OATAO

Cipen Archive Toulouse Archive Ouverte

OpenArchive TOULOUSEArchive Ouverte OATAQO)

OATAO is an open access repository that collectswvtlork of Toulouse researchers
makes it freely available over the web where pdssib

This is an author-deposited version published http://oatao.univoulouse.fr
Eprints ID: 9976

Tolink tothisarticle: DOI:10.1016/j.memsci.2011.11.046
URL : http://dx.doi.org/10.1016/j.memsci.2011.11.046

Tocitethisversion : Boy, Virginie and Roux-de Balmann, Héléne andi€za

Sylvain. Relationship between volumetric properties and mass transfer through NF membrane
for saccharide/electrolyte systems. (2012) Journal of Membrane Science, vol. 390-394. .
254-262. ISSN 0376-7388

Any correspondance concerning this service shoelddnt to the repositc
administratorstaff-oatao@listes-diff.inp-toulouse.fr




Relationship between volumetric properties and mass transfer through NF
membrane for saccharide/electrolyte systems

Virginie Boy P, Héléne Roux-de Balmann?P, Sylvain Galier2>-*

3 Université de Toulouse, INPT, UPS, Laboratoire de Génie Chimique, F-31062 Toulouse Cedex 09, France
b CNRS, Laboratoire de Génie Chimique, F-31062 Toulouse Cedex 09, France

Keywords:

Saccharide

Electrolyte

Hydration

Mass transfer

Apparent molar volumes

1. Introduction

ABSTRACT

Recent studies have shown that unexpected performances can be obtained with NF membranes, when
applied to the treatment of solutions containing significant amount of electrolyte. This study deals with
the investigation of the mechanisms governing the mass transfer of neutral species through NF mem-
branes with a focus on the role of ions. More precisely, it consists to determine the apparent molar volume
of saccharides, which characterizes the hydration state of solutes in presence of electrolyte, and to assess
the relationship between these parameters and those characterizing the mass transfer. The transfer of
saccharides of increasing molecular weights (xylose, glucose and sucrose) through a NF membrane is
studied in a diffusion regime. Different electrolytes (NaCl, Na,SO4, CaCl,, MgCl,) are chosen with respect
to their hydration level. A specific procedure was developed to dissociate the flux variation due to the
modifications of the solute properties and of the membrane material induced by the electrolyte. The
results show that the mass transfer modification is mainly due to the influence of the electrolyte on the
solute properties. Then, the mass transfer parameters are put in parallel with the apparent molar volume
of saccharides measured in solutions of different ionic compositions.

For a given electrolyte, Na,;SOy4, a good quantitative relationship is obtained regardless of saccharide
nature, concerning the influence of the electrolyte concentration. This result confirms that the saccharide
transfer increase can be due to its dehydration in presence of electrolyte. However, from these results, it
is not possible to establish a clear relationship regardless of the electrolyte nature.

on the nature of the electrolyte [3-6]. It was also reported, in the
case of glucose/electrolyte solutions, that the lowest the salt reten-

The application field of membrane processes, such as nanofiltra-
tion (NF), is growing to fluids of increasing complexity, containing
both mineral and organic compounds sometimes at high concen-
trations. This is specially the case in the food industry for organic
acids, dairy products, saccharides, etc., as well as for environmental
applications concerning the treatment of brines, lixiviates, concen-
trates, etc.

However, it was recently pointed out that the presence of elec-
trolyte can change significantly the process performances because
of the resulting modification of the neutral solutes transfer [1-5].
In any case, it was observed that increasing the electrolyte concen-
tration results in a higher transfer and that this increase depends
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tion the most the influence on the glucose retention [2]. Moreover,
the glucose retention was found to remain constant when adding
a completely retained anion [5].

The transfer of a neutral solute is governed by size exclusion
which is fixed by the solute to the pore size ratio. Then, the mass
transfer increase can be ascribed to an increase of the pore radius,
to a decrease of the solute radius or more probably to a combination
of both.

Several assumptions have been suggested to explain the influ-
ence of electrolytes on the transfer of neutral solutes [1-3,6].

Firstly, the addition of electrolyte can lead to an increase of the
membrane charge density and to a higher concentration of counter-
ions in the electrical double layer at the pore surface. Wang et al.
[1] assumed that these electrostatic interactions result in a lower
hydration shell at the pore surface, whereas Bargeman et al. [2] pro-
posed that “pore swelling” can appear because of stronger repulsion
forces between the pore walls.

Secondly, the impact of the pore size distribution has been also
proposed [2]. Indeed, in the presence of ions in the pores, the flux



through the small pores is expected to be reduced to a higher extend
than in larger ones. Consequently, the retention of neutral solute,
determined by the larger pores, can increase.

More recently, Mandale and Jones [7] proposed that the unex-
pected weak negative retention of neutral solute in presence of
phosphate ions can be due to the polarisability of the molecules
leading to interactions with the negatively charged membrane.

