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ABSTRACT: Polyelectrolyte complexes (PECs) were prepared using chitosan and sulfonated poly(ethylene terephthalate) by the mixture
method. Fourier transform infrared spectroscopy, zeta potential, X-ray diffraction, and thermogravimetric analysis were used to charac-
terize the chemical structure, surface charge, crystallinity, and thermal stability of the PECs. To evaluate how PECs affect the water
vapor flux and the microfiltration performance, PECs solutions were spread via casting on polycarbonate microporous membranes. The
increase in water vapor flux and in the Saccharomyces cerevisae microfiltration performance indicated that the presence of the PECs acts
as fixed charges, changing significantly the transport properties of the polycarbonate matrix. © 2019 Wiley Periodicals, Inc. J. Appl. Polym. Sci.
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INTRODUCTION

Polyelectrolyte complexes (PECs) are spontaneously formed through
electrostatic interactions when polyelectrolytes (PELs) with opposite
charges are mixed." PECs can be used in drug delivery systems,>” to
improve papermaking properties,* for mechanical strengthening of
cotton fibers,” for flocculation,’ in tissue engineering,” and in separa-
tion membranes.*’

Surface modification can change hydrophilicity, selectivity, and
permeability and reduce fouling in polymeric membranes.'"’ A
great number of modification strategies have been employed for
this purpose, as the use of specific additives,'' coating,'* interfacial
polymerization,'? plasma treatment,'* graft polymerization,'® inci-
dence of high energy particles,'® heat treatment,'” and chemical
reactions as carboxylation, sulfonation, amination, and epoxida-
tion.'® Some physical properties of the PECs, as chemical stability,
hydrophilicity, and tunable surface charges, also make them inter-
esting materials to modify the surface of polymer membranes.'®
From this point of view, modification of membranes with PECs
based on polymers from renewable sources with low cost and low-
complexity methodology is still few investigated.*

Chitosan (CH) (Figure 1) is one of the most used polycations to pre-
pare PECs.>' CH is derived from the deacetylation of chitin. There-
fore, it has an almost unlimited source of raw material because some
of the large sources of chitin are shells of crustaceans, fungal cell
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walls, and exoskeleton of insects.”> Other reason for the great interest
in CH is due to some of its characteristics as biocompatibility, hydro-
philicity, biodegradability, antibacterial properties, and bioactivity.>*

CH can form PECs with polyanions of different categories,*
including synthetic polymers,”" metal anions,”® and natural poly-
mers.”® The polyanion chosen for this investigation was sulfonated
poly(ethylene terephthalate) (SPET), a synthetic copolymer with a
structure similar to that of poly(ethylene terephthalate) (PET),
except for the dimethyl isophthalate sodium sulfonate comonomer
(Figure 2). Our research group have investigated the use of SPET
in PEC-based hydrogels’’ and semi-interpenetrating (s-IPN) net-
works hydrogels.*® This copolymer was chosen because of its well-
known structure and due to its good solubility in water and high
hydrophilicity.

In this study, PECs based on CH and SPET were synthesized by the
mixing method, characterized, and deposited by casting on a micro-
porous polycarbonate (PC) membrane. We focused the present
investigation on the water transport properties and microfiltration
of Saccharomyces cerevisiae. Saccharomyces cerevisiae is widely
employed as yeast in different industrial segments as winery,
brewing, and baking. Consequently, this yeast was chosen as
model for microfiltration evaluation in order to observe how the
structure-transport properties aspects of the PC membrane were
modified by the PECs.
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Figure 1. Chemical structure of chitosan. PEC 1:2 2 1
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EXPERIMENTAL
Characterizations

Reagents

Chitin was obtained from white leg shrimps (Litopenaeus van-
namei) collected in Baia de Sepetiba, Rio de Janeiro (Brazil). CH
was obtained by deacetylation of chitin, as described by Rege and
Block.*® The deacetylation degree of the obtained CH was 79%
(determined by "H NMR) and Mv ~450.000 g mol™". SPET (13%
per monomeric unit, Mn =56.000gmol™") was used as received
from Solvay (Belgium). 5pm PC membranes Isopore were pur-
chased from Millipore. S accharomyces cerevisiae was obtained by
Fleishman (Brazil). The yeast culture was prepared in distilled
water (1 gLfl) at 30°C.

