Journal of Polymer Research (2018) 25:127
https://doi.org/10.1007/510965-018-1520-8

ORIGINAL PAPER

@ CrossMark

Chemically modified babassu coconut (Orbignya sp.) biopolymer:
characterization and development of a thin film for its application
in electrochemical sensors

Paulo Ronaldo Sousa Teixeira? - Ana Siqueira do Nascimento Marreiro Teixeira " -
Emanuel Airton de Oliveira Farias® - Durcilene Alves da Silva’? - Livio César Cunha Nunes® -
Cleide Maria da Silva Leite® - Edson Cavalcanti da Silva Filho' - Carla Eiras'?

Received: 8 November 2017 / Accepted: 16 April 2018
© Springer Science+Business Media B.V., part of Springer Nature 2018

Abstract

The babassu coconut is a plant very abundant in northeast of Brazil and other countries, and any part of plant and fruit becomes residue.
In this study, babassu mesocarp (Orbignya sp) (BM) was chemically modified with phthalic anhydride (BMPA) to increase its
solubility in an aqueous medium, and thus facilitate its processing in the form of thin films. The reaction of modification of the babassu
mesocarp with phthalic anhydride (PA), obtaining BMPA, was confirmed by FTIR, XRD, TG/DTG, Zeta Potential and SEM analysis,
from the differences in the bands of the FTIR spectra, increase in crystallinity, new thermal profile, changes in zeta potential value and
morphology, respectively. The thin monolayer films of BM and BMPA were produced by the self-assembly monolayer (SAM)
technique, and adsorbed onto conductive glass substrates (tin-doped indium oxide, ITO). The electroactive properties of these thin
films were evaluated by cyclic voltammetry (CV). BM exhibited a pair redox pair process of +0.57 V(oxidation) and +0.19 V
(reduction) for BM. In BMPA these redox processes were observed at +0.37 V (oxidation) and 0.24 V vs. ECS (reduction), verifying
that both BM and BMPA are electroactive materials that can be used in the construction of sensor platforms, without the necessity of
being conjugated with other electroactive materials, such as conductive polymers, metal phthalocyanines, or dyes. Furthermore, under
the experimental conditions used, the BMPA presented a more reversible redox process and higher electrochemical stability in
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comparison to BM. This effect occurs because BMPA has higher solubility in aqueous media, which favors the preparation of films
with smaller grain sizes compared to BM films, as observed by Atomic Force Microscopy (AFM). This study showed that BMPA is a
new material with potential for applications in electrochemical sensors.

Keywords Babassu mesorcarp - Phthalic anhydride - Thin films - Electroactivity

Introduction

Natural polymers, are defined as polymers obtained within the
cells of living organisms by complex metabolic processes [1].
They can be structurally classified as polysaccharides, polyes-
ters, and polyamides. These materials degrade by themselves as
a result of the actions of living organisms and/or enzymes, and
generate carbon dioxide, water, and biomass [2].

Recently, naturals polymers have received special attention
from the scientific community, as well as the petroleum, drug,
and food industries [1], due to their important specific prop-
erties such as biodegradability and biocompatibility [3], which
are properties not available in most currently known synthetic
polymers [4, 5]. Natural polymers, such as chitosan [5, 6] can
be used as a matrix for their application in controlled-release
devices, and in environmentally sensitive membranes, as is
the case for cellulose [7].

The main raw materials needed to obtain naturals polymers
include renewable carbon sources, which are generally de-
rived from commercial large-scale plantations of sugarcane,
corn, potatoes, wheat, sugar beet, and sunflower, among
others [8]. Other sources of naturals polymers are lignocellu-
losic materials, which are formed by rigid and fibrous struc-
tures composed mainly of cellulose, hemicellulose
intermingled with lignin through covalent and hydrogen
bonds [9].

The babassu palm tree (Orbignya sp) (Fig. 1a) is abundant
in Brazil, region known as “mata dos cocais”, in the states of
Maranhao, Tocantins, and Piaui [10]. It has a large and cylin-
drical trunk, with a crown with fruits and coconuts of an el-
lipsoidal shape. This fruit contains epicarp, mesocarp,

Fig. 1 (a) Overview of the
babassu palm tree, “mata dos
cocais *“ (Orbygnia sp). (b)
Section of the babassu coconut: a
- epicarp, b - mesocarp, ¢ —
endocarp, and d — almond
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endocarp, and almond at mass percentages of 11%, 23%,
59%, and 7%, respectively, as pictured in Fig. 1b [11].

