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Due to their numerous biological properties, natural sulfated polysaccharides have attracted the interest
of the food and pharmaceutical industries. Membrane processes were thought to be especially suit-
able for their production at industrial scale. The aim of this study was to evaluate the effect of sodium
chloride, often used as a preservative and a precipitation adjuvant, on the ultrafiltration of sulfated pen-
tasaccharides. In pure water, results showed a complete retention of the polymers on membranes with
molecular weight cut-off up to eight times the molecular weight of the studied pentasaccharides. When
NaCl was added to a concentration of 0.5 mol L1, retention rates decreased significantly (~—50%). As no
relevant modification of the molecules size was observed through hydrodynamic radius measurements,
these variations of selectivity were fully attributed to the screening of membrane surface charges by the
electrolyte. Therefore, optimising the ultrafiltration of charged molecules need absolutely exammining
electrostatic interactions.
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1. Introduction

In recent years, a wide range of polysaccharides has emerged as
an important class of bioactive natural products. Sulfated polysac-
charides have particularly aroused the interest of many researchers
because of their various applications in food and pharmaceutical
industries. Indeed, some of them, such as pectin or carrageenans,
have become valuable food additives due to their rheological prop-
erties. They are used as gelling agents, thickeners, stabilisers,
emulsifiers or fat replacers (Hatziantoniou & Howell, 2002; Hodur,
Kertesz, Beszedes, Laszlo, & Szabo, 2009; Moresi & Sebastiani,
2008). In addition, many of these biopolymers exhibit a wide range
of biological activities that may find relevance in functional food
and pharmaceutical applications. For example, glycosaminogly-
cans from the extracellular matrix of the vertebrate organisation
(Barbucci, Magnani, Lamponi, & Albanese, 1996; Ben Mansour
et al., 2009; Chavaroche, Van den Broek, & Eggink, 2013; Cui, Li,
& Yuan, 2012; Yang, Chang, Weyers, Sterner, & Linhardt, 2012; Wu
& Chen, 2006) or oligosaccharides derived from polysaccharides of
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seaweed, bacteria, fungi or plant origin (Mellal et al., 2008; Jiao,
Yu, Zhang, & Ewart, 2011; Wijesekara, Pangestuti, & Kim, 2011;
Cardozo et al.,, 2011; Chen et al., 2011) possess antitumor, antivi-
ral, immunomodulant, anticoagulant and antioxidant properties.
Therefore, many studies have been launched on polysaccharides
isolation to improve both selectivity and yield of their production
processes.

Sulfated polysaccharides are traditionally extracted by enzy-
matic hydrolysis and precipitated with ethanol. The purification
step is mainly realised by gel filtration or anion exchange chro-
matography and a high grade of purification is required since only
polysaccharides of specific degree of polymerisation show biologi-
cal activities. Thus, when conventional laboratory techniques are
employed, the purification process can become very expensive,
which limits the production at industrial scale.

Due to a wide size range, membrane processes have seemed
to be especially suitable for initial purification of bioactive and
heat-sensitive materials at the industrial scale as they are oper-
ated under mild conditions, permit to treat large volumes and
can be easily automatised. Furthermore, membrane processes offer
a large number of benefits for industries: high product selectiv-
ity with consistent quality of permeate and retentate, low energy
requirement, reduced operating costs, easy implementation, long
operating life and low pollution. The clarification and concen-
tration of sulfated polysaccharide solutions can be achieved by
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microfiltration or ultrafiltration membranes. The following steps
of purification are thus facilitated, for example by reducing the
volumes to be treated or the amount of alcohol needed for pre-
cipitation, and the overall quality of the final product is improved
(Hodur et al., 2009). However, the filtrating conditions have to be
optimised to control the decline in permeate flux and the variations
in selectivity which occur during the filtration of complex natural
products. Due to molecules/molecules and molecules/membrane
interactions, the determination of the optimised operating con-
ditions is not easy and requires a careful investigation at the
laboratory scale (Hatziantoniou & Howell, 2002; EI Rayess et al.,
2012; Mellal et al., 2008).

