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Abstract: In this paper, we propose an optimized protocol to synthesize reproducible, accurate, sus-
tainable integrally skinned monophasic hybrid cellulose acetate/silica membranes for ultrafiltration.
Eight different membrane compositions were studied, divided into two series, one and two, each
composed of four membranes. The amount of silica increased from 0 wt.% up to 30 wt.% (with
increments of 10 wt.%) in each series, while the solvent composition was kept constant within each
series (formamide/acetone ratio equals 0.57 wt.% in series one and 0.73 wt.% in series two). The
morphology of the membranes was analyzed by scanning electron microscopy and the chemical com-
position by Fourier transform infrared spectroscopy, in attenuated total reflection mode (FTIR-ATR).
Mechanical tensile properties were determined using tensile tests, and a retest trial was performed to
assess mechanical properties variability over different membrane batches. The hydraulic permeability
of the membranes was evaluated by measuring pure water fluxes following membrane compaction.
The membranes in series two produced with a higher formamide/acetone solvent ratio led to thicker
membranes with higher hydraulic permeability values (47.2-26.39 kg~h_1 -m~2-bar~!) than for the
membranes in series one (40.01-19.4 kg-h~!-m~2-bar~!). Results obtained from the FTIR-ATR spec-
tra suggest the presence of micro/nano-silica clusters in the hybrid membranes of series one, also
exhibiting higher Young’s modulus values than the hybrid membranes in series two.

Keywords: monophasic hybrid membrane; CA/SiO, membrane; spinodal decompositions mix;
integral asymmetric membranes; hydraulic permeability; mechanical tensile properties

1. Introduction

Polymeric membranes account for the largest market share in membrane filtration
technology, particularly in terms of water purification and the desalination processes [1,2].
Likewise, the emerging artificial organ technology focuses on the design and develop-
ment of novel hemocompatible polymeric membranes to assist the physical and chemical
functions of failed organs, such as lungs and kidneys [3-6]. Cellulose acetate (CA), a natu-
ral biodegradable thermoplastic polymer derived from a low-cost and renewable source,
stands out for its large availability and respect for the environment. Other characteristics,
such as high mechanical flexibility, excellent water affinity, low protein adsorption, ease
of processing, and good film-forming properties, render CA a pivotal role in the design
of sustainable polymeric membranes. When pharmaceutical and medical applications are
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envisaged, and the biocompatible functionalization of membranes is needed, monophasic
hybrid CA /silica (5i0,)-based membranes emerge as a promising route. Furthermore, these
hybrid CA/SiO, membranes may overcome some of the weaknesses attributed to pristine
CA membranes by mitigating likely fouling [7] and enhancing mechanical strength [8].

Gongalves and Faria pioneered an innovative strategy to fabricate monophasic hy-
brid CA /SiO,-based membranes [7-12] by combining the membranes’ phase inversion
technique [13] with sol-gel methodology [14,15]. In this approach, in situ homo- and
hetero-condensation reactions take place during casting solution homogenization (under
acid catalysis) between silanols (=Si-OH—) from the hydrolyzed silica precursors and
silanols and hydroxyls (OH—) from the CA polymer, respectively. Detailed FTIR-ATR
characterization of the chemical composition of the monophasic hybrid CA/SiO,-based
membranes revealed that SiO; tetrahedra are covalently bound to the organic matrix and
relatively well distributed throughout the polymer network [8,11,16].

Despite the encouraging results of CA/SiO;-based membranes in terms of mechan-
ical properties and permeation performance, the low reproducibility of the membrane
properties, such as active layer-thickness and mechanical and permeation performance,
need to be outstripped. A better understanding of the formation of the membranes during
co-polymerization and phase separation process becomes critical to develop reproducible
accurate fabrication protocols. To help figure out the monophasic hybrid CA/SiO, mem-
branes formation process, polymer-solvent-nonsolvent spinodal decomposition along with
hybrid casting solution reactional processes are revisited now.

1.1. Polymer-Solvent-Nonsolvent Spinodal Decomposition

Pristine CA membranes are commonly produced by the classical Loeb-Sourirajan
technique [13], a nonsolvent induced phase separation method, comprising the sequen-
tial steps: mixing, casting, quenching, and detaching (illustrated in Figure 1). In the
present work, CA is the polymer, acetone-formamide the solvent mixture, and water the
nonsolvent compound.

By mixing CA polymer with a solvent mixture (acetone and formamide, in adequate
proportions), a homogeneous polymeric solution forms (the casting solution) (point A in
the binary compositional line polymer-solvent, Figure 1B).

Mixing Preparation of a polymeric (casting) solution by mixing a CA with solvents

solution (acetone + formamide) to form the casting solution (homogeneous

Blad
i,.,-—j ¢ Casting Casting of the polymeric solution as a liquid film on a glass substrate with a

allow reproducible/accurate partial solvent evaporation (move to point A”).

Non-soivent (water) Qrganic

Pores U Membrane matrix ﬂ ) (path A’ to B in the ternary phase diagram). Settle for a specific period (spinodal

solvent

Quenching After a settled period, the cast film is quenched into a water coagulation bath

decomposition develop-tie-line a—f3).

(A)

Detaching Finally, the membrane is detached from the glass plate and stored in cold water

(-at4°C).

Figure 1. Cont.
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Figure 1. Polymer-solvent-nonsolvent system: (A). Classical Loeb-Sourirajan method setup;
(B). Ternary phase diagram.

The polymeric solution (A) is then cast onto a subtract and then settled for a set period
(to allow reproducible/accurate partial solvent evaporation). During this time, the more
volatile solvent (acetone in the present case) partially evaporates, enriching the casting film
in the polymer phase (as point A moves towards A’, along the binary line polymer-solvent).
An asymmetric polymer membrane (with top skin layer) forms.

The membrane is sequentially quenched in water (nonsolvent bath). The solvent—
nonsolvent exchange takes place. Formamide (the less volatile solvent) and water (nonsol-
vent) are the players (both polar protic molecules, Figure 1B). The quenched polymeric film
composition leaves the binary compositional line (polymer-solvent edge on the ternary
diagram, Figure 1B) and follows A’-B path (in the ternary domain).

At some point, the solvent content (formamide and acetone) in the polymeric film
becomes so low that it can no longer hold CA polymer (in one phase) and promotes phase
separation. If phase separation occurs in the region marked out by binodal and spinodal
lines (a thermodynamic metastable region), the solid polymer precipitates out of the liquid
through nucleation and growth mechanisms. If the spinodal line is overtripped, a thermo-
dynamically unstable region is reached, and a 3D interconnected spinodal morphology
appears between a polymer-rich phase (¢) and a polymer-poor phase (p) (Figure 1B). In
the Loeb-Sourirajan phase inversion method, the presence of a spinodal miscibility gap
is mandatory. Spinodal phase separation phenomena are common in polymeric solutions
and were thermodynamically described by Flory—-Huggins theory [17-20], centered on
the expression for the free energy of mixing derived from a lattice model. The theory is
constituted by combinatorial entropy terms associated with polymer chain configurations
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on the lattice, and an enthalpic contribution owing to interactions between the different
species. The Gibbs free energy change of mixing, AG,, is given by the following equation:

AGy = AHy — TASy &« RT(¢1P1Ingy + ¢2Polngs + X1241¢2) 1)

where H;,; and S, represent, respectively, the enthalpy and entropy terms associated with
the mixing process, R is the gas constant (J-mol~!-K~1), T is the absolute temperature (K),
¢; and P; are the volume fractions and the degrees of polymerization of the two different
components (i = 1 and 7 = 2) that can be polymerizable (or not, e.g., in the case of solvents),
and x1, is the Flory interaction parameter, which describes the chemical compatibility
between both components. The first two terms inside the parenthesis in Equation (1) are
related to the entropic contribution to AG,,, while the last term is related to the enthalpic
contribution of the system [21].

1.2. Hybrid Casting Solution Reactional Processes

To produce monophasic hybrid CA/SiO; membranes, a sol-gel silica system com-
posed of water, acid and tetraethoxysilane (TEOS) (the most common silica sol-gel precur-
sor) is introduced in the polymeric casting solution (mixture of CA, acetone and formamide)
bringing additional complexity to the phase diagram and the membrane preparation.

