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Abstract

In this work, the effect of Zn-cyclen mimic enzyme on the properties of poly(vinyl alcohol)/cellulose nanocrystals (PVA/
CNC) nanocomposite membranes have been studied at three different relative humilities (0%RH, 53%RH and 93%RH). Dif-
ferent amounts of mimic enzyme were incorporated, and membranes were prepared by solution casting. The fabricated nano-
composite films were characterized by X-ray Diffraction, Fourier Transform Infrared Spectroscopy and Scanning Electron
Microscopy. The results revealed good interfacial interactions between the constituents. The membranes showed enhanced
uptake of moisture, with increasing mimic enzyme concentration as well as humidity. The membranes demonstrated the abil-
ity to uptake moisture for almost 4 days. The mechanical properties showed an opposite trend as expected. Tensile strength,
tensile modulus and dynamic mechanical properties declined with increase in humidity along with mimic enzyme amount.
The highest elastic modulus i.e. 33 MPa was found at the lowest humidity i.e. 0%RH for the pure PVA membrane. Similarly,
the maximum tensile strength of 118 MPa was found at the similar conditions for the same formulation. The obtained results
suggested the potential application of PVA/CNC and mimic enzyme membranes in CO, separation
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Introduction

Credited to low consumption of energy, ability to oper-
ate continuously, ease of upscaling and hybridization [1],
membranes have gained significant importance in the field
of chemical technology. They have successfully been used
in a wide range of applications. These applications include
but are not limited to controlled drug delivery [2], sepa-
ration processes, packaging [3], waste water treatment [4],
gas separation [5], pervaporation [6], reverse osmosis [7].
Amongst the biological and synthetic membranes, the poly-
meric synthetic membranes have been a huge area of interest
for the researchers because of the easiness of tailoring their
properties. Polymeric composites have been extensively
investigated during the last six decades, with the objective
of enhancing their characteristics [8]. The unavoidable prob-
lem associated with polymers is their inadequate mechanical
strength [9], that limit their usage. To overcome this issue,
they have been blended with various kinds of fillers that act
as reinforcement improving mechanical, swelling and ther-
mal properties. Fillers that is derived from petroleum based
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substances have upstretched environmental concerns. These
are non-biodegradable, causes damage to oxygen demand
[10], landfills and septic systems [11]. Moreover, the fluc-
tuating oil prices is an additional problem [12]. This inflicts
stern economic burden on the society. Consequently, a prev-
alence of naturally derived fillers has been observed. This
shift has levied a substantial challenge to the researchers
and scientists to develop those fillers that have no harmful
impact on human health and environment. Furthermore, the
fillers should be non-toxic and economical at the same time.

Different polymers like poly(ethylene) (PE) [13],
poly(styrene) (PS) [14], poly(urethane) (PU) [15],
poly(caprolactone) (PCL) [16], poly(propylene) (PP) [17],
poly(p-hydroxy octanoate) (PHO) [18] etc., have been rein-
forced utilizing various fillers. Among these polymers,
poly(vinyl alcohol) (PVA) has the privilege of being bio-
compatible, biodegradable [19], non-toxic, hydrophile [20],
water soluble, inexpensive and environmental friendly [21].
All these characteristics render PVA as an ideal choice to
utilize in diverse applications. But PVA has two major draw-
backs, firstly in wet conditions, it shows poor strength and
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stiffness and secondly its mechanical properties get weak-
ened with increasing temperature [22]. To alleviate these
downsides, PVA has been blended with fillers like cadmium
sulfide [23], silica [24], carbon nanotubes [25], zeolite
immedazolite frame works [26], ZSM-5 [27], hydroxyapa-
tite [28], gold [29], silver [30], and iron oxide [31]. But their
processability, recyclability, biocompatibility and biodegra-
dability are much less than their organic counterparts. For
this reason, reinforcement agents that are organic in nature
are given preference and renewable sources are continuously
explored.

