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Abstract - Lactobionic acid has a number of applications, such as in cosmetic formulations and detergents, as 
well as in the medical field, where it is used for the preservation of organs destined for transplantation. 
Previous studies have reported that a promising alternative procedure for the production of lactobionic acid is 
the biotechnological route, using permeabilized cells of Zymomonas mobilis to produce sorbitol and 
lactobionic acid from fructose and lactose. However, the acid produced during the process accumulates in the 
reaction medium, causing enzyme deactivation. It was found that this problem can be avoided by coupling an 
electrodialysis unit to the reaction vessel, resulting in efficient removal of the acid from the reaction medium 
and improved the stability of the enzyme. These tests employed a synthetic mixture containing lactobionic 
acid, sorbitol, lactose, and fructose, and a factorial design was performed to identify the most influential 
variables. The NaCl concentration in the concentrate stream, together with the potential difference, exerted 
the greatest effects on the rate of removal of lactobionic acid. In all experiments, the removal efficiency 
exceeded 95%. The best conditions for the system investigated were a potential of 60 V, and NaCl 
concentrations of 3 and 25 g L-1 in the concentrate stream and the electrode compartment, respectively. 
Keywords: Electrodialysis; Zymomonas mobilis; Lactobionic acid; Experimental design. 

 
 
 

INTRODUCTION 
 

The use of lactobionic acid in cosmetic formula-
tions is already established. Another potential appli-
cation based on its biodegradability and lack of tox-
icity is the use in the manufacture of substances with 
surfactant properties, such as detergents. Neverthe-
less, the greatest commercial application is in the 
medical field, as the main constituent of fluid for 
organ preservation during the procedure of trans-
plantation. Lactobionic acid is obtained industrially 
by dehydrogenation of the lactose using a metallic 
catalyst (Splechtna et al., 2001; Dhariwal et al., 
2006; Paul and Patrick, 2009; Pedruzzi et al., 2011; 
Severo Júnior et al., 2011; Malvessi et al., 2013).  

Recent studies have shown some alternatives for 
the production of lactobionic acid, as for example, 
biotechnological and electrochemical processes, both 
still in development (Miyamoto et al., 2000; Splechtna 
et al., 2001; Dhariwal et al., 2006; Severo Júnior et 
al., 2011; Malvessi et al., 2013). According to Jonas 
and Silveira (2004), a promising route for production 
of lactobionic acid is from lactose and fructose by 
enzymatic catalysis using permeabilized cells of Zy-
momonas mobilis. The enzyme glucose fructose oxi-
doreductase (GFOR) produced only by the bacterium 
Zymomonas mobilis is capable of promoting simul-
taneously the oxidation of aldoses to their respective 
aldonic acids and the reduction of ketoses to their 
respective polyols (Zachariou and Scopes, 1986). 
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Natural substrates of GFOR are fructose and glu-
cose. However, the aldonic acid resulting from this 
catalysis is gluconic acid, which is a low market 
value product. Lactobionic acid, on the other hand, 
is much more valuable, rendering its production   
by Zymomonas mobilis very attractive (Jonas and 
Silveira, 2004).  

Just as important as the synthesis step is the 
downstream processing, that can have an enormous 
impact on the product final price. Conventional sepa-
ration techniques include precipitation, ion ex-
change, among others. A more recent process is 
electrodialysis, which employs an electrical gradient 
to promote the separation of ionic species. In addi-
tion to accomplishing separation without adding 
chemicals to the medium, electrodialysis allows the 
continuous separation of the ionic product, which 
can contribute to increased conversion and avoid 
enzyme inactivation by accumulation of product in 
the reaction medium (Furlinger et al., 1998; Ferraz et 
al., 2001). 

