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ABSTRACT: Proton exchange membrane water electrolysis (PEMWE) performs the electrolysis
of water to produce hydrogen, a source of clean and renewable energy. The most used commercial
electrolyte in PEMWE is the Nafion membrane, a material that is expensive and difficult to
recycle. The partial replacement of Nafion with cellulose nanocrystals (CNCs) can produce
composite membranes can increased electrical, mechanical and biodegradability properties. In this
sense, the objective of this work is to study the elaboration of nanocomposites (Nafion-CNC)
aiming at developing high-performance electrolytes for application in PEMWE. The effects of
adding CNCs to Nafion were evaluated. Nafion membranes were produced with two types of
CNCs, one obtained by enzymatic hydrolysis and the other by acid hydrolysis (commercial). The
addition of both CNCs has similar effects on Nafion's properties. For samples with both
commercial and enzymatic CNC, an increase in the modulus of elasticity (10% and 40%
respectively) and maximum stress (10% and 13% respectively) was observed. The two
nanocomposites showedlower initial thermal degradation temperatures, however, they still showed
sufficient stability (Tonset > 170°C) for application in PEMWE (standard operating temperature
<100°C). Furthermore, there was a significant increase in the humidification capacity and increase

in conductivity. Composite membranes were tested in PEMWE and their usability was proven.

KEYWORDS: Proton Exchange Membrane Water Electrolysis (PEMWE), Cellulose

Nanocrystals (CNCs); Nafion;
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INTRODUCTION

In recent decades, the need for environmental conservation has become increasingly
evident, resulting in a growing search for environmentally friendly materials such as those
produced from renewable sources . In this sense, research aimed at the development of new
materials has demonstrated the importance of agro-industrial waste as a raw material for the
preparation of products with higher added value. The use of these residues besides being
economically viable, is also able to minimize environmental problems related to its disposal 2.

Among the various agricultural sectors, sugarcane is known not only for its production
volume, but also for its vast waste generation capacity >. Currently, Brazil is the largest producer
of sugarcane in the world with production between 650 and 700 million tons per year, followed by
India (340 million) and China (115 million) *. Sugarcane bagasse, a residue of alcohol and sugar
production, has been used in the production of second generation ethanol (2G) and has the potential
to be used to obtain products of higher added value, such as nanocellulose °. In recent 5468 cnc
extraction has been explored within the biorefinery concept, since lignocellulosic materials such
as sugarcane biomass can be used in a variety of compounds (soluble sugars), structures (micro
and nanofibers) °, biofuels and other bio-based products '°.

Another material from sugarcane production is straw, a residue of the harvesting process,
consisting of dried leaves and green tops, kept in the field for soil protection or harvested for
bioenergy production '!. The chemical and morphological properties of straw fibers are similar to

those presented by bagasse, making them another potential raw material for the production of
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nanocellulose 2. However, to date, no studies on the use of sugarcane straw to obtain nanocellulose
have been found in the literature.
There are different studies investigating the extraction of nanocellulose from sugarcane

bagasse. The routes for obtaining these nanostructures mainly include chemical methods 3,13-19

1 20,21 22-24

mechanica or an association of methods, such as mechanical and enzymatic
Nanocellulose has characteristics such as high strength and stiffness, low density, good chemical
modification capacity and biodegradability 2*?°. Nanocellulose can be used in the manufacture of

electronic devices 24,26

nanocomposites, packaging, cosmetics, medical and pharmaceutical products, and

recently in the production of nanocomposites based on Nafion and CNCs for application in fuel
cells 2778,

The presence of large amounts of hydroxyl groups on the surface of nanocellulose is able
to ensure a high water absorption capacity, easy functionalization and considerable ability to
establish hydrogen bonds with polar polymeric substrates. In the literature, nanocellulose has been
investigated for applications where these properties are desired such as photonic films, electrolytic
membranes, fuel cells and other related systems 2°. For example, Jiang and *° collaborators studied
film production from bacterial cellulose (BC) and Nafion (through the solvent evaporation forming
method) and observed that the materials produced exhibited an increase in ionic conductivity and
maintained acceptable thermal stability for applications below 100 °C. In another study, Gadim
et @ 28 obtained Nafion membranes with bacterial cellulose (BC) that showed increases in
mechanical properties as well as ionic conductivity. In addition, in the work of Hasani-Sadrabad
and 3! CNCs collaborators were successfully included in the Nafion membrane to maximize fuel

cell performance. The analysis of electrochemical impedance showed that the addition of 5%

(m/m) of CNCs can positively affect the protonic conductivity.
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However, all these studies have concentrated their efforts to produce nafion and

nanocellulose membranes for application in fuel cells. However, the properties presented by these
nanocomposites are promising for inclusion in other devices, such as electrolyte cells with proton-
changing membrane (PEMECs).
PEMEC:s are electrochemical devices that perform water electrolysis for hydrogen production.
These devices have the potential to revolutionize the energy sector and help society overcome the
need to use fossil fuels. PEMECs use water and electric current for hydrogen production without
emitting greenhouse gases and have relatively high efficiency 273233,

The basic structure of a PEMEC comprises two porous electrodes, whose composition
depends on the type of cell, separated by an electrolyte and connected by an external circuit. The
most commonly used membrane is Nafion, which has high proton conductivity (> 100 mS cm-1),
good mechanical strength and chemical stability. However, Nafion is an expensive material,
difficult to recycle at the end of life, has proton conductivity that relies heavily on humidification
and its mechanical stability is compromised at temperatures greater than 100°C 32734,

In view of the above, it is clear the exploration potential of the properties of nanocomposite
electrolytes based on Nafion-CNCs for application in PEMEC. It is also possible to use CNCs

obtained from the use of agro-industrial residuas and produced through greener processes such as

enzymatic hydrolysis.

