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three-phase hydrogenation of D-fructose, D-xylose and D-lactose. Mathematical modelling
including reaction, mass transfer and catalyst deactivation was successfully applied.

typical way to produce alternative sweeteners is to

hydrogenate an aldehyde or a ketose to the corre-

sponding polyol, such as catalytic hydrogenation of

D-xylose to xylitol, D-fructose to mannitol/sorbitol and
D-lactose to lactitol. On paper, these reactions are simple, and
they can schematically be written as:

S OH
RC-H+Hz — R-CH
H

However, the pattern is complicated by several factors. The sugar
molecules to be hydrogenated mutarotate in aqueous solutions
thus co-existing as acyclic aldehydes and ketoses and as cyclic

Devoted to prof. Elio Santacesaria in honour of his 65t birthday and of

his constant contribution to innovative new processes development in
industrial chemistry.
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pyranoses and furanoses, reaction kinetics are complicated and
involve side reactions, such as isomerization, hydrolysis and oxida-
tive dehydrogenation reactions. Moreover, catalysts deactivate
and, last but not least, external and internal mass transfer limita-
tions might interfere with the kinetics, particularly under industrial
circumstances.

Several solid catalysts have been studied, depending on the partic-
ular process. For instance, for hydrogenation of xylose and lactose,
various Ni and Ru catalysts work well, while Cu based catalysts give
high mannitol selectivity in the hydrogenation of fructose. Catalytic
hydrogenation is typically carried out in slurry reactors, where finely
dispersed catalyst particles (<100 um) are immersed in a dispersion
of gas and liquid. It has, however, been demonstrated that contin-
uous operation is possible, either by using trickle bed [1] or mono-
lith technologies. Elevated pressures and temperatures are needed
to have a high enough reaction rate. On the other hand, too high a
temperature impairs the selectivity of the desired product, as has
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Table - Processes and catalysts for
production of artificial sweeteners

Educt Product Catalyst Conditions

Fructose  Mannitol sponge Ni, Cu  100-130 °C, >40 bar
Sorbitol

Glucose  Sorbitol Ru, sponge Ni  100-130 °C, >40 bar

Lactose  Lactitol sponge Ni, Ru  110-120 °C, >40 bar

Xylose Xylitol sponge Ni, Ru  100-120 °C, >40 bar

been demonstrated by Kuusisto et al. [2]. An overview of some fea-
sible processes and catalysts is provided by Table above.

In any case, a rational scale up of a production process should be
based on correct stoichiometric and kinetic model, as discussed
by many authors [3, 4]. Moreover, kinetics is exciting per se, since
it yields valuable information about the underlying reaction mecha-
nisms [5]. Thus it is very important that the kinetic information is
not obscured by catalyst deactivation and mass transfer effects. To
obtain correct stoichiometric information is a challenge itself in
case of artificial sweeteners, since by-products typically appear in
low concentrations (below 1 weight-%) in concentrated environ-
ment (the concentrations of reactant and main product being typ-
ically 20-60 weight-%). Thus very precise high-pressure liquid
chromatography (HPLC) is typically used, and the work is com-
pleted with NMR-analysis [6].

Internal and external mass transfer limitations in porous catalyst
layers play a central role in three-phase processes. The governing
phenomena are well-known since the days of Thiele [7] and Frank-
Kamenetskii [8], but transport phenomena coupled to chemical
reactions is not frequently used for complex organic systems, but
simple - often too simple - tests based on the use of first-order
Thiele modulus and Biot number are used. Instead, complete
numerical simulations are preferable to reveal the role of mass and
heat transfer at the phase boundaries and inside the porous cata-
lyst particles.

In the presence of organic components, catalyst deactivation due
to poisoning and fouling retard the activity and suppress the selec-
tivity with time. At elevated reaction temperatures, sintering of the
catalyst can take place. Thus it is important to obtain reliable mod-
els for catalyst deactivation and to investigate, whether it is possi-
ble to decouple the deactivation model from the kinetic model or
is it necessary to treat the catalyst deactivation as one of the sur-
face reactions on the catalyst [9]. Production of artificial sweeten-
ers is often carried out in batch and semi-batch reactors, which
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imply that time-dependent, dynamic models are required to obtain
a realistic description of the process.