Ferraz et al. (2001) evaluated the production and 
simultaneous separation of sorbitol and gluconic acid 
by an electrodialysis unit coupled to a membrane 
bioreactor containing permeabilized and immobi-
lized cells of Zymomonas mobilis. The results pre-
sented by these authors showed that the electrodialy-
sis unit coupled to the bioreactor allowed an efficient 
removal of gluconic acid from the reaction medium, 

as well as an improvement in the stability of the en-
zyme, without reduction of the reaction rate, even 
after 60 hours of reaction. In addition, several studies 
reported in the literature show that this process offers 
considerable economic potential for the recovery and 
production of organic acids including citric acid, 
fumaric acid, and galacturonic acid (Novalic et al., 
2000; Choi et al., 2002; Tongwen and Weihua, 2002; 
Bélafi-Bakó et al., 2004; Mólnar et al., 2009; Mólnar 
et al., 2010). 

Thus, this work aims at evaluating the removal of 
lactobionic acid from synthetic mixtures containing 
sorbitol, lactose and fructose by electrodialysis, based 
on factorial design, to verify the feasibility of the in-
tegration of this step with a bioreactor containing 
permeabilized cells of Zymomonas mobilis. 
 
 

MATERIALS AND METHODS 
 

The electrodialysis unit comprises 9 compart-
ments of acrylic, separated by anionic and cationic 
exchange membranes alternately, with a total effec-
tive area of 226.2 cm2, as shown in Figure 1; this unit 
was constructed in-house. The electrodialysis unit is 
composed of 4 pairs of cells, with 4 cationic exchange 
membranes (CR 67 HMR-412, Ionics) and 4 anionic 
exchange membranes (AR 204 SZRA-412, Ionics), 
placed alternately and 7 mm apart from each other. 
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Figure 1: Schematic representation of the electrodialysis unit used in the 
experiments. The feed (1) was pumped to the compartments 5, 7 and 9, where 
the non-ionic compounds remained in the dilute stream (2), while lactobionic 
acid was removed from the compartments 4, 6, 8 and 10, coming out in the 
concentrated stream (12) for the product tank (15). A continuous current 
power supply (16) applied the voltage to the carbon electrodes (13 and 14), 
immersed in the compartments of the electrolytic solution (3 and 11). 
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According to Figure 1, the feed (1) containing the 
synthetic solution of fructose, lactose, sorbitol and 
lactobionic acid (total volume of 150 ml) was pumped 
into channels 5, 7 and 9. Because fructose, lactose 
and sorbitol have no electric charge, they are not 
attracted by the electrodes, coming out in the dilute 
stream (2), while the lactobionic ion and the hydro-
gen ion permeate through the anion exchange mem-
brane and through the cation exchange membrane, 
respectively, towards compartments 4, 6, 8 and 10, 
coming out in the concentrated stream (12) and being 
collected in the tank (15). This separation occurs due 
to the electrical potential difference applied to the 
electrodialysis unit by carbon electrodes (13 and 14) 
using a continuous current power supply (16) from 
Instrutherm, model FA-3050. 

To evaluate the removal of lactobionic acid, a 
factorial design was employed having as independent 
variables the potential difference (or voltage), the 
NaCl concentration in the electrode compartment 
and in the concentrated stream. Table 1 shows the 
levels of the variables used. The voltage ranged from 
20 V to 60 V. The use of voltages lower than 20 V is 
not efficient to remove the acid in this system. The 
limits of the others variables were chosen based on 
results obtained in preliminary tests. 

A factorial design type 23 with 3 central points 
and 6 axial points was chosen, showed in Table 2, 
and the dependent variable was the specific re-
moval rate of the lactobionic acid (g.min-1.m-2). 
Equations (1) to (3) represent the normalized variables, 

normV (voltage), _
norm
NaCl elC  (NaCl concentration in the 

electrodes compartment), norm
NaClC  (NaCl concentration 

in the concentrated stream). 
 

