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ABSTRACT: gembranes with a high water flux and
excellence in separating NaCl are required in pervaporation
(PV) for water desalination. Cellulose nanocrystals (CNCs)
are low cost and hydrophilic with good mechanical properties.

Therefore, they could potentially enhance the water flux of PV 5y,c5 . cncs

membranes. Cellulose triacetate/cellulose nanocrystals
(CTA/CNCs) nanocomposite PV membranes were success-
fully fabricated via solution casting, aiming to improve the
water desalination performance. The effects of CNCs on the
membrane morphology, hydrophilicity, mechanical properties,
water flux, and rejection were investigated. Incorporating
CNCs changed the membrane structure from spongelike to
self-assembled structure. PV experiments showed incorporat-
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mg 3% CNCs into a CTA membrane effectively enhanced the water flux by a factor of 3, from 2.16 kg m ™ h™' to 5.76 kg m~
h™". This was further optimized by reducing the casting blade height from 200 to 100 um, thus obtaining a flux of 11.68 kg m~
h™', while the NaCl rejection remained 99.9%. The CNCs 3%-CTA PV membrane with a casting blade height of 100 ym also
shnwed a good performance for 12 h of separation. This newly developed PV membrane allows for an excellent separation of
water from NaCl. Moreover, it has a substantially increased water flux compared to a pristine membrane and is thus potentially

applicable for desalination.

1. INTRODUCTION

Water scarcity has become one of the crucial issues in many

parts of the world due to rapid population growth,

industrialization, agriculture, water pollution, and climate
1,2

change.”” One of the strategies to elevate this issue is to use
desalination technology. There are two major types of
desalination processes: thermal desalination and membrane
process separation. Thermal desalination includes multistage
flash distillation (MSF), multiple effect distillation (MED),
vapor compression (VC), freezing, humidification-dehumidi-
fication (HDH), and solar desalination whereas membrane
processes include pressure-driven processes, electro-driven
separation, and thermally driven membrane technology.

Pervaporation (PV) is one of the thermal-driven membrane
process which currently receives growing attention. PV uses

3-5

dense hydrophilic membranes where difference partial vapor
pressure across the membrane acts as separation driving force.
The permeate side is usually kept lower than the partial
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pressure on the feed. Permeating vapor is removed by reducing
the pressure and then collected after condensation.”” PV is an
activity-driven membrane process, which can be applied for
seawater desalination due to the following advantages: (1) the
salt selectivity for different membranes in PV is generally above
99%, (2) the hydmphlllc ]:Bpertu:s of PV yields a superior
antifouling property,” (3) it is an environmentally friendly
process, and (4) PV is able to handle highly concentrated
water without the need to adjust the vapor pressure difference
across the membrane as the driving force, for example, for high
salinity (400 gXL) in produced water in the oil and gas
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As a thermal-driven process, PV requires relatively low
electrical energy and thus can utilize a low-grade heat resource
such as waste heat or heat recovered from industrial plants.“’h
Furthermore, there is a possibility to employ renewable energy
sources (geothermal energy or solar energy) when it can be
effectively used to heat the feed to a certain tt:mpt:mtun:.]1’H
Nowadays, extensive efforts are made to obtain the optimal PV
desalination membrane, which has the most efficient
separation. PV membranes have been developed for desalina-
tion using various polymers, inorganic and polymer—inorganic
hybrid materdals. However, most PV membranes have a
relatively low water flux when applied to desalination.
Strategies to increase water flux of membranes, including
enhancing membrane surface hydrophilicity in order to have a
strong affinity for water molecules, promoting water transport
through the membrane with lower mass transfer resistance by
introducing nanomaterials, and decreasing the membrane
thickness.”