Babassu mesocarp is characterized as a non-toxic and re-
newable material, and has a great potential to be used in in-
dustrial areas as a food supplement, and an excipient of drugs
[12]. Similar to others lignocellulosic materials, BM is very
reactive due to the available hydroxyl groups on the surface of
the polysaccharides [13]. Due to this reactivity, the Babassu
mesocarp can be modified with the insertion of several chem-
ical groups on its structure, in order to incorporate on polymer
matrix new characteristics.

The great advantage of insertion functional groups on the
BM structure is the increased cation adsorption capacity [14].
In the BM modification process, the hydroxyls present in the
starch, cellulose and hemicellulose can be converted into car-
boxyl groups using reagents such as succinic, phthalic, or
maleic anhydrides [14].

A new applicability for BM comes from processing it in the
form of thin films, fixed on solid substrates and conductors, in
such a manner as to compose the active layer of an electro-
chemical sensor. The term “film” refers to condensed matter
arranged in immobilized layers onto a substrate [15].
Depending on their thickness, “thin films” can be classified
as nanometric (0.1-100 nm), micrometric (0.1-100 um), or
millimetric (0.1-100 mm) [16].

Nanostructured films exhibit molecular organization and
have nanometer scale dimensions (10 m). The organization-
al level of the molecules in the films depends on several pa-
rameters; among them, we considered the nature of the mate-
rial under study and the processing technique used, and their
respective experimental parameters [17].
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Among the different techniques for preparing thin films, the
self-assembled monolayer (SAM) technique is characterized by a
monolayer being adsorbed onto a substrate. This technique can
be easily prepared by immersing the substrate in a diluted solu-
tion containing the molecule, or material of interest, for a specific
amount of time. Additional steps of washing and drying (normal-
ly using N) can be effectuated [18].

The interest in films produced by the SAM technique
in the construction of sensors is due to the high organi-
zation exhibited by the monolayers, which assures a ho-
mogeneous behavior throughout the electrode surface,
contributing to the synthesis of sensors with a greater
sensitivity and reproducibility. Furthermore, the mono-
layer dimension, which is located on a molecular scale,
avoids the slow diffusion of the electroactive species to
the surface, especially when compared to the kinetics
presented by electrodes modified with thin polymer films
or composites. [19].

According to what was presented, and taking into account
the great availability of Orbignya sp. in Brazil and other coun-
tries, the present study aimed to synthesize BM and BMPA
thin films using SAM for their future application in electro-
chemical sensors or biosensors.

Materials and methods
Materials

Babassu mesocarp was obtained as a powder from the
Department of Agricultural Sciences at the Federal
University of Piaui (Brazil), and then granulometry was
performed to measure the grain size, which was approx-
imately 0.074 mm. Analytical standard phthalic anhy-
dride (PA) (Aldrich) and dimethylacetamide (DMAc)
were obtained from Aldrich and used without further
purification. The solution used during the film adsorption
was produced by dissolving the BM powder in dimethyl
sulfoxide (DMSO; Aldrich) and sulfuric acid (Aldrich),
both of which were analytical standard, and used without
their further purification.

Modification of the Babassu Coconut Mesocarp
with Phthalic Anhydride

The modification of BM with phthalic anhydride (BMPA) was
performed in the solid state using the lignocellulosic free car-
boxyl groups [20]. The reaction occurred in an oil bath at
about 131 °C, which is the melting temperature of phthalic
anhydride (PA), where BM and PA were mixed in a ratio of
1:5 (w/w), respectively. After the fusion of the reagents, the
mixture was kept in agitation for 20 min, and the reaction was
terminated by adding dimethylacetamide (DMAc) into the

reaction medium, and allowing the reaction vessel to cool to
room temperature (24 °C) [21]. Afterwards, the product
(BMPA) was separated by centrifugation, and sequentially
washed with acetone and ultrapure water (milli-Q) to remove
the excess phthalic anhydride. The final product was dried in a
stove at 60 °C for 12 h. Fig. 2 shows the scheme for produc-
tion of BMPA [21].