Finally, the influence of electrolyte on the overall transfer of neu-
tral solutes can be explained by a change in the solute properties,
more particularly by a modification of the solute hydration, since
it is expected to vary with the ionic composition. Indeed, in mixed
neutral solute/electrolyte solutions, water can preferentially sol-
vate the ions to the detriment of the neutral solute (“salting out”
phenomenon). Then, the solutes less hydrated, may have a lower
apparent size than in the absence of electrolyte and an increased
transfer through the membrane can be obtained.

This latter explanation has been firstly proposed by Bouchoux
et al. [3], who established a qualitative correlation between the
hydration scale of ions and the increase of the transfer of organic
solutes through NF membranes. These results were found to be in
agreement with the dehydration of neutral solutes in presence of
electrolyte since more hydrated electrolytes or higher concentra-
tions inducing a higher dehydration, tend to increase the solute
transfer.

As explained previously, the influence of the ionic composition
on the transfer of neutral solute through NF membrane could be
explained by a modification of the membrane properties, due to
electrostatic effects, and/or by a solute dehydration induced by
the electrolyte. Recently, Escoda et al. have proposed a procedure
to dissociate these two contributions [6]. On one hand, the abil-
ity of pore swelling of an organic NF membrane was evaluated.
The Stokes radii of PEG in electrolyte solutions were determined
from the retentions obtained with PEG/electrolyte solutions and a
ceramic membrane, which is not expected to swell [4]. Then the
average pore radius of the organic membrane was computed from
the retentions of PEG in the same electrolyte solutions. In this man-
ner, different apparent pore sizes were obtained depending on the
electrolyte. For increasing electrolyte concentrations, increasing
pore sizes were also obtained, suggesting that the membrane can
swell. Moreover, it was shown that this “pore swelling” assumption
can be supported by electrokinetics charge density data, deter-
mined by tangential streaming potential measurements. Indeed,
it was pointed out that increasing membrane surface charges were
linked to increasing values of the computed average pore radius.
However, to our knowledge, the relationship between the mass
transfer and the solute properties, i.e. dehydration, in presence of
electrolytes, has never been investigated.

In this context, the aim of this study is to investigate the
mechanisms governing the transfer of neutral species through NF
membranes with a focus on the role of ions on the solute prop-
erties. Relevant physicochemical parameters will be determined
to characterize the hydration state of solutes. Then, the relation-
ship between these parameters and those characterizing the mass
transfer will be investigated.

Different thermodynamic methods can be used to quantify the
hydration state of a solute. The measurement of the density can
provide the apparent molar volumes (AMV) of solutes in solu-
tions. The AMV values are usually interpreted in terms of the
structural hydration model developed by Gurney [8] to investi-
gate saccharide/electrolyte or amino-acid/electrolyte interactions
[9-11]. Zhuo et al. have thus studied the interactions between sac-
charides (xylose, arabinose, glucose, galactose) and NaCl at various
ionic compositions [9]. It was pointed out that the AMV of saccha-
rides increase for increasing NaCl concentrations. According to the
hydration model, increasing AMV reveals a dehydration of saccha-
ride in presence of NaCl in solution.

In the present work, the apparent molar volume of various sac-
charides (xylose, glucose and sucrose) in presence of electrolytes of
various hydrations (NacCl, Na;SOy4, CaCl,, MgCl, ) will be thus deter-
mined to characterize the hydration state of saccharides. Then, the
transfer of these saccharides through a NF membrane, in presence
of electrolytes, will be studied in a diffusion regime. A specific pro-
cedure will be developed to dissociate the change of the diffusion
flux, due to the modifications of the solute properties and of the
membrane material, induced by the electrolyte. Then, the mass
transfer parameter, which characterizes the impact of the elec-
trolyte on the solute properties, is put in parallel with the apparent
molar volume of saccharides to evaluate to what extend a relation-
ship can be drawn between the hydration state of the solute, and
its transfer through a membrane.

2. Materials and methods
2.1. Chemicals

The neutral solutes used in the experiments were saccharides
of increasing molecular weights, xylose (150.13 gmol-1), glucose
(180.16 gmol—') and sucrose (342.29 g mol~!) from Acros Organics.
Electrolytes of various hydrations were used, NaCl, Na;SO4, CaCl,
and MgCl, (Acros Organics). The corresponding ion hydration scale
is given as follows [12,13]:
anions: ClI~ <S03~  cations: Na' < Ca’t ~Mg**

Ultra-pure water (Milli-Q RG, Millipore) was used to prepare the
solutions. The pH of the various solutions is about (6 + 0.5) without
any adjustment.

2.2. Analytical methods

For any set of experiments, the saccharide concentration was
obtained by HPLC with a Dionex system, using a CarboPac PA1 col-
umn with an electrochemical ED40 detector. The mobile phase was
a 150 mM NaOH solution and the flow rate was 1 mLmin~!. The
column temperature was set as 30°C. The injection volume was
25 plL.