40
11.91

norm VoltageV −
=             (1) 

 

_
_

100
45

NaCl elnorm
NaCl el

C
C

−
=            (2) 

 
1.512

0.893
norm NaCl
NaCl

CC −
=             (3) 

 
All experiments were carried out at 30°C and at a 

flow rate of 20 l.h-1 using 150 ml of synthetic solu-
tions of lactose (40 g L-1), fructose (20 g L-1), sorbi-
tol (5 g L-1) and lactobionic acid (10 g L-1) (Sigma 
Aldrich, 99%, all the reagents). The lactobionic acid 
concentration was monitored indirectly by the feed 
conductivity (Quimis conductivimeter). 
 
 

RESULTS AND DISCUSSION 
 

Figures 2 to 5 show the removal curves of lacto-
bionic acid as a function of the time for all experi-
ments performed. Table 2 shows the values of the 
specific removal rate of lactobionic acid, calculated 
from the derivative of the curves at 90% removal. 
The observed removal rates varied from 0.58 to 1.48 
gacid.min-1.m-2, and in all experiments it was possible 
to remove more than 95% of lactobionic acid in less 
than 2 hours. Figures 2 and 3 show experiments 1-4 
and 5-8, respectively. In each set of experiments, the 
NaCl concentration in the concentrate stream was the 
same. The voltage and the NaCl concentration in the 
electrode compartment were changed. In both figures 
it can be observed that, as the voltage increases, the 
removal rate increases as well, indicating that the NaCl 
concentration in the electrode compartment does not 
exert a significant influence on the removal of lac-
tobionic acid. Figure 4 shows the removal curves for 
the replicates at the central point, experiments 9-11, 
pointing out the good reproducibility of the data. 

 
Table 1: Levels of the variables used in the experimental design in the electrodialysis unit. 

 
Levels 

Variable 
-1.68 -1 0 +1 +1.68 

Voltage  
(V) 20 28.09 40 51.9 60 

NaCl concentration in the 
electrode compartment (g L-1) 24.4 55 100 145 175.6 

NaCl concentration in the concentrated 
 stream (g L-1) 0.0 0.619 1.512 2.404 3.0 
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Table 2: Design matrix for the experiments performed in the electrodialysis unit. 
 

Exp. Vnorm _
norm
NaCl elC  norm

NaClC  Voltage 
(V) 

NaCl in the 
electrodes  

(g L-1) 

NaCl in the 
concentrate 

(g L-1) 

Specific 
removal rate 
(g.min-1.m-2) 

1 +1 -1 +1 51.9 55 2.404 1.48 
2 +1 +1 +1 51.9 145 2.404 1.33 
3 -1 -1 +1 28.09 55 2.404 0.84 
4 -1 +1 +1 28.09 145 2.404 0.80 
5 +1 -1 -1 51.9 55 0.619 1.13 
6 +1 +1 -1 51.9 145 0.619 0.92 
7 -1 -1 -1 28.09 55 0.619 0.75 
8 -1 +1 -1 28.09 145 0.619 0.76 
9 0 0 0 40 100 1.512 1.16 

10 0 0 0 40 100 1.512 1.01 
11 0 0 0 40 100 1.512 1.03 
12 -1.68 0 0 20 100 1.512 0.58 
13 +1.68 0 0 60 100 1.512 1.31 
14 0 -1.68 0 40 24.4 1.512 1.04 
15 0 +1.68 0 40 175.6 1.512 1.01 
16 0 0 -1.68 40 100 0.0 0.67 
17 0 0 +1.68 40 100 3.0 0.88 
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Figure 2: Removal curves of lactobionic acid for 
experiments 1 to 4, shown in Table 2 (Exp. 1 – 
51.9 V, 55 g L-1, 2.404 g L-1 ( ); Exp. 2 – 51.9 V, 
145 g L-1, 2.404 g L-1 ( ); Exp. 3 – 20.09 V, 55 g L-1, 
2.404 g L-1 (▲); Exp. 4 – 28.09 V, 145 g L-1, 
2.404 g L-1 ( )), where C is the actual concentra-
tion and C0 the initial concentration. 