Concerning the sol-gel process, as TEOS is immiscible with water (the two reactants
to produce silica), a co-solvent (Figure 2A,B) is mandatory, ethanol being the most used.
In the present study, ethanol is efficiently replaced by acetone. Acetone (an aprotic polar
solvent) favors the SN2 acid catalyzed hydrolysis of TEOS over ethanol, as ethanol (being a
polar protic solvent) hydrogen bonds with -OH, =O or -O- (present in silica, hydrolyzed
silica precursor and acetate molecules), retarding the kinetics of hydrolysis [14].
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Figure 2. Silica sol-gel system: (A) ternary TEOS-EtOH-H,O system; (B) chemical miscibil-
ity /immiscibility between solvents and reactants used in polymer and sol-gel silica systems;
(C) spinodal phase separation: phase diagram.
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Condensation (that happens sequentially at low pH values) depends on the number
of hydrolyzed species present, so by favoring hydrolysis, acetone favors condensation
reactions, processes that develop during casting solution preparation.

Further, the binary system silica-formamide exhibits an additional singularity—a well-
studied spinodal decomposition [21-24] (Figure 2). So, in the present hybrid CA /SiO; cast-
ing solution, two spinodal decomposition systems mix—CA-solvent-nonsolvent (Figure 1)
and TEOS-formamide (Figure 2). When multiple-phase separation processes are present in
a particular system, they progress sequentially. Initial phase separation forms two phases,
which then become isolated subsystems within which further immiscibility develops with
cooling. Secondary phase separation leads to a microstructure of phases within primary
phases [25].

The silica sol-gel reactional processes, which take place during casting solution prepa-
ration, start with the silica precursor hydrolysis (TEOS in our case):

Si(OCH,CHj)4 + 4 -OH — Si(OH),4 + 4 CH,CH,OH @)

This is immediately followed by homo- or hetero-polymerization (at low pH values)
with either silanol groups (Equation (3)) or -OH from CA polymer (Equation (4)) [8]:

Si(OH), + Si(OH)4 — Si;O(OH), + H,O 3)

=Si-OH + HO-C= — Si-O-C + H,0 (4)

The richness and complexity of the membrane polymerization process are thus highly
amplified, resulting in a more complex hybrid network, which inevitably influences the
mechanical and hydraulic performances of the membrane. The complexity created by
homo- and hetero-condensation reactions decrease the entropy change (AS;;) and increase
the enthalpy contribution (AH,;) of the system due to the arising of polarity differences
between the new molecular chains and solvent molecules (increasing x17) [21]. Both of
these effects contribute to a gradual increase of AGy,, according to Equation (1), generating
the driving force for silica spinodal decomposition.

Coming to the CA-solvent-nonsolvent ternary phase diagram, in the organic/inorganic
hybrid system, the kick-off positions A’ and A (in the polymer-solvent line, Figure 1B) are
closer to the solvent vertex (if TEOS, water and acid are considered solvents). During the
preparation of the casting solution, the formamide-silica spinodal decomposition occurs
(which is not represented in the polymer-solvent-nonsolvent ternary phase diagram). After
casting, acetone (the most volatile solvent) partially evaporates. Due to their solubility in
acetone, the skinny membrane top layer risks being enriched in silica and unreacted TEOS
(relatively to the global membrane composition). In the next step, formamide (solvent)-
water (nonsolvent) exchange. TEOS (unreacted or hydrolyzed) will be forsaken into the
water bath (due to TEOS-water immiscibility). So unreacted or hydrolyzed TEOS molecules
stay in the hybrid membrane, allowing for sol-gel hydrolysis and condensation reactions
to proceed. Those retarded sol-gel reactions, if accomplished, promote compositional
heterogeneity in the membrane. TEOS-formamide immiscibility may reduce the hetero-
condensation yield (by hindering the contact between TEOS and CA polymer molecules)
but, at the same time, promote a homogeneous silica distribution in the hybrid membrane
(through the silica network rupture by spinodal decomposition) inhibiting (or at least
strongly reducing) the formation of silica clusters.

In the present work, a novel protocol for the fabrication of accurate and repro-
ducible monophasic hybrid CA/SiO; ultrafiltration (UF) membranes with improved struc-
tural homogeneity (by preventing the formation of silica clusters) is described in detail.
Two different membrane series were produced (series one and series two): each series ex-
hibited a constant formamide/acetone ratio and increasing silica content. The membranes
in series one were prepared with a lower formamide/acetone ratio. The morphology,
chemical structure, mechanical properties and permeation performance of the membranes
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in the two series are evaluated by SEM, FTIR-ATR, mechanical tests (tensile tests) and the
permeation of pure water.

2. Experimental Procedure
2.1. Materials

Membranes were synthesized with cellulose acetate (CA, CsH;O,(OH)3, ~30,000 g-mol_l,
reagent grade > 97%, esterification degree ~40%), tetraethoxysilane (TEOS, Si(OC,Hs)4,
208.33 g-mol’l, reagent grade > 98%), and formamide (CH3NO, 45.02 g~mol’1, >99.5%)
purchased from Sigma-Aldrich (Steinheim, Germany) and acetone (C3HgzO, 58.08 g-mol_l,
>99.6%) and nitric acid (HNO3, 63.01 g-mol 1, 1.39 g-mL~! at 20 °C, 65% v/v) purchased
from ABSOLVE (Jose Manuel Gomes Dos Santos LDA).

Membranes were dried with Propan-2-ol (25% v/v, 50% v/v, 75% v/v, 100% v/v)
(anhydrous, 99.8%) and n-hexane (25% v/v, 50% v/v, 75% v/v, 100% v /v) (95%) purchased
from Fisher Scientific, (Geel, Belgium). Bi-distilled water (H,Od) (conductivity 0-2 uS-cm~1,
pH 5.8-6.5) and pure deionized (DI) water were obtained at the Laboratory of Membrane
Processes, IST, Lisbon, Portugal.

All chemicals used in the synthesis and drying of the membranes were used without
further purification.

2.2. Membranes Synthesis

Eight different membrane compositions were studied, enclosed in two series—series
one and series two. In each series, the silica amount increased from 0 wt.% up to 30 wt.%
(with increments of 10 wt.%), while the solvent composition was kept constant within
each series (formamide/acetone ratio equals 0.57 wt.% in series one and 0.73 wt.% in
series two). Series one kept the formamide/acetone ratio reported in the authors’ previous
work [7,8,10,11], while series two trigger a new formamide/acetone ratio.

Membrane compositions are shown in Table 1 (weight basis). Membranes” acronyms
indicate the membranes’ mass composition (casting solution CA/silica weight ratio).

Based on some of the authors’ previous work [7,8,10,11], a novel experimental proto-
col was developed and optimized to fabricate accurate, reproducible integrally skinned
asymmetric monophasic hybrid CA/SiO, UF membranes.

The membranes’ casting solutions were prepared in two stages. The first one consists
in mixing the polymeric system (CA, formamide, and acetone) until a transparent and
homogeneous solution is obtained. In the second stage (starting only after 2.5-4 h of
mechanical mixing), the silica sol-gel system was introduced in the polymeric casting
solution. TEOS was the first compound added, deionized water the second one, and nitric
acid the third, to boost hydrolysis during the casting solution homogenization step. All the
sol-gel compounds were added drop by drop. A total 24 h mixing/homogenization period
was adopted under vigorous mechanical stirring (mechanical arm, magnetic field, vortex)
and ultrasound bath (methods used alternately and sequentially, see flowchart in Figure 3).

The hybrid casting solutions were then cast onto a glass plate at room temperature,
and a liquid film was produced by sliding a 250 pm casting knife. After a waiting time of
30 s (to allow acetone evaporation), the glass plates (subtract plus polymeric film) were
quenched into a gelation bath (ice-cold deionized water, the nonsolvent phase).

After a residence time of approximately 24 h in the gelation bath, the membranes were
detached from the glass plate, washed thoroughly with deionized water to remove any
solvent traces, and finally stored in deionized water at4 + 1 °C.

Each casting solution grants eight membrane sheets (20 cm (width) x 30 cm (height)
X 250 um (thickness)).
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Table 1. Casting solution formulation for series one (CA1/S5iO;) and series two (CA2/SiO;)

(weight basis).

Series One Composition (g) CA1/Si0, 100/0 CA1/Si0, 90/10 CA1/Si0, 80/20 CA1/Si0, 70/30
Polymer CA 17.00 15.80 14.50 13.10
Solvent Formamide 30.00 27.90 25.60 23.10
Solvent Acetone 53.00 49.20 45.20 40.90

Silica precursor TEOS - 6.10 12.60 19.50
Reactant H,O - 1.00 2.10 3.40
Catalyst HNO3 - pH~2 pH~2 pH~2

TEOS/CA TEOS/CA - 0.39 0.87 1.49

CA/(solventy <A/ gfertrgsgide * 0.20 0.20 0.20 0.20
Formamide/ Acetone 0.57 0.57 0.57 0.57

Series Two Composition (g) CA2/Si0O, 100/0 CA2/SiO, 90/10 CA2/Si0, 80/20 CAZ2/SiO, 70/30
Polymer CA 17.00 17.00 17.00 17.00
Solvent Formamide 35.00 35.00 35.00 35.00
Solvent Acetone 48.00 48.00 48.00 48.00

Silica precursor TEOS - 6.55 14.70 25.30
Reactant H,O - 1.00 2.10 3.40
Catalyst HNO; - pH~2 pH~2 pH~2

TEOS/CA TEOS/CA - 0.39 0.86 1.49
CA/(solvent) CA/ g;’;r;‘igide * 0.20 0.20 0.20 0.20
Formamide/acetone 0.73 0.73 0.73 0.73

Note: each TEOS unit originates one silica unit (1:1 basis).

