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Abstract

The effect of two different fillers such as (a) reduced graphene oxide (RGO) produced by the reduction of graphene oxide
(GO) using potato starch and (b) zinc oxide decorated graphene oxide (ZnO-RGO) on the water transport properties of phenol
formaldehyde (PF) nanocomposites have been investigated at different temperatures. The effect of filler content, nature of
filler and temperature on the water sorption of the PF nanocomposites were also studied. The results showed that the RGO
content facilitates water uptake while ZnO-RGO filler impedes the water sorption properties of various nanocomposites
developed. The diffusion, sorption and permeability coefficient of PF nanocomposites with varying weight percentage of
filler at different temperatures were determined. The effect of temperature on the water sorption of PF nanocomposites was
studied by determining the activation energy using Arrhenius equation. The thermodynamic studies revealed that the water
sorption was spontaneous due to the negative value of AG® and the reaction was exothermic because of the negative value
of AH. The kinetic studies showed that the water sorption of the PF nanocomposites follows a first order reaction.
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Introduction

Phenolic resins are known for their diverse applications in
various fields such as automobile, aerospace, and thermal
insulation materials due to their excellent chemical resist-
ance, thermal and mechanical properties. It is possible to
Highlights ' tune and enhance their properties by addition of appropriate
e developed wih RGO snd Z00-RGO as nanollers by sl "R0Materials even in race quantity by forming their nano-
mixing followed by compression moulding composites. However, for their wide practical applications it
e Water sorption properties of the nanocomposites are studied at is essential to understand the performance of these materials
different temperatures in various environmental situations including high humid-
o The diffusion, sorption and permeability coefficient associated ity, supernormal temperature and even conditions when the

with water sorption by the PF nanocomposites are evaluated . . . . .
o The effect of temperature on water sorption of the materials are submerged or immersed in water, in which

nanocomposites is studied by Arrhenius equation case the water uptake capacity or the material can be a mat-
o Thermodynamic and kinetic aspects of water sorption by the ter of concern or interest depending upon the situation. In
nanocomposites are studied such a context, the study of sorption, diffusion and water
59 M. S. Sreekala permeation properties of the polymer nanocomposites are

sreekalams @yahoo.co.in of great interest, especially for their more efficient and long-

term applications in engineering, industry and even in ambi-
ent conditions. Graphene is considered as one of the most
widely used two-dimensional materials for the preparation
of polymer nanocomposites. Graphene related materials can
be prepared from naturally abundant and inexpensive graph-
ite, but the synthetic realization of pure graphene is indeed
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very challenging and expensive [1]. In contrast, graphene
oxide (GO), a two-dimensional carbon sheet and an oxida-
tive derivative of graphene, has become a highly accept-
able and environment-friendly substitute for graphene due
to its non- toxicity, low cost of the precursor material and
relative ease of preparation [1, 2]. The production of these
single-layered carbon sheet-like material, almost akin to
graphene sheets, in bulk quantity is possible by the reduc-
tion of GO through various routes. One important feature
of these reduced graphene oxides (RGO) is the presence of
diverse functional groups such as hydroxyl, epoxy, carbonyl,
and carboxylate moieties in them which can facilitate and
enhance interfacial bonding between the polymer matrix
and RGO sheets through hydrogen bonding, n-n stacking,
electrostatic forces and van der Waals interactions [3, 4].
These functional groups can also facilitate the homogeneous
dispersion of RGO in the polymer matrix and improve the
properties of the polymer matrix.

Generally, more studies in water sorption were conducted
in the field of fiber reinforced polymer matrices. Sisal fiber,
kenaf fiber, banana fiber and rice husk hybrids are separately
used with thermosetting polymer shows better results in
water sorption properties [5]. Hydrophilicity and structural
arrangement of fibers within the polymer are the important
factors that affect water sorption. Water sorption studies
based on glass microsphere/epoxy composite [6] oil palm
fiber reinforced and glass fiber reinforced PF composites
[7], sisal fibre reinforced PF composites [8] short banana
fiber-reinforced polyester composite materials [9] were also
reported in many publications. The presence of lignocellu-
loses in natural fibers made them hydrophilic in nature and
increases the water sorption of the polymer composites. The
water transport studies on nanoclay based polymer such as
epoxy, polyamide, polyester, polylactide were reported else-
where [10-13]. The water sorption studies based on metal
oxide (aluminium oxide) reinforced polymer nanocompos-
ites is also reported [14].

There are several factors which can affect the molecular
transport through a polymer matrix such as the nature of fill-
ers, type of the material, cross-link density of the polymer
used, the interaction between matrix and fillers, size and
shape of the penetrant, aggregation of the filler, tempera-
ture etc. [15]. The diffusion processes also get affected by
the nature of the solvent and its interaction with thermoset
polymers such as phenol formaldehyde, epoxy resin, polyu-
rethane, etc. The water transport studies on various nanoclay
based polymer system such as epoxy, polyamide, polyester,
polylactide were reported elsewhere [10-13]. The water
sorption studies based on metal oxide (aluminium oxide)
reinforced polymer nanocomposites is also reported [14].
Usually, the graphene sheets and the highly cross-linked
nature of the polymer matrix lead to the formation of the
tortuous path and hence decrease the sorption ability of the
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polymer nanocomposites. The nature of functional groups
on the surface of graphene sheets can also affect the sorp-
tion property of polymer nanocomposites. For example, any
hydrophilic or polar groups available on the filler material
like RGO which are dispersed in the polymer matrix would
enhance the water sorption ability of the polymer nanocom-
posites. In the case of graphene reinforced polymer nano-
composites, the aggregation of graphene sheets may produce
new pathways for the diffusion of water molecules [16].

