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cellulose derivative and then convert the membrane into a
cellulose membrane. This approach has been demonstrated by
several authors using trimethylsilyl cellulose (TMSC), which
can be converted back into cellulose in acidic media,18 or
cellulose acetate (CA), which can be deacetylated in alkaline
media.10,12 One of the advantages of fabricating the cellulose
membrane precursor from a cellulose derivative is that many
conventional solvents of low cost and viscosity are available to
dissolve the derivatives. The abundance and variety of solvents
that can be used also assures that membrane morphology can
be tuned within a wide range, from symmetric to asymmetric
overall, and from microporous to dense in the skin layer.19,20

Varying the solvent or using solvent mixtures in membrane
fabrication via phase inversion is an effective way of tuning the
membrane morphology for obtaining the desired membrane
properties and separation performance.21−23 The changing
solvent, however, influences both the thermodynamic and
kinetic properties of the phase separation process. In the case
of using a solvent mixture, these effects are further complicated
by multicomponent interactions. It is therefore essential to
investigate the phase separation kinetics and thermodynamic
interactions together with the observed morphology and
performance in a new membrane forming system involving
more than one solvent, since there are no strict rules about the
effects of previously used solvents or cosolvents on the
membrane features for different polymers and phase inversion
conditions.

Alkaline hydrolysis of CA into cellulose has been
demonstrated with dilute solutions of sodium or potassium
hydroxide, in converting electrospun CA mats to cellu-
lose.24−26 More recently, fabrication of cellulose membranes
by alkaline hydrolysis of CA membranes and their use in
organic solvent ultrafiltration12 and nanofiltration (OSN)10

were also demonstrated and changes in separation perform-
ance upon alkaline hydrolysis have been reported.10,27

In this study, we investigated the effect of different solvent
mixtures in tuning morphology and performance CA
membranes fabricated via phase inversion. Dimethyl sulfoxide
(DMSO) with good solvent quality for CA was used as single
solvent and in mixtures with acetone and acetic acid as
cosolvents. Both the main solvent, DMSO,28 as well as the
cosolvents acetone29 and acetic acid30 are regarded as green
solvents with reduced impact on the environment and human
health, compared to the more traditional solvents used in
phase inversion.31 While the use of one or more cosolvents is
quite common in membrane fabrication, not only in lab-scale
but also in commercial membranes,32 this makes the solvent
recovery and recycling more complicated and energy-intensive.
In this respect, the significant volatility difference between the
species involved in the solvent mixtures in this study can be
regarded as an advantage for recycling of the solvents used via
distillation, which is the most common solvent recovery
method.

Considering the thermodynamic interactions in the system,
the cosolvents used are both poorer solvents with similar
interactions with CA based on Hansen solubility parameters
and the Relative Energy Density (RED) values. On the other
hand, their viscosities are several times different, which was
expected to influence phase inversion kinetics. Consequently,
we aimed to investigate the effects of thermodynamic and
kinetic parameters on membrane morphology and separation
performance. Following this, we demonstrated the different
effect of alkaline hydrolysis on the performance of membranes

with loose and dense separating layers. By demonstrating the
performance changes on membranes of different morphology,
we aim to shed further light into the mechanisms causing the
change as well as the transport mechanisms in cellulose
membranes of different morphologies.

2. EXPERIMENTAL SECTION
2.1. Materials. Cellulose acetate (Mn∼ 50 000 Da by GPC, 39.7

wt % acetyl), polyethylene glycol (400 Da, 2 kDa, 6 kDa, 10 kDa, 20
kDa, 35 kDa), dextran (40 kDa, 70 kDa, 200 kDa), and sodium
hydroxide were purchased from Sigma-Aldrich. Acetone (99.5−
99.7%) and glacial acetic acid were purchased from Merck. Dimethyl
sulfoxide (DMSO, 99.9%) was obtained from Merck and ISOLAB.