Interactions between molecules and membrane during the fil-
tration process are not limited to steric effects. Particularly, in the
case of charged molecules, electrostatic phenomena can appear and
strongly modify the mass transfer. Most membranes present an
electrically charged active surface and these interactions become
more and more important with decreasing pore size and thus have
to be considered in ultrafiltration (Moritz, Benfer, Arki, & Tomandl,
2001). Regarding ceramic membranes, which are the most fre-
quently employed in industrial filtration plants for this application,
the metal oxides composing the active layer become hydroxylated
in aqueous solution, leading to the development of an electrical
charge at the membrane surface (Zhang, Jing, Fan, & Xu, 2008).
Consequently, the pH and ionic strength of the solution may affect
significantly the behaviour of sulfated polysaccharides in ultra-
filtration (Broeckmann, Wintgens, & Schafer, 2005; Lo, Yang, &
Min, 1996; Pinelo, Moller, Prado-Rubio, Jonsson, & Meyer, 2013).
In fact, during the process of polysaccharides isolation, sodium
chloride is often added to the solution to prevent microbial devel-
opment and to strongly reduce the alcohol quantity needed for
precipitation (Garcia-Ochoa, Santos, Casas, & Gomez, 2000). The
variations of the ionic strength by adding salt can modify the
molecular conformation of charged molecules and their inter-
actions with the membrane material. It is then expected that
the presence of sodium chloride has an impact on molecules
retention.

The present study was undertaken to determine the effect of
sodium chloride addition on the membrane efficiency in terms of
permeate flux and retention during the ultrafiltration of sulfated
pentasaccharides, in order to identify the mechanism(s) control-
ling the purification and, thus, improve the industrial membrane
processing of such molecules.

2. Materials and methods
2.1. Test molecules

Two synthetic polysaccharides provided by Sanofi Chimie (Ara-
mon, France) were selected for ultrafiltration trials because of their
structural similitude with natural anticoagulant polysaccharides
(Fig. 1). There were a Linear Sulfated Pentasaccharide (LSP) with a
molecular weight (M) of 1726 g mol~! and the associated Biotiny-
lated Sulfated Pentasaccharide (BSP) with a molecular weight of
2046 gmol~! to determine the impact of their molecular configu-
ration on their behaviour during filtration experiments. The graft
of biotin, responsible for a gap of 16% in molecular weight, allows
the inhibition of the pentasaccharide activity by adding avidin.
These molecules present many sulfated and carboxyl groups, mak-
ing them highly ionised in aqueous solution.

2.2. Membranes

The ultrafiltration membranes employed in this study were
tubular ceramic membranes with molecular weight cut-off
(MWCO) varying from 1 to 150kDa (Inside Ceram™ and
Filtanium™ series, Tami Industries, Nyons, France). Each mono-
channeled porous membrane presented a membrane area of
0.011m?, made either of titanium dioxide (TiO;) or zirconiuim
dioxide (ZrO,). According to measurements of electrophoretic
mobility (Verhnet & Grangeon, 2003), which consist in recording
the time needed for a suspended compound subjected to an electric
field to cross the measuring cell, TiO, powder showed isoelectric
points (IEP) at pH 3.2 4 0.5 which is consistent with literature data
(Zhang et al., 2008) and ZrO, powder had an IEP at pH 3 +0.1
which is quite below the values given in literature (6-7). This can
be explained by the origin and the treatment of the metal oxides
solutions which surely differ from one manufacturer to another.
In the study of Verhnet and Grangeon (2003), the oxide powders
have been thermally treated in the same way as for the membranes
elaboration, before being crushed and sieved. Thus, theses values
reflect the surface charge of the membranes with higher accuracy.

2.3. Experimental setup

The ultrafiltration experiments were performed on a filtra-
tion module composed of four carters in parallel configuration,

;
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Fig. 1. Chemical structures of the test pentasaccharides (a) linear sulfated pentasaccharide: 1726 gmol~'; (b) biotinylated sulfated pentasaccharide: 2046 gmol~'; X=Na).
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Table 1
Water permeabilities at 20 °C and membrane resistances.