2.3. Volumetric properties

The AMYV of saccharides were obtained from density measure-
ments, using the following equations for saccharide/water and
saccharide/electrolyte solutions, respectively [9,14]:

M 1000(ds — do)
Vps(ms) = 4~ medsdy

(1)

% _ (1000 + mgMEg)(d — dg)
d mgddE

(2)

Ves(ms, mg) =

where Mg and Ms are the molecular weights of electrolyte and sac-
charide, mg and mg the molalities of electrolyte and saccharide (in
mol per kg of pure water), and d, ds, dg and dy the densities of sac-
charide/electrolyte, saccharide/water, electrolyte/water, and pure
water solutions, respectively. The errors in molality were within
+0.01% for saccharides and 40.04% for electrolyte. The scale of
molality for both solutes was from 0 to 2 molkg~1.

Solution densities were measured with a vibrating tube dig-
ital density meter (Model DMA 5000, Anton Paar, Austria)
at 25°C40.001°C. The error in density was estimated to be
+5.10%gcm3.



2.4. Membrane and diffusion experimental set-up

Diffusion experiments were carried out with a Dow Filmtec
NF membrane. It is a thin film composite membrane negatively
charged at pH higher than 5.1 [15,16]. For any set of operating con-
ditions, the membrane was negatively charged since the pH of the
solutions was about (6 +0.5).

The main characteristics are an average molecular weight cut-
off of 150-200gmol-! [17,18] and a hydraulic permeability of
71Lh~'m2bar-![19].

The total membrane area in the diffusion cell was 120 cm?. The
thickness of the feed and eluate compartment was 0.1 cm. The com-
partments were co-currently fed by two pumps at a fixed flow
rate of 4Lh~1. The feed tank was fed with 0.5L of an electrolyte
solution (or pure water) containing a saccharide at a fixed concen-
tration. The eluate tank was fed with 0.5 L of a solution at the same
ionic composition (electrolyte or water) but without saccharide.
The electrolyte concentration during the diffusion experiment at
both sides of the membrane was the same to avoid the impact of
the electrolyte transfer on the saccharide one.

Due to the difference of saccharide concentration across the
membrane, a saccharide flux takes place from the feed to the eluate
compartment. This solute flux can be accompanied by an osmotic
flux, but for any set of conditions it was found to be negligible since
no variation of the volume in either compartment was observed.

Diffusion experiments were carried out in a batch mode during
4 h, with initial saccharide and electrolyte concentrations fixed at
1molL-1 and 1equiv.L~!, respectively. The temperature was fixed
at25°C.

The diffusion fluxes were deduced from the variation of the
solute mass transferred versus time, for all the experiments, these
variations were linear (deviation less than 10%) so that one can con-
sider that the transfer was carried out at a constant concentration
gradient.

2.5. Experimental procedure

A specific experimental procedure was developed to dissociate
the impact on the diffusion flux due to the modifications of the
solute properties and of the membrane material induced by the
electrolyte.

As previously mentioned, the electrolyte can increase the aver-
age pore size due to an increase of the membrane charge density. In
aqueous solution, the polymeric membrane charge is mainly fixed
by acido-basic dissociation and adsorption of anions on hydropho-
bic sites [20-24]. Thus, for a negatively charged membrane, the
impact of the electrolyte on the membrane properties depends on
the type of anion, which fixes the membrane charge, as well as on
the nature of the cation, the counter ion of the membrane.

The membrane was soaked in the given electrolytic solution at
1equiv.L~! for at least 12 h and rinsed with ultra-pure water for
about 10 min.

Then, diffusion experiments were carried out with saccha-
ride/water and saccharide/electrolyte solutions, respectively. This
procedure was repeated for each electrolyte studied in this work.

For saccharide/water systems, the variation of the conductivity
in the feed compartment was lower than 5 uScm~!. Consequently
one can assume that the electrolyte do not diffuse out of the soaked
membrane during experiments.

The impact of the electrolyte on the membrane properties was
estimated from the saccharide flux measured in water, ]}’V .Then, the
overall effect of the electrolyte on the saccharide transfer was char-
acterized by the saccharide flux in electrolyte solutions, ]SE . Finally,
the impact of the electrolyte on the solute properties was obtained
from the difference between the saccharide flux obtained in
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Fig. 1. AMV of glucose versus its molality for the glucose/NaCl solutions: influence
of the NaCl molality (full symbols) at 25 °C. Comparison with published values [9]
(empty symbols).

saccharide/electrolyte systems and that measured in saccha-
ride/water systems, AJ = ]SE - Jg" (further called additional flux).

3. Results and discussion

Firstly, the AMV of saccharide in saccharide/water and
saccharide/electrolyte solutions were determined from density
measurements to evaluate the influence of the electrolyte nature
and concentration on the saccharide hydration state.

Then, diffusion experiments were carried out in order to high-
light the influence of the electrolyte on the transfer of saccharides
and to determine the additional flux (AJ), which characterizes the
impact on the flux due to the modifications of the solute properties
induced by the electrolyte.