2.2. Membrane Fabrication. Cellulose acetate flat sheet
membranes were fabricated via nonsolvent induced phase separation.
The composition of polymer solutions used in membrane fabrication
is presented in Table 1. The codes of D, DA, and DHAc for solvent

systems refer to DMSO and the mixtures of DMSO:acetone and
DMSO:acetic acid in 1:1 ratios, respectively. Before solution
preparation, cellulose acetate was dried under a vacuum for at least
48 h. The contents of solutions were homogeneously mixed on a
magnetic stirrer and cast with a 250 �m casting bar on a clean and
smooth glass plate at room temperature. After casting, a pre-
evaporation step for 5 min was applied only to the polymer solution
containing 25 wt % CA to obtain a dense skin layer in the CA
precursor membrane before alkaline hydrolysis. Evaporation was done
under continuous dry nitrogen flow with a 0.6 L/min flow rate. The
cast polymer solutions were immersed in a nonsolvent bath
containing Type III pure water (RO water) immediately or after
evaporation to achieve phase separation. After phase separation,
membranes were further washed in fresh RO water for 24 h to remove
any residual solvents.

For the alkaline hydrolysis step, one-half of the precursor cellulose
acetate membranes were immersed in aqueous 0.05 M NaOH
solution for 24 h, while the other half was left for comparison. After
24 h, the parts which were converted into cellulose were washed in
the RO water for 1 day to stop the hydrolysis reaction and clean the
membranes. All membranes were stored in a solution of 20% ethanol
in water. The CA membranes converted into cellulose are denoted
with the membrane code in Table 1 followed by −AH throughout the
text.

2.3. Relative Energy Density (RED) Calculations. The affinity
between the solvent systems and the polymer was theoretically
estimated by the relative energy density (RED) values using Hansen
solubility parameters. The solubility parameter distance (Ra), which is
the distance between radii of solubility spheres of compared materials
(polymer and solvent) was calculated via the three parameters of
permanent dipole-permanent dipole interactions (� P), dispersion
interactions (� D), and hydrogen bonding (� H) as shown in eq 1.
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RED was calculated by the ratio of the solubility parameter distance
(Ra) to the radius of the solubility sphere (Ro) of the polymer (eq 2),
which defines a limit for solubility parameter distance.
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Table 1. Composition of CA Membrane Fabrication
Solutions

Membrane
code

CA (wt
%)

DMSO (wt
%)

Cosolvent (wt
%)

Pre-
evaporation

CA18-D 18 82 - -
CA18-DA 18 41 41% acetone -
CA18-DHAc 18 41 41% acetic acid -
CA25-DA-5E 25 37.5 37.5% acetone 5 min
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Solubility parameters for all pure solvents and cellulose acetate and Ro
value of CA were taken from Hansen.33 Solubility parameter
components of solvent mixtures were calculated by volume-averaging
of individual species solubility parameter components (eq 3), where
volume fractions (� i) were calculated using weight fractions and pure
solvent densities, neglecting any volume change upon mixing.33

= [ * ] + [ * ]mixture 1 1 2 2 (3)

2.4. Viscosity Measurements and Polymer Chain Entangle-
ment Concentrations. A Ubbelohde type capillary viscometer was
used to measure the viscosity of pure solvents and solvent mixtures at
25 ± 1 °C. Kinematic viscosities obtained by the Ubbelohde
viscometer were converted into dynamic viscosities using the solvent
density measured via a glass pycnometer at 25 ± 1 °C. The viscosity
of polymer solutions was measured as a function of shear rate via the
modular compact rheometer (Anton Paar MCR302) with a 25 mm
cone plate at 25 ± 1 °C. Zero shear viscosity was estimated by
extrapolating the curves to a zero shear rate. The viscosity of the
acetone-containing solutions was measured using an evaporation
blocker to prevent evaporation during analysis. For each polymer
solution and solvent system, viscosity measurements were conducted
at least three times.

2.5. Excess Gibbs Free Energy Calculations. To understand
the interaction between solvent and nonsolvent and its effect on the
thermodynamics of phase inversion, solvent−nonsolvent interaction
parameter (g12) is determined from excess Gibbs free energy (Gex).34

Excess Gibbs free energy (Gex) for solvent−nonsolvent mixtures was
calculated by eq 4 for comparing the strength of solvent−nonsolvent
interactions to solvent−solvent and nonsolvent−nonsolvent inter-
actions.
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A negative Gex shows that interactions between unlike molecules in a
solution are more favorable than those between like molecules, while
in the case of a positive Gex, the interactions between like molecules
are more favorable than those between unlike molecules.35 Since
experimental data of vapor−liquid equilibrium are not available for all
systems of interest, the activity coefficients of components (� i) in the
mixture were estimated using the UNIFAC model, which is regarded
as one of the best predictive methods for nonelectrolyte liquid−liquid
mixtures.35 According to the model, the activity coefficient for each
species (� i) is calculated by combination of the combinatorial term
(� i

C) that depends on the volume and surface area of the molecules,
and the residual term (ln � i

R) taking account of interaction energies
between the molecules (eq 5).