Synthesis of CH-SPET PECs by the Dropping Method

The average molar mass of CH used in this investigation is
about nine times greater than SPET. Also, the number of ioniz-
able groups in CH is higher than SPET. For this reason, the CH
content in PECs was kept constant, varying only the SPET con-
tent. The PEL solutions were prepared in an acid buffer solution
(0.018 mol L™! of sodium acetate, 0.082 mol L™ of acetic acid,
and 0.14 mol L™ of NaCl). It was prepared a 1 g L™" solution
of CH and 1, 2 and 3 g L™" solution of SPET. CH-SPET solu-
tions were prepared by mixing negatively charged SPET solu-
tions and positively charged CH solutions by the dropping
method: 14 mL of a specified concentration of SPET was added
dropwise into a 14 mL of CH solution under stirring in a high-
speed homogenizer at 7000 rpm for 2 min. The sample nomen-
clature of the PECs was based on the proportion of the PELs
(Table I).

Preparation of the PEC Modified Membranes

1 mL of the PEC solution was spread on the PC membranes
with a doctor blade using a gap thickness of 40 pm. The mem-
branes were dried in an oven at 80 °C for 3 h. The modified
membranes were then kept immersed in distilled water at room
temperature for 72h to guarantee the release of soluble,
unbounded PECs. Finally, the membranes were dried as
described previously.

I i i i
0—C C—0—C,H, o—c@-c—o—czn,

m n
SO4 Na'

Figure 2. Chemical structure of SPET.
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Infrared spectra were collected in a Varian 640 FTIR spectrome-
ter and recorded with 32 scans with a resolution of 4 cm™". The
PECs were mixed with KBr and pressed for measurement. The zeta
potential was quantified by Zeta Potential Analyzer (Brookhaven
Instruments Corporation, Holtsville, NY). It was made 10 measure-
ments for each sample. X-ray diffraction data were collected in a Rig-
aku DMax 2500PC diffractometer using Cu Ka radiation
(A = 1.5418 A) at room temperature and a scan rate of 2° min~". The
samples were compressed in the sample holder without any adhesive
substances. Thermogravimetric analysis (TGA) was conducted on a
Netzsch 209 F3 Tarsus at a scanning rate of 20 °C min~" from 40° to
600 °C under a nitrogen atmosphere. The PECs and PECs mem-
branes were examined by a field emission SEM (FEI INSPECT F-50).
The samples were coated with a thin layer of gold by ions puttering
prior to microscopic examination. The Image] software was used to
calculate the average size of the obtained PECs.

Transport Properties

The water vapor flux (WVF) through the membranes was mea-
sured using the Payne cup technique (ASTM E96, at 30 °C). The
system containing the Payne cup, water and the membrane was
weighed, put into a desiccator and weighed at every hour, during
12 h. Water vapor transport was calculated according to eq. (1).

Am1
WVEF=—— (1)

where WVF is the water vapor flux, Am is the mass difference,
At is the time difference, and A is the membrane area.

The membrane potential measurements were performed in
diaphragm-type cell, made up of polyamide 6. The cell is based
in two chambers separated by the membrane (effective area
4.0 cm?). The same cell was used to determine the cation trans-
port number (t+). Two solutions of different concentrations
were added on each side of the cell, so that the ratio (r) between
the two concentrations was r = CI/CII = 10. To measure the
potential, a Minipa ET-2231A multimeter was used. The refer-
ence electrodes used, reversible to the chloride anion, were of
saturated calomel. The experiment was performed with 0.1 M
and 1.0 M potassium chloride solutions. Voltage values were
collected every approximately 10 min for a period of approxi-
mately 4 h at 25 °C. The membrane potential is related to t+ by

the following equation®:

RT, a
Em=2t, ?ln—z 2)
a
where Em is the membrane potential, R is the gas constant, F

is the Faraday constant, and a is the ion activity in chambers
1 and 2.
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Figure 3. FTIR spectra of SPET, CH, and PEC 1:3.

Saccharomyces cerevisiae Microfiltration

Microfiltration performance of the membranes was evaluated in a
dead-end module Stirred Cell 8050 (Millipore Corporation),
under filtration pressure of 1.5 bar (N,). The number of microor-
ganisms in 0.1 pL of the filtrated solutions were counted using a
Neubauer chamber mounted in an Olympus Bx50 microscope,
with integrated digital camera Olympus DP72.4.1.

