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Abstract

The aim of this work was to investigate NF as a purificatio step, i.e. sugar removal, in the production process of lactic acid from
sodium lactate fermentation broth. Experiments were carried out with the Desal 5 DK membrane and solutions of increasing complexity, i.e.
single-solute solutions of sodium lactate and glucose and mixed-solute solutions containing both solutes. Concentrations close to those of a
fermentation broth were chosen. Experimental results were used to get the variations of the intrinsic retention versus the permeation flu in
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rder to achieve comparisons without the interference of concentration polarization. Quite distinct retentions were obtained for glucose and
odium lactate in single-solute solutions so that the purificatio was expected to be feasible. However, it is pointed out that glucose retention
s significantl lower in mixed-solute solutions, i.e. when sodium lactate is present. This decrease is such that the retentions of both solutes
ecome comparable so that any purificatio is unachievable. Experiments were also performed with a salt of a different nature (mineral salt,
aCl). Again, it was found that the presence of NaCl tends to decrease glucose retention. Moreover, the phenomenon is shown to be related
o the salt concentration in both cases, i.e. with sodium lactate and NaCl. Some possible explanations of this effect are provided in this paper.
urther investigations are still in progress to improve the knowledge of the mechanisms involved.

eywords: Nanofiltration Lactic acid; Intrinsic retention; Salt and sugar retention; Hydration

. Introduction

Nanofiltratio (NF) is known to be a separation technique
ying between ultrafiltratio (UF) and reverse osmosis (RO)
hich presents a selectivity governed both by steric hin-
rance effects and electrostatic repulsions. Most NF mem-
ranes have therefore, the particularity to strongly retain
ompounds of molecular weight up to 150–250 gmol−1 and
harged species, especially multivalent ions.
Due to these interesting separation properties, NF begins

o be used in a wide range of applications in the food industry
uch as dairy by-product treatment [1,2], fruit juice produc-
ion [3], or sugar beet press water clarificatio [4]. Moreover,
ccording to the numerous works published in the last few

years, the use of NF as a downstream operation in organic
acids production processes is expected to be a large and new
application fiel of this technology [5–10].

Organic acids (acetic, lactic, gluconic acids. . .), which are
increasingly used in food industries, are mainly produced by
fermentation. This fermentation generates a broth containing
the dissociated form of the acid (sodium, ammonium or cal-
cium salt) and different impurities, such as residual sugars
and mineral salts. Different operations of purification con-
centration and conversion are then required in order to get
the acid in a suitable form [11,12]. The integration of NF in
the process can be investigated at different stages depending
on the organic acid. On one hand, for high molecular weight
organic acids, NF can be considered as a concentration step.
For example, the concentration of model solution of ammo-
nium fumarate by NF or RO has already been achieved [5].
It was also pointed out that the use of NF to concentrate or-
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ganic acid salts, such as sodium citrate or gluconate, could
allow to overcome the concentration upper limit reached by
RO [6,7]. On the other hand, NF can constitute a purificatio
step in the case of low molecular weight organic acids. It
was shown for instance that NF is an appropriate method for
the downstream processing of sodium acetate fermentation
broths thanks to its ability to let permeate the acetate while
retaining nutrients, like glucose, that can be recycled in the
fermentation tank [8].

In this paper, the possibility of using NF to achieve the pu-
rificatio of a sodium lactate fermentation broth, i.e. a partial
glucose elimination, is investigated. The originality of such
a study rests on the nature of the fluid which is a mixed-
solute solution of an electrolyte (sodium lactate) and a non-
electrolyte (glucose). This kind of mixture was indeed rarely
studied in NF. Moreover, in the few references available, dif-
ferenceswere reported between retentions obtainedwith each
solute taken separately and those obtained with mixtures (ef-
fect called “interaction” or “coupling” between retentions).
A decrease in salt retention in the presence of a neutral solute
was generally observed [13–15]. Some attempts were made
to explain these observations, such as an increasing viscosity
near the membrane surface being due to the presence of the
neutral solute leading to a higher concentration polarization
of the salt [13]. Conversely, the results concerning the effect
of a charged solute on the retention of a neutral solute are
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2. Experimental materials and methods

2.1. Membrane and chemicals

The Desal 5 DK, supplied by Osmonics as fla
sheets, was used. This membrane is a 3-layer membrane
(polyamide/Osmonics proprietary layer/polysulfone, [19])
and is negatively charged at pH greater than 4 [20].
Its average characteristics, provided by the supplier, are
an average molecular weight cut-off of 150–300 gmol−1,
a 98% retention of Mg2SO4 (at [Mg2SO4] = 2 g l−1 and
�p= 6.9 bar), and a hydraulic permeability of approximately
5.5 l h−1 m−2 bar−1.