Owing to their biocompatibility, biodegradability, cost-
effectiveness, non-toxicity, antioxidant and antimicrobial
activity and ease of functionalization, natural polymers like
chitosan [32], alginate [33], starch [34], gelatin [35], fibrin
[36] and lignin [30] have been studied as fillers. Cellulose
is one of the natural polymers that entail all these attrib-
utes. Not only it is the most abundant organic polymer [12,
37] but is also renewable [37] derived primarily from plant
sources and is thus, inexhaustible. Also, it is inexpensive,
has low density and is environmentally safe [38]. The extrac-
tion of cellulose is a relatively cheap process. Nanocellu-
lose is considered as “the choice of sustainable materials
in the twenty-first century” [39, 40]. Cellulose nanocrystals
(CNCs) or whiskers have phenomenal mechanical properties
and is therefore has a great deal of interest to be incorpo-
rated into polymeric matrixes. Cellulose crystals have been
reported to have the elastic modulus of 168 GPa [40] and
143 GPa for tunicin whiskers [37], which is far better than
that of glass fibers i.e., 73 GPa [41]. Beside enhancing the
mechanical properties, CNC reinforces thermal, swelling,
barrier and permeability properties. Moreover, it has high
aspect ratio and low density [41]. For CO, separation, the
facilitated transport carrier membranes should exhibit high
selectivity as well as CO, permeance.

To further improve the CO, permeability properties,
mimic enzymes can be incorporated to fabricate facilitated
transport membranes. A substance that has the tendency
to mimic the natural mimic enzymes is an ideal choice for
this purpose. A special type of facilitated transport carrier
membranes is enzymatic membranes that contain naturally
occurring mimic enzymes and mimic the natural respiratory
system of human beings. This phenomenon is expected to
achieve more success in future for CO, capturing [42]. The
limited lifespan, high cost and highly sensitive to impurities,
temperature and pH are the obstacles in the scaling up of this
technology [43]. Many metal complexes have this ability,
among them zinc (Zn) has been reported to have highest
activity [42, 44]. The main effect of the mimic enzyme and
the biological mimic enzyme is to act as a catalyst enhancing
the speed of the CO,+ H,0 to CO;H— reaction. Incorpora-
tion of a mimic enzyme may improve the swelling ability,
consequently improving the affinity for certain gases. So, the

facilitated transport membranes designed from PVA, CNC
and mimic enzyme have the propensity to be used in gas
separation.

Keeping this in mind, a facilitated transport membrane
was fabricated with PVA as a polymer matrix, CNC as rein-
forcement and zinc cyclen mimic enzyme to enhance bar-
rier and permeability properties. X-ray Diffraction (XRD)
was carried out for phase identification. Fourier Transform
Infrared (FTIR) Spectroscopy was employed to study the
interaction between the functional groups. Scanning Elec-
tron Microscopy (SEM) was done to study the membrane
structure. The mechanical properties were explored by
tensile testing and dynamic mechanical analysis (DMA).
Thermal gravimetric analysis (TGA) and Differential scan-
ning calorimetry (DSC) revealed the thermal stability of the
prepared nanocomposites.

Experiments
Materials

Poly(vinyl alcohol) (M, =89,000-124,000 and 87-89%
hydrolyzed), crystalline nanocellulose (CNC) (average
length=130+ 67 nm, average width=5.9+ 1.8 nm and
aspect ratio=23 + 12 nm [49]), Zinc perchlorate hexahy-
drate Zn(ClO,),, 1,4,7,10-tetraazzacyclododecane and abso-
lute alcohol were purchased from Sigma Aldrich. Distilled
water was used for the synthesis purpose.

Methods
Synthesis of Mimic Enzyme (Zn-Cyclen)

The mimic enzyme (Zn-cyclen) was synthesized by the
method reported in literature [45]. Cyclen was dissolved in
5 ml absolute ethanol with subsequent addition of Zn(Cl,0),
and stirring for 1.5 h. Afterwards, it was extracted by vac-
uum filtration and washed with ethanol several times.

Fabrication of PVA, CNC and Mimic Enzyme Nano
composite Membrane

2 g PVA was dissolved in distilled water and was stirred
for 3 h at 90 °C The solution was left rolling overnight.
0.02 g of CNC suspension was poured into the PVA solu-
tion. Then, the desired amount of mimic enzyme was added
(See Table 1). The solution was mixed and stirred well. The
resulting homogeneous suspension was casted into polypro-
pylene petri dishes. The mixture was left for atmospheric
drying.
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Table 1 Materials code and corresponding concentration of CNC and
mimic enzyme

Formulations PVA (g) CNC (g) Mimic enzyme (g)
PVA 2 - -

PCNC1 2 0.002 -
0.0025E2PCNC1 2 0.002 0.0025
0.005E2PCNC1 2 0.002 0.005
0.01E2PCNC1 2 0.002 0.01
0.02E2PCNC1 2 0.002 0.02
0.04E2PCNC1 2 0.002 0.04
Characterization

Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra of all the prepared formulations was
recorded in the range of 800-4000 cm™' by the Thermo
Nicolet Nexus FTIR spectrometer equipped with attenu-
ated total reflectance (ATR). The shifts in intensities were
studied as the basis of interactions between PVA, CNC and
mimic enzyme.

