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Abstract

The ultrafiltration process for separation of sodium lactate from sorbitan monooleate
(Span 80) and sodium dodecyl sulfate (SDS) surfactants using ZrO, flat-disc
ultrafiltration membranes was studied in this work. The study is focused on the
influence of the nominal molecular weight limit of the membrane (NMWL), the
transmembrane pressure (TMP), and initial lactic acid concentration (C,) on the
permeate flux (J,) and rejections observed to ion lactate (Ra) and SDS (Rs) using a full
central composite experimental design and response surface methodology.
Experiments were conducted in four stages: a first stage of lactic acid extraction with
niosomes formulated with Span 80 (20 mol/m®) and SDS (4 mol/m®), a second back-
extraction stage conducted by NaOH addition until pH > 12 for niosomes breaking and
sodium lactate releasing, and a third and fourth ultrafiltration stages at 25 °C to
separate the lactate ions from the mixed surfactants.

Membrane NMWL, TMP and their interactions presented statistically significant
influence on the permeate flux. Rejections to lactate ion and SDS were lower than
4.5% and higher than 86%, respectively, whereas Span 80 rejection was 100% in all
range of experimental conditions tested.

The optimal conditions were established for maximum values of permeate flux, and
they were obtained for a 2 bar TMP and 15 kDa NMWL membrane. Under these
conditions, the rejections of SDS surfactant and lactate ion were 87.3% and 4.31%,
respectively, with a permeate flux of 42.63 L/m*h. The antagonistic effect between
permeate flux and SDS rejection is also proved.
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1. Introduction

Lactic acid is of paramount importance in pharmaceutical and food industries due
to its properties as a preservative, acidulant, pH regulator, and flavoring. Its use has
considerably increased in the last years because of the increased production of
polylactic acid (PLA) biodegradable thermoplastic [1-4].

In lactic acid bioproduction, unsustainable and high energy consumption
conventional separation techniques, such as precipitation with calcium hydroxide or



solvent extraction, are usually used for the lactic acid separation from fermentation
broths [5,6]. Membrane-based separation techniques [7] have proven to be effective
because they can avoid accumulation of lactic acid in the fermentation broths,
preventing product inhibition and increasing productivity of the fermentation process. In
this way, hollow-fiber contactors using organic solvents [8—-10] and micellar enhanced
ultrafiltration (MEUF) using surfactants have been studied [11-14]. More recently, the
use of niosomes as lactic acid extraction agents has also been studied [15].

Niosomes are vesicles formed by one or more bilayers of non-ionic surfactants
enclosing an aqueous inside cavity. Niosomes are widely used in medical and
pharmacological applications for their ability to microencapsulate compounds of
different nature [16—20]. However, the use of niosomes as extraction agents of solutes
from very low concentration aqueous solutions is a new application in the field of
sustainable processes that has barely been explored.

Fraile et al. [21] observed that the addition of suitable amounts of the anionic
surfactant sodium dodecyl sulfate (SDS) to non-ionic surfactant Span 80 (sorbitan
monooleate) formulations yields a stabilizing effect on the niosome bilayer, improving
lactic acid entrapment efficiency. However, the addition of ionic surfactants to the
niosome dispersions can lead to the complete solubilization of vesicles. The
solubilization process of Span 80 niosomes by addition of SDS has been recently
studied [22]. It was identified as a three-stage micellization process: SDS adsorption
until saturation, intensification of the bilayer solubilization by mixed micelles formation,
and complete bilayer solubilization by micellization. The critical points corresponding to
SDS concentration for niosome saturation and total solubilization were identified for
several Span 80 niosome concentrations, being 12 and 16 mol/m® of SDS,
respectively, for the 20 mol/m® Span 80 formulation.

The membrane hybrid process of lactic acid extraction by niosomes formulated
with Span 80 and SDS in pre-saturation concentrations, using a 0.20 um pore size flat-
disc TiO, microfiltration membrane and 0.3 bar of transmembrane pressure, has been
studied in a previous work [15]. Best results showed a 33% lactic acid extraction
degree after 30 min equilibrium time, using niosomes of Span 80 (20 mol/m®) and SDS
(4 mol/m®) as extraction agents, pH < pKa of lactic acid (pKa = 3.4), and a SDS/lactic
acid molar ratio of 0.01. Back-extraction of lactate ion was conducted by addition of
NaOH until pH > 12 where breaking of niosomes was observed. However, a significant
permeate flux decline with respect to water flux (J,/J = 0.38) was obtained during the
separation of components due to fouling by mixed micelles and SDS monomers in the
polarization layer and within the large pores of the microfiltration membrane. These
results have led to the present work focused on the use of ultrafiltration (UF)
membranes in order to reduce fouling and to improve the permeate flux during the
back-extraction stage at pH > 12.