Figure 3: Removal curves of lactobionic acid for 
experiments 5 to 8, shown in Table 2 (Exp. 5 – 
51.9 V, 55 g L-1, 0.619 g L-1 ( ); Exp. 6 – 51.9 V, 
145 g L-1, 0.619 g L-1 ( ); Exp. 7 – 20.09 V, 55 g L-1, 
0.619 g L-1 (▲); Exp. 8 – 28.09 V, 145 g L-1, 0.619 
g L-1 ( )), where C is the actual concentration 
and C0 the initial concentration. 
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Figure 4: Removal curves of lactobionic acid for 
experiments 9 to 11 (central points), shown in Table 
2 (Exp. 9 – 40 V, 100 g L-1, 1.512 g L-1 (▲); Exp. 10 
– 40 V, 100 g L-1, 1.512 g L-1 ( ); Exp. 11 – 40 V, 
100 g L-1, 1.512 g L-1 ( )), where C is the actual 
concentration and C0 the initial concentration. 
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Figure 5 is related to the removal curves of the 
axial points of the experimental design. It is possible 
to observe the great influence of the voltage on acid 
removal as shown in experiments 12 and 13. With the 
increase of the voltage from 20 V to 60 V, the time to 
remove about 95% of the lactobionic acid drops from 
100 min to 50 min approximately. No difference in 
the specific removal rate of lactobionic acid was 
observed for changes in the NaCl concentration in 
the electrode compartment, which can attributed to 
the range of NaCl concentration used. Possibly, the 
use of values below 25 g L-1 could produce some 
noticeable difference. On the other hand, the NaCl 
concentration in the concentrated stream exerts great 
influence on the removal rate, because the presence 
of this salt in this stream increases the conductivity 
and so decreases the resistance to the transport. 

Based on the results of the experimental design 
and using Equation (4), it is possible to analyze the 
effect of each variable on the removal rate of lacto-
bionic acid, as well as to verify the significance of 
these effects. According to the theory of factorial 
design, this equation means that the effects can be 
represented by a sum of linear contributions. Model 
parameters and parameter variances can be obtained 
with the aid of maximum likelihood estimation pro-
cedures, as described in the literature (Schwaab and 
Pinto, 2007). 
 

( ) ( )

0 1 2 _ 3

4 _ 4 _

5 6 _

2 22
7 8 _ 9

norm norm norm
NaCl el NaCl

norm norm norm norm
NaCl el NaCl el

norm norm norm norm
NaCl NaCl el NaCl

norm norm norm
NaCl el NaCl

Rate a a V a C a C

a V C a V C

a V C a C C

a V a C a C

= + ⋅ + ⋅ + ⋅

+ ⋅ ⋅ + ⋅ ⋅

+ ⋅ ⋅ + ⋅ ⋅

+ ⋅ + ⋅ + ⋅

    (4) 

 
The confidence regions of the parameter esti-

mates can be written in the form:  
 

est true est
i i i i iθ θθ ε θ θ ε− < < +           (5) 

 
where est

iθ  represents the estimated parameter value; 
true
iθ  represents the “true” (and unknown) parameter 

value and iθε  represents the parameter uncertainty, 
obtained with the help of the standard t-distribution, 
in the form: 
 

i itθ θε σ= ⋅                (6) 
 
with the level specified by the user. iθσ  is the stan-
dard deviation of the parameter estimate. Thus, for a 
parameter to be significant, iθε  should be smaller than 

est
iθ  (Schwaab and Pinto, 2007). Taking this into ac-

count, Equation (7) was obtained after a parameter 
estimation procedure, performed with the software 
Statistica 6.0 (Statsoft, 2001). 
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    (7) 

 
Equation (7) shows that the significant parame-

ters with 95% confidence were the voltage and the 
NaCl concentration in the concentrated stream, while 
the NaCl concentration in the electrodes compart-
ment did not exert an influence on the specific re-
moval rate of lactobionic acid, within the experi-
mental range used. 