The nature and extent of water sorption in a polymer
system are mostly governed by free volume of the polymer
(which depend on the cross link density of the polymer)
and also the affinity and local mobility of water molecules
within the polymer matrix which depend on the formation
of H-bonding or other electrostatic interaction between the
matrix and polar water molecules [17]. The three mechanisms
involved in water transport are (a) the presence of micro-voids
or micro-cracks that are already present in the material or
which get formed as a result of the interaction with water mol-
ecules, (b) sorption by both matrix and fillers through direct
contact with water molecules and (c¢) a mode in which the
interface between the filler and matrix act as a pathway for
the diffusion of water molecules [6].The diffusion behavior
of polymers based on relative mobilities of the polymer and
penetrant is governed by (a) Fickian behavior, in which the
rate of diffusion is smaller than the relaxation modes of poly-
mer matrix (b) Non-Fickian pathway in which the diffusion
process is faster than the relaxation process of the polymer
matrix, and (c) anomalous behavior in which diffusion and
relaxation rates are comparable and the micro-voids that are
present in the polymer influencing the sorption and trans-
port properties of the molecules. The water molecules which
enter into the polymer matrix can reside in micro-voids as
free water or it can interact with the polar groups present in
the polymer matrix [18]. As a convenient and rapid method,
gravimetric methods are used for evaluating and estimating
the interactions between polymer and solvent.

The studies on the water sorption of PF based graphene
nanocomposites have not been reported so far. The water trans-
port property of epoxy/MWCNT composites was studied by
Starkova and colleagues [17]. They found that the absorbed
water has a strong influence on the diffusion and plasticization
effects on the matrix. As a result of water absorption, the nano-
composites showed a decrease in storage modulus than that of
neat epoxy. Yousefi and co-workers prepared polyurethane/
graphene nanocomposites and studied the moisture perme-
ability [19]. They reported that the moisture permeability of
nanocomposites decreases with increasing the weight percent-
age of graphene and attributed such a behavior to the moisture
barrier property, the horizontal alignment, and the very high
aspect ratio of graphene sheets they used. Damari and col-
leagues studied the influence of lateral size and concentration
of graphene on the water vapor permeability and mechanical
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properties of polyurethane [20]. They observed that the degree
of exfoliation and rheological percolation threshold are the
factors which contribute to the water vapor permeation and
mechanical performance of the nanocomposites.

The favourable exfoliation of single or multiple graphene
nanosheets from raw graphite sheets limited by the intermo-
lecular w-n stacking attraction forces and van der Waals inter-
actions between graphene sheets [21]. The nature of interfacial
interactions/bonding between graphene nanosheets and poly-
mer matrix also plays a major role in modifying the properties
of nanofillers, polymer matrix and, hence, the final nanocom-
posites. The dispersion of GO in natural rubber (NR) matrix
was improved, increased the curing regions of rubber gum,
provide the rubber entanglement that created the tortuous
path to reduce the solvent diffusion. The permeation which
occurs through pores, pinholes or microscopic cracks present
in the polymer is called the Pore effect or Knudsen flux and
is inversely proportional to the square root of the molecular
weight of the permeant [22]. Charoenchai et al. fabricated
hybrid silica-graphene oxide (Si02@GO) nanocomposites
by sol-gel method and introduced into NR matrix [23]. The
swelling behavior of these nanocomposites was studied in tolu-
ene and their results showed that the aggregation of GO gets
inhibited by SiO, nanoparticles on the GO surface.

The characterization of nanofillers, mechanical, ther-
mal, viscoelastic and electrical properties of the PF/RGO
and PF/ZnO-RGO nanocomposites were studied by various
groups [24-28]. Thermogravimetric studies showed that
PF nanocomposites are thermally stable up to 300 °C after
which they undergo major decomposition processes [25, 27].
The thermal stability of the nanocomposites was seen to be
affected by the nature and dispersion of the fillers and also
based on filler-PF matrix interactions. The thermal proper-
ties of the nanocomposites experienced barrier effect and
promoter effect, the barrier effect of the nanofillers enhance
the thermal stability of the nanocomposites while the pro-
moter effect would accelerate the degradation process of the
matrix thereby decreasing their thermal stability. X-ray dif-
fraction studies were used to analyze the crystalline behavior
of the nanofillers and the nanocomposites. RGO reinforced
nanocomposites are free of any crystalline peaks whereas
Zn0O-RGO filled nanocomposites at higher wt% shows crys-
tallinity, mainly due to the aggregation of highly crystalline
Zn0O-RGO [25, 27]. The investigations related to the effect
of crystallinity on water vapor transport in polymer nano-
composites becomes more difficult due to the nucleating
agent behavior of the nanoparticles and its presence affects
the crystalline morphology of polymers [10].

The present study involves the preparation of two catego-
ries of polymer nanocomposites viz., PF/RGO and PF/ZnO-
RGO and investigation on their water sorption properties. The
RGO we have developed is through a novel and a green route,
in which we have used abundantly available potato starch as

a reductant to reduce the graphene oxide (GO). Further, we
could prepare ZnO decorated RGO (ZnO-RGO) and use the
same for developing PF/ZnO-RGO nanocomposites [24, 25].
We have used two different types of nanofillers for our study
because the water affinity of RGO and ZnO are widely dif-
ferent and therefore it is possible to modulate water sorption
ability of their PF composites by judicious choice of their
combinations. Further, we have monitored the effect of tem-
perature on the water sorption ability of the PF-nanocompos-
ites developed. The variations seen in the sorption properties
of the different PF nanocomposites could be explained based
on the morphology and chemical properties of both nanofillers
and PF matrix. The diffusion coefficient, sorption coefficient,
permeability coefficient and the kinetic parameters associated
with the water sorption could be evaluated and the results
explained. The thermal and kinetic behaviors of the sorption
properties of the nanocomposites were also investigated and
analyzed the results.