Determination of acidic groups of BMPA

The acid groups of BMPA was determined from the
amount of carboxyl groups attached to the BM surface by
employing the back-titration technique. For this, 0.1 g of
BMPA were treated with 100 mL of aqueous NaOH
(400 mg/dm?) in a 250 mL Erlenmeyer flask for 1 h under
constant magnetic agitation. Then, the material was separat-
ed by simple agitation, and three rates (20 mL) from the
obtained solution were titrated with an HCIl solution
(365 mg/dm®). The concentration of the carboxyl groups
was calculated using Eq. 1 [21, 22],

(CnaorXV Naor )~ (5xCraxVucr) (1)

C =
Mbio

where Cnaon 18 the concentration of the NaOH solution
(400,0 mg/ dm?); Cyycy is the concentration of the HCI solution
(365,0 mg/dm®); Viaon is the volume of NaOH (dm®) used;
Viuq is the volume of HCI spent on titration of excess base
that did not (dm®); and My, is the mass of BMPA ().

X-Ray diffraction- XRD

The X-ray Diffratrograms was performed using a Shimadzu
D600-XR, with 2 in the 5-75° interval, at a scan speed of
8.33x 102 s ', and using a CuK« radiation source with a
wavelength of 1,54 A.

Fourier Transform Infrared Spectroscopy - FTIR

In order to characterize the presence of specific chemical
groups in BMPA, and compare them with those found in
BM, FTIR analyses were carried out using a KBr pellet. The
spectrums were obtained using the Paragon 1000 (Perkin-
Elmer, USA) in the wavelength range from 4000 to

400 cm™', with 64 sweeps at a resolution of 2 cm ™.

Thermogravimetric analysis - TGA and DTG

The TGA/DTG was carried out using a Q600 V20.9 Build TA
instrument, under a nitrogen atmosphere at a flow rate of

@ Springer
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Fig. 2 Formation of BMPA by
moditying babassu mesocarp
with phthalic anhydride

100 mL min ", heating rate of 10 C° min ', and a temperature
range of 25 to 800 °C.

Zeta potential analysis

The measurements of the zeta potential from the BM and
BMPA were determined using a Malvern 3000 Zetasizer
Nano ZS apparatus, (Malverne Instruments, UK). For the
analysis of the zeta potential, the BM and BMPA solutions
BMPA were first prepared in dimethylsulfoxide (DMSO).
Afterwards, sulfuric acid (H,SO,) was added to the solution
at a concentration of 0.05 mol L', and diluted to the ratio of
1:100 (w/w).

Substrate cleaning

The substrates employed in the deposition of the films
were subjected to two cleaning steps. First, they were
cleaned with water and detergent, subsequently, they
were cleaned using plasma. For the measurements of
the cyclic voltammetry, glass substrates covered with
ITO, tin oxide doped with indium, and a conductive
and transparent oxide, were used.

In the first cleaning step, the substrates were initially
immersed in a solution with neutral detergent and ultra-
pure water up to 70 °C. Thereafter, the substrates were
removed and washed with Milli-Q water to remove any
excess detergent. Afterwards, the substrates were im-
mersed in ultrapure water and placed in an ultrasonic
bath for 10 min. The substrates were then immersed in
pure acetone, and heated for 5 min to facilitate the re-
moval of organic matter present on their surface. Lastly,
the substrates were dried and organized in a Petri dish
for the next cleaning step.

Subsequently, the substrates were submitted to a plas-
ma treatment, which was needed for the removal of any
remaining impurities after the initial cleaning step.
Furthermore, plasma cleaning makes the surface of the
substrates more hydrophilic, and thus improves interac-
tions between the substrate and the material of interest

@ Springer

131°C

BMPA

[23, 24]. The parameters utilized to clean the substrates
via plasma are described in Table 1.

Solution for the deposition of Self-Assembled
Monolayers — SAM films

BM (1.0 mg/mL) and BMPA (1.0 mg/mL) solutions
employed in the deposition of the SAM films were freshly
prepared using dimethylsulfoxide (DMSO), and sulfuric acid
(H,SO,), at a concentration of 0.05 mol L', in a 1:6 (w/w%)
proportion, respectively. These solutions were then placed in
an ultrasonic bath at 25 °C for 10 min, and afterwards the pH
of the solutions was adjusted to 2.85. Finally, the solutions
were stored at room temperature until they were used.