Solutions were prepared using high purity sodium lactate
(Prolabo–Merck Eurolab), and glucose (Acros Organics) dis-
solved in ultra-pure water. Glucose concentrations ranging
from 0.05 to 0.1M and sodium lactate concentrations ranging
from 0.1 to 1M were used. Experiments with mixed-solute
solutions of glucose and pureNaCl (Prolabo–MerckEurolab)
were also performed (see Section 3.3). The relevant charac-
teristics of these different compounds are listed in Table 1.

2.2. Analytical methods

Sodium lactate (NaLac) and glucose (Glu) concentrations
for single-solute solutions were determined by refractometry
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uch more contradictory. Indeed, while a decrease of lactic
cid or glucose retentionwas reported in the presence ofNaCl
16,17], other authors found an opposite effect with solutions
f lactose/NaCl and lactic acid/NaCl [14,15,18]. Unfortu-
ately, it is hardly feasible to draw any general tendency from
hese results since they were obtained in different conditions,
.e. with different membranes and at varying concentrations.
Accordingly, this paper aims not only to determine if the

lucose/sodium lactate separation is possible but also if such
ffects of “interaction” or “coupling” between retention occur
n this case. The experimental investigation reported herewas
onsequently performed with solutions of increasing com-
lexity, i.e. single-solute solutions of glucose and sodium
actate on one hand and mixed-solute (binary) solutions on
he other hand.

able 1
rincipal characteristics of the investigated compounds

ompounds Formula Molecular weigh

lucose 180.16

a+ – 22.99

actate 89.07

l− – 35.45
Atago RX-5000 refractometer). Sodium lactate, NaCl and
lucose concentrations in mixed-solute solutions were de-
ermined by high-performance liquid chromatography using
Shodex SUGAR SH1011 column (Showa Denko) and a
efractive index detector. The column temperature was set
o 50 ◦C, and the mobile phase was 0.01N sulfuric acid
t a fl w rate of 1mlmin−1. Mixtures of the two solutes
glucose/NaLac or glucose/NaCl) at different concentrations
ere used for the calibration.

.3. Experimental procedure

Fig. 1 is a schematic diagram of the cross-fl w filtratio
nit used in this work. Experiments were carried out with the
smonics Sepa CF II cell which uses fla sheet membranes

−1) Diffusivity D (10−10 m2 s−1) Stokes radius rs (nm)

6.9 0.365

13.3 0.184

10.6 0.23

20.3 0.121



Fig. 1. Schematic diagram of the membrane system used.

of 137 cm2. The solution is pumped from a 5 l feed vessel,
kept at 25± 0.5 ◦C, into the cell and fl ws tangentially to the
membrane. A stainless steel control valve is mounted on the
retentate outlet to control the transmembrane pressure which
is monitored through two digital manometers located on the
inlet and outlet of the cell. The retentate and the permeate
were recycled into the feed vessel in order to work at constant
feed concentration. Permeate samples were taken through a
by-pass mounted on the permeate outlet.

Experimentswere performed at cross-fl wvelocities vary-
ing from 0.33 to 1.33m s−1 and at transmembrane pressures
ranging from 2 to 20 bar. A volume of 5ml of permeate was
collected for each pressure and timed to estimate the perme-
ation flux The permeate concentrations cp were determined
by the analytical methods previously presented while the re-
tentate concentrations cr were calculated from amass balance
by considering the feed concentration as constant.

Amembrane sample presenting a visiblemechanical dam-
age or an abnormally high water flu (more than 20% differ-
ence between two consecutive permeability measurements)
was replaced by a new one.

2.4. Membrane pre-treatment

In order to get an adequate reference state before each
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accordance with the value given by the supplier. On the other
hand, all samples showed an increase of the hydraulic per-
meability as experiments were carried out. This increase is
of different magnitude depending on the sample but no cor-
relation was stated with the type of solution investigated.