Experimental
Materials

Phenol formaldehyde resole resin is used as the matrix
material and is obtained from Polyformalin, Kochi, Kerala,
India. The chemicals used for the synthesis of nanofillers
are graphite powder, potassium permanganate (KMnO,),
sodium nitrate (NaNO3)’ ammonia, N,N-dimethylfor-
mamide (DMF), concentrated sulphuric acid (conc.
H,S0,) hydrogen peroxide (H,0,), zinc acetate dihydrate
(Zn(CH;C00),.2H,0) were purchased from Merck, India.
Potato starch was procured from (LOBA Chemie Pvt. Ltd).

Preparation of nanofillers

Natural graphite powder was the starting material for the
preparation of nanofillers RGO and ZnO-RGO. Graphite
is converted into GO by Hummer’s method [29]. RGO
is obtained by reducing GO using eco-friendly reducing
agent potato starch by refluxing at 80 °C for 3 h. ZnO-RGO
is synthesized by refluxing GO with zinc acetate dihydrate
at 95 °C for 5 h. The detailed methods of preparation of
nanofillers and their characterization were reported in our
previous study [24].

Preparation of PF nanocomposites
The PF nanocomposites with varying wt% of nanofiller (RGO

and ZnO-RGO) were prepared by compression molding the
semi-cured samples at 100 °C for 30 min, which is obtained
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after mechanical mixing and sonication for 1 h at 60 °C of the
nanofillers. The detailed method of preparation of nanocom-
posites and its characterization was discussed in our research
article published elsewhere [25]. The cooled samples were
cut in the desired shape and used for water sorption studies.

Characterization techniques

One of the important factors that affect the water sorption of
the PF nanocomposites is the morphology of the nanofillers.
The Scanning Electron Microscope (JEOL JSM -820 model)
and Transmission Electron Microscope (JEM-2100HRTEM)
images were used for studying the morphology of the nanofill-
ers. XPERT-PRO X-ray diffractometer using Ni-filtered Cu
with Ka radiation (6=1.5406 A)and an operating voltage of
45 kV and a filament current of 35 mA is used for measuring
the XRD of samples.

Water sorption studies of nanocomposites

Rectangular samples of 10x 10 mm? size were cut from the
nanocomposite sheet and the corners of the samples were
made curved to avoid the non-uniform water transport [7].
The thickness and weight of the samples are measured before
it is immersed in water in the diffusion bottles at different tem-
peratures (30 °C, 50 °C, and 70 °C). The samples were taken out
from the diffusion bottles in regular intervals of time and the
excess water molecules adhered to the surface of the samples
was wiped off gently and weighed in a precise balance and
continued till equilibrium is reached.

Fig.1 SEM image of (a) RGO
(b) ZnO-RGO and TEM image
of (¢) RGO (d) ZnO-RGO

6kV X3,300 Spm
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Results and discussion

Water sorption studies of PF/RGO and PF/ZnO-RGO
hanocomposites

In the case of polymers, the transport of small molecules fol-
lows solution diffusion kinetics. In other words, the polymer
first absorbed the penetrant molecules followed by diffusion
through the polymer. The mol % uptake of the solvent (Q,) for
the samples was determined using the equation given below
[30,31]

(W, —W,)/M

Q,mol % = > % 100 1)

1

where W, and W, are the weights of the specimen before
and after swelling, and M is the molar mass of the solvent.
The Q, mol % uptake for each composite was calculated and
plotted against the square root of time (\/;.)

The SEM and TEM images of RGO and ZnO-RGO sheets
are shown in Fig. la—d. From Fig. 1a large number of gra-
phene sheets can be observed. In the case of ZnO-RGO, it can
be seen that on the two-dimensional sheet-like the structure
of graphene large number of ZnO nanoparticles are thickly
spread on them. The ZnO nanoparticles are very closely
packed and make the surface denser (Fig. 1b). It can also be
observed that as a result of the growth of ZnO nanoparticles
on the surface of the graphene sheet, the nanoparticles are
strongly bound to its surface. The sheet-like structure of gra-
phene is observed from the TEM image of RGO (Fig. 1c)

X3,000 S5pm
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[25]. The ZnO nanoparticles are decorated on the surface of
GO sheets are observed from the TEM image of ZnO-RGO
(Fig. 1d) [25].

The XRD curves of PF nanocomposites with RGO and
Zn0O-RGO nanofillers are as shown in Fig. 2a, b. The XRD
peaks (Fig. 2a) of RGO filled nanocomposites and neat
PF are same indicating the reinforcement of RGO into the
PF matrix and good interfacial interaction with the matrix
[25]. In the case of ZnO-RGO (Fig. 2b), the XRD curves at
lower wt% and neat PF are similar. But at higher wt% the
characteristic peak of ZnO-RGO at 20=36.48° (Fig. 2c) is
observed and confirms that the high amount of ZnO-RGO
affects the dispersion of nanofiller in the matrix [27]. The
present manuscript is mainly focus on the water sorption
behavior of PF nanocomposites at three different tempera-
tures. The different characterizations of the nanofillers and
the TEM images of the PF nanocomposites were reported in
our previous works published elsewhere [25, 27].