EXPERIMENTAL
Chemicals and materials
Nafion solution D1021 as 10 wt% dispersion in water 10 wt% was supplied by Dupont. The freeze-

dried Cellulose nanocrystals (CNC) was purchased from the Process Development Center at
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University of Maine (USA) and the graphite oxide dispersion (4 mg/mL, dispersion in water) was

obtained from Sigma-Aldrich. Other chemicals and solvents were of laboratory grids.

Preparation of pure Nafion and Nafion/CNC membranes

For the elaboration of electrolyte membranes, cellulose nanocrystals obtained by enzymatic route
were used from residues of sugarcane production. The protocol for the production of CNCs was
defined based on the results observed in the first stage of this study (item 3.1). The method selected
is the one that employs enzymatic hydrolysis lasting 72 h in treated fibers of sugarcane straw. This
protocol was one of the most promising methods studied because it showed greater balance of
properties in relation to aspect ratio, crystalline index and thermal stability.

For the investigation of the properties presented by membranes produced with chemically
and morphologically different nanoparticles, membranes with cellulose nanocrystals acquired
from the University of Maine were also produced. According to the manufacturer, this commercial
CNC has 0.94 % (m/m) of sulphur, diameters between 5 and 20 nm and length between 150 and
200 nm, density of 1.5 g “™3 and hydrophilic surface®.

Polymeric membranes (100% Nafion) and Nafion nanocomposites containing CNCs
(enzymatic or commercial) were produced through the mold evaporation forming technique
(casting). The membranes were prepared from 10% (m/m) Nafion solution in water (D1021,
DuPont). The solvent used in the preparation of polymeric films was dimethylsulfoxide (DMSO,
Aldrich, PA).

The production of Nafion membranes by casting has already been studied, evidencing the
need for the use of high boiling point solvents, such as dimethylsulxioxide (DMSO). The use of

these solvents allows the processing of materials at higher temperatures, promoting a plasticizing
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effect thus allowing the production of films with properties similar to commercial membranes >°.
In addition, cellulose nanocrystals have considerable dispersal capacity in mixtures in organic
solvents with high dielectric constants, such as DMSO 738,

Due to the need for a high boiling point solvent, the water used as a commercial Nafion
solvent was replaced through evaporation followed by polymer resolubilization in DMSO. For
this, the Nafion solution was maintained at 80 °C in a beaker on a magnetic stirrer until a viscous
residue was obtained. Next, this residue was redissolved in DMSO, obtaining again a solution of
10% (m/m) of Nafion. The solution was kept under magnetic agitation for 24 h. This solution was
used in the manufacture of nafion polymeric films without the addition of nanocharges (Ncast)
and nanocomposite membranes containing Nafion and 10% (m/m) of commercial CNC
(N/CNC_C) and Nafion and 10% (m/m) of enzymatic CNC (N/CNC_ENZ).

As the objective of this work was to perform a partial replacement of the nafion by a
biodegradable material, we chose to work with samples containing high concentrations of CNCs.
Membranes containing different concentrations of CNCs (10, 15, 25, 50% m/m) were then
produced. However, the samples with concentrations of CNCs above 10% (m/m) presented high
frailty and were not suitable for application.

For the preparation of the nanocomposites, in addition to the preparation of the Nafion
solution in DMSO obtained by the procedure described above, CNC dispersions with the desired
mass percentage were prepared using DMSO as dispersant. The CNCs were dispersed in the
DMSO using a tip ultrasound operating at 10% amplitude for 15 min, with cooling to avoid
overheating. Then, the dispersions were maintained 24 h under mechanical agitation. After this
process, nafion solution and CNC dispersions were mixed and maintained under mechanical

agitation for 24 h.
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Membrane conformation was performed by deposition of CNC/Nafion dispersions in petri
dishes for dmso evaporation in a resistive oven. The evaporation process was carried out in two
stages, initially the samples were kept at 80 °C for 18h and then the oven temperature was increased
to 120 °C and maintained for two hours.

After being made, the membranes were washed with deionized water to clean surface impurities
and dilute the residual solvent. Next, the sulphonic groups were activation by immersion of the
membranes in a sulfuric acid solution (0.5 M) 80 °C for 1h. Finally, the membranes were washed

with deionized water and dried at room temperature.

Physico-chemical characterizations

The analysis of infrared spectroscopy with fourrier transform (FTIR) of the membranes
was performed in a Bruker infrared spectrophotometer equipment, model Vertex 70, with ATR
accessory (Attenuated Total Reflectance). Measurements of total attenuated reflectance were
performed with variation of the wave number from 4000 to 650 “™!, resolution of 4 “™! and 32
spectral accumulations per sample.

X-ray diffatometry analysis was performed on a Shimadzu 6000 diffometer using Cu Ko
radiation (A = 1.54 A) in continuous scanning mode with a speed of 2°.min-1 in the Bragg angle
range (20) from 5 to 45°. The samples were cut into squares and fixed with double-sided tape under
a glass blade.

Atomic force microscopy (AFM) images of the membrane surface were obtained under a
Dimension V microscope (Veeco) (CNPEM-Campinas/SP). The images were obtained in tapping

mode at 1 Hz, using silicon needles with a curvature radius of 15 nm and an inclination of 12°.
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The membranes were analyzed by thermogravimetry in a TGA Instruments equipment,
model Q500. The samples were heated to a heating ratio of 10 °C/min in the range of 25 °C to 900
°C, under the nitrogen gas flow of 20 mL ™! The thermal degradation start-up temperatures
(Tonset) were determined by the analysis of the thermogravimetric (TG) and derived
thermogravimetric (DTG) curves. The onset T was calculated by the intersection of the
extrapolation line from the beginning of the thermal event with the tangent to the curve at the
temperature of the maximum rate of thermal degradation of the material (observed in the DTG
curve).