2.5. Data treatment–concentration polarization

Because of concentration polarization, two different pa-
rameters can be used to describe the membrane retention, i.e.
the observed retention, Robs, and the intrinsic retention, Rint:

Robs = 1− cp

cr
(1)

Rint = 1− cp

cm
(2)

where cp and cr stand for the permeate and retentate concen-
trations, respectively and cm the concentration at the mem-
brane surface.

The observed retention Robs is an experimentally mea-
sured value, providing the filtratio performance for a given
run. Robs is, however, strongly dependent on concentration
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xperiment, Desal 5 DK, like most of the NF membranes,
eeds to be pre-treated at high pressure [21]. In this work,
he membrane was compacted before each experiment by fil
ering high-purity water at 20 bar until it reached a constant
ermeation flu Jv. Themeanhydraulic permeabilityLp0 was
hen calculated from the slope of the plot of Jv versus�p (cal-
ulation subject to a maximum standard deviation of ±5%).
Fig. 2 shows the variation of hydraulic permeability versus

he number of experiments for the three membrane samples
sed in this study (called A, B and C). Two observations
an be made regarding these results. On one hand, the ini-
ial hydraulic permeabilities (Lp0 determined before the firs
xperiment) varies from 5 to 7 l h−1 m−2 bar−1, which is in
ig. 2. Variation of the hydraulic permeability Lp0 measured before each
uccessive experiment. Results obtained with three membrane samples A,
and C.



polarization and consequently changes with the hydrody-
namic conditions near the membrane. The intrinsic retention
Rint, also called the “real retention”, deals directly with the
concentration at the membrane surface cm. As the concen-
tration polarization phenomenon is not taken into account,
Rint represents a relevant characteristic parameter of the sys-
tem solute/solution/membrane in terms of selectivity. Further
results are thus presented as the variation of the intrinsic re-
tention versus permeation flux

Because of the high solute concentrations used in this
work, it was not possible to reach a cross-fl w velocity suffi
cient to guarantee a negligible concentration polarization for
which cm ≈ cr andRobs ≈Rint. Accordingly,Rint had to be es-
timated from the observed retention using a relevant method.
The “velocity variation method” is generally recognized as
the most appropriate [22]. This method is based on the de-
scription of the concentration polarization phenomenon by
the fil theory, which gives:

ln
(
1− Robs

Robs

)
= ln

(
1− Rint

Rint

)
+ Jv

k
(3)

The mass transfer coefficien k can generally be calculated
from Sherwood’s relations of the type:

Sh = kdh = a RebSc0.25 (4)
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Fig. 3. Use of the “velocity variation method” to determine the intrinsic
retention Rint. Example of its application with the retention results obtained
with a 0.5M sodium lactate solution. Membrane sample A.

Consequently, at a given flu Jv,i, the variation of
ln

(
1−Robs(Jv,i)
Robs(Jv,i)

)
as a function of Jv,i

v0.875
(i.e. at different cross-

fl w velocities ) should provide a straight line of slope c, from
the y-intercept from which Rint(Jv,i) can be calculated. The
variation of Rint with Jv can be obtained by repeating this
procedure for different values of Jv.

This is illustrated in Fig. 3, taking the results obtainedwith
a 0.5M sodium lactate solution on membrane sample A as an
example. Each set of points corresponds to experimental val-
ues of Robs obtained at different cross-fl w velocities and at a
constant permeation flux These sets are then fitte by straight
lines of identical slope and Rint is calculated. Fig. 4 provides
the experimental variations of Robs versus Jv together with
the Rint values determined for the example chosen.

This method was used to treat the results of both single-
and mixed-solute solutions experiments. In the last case, it
was applied to each solute independently.

3. Results and discussion

Experiments were carried out with solutions of different
compositions, i.e. single-solute solutions containing sodium
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ith dh as the hydraulic diameter and D the diffusivity of
he involved solute. The adjustable parameters a and b are
qual to 0.023 and 0.875, respectively, for turbulent condi-
ions (Deissler expression).
This relation shows a dependence between the mass trans-

er coefficien k and the cross-fl w velocity v that can be
xpressed as:

= 1
c
vb (5)

ith

= 1
a
d
(1−b)
h D−0.75ρ(0.25−b)µ(b−0.25) (6)

here ρ and µ are the solution density and the dynamic vis-
osity, respectively. As variations of properties in the po-
arization layer exist (increase of viscosity and changes in
iffusivity and density as a result of increasing concentration
ear the membrane), these values correspond to the mean
oncentration in the polarization layer.
Combining Eqs. (3) and (5), we obtain:

n
(
1− Robs

Robs

)
= ln

(
1− Rint

Rint

)
+ c

Jv

v0.875
(7)

t is then assumed that c is independent of the polarization
evel and can be considered as independent of the cross-fl w
elocity and permeation flux Van den Berg et al. showed
hat this assumption can reasonably be made and leads to
atisfactory results [22].
ig. 4. Variation of the observed retentions Robs and the calculated intrinsic
etention Rint with permeation flu Jv. Membrane sample A. 0.5M sodium
actate solution.