Polymers are the most widely used materials for
desalination. Polyethylene (PE) and cellulose are the two
organic polymers that are widely used in the fabrication of PV
membranes.” Cellulose is the most abundantly Eailable
material on the earth and renewable natural polymer. Cellulose
triacetate (CTA) is a cellulose acetate-based material, which is
considered an attractive polymer for membrane fabrication.
Since the 1960s, CTA based membranes have been widely
used in various applications due to the good mechanical
properties of CTA, its competitive cost, relative hydrophilicity,
and low fouling tendency. Moreover, CTA based membranes
have a good performance in desalination; hence, cellulose
triacetate (CTA) hollow fiber membranes have dominated the
seawater desalination market in the Middle East compared to
mainstream polyamide TFC RO membranes. CTA based
membranes also have a better oxidation resistance, and can be
fabricated into dense films."*”*' Huth et al'' used a
commercial CTA membrane (Hydration Technology Innova-
tions, Scottsdale, AZ) for desalinating high-salinity brine (100
g/L) by pervaporation with a sweeping gas and obtained a
water flux of 2.3 kgm™ h™" at 50 °C and a salt rejection >99%
&
i 2
A high water permeation and a high salt rejection are
required for PV membranes, but most polymers have a limited
permeability. This requires a large surface area, which increases
the process cost. The salt rejection in PV is typically very high
because of the nonvolatile character of salts. The advancement
of material science led to the development of cost-effective PV
desalination membranes with excellent separation properties.
The incorporation of nanoparticles into the polymer matrix
can lead to a significant improvement to overcome the
drawbacks of the existing polymeric membranes, by increasing
the water permeability, through an increased surface hydro-
philicity, surface charge density, and by enhancing antifoulin,

27—

properties, the antibacterial effect, and chlorine resistance.
Commonly tested nanomaterials used as fillers for desalination
membranes includes silica, zeolite, alumina, clay, TiO,, GO,
CNT, and MWNT.” Nevertheless, the major challenge of
incorporating nanoparticles besides dispersing into polymer is
leaching out into the permeate or retentate stream.”* In
addition, some commonly used nanoEarticles are particularly
costly and difhicult to pmduce.mf") In this paper, the
incorporation of cellulose nanocrystals (CNCs) in CTA PV
membr@les was investigated to enhance the water flux. CNCs
are a ite odorless crystalline dry powder; they are a
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renewable material with low cost and abundant as raw
material.***" CNCs are explored as an alternative to improve
mechanical properties, with low weight and a large specific
surface area. In a broader context, CNCs are thought to be
attractive for reinforcing polymers apﬂdﬂincreasing the hydro-
philicity of nanocomposite materials.”™"" It has been reported
that CNCs have an effect on the reinforcement of several
polymers such as poly(ethylene oxide), poly(methyl meth-
acrylate), poly(propylene carbonate), poly(L-lactic acid),
polyurethane, and cellulose acetate.”™* To the best of our
knowledge, there is no article reporting the use of CNCs in
pervaporation membranes. Therefore, the aim of this work was
to explore the possibility of incorporating CNCs by blending
with CTA and to investigate the effects of CNCs on PV
performance membrane for water desalination.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Materials. Ee]lulnse triacetate (acetyl
content 43—44%, molecular weight 966.845 g/mol) was
purchased from ACROS (product of U.S.). Dimethyl sulfoxide
(DMSO 99.5%, reagent) was obtained from ACROS (product
of China). CNCs were purchased from CelluForce Inc.
(Montreal, QC, Canada). Sodium chloride was obtained
from ACROS (product @) Denmark) and was used as the
solute in the feed. These chemicals were used without further
purification.

2.2. Membrane Preparation. CTA and CTA/CNCs
nanocomposite membranes were made by the solution casting

hod—solvent evapclraticln% using dimethyl sulfoxide
SO), which is an organic solvent with relatively low
toxicity and environmental impact. The CNCs powder used
had a particle size between 1 and 50 ym, a diameter between
2.3 and 4.5 nm, and a length range of 44—108 nm. Various
CTA/CNCs dope solutions with 6 wt % CTA and different
concentration of CNCs (0, 1, 2, 3, and 4 wt %) were prepared.
The CNCs were first dispersed into DMSO as solvent; this was
stirred for 3 h at room temperature until being homogenized.
CTA polymer was then added and stirred for a further 15 h at
40 °C. Thes@Jcasting dopes were left for 2 h before
centrifugation at 4000 rpm for 4 min to remove air bubbles.
Then, these were cast on the glass plate using an automatic
casting machine with a Bting blade height of 200 ym, 150
pm, 100 gm, and 80 ym at room temperature and in a relative
humidity range of 34—44%. A casting blade height of 80 um
was explored, but this appeared to be too thin because the
membranes were [@ky (Figure S4). The membranes on glass
plates were heated in a vacuum oven for 4 h at 60 °C with § in.
Hg pressure. The transparent membranes were obtained by
peeling from the glass plate. The composition of the prepared
casting dope and names of the fabricated membranes are listed
in Table 1.