Finally, the additional flux, (AJ), was put in parallel with the
apparent molar volume of saccharides, to evaluate if a relationship
can be drawn between the mass transfer increase and the dehy-
dration of neutral solutes in presence of electrolytes, as revealed
by the AMV variations.

3.1. Determination of apparent molar volumes

The AMV of some saccharides were previously determined for
different molalities of NaCl [9,10]. However, the values for the other
electrolytes considered in the present study are not accessible.

Our experimental measurements were first evaluated by com-
parison with literature data for saccharide/NaCl systems. Then, the
AMV were determined for the other saccharide/electrolyte sys-
tems.

Fig. 1 shows the variation of the AMV of glucose versus its molal-
ity, for increasing NaCl molalities. Previous results are also reported
on the same graph for comparison [9].

One can state that there is a very good agreement. The difference
between the experimental values obtained in this work and the
ones previously reported for the saccharide/NaCl systems (molali-
ties ranging between 0 and 2 mol kg—!) does not exceed 0.5%.

Then, the variations of the AMV of glucose versus its molality at
different Na,SO4 molalities are presented in Fig. 2.

Figs. 1 and 2 show that the AMV of glucose is always higher in
an electrolyte solution compared to water. Moreover, for a given
molality of glucose, the AMV increases with the electrolyte con-
centration.

The variation of the AMV of the saccharides in electrolyte solu-
tions can be interpreted from the structural hydration model [25],
based on the co-sphere concept developed by Gurney [8]. Accord-
ing to this model, the overall influence of the solute on the structure
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Fig. 2. AMV of glucose versus its molality for the glucose/Na;SO4 solutions at 25°C:
influence of the Na;SO4 molality.

of water is represented by a spherical shell of water surroundings
the solute, which is the solute hydration shell. As the solute con-
centration increases, the hydration shells of two neighbor solutes
can overlap, displacing some water molecules from the hydration
shell into the bulk, thus modifying the thermodynamic properties.
These modifications can be explained according to different kinds
of solute/co-solute interactions [25]. For saccharide/electrolyte
systems, the possible interactions are: (i) hydrophilic-ionic inter-
actions, between the hydrophilic (—OH) sites of the saccharide
molecules and the ions, and (ii) hydrophobic-ion interactions
between the hydrophobic groups of the saccharide molecules and
theions[9,10]. Depending on the kind of interaction, one can expect
different variations of the AMV. Indeed, the attractive (—OH)/cation
interaction results in an enhancement of the overall structural
order of water in the bulk so that the AMV is increased com-
pared to that in water. Conversely, the repulsive (—OH)/anion and
hydrophobic/ionic interactions lead to decreasing values of the
AMV in presence of electrolyte.

The variation of the AMV, AV, is expressed as the difference
between the AMV of the saccharide in an electrolyte solution,
Vgs(ms, mg), and that in water, Vys(ms). Typical variations of AV
versus Na,SO,4 molality are plotted in Fig. 3 for the three saccharides
at a given molality of 1 mol kg~1. Similar variations are obtained for
the other electrolytes (results not shown). One can observe that the
AV values obtained for any saccharide are positive and that they
increase with the electrolyte molality. Therefore, according to the
structural hydration model, it means that, in our conditions, the
(—OH)/cation interactions are predominant and that the saccharide
dehydration increases with the electrolyte molality [9,10,26,27].
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Fig. 3. Variation of the AMV of saccharides, AV, versus Na,SO4 molality at 25°C
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The influence of the electrolyte nature on the AMV of saccha-
rides can be evaluated from the values determined at a fixed cation
molality since the positive AV values are due to the predominance
of the (—OH)/cation interactions. Thus, the variation the AMV of
glucose and sucrose versus their molality, in various electrolyte at
a given cation molality of 1 molkg~1, is presented in Figs. 4 and 5,
respectively. Whatever the electrolyte, one can observe that the
AMV of the saccharide in an electrolyte is higher than that one in
water. The influence of the electrolyte nature on the variation of
the AMV of the saccharides, AV, is then represented in Fig. 6 for
saccharide and cation molalities fixed at 1 molkg~!.

For any saccharide, one can observe that, for a given cation Na*,
AV is higher with Na;SO,4 than with NaCl. Again, according to the
structural hydration model, this means that the saccharides are less
hydrated in Na;SO4 solutions than in NaCl ones. Thus, it seems that
the predominance of the (—OH)/cation (Na*) interactions depends
on the nature of the anion (Cl- and SO42~) present in the solu-
tion. This observation could be due to the different properties of
these anions such as size, charge and hydration level [12]. Indeed,
although the sulfate ion charge is higher than that of chloride, its
higher size can lead to lower repulsion interactions.

Fig. 6 also shows that, for a given anion, Cl—, AVvaries according
to the following sequence:

AV(NaCl) < AV(MgCl,) < AV(CaCl,) for glucose and xylose
and AV(NaCl) < AV(CaCly) < AV(MgCl,) for sucrose.

