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Highlights

Alkaline post-treatment significantly boosted the hydrophilicity of CTA/CNCs
membranes.

Alkaline post-treatment enhanced the performance of CTA/CNCs membranes.

30 minutes is the optimum time for alkaline treatment of CTA/CNCs membranes.
Alkali-treated membrane was able to handle highly saline water without losing its

selectivity
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Abstract

Cellulose triacetate/cellulose nanocrystals (CTA/CNCs) nanocomposite has recently been
proposed as a promising material to synthesize pervaporation desalination membrane. However,
the water flux of such membranes was found poor in comparison to other pervaporation
desalination membranes. In this work, time-controlled alkaline treatment is proposed to improve
the water flux of CTA/CNCs nanocomposite film membrane without compromising its selectivity.
An understanding how alkaline treatment changed the physicochemical properties of the film
membranes was obtained through film membrane characterization by FTIR spectroscopy, X-ray
diffraction, scanning electron microscopy (SEM), contact angle and water uptake analysis. The
film membrane being treated up to 30 minutes results in a drastic water flux improvement to 107.5
kg.m2.h'! with >99.8% salt rejection in comparison with the water flux obtained by the untreated
film membrane, 3.6 kg.m2.h"!, when hypersaline water with 90 g/L NaCl was employed as the
feed solution. The water flux decreased to 58.5 kg.m2.h"! when 200 g/L NaCl was used as feed
solution. The alkali-treated film membrane showed a stable film membrane performance for 12

hours when it was evaluated for 90 g/L and 200 g/L NaCl.

Keywords: Alkaline treatment, hypersaline water, pervaporation, desalination, cellulose

nanocrystals
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1. Introduction

Membrane-based desalination is a promising technology to augment fresh water supplies.
Pressure-driven reverse osmosis (RO) is currently the forefront seawater desalination technology
due to the absence of a phase change during the separation process, making this technology highly
energy efficient and cost-effective in providing potable water compared to thermal-based
desalination processes [1]. The state-of-the-art RO membrane is a thin-film composite membrane,
comprising a porous polymer support with a thin film of polyamide prepared via interfacial
polymerization deposited on top of this support [2]-[4]. The real game-changer has been the use
of highly efficient pressure recovery systems for RO. However, this type of membrane is prone to
fouling due to the intrinsic properties of polyamide materials. Furthermore, RO desalination has a
limited water recovery and thus a large volume of brine is generated, which needs further treatment
before being discharged to the environment [5]. Although there has been an interest in applying
high pressure reverse osmosis (HPRO) desalination to treat high salinity feed streams [6], RO
membranes have limited water recovery due to the very high osmotic pressure of the feed solution.

In recent years, alternative membrane-based desalination processes, such as hybrid processes
making use of forward osmosis (FO), and membrane distillation (MD), have been studied as
alternatives to RO desalination due to their excellent potential in handling high salinity streams.
Unfortunately, FO requires much energy to re-concentrate the diluted draw solution [7] while
membrane wetting and a high fouling propensity are inherent drawbacks of MD [8]. Pervaporation
desalination is recently proposed as an emerging membrane desalination technology addressing
several drawbacks of MD in dealing with high salinity streams. Instead of porous hydrophobic
membranes, pervaporation desalination uses a dense hydrophilic membrane to perform
desalination. The application of dense membranes results in a very high salt selectivity. The
hydrophilic membrane surface also diminishes the fouling problems encountered in MD. However,