Table 3 shows the statistical analysis of the model 
performance, where: 
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In these equations, calc.

iy  and exp.
iy  are the 

predicted and experimental values, respectively; 
calc.
iy  and exp.

iy  are the predicted and experimental 
average values, respectively; NE and NP are the 
number of experiments and the number of model 
parameters, respectively; 2

experimentalσ  and 2
modelσ  are 

the experimental and model variances, respectively; 
R is the correlation coefficient; Fcalculated is the value 
of the calculated F.  

According to Table 3, the F Test employed be-
tween the model and the experimental variances, 
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resulting in Fcalculated is within the tabulated interval, 
meaning that the prediction errors of the model are 
similar to the experimental errors, as can be observed 
in Figure 6. It is important to note that an assumption 
of the factorial design is that the error is constant for 

all the experimental range. This figure shows that the 
predicted values are within the experimental errors, 
represented by the average value of the central point, 
with its confidence interval, calculated by the t Test 
with 95% confidence. 
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Figure 5: Removal curves of lactobionic acid for 
experiments 12 to 17 (axial points), shown in Table 2 
(Exp. 12 – 20 V, 100 g L-1, 1.512 g L-1 ( ); Exp. 13 – 
60 V, 100 g L-1, 1.512 g L-1 ( ); Exp. 14 – 40 V, 24.4 
g L-1, 1.512 g L-1 ( ); Exp. 15 – 40 V, 175.60 g L-1, 
1.512 g L-1 ( ); Exp. 16 – 40 V, 100 g L-1, 0.0 g L-1 
(▲); Exp. 17 – 40 V, 100 g L-1, 3.0 g L-1 ( )), where 
C is the actual concentration and C0 the initial 
concentration. 

 
Table 3: F Test between the central points and of model variances (Equation (7)). 

 
Variance Ftabulated 

Central point 
2( )modelσ  

Model 
2( )experimentalσ  

Fcalculated 
Inferior Superior 

Correlation coefficient 

6.633·10-3 7.694·10-3 0.862 0.025 5.095 0.951 
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Figure 6: Predicted and observed values for the 
empirical model represented by Equation (7) (● – 
central point and its confidence interval with 95% 
confidence;  - predicted and experimental values). 
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Equation (7) also shows that the voltage is the 
most influential variable, being a linear and positive 
parameter. In other words, as the voltage increases so 
does the removal rate. Besides, there is a combina-
tion effect between the voltage and the salt concen-
tration in the concentrate stream, indicating the ex-
istence of non-linearity in the investigated system. 
According to Equation (7), the effect of the NaCl 
concentration in the concentrated stream goes through 
a maximum. With support of the software Mathcad, 
an optimization routine (based on the Levenberg-
Marquard algorithm) was used to calculate the 
values of the variables that maximize the specific 
removal rate in the studied range. Thus, the condition 
of 60 V and 3.0 g L-1 for the NaCl concentration in 
the concentrated stream is the best condition found, 
as it is evident from Figure 7. 

 
 
Figure 7: Behavior of the specific removal rate as a 
function of the voltage and NaCl concentration in the 
concentrated stream, based on Equation (7). 
 

Figure 8 shows the apparent resistance of the 
electrodialysis unit calculated for experiments 12 and 
13, in order to evaluate the voltage effect. Experi-
ments 16 and 17 show the influence of the salt con-
centration in the concentrated stream. The apparent 
resistance of the electrodialysis unit was calculated 
based on Equation (12), Ohm’s law, as follows:  
 

V
i

Ω =               (12) 

 
where V and i are the applied tension and the electri-
cal current of the system, respectively. 

It is possible to verify in Figure 8 that, for ex-
periments 12 and 13, as the voltage increased from 
20 V to 60 V, the electrical resistance of the system 
decreased because the electrical current increased. 