In the current paper, we demonstrate the pathway from stoichio-
metric and kinetic studies to investigation of catalyst deactivation
and transport phenomena. By applying systematic experimenta-
tion and mathematical modeling, the manufacture of sweeteners
becomes la dolce vita with growing industrial interest.

Modelling porous catalyst particles

Reaction, diffusion and catalyst deactivation in porous particles is
considered. A general model for mass transfer and reaction in a
porous particle with an arbitrary geometry can be written as fol-
lows:

! S!
£= g'l[r}pp _rS d Nir ] (1)

where the component generation rate () is calculated from the
reaction stoichiometry

r=>v,Ra, @
7

where R; is the initial rate of reaction j and g; is the corresponding
activity factor.

The catalyst activity factor (a) is time-dependent. Several models
have been proposed in the literature, depending on the origin of
catalyst deactivation, i.e. sintering, fouling or poisoning (8). The fol-
lowing differential equation can represent semi-empirically different
kinds of separable deactivation functions

L ko -a)

where K is the deactivation parameter and & is the asymptotic
value of the activity factor - for irreversible deactivation, a*j:O.
Depending on the value of the exponent (n), the solution of eq. (3)
becomes

_ P =kt
aj—a1+(aw j}e (4a)

and

|
a, =.t:;t;+((a,:,—a.)"_l:'i:;.(.rz—l}‘]ﬁ ,n#l (4b)

Some special cases of eq. (4) are of interest: for irreversible first
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(n=1) and second (n=2) order deactivation kinetics we get a; = e’
and g = agf(1 + agi’t) respectively.

In case that the effective diffusion coefficient approach is used for
the molar flux, it is given by N; = -Dg(dc/dr), where Dg=(e,/T,)Dpy
according to the random pore model. A further development of eq.
(1) yields

de, d’c, s de,
—_—Ll = Ra +D. Lof—m—~L
df E.b' [‘ﬂp‘zv‘} Ja.l' + BI[ drE F df' ]] (5)
The boundary conditions of eq. (5) are
dr'-f
et Y
ar (6a)
atr=0and
de,
Dﬂ-[ - J = ku(cf - [R)] (6b)
dt P_R

at r = R, where ¢ is the bulk-phase concentration of the compo-
nent. The initial condition at t=0 is ¢(r)=ci, i.e. equal to the bulk-
phase concentration.

The molecular diffusion coefficients in liquid phase were estimated
from the correlations Wilke and Chang [10] for organic solutions
and Hayduk and Minhas [11] for aqueous solutions, respectively.
The solvent viscosities needed in the correlations were obtained
from the empirical equation based on the experimental data,
Inm/cP) = A + B/T, where the parameters A and B are experimen-
tally determined constants. Spherical particles (s=2), were used in
the experiments. Hydrogen solubility in the organic reaction mix-
ture was obtained from correlation of Fogg and Gerrard [12],
In(x"y,) = A + B/T, where x*,, is the mole fraction of dissolved
hydrogen in equilibrium, and A and B are experimentally deter-
mined constants. For aqueous sugar solutions, a correlation equa-
tion proposed by Mikkola et al. [13] was used.

The liquid-solid mass transfer coefficient was estimated from the
correlation provided by Temkin et al. [14]. The method is based on
the estimation of Sherwood number (Sh), starting from Reynolds
(Re) and Schmidt (Sc) numbers

Sh, = aRe” Sc’ (7)

where Sh=k ;d/D. Reynolds number is calculated by using the tur-
bulence theory of Kolmogoroff

173
Re, =[£§] ®)

v
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and Schmidt number is defined as Sc=v/D. The experiments of
Hajek and Murzin [15] have shown that the dissipated energy can
in many cases be clearly less than the energy imposed by the stir-
rer of a slurry reactor. An analogous approach was applied on the
calculation of the gas-liquid mass transfer coefficient of hydrogen

(k-

Catalytic reactor model

For a semi-batch stirred tank reactor, the model was based on the
following assumptions: the reactor is well agitated, so no concen-
tration differences appear in the bulk of the liquid; gas-liquid and
liquid-solid mass transfer resistances can prevail; and finally, the
liquid phase is in batch, while hydrogen is continuously fed into the
reactor. The hydrogen pressure is maintained constant. The liquid
and gas volumes inside the reactor vessel can be regarded as
constant, since the changes of the fluid properties due to reaction
are minor. The total pressure of the gas phase (P) as well as the
reactor temperature were continuously monitored and stored on a
PC. The partial pressure of hydrogen (py,) was calculated from the
vapour pressure of the solvent (pVF) obtained from Antoines equa-
tion (pVPY9) and Raoult’s law:

¥P ¥
P = PN )
The volatilities of the reactive organic components were negligible
under the actual experimental conditions.