2.3. Characterization of the Membrane. 2.3.7. SEM

Analysis. The observations of the membrane surface and cross-

Table 1. Membrane Casting Dope Composition

membrane code CTA (wt %) CNCs (wt %) DMSO (wt %)

CNCs 0%-CTA 6 94
CNCs 1%-CTA 6 1 93
CNCs 2%-CTA 6 2 92
CNCs 3%-CTA 6 3 91
CNCs 4%-CTA 6 4 90

DOI: 10,1021 facsiecr. 9602106
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section morphologies were carried out using a XL30 FEG field-
emission scanning electron microscope (FE-SEM, The
Netherlands). The samples were mechanically fractured in
liquid nitrogen before cross-section observation. Each sample
wdEputter-coated with a 1.5-2 nm Au layer before testing.

.3.2. FTIR Analysis. The chemical composition of pristine
CTA mem[ERnes and membranes prepared with addition of
CNCs was analyzed by Fourier transform infrared spectrosco-
py (FTIR, PE spectrum 100 with a universal ATR sampling
accessory).

2.3.3. AFM Analysis. The surface roughness of the prepared
membranes was measured by atomic force microscopy (AFM,
Bruker) in tapping mode, measured in air. The root-mean-
square roughness (Rq), root average arithmetic roughness (Ra),
and the mean difference between the highest peaks and lowest
valleys (R,.,) were used to analyze the membrane surface
roffghness for a scanning area of 1 ym X 1 um for each sample.

.3.4. Contact Angle Analysis. Contact angle measure-
ments were conducted using a standard contact angle
apparatus (Kriiss GmbH Germany, model DSA 10-Mk2) to
determine the degree of wettability. The measurements were
performed using a drop-shape analysis software to study the
video images of the water pendant drops. A syringe plunger
was utilized for drop depositions on the surface of the
membrane under study at room temperature. The liquid water
volume was set at 2 uL at a rate of 24.79 yL/min.

2.3.5. Water Uptake Analysis. Water absorption of the
membrane samples was measured by cutting the specimen in
pieces of 2 em X 2 cm, which were dried in an oven for 24 h at
105 °C. The dry specimens were weighed (W;) and then
placed in a container of feed solution (30 g/L NaCl in DI
water) for 36 h. The wet specimens were weighed (W,);
results were expressed as a percentage of water absorptif in
relation with the dry weight of the specimens. The water
uptake of the membrane was determined according to the
following equation.

W, — Wa
water uptake (%) = ———— X 100%

Wi (1)

93.6. Mechanical Propertiesgyhe modulus of elasticity and
tensile strength of the samples were determined usin@® mini
tensile/ compression machine, model Instron 5943. least
four specimens were tested for each membrane g:le.

2.3.7. Evaluation of Membrane Separation Performance.
A pervaporation study using the synthesized membranes was
conducted using a q:sTest Cell Unit (Sulzer Chemtech) as
shown in Figure 1. This system worked by applying a vacuum
(Edwards two stage model E2M2, vacuum pressure 0.1—1
mbar) at the downstream location to enable separation by
rtial vaporization of the permeating component. The
effective membrane surface area is 19.625 cm” (diameter = 5
cm) before being mounted onto the membrane cell unit. The
pervaporation experiment waun for 2 h, and permeate was
collected every 15 min and operated at 70 °C with a feed
solution of 30 g/L NaCl in DI water at a feed flow rate of 80
L/h. The permeance (kg m~™ h™') was determined by the
volume of permeate obtained over a given tim@interval and
taking the effective area of the membrane. The salt rejections
(R,%) were calculated from the following equation:

CP
1 - =2 x 100%
Ce
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Figure p Schematic diagram of the experimental setup for
pervaporation.

aere G, and C; are the salinity in the permeate and feed
solutions, respectively. The salinity of water was determined by
an Adwa 8000-conductivity meter.