2.3. Membranes’ Drying

The membranes’ drying step is mandatory when membranes’ preservation (pore size
and pore distribution) during storing, transport, and characterization is needed. Mem-
branes were immersed in an aqueous glycerol solution (20% v/v) for 15 min according to
the reported description by [4] (details in Annex I). After removal, the membranes were
dried in the laboratory atmosphere.

2.4. Membranes Characterization

Membranes were structurally (SEM and FTIR-ATR) and mechanically (tensile tests)
characterized, and ultra-filtration performance (hydraulic permeability) was evaluated in a
systematic way to confirm the accuracy and reproducibility of the synthesized membranes.
All the tests, with the exception of the SEM analysis, were performed on wet membranes.

For each membrane composition, five samples (from different membrane sheets pro-
duced in the same batch) were characterized in terms of surface and cross-section morphol-
ogy, tensile tests, and pure water permeation performance.

2.4.1. Morphological Characterization
SEM

Membrane surface morphology and cross-section structure were analyzed by Field
Emission Gun-Scanning Electron Microscopy (FEG-SEM) (JEOL 7001F JOEAL, Tokyo, Japan).
SEM images of the top active layer surfaces and the bottom porous surfaces were taken at
5000 x magnification, and the cross sections were taken between 2500 x magnification.
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Figure 3. Flowchart of hybrid membranes preparation.
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Prior to being imaged, the membranes were cut (1 cm x 1 cm) and dried. Dried
membranes were fractured in liquid nitrogen, mounted on a stub and sputter-coated with
gold. Membranes’ (total) thickness and skin layer thickness were measured from FEG-SEM
cross-section images with the Image]1.53t software. Five randomly selected zones from the
entire cross-section images were measured for each membrane, and the mean thickness
and standard deviation were calculated.

FITR-ATR

The two-membrane series is composed of organic CA-based and inorganic SiO,-
based counterparts, differing in the silica content (within each series) and solvent ratios
(between the two series). In each series, the effect of SiO, on the hybrid membrane network
is studied by comparing the spectra of membranes with increasing SiO, content. The
formamide/acetone ratio effect is evaluated by matching the spectra of membranes from
the two series with the same SiO, content.

FTIR-ATR spectra of the membranes from series one and series two were obtained and
analyzed in the region 3750-700 cm . First, the FTIR-ATR wide spectra were analyzed to
identify the types of bonds present. To study the incorporation of the silica component into
the organic matrix, the FTIR region specific to Si bonds-namely v (5i-O-5i) and v (Si-O-C),
that occurs at 950-1190 cm~! were analyzed in greater detail.

Infrared spectra of randomly selected samples of each membrane composition were
obtained with a Nicolet Magna IR System 5700 spectrometer (Nicolet Instrument Corp.,
Madison, WI, USA), using a Golden Gate MKII ATR accessory with a Ge crystal (Graseby
Specac, Smyrna; sampling depth: 0.2-1.1 um at 3750-700 cm~!). Each spectrum was
obtained by averaging 64 scans with a resolution of 2 cm~!. The v(Si-O-Si) bands for the
different membranes, located between 950 and 1190 cm !, were decomposed by curve-
fitting with Gaussian bands (Levenberg-Marquardt algorithm, allowing variation in width,
height, and position of the bands) after a baseline correction (subtraction of a straight line
between two extreme wavenumbers of the region) and the number and starting position of
the bands used in the fitting were obtained from the smoothed (Savitzky-Golay algorithm)
second-derivative spectrum of the region. For each of the monophasic hybrid membranes,
four individual peaks were found, and a non-linear least-squares fitting procedure was
performed to obtain 100% Gaussian-shaped peaks. The quality of the fit was estimated
through the evaluation of x? remained constant.

2.4.2. Ultra-Filtration Performance

Permeation experiments were performed to characterize all membranes in terms of
pure water hydraulic permeability (Lp). The laboratory setup used in the permeation
experiments has been previously described [26](details in Annex II). Briefly, it consists of a
flat cell unit with two detachable parts separated by a porous plate (membrane support)
with a membrane surface area of 13.2 x 10~* m? (comprising five flat-cell units) that was
used in the permeation experiments. Each flat-cell unit connects the water reservoir, with
the possibility to adjust water pressure from zero up to 5 bar. In all the experiments, the
feed temperature was kept constant at 25 °C.

The hydraulic permeability of the membrane is obtained by the slope of the straight
line of pure water permeate fluxes (J,») as a function of the transmembrane pressure (AP)
defined as [,/ AP. The range of the transmembrane pressure used was from 1 bar to 5 bar.

Pure water mass flux (for each time interval) was calculated by using Equation (5) [27,28]:

_ 0

where [y, is the pure water flux (kg.m’2~h’1), Q is the amount of permeates collected (kg),
At is the sampling time (h), and A is the membrane area (m?).

Before hydraulic permeation assays, all membranes were compacted for 5 h by circu-
lating deionized water at a flow rate of 100 L-h~! and at a transmembrane pressure of 5 bar.

©)
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Compaction details are described in Annex II. The procedure to measure the ], value was
repeated three times for each water pressure condition and each specimen.

2.4.3. Mechanical Performance

Membranes’ tensile properties (Young’s modulus and the yield point stress and strain,
for a fixed elongation rate) were measured with Universal Testing Machine Instron® 5544
(Instron®, Norwood, MA, USA) equipped with a 100 N Load Cell (Instron®, Norwood,
MA, USA). For the synchronous acquisition of the strain, a Standard Video Extensometer
(SVE 1, Instron®, Norwood, MA, USA) was employed, being previously calibrated using an
Instron® calibration frame. To simulate in-service conditions, the membranes’ tensile tests
were performed in an aqueous bath (deionized water) using a BioPlus Temperature Con-
trolled Bath system and the BioPuls Submersible Pneumatic Side Action Grips (Instron®,
Norwood, MA, USA) at room temperature.

The tensile tests were conducted with a constant elongation rate of 6 mm/min
(crosshead displacement) based on some of the authors’ previous work [8]. The speci-
mens were carefully placed in the pneumatic grips, and a pre-tension of approximately
0.15 MPa (~0.2 N) was applied to ensure a uniform stretch over the entire section area.
Then the pre-tension was removed, and the tensile test was initiated. The membranes were
elongated inside the deionized water bath until the rupture point (fracture) was reached.

The specimen’s preparation details and the procedure used to measure the membranes
thickness are detailed in Annex IIL If a failure occurred during the preparation or placement
of the membranes in the grips, the specimen was removed, and the results discarded. A
retest trial, with the same test parameters but using only the membranes with 70% SiO,
in both series (CA1-5i0, 70/30 and CA2-5iO, 70/30) produced in a different batch, was
conducted two weeks later to evaluate the consistency of their mechanical properties.

The experimental data were recorded using the software BlueHill 3 (Instron®, Norwood,
MA, USA) with an acquisition frequency of 10 Hz. Mechanical properties were computed
using in-house routines developed in MATLAB R2021a software (MathWorks®, Natick,
MA, USA). Young’s modulus was computed as the ratio of the stress (engineering)-strain
relationship for the elastic region using a linear interpolation with least-squares method.

2.4.4. Statistical Analysis

Descriptive statistics were applied for all the evaluated parameters, namely mean,
median and standard deviation. Kruskal-Wallis’s test (with a null hypothesis that each
variable is similar between groups) was performed to compare the experimental results
between different compositions of each series for the hydraulic permeability and mechani-
cal tensile tests. A pairwise comparison considering a Bonferroni correction method for
multiple tests was applied to infer the existence of statistical differences between composi-
tions of each series. On its turn, the Mann-Whitney U test (with a null hypothesis that the
distribution of each variable is the same across groups) was used to compare each variable
between series directly (e.g., CA1/5i0, 90/10 vs. CA2/5iO, 90/10).