Fig. 5. Intrinsic retention vs. permeation flu for a single-solute solution of
glucose (0.1M). Dashed lines: best-fi curves obtained from the linearized
transport model [23].

lactate or glucose, and mixed-solute solutions containing
variable proportions of both solutes. Using relevant single-
solute retention results, the different membrane sheets were
firs of all characterized in terms of charge density and mean
pore radius. These results are presented in part 3.1. The glu-
cose and sodium lactate retentions obtained with single- and
mixed-solute solutions are then presented in details in parts
3.2 and 3.3. Any possible interactions between the solutes
in mixed-solute solutions are investigated by comparing the
two series of experiments. As previously explained, all the
results are provided as variations of the intrinsic retention,
Rint, versus the permeation flux Jv.

3.1. Membrane characterization

Fig. 5 presents the Rint values obtained for a single-solute
solution of glucose 0.1M with the different membrane sam-
ples A, B and C. We can observe that the retention differs
significantl from one membrane to another. For instance,
at Jv = 2.5× 10−5 m3 m−2 s−1, the retention varies from 0.7
(membrane B) to 0.9 (membrane C). Since glucose is consid-
ered as a “neutral” solute, only steric effects are responsible
for its retention. Glucose retention depends consequently on
its hydrodynamic radius (≈Stokes radius) and on the mean
pore size of the membrane. The variations shown on Fig. 5
a
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Table 2
Mean pore radius (rp) and membrane charge density (Xd) obtained from the
linearized transport model [23,26]

One-parameter
model, rp (nm)

Two-parameter model - without
dielectric exclusion, Xd (molm−3)

Membrane A 0.57 −380
Membrane B 0.63 −1510
Membrane C 0.52 −2260

by Wang, Bowen and Straatsma for the same membrane, i.e.
0.40, 0.43 and 0.46 nm respectively [23–25].

Such variations of solute retention from one membrane
sample to another are still more visible concerning sodium
lactate. Fig. 6 shows the retentions obtained for a 0.5M
sodium lactate solution with the three membranes A, B
and C. In this case, the retention difference can reach
up to 600% between membrane C and membrane A (for
Jv = 0.5× 10−5 m3 m−2 s−1). Sodium lactate is a dissociated
species composed of two charged solutes. Therefore, its
retention comes from the combination of steric effects and
electrostatic repulsions due to the charges carried by the
membrane. According to the former model [23] the retention
of a charged solute can be described using two independent
parameters, the pore radius rp and the effective membrane
charge density Xd. Since the model does not require any
numerical integration, Xd can easily be calculated from the
retention results by using the previously calculated mean
pore radii (see Table 2). Electrostatic repulsions are given by
a Donnan potential term, combined or not with a dielectric
exclusion term [26]. Because it led, in most cases, to an over-
estimation of the retention, dielectric exclusion was not taken
into account in our calculations. Moreover, it is impossible
to obtain the accurate contribution of dielectric exclusion to
electrostatic repulsions without complementary experiments
[23]. It is to be noted here that the X values reported in
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re therefore due to variations of the mean pore size between
he membrane samples. Different models were developed to
alculate the mean pore radius rp from the retention data
btained with an uncharged solute. In the present study, we
hose to use the model recently introduced by Bowen et al. in
23]. Thismodel, based on the extendedNernst–Planck equa-
ion, is obtained through the finit difference linearization of
he concentration gradient inside the membrane. In the case
f an uncharged solute, it has the advantage of using rp as
he sole independent parameter. The values of the mean pore
adius obtained from the glucose retentions of Fig. 5 using
his model are reported in Table 2. It can be observed that
p varies from 0.52 nm (membrane C) to 0.63 nm (membrane
). These values are systematically higher than those reported
d
able 2 do not correspond to the intrinsic characteristic
f the membrane. It is indeed known that the membrane
harge density depends on the salt, its concentration [25,26],
nd also on the pH of the solution (see [27] for instance).
owever, for a same solution, i.e. NaLac at 0.5M, Table 2

ig. 6. Intrinsic retention vs. permeation flu for a single-solute solution of
aLac (0.5M). Dashed lines: best-fi curves obtained from the linearized
ransport model.