Swelling

The swelling percentage of the prepared nanocomposite
membranes was analyzed gravimetrically at 53 and 93%
relative humidities (RH). The measurements were taken
continuously for ten days. Swelling was then calculated
by following equation:

. Wn - Wo
Swelling(%) = — % 100 (D

where W, represents the weight at the day of measurement
(mg) and W, represents initial weight (mg).

X-Ray Diffraction (XRD)

For phase identification and studying the crystalline
behavior of the formulated membranes Bruker D8 Focus
X-ray Diffractometer equipped with alynxEye™ super
speed detector was employed. The wavelength of Cu-
radiation was 1.5418 A. The specimen was scanned at 20
varying between 10° and 50°, at a step size of 0.02° and
scan speed of 2 s per step. The equipment was operated at
the current and voltage of 40 mA and 40 kV, respectively.

Scanning Electron Microscopy (SEM)

For morphological analysis of the membranes, Hitachi
SEM SU 3500 (Japan) operated at the voltage of 5 kV
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was used. Prior to analysis, the specimen was sputter-
coated with a thin layer of gold. This was done to avoid
the accumulation of charge on the surface of the mem-
branes. For cross-sectional analysis, the specimen was first
freeze using liquid nitrogen and then instantly cracked.
The cross-section was also sputter coated with a thin gold
layer.

Thermal Analysis
Thermogravimetric Analysis (TGA)

A thermogravimetric analyzer (TGA, Q500, Thermal) was
used for investigating the thermal stability of the nano-
composite membranes. For this purpose, samples weigh-
ing 8—10 mg were placed in an open aluminum pan and
heated at a rate of 10 °C/min. The heating was carried out
from room temperature to 700 °C. The results are reported
as percentage weight loss as a function of temperature.

Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC, TA Q100,
Thermal Scientific) was employed to investigate the glass
transition temperature (T,), cold crystallization and melt-
ing temperature. A sample weighing 10 g was placed in
aluminum pan and covered properly. An empty pan was
chosen as a standard. The analysis was carried out under
nitrogen atmosphere at a rate of 10 °C/min, while the tem-
perature was varied from 30 to 250 °C After initial heat-
ing, the specimen was cooled and then a second scanning
was performed.

Mechanical Properties
Mechanical Testing

For investigating the mechanical properties, Zwick Roell
Tensile Testing equipment was used. The properties like
tensile strength (TS), Elongation at Break (EB) and Elas-
tic Modulus were determined. The analysis was performed
in accordance to ASTM D638 at ambient conditions. The
length and width of the sample was 50 mm and 15 mm,
respectively and thickness was 0.1 +0.02 mm. The cross
head speed was 50 mm/min. All the properties were evalu-
ated at 0%RH, 53%RH and 93%RH. Before analyzing, the
specimen was conditioned for four days. All the measure-
ments were carried out five times.
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Dynamic Mechanical Analysis — 0.04E2PCNCA1 CO(1300) C-0-C
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The dynamic mechanical behavior of the nanocomposite ‘

membranes was investigated using a Dynamic Mechanic ——0.02E2PCNC1

Analyzer 242 (NETZSCH-Geratebau GmbH) equipped with I P Ve ¥

liquid nitrogen cooling system. The investigation was carried
out at a constant frequency of 1 Hz, heating rate of 2 °C/min
and temperature was varied between — 20 and 120 °C. The
sample dimensions were as follows: length 20 mm, width
5 mm and 0.1-0.2 mm thickness. The specimen was condi-
tioned for four days and dynamic mechanical behavior was
estimated at 0%RH, 53%RH and 93%RH.