A confidence level of 95% was defined t’ evaluate the existence of statistically signifi-
cant differences between groups. A p-value lower than 0.05 was used as the threshold to
reject the null hypothesis, indicating that there are significant differences in the hydraulic
permeability and mechanical properties (Young’s modulus, yield point stress and yield
point strain) between the two groups being compared. All statistical tests were computed
using IBM SPSS® Statistics v28 (IBM Corp. © Armonk, NY, USA) and in-house routines
developed in MATLAB (MathWorks®, Natick, MA, USA). The results of the statistical
analysis, namely the p-value and U-value, are presented in Tables S1-54 of Annexes II and
III. The existence of significant differences between groups is also indicated at the top of
the bar graphs with the (*) symbol, where (*), (**), and (***) represent a p-value lower than
0.01, 0.05, and 0.1, respectively.
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3. Result and Discussion

A new methodology is proposed to produce sustainable skinny asymmetric monopha-
sic CA/SiO, UF membranes. Several experimental challenges have been over-striped in
series one and series two membranes’ fabrication, namely the cast solution homogeniza-
tion (due to the TEOS-formamide immiscibility, which brought additional challenges to
experimental protocol).

3.1. Morphological Characterization
3.1.1. SEM

SEM images of series one and series two (membrane’s top surfaces and cross-section
morphologies) are shown in Figure 4. The SEM images of top surfaces clearly demonstrate
smooth, non-porous, and dense membrane morphologies. The membrane’s cross-section
SEM images clearly identify the membrane’s integral asymmetric nature, characterized by
a thin skin denser layer on top (active layer) outlining a thicker and porous substructure
(porous layer).

Composition/Acronym Top Dense Surface Cross Section

CA1/5i02 100/0

CA1/5i02 90/10

CA1/5i02 80/20

CA1/5i02 70/30

Figure 4. Cont.
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CA2/Si02100/0

CA2/5102 90/10

CA2/5i02 80/20

CA2/5i0270/30

Figure 4. Top dense surface and cross-sectional images for the series one and series two membranes
at 5000 and 2500 magnification.

Figure 5 presents the SEM total membrane’s thickness as a function of series one and
series two compositions. The total membrane thickness is studied in function of (i) the
silica contents (discussed within each series, where the formamide/acetone ratio is kept
constant) and (ii) the formamide/acetone ratio (series one versus series two) (Annex IV).

Let us start with the silica content. In series one, the silica content does not affect
the membranes’ total thickness, which is not in accordance with some of the authors’
previous work for similar membrane compositions [11]. Though, in the present work, a new
experimental protocol has been developed to improve CA/SiO; membrane’s homogeneity,
accuracy, and reproducibility when hydraulic permeability and mechanical performance
are envisaged. In series one, membranes 90/10, 80/20, and 70/30 show an almost constant
total thickness of 76.5 & 3.5 um, ranging between 74 and 77 um (80 um being the reference
value, the thickness of pristine CA1/SiO, 100/0). The total thickness of the membranes
in series one seemed not to be affected by the amount of SiO, present, which suggests a
homogeneous and random accommodation of SiO, tetrahedra in the organic CA network.
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Figure 5. Total membrane thickness in (a) series one and (b) series two.

In series two (with a new formamide/acetone ratio), both pristine CA (CA2/5i0O,
100/0) and 90/10 (CA2/SiO; 90/10) membranes exhibited very similar thickness values
(108 um and 104 um, respectively). When silica content increases above 90/10 CA /SiO,
weight ratio, the overall membrane thickness decreases to half of the initial value, with the
CA2/5i0O; 70/30 membrane exhibiting a total thickness of ~55 um. The results for series
two clearly show a new hybrid network tendency.

Now, let us look into the formamide/acetone ratio effect on total membrane thickness.
Series one (with a formamide/acetone weight ratio of 0.57) exhibited lower total membrane
thickness (between 77 and 74 pum), while series two (with a higher formamide/acetone
weight ratio~0.73) showed higher total membrane thickness (between 104 and 90 pum, with
an exception for membrane 70/30 with 55 pm). The pristine CA membrane exhibited 80
pum in series one versus 104 pm in series two. Our results are in alignment with [29], who
observed an increase in the total thickness of CA membranes with formamide content
(in similar polymeric casting solution compositions). Solvent exchange occurs between
formamide (CA solvent) and water (CA nonsolvent), so the higher the formamide level,
the larger the amount of solvent exchanged (Figure 1), promoting a higher porosity phase
and, consequently, higher total membrane thickness, the reason why formamide is known
by its swelling character. On another side, higher porosity implies higher surface area. This
fact predicts distinct hydraulic permeability performance between membranes from series
one and series two.

3.1.2. FTIR-ATR

Figure 6a,b shows the FTIR-ATR wide spectra (3750-700 cm 1) obtained for the
membranes of series one and series two, which are in qualitative agreement with other
authors’ results for membranes with similar compositions [30,31] (Annex V). The most
intense bands of the pure CA membranes (100/0, black lines) and the hybrid membranes
(90/10, green lines, 80/20, orange lines, and 70/30, red lines) in both series one and series
two are found at approximately 1040 cm ™!, 1240 cm~!, and 1745 cm ™!, and are attributed
to v5(C-O-C), v5(C-O), and v5(C=0) vibrations, respectively. The broad band located at
approximately 3400 cm ! is attributed to the vs(OH) of unacetylated OH groups (of the CA
polymer), which has been studied by other authors in solvent dried CA membranes [30,31].
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Figure 6. FTIR-ATR wide spectra (3750-700 cm 1) of the membranes in series one (a) and series
two (b).

Pristine CA membranes (in series one and series two) are taken as a reference for the
FTIR-ATR studies. Figures 7 and 8 show the FTIR-ATR absorption spectra of the hybrid
membranes from series one and series two, in the region between 950 and 1190 cm™!.
Figures 7a and 8a show the spectra obtained after curve fitting of the pristine CA1 and CA2
membranes, respectively. In both spectra, two peaks located between 1034 and 1039 cm !
and between 1066 and 1067 cm ™! are found and correspond to the v (C-O) and v (C-O-C)
stretching vibrations of the CA1/SiO, 100/0 and CA2/5i0, 100/0 membranes [30,32-34].

In addition to the peaks corresponding to the v5(C-O) and vs(C-O-C) stretching
vibrations, all the hybrid membranes from series one and series two also exhibit two peaks
characteristic of SiO,, assigned to v5(5i-O-C) and v (Si-O-5i), which were further analyzed
by peak decomposition. The position, shape, and relative peak area of the vibrational bands
of the monophasic hybrid membranes were analyzed and compared to the pristine CA
membranes from each series (CA1/SiO;, 100/0 and CA2/SiO, 100/0).

Series One

In series one, Figure 7b—e show the curve-fitting decomposition of the bands located
between 950 and 1190 cm ™! correspondent to the vibration bands of v (C-O) (first peak be-
tween 1031 and 1041 cm™1), v5(C-O-C) (second peak found between 1066 and 1075 cm™ ),
v5(5i-O-C) (third peak found between 1111 and 1114 cm 1), and v (Si-O-Si) (forth peak
found between 1154 and 1060 cm~!). Table 2 shows the frequency and relative area of each
peak for the membranes of series one.

Table 2. Series one: frequency (v) and relative area (A %) of the bands vs(C-O), v5(5i-O-5i), and
vs(Si-O-C).

v4(C-0) v(C-0-C) v, (Si-0-C) v (Si-O-Si)

CA1/SiO, v (cm™1) A (%) v (cm™1) A (%) v (cm™1) A (%) v (cm™1) A (%)
100/0 1038 67 1069 33 - - - -
90/10 1039 51 1070 33 1111 9 1160 7
80/20 1041 52 1074 29 1114 12 1157 6
70/30 1031 57 1075 25 1112 14 1154 4
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Figure 7. FTIR-ATR absorption spectra of the membranes from series one: CA1/SiO, 100/0, 90/10,
80/20, and 70/30 membranes: (a) in the region 950-1190 cm ! and (b-e) curve-fitting decomposition
of the bands v(C-O), v5(5i-O-5i), and v (Si-O-C), present in the spectra obtained for: (b) CA1/SiO,
100/0 membrane, (c¢) CA1/SiO; 90/10 membrane, (d) CA1/SiO, 80/20 membrane, and (e) CA1/SiO,
70/30 membrane. Experimental results are shown by the thick grey line and the simulated band by

the black dashed line.
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Figure 8. FTIR-ATR absorption spectra of series two membranes: CA2/SiO, 100/0, CA2/5iO,
90/10, 80/20, and 70/30: (a) In the region 950-1190 cm~! and (b-d) curve-fitting decomposition
of the v§(C-0), v5(5i-O-Si) and v(Si-O-C) bands, present in the spectra obtained for: (b) CA2/SiO,
100/0 membrane, (c) CA2/SiO, 90/10 membrane, (d) CA2/SiO, 80/20 membrane, and (e) CA2/SiO,
70/30 membrane. Experimental results are shown by the thick grey line and the simulated band by

the black dashed line.