The effect of the salt concentration in the concen-
trated stream is evident in Figure 8, because at the 
very beginning of the experiment (time = 0), the 
apparent resistance of the unit without addition of 
salt is about 500 Ohms, while with 3 g L-1 salt solu-
tion it is 60 Ohms; since the ions in the solution in-
creased the conductivity in the channels between the 
membranes, thus the transport resistance decreased. 
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Figure 8: Apparent electrical resistance of the 
electrodialysis system for experiments 12, 13, 16 and 
17 of Table 2 (Exp. 12 – 20 V, 100 g L-1, 1.512 g L-1 
( ); Exp. 13 – 60 V, 100 g L-1, 1.512 g L-1 ( ); Exp. 
16 – 40 V, 100 g L-1, 0.0 g L-1 (▲); Exp. 17 – 40 V, 
100 g L-1, 3.0 g L-1 ( )). 
 

For all experiments of the factorial design, a 
removal of lactobionic acid superior to 95% was ob-
tained in less than 100 min. In a similar work (Peretti 
et al., 2009), a removal of 38.7% of lactobionic acid 
from synthetic mixtures was obtained in about 250 
min and at 15 V. 

The results presented in this work show that this 
membrane separation process can be successfully 
integrated into the step of production of sorbitol and 
lactobionic acid by permeabilized cells of Zymomonas 
mobilis from lactose and fructose, with a possible posi-
tive effect of avoiding the enzyme inhibition (Furlinger 
et al., 1998; Ferraz et al., 2001). For a lactobionic acid 
production rate of 1 gacid.gcell

-1.h-1 (the highest obtained 
in our previous studies), using 1 g of cells, a mem-
brane area inferior to 100 cm2 would be needed. 
 
 

CONCLUSIONS 
 

The results of the proposed experimental design 
showed that the variables with the greatest influence 
on the lactobionic acid removal rate by electrodialy-
sis are the NaCl concentration in the concentrated 
stream and the voltage. The increase in the value of 
these variables results in an increase of the driving 
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force, thus facilitating the removal. The best conditions 
for the separation of the acid within the studied range 
were 60 V, 3 g L-1 of NaCl in the concentrated stream 
and 25 g L-1 of NaCl in the electrode compartment. 

In all experiments it was possible to remove more 
than 95% of lactobionic acid in less than 2 hours. The 
increase of the number of cell pairs of the electrodi-
alysis stack, and thus in the membrane area, is easily 
accomplished due to its modular design, allowing the 
prompt scale-up of this process. This work opens 
new perspectives for the industrial production of 
sorbitol and lactobionic acid, which is currently still 
based on conventional processes. 
 
 

NOMENCLATURE 
 
Latin Letters 
 
ai  coefficients of the empirical 

model 
(-)

NaClC   NaCl concentration in the 
concentrated stream 

g L-1

norm
NaClC  normalized NaCl 

concentration in the 
concentrated stream 

(-)

_NaCl elC  NaCl concentration in the 
electrode compartment 

g L-1

_
norm
NaCl elC  normalized NaCl 

concentration in the electrode 
compartment 

(-)

Fcalculated  value of the calculated F (-)
i  electrical current of the 

system 
A

NE number of experiments (-)
NP number of parameter of the 

model 
(-)

R correlation coefficient (-)
Rate specific removal rate gacid gcell

-1 h-1

t value of the t-distribution (-)
V applied voltage V

normV  normalized voltage (-)
calc.
iy  average data predicted by  

the model 
gacid gcell

-1 h-1

calc.
iy   values predicted by the model gacid gcell

-1 h-1

exp.y   average experimental data gacid gcell
-1 h-1

exp.
iy   experimental values gacid gcell

-1 h-1

 
Greek Letters 
 

iθε  parameter uncertainty (-)
est
iθ  estimated parameter value (-)

true
iθ  “true” (and unknown) 

parameter value 
(-)

iθσ   standard deviation of the 
parameter estimate 

(-)

2
experimentalσ the experimental variances (-)
2
modelσ  the model variances (-)

Ω   apparent resistance ohm
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