This work is a continuation of the previous one [15] and aims to model and optimize
the removal of lactate ion from back-extraction aqueous solutions at pH > 12 containing
Span 80 and SDS surfactants in the stated concentrations, using ultrafiltration
membranes. A Central Composite Design (CCD) and Response Surface Methodology
(RSM) were used to study the effect of the factors (lactate ion concentration,
transmembrane pressure, and membrane nominal molecular weight limit), on the
permeate flux and rejection of components. RSM approach was also used to gain an
understanding of the concentration polarization phenomenon. The optimization of the
process conditions was conducted in order to achieve maximum permeate flux and
surfactants rejection, and minimum lactate ion rejection.



2. Materials and methods
2.1. Chemicals

DL-Lactic acid (>90% purity, Fluka) was used as solute. The non-ionic surfactant
sorbitan monooleate (Span 80, >95% purity, Sigma-Aldrich) and the anionic surfactant
sodium dodecyl sulfate (SDS, 99%, Sigma-Aldrich) were used in the formulation of
niosomes. Other chemicals such as methanol (HPLC grade, HiPerSolvChromanorm),
maleic acid (>99%, Fluka), phosphoric acid (>85%, Sigma-Aldrich), disodium hydrogen
phosphate dodecahydrate (>98%, Panreac), potassium dihydrogen phosphate
(>99.5%, Merck), sodium hydroxide (analysis grade, Scharlau), and phenolphthalein
(99%, Panreac) were used throughout the experiments. For the determination of SDS
concentration the following chemicals were used: ethyl violet (99%, Sigma-Aldrich),
glacial acetic acid of analysis quality (Panreac), sodium acetate for analysis (Merck),
anhydrous sodium sulfate for analysis (Scharlau), toluene (>99.5%, AnalarNormapur
VWR Chemicals) and ethylenediaminetetraacetic acid (EDTA, >99%, Sigma-Aldrich).
Ultrapure deionized Milli-Q water (Millipore, USA), with a conductivity of 0.1 uS/cm,
was used for the preparation of all solutions.

2.2. Niosome formation

Niosomes were prepared by ultrasonication of 10 cm® aqueous solutions of Span
80 (20 mol/m®) and SDS (4 mol/m®). These concentrations were chosen on the basis of
previous works [15,21]. The application of ultrasounds was carried out over a 5-min
effective time, by pulses every 5 s (5 s on and 5 s off, 60 cycles; 30% amplitude, 500
W), to avoid overheating of the sample, using a high-intensity ultrasonic processor
(Vibra-Cell VCX 500, Sonics & Materials Inc., USA) equipped with a 3 mm-diameter
titanium alloy bicylindrical probe. Following, samples were centrifuged (Eppendorf 5804
centrifuge) for 15 min at 9000 rpm, in order to remove any trace of metal detached from
the probe.

2.3. Experimental procedure

UF experiments were carried out using a Spirlab filtration cell (TAMI Industries,
France) with 90 mm diameter flat-disc ceramic membranes (INSIDE DisRAM, TAMI
Industries, France), made of a ZrO, active layer supported on TiO,, with 56.3 cm? of
effective area. The nominal molecular weight limits (NMWL) of the membranes were 3,
8 and 15 kDa.

All experiments were conducted using the following four-stage protocol:

1. Extraction stage: it was carried out by mixing 400 cm® of aqueous solution
containing lactic acid (C, = 5, 10 and 15 moI/mg), named as F,, and 10 cm?® of
dispersed phase containing niosomes, named as Fy. The mixture was
continuously stirred at 375 rpm and 20 °C for 30 min to reach equilibrium.

2. Back-extraction stage: this stage was performed by addition of a required
volume of NaOH (1 N) aqueous solution to the above mentioned dispersion
until pH about 12.2 + 0.2. It was allowed 45-50 min to reach equilibrium and
then a 60 cm® sample was withdrawn for analysis. The sample and remaining
dispersion were identified as Fy;s.

3. UF stage in constant concentration mode. The feed solution (Fys) was fed to the
ultrafiltration cell by a peristaltic pump (Masterflex I/s economy drive Cole
Parmer, CRS rotor EW-07518-00) at a prefixed flow rate and pressure.
Permeate and retentate streams were recirculated to the 1 L jacketed feed tank,
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where the feed solution was kept at constant temperature (20 °C) and stirred at
375 rpm. Adjustment of transmembrane pressure (TMP) was achieved by a
needle valve located in the retentate stream. The system is also equipped with
a flowmeter and a pressure gauge, both placed at the inlet of the filtration cell.
Experiments were run for 30 min under specific TMP (1, 1.5 or 2 bar) in order to
achieve stable conditions in the polarization layer and membrane.
Subsequently, a 60 cm® sample was withdrawn for analysis and the sample and
remaining dispersion were identified as F.