4
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the low membrane water permeability is a major hurdle for desalination by pervaporation [9].
Currently, there are two types of pervaporation desalination membranes: dense symmetric
and thin-film composite (TFC) membranes. The former are prepared via solution casting followed
by solvent evaporation, while the latter are usually prepared by interfacial polymerization or
solution coating to deposit a highly selective salt rejection layer on top of a porous polymer
support. Developing high performance membranes by improving the water transport rate inside
the polymer matrix while maintaining a high salt selectivity is currently the major research focus
in pervaporation desalination. One of the strategies to achieve this goal is to incorporate nanofillers
inside the polymer matrix for dense or TFC membranes, to prepare nanocomposite membranes
with improved water permeance. Various nanomaterials have been investigated to prepare
nanocomposite membranes for pervaporation desalination applications, such as SiO2 [10]-[12],
TiO2 [13]-[15], AL2O3 [16], [17], graphene oxide (GO) [18]-[20], and cellulose nanocrystals [21],
[22]. It has been showed that the incorporated nanofillers were able to significantly increase the
water permeability due to the availability of additional water passages inside the polymer matrix.
Furthermore, the mechanical properties of nanocomposite membranes are usually improved
compared to their pristine version, considering that these membranes are usually very thin.
Cellulose nanocrystals are an emerging nanomaterial that has inherent hydrophilicity due to
the presence of hydroxyl, sulfonic acid and carboxylic acid functional groups on its surface. It is
one of the emerging nanofillers to prepare nanocomposite membranes for water desalination
applications. In this work, alkali-treated cellulose triacetate/cellulose nanocrystal nanocomposite
film membranes were prepared and evaluated in desalination by pervaporation. The prepared film
membranes were systematically characterized to reveal the effect of alkaline treatment on film

membrane physicochemical properties and performance. Optimizing the alkaline treatment time
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of these nanocomposite membranes allowed to significantly enhance water flux without
compromising the salt selectivity. The optimized film membrane were applied to handle high

salinity feed and had a stable performance during 12 hour pervaporation experiments.

2. Experimental
2.1. Materials
Cellulose triacetate (CTA, acetyl content 43 - 44%, molecular weight 966.845 g/mol, Acros

Organics TM) was used as the polymer matrix. Cellulose nanocrystals with an aggregated particle
size of 1- 50 pum, the diameter of 2.3- 4.5 nm and the length of 44-108 nm as reported by the
supplier, were obtained from CelluForce Inc. (Canada). Sodium chloride (NaCl) (99.5%) from
Acros was employed as the solute in the feed solution. Sodium hydroxide (NaOH) was purchased

from Fisher scientific, UK. All chemicals were used without further purification.

2.2. Membrane preparation

The CNCs suspensions were prepared by dispersing 3 wt.% CNCs (calculated based on dope
solution weight) in DMSO as a solvent. The suspension was mixed with a magnetic stirrer for three
hours at 40 °C. Subsequently, 6 wt.% CTA was loaded to the CNCs suspensions and the mixture
was stirred for 15 hours. The casting dope solution was left for an hour and was centrifuged for 4
minutes at 4,000 rpm to remove bubbles generated from stirring process. The polymer films were
prepared by casting the dope solution on the glass plate using an automatic casting device with a
blade height of 200 um at room temperature and a relative humidity of 34 - 44 %. The wet polymer
films were left in a vacuum oven for four hours at 60 °C and 0.17 bar to evaporate the solvent. The

dried film membranes were detached from the glass plate by immersing them into a water bath.
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2.3. Alkaline treatment

A sodium hydroxide (NaOH) solution with a concentration of 2 M was prepared by
dissolving in deionized water with a final pH of 13.25. Alkaline treatment of the film membranes
was conducted by immersing the film membrane in the solution for different time periods, i.e., 6,
20, 30, and 60 minutes. The film membranes were then directly evaluated in the pervaporation
setup after the alkaline treatment. The detailed steps supplied with photos can be seen in Figure

S2.

2.4. Membrane characterization

2.4.1.Morphological characterization

The surface and cross-section morphologies of pristine and alkali-treated CTA/CNCs
nanocomposite film membrane were characterized using a scanning electron microscope (SEM)
(Philips XL30 SEM, the Netherlands). For surface analysis of the pristine CTA/CNCs
nanocomposite film membrane with thickness 10 um, the dried film membrane samples were cut
in small pieces, and then pasted on the SEM holder while the samples for cross-section analysis
were prepared by immersing the film membranes in liquid nitrogen followed by fracturing the film
membranes before putting them onto the SEM holders. For sample preparation of alkali-treated
film membranes, the samples were cut with size 4 x 4 cm, then immersed in the 2M NaOH solution
at different times (6, 20, 30, and 60 minutes). Then the samples were immersed in DI water for 30
seconds to remove the remaining NaOH solution on the membrane. The treated film membrane
was directly cut into small pieces and pasted on the SEM holder for surface characterization. For
cross-section characterization, the treated film membranes were immersed in liquid nitrogen and

fractured before pasting them onto the SEM holder.
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2.4.2. X-ray diffraction (XRD)
X-ray diffraction analysis was employed to probe the structural changes of CTA/CNCs

nanocomposite film membranes after the alkaline treatment. X-ray diffraction model Philips
PW1830 diffractometer was used with Bragg/Brentano 620 setup, CuKa radiation at 45kV - 30

mA on 173 mm goniometer circle, within the scan range of 3—75°(Rietveld users), for 1 hour.