The differential exploratory calorimetry (CSD) measurements of the membranes were
performed in a TA Instruments equipment, model DSC Q-100. The tests were performed in
nitrogen atmosphere under a heating rate of 20 °C ™! it the range of -50 °C to 300 °C.

For the dynamic-mechanical thermal analysis (DMTA) assay, the membranes were cut
with the aid of a mold and a scalpel with stainless steel blade for the manufacture of rectangular
specimens (5 x 30 mm?). The tests were performed on a DMA Q800 equipment from TA
Instruments operating in traction mode at 1 Hz and with a amplitude of 0.005 mm. The temperature
was varied from -30 to 180 °C with a constant heating rate of 2 °C min™ ..

In the same equipment and with the same standard of specimens, mechanical tests were
performed under traction to obtain stress curves — strain according to ASTM D882-18 standard
with modifications **. The test was performed at room temperature and test speed of 1 N min-1.

From the curves ¢ — ¢ the values of maximum stress (MPa), deformation at rupture (%) and elastic

modulus (MPa) were determined. For these assays, at least 6 specimens of each sample were tested.
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To analyze the water absorption capacity, the moistened and dried masses of the
membranes were obtained on an analytical scale. The water absorption capacity of the membranes

(AM) was calculated from equation (16):(16)1

M, M

AM
Ms

(16)1

where M, is the moist membrane mass and M; ;s the dry mass. Dry mass (Ms) was obtained after
heat treatment of the sample in an oven at 60 °C for 24h. To measure the wet mass (M,) the
membranes were kept in deionized water at 80 °C for 1h. Before the mass check, the excess water
from the membrane surface was carefully removed with filter paper.

The proton conductivity (o) of the membranes was determined by Electrochemical
Impedance Spectroscopy (EIE) using a Solartron 1260 frequency analyzer and a teflon sample port
equipped with two electrical connection terminals. Measurements were performed at room
temperature with dry and wet samples.

For this analysis, an ac excitation of 200 mV was used in the frequency range of 30 MHz to 10
MHz, with ten points per decade of frequency.

The resulting Nyquist diagrams were treated using Zahner's THALES software to
determine the values of the resistances of the samples (R). Conductivity () was calculated using
Equation (17), using membrane thickness L (cm), Resistance of Membrane R () and cross-

sectional area of membrane A (cm(17)2%) 7.

L

W (17)2

o =

10
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Preparation of catalyst coated membranes (CCM)

The manufactured membranes and the commercial Nafion membrane were used for testing
in an electrolytic cell with proton exchange membrane (PEMEC). To perform these tests, catalyst-
coated membranes (MCC) were manufactured. The MCC is composed of an electrolyte
(membrane) positioned between two electrodes (anode and cato).

The CCMs with an active area of 3.98°™ were prepared using the Decal method (also called
the transfer method) where the electrodes (catoand anode) are initially deposited on inert teflon
substrates and then transferred to the membrane by otPressing 40,

Initially for the preparation of the electrodes, paints containing catalyst powder, 10%
Nafion solution (m/m) were produced in water (D1021, DuPont) and organic alcohol. The catalyst
powders used in the production of anodic and cathode electrodes were IrO; (Alfa Aesar, Premion,
99.99%) and 60% Pt/C (HiSPEC 9100, Johnson & Matthey), respectively.

The inks were dispersed in an ultrasonic homogenizer (Bandelin Sonopuls HD 3200) and
deposited on inert teflon substrates with the aid of a dosing blade (Coatmaster 509 MCI, Erichsen
GmbH & Co. KG). The electrodes were dried in a resistive oven at 60°C for 3h. Finally, the dry
electrodes were positioned one on each side of the membranes and hot pressed at 100 °C under

pressure of 200 kgf ™2 for 3min. The catalytic layers of the anode and the orpt obtained final loads

of 2.1 mg Ir cm-2 and 0.8 mg Pt cm-2, respectively.

Electrolytic cell test with proton-changing membrane (PEMEC)
The membranes coated with catalyst (CCMs) manufactured were tested in an electrolytic
cell with proton exchange membrane (PEMEC) to obtain polarization curves. The tests were

performed using a Greenlight E60 test station. The porous transport layers (PTLs) used in the box

11
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and anode were manufactured from titanium plates (Bekaert) with 68% porosity and 350 pm
thickness of Bekaert. The anodic and cathode PTLs were coated with iridium creating superficial
layers 0.5 mg cm 2.

To perform the tests each CCM was positioned between the PTL and then the set was placed inside
the electrolyte cell. The cell was then compressed using a press and then positioned at the test
station where all inputs and outputs were connected.

The start of the test occurred with the heating of the electrolytic cell up to 80 °C. Ultrapure
water was preheated to the same cell temperature and supplied at a flow rate of 50 mL ™! to the
anode compartment. Before the beginning of the generation of the polarization curve, the
electrolytic cell was preconditioned the current densities of 0.2 and 1 A 2 for 1h. After this step,
the polarization curve was made by applying predetermined current values, each current applied
was maintained for Smin for the verification of the voltage obtained. The current has been
increased to a maximum of 2.0 V. The results presented are the result of an average of at least

three polarization curves.