MWCO (kDa) Ry (102 m-1) Lpo (Lh~'m~2bar ')
1 7.1-8.9 40-51

5 5.4-7.8 46-66

10 6.0-7.1 50-60

15 6.6-7.6 47-55

100 1.8-2.1 168-204

150 1.8-24 148-197

adapted for comparative filtration tests (Helicopter, Tami Indus-
tries, Nyons, France). It allows the ultrafiltration of a solution
on four different membranes simultaneously, insuring identical
experimental conditions in terms of TMP, velocity and feed com-
position. Each experiment was conducted under a transmembrane
pressure (TMP) of 1.50 4 0.05 bar, a turbulent crossflow velocity of
49+4+0.5ms~! (Re~30,000) and a temperature of 30+2°C. The
volume of the feed solution was 5L and the concentration of
pentasaccharides in distilled water was fixed at 4gL-! to limit
intermolecular interactions. Retentates and permeates were con-
tinually recycled to the feed tank to keep the feed concentration
constant. After having reached the steady state, the permeate flux
to the solution was measured and the feed and permeates samples
were collected, according to the French Standard for the determina-
tion of retention rate of ultrafiltration membranes (French Standard
NF X 45-103, 1997). To evaluate the effect of sodium chloride con-
centration, experiments were performed without NaCl addition
and at two different salt concentrations, one low and one high (0.01
and 0.50mol L~1). The minimum concentration allows the signif-
icant decrease of intramolecular electrostatic repulsion providing
flexibility to the molecules (Duclos, 1984), and the maximum con-
centration was set to meet the use limit of the chromatographic
device employed for samples analysis.

2.4. Membrane cleaning and water permeability

Membranes were cleaned before the first use to remove the
material left during the membrane preparation, as recommended
by the manufacturer and highlighted in the literature (Nystrom &
Zhu, 1997; Zhu & Nystrom, 1998), and after each filtration exper-
iment following this protocol: a solution of sodium hydroxide at
a concentration of 20gL~1 was filtered during 30 min at a tem-
perature of 80°C and a TMP of 1.50 bar. After rinsing to neutrality
with distilled water, a solution of nitric acid at a concentration of
5mLL-! was filtered during 15 min at a temperature of 50°C and
a TMP of 1.50 bar. Finally, the membranes were rinsed to neutral-
ity with distilled water and the initial water permeabilities were
evaluated. After filtration experiments if the loss of water perme-
ability was higher than 10%, the cleaning sequence was repeated.
The ranges of water permeabilities (Lpg) and the corresponding
membrane resistances (Rpy) are presented in Table 1. They are in
accordance with the permeability ranges given by TAMI industries.

2.5. Determination of fouling resistance

The permeate flux during the filtration of a polysaccharides
solution (Jp) can be expressed through the equation of the
resistance-in-series model (Rai, Rai, Majumdar, DasGupta, & De,
2006):

TMP

=————— —— with R +R =R 1
.IP nx(Rm+Rr+Ri) r+ i \f ()
where 7 is the dynamic viscosity (Pas) and Ry, Ry, R; (m~1)
are, respectively, the resistances of the membrane, the reversible
fouling and the irreversible fouling. For each experiment, the

membrane resistances were determined considering the water

Table 2
Dynamic viscosity measurements at 25 °C.
[NaCl] (molL-1) n (mPas)
Water LSP (4gL1) BSP (4gL1)
0 0.89 0.90 0.89
0.01 0.89 0.90 0.90
0.50 0.94 0.94 0.94

permeabilities and the total fouling resistances (Ry=Ry+R;) with
the permeabilities to the solution. At the end of the filtration, the
membranes were rinsed with distilled water during 10 min at a
TMP of 1.50 bar. The variation of the permeability associated to this
step is defined as reversible fouling and the remaining fouling after
rinsing corresponds to the irreversible fouling resistance (R;). By
way of example, for the filtration of the LSP in pure water on the
1 kDa membrane, the values of membrane permeability and corre-
sponding resistances for each of the conducted measurements are
illustrated on Fig. 2.