2.4.3.FTIR analysis

The chemical composition of the untreated CTA/CNCs nanocomposite film membrane and
alkali-treated film membranes was characterized using attenuated total reflectance-Fourier
transform infrared spectroscopy (ATR-FTIR, Perkin Elmer, spectrum 100, USA). At least 64

scanning for each sample were conducted in the span range of 4000-650 cm™!.

2.4.4.Water uptake measurement

Water uptake measurement was conducted to study the effect of alkaline treatment on the
swelling properties of the nanocomposite film membranes. The film membranes were cut into a
diameter of 6 cm and were immersed in DI water at room temperature for two days to reach
equilibrium condition. The wet film membranes were wiped with a tissue to remove unabsorbed
water before weighing to obtain the mass of wet film membranes (Mw). Next, the film membranes
were dried in the oven at 105°C for one day to evaporate the adsorbed water and were weighed to
obtain the mass of dried film membrane (Mad). Triplicate measurements were done for each film
membrane to ensure accuracy. The water uptake of the film membranes was calculated according

to the following equation.

Water uptake (%) = % x 100% (1)

d
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2.4.5.Pervaporation experiment

The performance of CTA/CNCs nanocomposite film membranes (pristine and alkali-treated

film membranes) for pervaporation desalination was evaluated using a laboratory scale setup

shown schematically in Figure 1. A feed solution was prepared by dissolving NaCl in water and

poured into the feed tank. The feed solution was then heated until a predetermined operating

temperature was reached. The liquid feed was circulated with a peristaltic pump into the film

membrane module (membrane area was 19.625 cm?) with a flow rate of 70 - 80 L/h. A vacuum

pump with low pressure (below 1 mbar) was employed on the permeate side to generate vapor

pressure difference across the film membrane. The permeating vapor was collected and condensed

with a double U glass tube immersed in liquid nitrogen acting as the cold trap. The collected

permeate was weighed during 3 h pervaporation process.

Retentate

Heating | (/0) —»@—»

T-indicator

Module membrane

P-2 (mbar)

_®

Permeate

Vacuum pump

Liquid nitrogen trap

Figure 1. Schematic flow chart of laboratory scale for pervaporation desalination.

The water flux, J (kg m h') and salt rejection, R (%) of the pervaporation membranes were

calculated using the following equations:

m
(Axt)

Water flux (J) =

2)
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Rejection (%) = % x 100% (3)

where m is the mass of the collected permeate (kg), A is the effective membrane area (m?), t is the
time period required to collect a certain amount of permeate (h), Cr is the salinity in the feed side

and Cp is salinity the permeate solution. The salinity value was determined by a conductivity meter

model Consort-C831.

3. Results and discussion
3.1. Membrane characterization
3.1.1. Morphological characterization

The SEM images displaying the surface structure of the untreated and alkali-treated
CTA/CNCs pervaporation film membrane are shown in Figure S3. The figures show that the
pristine as well as the alkali-treated nanocomposite film membranes have a dense structure. The
digital images of CTA/CNCs nanocomposite untreated and alkali-treated are shown in Figure S1.
Figure S1a shows that the untreated CTA/CNCs nanocomposite is dry and rigid while Figure S1b
shows that CTA/CNCs film membrane after 30 minutes treatment in 2 M of solution NaOH was
wet and soft.

The alkaline treatment also affects the cross-section morphology of the CTA/CNCs
nanocomposite film membrane, as shown in Figure 2. Figure S5a shows that the film membrane
floated on the NaOH solution. However, the membrane was slightly drowned in the solution after
20 minutes immersion (see Figure S5b), hence the alkali process is not only occurring on the film
membrane surface but also in the film membrane cross section. Figure 2a shows that the cross-
section of the untreated film membrane has a layered porous structure. The cross-section structure
seems denser after 20 minutes of alkaline treatment (see Figure 2b); the structure more compact
and dense after being treated in alkaline environment for 30 minutes (see Figure 2c). After 30

minutes in alkali solution, the film membrane pores also appear to be collapsed due to the

10



227  deacetylation process, which is in agreement with the literature [23].