RESULTS AND DISCUSSION

Characterization of the PECs and Membranes

The infrared absorption spectrum of CH, SPET, and PEC 1:3 is
shown in Figure 3. The bands were attributed according to the litera-
ture. The presence of the typical bands of CH: 1661-1671 cm™", axial
deformation of C=0 amide I; 1583-594 cm ™", angular deformation
of N—H; 1380 and 1383 cm™', symmetric angular deformation of
CH3; 1308 and 1380 cm™, axial deformation of CN of amino
groups’** are confirmed. In the spectrum of SPET, a carbonyl group
in conjugation with an aromatic ring is observed at 1719 cm™" and a
signal of C=C in aromatics at 1506 cm™". The band at 1272 cm™" is
due to the asymmetric C—C—O stretch involving the carbon of an
aromatic group. There is an asymmetric O—C—C stretch at
1104 cm™ and a subtle band at 1046 cm™, characteristic of the sym-
metrical vibrations of the SO5;~ group. The signal at 730 cm™" corre-
sponds to the stretching of the C—H bond of aromatics.”

The spectrum of the three PECs was all similar, so that the PEC
1:3 was chose to represent the PECs. The spectrum showed the
appearance of a new band corresponding to the —NH;" group in
the 1570 cm™" region.>* At about 1040 cm™’, the PECs present

Table II. Zeta Potential of the PELs and PECs

PEL ZP (mV) PEC ZP (mV)
CH@gL™ 23+£2 PEC 1:1 40+3
SPET(1gL™ -45+8 PEC 1.2 35+3
SPET (2g L™} -54+3 PEC 1.3 28+ 4
SPET(3gL™) -59+5
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chitosan by electrostatic interactions, resulting in the PECs.

Table II shows the zeta potential of PELs and PECs. SPET is a
strong PEL, so it is fully charged in solution and presented nega-
tive values of ZP. As for CH, it has most of the amino groups
protonated in pH lower than 6.5. The pH of the solutions in this
work was 3.6, so CH showed positive values of ZP. When the CH
solution is dropped into SPET solution, intermolecular electrostatic
attractions occurred between the anionic groups from SPET and
cationic amino groups of CH and a PEC is formed (Figure 4).

The zeta potential of PECs, listed in Table II, showed that they
have charges of about 28-40 mV. These values are due to the dif-
ference between the degree of ionization of the PELs. The CH
sample has 79% of amino groups, SPET sample, although, has only
13% of sulfonate groups. So, the PECs show positive values of zeta
potential. As the SPET concentration increases, more positive
groups are neutralized and the zeta potential of the PECs decreases.
Therefore, tunable surface charges can be easily obtained by CH:
SPET composition.

Figure 5 presents the XRD patterns of the PELs and PECs.
The SPET has characteristic diffraction of amorphous sub-
stances, whereas the CH presents crystalline domains in its

SPET

o T
NaCl t

PEC 1:3 |

P

T T T T T T T T T 4 T

5 10 15 20 25 30 35 40
20 (degrees)

Intensity (a.u)

PEC 1:2

PEC 1:1

Figure 5. XRD patterns of SPET, CH, and PECs.
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Figure 6. TGA curves of PEC 1:1 (a), PEC 1:2 (b), PEC 1:3 (c), CH (d), and SPET (e).

structure (peaks in the region of 20 between 11° and 20°). This  behavior of the pure PECs presented higher thermal stability than
crystallinity is a result of hydrogen bonds between the CH chains.”>  the PELs, as can be observed by the greater residual mass of the
complexes and their low mass variation throughout the heating
process. This occurs because of the strong electrostatic interac-
tions between the PELs. DTGA curve of PEC 1:1 and PEC 1:2
shows two peaks in the region between 200 °C and 400 °C, the
first at around 280 °C and the second at around 325 °C. In the
PECs, there are segments of CH, which do not interact with the
SPET and therefore behave as pure CH. These regions presented
degradation temperature around 325 °C, close to the degradation
temperature observed to the pure CH. Consequently, the peak at
The TGA curves and the first derivative of the thermal decompo-  278°C is probably related to segments of the CH that interact
sition (DTGA) of CH and SPET are shown in Figure 6 and  with the SPET. This behavior was also observed to PEC 1:3.
7, respectively. The TGA curves of both PELs show one stage of  However, a new peak can be observed at 409.5 °C for PEC 1:3.
intense mass loss. This stage is attributed to the degradation of  This peak is intermediate between polycation and polyanion
the PELs. The temperature at which the degradation process  maximum degradation temperature. Therefore, this peak can be
becomes irreversible was obtained by the onset method and was attributed to the higher content of SPET interacting with CH cat-
305 °C for the CH and 384 °C for the SPET. This behavior shows  jonic groups. These interactions alter simultaneously the thermal
that the SPET is more thermally stable than CH. The thermal  resistance of SPET and CH, resulting in this new peak.