A general mass balance for an arbitrary liquid-phase component in
the stirred tank reactor is thus written as follows

dn

NiAp:NGuAﬂL"'j (10)

i.e. the fluxes (N, Ng)) negative for reactants but positive for prod-
ucts. Introduction of the liquid-phase concentration (n=c\V,),
assuming a constant liquid-phase volume, and introducing the
quantities ap=Ap/V| and ag =Ag /V, gives after some rearrange-
ment:

de
?;= @, —Neydg (11)

The initial condition is c=¢,(0) at t=0. The flux at the particle surface
is given by (see eq. 6b)

N, =k {‘-'i —& (R}) (12)

while the flux at the gas-liquid interface is estimated from the two-
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film theory resulting in the expression

N — cgu _K.'C.:J
K 1 (13)
k, kg

In the actual case, this expression is used for hydrogen only, since
the volatilities of organic reactants and products were negligible,
and thus Ng =0 for the organics.

The concentration of hydrogen in gas phase was obtained from
the ideal gas law, cH2=pH2/(RT), and the equilibrium ratio of hydro-
gen (Kyp) was calculated from the equilibrium solubility (X' N [12)
and Henry’s law:

Pu,

K = .—
% Xy Cror RT (14)

where Cror =1/M,.
The partial differential equations describing the catalyst particle
were discretized with central finite difference formulae with respect
to the spatial coordinate. Typically about 9 discretization points
were used for the particle. The ordinary differential equations
(ODEs) created were solved with respect to

was applied for product analysis. The experimental details are
reported in previous papers of our group, e.g. by [2, 6, 13].

Product distribution analysis - stoichiometry

Preliminary product distribution plots were prepared based on
experimental data representing intrinsic kinetics. The following
facts were revealed from lactose hydrogenation: the dominant
main product on Ni- and Ru catalysts is lactitol, while some lactu-
lose and lactitulitol are formed through a consecutive route. In
addition, formation of sorbitol and galactitol was noticed. They can
principally originate either from a hydrolysis-hydrogenation route of
lactose (lactose gives glucose and galactose which are hydro-
genated to sorbitol and galactitol) or from hydrolysis of lactitol.
After a very precise HPLC analysis, lactobionic acid was detected,
but it was partially hydrogenated away. For xylose hydrogenation
on Ni and Ru, the picture was simpler: the main product was xyli-
tol, but in the lack of hydrogen, considerable amounts of the iso-
merization product, xylulose was formed, which was further hydro-
genated to arabinitol and xylitol. For fructose hydrogenation on Cu
based catalysts, a parallel reaction scheme was evident: both sor-

time together with the ODEs of the bulk

[-arahimitel
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Fig. 1 - Reaction schemes for hydrogenation of D-fructose, D-xylose and D-lactose
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bitol and mannitol were formed, the selectivi-
ty remaining constant during the reaction.
Preliminary kinetic analysis revealed that the
reactions mentioned for various sugars were
close to first order with respect the organic
reactant, whilst the reaction order with
respect to hydrogen varied between 0.5 and
2.2, being 0.7 for hydrogenation of lactose on
sponge nickel and about 2 for fructose hydro-
genation on CuO/ZnO. The proposed reac-
tion schemes are collected in Fig. 1.