= +ln ln lni i
C

i
R
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Calculation of both terms is based on group contribution method and
related equations are shown in the Supporting Information. The
interaction parameters and volume and surface area parameters are
obtained from Poling et al.36

2.6. Cloud Point Measurements. For determining the cloud
point of polymer solutions, polymer solutions were prepared with
incremental values of nonsolvent content, starting with 1 wt % and
down to 0.2 wt % increments, according to the observed turbidity in
the prepared solutions. Cloud point concentration was determined by
visual inspection and turbidity measurement (HANNA HI88703) as
the concentration between the clear solution with highest nonsolvent
concentration and the turbid solution with the lowest nonsolvent
concentration at a fixed polymer concentration.

2.7. Instantaneous Phase Inversion Front Observations via
Optical Microscopy. The progression rate of phase inversion, which
starts upon contact of the interface of the polymer solution with
nonsolvent (water) in time was observed via optical microscopy as
described by Durmaz et al.17 After a drop of solution was placed
between a clean microscope slide and a coverslip, 100 �L of water was
injected from one side of the solution drop. The advancement of the

precipitated region over time from the moment the interface
encounters water (t = 0 s) was recorded via the optical microscope
(Zeiss AxioScope.A1) in dark field mode. The phase inversion front
observations for each polymer solution were repeated at least three
times. The rate of progression was related to the instantaneous phase
inversion rate using eq 6 as discussed by Strathmann et al.37
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Here, x denotes the precipitated distance in the polymer solution, t
denotes time, � denotes the porosity of the precipitating region, �
denotes the tortuosity of the precipitating region, Deff denotes the
diffusivity of nonsolvent in the precipitating region, and wcp denotes
the weight fraction of nonsolvent in the polymer solution at cloud
point, hence at the interface between the precipitated front and
nonsolvent. The term in brackets was considered as unity, and the
ratio of � to � was taken to be a constant depending on the membrane
structure.17,38 With these approximations, the slope of x2 versus t plots
was taken to be directly proportional to the effective diffusivity of
water into the polymer solution and the instantaneous phase inversion
rate.

2.8. Cumulative Phase Inversion Rate via Light Trans-
mittance Measurements. For measuring the cumulative phase
inversion rate, polymer solutions were cast on a glass plate with a 250
�m casting bar and immersed in a water bath while the light
transmission across the whole cross-section of the precipitating
polymer solutions was recorded against time using a light meter
(Extech HD450) located beneath the water bath. A protective box
was placed around the experimental setup to prevent interference due
to ambient lighting. In this way, the light meter measured only the
light coming from the light source and passing through the phase
separating polymer solution. The raw data obtained were normalized
as I/I0, where I represents the light intensity (in Lux) passing through
the membrane at any instant during phase separation, and I0
represents the light passing through the nonsolvent bath in the
absence of polymer solution. The initial slope of the light
transmittance curve was used as the cumulative phase inversion rate.

2.9. Scanning Electron Microscopy (SEM). Membrane
morphology was analyzed by scanning electron microscopy in the
METU Central laboratory (QUANTA 400F Field Emission SEM)
and in METU Chemical Engineering Department (TESCAN
VEGA3). For cross-sectional analysis of membranes, the membranes
were freeze-dried and then fractured in liquid nitrogen. The prepared
samples were attached to conductive tape, dried in a vacuum
overnight, and sputter-coated with Au−Pd before analysis.