The PECs were made in solutions containing NaCl. Therefore,
the X-ray diffraction of this salt was obtained. This measure
proved to be prudent because the characteristic NaCl signals
appeared in all PEC diffractions. The diffraction patterns of the
PECs indicate that these are amorphous. This characteristic is
justified by the loss of the crystalline domains of CH, because the
electrostatic interactions in the PECs are more intense than the
hydrogen bonds between the CH chains.*®
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Figure 7. DTGA curves of (a) PEC 1:1, (b) PEC 1:2, (c) PEC 1:3, (d) SPET, and (e) CH
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Figure 8. SEM micrograph of PEC 1:1.

The micrograph of PEC 1:1 is shown in Figure 8 and the other
PECs have a very similar morphology. It is possible to note that
the PECs are formed of aggregate particles, what agrees with the
literature.'® SEM also confirmed the stable deposition of the PEC
onto the PC membrane. Figure 9(a) shows the PC membrane,
which has homogeneous porous and no component deposited on
its surface. On the other hand, it is possible to see the PEC 1:3
on the surface of PC membranes [Figure 9(b)]. The PECs have
different sizes and are not well distributed on the membrane

WILEYONLINELIBRARY.COM/APP
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what can be due to the method used to spread the PEC. The
average size of the PEC 1:3 was 0.35 £ 0.19 pm. It was also noted
that some PECs cover the pores of the membranes and therefore
must be observed within them, as shown in Figure 9(c). It is pos-
sible to note that the localization of the PECs is random due to
the casting method adopted.

Water Vapor Flux

WVEF was measured to evaluate the change in the water affinity
caused by the PECs in the PC membranes. Table III shows the
values obtained for WVF. The high standard deviation values of
some samples and the large difference between the variations can be
related to the inhomogeneity of the PECs onto the surface of the
membranes. A previous study of our research group showed that a
dense PC matrix presents a WVF in the order 4 gday' m™>”
which demonstrates that PC has low affinity to water. In this work,
the PC membrane presented pores of 5 pm, which justifies its high
WVF (1019 + 4 g day ' m™>).

However, it is possible to observe that the modified membranes
showed a significant increase in WVF when compared to the PC
control. As shown in Figure 9(c), the unmodified membrane has
its pores unobstructed and the modified one presents clusters of
PECs clogging the pores. It seems that these clogs increase the
hydrophilicity of the pores and consequently the flux of water
vapor when compared to the PC control. The water vapor mole-
cules that pass through the clogged pores can solvate the PECs.
Consequently, the presence of the PECs into the pores increases
the local water affinity and, therefore, the WVF when compared
to unmodified PC membrane. However, it is possible to note that

Figure 9. SEM micrograph of (a) PC membrane, (b) PC membrane with PEC 1:3, and (c) details of pores containing PECs.
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Table III. WVF for the PC and Modified Membranes

Membrane WVF (g.day=t.m2)
PC 1019+ 4

PEC 1:1 1523+ 1

PEC 1:2 1798 + 249

PEC 1:3 2070 £ 85

the SPET content into the PECs influences WVE. Since the aver-
age sizes of the obtained PECs are similar (0.35 % 0.19 pm), it
seems that the pores are clogged in the same tendency. To clarify
this aspect, Figure 10 shows the relationship between WVF and
zeta potential of PECs.

It is possible to note in Figure 10 that higher the SPET content
lower the zeta potential and WVF.

As the concentration of SPET increases in PECs, the number of
cationic groups in CH, which are neutralized by the polyanion
increases, diminishing the zeta potential. This result indicates that
the SPET presents higher water affinity than CH and plays an
important role on the control of WVT.

