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Kinetics Study of Sucrose Inversion Using Ion Exchange Resin
as a Catalyst

Walairat Suksamai Chalida Teerasaksakulchai Chonlasek Chankhanithiran
Santi Wattananusorn and Duangkamol Na-Ranong

Department of Chemical Engineering, Faculty of Engineering, King Mongkut’s Institute of Technology Ladkrabang

Abstract

In this work, kinetics of sucrose inversion in a packed-bed reactor using an acidic cation-
exchange resin as a catalyst was studied. The reaction was carried out over the temperature range of
40-70°C with the sucrose inlet concentration varied from 0.15 to 0.40 g of sucrose/ml of water. The
observed rate of reaction appeared to be a first order reaction with the apparent activation energy of
60.1kJ/mol. Furthermore, the experimental result shows that it should have the effect of internal mass
transfer involved in the sucrose inversion process. The estimated values of Thiele modulus at 50, 60
and 70°C are about 8.2, 11.2 and 17.9 with effectiveness factors at 50, 60 and 70°C about 0.321, 0.244

and 0.158, respectively.

Keywords: Ion exchange resin, Packed-bed reactor, Mass transfer, Kinetics

1. Introduction

The inversion of sucrose by a cation
exchange resin was has been investigated for
more than five decades [1]. Bodamer and
Kunin {2] were an early group that studied the
sucrose inversion by the hydrogen form —
acidic cation exchange resin in a batch-stirred
reactor . They reported that sulfonic resin was
much more effective in catalysing the reaction
than carboxylic one. Furthermore, they found
that inversion rate increased with decreasing
resin particle size and porosity and explained
this phenomenon by the occurrence of internal
mass transfer limiting the reaction rate. Reed
and Dranoff [3] investigated the sucrose
inversion in a fixed-bed reactor packed with
Amberlite IR-120, an acidic cation exchange
resin in hydrogen form. They reported that the
reaction was first-order with activation energy
of 15,950 cal/mol (about 67 kJ/mol). They also
reported that diffusion within resin particles
influenced the observed reaction rate while the
external mass transfer was not significant for
the observed conditions. Lifshutz and Dranoff
[4] also studied the inversion of sucrose in
fixed beds of cation exchange resin. They
observed that the reaction deviated from first-
order because of product degradation. In
addition, kinetics of sucrose inversion
catalysed by various particle sizes and shapes
of Amberite and Dowex cation exchange
resins was investigated by Gilliland et.al [5].
Their result indicated that Dowax was slightly

more active than Amberite because of its
larger pores. Moreover, in the literature,
parameters described catalytic behaviour of
resins such as effectiveness factor, Thiele
modulus, activation energy and sucrose
diffusivity ~ were  illustrated. = Effective
diffusivity of sucrose in a hydrogen form — ion
exchange resin was also estimated by Khan
and Rahman [6]. Additionally, Khan and
Rahman calculated intrinsic rate and activation
energy of sucrose inversion by eliminating the
effect of internal mass transfer from the
observed rate and activation energy. The result
showed that internal mass transfer could lower
the intrinsic activation energy with respect to
the chemical reaction by about 30%. They also
found that external mass transfer became
significant  at high  sucrose solution
concentration.

In this paper, the kinetics of sucrose
inversion using an acidic cation exchange
resin, named Lewatit MonoPlus S100, are
studied in terms of an order of reaction and
observed activation energy. Furthermore,
effectiveness factor and Thiele modulus are
estimated using some required parameters
from literature. A tubular reactor packed with
the ion exchange resin was used in this study.
The reason of using this kind of reactor is that
the main advantage over other types of reactor
is the higher conversion per weight of catalyst.
As a result, in commercial, the sucrose
inversion process via the tubular reactor using
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ion exchange resin as a catalyst should have a
lower capital cost. Moreover, the operating
cost of this kind of reactor should be lower.

2. Experimental

The ion-exchange resin used as a catalyst
in this study was a strongly acidic gelular
cation exchange resin in the sodium form
(Lewatit MonoPlus S100). Physical properties
- of the resin are illustrated in Table 1.

Table 1. Physical properties of the resin.

Mean bead size (mm) 0.58
Bulk density (g/1) 820
Operating pH range 0-14
Max. operating temp. (°C) 120

Before packing in the reactor, the resin
was regenerated by passing 1000 ml of 8 %v/v
of hydrochloric acid aqueous solution through
the resin and then flowing deionised water
through the resin until pH of the effluent water
was about 7. After the regeneration, the resin
was changed into hydrogen form and therefore
capable to catalyse the sucrose inversion.