4. UF stage in concentration mode. Once the equilibrium with the membrane was
reached, the feed solution F was ultrafiltrated in concentration mode, removing
continuously the permeate stream and recirculating the retentate to the feed
tank up to a volume concentration ratio (VCR, the quotient between initial feed
volume and retentate volume) around 2. The permeate flux was calculated by
measuring the time needed for collecting 10 cm® permeate samples. Finally,
permeate and retentate were separated for analysis and named as P and R,
respectively.

Fig. 1 shows a scheme of the four-stage procedure and the set-up of the UF

experimental equipment. Table 1 summarizes the analytical measurements made to
different samples through the experimental process.
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Figure 1. Schematic diagram of the four-stage experimental procedure. Fg4: dispersed phase,
Fo: continuous phase, Fy;s: dispersion at pH > 12 without membrane contact, F: feed dispersion
at pH > 12 in contact with the membrane under UF conditions at constant concentration, P and
R: permeate and retentate after UF in concentration mode, 1: feed tank, 2: peristaltic pump, 3:
pressure gauge, 4: membrane module, 5: needle valve.

Membrane cleaning was accomplished afterwards by rinsing with deionized water
to remove the foam, followed by washing with 0.1 N sodium hydroxide solution for 30
min, and then with 0.17 wt.% phosphoric acid solution for 30 min. A final rinsing step
with deionized water until neutrality was sufficient to restore the initial water flux of the
membrane.



Table 1. Summary of analytical measurements made to samples through the experimental
procedure.

Sample Description Analytical measurements
Lactic acid aqueous solution (initial

Fo . Lactic acid concentration and pH
continuous phase)
= Aqueous dls.persmn of niosomes (initial Size, PDI, zeta potential, and pH
dispersed phase)
Equilibrium dispersion at pH > 12 (without Lactate ion concentration, SDS
Fuis monomers concentration, size, PDI,
membrane) )
zeta potential, and pH
Bulk dispersion at pH > 12 under steady- Lactate ion concentration, SDS
F state UF conditions in constant monomers concentration, size, PDI,
concentration mode zeta potential, and pH
. . . Lactate ion concentration, SDS
Final permeate after UF in concentration . .
P _ monomers concentration, size, PDI,
mode (VCR = 2) )
zeta potential, and pH
Final retentate after UF in concentration Lactate ion concent_r atlon_, SDS
R monomers concentration, size, PDI,

mode (VCR =2) zeta potential, and pH

2.4. Analytical methods

Lactate ion concentration was determined by high performance liquid
chromatography using a HPLC Shimadzu. A reverse phase column ACE 5C18 (ACE
HPLC columns) and a UV-vis detector at 216 nm were used. Detailed conditions of the
analytical method can be found elsewhere [15]. Samples were measured in triplicate
and the analytical error was lower than + 0.001 mol/m?®.

SDS monomer concentration was determined by spectrophotometry at 615 nm
with a Hitachi U-2000 equipment, using the ethyl violet method [23]. Samples were
measured in triplicate and the analytical error was lower than + 0.002 mol/m?®.

The particle size distribution, the mean hydrodynamic diameter and the
polydispersity index (PDI) of the samples were carried out by dynamic light scattering
(DLS) using a Zetasizer Nano ZS apparatus (Malvern Instruments Ltd., UK). The PDI is
a dimensionless measure of the width of the size distribution ranging from 0 to 1, a
higher value being indicative of a broader distribution of particle size. The average
value and the relative error of the 3 replicates, each of 5 measurements at 20 °C, was
considered for each sample.

Zeta potential measurements were conducted with the aforementioned Zetasizer
Nano ZS apparatus, using the Laser Doppler Velocimetry technique. They were
performed on the same sample previously prepared to measure the particle size, but
using the appropriate DTS1061 disposable folded capillary cell equipped with
electrodes to allow the passage of electric current and the movement of the particles
according to their charge [24]. Six replicates of 11 measurements were performed for
each sample at 20 °C.

The pH measurement was performed at 20 °C using a Crison GLP 22 pH-meter
fitted with a Crison 52-02 glass pH electrode (Crison, Spain), with an error of + 0.01 pH
units.