RESULTS AND DISCUSSION

In order to verify the effect of the incorporation of the different nanocellulose nanocrystals
in the Nafion matrix, a characterization was performed in terms of composition, structure,
morphology, thermal and viscoelastic properties and prosthetic conductivity. In addition, the
membranes were tested in an electrolytic cell with proton-changing membrane.

The analysis of Nafion and its nanocomposites by means of vibrational spectra in the
infrared region provides information on the chemical and morphological characteristics of the

obtained material. Commercial Nafion (Nafion 115), Conformation Nafion (Ncast) and

12



SciELO Preprints - This document is a preprint and its current status is available at: https://doi.org/10.1590/SciELOPreprints.4294

nanocomposites with the addition of commercial cellulose nanocrystals (N/CNC C) and obtained
by enzymatic hydrolysis of sugarcane straw (N/CNC ENZ) were analyzed using the FT-IR

technique and the spectra obtained are presented in Figure 1.
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Figure 1 — (a) Fourier transform infrared spectroscopy spectra (FTIR) for commercial Nafion
membrane (N115), Nafion obtained by casting (Ncast), Nafion nanocomposite with commercial
CNCs (N/CNC _C) and Nafion nanocomposite with CNCs obtained by enzymatic hydrolysis of
sugarcane straw (N/CNC_ENZ); (b) magnifications of the same spectra in the spectral range from

1600 to 800 cm-1.

All analyzed samples showed the main characteristic bands of Nafion, the positions in the
spectrum of these energy absorption bands in the infrared region are found in Table 1. The
maintenance of these bands in the samples produced by the forming process is indicative that the
method adopted did not affect the integrity of the polymer chains, branches and sulphonic groups,

responsible for the morphology, mechanical and electrical properties of the polymer.

13
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Table 1 - Main absorption bands characteristic of Nafion 284!

2360 -CF 2-CF2- Stretch

1620 OH Angular deformation
1200 CF2 and SO3™ Asymmetric stretch
1142 CFz2and SO3~ Symmetrical stretch
1060 -SOs Symmetrical stretch
980 -C-0-C- Stretch

960 -C-0-C- Symmetrical stretch

The band observed at 2360 ™! is associated with the main polishing chain formed by -CF
2-CF 2-bonds. The band at 1620 ™! is generated fyy, the presence of water contained in the polymer
structure. The bands observed at 1200, 1142 and 1060 “™! may indicate the existence of sulphonic
groups on the membrane, and represented respectively the asymmetric stretch vibration of the S=0O
bond, the symmetrical stretch vibration of the S=O lead and the symmetrical S=O stretch. can also
be attributed to the asymmetric and symmetrical stretch of the C-F bond present in the main chain
of the Nafion. The bands at 980 and 960 “™! present the typical absorbance of the C-O-C bond
present in the lateral chains of Nafion 3%4!,

In addition to the verification of the characteristic bands of Nafion, the FTIR spectra of the
obtained materials were also analyzed to verify the presence of residual solvents of the forming
process. The solvent used in the conformation process was DMSO, when the incomplete removal

of this solvent from the polymer matrix occurs, the spectra of the samples can present three

characteristic bands of this solvent in 2657, 1659, and 1410 ™. The bands at 2657 and 1410 ™!

14
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are associated with the C-H binding of the methyl group present in the DMSO. The band at 1659
em-l s assigned the C=0 and S=O bonds of the solvent *¢. In the spectra of the membranes
produced, none of the characteristic bands of DMSO were observed, suggesting that there is no
solvent residue in the manufactured membranes.

Regarding the spectra of the nanocomposites, the observed patterns are consistent with the
expected chemical structure and composition due to the presence beyond the characteristic bands
of Nafion also of the absorption bands of cellulose nanocrystals (Table 4.2). The main bands
observed that evidence the maintenance of CNCs in the matrix are 3340 cm™! (stretch O-H), 2900
em-1 (stretch C-H), 1430 “™! (asymmetric deformation C-H and C-O), 1315 ™! (c-h angular
symmetric deformation), 897 ™! (c-o-c and c-h stretch). The characteristic band of cellulose at
1061 ™! referring to the stretching of groups C-O and C-H cannot be identified, because it may
overlap the symmetrical stretch band of the sulphonic group present in the Nafion.

The effect of the introduction of cellulose nanocrystals in the polymermatrix of Nafion in
relation to the crystallinity of the membrane obtained was evaluated by X-ray diffraction.
According to difratograms presented in Figure 2, the X-ray pattern of pure Nafion membranes
(N115 and Ncast) are similar and characteristic of a semicrystalline material with a wide diffraction
peak at 20 between 12 ° and 20 °. This observed peak is the result of the overlap of a crystalline

peak (20 = 17.5°) and an amorphic halo (20 = 16°) of the perfluoroeter lateral chains of Nafion>®*2,

15
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Figure 2 X-ray diphrates for commercial Nafion membrane (N115), Nafion obtained by casting

(Ncast), Nafion nanocomposite with commercial CNCs (N/CNC_C) and Nafion nanocomposite

with CNCs obtained by enzymatic hydrolysis of sugarcane straw (N/CNC_ENZ).

As expected, the diffraction pattern of nanocomposite membranes (N/CNC C and
N/CNC _ENZ) corresponds to an overlap of the difratograms of the isolated components (Nafion
and cellulose). In these materials it was possible to observe mainly the appearance of the peak in
20 = 23° referring to the cellulose plan 002 %, There was also a considerable increase in the
peak of broad diffraction at 26 between 12 ° and 20 ° probably caused by the overlap of the
characteristic peaks of the Nafion with the peaks of cellulose at 26 equal to 15 ° (plane 101), 17 ©

(plane 10) 13746,

16
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Finally, the appearance of crystalline peaks characteristic of cellulose in the difratograms
of the nanocomposite membranes produced can be considered evidence that the embedded
cellulose nanocrystals did not suffer degradation during the acquisition of membranes.