2.10. Membrane Performance. A Sterlitech CF016A acrylic
cross-flow module was used for the performance test of all
membranes. Membrane performances were characterized by pure
water permeance and molecular weight cut-off (MWCO). Pure water
permeance tests were conducted at transmembrane pressures of 1, 0.5,
and 0.3 bar and then MWCO tests were done by filtering aqueous
PEG (mixtures of three or four PEGs of 0.4, 2, 6, 10, 20, and 35 kDa)
or dextran (40, 70, and 200 kDa) solutions with a total probe
concentration of 2.0 g/L to determine the MWCO value of
membranes. For each membrane, pure water permeance and
MWCO tests were carried out at least three times. Transmembrane
pressure and cross-flow velocity were adjusted using a peristaltic feed
pump and a back-pressure regulator on the retentate line. The
filtrations were done under a transmembrane pressure difference of
0.3 bar and cross-flow velocity of 0.02 m/s on the feed side to
minimize the effect of concentration polarization on the measured
MWCO. The ratio of permeance during filtration to pure water
permeance, were all in the range of 0.93 to 0.98 implying negligible
concentration polarization or fouling during rejection measurements.
Agilent 1260 Infinity II Gel Permeation Chromatograph (GPC) was
used to determine the concentrations of permeate (CP) and retentate
(CR) streams taken at different times during filtration to calculate the
rejection of each probe. The molecular weight of the probe that has a
90% rejection was marked as the MWCO value of the membranes.
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3. RESULTS AND DISCUSSION
3.1. Morphology and Performance of Cellulose

Acetate Membranes. Figure 1 shows the morphologies of

cellulose acetate membranes fabricated using the three
different solvent systems; DMSO (D), DMSO:acetone (DA),
and DMSO:acetic acid (DHAc). CA18-D is an asymmetric
membrane with large macrovoids in the support layer. CA18-
DA membrane also has an asymmetric morphology consisting
of a thinner selective layer above a substrate layer with larger
pores and more macrovoids. The CA18-DHAc membrane
shows close to a symmetric morphology with similar pore size
throughout the cross-section.

The membranes were characterized by pure water
permeance and molecular weight cut-off (MWCO) tests
(Figure 2). the CA18-DA membrane has the lowest pure
water permeance (1.0 ± 0.5 L/(h m2 bar)) and MWCO (14 ±
4 kDa), indicating a denser selective layer compared to the
other two membranes, which is consistent with the

morphology in SEM images. CA18-D has a ten-fold higher
water permeance (11 ± 9 L/(h m2 bar)) as well as a higher
MWCO of 50 kDa. While both CA18-D and CA18-DA have
asymmetric structures, CA18-DA has a steeper pore size
gradient across the cross-section and more macrovoids starting
after a short distance from the selective side. This typically
occurs upon rapid phase separation to yield a relatively dense
selective skin, which slows the diffusion of the solvent and
nonsolvent through the membrane, and hence results in larger
pores beneath the skin and more macrovoids.39,40

The MWCO of CA18-DHAc is similar to that of CA18-D,
despite its distinct morphology and a higher pure water
permeance of 72 ± 20 L/(h m2 bar). The same MWCO and
no indication of internal fouling during the filtration tests in
any of the membranes implies that the effective pore
dimensions of the two membranes are similar. A higher
permeance in CA18-DHAc despite the absence of an
asymmetric structure with macrovoids implies higher porosity
and/or pore connectivity in this membrane. A higher porosity
can also be inferred from the SEM images showing similar
thickness of the final membrane, where CA18-D (Figure 1a)
contains large macrovoids, while CA18-DHAc (Figure 1g)
contains none. Considering that there is the same solid content
in both, this possibly implies that the parts of the CA18-D
membrane outside the macrovoids have less pore volume and
more solid volume, and hence a lower porosity.

3.2. Effect of Solvents on the Thermodynamics of
Phase Inversion. 3.2.1. Solvent−Polymer Interactions.
Hansen solubility parameters for all components and RED
values for polymer/solvent and polymer/nonsolvent inter-
actions are listed in Table 2. Water with a high RED value with
respect to CA is a strong nonsolvent. According to RED values,
DMSO is a good solvent for cellulose acetate while acetone
and acetic acid themselves are near the solubility limit.
Solubility parameters of solvent mixtures were calculated as
volume-averaged values, assuming no volume change of mixing
as suggested by Hansen.33 While all three solvent systems give
comparable RED values around 0.5 according to these
calculations, we should note that volume change of mixing
does exist in these nonideal mixtures, calculated as −0.24 and
−0.73 cm3/mol, for DMSO-acetone and DMSO-acetic acid
mixtures, respectively.41