Morphological analysis of niosomes was performed by negative staining
transmission electron microscopy (NS-TEM), using a JEOL-2000 EX-Il TEM operating
at 160-180 kV, with an image resolution of 1 nm, located at the University of Oviedo
(Spain). A droplet of the selected sample was placed on a carbon-coated copper grid,
and the sample excess was removed using a piece of filter paper. Then, a drop of
phosphotungstic acid solution (2% wi/v) was applied to the carbon grid and left for 2
min. Once the excess of staining agent was removed by absorbing with the filter paper,
the sample was air-dried and the thin film of stained niosomes was observed by TEM.

2.5. Experimental design and statistical analysis

Response Surface Methodology (RSM) and Central Compaosite Design (CCD) with
three levels of each independent variable were used to study the effect of NMWL (Xi:
3-15 kDa), TMP (X,: 1-2 bar) and lactic acid initial concentration (Xs: 5-15 mol/m®) on
the permeate flux (J,), lactate ion observable rejection (R,), and SDS observable
rejection (Rg). The factors and levels studied are summarized in Table 2. Based on the
selected high and low levels, the NMWL ideal central point should be 9 kDa. However,
a 8 kDa membrane was used at the central points in this study, assuming that this
change does not significantly influence the experimental design.

Table 2. Factors and levels studied.

Levels
Factors -
Low (-1) Centre (0)  High (+1)
X1: NMWL (kDa) 3 8 15
X,: TMP (bar) 1 15 2
X3: Ca (Mol/m®) 5 10 15

The response variables were calculated using the following equations:

\%
P :t x A (1)
C.
R =1- Cﬂ )
i(Fbis)

where V is the volume of the permeate sample collected, t is the time needed for
collecting the permeate sample, A is the membrane effective area (56.3 cm?), and Cip)
and Cjgyis) are the total concentration of lactate ion or SDS in the final permeate and
dispersion at pH > 12 (Fy;s dispersion), respectively.

The CCD model generated 17 experimental runs with three replicates at the
central point which highlight the reproducibility of the experiments. A second-order
degree polynomial equation was used to express each predicted response (Y) as a
function of the independent variables under study (X1, X, and X3). The model equation
is as follows:

_ 2 2 2
Y = ag +a1X1 +aZX2 +r;13X3 +a11x1 +a22X2 +:;133X3 +a12X1X2 +a13X1X3 +a23X2X3 3)



where Y represents the response variable (J,, Ra, and Rs, in this case), a, is a
constant, and a;, a&; @&; are the linear, quadratic, and interactive coefficients,
respectively. Analysis of variance (ANOVA) and least significant difference (LSD) test
were applied to detect the effect of the factors and statistically significant differences
among values, respectively. The model was fitted by multiple linear regressions (MLR).
The validity of the empirical model was tested with ANOVA. The significance of each
estimated regression coefficient was assessed through values of the statistic
parameters F and p (probability) with a 95% confidence level. The experimental design
and data analysis were performed using STATGRAPHICS Centurion XVI (Statpoint
Technologies, Inc., Warrenton, VA, USA).

Optimal conditions were determined with the help of the STATGRAPHICS
Centurion XVI software, in order to reach the maximum permeate flux and SDS
rejection, and the minimum lactate ion rejection, according with the work objectives.

3. Results and discussion
3.1. Effect of NaOH addition on the breakup of niosomes

Particle size measurement in the dispersed phase (Fy) reveals niosomes of 200
nm average diameter and a PDI value of 0.27, which indicates a homogeneous
population (Fig. 2a). Otherwise, detailed analysis of DLS intensity data of dispersions
at pH > 12 revealed that the main peak observed in Fy4, which is attributed to niosomes,
disappears in these samples indicating niosome destruction by the addition of NaOH
until pH > 12. However, peaks associated with mixed micelles of 78-80 nm in size and
Span 80 aggregates larger than 1000 nm were observed in any of the F,s, F and R
dispersions. Results corresponding to a R dispersion are also depicted in Fig. 2a. They
are according with previous works [15,21]. As expected, zeta potential values between
-45 and -38.5 mV were obtained in the Fy samples used in different experiments (—
40.8 mV for F4 sample shown in Fig. 2b), which indicate the presence of negatively
charged niosomes due to the SDS adsorbed in their surface. Besides, as shown in Fig.
2b, two patrticle populations are observed in the R dispersion, with zeta potential values
of =8 and —20 mV, indicating weakly negatively charged particles. Similar results were
obtained for any of Fys and F dispersions (not shown), which corroborate the breakup
of the niosomes at pH > 12. No particles were found in permeates, regardless of the
membrane NMWL.