To evaluate the changes in the morphology of the Nafion matrix caused by the
incorporation of the different nanostructures, the samples were analyzed by atomic force
microscopy (AFM), as can be observed in Figure 3. The observed surfaces for the commercial
Nafion samples (Figure 3a) and for the Nafion obtained by the solvent evaporation process (Figure
3b) have a rough surface characteristic of Nafion, formed by aggregates in the form of nanometric
particles approximately cylindrical.

In order to evaluate the distribution of cellulose nanocrystals along the polymer matrix,
AFM images were obtained from both sides of the samples (top and bottom). In both samples
containing commercial and enzymatic CNCs, there was a homogeneous distribution of
nanoparticles, and a similar number of nanoparticles can be observed both at the top and bottom
of the membranes.

Regarding the dispersion of the nanoparticles, it was evident that the membranes prepared
from the commercial CNC presented more homogeneous dispersion when compared to
membranes with enzymatic CNC. The probable cause of the variation in dispersion is due to the
difference in loads on the surface of the nanostructures due to the different methods of obtaining.
Commercial cellulose nanocrystals are produced through acid hydrolysis using sulfuric acid, a
process that generates charged nanoparticles, which facilitates the dispersion process **. According
to reports in the literature, suspensions of the commercial CNC (Maine) present high zeta potential

values ~70 mV, being considered highly stable suspensions ***°. On the other hand, CNCs
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obtained by enzymatic hydrolysis are nanostructures with lower amounts of loads and can be

considered moderately stable (zeta potential between ~25 and 31 mV).
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Figure 3 - Images obtained by atomic force microscopy (AFM) from the surface of (a) commercial
Nafion membrane (N115), (b) Nafion obtained by casting (Ncast), (c-d) nano Nafion composite
with commercial CNC (N/CNC C) and (e-f) Nafion nanocomposite with CNC obtained by
enzymatic hydrolysis of sugarcane straw (N/CNC ENZ).

The thermal stability of Nafion membranes with and without cellulose nanocrystals was

investigated using thermogravimetric analysis and the results can be observed in Figure 4 and

Table 2.
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Figure 4 - TG/DTG thermogravimetry curves for (a) commercial Nafion membrane (N115), (b)

Nafion obtained by casting (Ncast), (c) Nafion nanocomposite with commercial CNC (N/CNC _C)
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and (d) Nafion nanocomposite with CNC obtained by enzymatic hydrolysis of sugarcane straw

(N/CNC_ENZ).

Table 2 - Data obtained by TG/DTG for commercial Nafion samples (N115), Nafion obtained by
casting (Ncast), Nafion nanocomposite with commercial CNC (N/CNC C) and Nafion

nanocomposite with CNC obtained by enzymatic hydrolysis of sugarcane straw straw

(N/CNC_ENZ).

25 to 230 150,3 172,0 2,87
N115 2300370  321,5 344,7 8,49 1,17
370 to 600 4715 503,9 86,49
25 to 230 204,8 210,8 3,79
Neast 230t0370  300,0 338,2 9,60 0,65
370 to 600  460,8 505,8 82,66
25 to 170 135,0 149,8 5,55
170t0230  178,8 188,07 2,28

N/CNC_C
230t0370  304,0 324,9 12,49 3,04
370 to 600  452,9 496,5 69,62
25 to 170 134,7 148,8 3,93
170t0230  174,0 183,0 1,74

N/CNC_ENZ
230t0370  306,1 323,7 13,20 5,34
370 to 600  451,1 485,0 68,55
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As can be seen in Table 4.7 (a) both commercial Nafion and Nafion produced by casting presented
three mass loss events typical of this type of material. The first event of mass loss is due to moisture
evaporation and extends to approximately 230 °C, between 230 and 370 °C occurs the second
event attributed to the degradation of the sulphonic groups present in the side chains *°, since the
mass loss observed between 370 and 600 °C is associated with degradation of the main chain of
Nafion *°.

In relation to the membranes produced with cellulose nanocrystals Table 4.7 (c-d) the
thermal degradation profile was similar for the two samples. Through the analysis of the DTG
graphs of these samples it is possible to observe four thermal events with maximum decomposition
temperatures at approximately 150, 185, 325 and 490 °C. In addition to moisture loss, thermal
events that have the highest maximum decomposition temperatures (325 and 490 °C) occur in the
same interval as the events observed for Nafion, suggesting the same origin. On the other hand,
the events observed with maximum decomposition temperatures at approximately 185 °C may
originate due to the degradation of the cellulose nanocrystals contained in the samples. Although
the CNCs both commercial and those produced by enzymatic hydrolysis present thermal
degradation onset temperatures above 200 °C>! and 300 °C, respectively, there are studies that
point to a compromise of the thermal stability of cellulose when used for the production of
nanocomposites 253, According to Noonan et - 2° the sulphonic groups present in Nafion are
capable of generating a catalytic effect that facilitates the thermal degradation of the hydroxyl
groups that make up cellulose.

Although the membranes with CNCs present thermal decomposition onset temperatures

below those observed for pure Nafion membranes, the nanocomposites produced presented
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sufficient stability to be used in electrolytic cells with proton-changing membrane since the
operating temperature of these equipments is less than 100 °C.