The chain entanglement concentrations (Ce) of polymer
solutions, determined as the concentration where the slope of
relative viscosity versus concentration plot changes sharply

Figure 1. SEM images of cellulose acetate membranes prepared with
different solvent systems. (a−c) CA18-D, (d−f) CA18-DA, (g−i)
CA18-DHAc. First row: full cross-section (scale bar: 100 �m); second
row: nonsolvent facing side (scale bar: 5 �m); third row: support side
(scale bar: 5 �m).

Figure 2. Separation performance of cellulose acetate membranes prepared with different solvent systems. (a) Pure water permeance (PWP); (b)
molecular weight cutoff (MWCO).
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from the semidilute region to the concentrated region, can also
be related to solvent quality as well as to macrovoid
formation.42 In this concentration range, good solvent strength
is correlated to a high entanglement concentration.42,43

Comparing the plots for CA solutions in the different solvents
(Figure 3), it is seen that CA-DA solution has the highest
entanglement concentration (>35 wt % CA), followed by CA-
D (30 wt % CA) and CA-DHAc (25 wt % CA). This implies
that the solvent quality decreases in the order DA > D >
DHAc, unlike that predicted by RED values, which are
probably less reliable due to the implicit assumption of ideal
solvent mixtures used in calculations.

The consistency index, K, values calculated from the shear
thinning region of viscosity versus shear rate in these
measurements using the power law model (Figure S1),
decrease in the order DHAc > D > DA, which are consistent
with the increasing solvent quality from DHAc to DA in this
order.

The trends in macrovoid formation in membranes also agree
with the relationship between the polymer chain entanglement
concentration and macrovoid formation mechanism proposed
by Hung et al.42 A higher degree of chain entanglement in the
DMSO-acetic acid mixture at the CA concentration of 18 wt %
suppresses the formation of macrovoids, while macrovoids
appear closer to the membrane surface in the DMSO-acetone
mixture, which is the best solvent for CA where highest
entanglement concentration is observed.

3.2.2. Excess Gibbs Free Energy Calculations. The excess
Gibbs free energy of solvent−nonsolvent mixtures was used as
a measure of solvent−nonsolvent interactions. Gex plots for the
binary DMSO-water system and ternary DMSO-HAc-water
and DMSO-acetone-water systems as a function of water mole

fraction are presented in Figure 4. The point that the water
mole fraction equals zero represents the beginning of phase

inversion where the water and solvents encounter, i.e., the Gex

values at this point belong to binary solvent mixtures of DA
and DHAc systems. Gex values calculated for DMSO-water
system by UNIFAC model agrees very well with the
literature.44 Gex values are negative throughout the whole
composition range for mixtures of water in DMSO and
DMSO-acetic acid solvent systems, demonstrating negative
deviation from Raoult’s law and hence implying solvent−
nonsolvent interactions are more favorable than both solvent−
solvent and nonsolvent−nonsolvent interactions. For the
DMSO-acetone solvent system, the Gex values of the ternary
system are positive at low water fractions and negative at
higher water fractions, but overall are quite close to zero,
implying closer to ideal solution behavior.

Overall, the solvent−nonsolvent interactions for the three
systems appear to be quite different. The highest solvent−
nonsolvent affinity is estimated in the DHAc-water system,
probably due to the higher hydrogen bonding capacity of
acetic acid in this system. The DMSO-water system has the
second highest affinity, while the affinity between water and
the DA system is the lowest.

3.2.3. Cloud Point Measurements. The cloud point of CA
solutions at a given CA concentration can be taken as an
indication of stability of the polymer−solvent mixture against

Table 2. RED values of Individual Solvent−Polymer Pairs
and Solvent Mixture−Polymer Pairs

Solubility parameters
(MPa1/2)

Materials � D � P � H REDP−S

Cellulose acetate (CA) (Ro = 7.4) 18.2 12.4 10.8 -
DMSO 18.4 16.4 10.2 0.55
Acetone 15.5 10.4 7.0 0.93
Acetic acid 14.5 8.0 13.5 1.22
DMSO:acetone (1:1) 16.95 13.4 8.6 0.51
DMSO:acetic acid (1:1) 16.45 12.2 11.85 0.52

RED P‑NS

Water 15.5 16 42.3 4.35

Figure 3. Polymer chain entanglement concentrations. (a) CA-DA; (b) CA-D; (c) CA-DHAc.