Figure 7c—e show the peak corresponding to the v5(C-O) vibration for the mem-
branes CA1/5i0;, 90/10, 80/20, and 70/30. When compared to the reference membrane
(CA1/SiO; 100/0, Figure 7b), we can observe that the introduction of only 10 wt.% of SiO,
was observed to decrease the v5(C-O) peak area from 67% to 51%. Further increase of S5iO;
content, up to 20 and 30 SiO, wt.%, results in a band area decrease, from 67% to 52% and

57%, respectively.
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Figure 7c—e also show a strong peak between 1070 and 1075 cm~! which can be
attributed to the v5(C-O-C) stretching band found in the pristine CA1 membrane or to the
v (5i-O-Si) stretching vibration [35-39]. Since the percentages attributed to this second peak
(25-33%) are very close to the percentage of the pristine membrane (33%), it is envisioned
that this contribution is due to the C-O-C groups of cellulose acetate rather than Si-O-5i
groups. Both the intense peak and shoulder increase with the SiO, content, indicating the
formation Si-O-5i network.

All the hybrid membranes exhibited a third peak located between 1111 cm~! and
1114 cm ™1, attributed to the v;(Si-O-C) [37—40]. The area of this peak increases with the
silica content, from 9% to 12% and 14% in CA1/SiO, 90/10, 80/20, and 70/30 membranes,
respectively. The increase of v5(S5i-O-C) peak area with SiO, content confirms the establish-
ment of a covalent linking between the organic (CA) and inorganic (SiO,) counterparts. The
hybrid membranes exhibit a fourth peak located between 1154 and 160 cm ™! corresponding
to the v;(5i-O-Si), indicating the formation of the Si-O-5Si network. The area of this peak
decreases with the increase of silica content and, therefore, it is concluded that the increase
of Si0, from 10 to 30 wt.% decreases the formation of Si-O-Si networks.

Taking into account the third and fourth peaks found for the hybrid membranes,
there is an indication that although some of the Si-OH groups from the silica precursor
(homo-)condense with other Si-OH groups to form Si-O-Si network (eventually creating
nano/micro SiO; clusters), there are other silanol groups that (hetero-)condense with -C-O
groups of the CA polymer, originating the hybrid Si-O-C bond. Moreover, the number
of the Si-O-C groups increases with the S5iO, content, being highest for the CA1/SiO,
70/30 membrane.

Series Two

Figure 8a shows the 950-1200 cm~! FTIR-ATR spectra of series two membranes.
Figure 8b shows the spectra obtained after curve fitting of the pristine CA membrane
(CA2/Si0, 100/0). As observed for the pure C membrane in series one, two peaks located
at 1034 and 1066 cm ™! (68 and 32% area, respectively) are found and attributed to the
v5(C-0O) and v5(C-O), respectively [30,32-34].

Figure 8c—e show the curve-fitting decomposition of the band located between 950 and
1190 cm~! correspondent to v5(C-O) (first peak between 1034 and 1042 cm 1), v5(C-O-C)
(second peak found between 1066 and 1074 cm 1), v(Si-O-C) (third peak found between
1123 and 1124 cm™!), and v;(Si-O-Si) (forth peak found at 1160 cm~!). Table 3 shows the
frequency and relative area of each peak for the series two membranes.

Table 3. Series two: frequency (v) and relative area (A %) of the bands vs(C-O), v5(Si-O-Si), and
v(Si-O-C).

v (C-0) v(C-0-C) v§(Si-0-C) v (Si-O-Si)

CA2/SiO, v (cm™1) A (%) v(cm™1) A (%) v (cm™1) A (%) v(cm™1) A (%)
100/0 1034 68 1066 32 - - - -
90/10 1041 46 1071 32 1123 16 1160 6
80/20 1042 51 1074 31 1123 11 1160 6
70/30 1039 57 1072 29 1124 8 1160 6

In Figure 8c—e, the peak appearing at 1041 cm~! decreases when compared to the one
in the reference membrane (CA2/SiO; 100/0). The introduction of only 10, 20, and 30 wt.%
of SiO; in the pure CA membrane decreases the area of v5(C-O) from 68% to 46%, 51%,
and 57%, respectively.

The second peaks found in the spectra of the hybrid membranes (Figure 8c—e) between
1071 and 1072 cm™! are attributed to the v5(C-O-C). As was said for the membranes
of series one, peaks appearing in this region can also be attributed to vs(Si-O-5i), but
because the areas of the peaks are similar to the one found in the pristine CA membrane
of series two (32%) and because the CA content is always much higher than the SiO,
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content in all membranes, it is estimated that this peak appears in all membranes due to
the C-O-C groups of CA. The third peaks found in Figure 8c—e, located at 1123 cm ™! and
1124 cm™1, are attributed to the v;5(Si-O-C) [37,40]. The fourth and last peak appearing
at 1160 cm ! for the CA2/SiO, 90/10, 80/20, and 70/30 membranes is attributed to
v5(Si-O-5i) [35,37—-40]. The fourth peak characteristic of the v5(Si-O-Si) does not seem to
be influenced by the amount of SiO; (appearing in approximately the same position and
with the same intensity—6%) [37,40].

The area of the peak attributed to v5(S5i-O-C) decreases from 16% for the CA SiO;
90/10 membrane to 11% and 8% for the CA2/SiO, 80/20 and CA2/SiO, 70/30 membranes,
respectively. This gives evidence that, for series two, in contrast to what was observed in
series one, the number of 5i-O-C bonds decreases with the SiO, content, being accompanied
by an increase in the number of free C-O groups (predominantly present in the pristine CA
membrane). As was seen for the membranes in series one, there is an indication that some
Si-OH groups of the SiO, precursor (homo-)condense with other Si-OH groups to form the
5i-O-5i network, while other silanol groups (hetero-)condense with the C-O group of the
CA polymer to form hybrid network Si-O-C.

To summarize, at the molecular level, a hybrid monophasic network is more prone to
occur in series one (with an increasing value of Si-O-C with S5iO, content) than in series
two (where Si-O-C decreases with SiO; content).

3.2. Ultrafiltration Performance

The hydraulic permeability Lp values for the two membranes series are plotted in
Figure 9. We will start by comparing the solvent system. In series one the maximum value
for Lp was found for the pristine CA membrane (40 kg-h~!-m~2 bar~!). The presence of
SiO, promotes a monotonous decrease in Lp, which reduces from 40 kg-h~!-m~2 bar~!
(pristine CA membrane) until 19 kg-h~!-m~2 bar~! (for 30 wt.% of SiO,).

B CA1/Si0; 100/0 B CA2/Si0, 100/0
u CA1/Si0, 90/10 mCA2/Si0, 90/10
= CA1/Si0, 80/20 ECA2/Si0, 80/20

CA1/Si0 70/30 CA2/Si0, 70/30
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60 1 60
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3 40
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Figure 9. Hydraulic permeability Lp values (kg~h‘1 -m~2bar~1) in (a) series one and (b) series two
(*p <0.01; ** p <0.05).

Lp (kg.h'.m2.bar 1}

Lp (kg.h"".mZ.bar?)

(b)

Series two reveals a slightly different behavior as predicted from the SEM (higher) mem-
brane total thickness. First, the Lp value for the pristine CA membrane is higher than for the
pure CA membrane in series one (45 kg-h~1-m~2 bar~! for series two, 40 kg-h~!-m 2 bar~!
for series one). Secondly, Lp exhibited a maximum of 47 kg-h~!-m~2 bar~! for a 10 wt.% of
5i0; content. And finally, for silica content higher than 10 wt.%, a monotonous decrease in
Lp was observed, with the lowest value, 25 l<g-h’1 -m~2bar!, for the membrane containing
30 wt.% of SlOz

When comparing Lp values, membranes in series two exhibit higher Lp values than
the ones in series one. This is due to the solvent system used in the casting solutions
of each of the series, which evidences that a higher formamide/acetone ratio results in
membranes with higher affinity towards the water and hence higher Lp values. This
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fact is in accordance with the SEM morphological characterization predictions, as higher
total membrane thickness is associated with higher porosity and higher surface area. The
higher number of -Si-OH groups present in series two membranes (evidenced in FTIR-ATR
analysis, lower hetero-condensation in series two) are prone to higher water affinity.

Looking into the silica’s role, when comparing Lp to the overall thickness of the
membranes in series one, it is obvious that they do not correlate as thickness remained
essentially the same (between 74 and 77 um), while Lp seems to decrease with the increase
of S5iO, content. The silica presence does not enhance the hydraulic permeability of the
membranes, probably due to the predominant hetero-condensation present in series one
membranes’ group and consequent quite homogeneous silica tetrahedra distribution all
along the CA network.