2.6. Viscosity measurements

For the calculation of resistances, the dynamic viscosity of the
different feed solutions was measured at 25°C (Table 2). Mea-
surements were conducted on a rheometer with double Couette
geometry (AR 550, TA Instruments, Guyancourt, France). The val-
ues of viscosity obtained for pure water and water with NaCl are in
accordance with literature data (Copin-Montégut, 2002). The addi-
tion of LSP or BSP at the operating concentration of 4gL~! did not
affect the viscosity values which were increased by 1%, at most.

2.7. Determination of retention rates

The concentration of pentasaccharides in the collected samples
was determined through density measurements. The densime-
ter (DMA 5000 M, Anton Paar, Courtaboeuf, France) offers a fast
and reliable measure with an accuracy of 5x10%gcm=3 and a
repeatability of 1.10~6 gcm=3. For each NaCl concentration and
each molecule, a calibration curve was established, and the concen-
trations of permeates were then obtained from the density values.
Thus, the retention rate values (RR) expressed in percentage of
retained molecules, are accurate to 1%. These measurements were
performed in duplicate and the average values are presented.

2.8. Hydrodynamic radius measurements

For the different conditions of salinity, the hydrodynamic radius
(Rp) of the test molecules in solution was determined using size
exclusion chromatography with triple detection (Viscotek TDA
max, Malvern Instruments, Orsay, France). This device provides Ry,
values through the coupling of a refractometer, a right angle light
scattering detector and a viscosimeter as shown by Egs. (2)-(5). The
measurements are realised in triplicate.

Equation of the refractometer:

dn
RI =Ky x 4z x C (2)

with RI the refractometer signal (mV), Kg; the refractometer con-
stant, n the refractive index of the sample and C the concentration
of the sample (gL~ 1).

Equation of the right angle light scattering detector:

dn\?
RALSZKRALSXMX(E> x C 3)
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Fig. 2. Permeabilities and associated resistances obtained with the 1 kDa membrane for the filtration of LSP in pure water.

where RALS and Ky s are the signal and the constant of the light
scattering detector and M the molecular weight of the compound
(gmol-1).

Equation of the viscosimeter:

IV=Ky x[n]xC (4)

with IV the viscosimeter signal, K}y its constant and [7] the intrinsic
viscosity of the compound (Lg~1).
The Ry, is then calculated using the Einstein’s viscosity equation:

[n]xM:Z,Sx(gxn’xNAxR,ﬁ) (5)
where N, is the Avogadro number.

3. Results and discussion
3.1. Influence of salinity on selectivity

The obtained values of retention rate for the lower molecular
weight cut-offs (1-15kDa) (Figs. 3 and 4) showed that the two
molecules were unexpectedly totally retained (RR>95%) in pure
water and at low NaCl concentration. The pentasaccharides trans-
fer was observed only from the 100 kDa membrane although their
molecular weights are 50 times lower than the membrane MWCO,
and even then the retention rates were still high (45-85%). Thus,
the impact of the phenomenon responsible for the high retention
of the polymers decreases with increasing membrane pore size. On
the contrary, the addition of sodium chloride at a higher concentra-
tion (0.50 mol L) has strongly modified the filtration behaviour.
Indeed, for both compounds and all MWCO, the retention values

EY
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40 | m[NaCl]=0,01 M
30 — — — ——— — m[NaClj=0,50 M
20
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0 v v )
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|

Fig. 3. Variation of the retention rate of the LSP as a function of MWCO for differents
ionic strengths [4gL-!, 1.50bar, 30°C, 4.9ms™'].

were lower than 50%, even for the 1kDa membrane which cut-
off is half the molecular weight of the polymers. A decrease of the
RR was also noticed on the membranes with high MWCO, which
already allowed the molecules to pass through at low salt concen-
tration. Therefore, the membrane selectivity was clearly not only
controlled by the steric effects. The presence of NaCl at high concen-
tration has notably influenced the interaction between the sulfated
pentasaccharides and the different membranes.