These results show that saccharides have stronger interactions
and are less hydrated with divalent cations (Mg2*, Ca2*) than with a
monovalent one (Na*). There are in accordance with those recently
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Fig. 5. AMV of sucrose versus its molality for the sucrose/electrolyte solutions:
influence of the electrolyte nature at 25 °C (Mgygion =1 mol kg=1).
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obtained by Banipal et al. [28] showing that a 2:1 electrolyte
(MgCl,) has a greater influence on the values of the standard par-
tial molar volumes at infinite dilution compared to a 1:1 electrolyte
(NacCl).

The higher AV values obtained with divalent cations may
be explained by their specificity (Na*, CaZ*, Mg2*). Indeed,
these results are in accordance with the ion hydration scale:
Na* <Ca%* ~Mg2* [12]. Then, the more pronounced saccharide
dehydration in presence of CaZ* and Mg2* compared to Na* can be
linked to the higher hydration of the divalent cations (CaZ*, Mg2*)
compared to monovalent ones (Na*).

One canalso observe that the AVvalues obtained with sucrose in
presence of MgCl, and CaCl, are much higher than those obtained
for xylose and glucose. This is interesting to put in parallel with
the number of (—OH) sites of the saccharide molecules, which
are involved in sugar/electrolyte interactions. Indeed, xylose and
glucose contains (4 —OH and 1 —0—) and (5 —OH and 1 —0-)
sites, respectively, whereas sucrose is composed by (8 —OH and 3
—0—). Moreover, sucrose is made from a glucose molecule cova-
lently bonds to a fructose one by a glycosidic linkage and it is
known that the fructose molecule can form complexes with cal-
cium ions, which is not the case of glucose. Then, one can expect
higher solute/electrolyte interactions with sucrose than with the
other two saccharides. This behavior is used in the field of sac-
charides separation with cation exchange resins in calcium form
[29,30].

3.2. Diffusion flux density

3.2.1. Saccharide/water systems

As previously mentioned, the impact of the electrolyte on the
membrane material properties is evaluated from the diffusion
fluxes obtained with saccharide/water systems and a membrane
previously soaked in the electrolyte.

The variations of the mass of xylose transferred per unit area
of membrane are plotted versus time in Fig. 7, for the membrane
soaked in the different electrolyte solutions. Since these variations
are linear (deviation from linearity < 10%), one can obtain the flux
density from the slope of the corresponding straight. The same ten-
dencies are obtained for glucose and sucrose (results not shown).
The corresponding values of the flux density, ];’V , are reported in
Table 1 for the various saccharides.

Considering that the transfer of saccharide is governed by a
steric effect, one expects a decreasing flux density for increasing
saccharide size. This is confirmed by the values of jg" given in
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Fig. 7. Variation of the mass of xylose transferred per unit area of membrane versus
time for xylose/water solutions and for a membrane soaked in various electrolyte
at 25°C; [Xylose]=1mol L.

Table 1, except for sucrose when the membrane is soaked in an
electrolyte solution containing divalent cations (MgCl, and CaCly).
Indeed, while the size of the sucrose is higher than that of glucose
and xylose, highest values are obtained for the flux. Such results
probably come from strong interactions between sucrose and the
membrane soaked with Ca%* or Mg2*. These interactions have also
been pointed out in former section concerning the determination
of the apparent molar volume (see Section 3.1, Fig. 6). Therefore,
the transfer of sucrose through the membrane soaked with Ca2* or
Mg?2*, is not governed by a single steric effect.

The influence of the electrolyte nature is evaluated using a nor-
malized flux value, which is the ratio of the flux measured for
a given membrane soaking to that obtained with the membrane
soaked in NaySO4, J¢/ (Electrolyte)/J¥ (NaySO4).

Fig. 8 shows that, in any condition, the normalized flux is close to
one except, again, for sucrose when the membrane is soaked with
divalent cations (Mg2* and CaZ*).

Finally, one can conclude that, in saccharide/water systems, the
solute flux is weakly influenced by the nature of the electrolyte
used for the membrane soaking. Therefore, the impact of the mod-
ification of the membrane charge on the solute flux is negligible,
except when there are strong interactions such as those observed
between sucrose and divalent cations.

3.2.2. Saccharide/electrolyte systems

From the fluxes obtained with saccharide/electrolyte systems,
JE, it is possible to evaluate the overall impact (membrane and
solute properties modifications) of the electrolyte on the saccharide
transfer.

Table 1

Sugars fluxes for saccharide/water and saccharide/electrolyte systems at
25°C: influence of the electrolyte nature. [Saccharide]=1molL-!; [Elec-
trolyte]=1equiv.L~".