The presence and morphology of niosomes in the dispersed phase (F4) have been
confirmed by TEM measurements. Fig. 3 shows two photomicrographs of formulations
of 20 mol/m® of Span 80 and 4 mol/m® of SDS, where the white areas correspond to the
grid. Fig. 3a shows the presence of spherical niosomes of about 200 nm in Fy4, whose
sizes agree with those measured by DLS. Fig. 3b shows absence of niosomes in the
dispersion at pH > 12 (Fy;s). Fig. 3b could correspond to large structures of Span 80, as
its concentration (20 mol/m®) is well above its CMC (= 0.1 mol/m® in water [25]), and
they would be in accordance with the large particles shown in Fig. 2a.
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Figure 2. (a) Particle size distributions corresponding to dispersed phase, Fq4, and retentate, R,
and (b) Zeta potential of F4 and R dispersions, as described in Table 1.

(b)

Figure 3. TEM micrographs. (a) Niosomes of Span 80 (20 moI/m3) and SDS (4 mol/m®) in the
dispersed phase (Fq). (b) Formulation of Span 80 (20 moI/mS) and SDS (4 moI/m3) in aqueous
solution at pH > 12 (Fy;s). Scale bars: 0.2 um.

It is well documented that addition of low concentration of cations to anionic
surfactant (SDS) solutions decreases the repulsive forces between head groups of
SDS monomers due to the electrostatic shielding effect, resulting in the formation of
micelles at lower concentration than its CMC (8.1 mol/m*® in water [11,26-32)).
However, beyond a critical concentration, the sodium ions start disrupting the micellar
packing, resulting in less stable micelles [29,30].

In light of the results, it can be assumed that the presence of Span 80 monomers
is highly improbable in dispersions at pH > 12 due to its hydrophobic character (HLB =
4.3 [20]), whereas the coexistence of large Span 80 aggregates with mixed micelles
and SDS surfactant monomers is highly probably.



3.2. Experimental design

The matrix of the CCD and experimental values of the response variables are
given in Table 3.

Table 3. Matrix of the central composite design (CCD) and experimental values of the response
variables: permeate flux (J,), lactate ion observable rejection (Ra), and SDS observable
rejection (Rs).

Factors Responses
Experiment = NMWL ~ TMP Ca | Jp R R
(kDa) (bar) (mol/m®) (L/m” h) A S
1 15 1 5 15,99%° 0.0191° 0,897°
2 8 1,5 10 24,51% 0.0182° 0,864%
3 3 1 15 8,53° 0.0115° 0,888°
4 8 1,5 5 26,64% 0.0160° 0,865°
5 3 1,5 10 12,79% 0.0056° 0,881°
6 15 1,5 10 34,10% 0.0315° 0,880°
7 8 1,5 15 19,18 0.0171% 0,891°
8 8 1 10 14,92%° 0.0117° 0,881°
9 8 1,5 10 22,38% 0.0208% 0,866°
10 15 1 15 17,052 0.0193% 0,887%
11 3 1 5 9,06" 0.0025° 0,902°
12 3 2 5 20,25 0.0313% 0,889°
13 15 2 5 42,63 0.0431° 0,873%
14 15 2 15 40,50' 0.0448% 0,870°
15 8 1,5 10 23,45% 0.0077° 0,871%
16 8 2 10 27,71% 0.0055° 0,869°
17 3 2 15 17,052 0.0313% 0,890°

Values with different letters in each column are significantly different (LSD test, p < 0.05)

Table 3 shows that J, values present large variation, between 8 and 43 L/m?h.
However, R, and Rs values were lower than 4.5% and higher than 86%, respectively,
with very similar values among them for all experiments. LSD test was applied for each
response variable, revealing that Ry and Rs values were no significantly different (p >
0.05). However, J, values identified in Table 3 that do not share a same letter were
considered statistically different among them (p < 0.05).

ANOVA of the fitted model for the J, response shows that the model was
statistically significant (p-value = 0.001). Table 4 shows that NMWL, TMP and their
interaction are statistically significant (p < 0.05) on J,. F values indicate that, for the
range of factors studied, NMWL and TMP factors have the stronger influence on J,,
and also that interaction between NMWL and TMP has synergistic effect on J,.
Otherwise, C, factor was not significant on J,, indicating that it does not contribute on
the J, response, in the range of concentrations tested.



Table 4. Analysis of variance (ANOVA) for the model. Response: permeate flux (J).