Figure 3a—c represents the mol% uptake of PF/RGO
nanocomposites with varying weight percentages of
RGO at 30 °C. From the given figures, it is clear that the
mol% uptake of the PF/RGO nanocomposites increases
with an increase in RGO content. Neat PF (0% RGO) is

a three-dimensionally cross-linked structure and practi-
cally no sorption of water occurs. Here, the sorption may
be due to the presence of micro-cracks present in the neat
PF [32]. In the case of nanocomposites, the sorption may
be due to the presence of abundant hydrophilic nature of
potato starch attached on the surface of graphene oxide as a
result of the reduction of graphene oxide. With an increase
in RGO content, the aggregation of RGO sheets occurs in the
PF matrix and leading to a new tortuous path in the nano-
composite for the passage of water molecules. In the case
of all samples, the mol% uptake increases first and reaches
an equilibrium state. The microscopic interactions of water
molecules with cross-linked polymer chains may lead to the
swelling and physical relaxations of polymer chains. The
swelled polymer chain increased the elasticity of the chain,
which further increases the chemical potential and restricts
the further absorption of water molecules and an equilibrium
stage is attained. The increase in the water sorption of nano-
composites can be explained by several factors. At lower
wt % of RGO, there was good interaction between PF and
RGO and the hydroxyl groups available for interaction with
water molecules are less. So at lower wt % RGO, the water
sorption is low. But, at higher wt % RGO, the interaction

Fig.2 XRD of (a) PF/RGO and
1% RGO —— 1%ZnORGO
(b) PF/ZnO-RGO nanocompos- (a) — 012%RGO (b) — 0.12%ZnORGO
ites (¢) RGO and ZnO-RGO — 0.05%RGO —— 0.05%Zn0-RGO
Neat PF Neat BF
B e i

Intensity (a.u)

PR ot A

“‘**”‘W‘”WMW%Mwwmv#»«mmy«wwwwmmmw

Intensity (a.u)

20 25 30 35 40 20 25 30 35 40
26 (degrees) 20 (degrees)
——RGO
(c) — ZnO-RGO
36.48°
L]
z 26.53
w2
=
3
=
10 20 30 40 50 60 70
26 (degrees)
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Fig. 3 Water uptake of PF/RGO .
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between PF and RGO are less and more number of hydroxyl
groups from potato starch are available for hydrogen bond-
ing interaction with water molecules. Moreover, at higher
wt% RGO leads to the aggregation of RGO sheets which
introduce the new pathways for the diffusion of water mol-
ecules [16]. The presence of abundant hydrophilic groups
on the surface of graphene sheets and the availability of free
volume are responsible for the diffusion of water molecules
throughout the polymer matrix. Figure 3b, c illustrates the
water sorption of PF/RGO nanocomposites at 50 °C
and 70 °C with different RGO content. From the figures, it
is clear that mol% uptake decreases with an increase in wt%
RGO. In the case of neat PF and PF/RGO nanocomposites,
the increase in temperature decreases the diffusion of water
molecules.

In the case of nano reinforced polymers, a large number
of polar groups are produced during the curing process and
these are responsible for interaction and forming hydrogen
bonds with water molecules. The presence of graphene
sheets also alters the polymer chain packing. Figure 4a—c
shows the mol% uptake of water at 30 °C, 50 °C and 70 °C.
In the case of ZnO decorated graphene oxide, the presence
of polar groups available for forming hydrogen bonds with
water is less as compared with RGO obtained by starch
potato reduction. Thus, the mol% uptake of ZnO-RGO filled
nanocomposites shows a decreasing trend as compared to
RGO filled nanocomposites.

@ Springer

[Time (min.)]"”

In the case of ZnO decorated graphene oxide the presence
of polar groups available for forming H-bonds with water
is less as compared with RGO obtained by reduction using
potato starch. As a result, the mol% uptake of water at 50 °C
decreases with an increase in wt% of ZnO-RGO as compared
to water sorption at 30 °C. Moreover, with the increase in
wt% of filler, the free volume present in the polymer matrix
decreased and it is occupied by the filler. This also leads
to a decrease in mol% uptake of water with an increase in
wt% of ZnO-RGO. But at 70 °C, the PF/ZnO-RGO nano-
composites show an increase in mol% uptake of water as
compared to other temperatures. In other words, the high
temperature affects the diffusion of water molecules through
PF nanocomposites.

In our study, the chemical modification on GO sheets is
a factor that determines the water uptake of PF nanocom-
posites. The ZnO decorated graphene oxide nanocompos-
ites show water sorption behavior lower than that of neat
PF. When we decorate GO using ZnO, GO was reduced to
graphene oxide and at the same time ZnO changes to nano
ZnO. These nanoparticles increase the surface area available
for interaction with the graphene sheets and matrix, thus
reducing the water uptake of PF/ZnO-RGO nanocomposites.
Since three-dimensionally cross-linked PF is a hydropho-
bic material, it can prevent the entry of water molecules,
the PF nanocomposites exhibit the lowest water uptake. On
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examining the water uptake curves all the samples show an
initial increase due to the rapid absorption of water mol-
ecules and reach a saturation point after that there was no
increase in absorption of water molecules. In other words,
the content of water molecules on the nanocomposites
remains the same. An interesting feature observed at 70 °C
is that the water uptake increases with an increase in wt% of
ZnO-RGO. Here, the minimum water uptake is observed for
neat PF and the maximum is for nanocomposites with1 wt%
of ZnO-RGO. A schematic representation of water transport
occurred in PF/RGO and PF/ZnO-RGO nanocomposites are
shown in Fig. 5.

Diffusion, sorption and permeability coefficient
of PF/RGO and PF/Zn0O-RGO nanocomposites

The diffusion, sorption and permeability coefficients are
considered as the important parameters that determine the
effectiveness of the diffusion process. The diffusion coeffi-
cient depends on the segmental mobility of the polymer. It
gives information about the rate at which the diffusion pro-
cess occurs. It is a kinetic parameter and is defined as the rate
of transfer of the diffusing substance across the unit area of
cross-section divided by the space gradient of concentration.

Diffusion coefficient (D) can be calculated by the follow-
ing equation [33]

[Time (min.)] "

)

where h represents the initial thickness of the sample, 6 is
the slope of the initial linear portion of the sorption curve.
The slope is calculated from Q, versus \/; 0, is the mol %
uptake at equilibrium.