Saccharide  Electrolyte  Saccharide/Water Saccharide/Electrolyte
J¢¥ (x107"molm~2571)  JE(x10" molm~2s71)
Xylose Nacl 43 7.5
NazSO4 5.1 15.3
CaCl, 4.9 11.6
MgCl, 5.1 13.2
Glucose NaCl 1.6 4.6
Na;S04 1.6 12.1
CaCl, 1.6 12.1
MgCl, 22 14.4
Sucrose NacCl 0.5 0.7
NaySO4 0.6 6.3
CaCl, 11.3 22.8
MgCl, 83 18.3
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The variations of the mass of glucose transferred per unit area
of membrane versus time are represented in Fig. 9 for different glu-
cose/electrolyte solutions. The results obtained with glucose/water
solutions are also plotted for comparison. The same tendencies are
obtained for xylose and sucrose (results not shown). The flux den-
sities, JE, determined from the slope, are given in Table 1.

As observed for saccharide/water system, the flux density
decreases for increasing saccharide size except for glucose and to a
higher extend for sucrose, in presence of CaCl, and MgCl,.

Moreover it is shown that the transfer of saccharides increases
in presence of electrolyte compared to water and that it depends
on the electrolyte nature. As an example, the average flux density
for the xylose/water system is 4.9 x 10~7 molm~2 s~! whereas the
flux determined for the xylose/electrolyte system, ranges between
7.5x10-7 and 13.2 x 10~ molm~2 s~! for different electrolytes.

The influence of the electrolyte concentration on the saccha-
ride transfer is also evaluated in presence of sodium sulfate. Fig. 10
shows the variation of the mass of xylose transferred per unit area
of membrane versus time for different Na;SO4 concentrations. The
same behavior is obtained for glucose and sucrose (results not
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Fig. 9. Variation of the mass of glucose transferred per unit area of membrane
versus time for glucose/electrolyte for different electrolytes (full symbols) at 25°C.
Comparison with glucose/water solutions (empty symbols); [Glucose]=1molL-1;
[Electrolyte] =1 equiv. L1,
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Fig. 10. Variation of the mass of xylose transferred per unit area of mem-
brane versus time for xylose/Na,SO4 solutions for different Na,SO4 concentrations
(full symbols) at 25°C. Comparison with xylose/water solution (cross symbols);
[Xylose]=1molL~!; [NazSO4] =0-0.25-0.5-1 mol L~'.

shown). The corresponding flux densities for saccharide/Na;SO4
systems are given in Table 2. The values measured in water for a
membrane soaked in Na; SO, are also reported.

In any case, the flux density increases for increasing Na;SO4 con-
centrations. For instance, the glucose flux increases by a factor 2.4
when Na,SO4 concentration increases from 0.25 to 0.5 M.

Then, the contribution due to the presence of electrolyte in
the solution on the saccharide transfer is determined from the
ratio AJ/ ]E , where ]g represents the overall impact (membrane and
solute properties modifications) of the electrolyte on the saccharide
transfer while the additional flux, AJ = ]SE - ]g" characterizes the
impact due to the modifications of the solute properties induced
by the electrolyte.

The results are plotted in Fig. 11 for the different saccha-
ride/electrolyte systems investigated.

On can observe that, for a given electrolyte, the impact of the
presence of electrolyte increases with the solute size and the num-
ber of (—OH) sites, since it is more important with glucose than
with xylose. For sucrose, it is more difficult to conclude, because of
the previously mentioned interactions existing with the membrane
soaked with electrolyte containing divalent cations (see former sec-
tion).

In any case, for a given cation, Na*, the impact of NaCl in
the solution is significantly lower than that of Na;SO4. Moreover,
for a common anion, the contribution of the electrolyte increases
according to the following sequence: Na* < Ca%* ~ Mg2*.

The results obtained with different Na;SO4 concentrations are
plotted in Fig. 12, showing that the contribution due to the addi-
tion of electrolyte increases with the Na,SO4 concentration. On the
other hand, for a given Na,;SO,4 concentration, this contribution

Table 2
Sugars fluxes for saccharide/Na,SO4 solutions at 25°C: influence of the Na,SO04
concentration. [Saccharide]=1mol L.

Saccharide [NaS04] (mol L) JE(x107" molm=25-1)
Xylose 0 5.1
0.25 7.5
0.5 153
1.0 25.0
Glucose 0 1.6
0.25 5.0
0.5 121
Sucrose 0 0.6
0.25 2.6
0.5 6.3
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Fig.11. Contributions of the presence of electrolyte on the saccharide flux: influence
of the electrolyte nature.

increases with the saccharide size and the number of the (—OH)
sites: Xylose < Glucose < Sucrose.

These results can be correlated to the hydration scale of ions.
Indeed, for a given anion, CI~, the saccharide transfer is all the more
increased as the cation is hydrated. Similarly, for a fixed cation,
Na*, the saccharide transfer is all the more increased as the anion
is hydrated.

All together, these results are in agreement with the assumption
of the partial dehydration of neutral solutes in presence of elec-
trolyte since more hydrated electrolytes or higher concentrations
induce a higher dehydration.