Sucrose solutions were prepared by
dissolving required proportional commercial
grade sugar (Mitrphol) in de-ionised water.
The exact composition of the sucrose solutions
were analysed by a high performance liquid
chromatograph (HPLC) with a refrective index
detector (RI 150). _

Figure 1 shows a schematic diagram of
the experimental apparatus used in this study.

Fig. 1.. Schematic diagram of the experimental apparatus.
(1) Reactant container, (2) Pump,(3) Reactant
pretreated column, (4) Copper coil, (5) Packed-bed
reactor, (6) Temperature controlled water bath,

(7) Product container.

The sucrose solution was pumped through
the pretreated column containing the ion-
exchange resin in order to remove impurity
ions in the solution. Then, the solution was
passed through a copper coil immersed in a

temperature controlled water bath to heat the
solution up to the required temperature. After
that, the sucrose solution was fed into a
packed-bed reactor made from a 'z-inch i.d.
stainless steel tube packed with the ion-
exchange resin. The reactor was also
immersed in the water bath. Finally, the
reactor effluent was collected in a beaker.

The experiments were carried out at 40,
50, 60 and 70°C with the sucrose solution
concentration of 0.17 and 0.35 g of sucrose/ml
of water and feed rate varied from around 2.5
to 7 ml/min. The composition of reaction
products was analysed by HPLC.

3. Results and discussion
The sucrose inversion reaction can be
expressed as follows:

CHOH CH,OH

HOCH:z OH

0,

HO,
+
" CHOH

OH

Sucrose Fructose Glucose

To estimate the order of reaction, the rate
of reaction was assumed to be in the form of
Equation (2).

== fC ] )

According to Eq. (2), the relationship
between the conversion of sucros¢ (X ) and
space time (7 ) with respect to zeroth-, first-
and second-order kinetics (2 = 0, 1 and 2) can
be expressed as in Egs. (3), (4) and (5),
respectively.

koo
X =—-1X,=—1 (3
Czo
50
n () =kt (4)
1 ¥ -3
T =kl (5)

Typically, an order of reaction is
estimated by finding a plot of proper function

of X X, versus 7 that provides linear relation.
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Here, the functions of X, ie. X,
Infl/(1- X, )] and 1/(1- X ), corresponding

to zeroth-, first- and  second-order,
respectively, were considered. The plots of

zeroth-order relation (X | X vs. 7), first-order
relation (Inll/ (1 ~X_,)| vs. 7) and second-

order relation (1/ (l -X :) vs. T) are shown in
Figs. 2, 3 and 4, respectively.

0.7
0.6 b o
0.5 ®
0.4 ©
o A
=3 o A
0.3
@)
02 T
£ ¢ ¢ ’
0.1 Q 0
5 8
0 2 4 6 8

T, min
Fig. 2. Zeroth-order plot for 0.17 g of sucrose/ml of
water at (0) 40°C, (A)50°C, (0) 60°C and
(o) 70°C and 0.35 g of sucrose/ml of water at
(®) 40°C, (A)50°C, (4)60°C and (m)70°C.

3.0
2.5 4 .o
2.0 ®
O
- 1.5 A (o) PR
7 @
T 1.0 @ % ™
-
£0.5
0-0 T T T
0 2 4 6 8
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Fig. 3. First-order plot for 0.17 g of sucrose/ml of water
at (0) 40°C, (A) 50°C, (¢) 60°C and (o) 70°C and
0.35 g of sucrose/ml of water at (#) 40°C, (A)
50°C, (¢#) 60°C and (m) 70°C.

As seen in the figures, at each reaction
temperature and sucrose inlet concentration,
almost all plots corresponding to zeroth-, first-

and second-order relation seem to be linear.
This means that we cannot identify the order
of reaction from this method. Therefore, here
in this work, the order of reaction was
determined from the concept that, at each
reaction temperature, the rate constant, k, must
be the same even the sucrose inlet
concentration is changed.

1.2
1.0 A ®
@]
5 0.8 1
5 °
-
I 0.6 A ')
zZ A
0.4 ® A
O
0.2 1 Q Q Q
g a o
0.0 T =T T T
0 2 4 6 8
T, min

Fig. 4. Second-order plot for 0.17 g of sucrose/ml of
water at (0) 40°C, (A) 50°C, (0) 60°C and -
() 70°C and 0.35 g of sucrose/ml of water at
(9) 40°C, (A)50°C, (¢) 60°C and (m) 70°C.