Differential exploratory calorimetry (CSD) analysis was used to investigate the thermal
behavior of pure Nafion membranes with CNCs. Figure 5 presents the DSC curves of the first

heating for polymer membranes.

N115

Ncast

N/CNC_C

Fluxo de Calor (mW)

N/CNC_ENZ
N—

-—endo

T T T T T T T T T T T T
-50 0 50 100 150 200 250
Temperatura (°C)
Figure 5 — Differential scanning calorimetry curves of commercial Nafion membranes (N115),
Nafion obtained by casting (Ncast), Nafion nanocomposite with commercial CNC (N/CNC _C)

and Nafion nanocomposite with CNC obtained by enzymatic hydrolysis of sugarcane straw

(N/CNC_ENZ).

The CSD curve obtained for commercial Nafion presented two endothermic peaks, one at

approximately 130 °C and the other with a wider characteristic at approximately 230 °C, results
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that agree with what has already been reported in the literature ©r this material 52,53 The first peak at
approximately 130 °C can be attributed to the glass transition temperature (7¢) of the sulfion #°"°
53 and the second peak, around 230 °C, to the fusion of the crystalline & 33,

The DSC curve of the Nafion membrane obtained by casting also presented the two most
endothermic peaks characteristic of Nafion. 7g for this material showed a slight reduction of
approximately 5 °C when compared to commercial Nafion. This reduction in Nafion Tg obtained
by casting when compared to the commercial has already been reported in the literature >°.
According to Matos et " °° Nafion membranes obtained by casting may present a lower
crystallinity when compared to the commercial membrane produced by extrusion. This reduction
in crystallineness facilitates the mobility of polymer chains thus reducing the glass transition
temperature.

In membranes with CNCs, the addition of both types of nanoparticles caused an overlap of
thermal events that can be related both to the fusion of the Nafion matrix and to the thermal
degradation of the CNCs, as already observed in the TGA analysis (Figure 4).

Dynamic-mechanical thermal analysis (DMTA) was performed to evaluate the viscoelastic

properties of membranes produced with and without CNCs, the results can be observed in Figure

6.
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Figure 6 — Dynamic-mechanical thermal analysis (a) storage module and (b) damping factor as a
function of the temperature of the membranes of commercial Nafion (N115), Nafion obtained by
casting (Ncast), Nafion nanocomposite with commercial CNC (N/CNC C) and Nafion

nanocomposite with CNC obtained by enzymatic hydrolysis of sugarcane straw (N/CNC_ENZ).

For the commercial Nafion membrane the storage module (E') decreases with the

temperature increase and between ~90 and ~140 °C this reduction of E' becomes more pronounced.
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The associated transition presents a maximum in the tand curve at ~120°C and represents the
vitreous transition of material >*.

The Nafion membrane produced by conformation presented a viscoelastic behavior similar
to the commercial membrane. For this material, the tand curve presented a maximum of
approximately 110 °C, evidencing a reduction in the Tg of the material when compared to the
commercial membrane, a result that agrees with what was already observed through the results of
the CSD analysis.

The storage module for membranes produced with CNC was superior to that observed for
pure membranes throughout the temperature range analyzed. This result confirms the role of CNCs
in reducing membrane deformation during heating. Moreover, the increase in the storage module
was more evident for the membrane produced with commercial CNC, this difference is probably
due to the greater dispersion of cncs in the Nafion matrix, as already observed through the Analysis
of AFM (Figure 3). In the tand curve it is possible to observe an overlap of peaks between ~80 and
~180 °C, this overlap of events can be correlated both the vitreous transition of the Nafion and the
process of mass loss already observed for the same temperature range through thermogravimetric
analysis (Figure 4). In addition, this displacement from peak to higher temperatures may be related
to the restriction of movement of Nafion chains caused by the insertion of CNCs, a factor that also
generates an increase in the glass transition temperature of the material.

Mechanical properties of the samples were investigated by tensile tests. The stress-strain

curves that best represent the behavior of the materials are illustrated in Figure 7, and the results

calculated by analyzing the replicate assays of each material are presented in Table 3.
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Figure 7 - Representative stress curves as a function of the deformation of membranes with and

without cellulose nanocrystals.

Table 3 - Mechanical engineering properties of membranes with and without cellulose

nanocrystals.

N115

Ncast
N/CNC_C
N/CNC_ENZ

245.6 £ 8.5

149.3 £ 4.9
2729 + 8.1
403.3+£9.0

143 £0.5
13.9+£0.3
15.9+0.8
16.5+£0.7

100.4 £ 9.0
124.3 + 8.8
98.3 £
78.9 £5.0
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From the stress-strain curves (Figure 7) it is possible to notice that the Nafion obtained by
casting presented a more dubious behavior, represented by the higher level of deformation, while
commercial Nafion presented a slightly more fragile behavior, represented by higher mechanical
resistance. The incorporation of CNCs in the Nafion matrix caused a decrease in the level of
deformation and an associated stress gain, thus altering the mechanical behavior of the polymer.

These results corroborate those already reported in the studies of Noonan and collaborators
2. The authors also used cellulose nanoparticles (nanofibrils) to produce Nafion matrix
nanocomposites from solvent evaporation conformation. The result of this study also demonstrated
that the incorporation of this type of nanoparticle in the Nafion generates an increase in the
maximum stress, but a lower deformation of the material.