Moreover, the contribution due to the addition of electrolyte
varies in accordance with the number of (—OH) sites of the saccha-
ride molecules, i.e. Xylose < Glucose < Sucrose, except for sucrose in
presence of divalent cations. Indeed, as previously explained (see
Section 3.1), the variation of the saccharide hydration is expected
to result from the change of the attractive interactions between
the hydrophilic (—OH) sites of the solute and the cation of the
electrolyte. Finally, while such interactions are predominant with
respect to the solute hydration, it was observed that the solute
hydration, and then its transfer through the membrane, is modified
according to the anion present in the electrolyte solution.

3.3. Solute flux versus volumetric properties

The investigation of the influence of the ionic composition
on the saccharide transfer highlights that the additional flux,
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Fig.12. Contributions of the presence of electrolyte on the saccharide flux: influence
of Na, SO, concentration.
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Fig. 13. Additional flux, AJ, versus the normalized variation of the AMV of saccha-
rides, AV*, for different Na;SO4 concentrations at 25 °C; [Saccharide]=1molL™";
[Na;S04]=0-0.25-0.5-1 mol L-1.

AJ, which characterizes the impact of the electrolyte on the
solute properties, is in agreement with the assumption of its
dehydration.

On the other hand, the influence of the ionic composition on the
hydration of saccharides has been quantified by the variation of the
apparent molar volume, AV, which is the difference between the
AMV of the saccharide in electrolyte solution, Vigs(ms, mg), and that
one in water, Vy5(ms). As explained, positive and increasing values
of AV reveal decreasing hydration of the solute.

Then, the objective in this part is to put in parallel the
additional flux, AJ, with the variation of the AMV, in order to
evaluate if a relationship can be drawn between the dehydration
of the neutral solutes in presence of electrolytes and the mass
transfer increase, expected to be the consequence of the solute
dehydration.

In order to compare the various saccharides, their hydration
state is here characterized using a normalized variation of the AMV,
AV* defined as the ratio of the variation of the AMV, AV, to the AMV
in water, Vjs(ms):

Vgs(ms, mg) — Vys(ms) — AV(mg)

AV*(mg, mg) = =
(ms, 1) Vs(ms) Vgs(ms)

3)

The additional flux and the corresponding AMV, AV and AV*
values are reported in Tables 3 and 4.

The additional flux, AJ, is also plotted in Fig. 13 versus the nor-
malized variation of the AMV, AV*, for a given electrolyte, Na;SOg4,
at various concentrations.

It is observed that the additional flux continuously increases
with AV*, which characterizes the dehydration of the saccha-
ride. Moreover, for a given electrolyte (Na,SO4), the values
obtained with the different solutes are located on the same
curve. This confirms that the increase of the transfer of neu-
tral solutes can be attributed to its dehydration in presence of
electrolyte.

The values of AJ are plotted versus AV* in Fig. 14 for the dif-
ferent electrolytes and saccharides investigated. Previous results
obtained for different Na,SO,4 concentrations are also plotted on
the same graph. One can state that it is much more difficult to draw
a tendency regardless of the nature of the electrolyte. Neverthe-
less, values obtained with a fixed cation (Na*) in saccharide/NaCl
or saccharide/Na,SO,4 systems are very close. As already men-
tioned, the deviation observed with divalent cations (Ca2*, Mg2*) is
probably due to stronger interactions between these ions and the
saccharides.



Table 3

Additional flux, AJ, and the corresponding volumetric properties: Vys, AV and AV* at 25°C: influence of the Na,SO, concentration. [Saccharide] =1 mol L.

Saccharide [Na;S04] (molL-1) AJ(x10-7molm—2s-1) Vs (cm® mol-1) AV (cm? mol-1) AV*= AV[Vys (x1073)
Xylose 0 - 95.92 - -
0.25 2.4 96.10 0.18 19
0.5 10.2 97.43 1.51 15.7
1.0 19.9 98.48 2.56 26.7
Glucose 0 - 112.60 - -
0.25 3.4 113.82 1.22 10.8
0.5 10.5 114.55 1.95 17.3
Sucrose 0 - 213.03 - -
0.25 2.0 214.16 1.13 53
0.5 5.7 215.58 2.55 12.0
Table 4

Additional flux, AJ, and the corresponding volumetric properties: Vgs, AV and AV* at 25°C: influence of the electrolyte nature. [Saccharide]=1molL"!; [Elec-

trolyte] =1equiv. L.