The membranes in series two containing 0 wt.% and 10 wt.% of S5iO; had essentially the
same thickness (~104 um). For the membrane containing 20 wt.% of SiO,, the total thickness
decreased to 90 pm, and for the membrane containing 30 wt.% of SiO,, the thickness further
decreased to 55 pym. The pure CA membrane and the CA2-5i0, 90/10 membrane have
very similar values of Lp (45 and 47 kg-h~'-m~2 bar~!). When SiO, content was 20 wt.%
and 30 wt.% the Lp values decreased to 37 and 26 47 kg-h~!-m~2 bar~!, respectively. Silica
contents higher than 10 wt.% lead to membranes with smaller (total) thicknesses along
with lower values of Lp. In series two the porosity and surface area play key roles when Lp
is concerned. In series two the role of surface silanol groups looks smoothed in comparison
to series one.

Considering what was found for the chemical structure of the membranes in series
two, where the amount of bonded carbonyl groups increased with silica content, we can
conclude that membranes where hydrogen bonding is higher result in smaller membrane
thicknesses and lower values of Lp.

3.3. Mechanical Performance

The mechanical performance of the hybrid membranes was studied, addressing the
membranes’ silica content and formamide/acetone volume ratio. The experimental stress—
strain curves for series one and series two membranes (specimens cut from different regions
of the membrane sheet and between different sheets produced from the same or distinct
batches) are presented in Annex III.

Stress—strain relationships obtained for the elastic region were consistent between
trials, implying that both Young’s modulus and yield strength are consistent for membranes
produced in the same batch. In contrast, the failure region exhibited great variability in
the rupture point, which is attributed to micro-fractures induced during the preparation of
the specimens. In fact, when samples with (visible) micro-fractures were discarded (retest
trials), no significant differences in the failure point were observed. Moreover, from the
analysis of the stress—strain curves, it is possible to infer that the ultimate tensile strength
occurs near the failure point. It is also possible to observe that the membranes, in general,
present a ductile behavior, sustaining a large deformation in the plastic regimen (retest
trials: CA1-5i0, 70/30-10.1% (1.47 MPa), CA2-5i0, 70/30-12.8% (1.43%)).

Regarding the silica content, each series was studied independently. For series one,
Young’s modulus decreased with the SiO; amount (Figure 10a). A decrease of approxi-
mately 6.9% was observed between pristine CA and CA1/5i0; 90/20, followed by a de-
crease of 41.7% for CA1/SiO, 80/20 and, finally, a decrease of 38.5% between the CA1/5i0,
80/20 and CA1/5iO, 70/30. Similarly, in series one, the yield stress was observed to in-
crease with 510, content (see Figure 10c), denoting that higher axial loads and stress values
are needed to stretch the membranes and to enter in plastic deformation for the membranes
with higher SiO; ratios. Despite this behavior, the strain at which each type of membrane
entered in plastic regimen was similar between the different formulations, in particular
for the ones with 100/0 (0.44%), 90/10 (0.46%), and 80/20 (0.43%) (see Figure 10e). A
large reduction was only observed in the membrane with 70% of SiO, composition (0.32%),
indicating that this type of membrane sustains lower deformation ratios in the elastic
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domain. The inorganic bonds are less elastic than the organic counterparts. In series one, a
true hybrid network with a homogeneous distribution of the silica tetrahedra all along the
CA network is observed, which explains the decrease in Young’s modulus with silica.
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Figure 10. Mechanical properties for series one (left) and series two (right): (a) Young’s modulus
(top); (b) stress at yield point (middle); and (c) strain at yield point (bottom) (* p < 0.01; ** p < 0.05;
%%

p<0.1).

In contrast, series two presents an almost constant Young’s modulus (see Figure 10b),
indicating that the presence of silica does not affect the mechanical performance of the
membranes. An increase of 24% in Young’s modulus was observed between pristine CA
and CA2/5i0; 90/10, followed by a decrease of 13.5% in the CA2/SiO, 80/20 composition
and an increase of 11.8% between the CA2/SiO, 80/20 and 70/30. A similar trend was
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observed for the yield strength, presenting values ranging from 0.22 MPa for the pristine CA
composition to 0.34 MPa for the CA2/5iO, 90/10 composition (see Figure 8d). Regarding
the yield strain, similar values were seen between different compositions (Figure 10f),
denoting that the strain at which the membranes entered in the plastic domain is also
not affected by the differences in SiO, level for the tested formulations. Here almost
two phases system is formed, with micro-silica clusters having a negligible effect on the
tensile properties.

The comparison of the mechanical parameters between the two series enables us to
conclude that the solvents ratios used during their preparation have a strong influence on
the membranes” mechanical properties. In particular, series one membranes with lower
SiO; values presented a stiffer behavior when compared with series two. A reduction
of 62% of Young’s modulus (p < 0.01) and 72% of the stress (p < 0.01) needed to enter in
the plastic domain was observed between the pristine CA membranes of series two in
relation to series one. A reduction of 49.7% and 56.0% were also observed, respectively, for
Young’s modulus (p = 0.029) and yield point stress (p = 0.029) in the membranes with a
90/10 SiO, ratio. Moreover, it is important to highlight that Young’s modulus obtained
for all formulations of series two was within the range of values observed for the 70/30
and 80/20 compositions of series one. Despite these differences, the values obtained for
the strain at the yield point were equivalent between series, denoting that although the
elasticity is different, the strain needed to enter in plastic regimen is similar. The major
difference was observed in the 70/30 SiO; ratio, in which an increase of 29.7% in the yield
point stress value was observed in the series two membranes (p < 0.01).

These differences in the mechanical properties between series indicate that the mem-
branes’” chemical structure could be different. The higher homogeneity in series two
suggests that silica did not affect the CA network. This fact is in accordance with the
existence of a two phases system (nano/micro-composite), where the silica phase (silica
micro-clusters) is minimal. On the contrary, in series one, silica being homogeneously
bounded to the CA main organic network originates a new monophasic system with
particular properties.

When compared with the results presented in [8], higher Young’s modulus values
were obtained for the series one formulations with lower SiO; ratios. On its turn, the
values obtained for series two were similar to the ones obtained in this work. However, no
direct comparisons can be made, since in Andrade et al. study the membranes were not
tested in an aqueous solution, which could have influenced the mechanical properties of
the specimens.

Despite the adoption of a “dog bone” shape for the tensile specimens, several samples
broke earlier than expected (lower strain ratio at failure point) or failed at the grips or
shoulder region. As the first hypothesis, the non-homogeneity of the membrane, resulting
in different mechanical properties on the central or lateral parts of it, was considered. This
hypothesis was posteriorly refuted on the retest trials since no differences were observed
for Young’s modulus, yield strength, ultimate tensile strength, and failure point between
specimens cut from different regions of the sheet. This point is particularly relevant as
it indicates that in terms of tensile properties, the membranes appear to be homogenous
along the sheet.

The second hypothesis is based on the eventual introduction of micro-fractures during
the preparation of the specimens. This was analyzed during the retrial tests and partially
corroborated by the results. Cutting the membranes proved to be a more difficult procedure
than expected, as any abnormal movement of the scalpel or the 3D cutting cast induced
some failures in the specimen. Although these small defects did not affect the results for
the elastic region, they explained the variability seen on the failure region for the first trials,
namely the values obtained for the ultimate tensile strength and failure point. Moreover,
even considering only the specimens that did not present any visible problems, some failed
at the grips due to the deformations induced by the clamps, indicating that some changes



Membranes 2023, 13, 346

22 of 24

should be considered in the future in the dimensions of the specimens, namely the reduction
of the gauge width, or in the cutting process to reduce the ratio of rejected samples.

Nevertheless, it is important to note that the variability reported within the failure
region or between batches is not problematic. Considering the final application of these
membranes, they are not expected to work on the plastic regimen as the velocity of the
fluid is considerably low.

4. Conclusions

A novel protocol to produce sustainable integral asymmetric CA/SiO, membranes
was optimized, and a highly homogeneous hybrid system (without the presence of micro-
domains/clusters) was produced. Two formamide/acetone ratios were also studied.

In the series with the lowest formamide/acetone ratio (series one), a true monophasic
system was obtained where silica tetrahedra are proved (by FTIR-ATR) to be randomly
bounded to the CA network (higher amount of -5i-O-C- bonds, scarily less -5i-O-Si-).
The hybrid network membrane (at the molecular level) exhibited lower hydraulic per-
meability due to the lower surface silanol groups. Higher Young’s modulus values were
obtained as a new organic/inorganic network was formed. In the series with the highest
formamide/acetone ratio (series two), a micro/nanocomposite structure was formed. Here,
surface silanol groups correspond to high hydraulic permeability rates, and the biphasic
matrix contributes to a lower Young modulus.