3. RESULTS AND DISCUSSION q
o

3.1. Characterization and Membrane Performance
CTA/CNCs Nanocomposite Membrane. Smooth and
transparent membranes were produced from CTA and
CTA/CNCs castif} dope solutions, using a casting blade
height of 200 gm. Optimization of the membrane performance
was explored by incorporating CNCs to increase the
hydrophilicity of the membrane, which is thought to yield a
higher water flux. g‘

3.1.1. Membrane Compositions. IR spectroscopy
spectra to characterize the chemical composition of the
pristine CTA membrane and CTA/CNCs nanocomposite
membranes are shown in Figure 2.

The most characteristic peaks for the pristine CTA
membrane (Figure 2) are the peak 1745 em™ correspond-
[ to the C=0 stretching, at 1364 cm™" corresponding to the
asymmetric bending of C—H, and at 1220 and 1035 cm™
corresponding to C—O stretching and pyranose ring C—0—C
stretching, respectively. Comparing the pristine CTA mem-
brane to modified CTA by adding CNCs as in Figure 2, the
absorption peaks at 3345 cm™" become higher because of the
presence of CNCs. The presence of CNCs on the CTA/CNCs
nanocomposite membranes enhances the surface hydro-
philicity because the peaks between 3500 and 3200 cm™! are
typical for OH s.trt:tchini.{‘,;'T’;?i indicating the increase of
oxygen-containing functional groups.

3.1.2. Effect of CNCs on Morphological Characteristics.
Thermodynamics and kinetics are two important mechanism
in the phase separation process of the polymer/solvent/
nonsolvent system. The polymer precipitation behavior is
related to thermodynamics while the exchange rate of the
solvent/nonsolvent is related to the kinetics. Figure 3 shows
that increasing the CNCs concentration ?erates an
increasing viscosity. A higher viscosity prevents the exchange
between solvent and nonsolvent during the phase inversion
and decreases the driving force for membrane sedimentation,
which leads to the formation of a dense skin layer. As a result,
the morphology of the top layer is dominated by the kinetic
mechanism from the viscosity of the dope solution.

The surface morphological features of CTA membranes in
varying the CNCs content are shown in Figure 4. All

DOI: 10,1021 facsiecr. 9602106
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Figure 3. Viscosities of polymer casting solution with different CNCs
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membranes produced have dense surfaces, as shown in parts
Al—E1, which is required for PV. Furthermore, the loading of
hydrophilic CNCs will promote the mutual diffusion and speed

up the gelation process.’)

To characterize the surface roughness of the prepared
membranes, AFM was used and the results are shown in Figure
4A2—E2 for different CTA/CNCs nanocomposite membranes.
The AFM images clearly show significant differences in
membrane surface roughness of pristine membrane and
CTA/CNCs nanocomposite membranes. Membrane surface
roughness is quantified using two parameters, ie., R, and R,
with R, as the root-mean-square average of height deviation
taken from the mean image data plane and R, the arithmetic
average of the absolute values of the surface height deviations
measured from the mean plane. The numerical values of these
roughness parameters are summarized in Table 2. As the
CNCs concentration in the polymer casting solution increases,
the R, value decreases gradually from 3.25 nm for pristine CTA
membrane to 0.91 nm for membranes prepared from casting
solution with CNCs loading of 3 wt %. The decreasing trend of
R, value indicates that the top surface of CTA/CNCs
nanocomposites are smoother than that of prstine CTA
membrane. The addition of hydrophilic CNCs into CTA
casting solution affects the gelation process during membrane
formation stage, which results in smooth surfaces in
comparison to their pristine cuunterpart.%') Moreover, the
preferential location of CNCs on the top surface of the
membranes could be another possible reason to explain why
the nanocomposite membranes has reduced surface roughness.
While CNCs cover the membrane surface homogeneously up
to the concentration of 3 wt %, a further increase of CNCs to 4
wt % causes the slight increase of membrane surface roughness.
This might due to an increase in membrane thickness at 4 wt %
CNCs, which results in space enhancement on the membrane
surface, causing uneven coverage of the membrane surface.
Moreover, a higher viscosity of 4 wt % CNCs caused CNCs
agglomeration on the membrane surface. Generally, the
membrane surface roughness plays a significant role in the
determination of the fouling tendency. A smooth surface
typically can reduce the membrane fouling, because con-
taminants specifically concentrate in the valleys, block
membrane pores, and therefore reduce the membrane
permeafElity.””