Fig. 7. Intrinsic retention vs. permeation flu for single-solute solutions of
glucose. Membrane sample C. Influenc of glucose concentration.

reveals that each membrane sample shows quite different
charge densities ranging from −380 to −2260molm−3.

As a result, the samples used,which correspond to aunique
commercial reference, have to be considered as different
membranes. Therefore, the results obtained with the differ-
ent samples will be distinguished in the continuation of the
article (Sections 3.2 and 3.3).

3.2. Single-solute solutions

Fig. 7 shows the variations of the intrinsic retentions of
glucose versus Jv for two different concentrations, i.e. 0.05
and 0.1M (membrane C). It can be observed that the intrinsic
retention is quite independent of the glucose concentration.
This classical behavior of an uncharged solute in membrane
filtratio comes from the fact that only steric-hindrance ef-
fects are responsible for the retention. On the other hand,
Fig. 8 shows the sodium lactate retention curves obtained
with solutions at different concentrations on the same mem-
brane. In this case, decreasing retentions are obtained for
increasing concentrations. Indeed, in such conditions, the re-
tention of sodium lactate, which is negatively charged, results
from the combination of steric effects and electrostatic inter-
actions between the membrane and the solute. At low solute
concentrations, electrostatic repulsions are predominant so

F
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Fig. 9. Sodium lactate intrinsic retention vs. permeation flu for mixed-
solute solutions of 0.5M sodium lactate and 0.1M glucose. Comparison
with NaLac retention in single-solute solution.

that high retentions are obtained. As the feed concentration
increases, electrostatic interactions become weaker and the
retention decreases. Such a dependence on the retention of a
charged solute versus the concentration was already reported
by different authors [28–31] and is generally explained ac-
cording to the Donnan theory [32].

All these classical tendencies, shown here on membrane
C, were also found on membrane A and B (results not re-
ported). As a matter of fact, these results, together with those
reported in Section 3.1 (Figs. 5 and 6), show that glucose
retention is in all cases (membranes A, B and C) greater
than sodium lactate one at concentration of a fermentation
broth, i.e. [NaLac]≥ 0.5M. Therefore, a glucose/sodium lac-
tate separation lactate seems possible.

3.3. Mixed-solute solutions

Figs. 9 and 10 show, respectively, the variations of the
sodium lactate and glucose retentions obtained with mem-
branes A, B and C for one mixture composition. The results
of the single-solute solutions experiments at the same con-
centrations are also shown for comparison.

Concerning sodium lactate retentions (Fig. 9), only slight
variations are observed between single- andmixed-solute ex-
periments withmembraneA andmembrane C (amean differ-
ence of 2 and 8% can be calculated, respectively). A greater,
b
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ig. 8. Intrinsic retention vs. permeation flu for single-solute solutions of
odium lactate. Membrane sample C. Influenc of NaLac concentration.
ut still relatively small, variation is observedwithmembrane
(mean difference of 20%). Consequently, we can assume

hat the retention of sodium lactate is not influenced at least
or the conditions investigated, by the presence of glucose.
Conversely, Fig. 10 shows that the retention of glucose

s affected by the presence of sodium lactate. Indeed, for
ny membranes, the glucose retention obtained with mixed-
olute solutions is systematically lower than that obtained
ith single-solute solutions. This decrease is more or less
mportant depending on the membrane.
In order to check the extent to which such a variation of

lucose retention in the presence of a salt can be generalized,
xperiments were carried out with solutions containing NaCl
nstead of sodium lactate at the same concentrations. The



Fig. 10. Glucose intrinsic retention vs. permeation flu for mixed-solute so-
lutions of 0.5M sodium lactate and 0.1M glucose. Comparison with glucose
retention in single-solute solution.

results for the glucose retention are plotted in Fig. 11. It can
be stated that, at least with membranes A and C, the glucose
retention is lower in the presence of NaCl. This decrease is
less pronounced than that obtained with sodium lactate. No
visible influenc of the presence of NaCl is apparent with
membrane B. This membrane already showed the lowest
glucose retention decrease when in presence of sodium
lactate (see Fig. 10).