SEM images depict the asymmetric structure of the membranes in both series, where the
active layer is characterized by a thickness of less than 1 um. A higher formamide/acetone ratio
(series two) leads to membranes with larger total thicknesses and a more porous sub-structure.

The experimental protocol presented in this work (in addition to a severe solvent
ratios) plays a determinant role in the final properties of the monophasic hybrid CA/SiO,
membranes. These membranes exhibit interesting features that become potentially useful
for chemical, pharmaceutical, and biomedical applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/membranes13030346/s1, Annex I. Membrane Drying Process;
Annex II Ultrafiltration experimental set-up and compaction; Annex III Mechanical Properties; Annex
IV. SEM image analysis; Annex V. IR assignments; Figure S1: Flowchart of Membrane’s Drying;
Figure S2: FTIR-ATR of pristine CA membranes (wet and dry); Figure S3: Ultrafiltration experimental
set up; Figure S4: Compaction curves for seriesl and series2; Figure S5: (a) Experimental setup
used for the acquisition of the mechanical properties of the seriesl and series2 membranes (b)
Representation of the specimen dimensions used during the tensile tests; Figure S6: Stress-strain
curves for the series CAl with a SiO, composition of: (a) 100% (top left); (b) 90% (top right); (c) 80%
(bottom left); (d) 700% (bottom right); Figure S7: Stress-strain curves for the series CA2 with a SiO,
composition of: (a) 100% (top left); (b) 90% (top right); (c) 80% (bottom left); (d) 700% (bottom right);
Figure S8: Stress-strain curves for the series CA1 (top) and CA2 (bottom) with a SiO, composition
of 70% (retest trials). Left charts represent the stress-strain relationship for specimens cut from the
lateral side of the membrane sheets and the right ones from the medial part; Table S1: Significance
values (p-value) adjusted by the Bonferroni correction for multiple tests between the different SiO,
ratios of each series for the hydraulic permeability (Kruskal-Wallis test with pairwise comparisons
for multiple tests); Table S2: Significance (p-value) and U-test values between series for a fixed SiO,
ratio for the hydraulic permeability (Mann-Whitney U Test); Table S3: Significance values (p-value)
adjusted by the Bonferroni correction for multiple tests between the different SiO; ratios of each series
for the young’s modulus, yield stress and yield strain parameters (Kruskal-Wallis test with pairwise
comparisons for multiple tests); Table S4: Significance (p-value) and U-test values between series for
a fixed SiO; ratio for the young’s modulus, yield stress and yield strain parameters (Mann-Whitney
U Test); Table S5: Summary of images used to study the total thickness of series 1 membranes, and
associated data; Table S6: Summary of images used to study the total thickness of series 2 membranes,
and associated data; Table S7: Water IR assignments in CA membranes; Table S8: Chemical properties
of -COOH, -(CH3)3, and -OH groups.


https://www.mdpi.com/article/10.3390/membranes13030346/s1
https://www.mdpi.com/article/10.3390/membranes13030346/s1

Membranes 2023, 13, 346 23 of 24

Author Contributions: Conceptualization, M.F. and M.C.G.; methodology, FZ., S.B.G., M.F. and
M.C.G,; formal analysis, M.F. and M.C.G.; investigation, F.Z. and S.B.G.; writing—original draft
preparation, EZ.; writing—review and editing 5.B.G., M.E. and M.C.G; supervision, M.C.G. and M.F;
project administration, M.C.G. and M.F,; funding acquisition, S.B.G., M.C.G. and M.F. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was funded by Fundacao para a Ciéncia e a Tecnologia (FCT, Portugal) through
the CeFEMA programmatic funding UIDB/04540/2020 and UIDP/04540/2020. IDMEC researchers
acknowledge Fundagao para a Ciéncia e a Tecnologia (FCT, Portugal) for its support through
project IDMEC under LAETA, project UIDB/50022/2020. Centro de Quimica Estrutural is a Re-
search Unit funded by Fundagao para a Ciéncia e Tecnologia through projects UIDB/00100/2020
and UIDP/00100/20.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Pendergast, M.M.; Hoek, EM.V. A Review of Water Treatment Membrane Nanotechnologies. Energy Environ. Sci. 2011, 4,
1946-1971. [CrossRef]

2. Kamcey, J.; Freeman, B.D. Charged Polymer Membranes for Environmental /Energy Applications. Annu. Rev. Chem. Biomol. Eng.
2016, 7, 111-133. [CrossRef]

3. Zare, F;Janeca, A.; Jokar, S.M.; Faria, M.; Gongalves, M.C. Interaction of Human Serum Albumin with Uremic Toxins: The Need
of New Strategies Aiming at Uremic Toxins Removal. Membranes 2022, 12, 261. [CrossRef]

4. Faria, M.; de Pinho, M.N. Challenges of Reducing Protein-Bound Uremic Toxin Levels in Chronic Kidney Disease and End Stage
Renal Disease. Transl. Res. 2020, 229, 115-134. [CrossRef]

5. Rodrigues, ES.C.; Faria, M. Adsorption- and Displacement-Based Approaches for the Removal of Protein-Bound Uremic Toxins.
Toxins 2023, 15, 110. [CrossRef] [PubMed]

6. Eusébio, T.M.; Martins, A.R.; Pon, G.; Faria, M.; Morgado, P.; Pinto, M.L,; Filipe, EJ.M.; de Pinho, M.N. Sorption/Diffusion
Contributions to the Gas Permeation Properties of Bi-Soft Segment Polyurethane /Polycaprolactone Membranes for Membrane
Blood Oxygenators. Membranes 2020, 10, 8. [CrossRef] [PubMed]

7. Peixoto, I.; Faria, M.; Gongalves, M.C. Synthesis and Characterization of Novel Integral Asymmetric Monophasic Cellulose—
Acetate/Silica/Titania and Cellulose-Acetate/Titania Membranes. Membranes 2020, 10, 195. [CrossRef]

8.  Andrade, M.C; Pereira, J.C.; de Almeida, N.; Marques, P.; Faria, M.; Gongalves, M.C. Improving Hydraulic Permeability,
Mechanical Properties, and Chemical Functionality of Cellulose Acetate-Based Membranes by Co-Polymerization with Tetraethyl
Orthosilicate and 3-(Aminopropyl) Triethoxysilane. Carbohydr. Polym. 2021, 261, 117813. [CrossRef]

9.  De Pascale, M.; Faria, M.; Boi, C.; Semiao, V.; de Pinho, M.N.; Pekguleryuz, M.O. The Effect of Ultrafiltration Transmembrane
Permeation on the Flow Field in a Surrogate System of an Artificial Kidney. Exp. Results 2021, 2, E16. [CrossRef]

10. Janeca, A.; Rodrigues, ES.C.; Gongalves, M.C.; Faria, M. Novel Cellulose Acetate-Based Monophasic Hybrid Membranes for
Improved Blood Purification Devices: Characterization under Dynamic Conditions. Membranes 2021, 11, 825. [CrossRef]

11. Mendes, G.; Faria, M.; Carvalho, A.; Gongalves, M.C.; de Pinho, M.N. Structure of Water in Hybrid Cellulose Acetate-Silica
Ultrafiltration Membranes and Permeation Properties. Carbohydr. Polym. 2018, 189, 342-351. [CrossRef]

12.  Faria, M.; Moreira, C.; Eusébio, T.; Brogueira, P; de Pinho, M.N. Hybrid Flat Sheet Cellulose Acetate/Silicon Dioxide Ultrafiltration
Membranes for Uremic Blood Purification. Cellulose 2020, 27, 3847-3869. [CrossRef]

13.  Kunst, B.; Sourirajan, S. An Approach to the Development of Cellulose Acetate Ultrafiltration Membranes. J. Appl. Polym. Sci.
1974, 18, 3423-3434. [CrossRef]

14. Brinker, C.J.; Scherer, G.W.; Scherer, G.W. Sol-Gel Science: The Physics and Chemistry of Sol-Gel Processing; Gulf Professional
Publishing: Houston, TX, USA, 1990; ISBN 0121349705.

15. Almeida, R.M.; Gongalves, M.C. Sol-Gel Process and Products. In Encyclopedia of Glass Science, Technology, History, and Culture;
Wiley: New York, NY, USA, 2021; Volume 2, pp. 969-979.