Results and Discussion
Fourier Transform Infrared Spectroscopy

The FTIR spectrum elucidates the chemical interac-
tions between polymer, cellulose nanocrystals and mimic
enzyme. The FTIR spectrum of the pure PVA membrane
(without CNC and mimic enzyme) shows a broad band near
3350 cm™', which is due to the stretching vibration of free
—OH groups. The peak arising at 2900 cm™ is ascribed to
the aliphatic stretching of alkyl groups. The characteristic
peak of PVA observed at 1150 cm™', owes its presences
due to stretching of —C—O functional group. This band is
considered as the criterion for the crystallinity of PVA [46].
For the formulation incorporating CNC and mimic enzyme,
all the peaks mentioned above were observed in the FTIR
spectrum with a slight shift in peak intensity. The shift in
peak intensity was considered as a basis of the interactions
between PVA and mimic enzyme. The intensity of band at
3350 cm™! was reduced. This reduction was an indication
of the formation of stronger bonds between PVA and mimic
enzyme. The band at 2900 cm ™! indicates the intermolecular
hydrogen bonding between the polymeric chains. A sharp
peak arising at 1750 cm™! is attributed to the residual acetate
groups present in PVA. After the addition of mimic enzyme,
the intensity of this peak reduced substantially. This again
confirms the hydrogen bonding interactions among the con-
stituents used for the fabrication of nanocomposite mem-
branes. The intensity of the peak appearing at 1420 cm™"
also decreased, this peak is due to the bending vibrations
of —CH. At 800 cm™! the appearance of peak is credited to
the pyranose ring. In the spectra of PVA/CNC and mimic
enzyme, shown in Fig. 1, all the characteristic peaks of the
constituents are present. With an increase in mimic enzyme
concentration, the peaks shifted accordingly. This demon-
strated the successful interactions between polymer, CNC
and mimic enzyme and also the successful incorporation of
mimic enzyme into the polymer matrix.
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Fig. 1 FTIR spectra of PVA, PCNC1 and PVA/CNC/Mimic enzyme
nanocomposite membranes

Swelling

For evaluating the swelling ability of the nanocomposite
membranes, the behavior was analyzed after a step change
in RH from 0%RH to 53%RH or 93%RH. Figure 2a, b
shows the swelling as a function of time. The swelling of
PCNC1 membrane was 4.5% and equilibrium was attained
after 3 days, as reported in our previous study [47]. After
the incorporation of mimic enzyme, swelling showed an
abrupt increase. But the values were still higher than those
membranes without mimic enzyme. The swelling of all the
formulations increased with increase in time. Each sample
attained equilibrium at a different day. The maximum ability
to uptake moisture was depicted by the specimen with 0.04 g
of mimic enzyme. The swelling was 7.9% and equilibrium
was attained at 4th day. Roughly, all the samples achieved
equilibrium at 4th or 5th day. But the sample with 0.005 g
mimic enzyme achieved equilibrium on 6th day. Among all
the samples, the sample without CNC and mimic enzyme
(i.e., pure PVA) showed lowest swelling ability of 3.4%.
At 93%RH, a drastic improvement in swelling ability
was observed. All the formulations at 93%RH displayed
a quicker increase in swelling as a function of time. But
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Fig.2 Moisture Uptake of PVA and PVA/CNC/Mimic enzyme nanocomposite membranes at a 53%RH, b 93%RH

the trend here also was irregular. As compared to PCNC1
(without mimic enzyme) the value increased after inclusion
of mimic enzyme. The swelling ability of PCNC1 was 30%
and it increased to 39.7%, when 0.0025 g mimic enzyme was
added. As the mimic enzyme concentration was increased
gradually to 0.005 g and 0.01 g, the swelling increased to
45.3% and 49.8%, respectively. With the further increase
to 0.02 g the swelling reduced to 45.5% and then again
increased to 47.1% at 0.04 g mimic enzyme concentration.
All the nanocomposite membranes achieved equilibrium at
4th day, except 0.0025E2PCNCI1 and 0.01E2PCNC1. The
maximum ability to uptake moisture of 49.8% was depicted
by 0.01E2PCNCI1. Moreover, this formulation attained equi-
librium at 8th day.

The results evidently illustrate that the addition of mimic
enzyme has improved the swelling capability of the PVA
membranes. It also suggests positive effect on solubility of
water in PVA matrix, that ultimately enhanced the moisture
retention [45].
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To be utilized for CO, separation, it is important to have
high swelling ability at high humidity [47]. So, the formula-
tions entailing PVA, CNC and mimic enzyme are well suited
for the suggested application.

X-Ray Diffraction

To explore the crystalline structure of the prepared nano-
composite membranes, the XRD analysis was carried out
at 0%RH, 53%RH and 93%RH and results are shown in
Fig. 3a—c.