Rate expressions based on the principle of an
ideal surface, rapid adsorption and desorption,
but rate-limiting hydrogenation steps were
derived. The competitiveness of adsorption and
the state of hydrogen on the catalyst surface
has been the subject of intensive discussions in
the literature (see e.g. [4]), but in this case we
remained with the simplest possible model,
non-competitive adsorption of hydrogen and
organics along with molecular adsorption of
hydrogen. Previous comparisons [4] have
shown that this approach gives an adequate
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Fig. 4 - External mass transfer resistance - xylose hydrogenation to xylitol and by-products

description of the kinetics, with a minimum number of adjustable
parameters. Sample fits are provided by Fig. 2. A thorough compar-
ison of experimental data with modeling results indicated that the
model for intrinsic kinetics is sufficient and can be used for simulation
of the reaction-diffusion phenomena in larger catalyst particles.
Some simulation results for large catalyst particles (lactose hydro-
genation) are provided by Fig. 3. As the figure reveals, the process
becomes easily diffusion-limited, not only by hydrogen diffusion
but also that of the organic educts and products. For particles with
diameters more than 0.03 mm, diffusion resistance is visible. This
is valid not only for the main components, such as lactose and lac-
titol, but also for by-products, such as lactulose and lactulitol. The
effect of deactivation is illustrated in lower part of Fig. 3, where the
concentration front moves towards the centre of the particle, since
the outer layer of the particle deactivates. As the reaction pro-
gresses to high conversions, the role of diffusion resistance dimin-
ishes, because all of the reaction rates become low.

For ‘small’ catalyst particles used in sugar hydrogenation (slurry
reactors), one would intuitively conclude that the system is safely
on the kinetic regime. The simulation results obtained for sugar
hydrogenation strongly suggest that this is not the case. The

Dolcificanti alternativi: la dolce vita

organic molecules are large, having molecular diffusion coefficients
of the magnitude 4.0-10-° m2/s. The porosity-to-tortuosity factor
can be rather small (<<0.5), thus the effective diffusion coefficient
becomes small, and internal diffusion resistance becomes an
important factor.

In addition, external diffusion resistance is often a crucial factor in
sugar hydrogenation: due to inappropriate stirrer design and high
viscosity, the risk for lack of hydrogen in the liquid phase is high. A
simulations of the hydrogen content in the liquid phase indicated
that a complete saturation is achieved at high conversions, while the
hydrogen concentration is below saturation in the beginning of the
experiment. By increasing the stirring efficiency, the k -values can be
improved and the role of external mass transfer resistance is sup-
pressed. The hydrogen concentration in the liquid phase plays a cru-
cially important role for the production: in the case of external mass
transfer limitation of hydrogen, the isomerisation reaction yielding
xylulose, which does not need any hydrogen, is favoured (Fig. 4).

Conclusions
Alternative sweeteners are produced from natural, renewable raw
materials. These kind of sweeteners are not only harmless for human

In questo lavoro viene studiata I’idrogenazione catalitica in sistemi trifasici di materie prime naturali (D-fruttosio, D-xilosio e D-lattosio) per la
produzione di dolcificanti. E riportato un modello matematico in grado di descrivere con successo la reazione, il trasferimento di materia e la

disattivazione del catalizzatore.
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health, but they possess health-promoting properties. We have pre-
sented kinetic models and general reaction-diffusion-deactivation
models for porous catalyst particles in stirred semi-batch reactors
applied to production of alternative sweeteners, such as mannitol,
xylitol and lactitol. The case studies revealed that both internal and
external resistances can considerably affect the rate and selectivity of
the process. To get the best possible performance of industrial reac-
tors, it is necessary to use this kind of simulation approach, which
helps to optimize the process parameters, such as temperature,
hydrogen pressure, catalyst particle size and the stirring conditions.
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Notation

catalyst activity factor

catalyst particle mass transfer area to reactor

volume relation

gas-liquid mass transfer area to reactor
volume relation

mass transfer area

concentration

diameter

effective diffusion coefficient

rate constant,

mass transfer coefficient

gas-liquid equilibrium constant

molar amount

flux, mol/m?2s

partial pressure

total pressure

=

component reaction rate

radius, m

reaction rate

gas constant 8.3143 J/molK

catalyst particle shape factor

time, min

mole fraction

porosity

specific mixing power

catalyst particle density

kinematic viscosity

viscosity (in cP)

Re

Reynolds number

Sc

Schmidt number

Sh

Sherwood number

Subscripts and superscripts

b bulk property

G gas phase

i component index
j reaction index

L liquid phase

catalyst particle property

*

equilibrium condition
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