The sorption coefficient (S) depends on the strength of
interactions present in the polymer and the penetrant mol-
ecule. It is a thermodynamic parameter and gives the meas-
urement of extend of sorption. Sorption also gives infor-
mation about the initial penetration and dispersal of water
molecules into the polymer matrix. Sorption coefficient [34]
is calculated by

ho

0. “

§=M/M, 3

where M is the mass of water taken up at equilibrium and
M, is the initial mass of the polymer sample.

The permeability coefficient (P) [35] gives information
about the water permeated through the uniform area of
the sample per second. Generally, permeation through any
matrix is a combination of diffusivity as well as the sorption
of the penetrant in the polymer. It is expressed as the product
of diffusion and sorption coefficients.
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Fig.5 Schematic representation
of water transport in PF/RGO
and PF/ZnO-RGO nanocom-

posites
RGO sheets
H-bonding interaction
P=DXxS “)

The diffusion coefficient (D), sorption coefficient (S) and
permeability coefficient (P) of PF/RGO nanocomposites are
calculated using the equations from 2 to 4 and the obtained
values at different temperatures are furnished in Table 1.

The concentration of the available space for accommo-
dating the penetrant molecule is an important factor that
affects the diffusion process. When the penetrant molecule
acquires sufficient energy it can jump to the neighboring
hole. The diffusion coefficient is a measure of the ability of
water molecules to move into the PF matrix. The decrease
in water diffusion coefficient was also due to the clustering
of water molecules in a hydrophobic material [16]. The dif-
fusion coefficient is independent of nanocomposites load-
ings because it measures the flow of water in one dimension
along with the thickness of the sample [36].

The penetration of water molecules through the polymer
matrix also depends on the sorption coefficient and it is a
direct indicator of absorbed solvent in the polymer. From
the Table 1, it is clear that with the increase in wt% RGO there
is a slight change in the sorption coefficient is observed.
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PF/RGO nanocomposite

PF/Zn0-R GO nanocomposite

PE nanocbﬁipésite

At three different temperatures, the maximum value of the
sorption coefficient is observed for nanocomposites with 1
wt% RGO. It is also noted that the value of the sorption
coefficient is close to one in all PF nanocomposites at three
different temperatures. From this, it is clear that temperature
and RGO content produces very little change in the sorption
properties of PF/RGO nanocomposites.

The permeability coefficient gives a combined effect of
diffusion and sorption coefficients. The permeability coef-
ficient decreases with an increase in wt % RGO at 30 °C, 50
°C and 70 °C. With an increase in temperature, the permeation
coefficient increases. With the increase in RGO content,
there is a decrease in permeability is observed for PE/RGO
nanocomposites.

The calculated values of diffusion, sorption and perme-
ability coefficient of PF/ZnO-RGO nanocomposites were
tabulated in Table 2. From the table, it is observed that at
30 °C, 50 °C, and 70 °C, D value of PF/ZnO-RGO nano-
composites decreased with an increase in temperature. At
higher filler loading, the free volume available for the trans-
port of water molecules decreases. Moreover, the average
path length required for the transport of water molecules
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Table.1 Diffusion coefficient (D), sorption coefficient (S) and perme-
ability coefficient (P) of PF/ RGO nanocomposites having varying
RGO content at different temperatures

Table.2. Diffusion coefficient (D), sorption coefficient (S) and per-
meability coefficient (P) of PF/ZnO-RGO nanocomposites having
varying ZnO-RGO content at different temperatures

RGO content D (cm*~) S P (cm%s™) Zn)-RGO content D (cm’s™)) S P (cm%s™)
(wt %) (wt %)

At 30 °C At 30 °C

0 1.9910x10°° 1.0226 2.0360x107° 0 1.9910x10°° 1.0226 2.0360x107°
0.05 2.7995 %1077 1.0571 2.9595% 1077 0.05 1.8934x107° 1.0272 1.9450x107°
0.08 3.2845x1077 1.0672 3.5051x 1077 0.08 1.8706x107° 1.028 1.9231x107°
0.12 3.9549x 1077 1.0776 4.2619%1077 0.12 1.8234x107° 1.0309 1.8798x107°
0.15 3.8920x 1077 1.0817 4.2099% 1077 0.15 1.5120x10°° 1.034 1.5635x107°
0.25 4.1691x1077 1.0894 45418 %1077 0.25 1.3244x107°° 1.035 1.3708x107°
1 4.2054x1077 1.1147 4.6878 %1077 1 1.1505x107° 1.0573 1.2164x107°
At 50 °C At 50 °C

0 1.1714x107 1.0094 1.1824 %107 0 1.1714x107 1.0094 1.1824x107°
0.05 1.2379% 107 1.0099 1.2502x107° 0.05 1.2379x 107 1.011 1.1691x 107
0.08 2.8393x107° 1.0365 2.9431x107° 0.08 2.8393x107° 1.0131 1.0440x107°
0.12 2.2197x107° 1.0495 2.3297x107° 0.12 2.2197x107° 1.0125 1.0301x107°
0.15 1.4697x107°° 1.0528 1.5472x107° 0.15 1.4697x107° 1.0131 1.0189x107°
0.25 1.8788x107° 1.0583 1.9884x107° 0.25 1.8788x107° 1.0291 3.3973x107°
1 1.9112x107° 1.0583 2.0227x107° 1 1.9112x107°° 1.0796 2.8809x107°
At 70 °C At 70 °C