At 0%RH, two peaks were observed in the diffracto-
gram. PVA is normally characterized by strong peaks,
appearing at 19.8° and 22.76°. These peaks unveil the
semi crystalline nature of PVA [48]. The peak appearing
at 22.76° is one of the peaks of nanocellulose [37]. The
other characteristic peaks of nanocellulose, appearing in
amorphous halo at 15.5° and 16.5° were not found. The
disappearance of these peaks may be due to the addition
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Fig.3 XRD patterns of PVA/CNC/Mimic enzyme nanocomposite membranes at a 0%RH, b 53%RH, ¢ 93%RH
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of mimic enzyme that causes the change in crystallinity.
Furthermore, the addition of mimic enzyme caused inter-
molecular interference among the polymer chains and pro-
motes hydrogen bonding interactions [49]. As the mimic
enzyme concentration increased, the intensity of peak per-
taining to PVA increased. Similar patterns were observed
at 53%RH and 93%RH.

Fig.4 SEM surface and cross

sectional images of a PVA, b
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Scanning Electron Microscopy

The surface morphology and cross-sectional images of pure
PVA membrane, PCNC1, 0.01E2P1CNC, 0.04EP1CNC
nanocomposite membranes are shown in Fig. 4.

All the prepared nanocomposite membranes were dense
in nature. A homogenous and smooth morphology of pure
PVA membrane was observed, this was due to the hydro-
philic nature of PVA that aided in formation of smooth
surface. At PCNCI, smaller and larger clusters of cellulose
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nanocrystals can be seen distributed throughout the thick-  to PVA/CNC, the surface became rougher. However, the
ness of the membrane. With the addition of CNC, the sur- dispersion and distribution of cellulose nanocrystals seems
face became rough. After the addition of mimic enzyme  more uniform with addition of mimic enzyme.
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Fig.5 TGA and DTGA curves of PVA/CNC1 and PVA/CNC/Mimic enzyme nanocomposite membranes
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Thermal Analysis
Thermogravimetric Analysis (TGA)

The thermal gravimetric analysis is shown in Fig. 5. The
percentage weight loss is reported as a function of tempera-
ture. The three degradation stages can be clearly observed
in all the thermograms [49, 50]. The behavior of weight
loss curves was quite similar for all formulations. In the first
degradation stage, ranging from 80 to 130 °C is associated
with the weight loss occurring due to loss of water. The rate
of evaporation was found to be increasing with a gradual
increase in the mimic enzyme content. It was observed that,
the thermal stability was directly related to the amount of
mimic enzyme in the nanocomposite membranes. In the sub-
sequent stage, 150 to 350 °C, the weight loss occurred due
to degradation of polymer chain. This loss is chiefly associ-
ated with the dehydration of hydroxyl groups and subsequent
formation of aliphatic and low molecular unsaturated carbon
species [51]. The last degradation stage, after 400 °Cis due
to the carbonization of the constituents present in the nano-
composite membrane (Fig. 5).

According to the TGA curves, most of the degradation
occurs in the temperature range of 250 to 400 °C. Approxi-
mately 70% of the weight loss occurs during this phase. The
first three formulations with 0.0025 g, 0.005 g and 0.01 g
mimic enzyme had no significant effect on the thermal sta-
bility of the nanocomposite membranes. Nevertheless, the
stability increased at 0.02 g and 0.04 g mimic enzyme con-
centration, particularly at 0.04 g mimic enzyme content.

Differential Scanning Calorimetry (DSC)

DSC analysis comprised of heating, cooling and again heat-
ing cycle. The information about glass transition tempera-
ture, crystallization temperature and melting temperature
was revealed from DSC analysis as shown in Fig. 6. No gen-
eralized trend was observed in glass transition temperature
T, of PVA/CNC nanocomposite membranes after the addi-
tion of mimic enzyme was observed. Initially, T, increased
with the gradual increase in mimic enzyme content except
at 0.005 g. The T, of PCNC1 nanocomposite membrane was
66 °C. The T, increased to 78 °C at 0.0025 g mimic enzyme
and then decreased to 70 °C. After that, it increased to 78 °C,
78.3 and 79 °C at 0.01 g, 0.02 g and 0.04 g mimic enzyme
amount.

Similarly, no drastic effect on the melting temperature
was detected with increase in amount of mimic enzyme.
The melting point of all the formulations was approximately
230 °C except for the 0.0025 g mimic enzyme. In that case,
melting point was 238 °C.