Figure 4. Excess Gibbs free energy for the interaction of water−
solvent systems.
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phase separation with the nonsolvent, which is affected both by
the varying polymer−solvent and nonsolvent−solvent inter-
actions in the three cases compared here. The cloud points
were found to increase from 8.1% water in CA18-DHAc to
10.3% in CA18-D and 13.3% in CA13-DA, implying an
increase in solution stability against phase separation in this
order. This order agrees both with the increasing solvent
quality and decreasing solvent−nonsolvent affinity, as shown
previously.

3.3. Effect of Solvent Systems on the Phase Inversion
Kinetics. 3.3.1. Instantaneous Phase Inversion Rate
Observations. The instantaneous phase inversion rates of
polymer solutions were determined under an optical micro-
scope by observing the progress of phase inversion fronts in
time. The rate decreases from CA18-DA to CA18-D and
further markedly to CA18-DHAc (Figure 5a, b). The effective
diffusivity of water into the polymer solutions, which is
proportional to the slope of x2 versus time plots is shown in
Figure 5c, together with the diffusivity of water in the three
solvent systems calculated using the Wilke-Chang equation. An
association parameter of 1 was used for all cases, hence the
only difference in the calculated diffusivities stems from the
different viscosities of the solvent systems, shown in Table 3.
The effective diffusivities found from the progress of the phase
inversion front being of the same order of magnitude as the
nonsolvent/solvent diffusivities demonstrate that it is the
viscosity of the solvent, and not the polymer solution at the

onset of phase separation, that predominantly determines the
phase inversion rate in these systems.

3.3.2. Cumulative Phase Inversion Rate via Light Trans-
mittance Measurements. Another commonly used approach
in investigating phase inversion kinetics is to measure the light
transmittance through phase separating polymer solutions. In
this case, since the light transmission through the whole cross-
section of the cast polymer solution is measured, the rate is
called the cumulative phase inversion rate. The normalized
light transmission (I/I0) as a function of time for the three
solvent systems is given in Figure 6a and the average
cumulative phase inversion rates obtained by initial slopes of
these plots are compared in Figure 6b. It can be seen from light
transmission curves that phase inversion started almost
immediately after polymer solutions were immersed in the
water bath with no delay time. The delay time has typically
been related to solvent and nonsolvent quality as well as
solvent−nonsolvent interactions.40,45 Although differences

Figure 5. (a) Phase inversion front observations via optical microscope from t = 0 to t = 60 s; (b) x2 vs time plot from microscope observations; (c)
effective diffusivity of water into polymer solution shown as the slope of x2 vs time data and diffusivity of water into solvent systems estimated by
Wilke-Chang equation.

Table 3. Viscosities of Solvent Systems and Starting
Polymer Solutions

Solvent
Solvent viscosity

(cP)
18 wt % CA solution viscosity

(cP)

DMSO 1.97 42 600
DMSO-acetone (DA) 0.70 44 400
DMSO-acetic acid

(DHAc)
2.77 235 000
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exist in these factors for the three solvent systems, these did
not result in a delay time for phase separation.

On the other hand, there exist marked differences between
the phase inversion rate in the three systems. Adding acetone
as cosolvent leads to the highest cumulative phase inversion
rate in CA18-DA, while acetic acid addition slows it down in
the CA18-DHAc system, as observed with instantaneous phase
inversion rates. However, the differences in cumulative phase
inversion rates are significantly higher than those between

instantaneous phase inversion rates, which is attributed to the
difference in pore structure in the forming membranes (Figure
1).