Adsorption of Films by SAM technique

The adsorption procedure consisted in immersing the previ-
ously cleaned substrate in either the BM or BMPA solution for
5 min (Fig. 3). The substrate was then removed and immersed
in a wash solution of ultrapure water to remove any excess
natural polymer that was not adsorbed. After the washing step,
the film was dried under a light N, flow, thereby obtaining a
monolayer film of BM or BMPA; this process was repeated
five times to prepare a film with five monolayers.

Cyclic voltammetry

The SAM films deposited on the ITO were electrochemically
characterized by Cyclic voltammetry using a Dropsens pStat
400 BiPotentiostat/Galvanostat of Metrohm apparatus, and an
electrochemical cell that could fit three electrodes. A saturated
calomel electrode (SCE) was employed as the reference

Table 1 Parameters used in the cleaning of the substrates via plasma
Parameters

Plasma time 2 min Frequency 50 kHz
Gas Nitrogen Pressure 200 mTorr
Gas Level ~12.5 cm®/min Gas stabilization 1 min
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Fig. 3 Schematic illustration of
the fabrication of a SAM film
containing a monolayer of BM or
BMPA

Conductive glass

(ITO)

electrode, a platinum spiral (A =2.0 cm?) was used as auxil-
iary electrode, and the working electrode was the ITO sub-
strate with a BM or BMPA monolayer film. The supporting
electrolyte used was a H,SO4 aqueous solution at a
0.05 mol L™" concentration.

Scanning electron microscope — SEM

The morphology of the obtained films was evaluated using a
scanning electron microscope (JSM 6360LV, JEOL/Noran).
The images were collected using acceleration voltages of 15
and 30 kV. Before their examination, the samples were cov-
ered with a thin gold layer by sprinkling using a low deposi-
tion rate, cooled, and placed at a maximum distance away
from target in order to avoid their damage.

Atomic Force Microscopy

Representative films were examined using AFM. The analysis
was carried on the samples in vibrating (tapping) mode.
Imaging was performed using a TT-AFM instrument (AFM
Workshop). All images were collected at 512 pixel resolution
for a 4 x4 um area, and at least three different areas were
examined per sample. Representative data are shown. The
images have been processed, analyzed, and displayed using
Gwyddion 2.29 software. The roughness values shown are for
the 4 x4 um areas and represent the roughness average (Ra)
values.

Results and discussions
Characterization

The acid groups of BM and BMPA was determined by retro-
titration, where BM and BMPA presented values of 43.3 +
0.82 mg g ', and 154.67+0.77 mg g ', respectively, after
the phthalation reaction. This increase in the BM substitution
capacity after phthalation occurred due to an increase in the

Representation of SAM film
based on biopolymer

TN TN TN

-

Drying with
N, Flow

BM or BMPA
solution

Wash solution

number of active sites with the incorporation of the groups
present in phthalic anhydride [25, 26].

The XRD peaks of the PA, BM and BMPA samples are
shown in Fig. 4a. The XRD pattern for BM suggests the pres-
ence of a lignocellulosic polymer, which also presents starch

A
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Fig. 4 a) XRD patterns of PA, BM, and BMPA and b) shows FTIR
spectra of PA, BM, and BMPA
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in its composition, with defined diffraction peaks at 20 =
15.6°, 17.2°, and 23.1° [27].

The diffraction peak in BM at 20 = 23.1° is characteristic of
crystalline-type cellulose [28]. On the other hand, the two
peaks at 20 =15.6° and 17.2° in BM appeared when the cel-
lulose content was high, and contained a high amount of
amorphous components such as lignin, hemicellulose, and
amorphous cellulose [29].

BMPA diffractogram showed new peaks, highlighting the
peak 20 =38.3°, besides the displacement of the characteristic
peaks of the AP at 20 =18.7°1t0 18.6°;21.4°t021.2°,22.5° to
22.3°,27.1°1027.0 °and 37.6 ° to 37.4 °. The observed change
reported that the incorporation of phthalic anhydride occurred in
the crystalline part of the biopolymer, as observed in similar
studies [30, 31].