0 1.4686x107 1.0003 1.4691x107 0 1.4686x 107 1.0003 1.4691x107
0.05 1.9115x 107 1.0013 1.9140x 107 0.05 2.6596x107* 1.0018 2.6643x107*
0.08 1.3039x 107 1.0017 1.3062x 107 0.08 1.7798x 107 1.0139 1.8046x 107
0.12 2.6313x107 1.0077 2.6517x107° 0.12 1.5580% 107 1.0133 1.5788 %107
0.15 1.7123x 107 1.005 1.7208x 107 0.15 1.1741x 107 1.0179 1.1951x107°
0.25 1.5199x 107 1.0125 1.5389x 107 0.25 3.0929x107° 1.0336 3.1969x107°
1 1.0616x107 1.0361 1.0999x 107 1 3.0825x107° 1.0442 3.2186x107°
increases and lead to a decrease in diffusion coefficient [37]. 0,

With the increase in temperature, the diffusion coefficient of logg = logK + nlogt &)

PF/ZnO-RGO nanocomposites increases. This may be due
to the fact that an increase in temperature leads to a decrease
in the interaction energy.

The sorption coefficients (S) of PF/ZnO-RGO nanocom-
posites increase with an increase in wt% of ZnO-RGO at
three different temperatures. In almost all cases, with an
increase in temperature, there is a decrease in sorption coef-
ficients of nanocomposites is observed. It is also observed
that the sorption values are close to one in varying ZnO-
RGO contents and at different temperatures, indicating that
the filler and temperature can produce a very small change in
sorption properties. The permeability coefficient (P) of PF/
Zn0O-RGO nanocomposites decreases with increase in wt%
of ZnO-RGO and increases with an increase in temperature.

Mechanism of water transport

The empirical relation used for analyzing the results of sorp-
tion experiments is given by [38],

where Q, is the mol% uptake at time t and Q, is the mol%
sorption at equilibrium. The term K is a constant character-
istic of the polymer, indicates the interaction between the
polymer and water. An idea of the mechanism of sorption
is given by the value of n. When the value of n=0.5, the
diffusion obeys Fick’s law and the mechanism of sorption
is said to be Fickian [39]. It occurs when the segmental
mobility of the polymer chains is faster than the rate of dif-
fusion of the permeant molecules. When the value of n=1,
the mechanism of sorption obeys non-Fickian. This happens
when the rate of diffusion of permeant molecules is much
less than the segmental mobility of the polymer chains. If
the value of n is between 0.5 and 1 the diffusion is said to
be anomalous.

Table 3 represents the n and K values of PF/RGO
nanocomposites at 30 °C, 50 °C, and 70 °C. From the
table, it is clear that the values of n at 30 °C are around
0.6 suggesting that the transport mechanism shows a
deviation from the normal Fickian behavior. At 50 °C

@ Springer
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Table3 n and K values of PF/RGO nanocomposites having varying
RGO content at different temperatures

Table 4 n and K values of PF/ZnO-RGO nanocomposites having var-
ying ZnO-RGO content at different temperatures

RGO content (wt Temperature (°C) n K (min~!) Zn0O-RGO content Temperature (°C) n K (min~!)
%) (wt %)
0 30 0.594 0.071 0 30 0.594 0.071
50 0.444 0.296 50 0.444 0.296
70 0.317 6.654 70 0.317 6.654
0.05 30 0.737 0.016 0.05 30 0.635 0.048
50 0.612 0.187 50 0.426 0.295
70 0.413 3.233 70 0.509 1.847
0.08 30 0.668 0.016 0.08 30 0.668 0.043
50 0.422 0.102 50 0.422 0.263
70 0.422 2.361 70 0.696 0.119
0.12 30 0.634 0.013 0.12 30 0.634 0.043
50 0.417 0.036 50 0.417 0.295
70 0.498 0.468 70 0.659 0.119
0.15 30 0.667 0.012 0.15 30 0.667 0.036
50 0.439 0.05 50 0.439 0.221
70 0.483 0.515 70 0.733 0.063
0.25 30 0.658 0.013 0.25 30 0.658 0.039
50 0.399 0.026 50 0.399 0.209
70 0.521 0.268 70 0.745 0.04
1 30 0.548 0.015 1 30 0.548 0.061
50 0.689 0.019 50 0.689 0.031
70 0.548 0.118 70 0.783 0.032

and 70 °C, the values n are less than 0.5 in most cases
and it follows a less Fickian behavior. But at higher wt%
(0.25 and 1), the values of n are close to 0.5 at 70 °C and
the transport mechanism shows Fickian behavior. The
magnitude of K value represents the interaction between
the polymer and the solvent. At all temperatures, the K
values of PF/RGO nanocomposites are lower than neat
PF, which indicates the interaction between the PF chain
and water molecules that can be reduced by the presence
of RGO sheets.

The n and K values of PF/ZnO-RGO nanocompos-
ites are tabulated in Table 4. From the table, it is clear
that the values of n at 30 °C are around 0.6 suggesting
that the transport mechanism shows a deviation from the
normal Fickian behavior. At 50 °C, the n values of the
nanocomposites are less than 0.5 indicating that nano-
composites show ‘Less Fickian’ behavior. But at 70 °C,
above 0.08 wt% ZnO-RGO the n value is higher than 0.6
suggesting that the mechanism shows a deviation from
the normal Fickian behavior. With the increase in wt%
of ZnO-RGO, the n value of nanocomposites showed an
irregular trend at all temperatures. The filled samples
have lower K values than unfilled samples at 30 °C and
70 °C, but at 50 °C, an irregularity was observed throughout
the samples.

@ Springer

Effect of temperature on the water sorption of PF/
RGO nanocomposites

Diffusion and permeation are thermally activated processes.
The temperature-dependent behavior can be used for calcu-
lating the activation energy of water sorption of PF/RGO
nanocomposites. The activation energy of PF/RGO nano-
composites was determined using Arrhenius equation [40]
from the water sorption studies at three different tempera-
tures (30 °C, 50 °C, and 70 °C) is given by

X = X, e E/RT 6)

where X is P or D, X, represents P, or D,, which are con-
stants, E is the activation energy, R is the universal gas con-
stant, and T is the absolute temperature.