16. Huggins, M.L. Solutions of Long Chain Compounds. J. Chem. Phys. 1941, 9, 440. [CrossRef]

17.  Huggins, M.L. The Viscosity of Dilute Solutions of Long-Chain Molecules. IV. Dependence on Concentration. J. Am. Chem. Soc.
1942, 64, 2716-2718. [CrossRef]

18. Huggins, M.L. Some Properties of Solutions of Long-Chain Compounds. J. Phys. Chem. 1942, 46, 151-158. [CrossRef]

19. Flory, PJ. Thermodynamics of High Polymer Solutions. . Chem. Phys. 1942, 10, 51-61. [CrossRef]

20. Marques, A.C.; Vale, M. Macroporosity Control by Phase Separation in Sol-Gel Derived Monoliths and Microspheres. Materials

2021, 14, 4247. [CrossRef]


http://doi.org/10.1039/c0ee00541j
http://doi.org/10.1146/annurev-chembioeng-080615-033533
http://doi.org/10.3390/membranes12030261
http://doi.org/10.1016/j.trsl.2020.09.001
http://doi.org/10.3390/toxins15020110
http://www.ncbi.nlm.nih.gov/pubmed/36828424
http://doi.org/10.3390/membranes10010008
http://www.ncbi.nlm.nih.gov/pubmed/31906453
http://doi.org/10.3390/membranes10090195
http://doi.org/10.1016/j.carbpol.2021.117813
http://doi.org/10.1017/exp.2021.5
http://doi.org/10.3390/membranes11110825
http://doi.org/10.1016/j.carbpol.2018.02.030
http://doi.org/10.1007/s10570-020-02985-2
http://doi.org/10.1002/app.1974.070181121
http://doi.org/10.1063/1.1750930
http://doi.org/10.1021/ja01263a056
http://doi.org/10.1021/j150415a018
http://doi.org/10.1063/1.1723621
http://doi.org/10.3390/ma14154247

Membranes 2023, 13, 346 24 of 24

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Kaji, H.; Nakanishi, K.; Soga, N. Polymerization-Induced Phase Separation in Silica Sol-Gel Systems Containing Formamide. J.
Solgel Sci. Technol. 1993, 1, 35-46. [CrossRef]

Nakanishi, K.; Soga, N. Phase Separation in Gelling Silica-Organic Polymer Solution: Systems Containing Poly (Sodium
Styrenesulfonate). J. Am. Ceram. Soc. 1991, 74, 2518-2530. [CrossRef]

Nakanichi, K. Pore Structure Control of Silica Gels Based on Phased Separation. J. Porous Mater. 1997, 4, 67-112. [CrossRef]
Chiang, Y.-M.; Birnie, D.P,; Kingery, W.D. Physical Ceramics: Principles for Ceramic Science and Engineering; Wiley: New York, NY,
USA, 1997; Volume 409.

Costa, A.R.; de Pinho, M.N. The Role of Membrane Morphology on Ultrafiltration for Natural Organic Matter Removal.
Desalination 2002, 145, 299-304. [CrossRef]

Arthanareeswaran, G.; Devi, T.K.S.; Raajenthiren, M. Effect of Silica Particles on Cellulose Acetate Blend Ultrafiltration Membranes:
Part I. Sep. Purif. Technol. 2008, 64, 38—47. [CrossRef]

Sivakumar, M.; Mohanasundaram, A.K.; Mohan, D.; Balu, K.; Rangarajan, R. Modification of Cellulose Acetate: Its Characteriza-
tion and Application as an Ultrafiltration Membrane. J. Appl. Polym. Sci. 1998, 67, 1939-1946. [CrossRef]

Kesting, R.E.; Menefee, A. The Role of Formamide in the Preparation of Cellulose Acetate Membranes by the Phase Inversion
Process. Kolloid-Z. Und Z. Fiir Polym. 1969, 230, 341-346. [CrossRef]

Murphy, D.; de Pinho, M.N. An ATR-FTIR Study of Water in Cellulose Acetate Membranes Prepared by Phase Inversion. J. Memb.
Sci. 1995, 106, 245-257. [CrossRef]

Toprak, C.; Agar, ].N.; Falk, M. State of Water in Cellulose Acetate Membranes. J. Chem. Soc. Faraday Trans. 1 Phys. Chem. Condens.
Phases 1979, 75, 803-815. [CrossRef]

Mukherjee, S.P.; Evans, P.E. The Deposition of Thin Films by the Decomposition of Tetra-Ethoxy Silane in a Radio Frequency
Glow Discharge. Thin Solid. Film. 1972, 14, 105-118. [CrossRef]

Stamatialis, D.F.; Dias, C.R.; de Pinho, M.N. Structure and Permeation Properties of Cellulose Esters Asymmetric Membranes.
Biomacromolecules 2000, 1, 564-570. [CrossRef] [PubMed]

Nunes, S.; Ramacciotti, F.; Neves, A.; Angelin, E.M.; Ramos, A.M.; Roldao, E.; Wallaszkovits, N.; Armijo, A.A.; Melo, MLJ. A
Diagnostic Tool for Assessing the Conservation Condition of Cellulose Nitrate and Acetate in Heritage Collections: Quantifying
the Degree of Substitution by Infrared Spectroscopy. Herit. Sci. 2020, 8, 33. [CrossRef]

Al-Oweini, R.; El-Rassy, H. Synthesis and Characterization by FTIR Spectroscopy of Silica Aerogels Prepared Using Several
Si(OR)4 and R’ Si(OR’)3 Precursors. J. Mol. Struct. 2009, 919, 140-145. [CrossRef]

Minhas, ET.; Farrukh, S.; Hussain, A.; Mujahid, M. Comparison of Silica and Novel Functionalized Silica-Based Cellulose Acetate
Hybrid Membranes in Gas Permeation Study. J. Polym. Res. 2015, 22, 63. [CrossRef]

Naghsh, M.; Sadeghi, M.; Moheb, A.; Chenar, M.P.; Mohagheghian, M. Separation of Ethylene/Ethane and Propylene/Propane
by Cellulose Acetate-Silica Nanocomposite Membranes. |. Memb. Sci. 2012, 423, 97-106. [CrossRef]

Wojciechowska, P.; Foltynowicz, Z.; Nowicki, M. Synthesis and Characterization of Modified Cellulose Acetate Propionate
Nanocomposites via Sol-Gel Process. |. Spectrosc. 2013, 2013, 616159. [CrossRef]

Wojciechowska, P.; Foltynowicz, Z.; Nowicki, M. Celluloseacetate Butyrate Nanocomposites Synthesized via Sol-Gel Method.
Polimery 2013, 58, 543-549. [CrossRef]

Bartholomew, R.E; Butler, B.L.; Hoover, H.L.; Wu, C.K. Infrared Spectra of a Water-containing Glass. J. Am. Ceram. Soc. 1980, 63,
481-485. [CrossRef]

Warring, S.L.; Beattie, D.A.; McQuillan, A.J. Surficial Siloxane-to-Silanol Interconversion during Room-Temperature Hydra-
tion/Dehydration of Amorphous Silica Films Observed by ATR-IR and TIR-Raman Spectroscopy. Langmuir 2016, 32, 1568-1576.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1007/BF00486427
http://doi.org/10.1111/j.1151-2916.1991.tb06794.x
http://doi.org/10.1023/A:1009627216939
http://doi.org/10.1016/S0011-9164(02)00426-5
http://doi.org/10.1016/j.seppur.2008.08.010
http://doi.org/10.1002/(SICI)1097-4628(19980314)67:11&lt;1939::AID-APP13&gt;3.0.CO;2-P
http://doi.org/10.1007/BF01520608
http://doi.org/10.1016/0376-7388(95)00089-U
http://doi.org/10.1039/f19797500803
http://doi.org/10.1016/0040-6090(72)90373-2
http://doi.org/10.1021/bm000002b
http://www.ncbi.nlm.nih.gov/pubmed/11710182
http://doi.org/10.1186/s40494-020-00373-4
http://doi.org/10.1016/j.molstruc.2008.08.025
http://doi.org/10.1007/s10965-015-0701-y
http://doi.org/10.1016/j.memsci.2012.07.032
http://doi.org/10.1155/2013/616159
http://doi.org/10.14314/polimery.2013.543
http://doi.org/10.1111/j.1151-2916.1980.tb10748.x
http://doi.org/10.1021/acs.langmuir.5b04506
http://www.ncbi.nlm.nih.gov/pubmed/26804934

	Introduction 
	Polymer-Solvent-Nonsolvent Spinodal Decomposition 
	Hybrid Casting Solution Reactional Processes 

	Experimental Procedure 
	Materials 
	Membranes Synthesis 
	Membranes’ Drying 
	Membranes Characterization 
	Morphological Characterization 
	Ultra-Filtration Performance 
	Mechanical Performance 
	Statistical Analysis 


	Result and Discussion 
	Morphological Characterization 
	SEM 
	FTIR-ATR 

	Ultrafiltration Performance 
	Mechanical Performance 

	Conclusions 
	References