It has been shown by Durmaz46 that the cumulative phase
inversion rate and the final I/I0 value reached upon phase
inversion are significantly affected by the porosity, pore size or
macrovoids occurring in the membrane structure during
measurements. This is because presence of large pores or
macrovoids have a drastic effect on light refraction through the
structure, causing higher opaqueness, which is reflected as a
higher cumulative phase inversion rate in the light transmission
measurement. Comparing the three solvent systems, the
cumulative phase inversion rate of CA18-DHAc being 2
orders of magnitude lower than the other two solvent systems
relates to the pore morphology of CA18-DHAc being
significantly different than those of the CA18-D and CA18-
DA membranes, which contain macrovoids.

Overall, the phase inversion rate is highest with the DMSO-
acetone mixture as solvent, followed by DMSO alone, and it is
the slowest in the DMSO-acetic acid mixture. This order is the
same as in decreasing solvent quality, increasing nonsolvent−
solvent interactions, and decreasing nonsolvent concentration
at the cloud point, which makes a comparison of kinetic and
thermodynamic effects on membrane properties difficult.

3.4. Alkaline Hydrolysis of CA Membranes. To produce
cellulose membranes, deacetylation of cellulose acetate by
alkaline hydrolysis was used. It was shown in our previous
study that cellulose acetate membranes are completely
deacetylated and converted into cellulose membranes under
the alkaline hydrolysis condition used.12 The effect of alkaline
hydrolysis on cellulose acetate membranes with different
structures from porous to dense was investigated. To eliminate
the batch-to-batch differences, morphology and performance
tests were performed with membrane pairs in which half of a
flat sheet membrane was deacetylated by alkaline hydrolysis
(CA-AH), while the other half was used without alkaline
hydrolysis (CA). No difference could be observed in the
morphologies of the precursor membranes and the resulting
cellulose membrane after alkaline hydrolysis from SEM images
(Figure S2), The performances of CA and CA-AH membrane
pairs are compared in Figure 7. Both permeance and MWCO
values decreased after the alkaline hydrolysis of CA18-DHAc,
while for CA18-DA, permeance increased and MWCO

Figure 6. (a) Normalized light transmission curves. Two curves of the
same color indicate two replicate measurements with the same
solution; (b) average cumulative phase inversion rates obtained by
initial slopes of the light transmission curves.

Figure 7. Performances of CA and CA-AH membrane pairs. (a) Pure water permeance (PWP); (b) molecular weight cutoff (MWCO).
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decreased. On the contrary, alkaline hydrolysis increased both
permeance and MWCO of the CA25-DA-5E membrane, which
is the densest membrane among the three.

These observations imply that there are morphological
changes in the membranes after alkaline hydrolysis which
could not be visualized in SEM and these affect performance of
different membrane structures in different ways. High alkalinity
is known to induce several degradation reactions along the
cellulose backbone, which may have partly occurred during the
alkaline hydrolysis of these membranes.47,48 Partial degradation
of cellulose chains would likely induce rearrangement of the
membrane structure immersed in an aqueous alkaline solution.
This can have effects both on the pore size and the membrane
matrix. While the pore size is important in porous membranes
where transport predominantly occurs convectively through
the pores, the structure of the membrane matrix is important in
solution-diffusion mechanism, and it has previously been
shown that as the pore size decreases both mechanisms start to
be simultaneously effective.12 Therefore, to clarify the different
directions of changes in different membrane structures, it is
necessary to consider the membrane structure and transport
mechanism together.

CA18-DHAc has a porous structure throughout the whole
membrane cross-section and is expected to obey the pore-flow
model. The decrease in permeance and MWCO after alkaline
hydrolysis can be explained by the narrowing of the pores in
the membrane structure upon rearrangement of the membrane
matrix in alkaline medium. However, in CA18-DA, which is an
asymmetric membrane with tighter skin layer, the pore flow
and solution diffusion mechanisms may be simultaneously
effective. In this case, the narrowing of pores can decrease the
MWCO, considering probe molecules would mostly permeate
through the pores. Water, on the other hand, likely permeates
through both the pores and the matrix.12 A higher permeance
through the loosened membrane matrix may then be more
dominant in determining the overall permeance than reduced
permeance through the pores. CA25-DA-5E membrane is
almost completely dense as seen in its SEM images (Figure S2)
and deduced from its very low permeance. In this case, in the
absence of pores, the transport of both water and solutes
should exclusively occur through the membrane matrix, and
hence upon partial degradation of polymer chains, both PWP
and MWCO increase.