Factors SS DF MS F-value p-value
Xy NMWL 682.111 1 682.111 131.17 0.0017
X,: TMP 702.524 1 702.524 135.09 0.0016
X3: Ca 14.6575 1 14.6575 2.82 0.0694
X% 3.45166 1 3.45166 0.66 0.2232
XXz 119.472 1 119.472 22.97 0.0094
X1X3 1.51815 1 1.51815 0.29 0.3668
X%, 9.59837 1 9.59837 1.85 0.1006
XoX3 4.29245 1 4.29245 0.83 0.1911
X3 0.237523 1 0.237523 0.05 0.6921
Lack of fit 34.1339 5 6.82679 6.02 0.1486
Pure error 2.26847 2 1.13423

SS (sum of squares), DF (degrees of freedom), MS (mean of squares)

Considering the significance of the factors, expressed by p-values, the empirical
model was simplified, and experimental data were fitted to Eqg. 4, which was able to
correctly predict the permeate flux. Fig. 4 depicts the closeness between the observed
and predicted values of the permeate flux.

Jp, =-17.0207-0.109287*NMWL+30.8566*TMP+1.28459*NMWL*TMP (4)
The model obtained (Eqg. 4) was robust and showed no lack of fit (p > 0.05, Table

4), with high value of the coefficient of determination (R®> = 0.942), high adjusted
statistical coefficient (Rzadj = 0.923) and a normal distribution of the residuals.

50

20 H

J, observed (L/m2h)

10 A

0 T T T T T T T T T
0 10 20 30 40 50
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Figure 4. Observed vs. predicted values for permeate flux.
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In order to study the effect of the independent variables on J,, surface response
and contour plots of the model were generated by varying two of the independent
variables within the experimental range while holding the third one constant at the
central point. Fig. 5 shows that NMWL and TMP factors, and their interaction, have a
statistically significant positive effect on the permeate flux. A TMP increase causes a
positive effect on J, increase, being more appreciable as NMWL increases. This
behavior can also be seen later in Fig. 6.

Jp (LIm2h)
0.0-8.0
8.0-16.0
16.0-24.0
24.0-32.0
32.0-40.0
40.0-48.0

Jp (L/m2 h)

12 15 17 TMP (bar)

NMWL (kDa)

Figure 5. Response surface and contour plots of J, vs. NMWL and TMP for C, = 10 mol/m?.

3.3. Optimization of operating conditions

Optimal conditions were established by maximizing the permeate flux. Rejections
of lactate ion and SDS were not optimized because they are no statistically different
between them (LSD test, p > 0.05), in the range of concentrations tested. Table 5
shows that best results can be obtained using the 15 kDa NMWL ultrafiltration
membrane, and 2 bar TMP. Under these conditions, corresponding to experiment 13 of
Table 3, predicted values of J,, Rs, and Ra were 43.35 L/m?h, 87.05%, and 1.6%,
respectively.

Table 5. Optimal operating conditions for the ultrafiltration process, and predicted and
experimental values of the response variables J,, Ra, and Rs.

S _ Lower limit  Upper limit Optimal
Response Optimization Prediction (95.0%) (95.0%) Factor conditions
N yes 43.3483 38.5473 48.1493 NMWL 15.0
Ra 0.0159915 -0.0134268 0.0454098 TMP 2.0
Rs 0.870568 0.852023 0.889112 Ca 5.0

3.4. Relationship between permeate flux and SDS rejection

Fig. 6 shows that J, linearly increases with TMP, a fact that is more significant for
the 15 kDa membrane. Similar results were obtained in several works [31-33]. The
linear behavior of J, with TMP shown in Fig. 6 means that the process is mainly
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controlled by convection; however, accumulation of species near the membrane takes
place and concentration polarization layer contributes, to some extent, as a resistance
to permeation. Variation of J, with TMP during the concentration process for the 15 kDa
membrane is depicted in Fig. 7: J, was kept constant during the concentration process
by ultrafiltration, indicating stable conditions of the membrane surface and polarization
layer during this stage.

45
40 W 3 kDa
& 8 kDa
A 15 kDa

35 1

30 “

25

20 H

J, (L/m?h)

15 -

10 +

0.8 1 1.2 1.4 1.6 1.8 2 2.2
TMP (bar)

Figure 6. Permeate flux variation with TMP using different NMWL ceramic membranes (3, 8
and 15 kDa). Symbols: experimental data. Lines: behavior trends.