The mean values of the elastic modulus, maximum stress and strain for nafion samples
with and without CNC are presented in Table 4.8. These results show that the sample prepared
with enzymatic CNC presented the largest elastic modulus. However, in this sample, the lowest
deformation in rupture was also observed. This result may be associated with the formation of
clusters, as already observed by AFM images (Figure 3). The clusters of CNCs acted as stress
concentration points that accelerated the failure and resulted in lower tensile strength of the
nanocomposites

The hydration capacity of membranes is another important parameter to be investigated,
because it influences the proton conductivity of the membrane, an essential factor for its
application in electrolytic cells with proton-changing membrane (PEMECs). The prosthetic
conductivity of the membrane can be increased by increasing humidification *°. Water absorption

capacity was measured for all membranes studied and the results are presented in Table 4.
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Table 4 - Water absorption capacity in the membranes of commercial Nafion (N115), Nafion
obtained by casting (Ncast), Nafion nanocomposite with commercial CNC (N/CNC C) and
Nafion nanocomposite with CNC obtained by enzymatic hydrolysis of sugarcane straw

(N/CNC_ENZ).

N115 35.5+0.5
Ncast 47.7 £ 0.5
N/CNC_C 54.6 £ 0.1

N/CNC_ENZ  582+0.1

The experimental data regarding the water absorption capacity observed for the
commercial membrane Nafion 115 are similar to those found in articles and manufacturer
specifications °*%7. On the other, the water absorption capacity of the membrane obtained by
casting was higher than that observed for the commercial membrane. This variation in
humidification capacity may be associated with the difference in crystallineness of the members.
The crystalline regions limit the expansion of polymer chains and ensure the mechanical stability
of the material. Thus, for the sulphonic group to expand and absorb water, the expansion must
overcome the elastic energy of the polymer chains, and this energy is greater when the material
has greater crystallineity >*. The membrane obtained by conformation presents a lower crystalline

ity when compared to the commercial one obtained by an extrusion process. Thus, a lower
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crystalline of the chain gives the polymer a lower resistance to its expansion, a factor that increases
the membrane's water absorption capacity.

The insertion of CNCs (commercial or enzymatic) in the Nafion matrix conferred the
membranes a significant increase in humidification capacity when compared with the 100%
Nafion membrane also obtained by conformation. This behavior can be explained by the presence
of hydroxyl groups on the surface of cellulose nanocrystals, which guarantees this material a high
water absorption capacity >°. Furthermore, a more evident increase in water absorption capacity
can be observed for membranes produced with enzymatic CNC. This increase in this property may
be due to the process of obtaining the nanocrystals. With the above, the enzymatic CNC, unlike
the commercial CNC, is produced through hydrolysis without the use of strong acids, such as
sulfuric acid, which promotes the extraction of nanoparticles with a surface predominantly
composed of hydroxyls 60,

In the literature there are reports of increased water absorption capacity with the
incorporation of nanocellulose in Nafion matrices 3. In the work of Jiang et *3°, where Nafion
membranes were produced through the solvent evaporation conformation technique, an increase
in the ability to absorb water was observed with the incorporation of nanocellulose into the Nafion
matrix (between 10 and 50% (m/m)).

The analysis of the electrical conductivity (ionic) of the samples was performed by means
of impedance spectroscopy measurements using the dry and moistened membranes. Figure 8
shows impedance spectroscopy diagrams for (a) wet and (b) dried samples. From the experimental
data, it was possible to determine the conductivity of the membranes, the values obtained are

presented in Table 5.
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Figure 8 - Nyquist graphs obtained by electrochemical impedance spectroscopy at 200 mV

obtained from wet and (b) dry membranes.
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Table 5 - Estimated protein conductivity from nyquist graphs of wet and dry membranes.

N115 (dry) 0,7
Ncast (dry) 0,4
N/CNC_C (dry) 0,2
N/CNC_ENZ (dry) 0,1
N115 (wet) 27,1
Ncast (wet) 28,0
N/CNC _C (wet) 33,7
N/CNC_ENZ (wet) 473

With dry membranes it is possible to observe that the added CNCs led to the reduction of
the conductivity of the membranes. Nanocelluloses (such as CNCs and CNFs) at low humidity
present very low conductivity (~ 1x10-4 ™5<™1) especially when compared to the conductivity of
Nafion ?’. Thus, CNCs added to Nafion at low humidity can be considered isolated. Thus, causing
a reduction of the electrical conductivity of the electrolyte by the volumetric fraction occupied by
isolated particles.

The objective of this work is to use the membranes produced as proton exchange
membranes in water electrolysis cells. During the electrolysis process, the membranes are kept in
contact with water, so it is important to analyze their behavior in the wet state. By comparing the

tests performed with the wet and dry membranes it was possible to observe that the conductivity
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of all samples is increased with the enposition of the material. This is a typical behavior for proton-
conducting polymers such as Nafion, where water acts as a means for transporting 102427,

The conductivity values obtained for wet commercial Nafion are in accordance with the
values reported for this polymeric electrolyte under similar conditions ?’. The wet Ncast membrane
presented conductivity superior to that of commercial Nafion. This difference can be explained by
the fact that Ncast has a higher water absorption capacity. The greater humidification of the
membranes produced by conformation decreases the average free path for the conduction of the
protonic conduction, thus increasing the conductivity of the material *®,

The data presented in Table 5 show that the conductivity of wet samples increases with the
addition of CNCs. For nanocomposites formed from the addition of commercial CNC this increase
is ~ 6 ™5™ The nanocomposites formed with enzymatic CNC this increase is even more evident
reaching an increase of ~ 20 ™5™!_This more expressive increase for samples produced in zymatic
CNC may be caused by the greater capacity to absorb water from these membranes, as can be
observed in Table 4.9.