228
229

230  Figure 2. SEM images of film membrane cross-section: a) Untreated, b) 20 minutes of alkaline
231  treatment, and ¢) 30 minutes of alkaline treatment.

232

233 3.1.2. XRD

234 Figure 3 describes the X-ray diffraction results of the CTA/CNCs nanocomposite film
235 membrane at different times of alkaline treatment. The characteristic peaks of cellulose generally
236  appear around 15°, 22°, and 35° [24]. The XRD spectrum for the untreated film membrane, as
237 shown in Figure 3a, indicates the characteristic peak of cellulose triacetate around 5° to 10° due to
238  acetylation of cellulose [24]. However, these peaks disappear for the alkali-treated CTA/CNCs
239  film membrane (see Figure 3b-e). The crystalline structure of CTA/CNCs film membrane was

240  investigated based on the commonly used crystalline peak of cellulose, i.e., around 22°. Figure 3b
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depicts that the crystalline structure of the CTA/CNCs nanocomposite film membrane decreased
after being alkali-treated for 6 minutes. However, an increasing alkaline treatment time, starting at
20 minutes, increases the crystalline structure of the film membrane again (see Figure 3c-e). This
increase might be due to the cellulose recrystallization [25]. Alkaline treatment is able to enhance
the crystal size and crystalline index of cellulose [26], [27] due to the removal of lignin [27].
Furthermore, Santos et.al reported that alkaline treatment with NaOH in hot water at 75° C

enhanced the crystalline index of the piassava fibers with a decrease of the amorphous phase [28].
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Figure 3. X-ray diffraction at different times of alkaline treatment : a) Untreated, b) 6 minutes, c)
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3.1.3. FTIR characterization
FTIR spectra of the untreated and alkali-treated of CTA/CNCs nanocomposite film

membranes are shown in Figure 4. The functional groups in Figure 4a appear as a peak at 3328
cm! referring to O-H stretching, while the peak at 2891 ¢cm! relates to the stretching of aliphatic
C-H bonds. Figure 4b shows the bands at 1744 cm!, 1643 cm!, and 1365 cm’! attributed to the
C=0 stretching, the C=C stretching, and the asymmetric bending of C—H, respectively [21], [28].
The peaks at 1220 cm™! and 1034 cm! correspond to C—O stretching and the pyranose ring C—O—C
[21], while the band at 897 cm™! is corresponding to the B-glycosidic linkages of the glucose ring,
which it is a typical structure of cellulose [27], [28]. The spectrum after alkaline treatment as
presented in Figure 4a suggests that the peak intensity at 3328 cm! has an increasing trend. This
trend indicates the enhancement of O-H groups due to the deacetylation process, as shown in
Figure 5, which substitutes the acetate groups with the hydroxyl groups. The enhancement of O-
H groups shows that the hydrophilicity of the CTA/CNCs nanocomposite film membrane increased
after alkaline treatment. However, the peak at 1220 cm™ (C-O) and 1744 cm™! (C=0) decreased

and almost disappeared after alkaline treatment due to acetate elimination.

13
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Figure 5. Deacetylation of cellulose triacetate with NaOH

3.1.4. Water uptake measurement

Water uptake was measured to investigate the effect of alkaline treatment on the water
absorption of the CTA/CNCs nanocomposite film membrane. Figure 6 reveals that alkaline
treatment of the CTA/CNCs nanocomposite film membrane significantly enhances the absorption
of water. Figure 6 shows that water uptake increased drastically by 421% after 6 minutes of
alkaline treatment compared to the untreated film membrane . A further increase of the alkaline
treatment time to 20, 30 and 60 minutes only increased the water uptake by 36%, 24% and 13%,
respectively. The large improvement of water uptake indicates that the alkaline treatment has a
positive impact on altering the hydrophilicity of the CTA/CNCs nanocomposite film membrane.
Longer alkaline treatment times resulted in an increasing water uptake of the nanocomposite film
membranes. This is also confirmed by FTIR results, as shown in Figure 4: an increasing time of
alkaline treatment enhances the O-H groups, which leads to an improvement of membrane

hydrophilicity.
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289
290  Figure 6. Water uptake the film membranes at different time of alkaline treatment.