Accordingly, all these results show, in a qualitative way,
that the retention of glucose decreases in the presence of a
salt. This decrease depends on the nature of the salt as well
as the membrane sample used. In a quantitative way, it can
be evaluated using the following variable α, which depends
on the flux define as:

α(Jv) = 1− R′
int,Glu(Jv)

Rint,Glu(Jv)
(8)

where Rint and R′
int stand respectively, for the retentions in

single- and mixed-solute solutions. The values obtained for
a given flu are provided in Table 3. This table clearly high-
lights that, for any salt, the glucose retention decrease is the
highest for membrane A and the lowest for membrane B.
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Table 3
Glucose retention decrease (α, define by Eq. (8)) in presence of a sodium
salt (NaLac or NaCl) at two concentrations by comparison with glucose
retention in single-solute solutions at [Glu] = 0.1M

+NaLac 0.5M +NaLac 1M +NaCl 0.5M +NaCl 1M

Membrane A 0.89 – 0.76 –
Membrane B 0.25 – 0 –
Membrane C 0.30 0.42 0.13 0.25

Results obtained for Jv = 0.5× 10−5 m3 m−2 s−1.

Fig. 12. Glucose intrinsic retention vs. permeation flu for mixed-solute so-
lutions of 0.1M glucose and sodium lactate at two concentrations (0.5 and
1M). Comparison with glucose retention in single-solute solution. Mem-
brane sample C.

Membrane C shows an intermediate behavior. Moreover, the
alpha values obtained with the same membrane are always
higher for mixed-solute solutions containing sodium lactate.
This illustrates the fact, already pointed out, that the phe-
nomenon is less marked with NaCl.

In order to study the influenc of the flui composition,
experiments were carried out with mixtures containing dif-
ferent concentrations of glucose and sodium lactate. For a
given sodium lactate concentration, comparable glucose re-
tentions were obtained for the two glucose concentrations
investigated ([Glu] = 0.05 and 0.1M, results not shown). On
the other hand, Figs. 12 and 13 show the variation of glucose
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ig. 11. Glucose intrinsic retention vs. permeation flu for mixed-solute so-
utions of 0.5MNaCl and 0.1Mglucose. Comparisonwith glucose retention
n single-solute solution.
ig. 13. Glucose intrinsic retention vs. permeation flu for mixed-solute so-
utions of 0.1Mglucose andNaCl at two concentrations (0.5 and 1M). Com-
arison with glucose retention in single-solute solution. Membrane sample
.



retention versus permeation flu at different salt concentra-
tions. In any case, glucose retention decreases with increas-
ing salt concentration. The corresponding alpha values are
reported in Table 3.

As a matter of fact, the results obtained with mixed-
solute solutions showclearly that the glucose retention,which
seemed high enough according to the single-solution results,
is finall not sufficien to allow a partial purificatio of the
fluid By comparison between Figs. 9 and 10 and according
to the concentration dependence shown in Fig. 12, glucose
retention is indeed too close to (and even lower than, see
membrane A) sodium lactate one to get a efficien separa-
tion at [NaLac]≥ 0.5M. The reasons for such a decrease of
glucose retention are discussed in the next part.

3.4. Summary and discussion

The experimental investigation shows that glucose reten-
tion is strongly affected by the presence of sodium lactate.
From the qualitative point of view, the apparition of such
a phenomenon is in accordance with former observations
showing that the retention of a uncharged solute decreases
in the presence of a charged one [16,17]. However, the phe-
nomenon is clearly stronger in our case. The charged solute
used by these authors is indeed sodium chloride, NaCl, and
it was shown here that sodium lactate has a stronger effect on
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counter-ions concentration in the electrical double-layer at
the pores surface, this effect could result in pore swelling.
Moreover, since the involved phenomenon is concentration-
dependent (through a Freundlich isotherm for instance [25]),
this explanation is consistent with our results. To some ex-
tent, the greater retention decrease encountered with sodium
lactate compared to sodium chloride could also be explained
by this type of analysis (i.e. the same concentration of sodium
lactate leads to a higher membrane charge density compared
to NaCl). However, the relations between the salt nature and
the membrane charge density are still relatively unknown.