—— 0.04E2PCNC1

T

— 0.02E2PCNCA1

—

— 0.01E2PCNC1

— 0.0025E2PCNC1

—— 0.005E2PCNC1

DSC (mW/mg)

—

——PCNCA1

T rryYrrTrr Tttt
40 60 80 100 120 140 160 180 200 220 240

Temperature (°C)

Fig.6 DSC curves for PVA/CNC and PVA/CNC/Mimic enzyme
nanocomposite membranes

Mechanical Properties
Mechanical Testing

Mechanical properties of the nanocomposite membranes
loaded with varying mimic enzyme content were evalu-
ated at 0%RH, 53%RH and 93%RH and results are shown
in Fig. 7a—c. At 0%RH, the tensile strength of the mem-
branes decreased after the incorporation of mimic enzyme
and nanocellulose crystals, as compared to pure PVA mem-
brane. The tensile strength decreased till 0.01 g mimic
enzyme loading, then it increased with the increase in
mimic enzyme content to 0.02 g and decreased again at
0.04 g mimic enzyme concentration. A similar trend was
observed at 53%RH and 93%RH. As the relative humidity
was increased, the tensile strength decreased. The maxi-
mum tensile strength of 70 MPa was achieved at 0%RH for
the formulation 0.0025E2PCNC1. The same composition
attained the tensile strength of 40 MPa and 7 MPa at 53%
and 93%RH. At 93%RH the elastic modulus was found to be
higher than the pure PVA membranes, which confirms that
membranes have significant potential to be used at higher
humidities.
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Fig.7 Mechanical Properties of PVA/CNC/Mimic enzyme nanocomposite membranes at 0%RH, 53%RH, 93%RH a Elastic modulus, b Elonga-
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The tensile modulus also displayed a similar trend as
tensile strength. This may be due to the reason that failure
strength of the polymer matrix is greater than that of the
mimic enzyme. The obtained results were found in agree-
ment with the literature [37].

The highest elongation at break was depicted at 53%RH.
The highest value of 9% was shown by the formulation
0.0025E2PCNCI1. With the increase in mimic enzyme con-
tent, the elongation at break decreased slightly.

Dynamic Mechanical Analysis

To explore the thermomechanical properties, Dynamic
Mechanical Analysis were performed at 0%RH, 53%RH
and 93%RH. Figure 8a shows the results of storage modu-
lus E’ versus temperature. No organized change in DMA
was observed with the addition of mimic enzyme. At
0%RH, the sample with 0.05 g mimic enzyme showed the
highest mechanical strength followed by 0.025 g mimic
enzyme. For rest of the specimen, namely 0.01E2P1CNC,
0.02E2P1CNC and 0.04E2P1CNC the storage modulus
decreased with the gradual increase in mimic enzyme
content. The obtained results suggest the occurrence of
mechanical percolation phenomenon, which occurred as
a result of hydrogen bonding interactions [52]. As the
humidity was increased further, a decrease was observed
in dynamic mechanical strength.

The damping properties of the nanocomposite mem-
branes was evaluated by measuring tan delta (tan §). Tan

@ Springer

0 as a function of temperature is shown in Fig. 8c. The
formulation 0.005E2P1CNC shows the highest value of
tan 6 and it decreased with the increase in mimic enzyme
concentration. The obtained results were in line with the
tensile strength results. As the tensile strength decreased,
it decreased the storage modulus which ultimately resulted
in an increase in tan .

Conclusions

The objective of this study was to explore the mechanical,
swelling and thermal properties of the PVA/CNC nanocom-
posite membranes incorporating Zn-cyclen mimic enzyme.
PVA and CNC were taken constant as 2 g and 0.02 g, respec-
tively. Whereas, Zn-cyclen mimic enzyme was varied as
0.0025 g, 0.005 g, 0.01 g, 0.02 g and 0.04 g. DMA, TGA,
DSC and swelling resulted suggested that the prepared nano-
composite membranes can be utilized in CO, separation.
The inclusion of mimic enzyme enhanced the swelling prop-
erties with the increase in humidity. Swelling increased with
humidity for all formulations. The addition of mimic enzyme
also increased the crystallinity of the membranes. But it has
negative effect on the tensile strength, elongation at break,
elastic modulus and dynamic mechanical properties. Con-
sequently, tan ¢ increased with increase in mimic enzyme
concentration. The nanocomposite membranes entailing
PVA/CNC/Mimic enzyme can be successfully used in gas
separation particularly CO, separation.

Fig.8 Dynamic mechanical analysis curves of PVA/nanocellulose»
composite membranes at a Storage modulus and tan & at 0%RH, b
Storage modulus and tan § at 53%RH, and ¢ Storage modulus and tan
d at 93%RH
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