The cross-sectional SEM images of the membranes were
inspected to explore the [lifect of CNCs on the membrane
microstructure. Figure 5 shows the cross section of pristine
CTA membrane and CTA/CNCs nanocomposite membranes.
The SEM image of the guss section of CTA/CNCs
nanocomposite membranes show@phat cellulose nanocrystals
form a self-assembled structure. Normal evaporation of the
CTA/CNCs casting dope causes the self-assembly of cellulosic
crystals and creates a solid film with a specific structural
organization (Figure 5b). Also, the image indicates a closely
packed layer-by-layer structure due to the self-assembly of
liquid crystalline materials and the :mtiFara]lel crystalline
adjustment of the cellulose Iff structure. "

3.1.3. Evaluation of Contact Angle and Water Uptake.
Generally, the hydrophilicity of the membrane surface is one of
the most important properties in this application. Figure 6a
shows that increasing the CNCs concentration decreases the
water contact angle, corresponding to an increased hydro-
philicity of the membrane surface. Adding 4% CNCs into a
CTA membrane yielded a slight decrease in membrane contact
angle, from $7° (pristine CTA membrane) to about 50°.

The water uptake shown in Figure 6b significantly increases
as the loading of CNCs increases. The increment of CNCs as
filler leads to an increased water uptake since the hydrophilic

DOI: 10,1021 facsiecr. 9602106
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Table 2. Surface Roughness Parameters of Pristine CTA and
CTA/CNCs Nanocomposite Membranes

surface roughness parameters (average)

membrane R, (nm) R, (nm) R, (nm)
CNCs 0%-CTA 325 £ 027 411+ 0.32 30.6 & 321
CNCs 1%-CTA 239 £ 021 306 + 0.31 3245 + 10.86
CNCs 2%-CTA 213 £ 078 277 £ 0.159 3422 % 114
CNCs 3%-CTA 091 + 0.099 120 + 0.136 1352 + 12
CNCs 4%-CTA 111 +0.03 143 + 0.075 17.53 + 320
a)

b)

Figure 5. Cross-sectional SEM images: (a) pristine CTA membrane
and (b) CNCs 3%-CTA nanocomposite membrane.

groups on the CNCs surface will interact strongly with the
water molecules. The enhanced hydrophilicity of CTA/CNCs
nanocomposite membranes can be attributed to the hydro-
philic characteristic of CNCs due to the presence of OH and
ester groups. The addition of CNCs contributed to a
significant increase of O—H groups, as confirmed in Figure
2a. As a result, the presence of abundant hydroxyl groups of
the CNCs increases the absorption of water molecules on the
membrane surface through hydrogen bonding and van der
Waals forces.”” ™* Cross-section images as shown in Figure 5b
also indicates that some CNCs crystals attach into each layer
on the sublayer of the membrane. This will in turn accelerate
the water diffusion inside the membrane via hydrogen bonding
interaction.

3.1.4. Mechanical Properties. The mechanical properties of
PV membrane are considered for practical applications because
the membrane is very thin. The tensile strength and Young
modulus of the studied membranes are presented in Figure 7a.

The tensile strength of membranes improved from about
28.48 N mm™ to 65.53 N mm™?, while the Young modulus
enhanced from 1.649 to 8.561 MPa with increasing CNCs
content. The improvement of mechanical properties is
especially associated with the adhered character of CNCs
and the solid interaction between CNCs and the hydrophilic
CTA. CNCs interact with the CTA polymer matrix through
hydrogen bonding due to the abundance of hydroxyl groups in
CNCs, as illustrated in Figure S5. As a result, the FTIR analysis
of CTA/CNCs nanocomposite shows a higher peak at 2920
em™! than pristine CTA due to the increase of C—H groups
from CNCs. However, the strength of the membrane
decreased when 3% CNCs was loaded because the membrane
thickness was not increasing, while the thickness increased
from 8.107% mm to 10.107? mm when 4% CNCs were added
(s@@Figure 7b).