On the other hand, the decrease of glucose hydrodynamic
radius may be described through direct interactions between
the solutes in the bulk. In a mixed-solute solution of glucose
and a salt, water will indeed preferentially solvate the salt to
the detriment of glucose (“salting-out” effect, see Hofmeis-
ter’s works recently translated by Kunz et al. [33]). Glucose,
therefore less hydrated, may consequently present a lower
apparent volume than in the absence of a salt and permeate
more freely through the membrane. This second hypothesis
is also in agreement with the variations of glucose reten-
tion as a function of the salt nature and concentration. This
“salting-out” effect is indeed related to the salt concentration
and becomes stronger when concentration increases. More-
over, because salts of different nature aremore or less solvated
by water, the corresponding salt effect is expected to differ
f
(
i
s
h
i
s

4

e
i
c
D
s
o
e
w
s
(
r
p
a
s
o
m
a
n

lucose retention than this mineral salt. Moreover, we have
hown that a high concentration of charged solute induces
greater decrease of glucose retention. However, Wang et
l. [17] used relatively low salt concentrations compared to
he present study (0.1M compared to 0.5–1M here). Further-
ore, the conclusions of these previous studies were drawn
y considering the variations of retention versus the trans-
embrane pressure. This approach does not take into account
he additional osmotic pressure due to the addition of a salt. It
onsequently does not permit a rigorous comparison between
he retentions obtained at different flui compositions. This
omparison can only be done at a same permeation flux i.e.
t a same convective flux as in the present study.
The observed phenomenon can be explained using differ-

nt assumptions. Because it directly concerns the intrinsic
etention, an explanation based on interactions in the polar-
zation layer, such as the one proposed by Vellenga and Tra-
ardh [13], cannot be used in our case. Plausible explanations
re more probably related to glucose size exclusion. Accord-
ng to this postulate, the decrease of glucose retention can be
mputed to an increase of membrane mean pore radius, a de-
rease of the glucose hydrodynamic radius, or a combination
f the two phenomena.
Qualitatively, pore swelling (increase of pore radius) may

e explained through the following hypothesis. As already
ointed out in Section 3.1, the charge density of nanofiltratio
embranes depends on the solution pH (which showed little
ariations in our case, pH≈ 6.5–7), and the presence of a salt
see [20] for instance). Adding a salt in solution leads to an in-
rease of themembrane charge density. By inducing a greater
rom one salt to another according to the Hofmeister series
see [34] for instance). The fact that glucose is retained more
n the presence of sodium chloride than in the presence of
odium lactate could therefore, be explained by a stronger
ydration of lactate ion compared to chloride ion. Further
nvestigations are, however, needed to confir this last as-
umption.

. Conclusion

The possibility of using NF to achieve a partial glucose
limination from a sodium lactate fermentation broth was
nvestigated. The evaluation of the separation efficien y glu-
ose/sodium lactate was carried out with membrane Desal 5
K. The firs series of experiments were done with single-
olute solutions of each solute and the effect of concentration
n their retention was investigated. Despite the variabilities
xisting between the different membrane samples used, it
as shown that glucose retention is, in any case, larger than
odium lactate one at concentrations of a fermentation broth
0.05–0.1M of glucose and 0.5–1M of NaLac). A second se-
ies of experiments, carried out with mixtures of both solutes,
rovided quite different results. It was indeed observed that,
s sodium lactate retention is unchanged, glucose retention
trongly decreases. This decrease is such that the retentions
f both solutes are comparable and the separation becomes
ore difficul and even unachievable. Further experiments
t different salt concentrations and with a salt of a different
ature (NaCl) were also performed. The glucose retention



decrease is less important in presence of the mineral salt but
also happens. Moreover, the magnitude of the phenomenon
increases with salt concentration in all cases.

The decrease of a neutral solute retention in the presence of
a charged one is probably a general problem in the nanofil
tration of complex fluid (like those in the food industry).
It is thus absolutely necessary to identify the mechanisms
involved. Some possible explanations are presented in this
paper. Further investigations are in progress in order to com-
pletely understand this phenomenon.
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k mass transfer coefficien (m s−1)
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Re Reynolds number (dimensionless)
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rp mean pore radius (m)
Sc Schmidt number (dimensionless)
Sh Sherwood number (dimensionless)
v cross-fl w velocity (m s−1)
Xd membrane charge density (molm−3)

Greek letters
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µ solution dynamic viscosity (Pa s)
ρ density (kgm−3)
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