3.2. Influence of salinity on membrane fouling

The fouling resistances are presented in Table 3. The values
have been gathered according to the similarity of selectivity results,
as the mean values obtained for the low MWCO and the high
MWCO. The addition of sodium chloride at 0.50molL~1 has led
to a decrease of the fouling resistance values for LSP and to an
increase of these values for BSP. For low MWCO membranes, when
no transfer of molecules was observed (i.e. in pure water and at low
NacCl concentration), the fouling appeared to be mainly composed
of reversible surface fouling, in particular for the LSP. This trend was
still noticed at high concentration of salt for the linear polysaccha-
ride whereas the proportions of R, and R; were reversed for the
branched molecule. For high MWCO membranes, the behaviour of
the two compounds was similar in any filtration conditions. The
fouling was mainly reversible by rinsing with water and the part
of irreversible fouling has increased with NaCl concentration. Thus,
the LSP appeared to predominantly cause surface fouling, whereas
the BSP seemed to be more prone to adsorption or to internal foul-
ing. This difference in fouling mechanism is probably related to the
structure and the conformation of the molecules.

Pure water

 HE[NaCl]=0,01M

Retention rate (%)
w
S

m[NaCl]=0,50 M

1 5 10 15 100 150
MWCO (kDa)

Fig.4. Variation of the retention rate of the BSP as a function of MWCO for differents
ionic strengths [4gL-1, 1.50bar, 30°C, 4.9ms™'].
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Table 3
Fouling resistances for the different operating conditions.
LSP BSP
Rf (102 m1) R:°[Ry (%) Ri¢[Ry (%) Rf(10'2m-1) Re[Ry (%) Ri/Ry (%)
Pure water
1-15kDa 22 88 12 0.8 63 37
100-150kDa 24 85 15 1.9 88 12
[NaCl]=0.01 mol L-!
1-15kDa 21 87 13 2.7 70 30
100-150kDa 33 80 20 1.5 80 20
[NaCl]=0.50 mol L-!
1-15kDa 1.6 84 16 3.1 29 71
100-150kDa 0.8 60 40 3.1 73 27
2 Fouling resistance (R; +Ry).
b Reversible fouling resistance.
¢ Irreversible fouling resistance.
3.3. Influence of salinity on molecules size Table 5

In order to determine the impact of ionic strength on the appar-
ent size of the molecules, their hydrodynamic radius (R,) was
measured at the two concentrations of sodium chloride (Table 4).
Although only few data on the hydrodynamic radius of low molecu-
lar weight polysaccharides are available in the literature, the values
given by Morris, Adams, and Harding (2014) are in agreement
with our results. The Ry, of heparin molecules of 3.9kgmol-! is
estimated to 1nm in aqueous solution with 0.2molL~! of NaCl
and the one of a 6kgmol~! pullulan to 4nm in aqueous solution
with 3.103molL-! of NaN3. Moreover, the values of hydrody-
namic radius obtained by Armstrong, Wenby, Meiselman, and
Fisher (2004) for some others polymers with molecular weights
similar to those of the LSP and the BSP, in aqueous solution with
0.01 mol L~ of NayHPOy, confirm our results. Indeed, PEGs of 1.45
and 2.0kgmol~! are characterised by a R;, of, respectively, 1.13
and 1.36 nm. For 0.01 M of NadCl, our results showed that the LSP
radius was around 16% lower than the BSP radius, which is consis-
tent with their difference in structure and configuration. Regarding
the impact of ionic strength, the addition of NaCl at 0.50 mol L~!
did not affect the apparent size of the linear polymer and reduced
the hydrodynamic radius of the branched molecule by only 11%.
Consequently, the observed variations in selectivity could not be
explained by size effects.