Figure 6a, b represents the plot of log D and log P ver-
sus 1/T of various PF/RGO nanocomposites. The values of
activation energies of diffusion (Ej) and permeation (Ep)
were estimated and the heat of sorption (AH,) was obtained
from the difference between Ep and E; (AH,=E,—Ep,). The
obtained values of Ep,, Ep, and AH, are compiled in Table 5.
The value of Ej, and E of nanocomposites decrease with an
increase in wt% RGO, indicating that only little energy was
needed for the diffusion and permeation of water through
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Fig.6 (a) log D versus 1/T graph and (b) log P versus 1/T graph of PF/RGO nanocomposites

nanocomposites. The value of E,, decreases with the intro-
duction RGO from 140.65 kJ/mol (0% RGO) to 47.30 kJ/
mol (1wt% RGO). Ej, value decreases from 141.13 kJ/mol
to 47.71 kJ/mol. The value of AH gives information about
the transport of water molecules through the polymer matrix.
The energy needed to jump the dissolved molecules from
one hole into another is termed as the activation energy of
diffusion. Here, the values are found to be negative indicat-
ing that the sorption is mainly dominated by Langmuir’s
mode with a hole-filling mechanism that plays the main role
in water sorption, giving an exothermic contribution to the
sorption process.

The PF/ZnO-RGO nanocomposites showed resistance
to water uptake at 30 °C and 50 °C. But at 70 °C, the water
uptake of nanocomposites showed an increasing trend. The
activation energy of PF/ZnO-RGO nanocomposites was
determined using the Arrhenius equation. The plot of log
D and log P versus 1/T of various PF/ZnO-RGO nano-
composites is given in Fig. 7a, b. The values of Arrhenius
parameters Ep, Ep, and AH, for water sorption in PF/ZnO-
RGO nanocomposites were tabulated in Table 6. With the
increase in wt% ZnO-RGO, the values of Ej, and E, of
nanocomposites decrease up to 0.25 wt%, and an increase
is observed for 1 wt%. The AH, values are found to be

negative for all composites, following the Langmuir’s
sorption mode. The AH, value increase with an increase
in wt% of ZnO-RGO. AH, value for 0 wt% ZnO-RGO is
-2.52 kJ/mol and for 1 wt % ZnO-RGO it is -0.3 kJ/mol.

Thermodynamics of water sorption of PF/RGO
nanocomposites

The van’t Hoff equation [40] used for the calculation of
thermodynamic parameters such as AH? and AS° is as
follows

AS®  AH®
2.303R  2.303RT

logK, = (N
where K is the equilibrium sorption constant and is given
by

K = No. of moles of solvent sorbed at equilibrium

s

Mass of polymer ®)

R is the universal gas constant and T is the absolute
temperature.

Table 5 Values of Arrhenius

kJ/mol RGO content (%)
parameters Ep,, Ep, and AH,
for water sorption of PE/RGO 0 0.05 0.08 0.12 0.15 0.25 1
nanocomposites
Ep 140.65 98.58 90.65 57.44 52.35 51.91 47.3
Ep 141.13 99.13 91.21 57.94 52.98 52.38 47.71
AH, -0.48 -0.55 -0.56 -0.5 -0.62 -0.47 -0.41

s

@ Springer



191 Page 12 of 15

m 0% ZnO-RGO Linear fit of 0% ZnO-RGO
* 0.05% ZnO-RGO Linear fit of 0.05% ZnO-RGO
14 4 0.08% ZnO-RGO Linear fit of 0.08% ZnO-RGO
v 0.12% ZnO-RGO=——TLinear fit of 0.12% ZnO-RGO
4 0.15% ZnO-RGO Linear fit of 0.15% ZnO-RGO
24 » 0.25% ZnO-RGO Linear fit of 0.25% ZnO-RGO
¢ 1% ZnO-RGO Linear fit of 1% ZnO-RGO
a 34 "
[=1)]
2
4 4
54
-6 L] L] L} L]
2.9x10° 3.0x10° 3.1x10° 3.2x10° 3.3x10°

UTEY

Journal of Polymer Research (2021) 28:191
(b) o :
® 0% ZnO-RGO =——Linear fit of 0% ZnO-RGO
* 0.05% ZnO-RGO Linear fit of 0.05% ZnO-RGO
-144 0.08% ZnO-RGO Linear fit of 0.08% ZnO-RGO
v 0.12% ZnO-RGO Linear fit of 0.12% ZnO-RGO
4 0.15% ZnO-RGO Linear fit of 0.15% ZnO-RGO
-24» 0.25% ZnO-RGO Linear fit of 0.25% ZnO-RGO
& 1%ZnO-RGO Linear fit of 1% ZnO-RGO
A~ 34 *
=T}
=
44
54
-6

L) L] L L
2.9x10° 3.0x10° 3.1x10° 3.2x10° 3.3x10°

UT(K 1)

Fig.7 (a) log D versus 1/T graph and (b) log P versus 1/T graph of PF/ZnO-RGO nanocomposites

The regression analysis plots of log K| versus 1/T gives
the values of AS? and AH®. Figure 8 (a) represents the plot
of log K, versus 1/T. The free energy AG? can be calcu-
lated using the following equation

AG? = AHY — TAS? 9)

where T is the temperature in Kelvin.