45 -
r—e 4 4 4 4 4
401 ww—a—m= = = = = =
35 ]
~ 30 ] —e—TMP = 2 bar (Exp. 13)
e ]
NE ] —8—TMP =2 bar (Exp. 14)
S 25 ] ==TMP = 1.5 bar (Exp. 6)
\c/:z. —4—TMP = 1 bar (Exp. 10)
501 —%—TMP = 1 bar (Exp. 1)
| A ek * A
15 ] *
10 ] L] T L] T L] T L] T T
1 1.2 1.4 1.6 1.8 2 2.2

VCR

Figure 7. Experimental values of the permeate flux during the concentration process by
ultrafiltration under different TMP using the 15 kDa membrane. Symbols: experimental data.
Lines: behavior trends.
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As it stated above, niosomes are broken at pH > 12 and large Span 80 aggregates
and mixed micelles of Span 80 and SDS coexist in equilibrium with SDS monomers in
the dispersion (Fy;s). During the UF process, retention of large aggregates and micelles
take place by sieving effect of the UF membranes, as the pore size is assumed to be
lower than the size of these structures. It has been documented that the mean pore
radius of several 5 to 30 kDa UF polymeric membranes was in the range from 0.8 to 11
nm [31], whereas the SDS micelle radius is about 2.5 nm, with an average molecular
weight of 14 kDa [29,31]. Furthermore, the excess of Na’ cations drives micellar
systems towards larger micelles [33-35] and also affect their shape [36]. However,
besides sieving, other phenomena such as the effect of membrane charge, adsorption
and concentration polarization, can affect the retention of surfactants.

Surfactants have tendency to adsorb at interfaces, so under UF conditions
(dispersion F), part of SDS monomers can be adsorbed on the membrane surface and
pore walls. Many researchers have demonstrated that for a strongly hydrophilic
membrane as the ones used in this work, adsorption is unlikely unless the solute and
the membrane have opposite charges [33,37]. However, in this case at pH > 12 the
membrane negative charge is partially shielded by the excess of Na’ ions and
adsorption of SDS monomers could take place to some extent [26,38]. SDS monomers
can also accumulate in the polarization layer under pressure conditions and form
micelles although the SDS concentration in the bulk is lower than the CMC value. The
mixed micelles are negatively charged and, although they are unlikely to be associated
with the membrane, their presence in the polarization layer is admissible.

SDS monomers concentration has been measured throughout the experimental
process, as indicated in Table 1. The fraction of SDS forming mixed micelles (SDSy),
SDS monomers (SDSy)), and SDS adsorbed on the membrane and accumulated in
the polarization layer (SDSw.r)), under UF conditions (dispersion F), were calculated
by the following mass balances, where identical fraction of mixed micelles in F and Fys
has been assumed:

_ CS(Fd)V(Fd) - CS(Fbis)V(FbiS)

SDS,..., = (%)
) CS(Fd)V(Fd)
CS(F)V(F)
SDSM):———if— (6)
S(Fd) Y (Fd)

SDS yp1) =1~ SDS ) ~ SDS( (7)

mx)

where Cs is the SDS concentration and V is the volume of the dispersion, respectively.

Table 6 shows the distribution of the total SDS amount in the dispersion F. Under
ultrafiltration conditions, most of the SDS is adsorbed on the membrane or
accumulated in the polarization layer (SDSy.p1)), being this fact the mainly responsible
of the permeate flux decrease.

Being a process mainly controlled by convection, the increase of the driving force
as TMP increases leads to the SDS monomers accumulated in the boundary layer to
pass through the membrane whose charge is shielded by Na* ions. It should be taken
into account that the excess of Na* ions cause micelles destabilization, resulting in a
less compact micellar layer which facilitates permeation of the SDS monomers
[29,33,39]. This fact is observed in Fig. 8a, where the amount of SDS monomers, that

13



freely pass through the membrane, increases as TMP increases, thereby decreasing
the membrane rejection to SDS, as shown in Fig. 8b. These results show the existence
of an antagonistic behavior between J, and R;, to the extent that Rs decreases as J,
increases, as depicted in Fig. 9. A similar behavior of permeate flux increase, as well
as surfactant concentration in permeates, with TMP can be found elsewhere

[29,32,40].

Table 6. Distribution of total SDS amount in dispersion F under ultrafiltration conditions:
mixed micelles, SDS,, free monomers, SDSy,, and adsorbed on the membrane and

accumulated in the polarization layer, SDSy.py).

. SDS SDS, SDSueL
Experiment (WE.5%) (Wt.9%) (WE.5%)

1 38.40 8.64 52.96

2 34.77 10.92 54.31

3 37.31 8,64 54.05

4 33.75 9.41 56.84

5 37.49 9.12 53.39

6 41.81 10.48 47.71

7 35.08 9.40 55.53

8 33.26 9.29 57.45

9 33.87 10.67 55.46

10 34.07 11.18 54.75

11 35.62 8.47 55.91

12 36.39 9.58 54.02

13 36.53 11.12 52.35

14 34.07 11.18 54.75

15 35.19 10.74 54.07

16 32.84 11.70 55.46

17 33.75 9.41 56.84
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i 11.70 95 -
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Figure 8. Variation of SDS amount (wt.%) with TMP in the dispersion F: (a) SDS
monomers, (b) SDS in mixed micelles plus adsorbed on the membrane and

accumulated in the polarization layer.
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Figure 9. Relationships between the permeate flux and SDS rejection under
ultrafiltration conditions. Symbols: experimental data. Lines: behavior trends.