Theoretically, based on Eq. (3), if we
assume that the reaction is in zeroth order, the
ratio of the slope of the zeroth-order plot (X
vs.7 ) corresponding to the sucrose inlet
concentrations of [C, ]1 and [C., ]2 should be

expressed as in Eq. (6).

Slopeof the 0™ — order plot k
atsucroseinlet concentraion of [CJ0 ]1 B [Cso ]1
Slopeof the 0™ — order plot -k

at sucroseinlet concentraton of [Cso ]2 [CSO

In the similar way, the ratios of the slope
of the first- and second-order plots of the

sucrose inlet concentrations of [C:0 ]1 and

[Cso]2 should follow Egs. (7) and (8),
respectively.
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1

Slopeof thel* — order plot

at sucroseinletconcentration of [C’so]1 k

Slopeof the1* — order plot k

at sucroseinlet concentration of [C:O ]2
=1
)

Slopeof the 2™ — order plot

at sucroseinlet concentration of [C, ]1 kc., ]l

Slopeof the 2™ — order plot k[CJO ]2
at sucroseinlet concentration of [C 50 ]2
& [CsO ]1
[CSO ]2
®)

In this work, the experiments were
performed  with  two  sucrose inlet
concentrations i.e. 0.17 and 0.35 g of
sucrose/ml of water. This means that if the
reaction is in zeroth order, the ratio of the
slope in Eq. (6) should equal to 2.06 while the
ratios in Eq. (7) for first-order assumption and
Eq. (8) for second-order assumption should be
equivalent to 1 and 0.49, respectively.

From the experimental results, the
estimated slopes and ratios of slopes of the
zeroth- first- and second-order plots in Figs.
(2) — (4) are shown in Tables 2, 3 and 4
respectively.

Table 2. Slopes and ratios of slopes of the zeroth-order
plots.

Slope [m! H,O/g sucrose/min] of
T the zeroth-order plot at the sucrose | Ratios
©C) inlet concentration of of
0.17 g sucrose/ 0.35 g sucrose/ | slopes
ml H,0 ml H,0
40 0.021 0.021 1.000
50 0.028 0.027 1.037
60 0.057 0.066 0.864
70 0.094 0.084 1.119
Table 3. Slopes and ratios of slopes of the first-order
lots.
Slope [ml H,0O/g sucrose/min] of
T the first-order plot at the sucrose Ratios
C) inlet concentration of of
0.17 g sucrose/ 0.35 g sucrose/ | slopes
ml Hzo ml Hzo
40 0.022 0.023 0.957
50 0.033 0.031 1.065
60 0.079 0.088 0.898
70 0.169 0.166 1.018

Tabled4. Slopes and ratios of slopes of the second-

order plots.

Slope [ml H,O/g sucrose/ min] of

the second-order plot at the sucrose | Ratios
T - .
C) inlet concentration of of

0.17 g sucrose/ 0.35 g sucrose/ | slopes

ml H,O ml H,0

40 0.023 0.025 0.920
50 0.038 0.035 1.086
60 0.112 0.119 0.941
70 0.314 0.332 0.946

As mentioned above, the ratio of slopes of
the plots obtained from the experimental data
should match with the ratios of slopes
calculated from Eqs. (6) — (8), i.e. the ratio of
slopes of zeroth-order plot should be close to
2.06, if the reaction is in zeroth order while the
ratio of slopes of first-order plot should be
approximately 1, if the reaction is in first
order. In the case that the reaction is in second
order, the ratio of slopes of second-plots
should be about 0.49.

By considering the results in Tables 2, 3
and 4, we found that the ratios of slopes of the
plots that mostly match with the theoretical
value are the result of the first-order plot (the

. ratio of slopes in every temperature is close to

unity). This means this reaction should be the
first-order one which is in agreement with the
result of Reed and Dranoff [3].