Microfiltration of Saccharomyces cerevisiae

Modified and unmodified membranes were used to filtrate a yeast
solution to observe how the microfiltration of the PC membrane
was modified by the PECs. To compare the performance of the
membranes, the organisms in the filtered solution were counted
using an optical microscope and a Neubauer chamber. PECs were
not observed in the visual field of the Neubauer chamber indicat-
ing the fixation of the PECs onto the membrane even after
microfiltration. Table IV shows the mean number of organisms in
0.1 pL of the filtered solutions. The membranes with PECs retain a
larger number of microorganisms than the PC membrane, which
retained 72%. There are two reasons for this behavior: the first one
is the presence of clusters of PECs into the pores of the modified
membranes [Figure 9(c)], which can clog the pores and be an

2200
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VT (g.m?.day™)

1700

1600 S 13
- \\
1500 <

20 25 30 35 40 45
Zeta Potential (mV)

Figure 10. Relationship between WVF and zeta potential of the obtained
membranes containing PECs. Dotted line used as visual reference.
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Table IV. Average Number of Organisms Saccharomyces cerevisiae Present
in 0.1 pL of the Yeast Solution and the Filtrates for the PC and Modified
Membrane

Samples Average number of organisms
Saccharomyces cerevisiae 65.25

PC 18.00

PEC 1:1 7.25

PEC 1:2 0.75

PEC 1:3 3.25

Table V. Membrane Potential and Transport Number of PC Membranes
Modified With PECs

Membrane Membrane potential (mV) t+polymer/ T+ solution
PEC 1:1 2.74 +£1.07 0.053 £ 0.021
PEC 1:2 1.89+041 0.036 + 0.008
PEC 1:3 2.07 +£0.70 0.040 +£0.014

t+solution = tk+) = 0.49.

obstacle to the passage of yeast. The second reason is the electro-
static interaction between PEC and the yeast. The zeta potential of
S. cerevisiae in the region of pH 6.0, close to the pH of the prepared
yeast solution, is approximately —19 mV.*® Therefore, electrostatic
attraction between the amino groups of CH and the microorganisms
is possible. It seems that increasing the SPEC content in PECs con-
tributes to improve the yeast retention. However, the higher content
of SPET results in decreasing number of —NH;" groups for yeast
interaction. In order to elucidate the high retention of Saccharomy-
ces by PEC 1:2 membrane, the membrane potential of the samples
was investigated.

From the microfiltration results, it is important to elucidate
whether the PECs deposited onto the membrane surface can act
as fixed charges. Since the presence of fixed charges is associated
with the membrane permselectivity, the membrane potential and
cation transport number (t+) were measured.>° Taking into

8 0.06
o TF @
S &. 0.05
>‘ b 8
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=
s
§ 5 5
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%3 3
§ ¢ _ A = \g

4003 3

E 3 L2
c L
(0]
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< 1} @

0 ; ' . 0.01

1:1 12 1:3
CH:SPET ratio

Figure 11. Relationship between Saccharomyces retention and normalized
cation transport number as a function of SPET content.
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account the t+ of the cations in solution, the relation can

£+ solution

be used to predict the nature of the fixed charges in membrane
as follows: (1) if relation = 1, there is no fixed charges in mem-
brane; (2) relation >1 indicates negative fixed charges; and
(3) relation <1 indicates positive fixed charges.’® Table V presents
the membrane potential and the t+obtained for PC-PECs
membranes.

All modified membranes present t+polymer/t+solution < 1, indicat-
ing that these systems clearly possess fixed charges. Figure 11
shows that the yeast retention by the membranes is associated
with t+polymer/t+solution- AS previously discussed in WVT section,
the tendency of the PECs clogs the membrane pores is similar,
independently of the SPET content. Therefore, the electrostatic
interaction plays a role more evident than the clog effect caused
by the PECs into the membrane pores.

Consequently, it is possible to increase the yeast microfiltration
performance of PC membranes using an easy and simple method
of PEC deposition.

CONCLUSIONS

PELs complexes of chitosan and SPET can be obtained by an easy
and rapid methodology. These particles have positive zeta potential
values ranging from 28 to 40 mV, resulting in stable complexes.
The thermogravimetric analysis indicated that the PELs complexes
have good thermal stability thanks to the strong electrostatic
attraction between the PELs. It has also been observed that the
PELs complexes interact with polycarbonate membranes resulting
in a stable surface deposition of the complexes. The PECs modify
significantly the water affinity of the membranes resulting in an
increasing in the water vapor flux. SPET content can control the
number of cationic groups of the PECs. The tunable cationic
nature of the obtained PECs contributes to increase the interaction
with S. cerevisiae. Finally, the presence of the tunable PECs into
polycarbonate membranes was able to produce a polymeric mem-
brane with superior S. cerevisiae microfiltration performance.
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