The effects of TMP and Na' ions presence on J, have also been tested for single
surfactant dispersions using the 15 kDa membrane and the results have been
compared with those of the surfactant mixtures. Fig. 10 shows that permeate flux
increases with TMP for all systems but it also depends on the medium composition.
The higher fluxes were obtained for Span 80 (20 mol/m® + SDS (4 mol/m® niosome
dispersions at natural pH (~ 7). For this system both niosomes and membrane have
negative charge and electrostatic repulsions favor the solvent permeation. The lower
flux observed for the dispersion with niosomes formulated only with Span 80 (20
mol/m?) at pH > 12 can be attributed to accumulation of the negatively charged Span
80 large aggregates in the polarization layer, because of the membrane charge
shielding by Na* ions. Zeta potential of Span 80 aggregates at pH > 12 was —20 mV,
probably due to the adsorption of hydroxyl ions; in addition, the presence of Na*
decreases the electrostatic repulsion between particles, which increases their tendency
to accumulate in the polarization layer. A much lower J, was obtained for the system
with formulation identical to the first one (Span 80 + SDS) but at pH > 12, with J, values
similar to those achieved for a single SDS dispersion at pH > 12, indicating that the
presence of SDS monomers is the main cause of this permeate flux reduction.
Comparison of the single SDS systems at pH > 12 and natural pH (=6.9) shows a
significant J, decrease in the former. This result confirms that the Na* ions shield the
negatively charged membrane surface and also decrease the electrostatic repulsions
between SDS monomers, yielding to their accumulation in the polarization layer.
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Figure 10. Relationships between the permeate flux and TMP for different medium
compositions. Symbols: experimental data. Lines: behavior trends.

4. Conclusions

ZrO, ceramic ultrafiltration membranes can be successfully used for the separation
of ion lactate from the surfactants Span 80 and SDS in aqueous solutions at pH > 12.
Process optimization by RSM showed that, in the range of conditions studied (TMP: 1—
2 bar, NMWL: 3-15 kDa, and C,: 5-15 moI/m3), best results were obtained for the 15
kDa membrane and a transmembrane pressure of 2 bar. Under these conditions the
permeate flux (J,) was 42.63 L/m*h and SDS rejection (Rs) was 87.3%. lon lactate
concentration effect was not statistically significant on J, and its rejection was lower
than 4.5%. Span 80 rejection was 100% in all range of experimental conditions tested,
as it forms large aggregates that are retained by membranes.

Although the differences between R values were not statistically significant with
95% significance level, an antagonistic behavior between Rs and J, has been
experimentally tested. It was observed that UF process was mainly controlled by
convection and J, increased as TMP increases, being this effect more appreciable for
membranes with higher NMWL. Besides, as J, increases part of SDS molecules
adsorbed on the membrane or accumulated in the polarization layer pass through the
membrane decreasing the SDS monomers rejection. The retention of surfactants at pH
> 12 are influenced by three predominant effects: the membrane sieving that yields
retention of mixed micelles and large aggregates of Span 80, the de-compaction of the
polarization layer due to the micelles destabilization caused by the excess of Na® ions,
and the shielding of the negatively charged membrane surface by Na* ions which
improves the permeation of SDS monomers as J, increases.

This study complements a previously one performed with a 0.20 um TiO,

microfiltration membrane and 0.3 bar TMP [15] where a significant permeate flux
decline was obtained during the separation of components due to SDS monomers
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accumulated in the polarization layer and adsorbed within the large pores of the
microfiltration membrane. A comparison between both studies shows that J, obtained
with the 15 kDa ultrafiltration membrane (J, = 42.63 L/m*h at TMP = 2 bar) was higher
than the obtained with the 0.20 um microfiltration membrane (J, = 19.19 L/m?h at TMP
= 0.3 bar). Besides, smaller decrease of J, with relation to pure water flux (J,,) was
obtained with the UF membrane (J,/J,, = 0.61) than with the microfiltration one (J,/J,, =
0.38). These results indicate an improvement in the extraction-backextraction process
of lactic acid with Span 80 and SDS niosomes using ultrafiltration membranes.
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