4. CONCLUSIONS
Among the three solvent systems used to fabricate cellulose
acetate membranes by phase inversion, the membranes
fabricated using DMSO and DMSO-acetone mixtures as
solvent have asymmetric structures, whereas acetic acid as
cosolvent leads to a symmetric structure. Pure water
permeance and MWCO of the membranes show that
DMSO-acetone solvent mixture leads to the tightest
membranes, while DMSO-acetic acid mixture leads both to a
high permeance and a high MWCO. Considering the
morphology and performance variation with changing solvents
with thermodynamic interactions in the system, we noted that
CA solutions in the DMSO-acetic acid mixture show the
lowest stability against phase inversion, assessed from cloud
point measurements, with the lowest solvent quality and
highest solvent−nonsolvent (water) affinity. On the contrary,
adding acetone to the polymer solution increases the
nonsolvent content at cloud point and solvent quality and
lowers solvent−nonsolvent affinity. Considering the effects on

phase inversion kinetics, we observed that adding acetic acid as
cosolvent to DMSO decreases the phase inversion rate, while
adding acetone increases it, which is primarily attributed to the
drastic difference these cause in solvent viscosity.

Changes in the membrane performance after alkaline
hydrolysis of CA membranes into cellulose were attributed
to partial degradation of the cellulose chains, resulting in a
looser membrane matrix accompanied by narrowed pores. This
change was considered to affect porous and dense membranes
in different ways, as supported by permeance and MWCO
results. Overall, we demonstrated that the performance of
cellulose membranes, which are gaining increasing attention
due to their excellent solvent resistance and resulting
applications in organic solvent filtrations, can be varied based
on the information gained on phase inversion of CA precursors
and the alkaline hydrolysis procedure.
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grant number 218M509.

■ REFERENCES
(1) Nunes, S. P.; Culfaz-Emecen, P. Z.; Ramon, G. Z.; Visser, T.;

Koops, G. H.; Jin, W.; Ulbricht, M. Thinking the Future of
Membranes: Perspectives for Advanced and New Membrane
Materials and Manufacturing Processes. J. Membr. Sci. 2020, 598,
No. 117761.
(2) Lee, K. P.; Arnot, T. C.; Mattia, D. A Review of Reverse Osmosis

Membrane Materials for Desalination-Development to Date and
Future Potential. J. Membr. Sci. 2011, 370 (1−2), 1−22.
(3) Meng, F.; Chae, S.-R.; Drews, A.; Kraume, M.; Shin, H.-S.; Yang,

F. Recent Advances in Membrane Bioreactors (MBRs): Membrane
Fouling and Membrane Material. Water Res. 2009, 43 (6), 1489.
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(12) Savas-̧Alkan, A.; Çulfaz-Emecen, P. Z. Solvent Recovery from

Photolithography Wastes Using Cellulose Ultrafiltration Membranes.
J. Membr. Sci. 2022, 647, 120261.
(13) Tomietto, P.; Russo, F.; Galiano, F.; Loulergue, P.; Salerno, S.;

Paugam, L.; Audic, J.-L.; De Bartolo, L.; Figoli, A. Sustainable
Fabrication and Pervaporation Application of Bio-Based Membranes:
Combining a Polyhydroxyalkanoate (PHA) as Biopolymer and
CyreneTM as Green Solvent. J. Membr. Sci. 2022, 643, 120061.
(14) Minbu, H.; Ochiai, A.; Kawase, T.; Taniguchi, M.; Lloyd, D. R.;

Tanaka, T. Preparation of Poly(L-Lactic Acid) Microfiltration
Membranes by a Nonsolvent-Induced Phase Separation Method
with the Aid of Surfactants. J. Membr. Sci. 2015, 479, 85−94.
(15) Aburabie, J. H.; Puspasari, T.; Peinemann, K.-V. Alginate-Based

Membranes: Paving the Way for Green Organic Solvent Nano-
filtration. J. Membr. Sci. 2020, 596, 117615.
(16) Swatloski, R. P.; Spear, S. K.; Holbrey, J. D.; Rogers, R. D.

Dissolution of Cellose with Ionic Liquids. J. Am. Chem. Soc. 2002, 124
(18), 4974.
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