291
292  3.1.5. Contact angle

293 The increase of membrane surface hydrophilicity after the alkaline treatment was also
294  characterized by contact angle measurement. Figure 7 shows that the film membrane contact angle
295  decreased from 65.6° to 26.3° after only 6 minutes of alkaline treatment. On the other hand, there
296  was no significant decrease in contact angle when the alkaline time was increased from 6 to 30
297  minutes (26.3° to 24.7°). The decreasing contact angle to 26.27° and 24.7° indicates that alkaline
298 treatment is a very effective method to enhance the surface hydrophilicity of the CTA/CNCs

299  nanocomposite film membranes.

300
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Figure 7. Contact angle at different time of alkaline treatment.

3.2. Performance of CTA/CNCs nanocomposite film membranes in PV desalination

3.2.1. Effect of time of alkaline treatment on membrane performance

The influence of the alkaline treatment time on the pervaporation performance of the
CTA/CNCs nanocomposite film membranes in desalination is shown in Figure 8. The water flux
of the nanocomposite film membranes can be significantly improved by simply controlling the
alkaline treatment period. The water flux enhanced from 3.6 kg.m2.h"! to 24 kg.m2.h"! (567%)
when the CTA/CNCs nanocomposite film membrane was treated in NaOH solution for 6 minutes
with an intact salt rejection, maintaining at 99.9%. The water flux was further increased by 347%,
from 24 kg.m2.h"! to 107.5 kg.m2.h"!, when the alkaline treatment was prolonged from 6 minutes

to 30 minutes with salt rejection kept of 99.9 %. This considerable water flux increase can be

17



314  attributed to the increase of the membrane hydrophilicity, as evidenced by water uptake
315 measurements and the increase in hydrophilic functional groups measured by FTIR. This, in turn,
316  will enhance the mass transport rate of water molecules inside nanocomposite film membranes
317  during pervaporation. Increasing the alkaline treatment time beyond 30 minutes had a very small
318  effect on the water flux. In fact, a decreasing salt selectivity was observed when 60 minutes
319  alkaline treatment time was employed. This remarkable flux and salt selectivity can be attributed
320  to the dense structure of the film membrane surface after the alkaline treatment with improved

321  hydrophilic character of the film mmbranes.
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322
323  Figure 8. Pervaporation performance of CTA/CNCs nanocomposite film membrane at different

324  times of alkaline treatment.

325
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326 3.2.2. Effect of feed temperature on membrane performance

327 The effect of feed temperature on the pervaporation performance was investigated in the
328 range 25 — 70 °C, as shown in Figure 9. It can be seen that rising the feed temperature from 25 to
329 70 °C results in an increase of water flux from 16 kg.m?2.h'! to 107.5 kg.m?2.h"!' without
330 significantly compromising the film membrane salt selectivity as the salt rejection was maintained
331  at99.9%. The increasing water flux is not surprising; the driving force in pervaporation process is
332 the difference of partial vapor pressure between the feed and permeate side, as predicted by the
333  Antoine equation [29]. As the partial vapor pressure of the permeate side is held constant, changing
334  the partial vapor pressure at the feed side will lead to a change in driving force [30]. Furthermore,
335 a higher temperature results in a higher water diffusivity [31], leading to a faster water transport

336  rate inside the membranes.

|:| Water flux ~— =</= Rejection (%)
150 - - 100
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- 96
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337
338  Figure 9. Pervaporation performance of CTA/CNCs nanocomposite film membrane (30 minutes

339  in alkali treatment) at different temperatures.
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Theoretically, the relationship of water flux with operating temperature can be explained by
the Arrhenius equation [32]-[34].

