 1025 1026 1027 1028 The fitting of the experimental data to the kinetic model
Binding energy (eV) was carried out by Modest (MOdel ESTimation) software

using a combined Simplex—Levenberg—Marquardt mefga{

The differential equations describing the mass balances of the
il organic components were solved by the backward-difference
(! method during the parameter estimati@3]. Because of the
il absence of severe external mass transfer limitations, the con-
centration of dissolved hydrogen was obtained directly from Eq.

ﬁ,’ l\m M (2). The estimation of the parameters was based on simultaneous
e e e fitting of the multiple data sets, i.e. the experiments performed at
ﬁ“ various temperatures and pressures. Based on previous knowl-
P edge, some of the parameters were fixed at certain initial values,
\ meanwhile the others were allowed to change. The following
A \ AN ! " objective function was used in data fitting:

W\q 0= Z (Ci,exp - Ci,calc)zwi (3)

930 . ea0  es0 60 where the weight factors were chosen as follows:1 for fruc-

Binding energy (eV) tose, mannitol and sorbitol, amg= 5 for glucose. Weighting was
beneficial to enhance the influence of glucose concentration in
the estimation, since it was present in considerably lower con-
centrations than the main products and the reactant. The quality
of the data fitting was controlled by using the degree of expla-
nation ®?), defined as follows:

. . 2 E (Ci,exp - Ci,modeo2
The Langmuir—Hinshelwood—Hougen—-Watson (LHHW) R” = 1- S (Ciexp— Ci Y
approach is based on the Langmuir model describing the surface HEXp i Mmea
of a catalyst as an array of equivalent sites that do not interaaethere C; meanindicates the average value of the experimental
either before or after chemisorption. Moreover, it is assumedalues.
that both reactants and products are in equilibria with surface Fig. 13illustrates the fit of the kinetic model to the experi-
species that react on the surface in rate-determining steps. Theental data in the different experiments carried out. The figures
surface coverages are correlated to the partial pressures or caeveal that the kinetic model is able to predict the experimen-
centrations in the fluid phase by means of Langmuir adsorptiotal concentrations quite well. The overall degree of explanation
isotherms. The Langmuir model is unrealistic from a theoreticabf the obtained fit, taking into account all the experiments per-
viewpoint, since the surface coverages are by no means identidalrmed, was 95.6%. As the experiment carried out at°L30
to the equilibrium values predicted by the Langmuir adsorptiorand 35bar H pressure was not included in the model, the
isotherm for reaction systems in which kinetic coupling occursdegree of explanation increased to 98.0%. Evidently the data
Despite this weakness, the LHHW kinetics has proved valuablevere not stoichiometrically consistent at I8 and 35 bar, as
for modelling heterogeneous catalytic reactions for reactor anshdicated by thd=ig. 13 The difference between the activation
process design. energies of the hydrogenation of fructose to mannitol and sor-
The surface reactions between adsorbed species, i.e. frubitol can be estimated from the values obtained in the kinetic
tose and hydrogen, were presumed to be the rate-determinimgodel Ea2— Ea1=4.1kJ/mol). The value obtained from this

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 Zslibe
for the same catalysts.

6. Kinetic modelling

(4)
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-1.20 consecutive batches. Amount of the catalyst fines increased as
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