From the first-order relation in Eq. (4),
the rate constant data at each reaction
temperature and sucrose inlet concentration
can be obtained from the slope of the plot
shown in the second and third columns of
Table 3. Therefore, the activation energy
corresponding to the sucrose inversion can be
determined from the slope of the Arrhenius
plot as in Fig. 5. It can be seen that the data
corresponding to the inversion of 0.17 and
0.35 g of sucrose/ml of water are not
significantly ~different’ which means the
activation energy is not dependent on the
initial concentration of sucrose. This is in
perfect agreement with theory i.e. a reaction
rate constant only depends on temperature.
Hence, we can say that the experimental data
are reliable. The activation energy obtained
from this plot is about 60.1 kJ/mol. Gilliland et
al. [5] studied the kinetics of sucrose inversion
using Dowex 50-X8, acidic cation exchange
resin in the hydrogen form. They reported that
the activation energy calculated from the
overall rate constant of sucrose inversion using
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the resin bead diameter of 0.55 mm as a
catalyst was about 75 kJ/mol. We can see that
the activation energy reported by Gilliland et
al. is higher than that in this work. The lower
activation energy should be explained by the
difference in physical properties such as
particularly resin bead size and porosity [2, 5].
However, the size of resin used in this work is
not considerably different from that of the
resin used in Gilliland et al. work. Therefore,
we assume that, in comparison with Gilliland
et al. work, the lower activation energy
observed in this work may be affected by less
porosity of Lewatit Mono Plus S100. To prove
this assumption, the porosity of Lewatit Mono
Plus S100 and Dowex 50-X8 should be further
measured and compared.

0
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Fig. 5. Arrhenius plot of observed rate constants in the
inversion of (¢) 0.17 g of sucrose/ml of water and
() 0.35 g of sucrose/ml of water.

To verify the effect of mass transfer on
the reaction as reported by many researchers
[2-6], the rate of reaction was measured at
different sucrose feed flowrates (varied from 2
— 6 g/min) with the fixed space time of 2.19
min. The results are illustrated in Fig. 6. It
seems that the reaction rate increases with
increasing the feed flowrate. This should be
because over this range of mass flowrate, it
still has mass transfer effect involving in the
reaction rate and hence, confirming the results
from literature.

Since  particle  Reynolds  number

(D,up / M Dyup/u) with respect to this work
was very low i.e. varied from 0.06 — 0.30,

external mass transfer effect should not be
important [3, 5]. Therefore, the majority of

mass transfer influencing the reaction rate
should be by pore diffusion.

o = = g
to ) o o
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Fig. 6. Effect of mass flowrate of sucrose on observed
reaction rate.

Thiele modulus (¢) ‘and effectiveness
factor (77), the parameters that describe the
catalyst behaviour can be estimated from the
following equations.

X ki
o-rfo=r ko

3T 1 17 3 1 1
=l =5 g ) 0

However, due to a lack of data of intrinsic
reaction rate constant (k,) and sucrose

effective diffusivity (D), Thiele modulus is
unable to calculate directly from Eq. (9).
According to the assumption of Gilliland et al.
l.e. in the case that the effective diffusivity of
sucrose with the resin as well as intrinsic rate
constant are unknown and the former
parameter does not depend on the resin bead
size, the relationship between Thiele modulus
and resin bead radius of two bead sizes can be

- calculated from the following equation.

4R

(11
b R
Therefore, by using data of Dowex 50W-
X8 [5], the ion exchange resin which has the
functional group and physical properties close



48

Fenansananseile 19 26 alfufl 2 Iquieu 2552

to the resin used in this work, the Thiele
modulus with respect to the resin in this work
at 50, 60 and 70°C should be about 8.2, 11.2
and 17.9, respectively. With these values of
Thiele modulus, the effectiveness factors
calculated from Eq. (10) at 50, 60 and 70 °C
are 0.321, 0.244 and 0.158, respectively.

4. Conclusion

The sucrose inversion within the cation
exchange resin named Lewatit Mono Plus
S100 were investigated in this work. From the
experimental data, the observed reaction rate
appeared to be first order with the observed
activation energy of 60.1 kJ/mol. The evidence
of internal mass transfer effect was illustrated
to support the conclusion reported by several
investigators. With some required data from
the literature, Thiele modulus with respect to
Lewatit Mono Plus S100 at 50, 60 and 70°C
were estimated to be 8.2, 11.2 and 17.9. The
effectiveness factors were also estimated form
Thiele modulus. At 50, 60 and 70 °C, the
calculated effectiveness factors were 0.321,
0.244 and 0.158, respectively.
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6. Nomenclature

C, = concentration of sucrose, g/ml
C.a initial concentration of sucrose
D = effective diffusivity, cm?/s

D ,Dp = diameter of resin bead, mm
k = observed rate constant

k; = Iintrinsic chemical rate constant
n = order of reaction

R_ = radius of resin bead, mm

-]

observed reaction rate, g/ml/min
fluid velocity, cm/s
= conversion of sucrose

= space time, min
effectiveness factor

= Thiele modulus
= sucrose solution viscosity, P

= sucrose solution density, g/ml
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