3.4. Influence of salinity on membrane surface charge

In order to clearly determine the influence of sodium chloride
addition in the same conditions as during industrial processing,
the pH of the different feed solutions was not modified. The values
were of 6.440.2 for BSP and of 7.6 +- 0.2 for LSP. According to the
data of isoelectric points (pH ~ 3), the membrane surfaces became
negatively charged for these pH values. The electrostatic repulsion
between the sulfated polymers and the active layers may explain
the high retention rates observed in pure water. Measurements of
electrophoretic mobility (ftep, m? V-1 s~1) of metal oxides in aque-
ous solution of KNO3, conducted by Verhnet and Grangeon (2003),
showed the influence of electrolyte concentration on this parame-
ter in the pH range of the feed solutions (Table 5). A shift in ionic
strength from 10~3 to 10-2 molL~! have led to a decrease by 9%

Table 4
Mean values of hydrodynamic radius.
[NaCl] (mol L) Ry (nm)
LSP BSP
0.01 0.88 + 0.02 1.05 + 0.02
0.50 0.87 + 0.02 0.93 + 0.02

Variations of the electrophoretic mobility of metal oxides with salt addition (Verhnet
& Grangeon, 2003).

TiO, ZrO,
[KNO3] (mol Lil) A”‘lep‘(%) A|llep\(%)
0.001 — 0.01 -9 -9
0.001 - 0.1 —43 -36

of the absolute values of 1i¢p, which corresponds to an equivalent
decrease in the apparent electric charge of metal oxides as these
parameters are related according to the following equation:

- a
6 x 7w xnxRy

Hep (6)
where ¢ is the electric charge of the molecule. This low reduc-
tion was consistent with the absence of notable changes in terms
of selectivity. In the case of a concentration shift from 10~3 to
10-"mol L', a strongly decrease by around 40% was noticed. As
the experimental ionic strength was five times higher, this strong
reduction of the apparent surface charge, by screening, was quite in
agreement with the changes observed in retention rates. Therefore,
the electrostatic interactions between molecules and membrane
surface seemed to be fully responsible for the modifications in
ultrafiltration performances. This phenomenon of charge screening
by the presence of an electrolyte was also observed by Ricq, Pierre,
Reggiani, Pagetti, and Foissy (1998) on ZrO, and by Velikovska and
Mikulasek (2007) on TiO,. As mentioned by Alkan, Demirbas, and
Dogan (2005), in the case of monovalent electrolytes, there is no
specific adsorption of ions on the oxides. Owing to the Coulomb’s
law, they accumulate as counterions in the electrical double layer
and compress it, leading to a decrease of the apparent electric
charge of the metal oxides.

4. Conclusion

The ultrafiltration of a linear and a biotinylated sulfated pen-
tasaccharides in the presence of sodium chloride was studied. The
retention values have shown an important modification of reten-
tion rates with NaCl concentrations ranging from 0 to 0.50 mol L1,
At low salt concentration, both polymers were totally retained
on membranes with molecular weight cut-offs up to 15kDa,
corresponding to nearly eight times the molecular weight of
the pentasaccharides. When the amount of sodium chloride was
increased to 0.50molL~!, the retention rates decreased for all
membranes below 50%. Regarding the measures of hydrodynamic
radius, the salt addition did not modify the size of the molecules.
The charge effects were found to be responsible for the observed
variations in membrane selectivity. The presence of NaCl at high
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concentration caused a charge screening effect and consequently
a decrease of the apparent surface charge of the filtrating mate-
rial. This phenomenon allowed the sulfated polysaccharides to pass
through the membrane structure. The only difference between the
two compounds in their filtration behaviour relied on membrane
fouling. The linear pentasaccharide was more prone to cause sur-
face fouling whereas the branched molecule has responsible for
a higher irreversible fouling. Finally, during the ultrafiltration of
charged molecules, the electrostatic interactions completely con-
trol the membrane performances, contrary to size parameters that
usually define the membrane processes efficiency.
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