.2. Performance of CTA/CNCs Nanocomposite
Membranes in Pervaporation. Figure 8 shows the effect
of CNCs on the membrane water flux and NaCl rejicm. The
water flux increased dramatically from 2.16 to 7.98 kg m2h!
while the NaCl rejection was maintained above 99.8% with
increasing CNCs content up to 4%. The increase of water flux
due to the presence of CNCs in the membrane affects the
water transport by creating permeation pathways for selective
species but providing a barrier for nonselective species. In the
solution-diffusion mechanism, the solubility of the permeant
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into the membrane ends on the permeant solubility, which
is influenced by the interaction between the permeant and the
membrane material.”” CNCs have a dual effect on the
membrane permeability, i.e., an improvement of the membrane
hydrophilicity (Figure 6) and a change in membrane
morphology, as presented in Figures 4 5. The addition
of CNCs also result in a more expressed hydrophilicity of the
CTA/CNCs nanocomposite membrane surface due to the rise
of hydroxyl groups, which promote hydrogen bonding

formation and thereby more water molecules can be attracted.

The presence of CNCs on the membrane resulted in an
increasing water flux but did not decrease the NaCl rejection.
This might be because of the unique structure of the
membrane. The self-assembled structure on the membrane
produced an ordered structure which might allow one to
maintain the selectivity.

3.3. Effect of Temperature and Feed Concentration
on Membrane Performance. Operating conditions such as
temperature and feed concentration will affect the membrane
performance of pervaporation. Figure 9a shows the desalina-
tion performances of CNCs 3%-CTA nanocomposite mem-
branes at temperatures 30 and 70 "C. It was almost a triple
increase of water flux (from 1.9kgm™h™" to 5.8 kgm™ h™")
when the tererature was enhanced from 30 to 70 °C. The
increment of water flux because the vapor pressure in the feed
side was escalated generated the driving force, which led to a
boost in the water flux. Furthermore, rising the feed
temperature will promote a higher water flux because water
molecules will diffuse easily through the membranes.*

The effect of feed concentration g the desalination
performance was also investigated for feed solution in the
ran@of 30—90 g/L, and the results were described in Figure
9b. Increasing the NaCl concentration in the feed solution led
to a water flux decline as reduced water concentration in the
feed will decrease water sorption at the membrane interface.
Although water flux was affected by the feed concentration,
NaCl rejection was maintained above 99.9% because the
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structure of the CTA/CNCs nanocomposite membrane
prevented the NaCl penetration through the membrane.

3.4. Effect of Casting Blade Height on Membrane
Performance. Figure 10a shows that a reduction of the
membrane thickness can significantly improve the PV
performance. The water flux increased from 5.75 kg m™* h!
to 11.68 kg m™ h™" §@en the casting blade height was reduced
from 200 to 100 ym while the NaCl rejection remained at least
at 99.9%. As a result, the membrane thickness reduced from 10
to 6 ym. The membrane thickness affects the water flux due to
transport of water molecules through the mcmnc by
solution-diffusion.”” The mechanism illustrates that water
molecules will be absorbed into the membrane at the feed

e, followed by diffusion due to a chemical potential

flerence across the embrane, then desorbed at the
permeate side. This is modeled by Fick’s law by describing
that the flux of a component through the membrane is
inversely proportional to the membrane thickness.” In spite of
the decrease of the membrane tensile strength from 54.72 N
mm”* to 35.07 N mm™” when the thickness was reduced from
200 to 100 um height of casting blade (see Figure 10b), the
membrane performance @firing 12 h of pervaporation shown in
Figure 10c suggests that a casting height of 100 ym results in a
positive performance stability.

14347

4. CONCLUSIONS

An enhanced water flux of a PV membrane for water
desalination was successfully achieved by blending 3% CNCs
in a CTA casting dope via solution casting. The incorporation
of CNCs in CTA membranes not only changed the membrane
structure (decreased membrane surface roughness and
declined contact angle due to the abundant hydroxyl groups
of CNCs) but also improved the mechanical strength of the
membranes. For a mbrane made of CNCs 3%-CTA, the
water flux was tripled compared to a pristine CTA membrane
(from 216 kg m™> h™" to 5.76 kg m™ h“'B"urthermure, the
flux was further increased by a factor of 6 (11.68 kg m?2h")

a decreased casting blade height (from 200 to 100 um),

ile the NaCl rejection maintained at least 99.9%. In
addition, the CNCs 3% CTA membrane prepared with a
casting blade of 100 ym gave a positive performance fora 12 h
separation process. The results demonstrated that the newly
developed CNCs 3%-CTA blending membrane is a promising
candidate for a PV membrane.
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PV = pervaporation

CNCs = cellulose nanocrystal

CTA = cellulose triacetate
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GO = graphene oxide

CNT = carbon nanotubes
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