An increase in the conductivity of Nafion by the insertion of cellulose nanocrystals was
also reported in the work of Hasani-Sadrabadi and 3! c!laboraters T thig study, Nafion membranes
with 5% (m/m) of CNC were produced through the conformation technique and an increase in
proton conductivity was observed in the entire temperature range between 25 and 120 °C.
According to the authors, the CNCs act by connecting the hydrophilic domains of The Nafion
(Closters), thus increasing the number of channels available for proton transport.

The membranes produced and the commercial membrane were tested in an electrolytic cell
with proton exchange membrane (PEMEC). To perform the tests at least three samples of each

cm-2

membrane were coated with standardized loads: 2.1 mg “™ of iridium on the anodyne side and 0.8
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mg cm-2 of

platinum on the cathode side. The tests were performed on all samples using the same
parameters. Figure 9 shows the current versus voltage profiles (polarization curves) obtained
during the tests of the membranes in electrolytic cell. The values of the potentials (V) presented

by the electrolyte cell during the application of certain current densities in each membrane can be

observed in Table 6.
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Figure 9 - Polarization curve of the electrolytic cell with proton-changing membrane.

Table 6 - Potentials presented by the electrolyte cell during the application of different current

densities.
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N115 1.63 +0.00 1.78 = 0.00
Ncast 1.64 +£0.00 1.79 +0.00
N/CNC _C 1.67 +£0.00 1.81+0.00
N/CNC _ENZ 1.68 £ 0.01 1.84 +0.03

The polarization curves presented for all samples present the two typical regions of
polarization curves of a PEM electrolysis. At low current densities, the cell's potential rises sharply
as a result of activation polarization. At higher current densities, the cell potential rises linearly
with the current as a result of ohmic fall (cell resistance) *°.

The membranes produced by conformation containing 100% Nafion showed a slight
decrease in performance when compared to that of commercial Nafion. As can be seen in Table 6,
with the application of a current density of 1 A-cm 2, a performance fall of ~ 10mV was verified.
The same performance fall was also verified for higher current densities.

A reduction in performance was observed for cnc-containing membranes. For the
membrane with commercial CNC during the application of a current density of 1 A cm™2, a
performance fall of ~40mV was observed in relation to the commercial membrane. The membrane
containing enzymatic CNC also promoted a performance fall when compared to the commercial
membrane. However, due to the greater deviations observed among the replicates of the tests of
these samples, it is not possible to affirm that the membrane with enzymatic CNC has a
performance different from that with commercial CNC.

According to the electrochemical impedance spectroscopy assays (Table 5) it was already

possible to observe that the addition of CNCs in the Nafion matrix helps to increase the

conductivity of the material, a fact that should contribute to the increase of membrane performance.
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Thus, a possible explanation for the fall of remains of this material would be a lower addition of
the catalytic layers (anode and cato) the membrane. As can be seen in AFM images (Figure 3), the
membranes produced with CNC showed a higher roughness on both sides of the membranes. These
reliefs on the surfaces of the membranes are able to decrease contact with the catalyst during its
deposition reducing the connection between the parts.

Despite the slightly lower performance of cnc-containing membranes, the results observed
here prove the possibility of application of these nanocomposite membranes in electrolytic cell

with proton-changing membrane (PEMEC).

CONCLUSIONS

The results showed that CNCs can be effectively extracted from lignocellulosic biomasses
of sugarcane (bagasse and straw), using the enzymatic route. These results revealed a more
environmentally correct alternative route for the production of CNCs, which could be explored in
order to add value to agroindustrial lignocellulosic biomass residues.

The yields and properties of CNCs varied according to the duration of hydrolysis reaction,
indicating that this variable can be modulated to obtain a nanomaterial with greater crystallineity
and more homogeneous size distribution. On the other hand, the thermal stability of the CNC
suffered small variations with the enzymatic hydrolysis time, presenting onset T values of
approximately 310 °C for the different samples. Therefore, the enzymatic hydrolysis conditions
used resulted in nanocellulose with high crystalline and thermal stability, important parameters for
the use of this material in various applications, including as reinforcement in nanocomposites.

Among the protocols for the production of CNC via enzymatic hydrolysis studied, the

production route that was shown to be the most promising was the 72-hour duration in fibers
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treated with sugarcane straw. This protocol showed a higher balance of properties in relation to
aspect ratio, crystalline index and thermal stability.

Cnc-based nanocomposite membranes were produced, both enzymatic and commercial.
The solvent evaporation forming technique adopted was able to produce CNC-containing
membranes distributed throughout the material. However, due to the absence of loads in the
enzymatic CNC, in this material it was possible to observe the formation of nanoparticle
agglomerates.

Although the membranes with CNCs presented lower thermal stability when compared to
those observed for pure Nafion membranes, the nanocomposites produced presented sufficient
stability to be used in PEMEC, since the operating temperature of these equipments is less than
100 °C.

Through the DMTA technique it was possible to observe that both the conformation
process caused a reduction in the glass transition temperature, however the results of the
mechanical tests showed that the incorporation of CNCs in nafion generates an increase in the
modulus and maximum stress, but a lower deformation of the material.

The insertion of CNCs in the Nafion matrix conferred the membranes a significant increase
in humidification capacity when compared with the 100% Nafion membrane also obtained by
conformation. In addition, an increase in the conductivity of the cntonic with the insertion of cncs
was observed.

Despite the increase in conductivity, the performance of nanocomposite membranes when
tested in a PEMEC was slightly lower than the commercial membranes. One reason for this result

may be tied to the increased roughness of the surface of composite membranes. The lower
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uniformity of the membrane surface may hinder the fixation of catalysts during the deposition

process, which causes a performance to fall.
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