Saccharide Solution AJ(x107molm—2s1) Vs (cm® mol~1) AV (cm? mol-1) AV*= AV[V4s (x1073)
Xylose Water - 95.92 - -
NaCl 3.2 97.01 1.09 114
Na,S04 10.2 97.43 1.51 15.7
CaCl, 6.7 96.67 0.75 7.8
MgCl, 8.1 96.96 1.04 10.9
Glucose Water - 112.60 - -
NaCl 3.0 114.01 1.41 12.5
Na,S04 10.5 114.55 1.95 17.3
CaCl, 10.5 113.63 1.03 9.1
MgCl, 12.2 113.52 0.92 8.2
Sucrose Water - 213.03 - -
NaCl 0.2 214.71 1.68 79
Na,S04 5.2 215.58 2.55 12.0
CaCl, 11.5 218.07 5.04 236
MgCl, 100 21970 667 313
25 The methodology proposed in this study was based on the
o Hflose Slucose Suctose coupling between the characterization of the solute hydration
20 | mgei, | . i state from the determination of the apparent molar volume, AMV,
o NaCl and the measurement of the solute transfer parameters in elec-
» 15 | nasso, | x " it trolyte solutions. A procedure has been developed to dissociate the
£ impact of the electrolyte due to the modifications of the solute
E . i properties from that coming from the change of the membrane
v 10 1 N x a properties.
E . From the AMV values in combination with a model of the
2 5 | ¢ solute/electrolyte interactions and their influence on the hydration
x shell, it was shown that the saccharide is less hydrated in pres-
5 ence of any electrolyte compared to water. More hydrated ions and
0 ) ) : increasing electrolyte concentrations were found to increase this
0 0:01 06z PR 0.04 dehydration, which was quantified through the variation of the
AV*ZAV [ Vg, AMV, since it is expected to reflect the release of water from the

Fig. 14. Additional flux, AJ, versus the normalized variation of the AMV of sac-
charides, AV* for various ionic compositions at 25°C; [Saccharide]=1molL"!;
[Electrolyte] =1 equiv.L~!; [Na;SO4]: see Fig. 13.

4. Conclusion

The aim of this work was to investigate the mechanisms gov-
erning the mass transfer of neutral species such as saccharides
through nanofiltration membranes with a focus on the role of ions.
Indeed, it was demonstrated in previous studies that the addi-
tion of electrolyte increases the transfer of solutes like saccharides
and that this increase depends on the nature and concentration
of the electrolyte. Different assumptions were proposed to explain
such observations, like a modification of the membrane properties,
and/or a solute dehydration induced by the electrolyte.

solute hydration shell.

The influence of the electrolyte on the saccharide transfer
(xylose, glucose and sucrose) in various electrolyte solutions (NaCl,
Na, S0y, CaCl, and MgCl;) was also investigated. It was shown that
the diffusion flux systematically increases in presence of electrolyte
compared to water and for increasing electrolyte concentrations.
Moreover, it was pointed out that this variation is more important
with more hydrated ions. Finally, it was concluded that, for any con-
ditions investigated in this study, the influence of the electrolyte
is mainly due to the resulting change of the saccharide proper-
ties, since only weak influence was observed on the membrane
properties, as characterized with saccharide/water systems. From
a qualitative point out view, these results were in accordance with
those obtained from the investigation of AMV of saccharides.

Finally, the additional fluxes, AJ, characterizing the impact of
the electrolyte on the solute properties, were put in parallel with
the normalized variation of the AMV, AV* in order to evaluate if a



Nomenclature

d density of sacharide/electrolyte solutions (gcm=3)
dg density of electrolyte/water solutions (gcm=3)

ds density of saccharide/water solutions (g cm=3)

do density of pure water (gcm—3)

]f saccharide flux in saccharide/electrolyte solu-

tion for a soaked membrane with an electrolyte
(molm=2s-1)

]g" saccharide flux in saccharide/water solution for a
soaked membrane with an electrolyte (molm=-2s-1)

AJ additional ~ flux, defined as AJ=JE-J¥
(molm—2s-1)

m molality (mol kg of pure water—1)

M molecular weight (g mol~1)

Vgs(ms) apparent molar volume of saccharide for saccha-
ride/water solution (cm3 mol-1)

Vgs(ms, mg) apparent molar volume of saccharide for sac-
charide/electrolyte solution (cm3 mol~1)

AV variation of the apparent molar volume, defined as
AV=Vs(ms, mg) — Vys(ms) (cm® mol—1)

AV* normalized variation of the apparent molar volume,

v _ Vgs(ms,mg)—Vys(mg)

defined as AV* = )

Subscripts

E electrolyte

S saccharide

w water

relationship can be established between the mass transfer increase
and the dehydration of the neutral solutes in presence of elec-
trolytes.

Agoodrelationship was obtained for a given electrolyte, Na;SOg4,
at different concentrations regardless of the saccharide nature.
From this result it is possible to conclude that the increase of the
saccharide transfer in presence of electrolyte is due to the resulting
dehydration.

Finally, no tendency was drawn from the results obtained
with different electrolytes, especially with those containing diva-
lent cations. This is probably due to the existence of other
solute/electrolyte interactions, which become predominant in such
systems compared to the (—OH)/cation ones.

Further work will be devoted to improve the understanding of
these mass transfer mechanisms by investigating other electrolytes
at various concentrations and using other thermodynamic param-
eters characterizing the hydration state, such as for instance the
water activity.
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