Ji=Joexp(-2) (4)
where Ji is the water flux of'1, Jo is the pre-exponential factor, R is the gas constant, T is the absolute
temperature and Epi is the apparent activation energy for permeation. Figure 10 depicts the
Arrhenius correlation, which shows the logarithmic relation between the water fluxes and the
reciprocal operating temperatures. The water activation energy is 37.8 kJ mol™!; the positive value

of the activation energy indicates that the water flux enhances with temperature at the feed side

[35].
6
: | Ea = 37.8 k mol™!
-
R )
4 - ~<.
5 ~~ ..
57 o
2_
y =-4,5473x + 18,14
R2 = 0,9536
1_
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uT

Figure 10. Arrhenius plot of In (Ji) and 1000/T of CTA/CNCs nanocomposite film membrane (30

minutes in alkaline treatment)

3.2.3. Performance of CTA/CNC:s at different feed concentrations

Figure 11 shows the effect of the NaCl concentration in the feed solution on the

20
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pervaporation performance. It can be seen that adding 90 g/L of NaCl in the pure water of feed
solution decreases the water flux by 31.5%, from 157 k.m2.h"' to 107.5 k.m2.h"!. While increasing
NaCl concentration from 90 g/L to 200 g/L decreases the water flux. decreases the water flux by
45.5% from 107.5 k.m2.h'! to 58.5 kg.m2.h"!, however, the salt rejection is still kept at 99.9%. It
has been reported in the literature that the feed concentration directly affects the sorption of the
species at the membrane surface [33]. Increasing the NaCl concentration from 9 wt.% to 20 wt.%
corresponds to a reduction of the water concentration from 91 wt.% to 80 wt.%, which
subsequently reduces the sorption of water molecules at the membrane interface [36]. This causes
the water diffusion crossing the membrane to decrease, leading to a reduction in the water flux. As
30 minutes alkaline treatment resulted in optimized membrane performance, this film membrane
was further evaluated for 12 h pervaporation desalination with 90 g/L and 200 g/L of NaCl as the
feed solutions. Figure 12 reveals that a stable film membrane water flux can be obtained with a
stable salt rejection in the range of 99.8 — 99.9%. Subsequently, this promising membrane

performance will be suitable to treat feed solutions with hypersaline conditions.
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Figure 12. Pervaporation performance of CTA/CNCs nanocomposite film membrane (30 minutes

in alkali treatment) at different NaCl concentrations during 12 h pervaporation process.

Driving force for pervaporation desalination relies on the chemical potential gradient

between the feed side and permeate side of the membrane[37], [38] which the concentration

gradient could be expressed in terms of partial vapor pressure [39]. Currently, pervaporation is a

growing interest in applying to treat hypersaline feeds. Table 1 compares the recently developed

pervaporation membranes for hypersaline feed conditions.

Table 1. Summary of the recently developed pervaporation desalination membranes

N Feed concentration Operating Flux Rejection —
(g/L) temperature (°C) | (kg.m™2.h™) (%)

CTA/CNCs 90 70 7.6 99.7 [22]
CTA/AL,O3 90 70 5.0 99.8 [17]
CTA/Ludox-SiO; 60 70 4.8 99.8 [40]
sPEEK/PES 100 70 4.9 >99.97 [41]
PA/GO 100 70 24 99.99 [42]
MAX-MXene 35 30 22.8 >99.7 [43]
GO-PVA 100 85 98.0 99.99 [44]
PVA/P(AA-AMPS) 200 75 74.1 99.7 [45]
PZ{:; Zlcli‘;ite 100 40 21.1 ~99.99 | [46]
LbL PEI/GO 200 65 8.4 99.9 [47]
PVA/GA/Laponite 100 70 39.9 99.9 [48]
Aél}ii/g;%‘zd 90 70 107.5 >99.8 VTVELIS(
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4. Conclusion

Alkaline treatment of a CTA/CNCs nanocomposite membrane results in an enhancement of
the pervaporation desalination performance. Alkaline treatment does not significantly change the
membrane surface morphology. Hence, the salt rejection is still maintained above 99%. Alkaline
treatment generates a gelation process on the membrane and improves the hydrophilicity, which
leads to an increased water flux. The optimum time of alkaline treatment is 30 minutes at operating
temperature of 70 °C with an increase of water flux from 3.6 kg.m2.h'! to 107.5 kg.m2.h"! for a
feed solution of 90 g/L NaCl. For 200 g/L of NaCl in the feed solution, the water flux is 58.5 kg.m
2h!. Alkaline treatment of the CTA/CNCs nanocomposite membrane allows to maintain a high
salt rejection, above 99.8%, at hypersaline feed conditions. This work shows that a simple alkaline
treatment of CTA/CNCs nanocomposite membranes can be a tool to enhance the performance of
this class of pervaporation desalination membranes with a promising capability to treat hypersaline
feed solutions in a very efficient way.
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