The values of AH?, AS?, and AG® were tabulated in
Table 7. The negative values of AH indicated that the
sorption process is exothermic. The positive values of AS
indicated the increase in randomness at the solid-solute
interface when the adsorption process occurs. The feasi-
bility of the process is confirmed by the negative value of
Gibb’s free energy. The negative value of AG also indi-
cated the spontaneous nature of the process at all tempera-
ture ranges.

The thermodynamic parameters such as AH? and AS®
of PF/Zn0O-RGO nanocomposites were calculated using
van’t Hoff equation (Eq. 7). Table 8 represents the values
of AH?, AS°, and AG® of PF/ZnO-RGO nanocomposites.
From the table, it can be seen that all the samples have a
negative AHC value indicating that the sorption process is

exothermic in nature. AS® values are positive for all the
samples. The negative value of AG® indicating the spon-
taneity of the sorption process and the values are found
to be less negative with an increase in wt% of ZnO-RGO.
Figure 8b represents the log K, versus 1/T graph of PF/
Zn0-RGO nanocomposites with varying wt% of ZnO-RGO.

Kinetics of water sorption of PF/RGO
hanocomposites

The sorption in polymeric materials developed compressive
stress and is controlled by the rate of polymer expansion.
The transport of water through PF/RGO nanocomposites is
a rate controlled kinetic process and can be studied by apply-
ing for first order kinetic rate equation as given below [7].

dC

=K. -cC
dt (Co 2

(10)
where K’ is the first order rate constant, C., and C, are con-
centrations at time equilibrium and ‘t’ respectively. The
kinetic rate constant gives an idea about the speed at which

Table 6 Values of Arrhenius

kJ/mol ZnO-RGO content (%)
parameters Ep, Ep, and AH for
water sorption of PF/ZnO-RGO 0 0.05 0.08 0.12 0.15 0.25 1
nanocomposites
Ep 170.37 135.34 79.13 77.48 72.23 48.61 53.77
Ep 172.89 137.64 80.67 78.8 73.54 49.31 54.07
AH -2.52 23 -1.54 -1.32 -1.31 -0.7 -0.3
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Table 7 Thermodynamic parameters of PF/RGO nanocomposites

1/T(K")

Table.9. Rate constants of PF nanocomposites

Sample (%  AH°(kJ/mol) AS°( kJ/mol) AGY( kJ/mol)
RGO)

0 -0.477 0.032 -10.017

0.05 -0.553 0.0318 -10.029

0.08 -0.562 0.0318 -10.032

0.12 -0.498 0.032 -10.034

0.15 -0.621 0.0316 -10.044

0.25 -0.47 0.0322 -10.053

1 -0.409 0.0326 -10.125

Sample Rate Constant of PF/RGO  Rate Constant of
(x10? min~") PF/ZnO-RGO
(x10%> min~)
0 3.14 3.14
0.05 4.52 1.69
0.08 432 1.75
0.12 343 1.31
0.15 4 1.15
0.25 2.74 1.31
1 39 1.14

Table 8 Thermodynamic parameters of PF/ZnO-RGO nanocompos-

K't

ites

Sample (%  AH%(kJ/mol) AS°( kJ/mol) AGY( kJ/mol)
RGO)

0 -0.477 0.032 -10.017

0.05 -0.553 0.0318 -10.029

0.08 -0.562 0.0318 -10.032

0.12 -0.498 0.032 -10.034

0.15 -0.621 0.0316 -10.044

0.25 -0.47 0.0322 -10.053

1 -0.409 0.0326 -10.125

the water molecules penetrates through the medium [41]. On

integration, the above equation can be written as

log(C,, — C,) =logC,, — (11)

2.303

On plotting ‘log (C,, — C,)’ against ‘t’ gives a straight
line with a slope of -K’/2.303. The values of K’ can
be calculated from the slope and it can be compiled in
Table 9. Figure 9a represents the plot of ‘log (Coo - Ct)’
versus time. The RGO reinforced systems showed lower
rate constant values than neat PF. Figure 9b represents
the log C_.-C, versus time graph. The rate constant of PF/
Zn0O-RGO nanocomposites with varying wt% of ZnO-
RGO was tabulated in Table 9. The rate constant of nano-
composites is less than neat PF up to 0.25 wt% ZnO-RGO.
From the Fig. 9a, b, it is clear that the nature of the plot
is linear so that the water sorption of PF nanocomposites
follows first order kinetics.
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Conclusions

The effect of two different fillers RGO and ZnO decorated
RGO (ZnO-RGO) on the water sorption of PF nanocom-
posites is investigated in three different temperatures such
as 30 °C, 50 °C and 70 °C. From the results, it is observed that
the water sorption of PF nanocomposites increased with an
increase in the wt% of RGO. But with ZnO-RGO, the water
sorption behavior of the PF nanocomposites decreases with
an increase in wt% of ZnO-RGO. The difference in the sorp-
tion behavior may be explained on the basis of the morphol-
ogy of the nanofiller, which is the chemical modification
on the surface of graphene oxide (GO). The effect of tem-
perature on the water sorption was studied by determining
the activation energy using the Arrhenius equation. In the
case of PF/RGO nanocomposites, the activation energy of
permeation (from 140.65 kJ/mol to 47.30 kJ/mol) and dif-
fusion (from 141.13 kJ/mol to 47.71 kJ/mol) decreases with
increase in wt% of filler. But, in the case of PF/ZnO-RGO
nanocomposites, the values of E, and E; of nanocomposites
decreases up to 0.25 wt%, and an increase is observed for 1
wt%. The heat of sorption (AH,) values is negative indicat-
ing an exothermic contribution to the sorption process in the
case of both PF nanocomposites. From the thermodynamic
studies, it is clear that the water sorption behavior of PF
nanocomposites is spontaneous. The kinetic studies of the
PF nanocomposites revealed that the water sorption follows
first order kinetics.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10965-021-02490-5.
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