The increase in the BMPA crystallinity in relation to BM
was expected, since during the modification of BM with PA,
the removal of most of the compounds (lignin and hemicellu-
loses) responsible for the amorphous portion of BM can occur
[32, 33]. The X-ray diffractogram of BMPA showed that after
each step of the surface modification process, there was a
change in its crystalline profile. In addition to the diffraction
peaks characteristic of the structure of the BM sample, we can
also observe the characteristic diffraction peaks of PA, which
confirms the efficiency of the modification reaction. It can
also be seen that after the modification with PA, the XRD
pattern for BMPA does not exhibit the baseline peak of PA.

The modifications are expected to first occur on the hydroxyl
groups of the crystalline region, located on the polymer surface.
After the rearrangement of the surface, new crystallographic pat-
terns appeared due to aromatic-aromatic interactions in PA [20].

In Fig. 4b, the observed band in BM at 3420 cm ' is related
to O-H stretching from the hydroxyl groups of polysaccha-
rides and carboxyl groups of acids. Furthermore, vibrations
related to the C-H group in BM appeared at around
2922 cmfl, and the axial deformation that corresponds to this
group was observed at 1415 and 1372 cm™' [34, 35].

The bands at 1330 cm ™' in the BM come from guaiacyl-
syringyl ring vibrations [36]. The bands at 1012 cm™' of BM
come from the C-O-C group vibration of the pyranose ring of
the polysaccharide monomer. The observed bands below
1000 cm ™' are generally associated to the absorption of the
hydroxylic groups in the polysaccharide monomer [32].

After modifying BM with PA, characteristic bands of the
modification process were observed. The band at 2897 cm ™ in
the BMAPA arises from the bond between the carbon of the
biopolymer and the intramolecular hydrogen of the acidic group
of PA. The bands at 2651 and 2526 cm ™' in BMPA are related to
dimers of the aromatic carboxylic acids present in PA [20].

The most intense MBAF band around 1691 cm™" is related
to the C = O group present in the PA structure.

The bands at 1581, 1470, and 1411 c¢m™ !, which appeared
in the BMPA spectrum, are related to vibrations of the

@ Springer

aromatic ring from the lignin, specifically the guaiacyl ring,
related to (C-H) plan from ortho-disubstituted benzene in PA,
that, although the mesocarp is mostly constituted of starch, it
still has other polymers as lignin e hemicellulose. The band at
1266 cm ™' corresponds to the associated C-O bond of the
aromatic ester group, which is formed from the bond between
the carbon 6 of the starch present in the biopolymer, preferably
with the acidic group of PA [20-39].

The modification of the surface of the BMPA also causes
the appearance of a band at 1069 cm ™' related to the stretch of
the C-O group in the cellulose or starch monomer, which is
found in hemicellulose and lignin. This band at 1069 cm ™’
suggests the effective participation of the glycosidic bonds
3(1 — 4) present in BMPA, involving 7t-7t aromatic-aromatic
interactions of PA [38, 39].

The spectrum for BMPA showed common bands to both
BMPA and PA, indicating the successful phthalation of BM.
The presence of these bands possibly indicates that the anhy-
dride molecules were successfully incorporated into the struc-
ture of BMPA.

The TGA curves provided information about the thermal
stability of the samples, as illustrated in Fig. 5.

In the TGA/DTG curves presented in Fig. 5a and b three
stages of decomposition for BM are observed, and this same
behavior has been observed by Mulinari et al. [40]. The first
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Fig. 5 TG/DTG curves of (a) BM and (b) BMPA
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mass loss, about 14%, occurred in the temperature range be-
tween 25 and 140 °C, and is attributed to the removal of
volatiles and physisorbed water [41]. The second stage of
mass loss, at 57%, in the temperature range of 140 to
370 °C, was associated with the beginning of the thermal
degradation of the hemicellulose (starch and lignin) [42, 43].
The third, last stage of mass loss occurs from 370 °C to
800 °C, with a mass loss of 29%, attributed to the final deg-
radation of the BM structure.

The decomposition of the BMPA happened in four stages.
The first stage of decomposition was attributed to the libera-
tion of physically adsorbed water on the surface of the mate-
rial and synthesis residue, occurring from 25 °C to 180 °C,
with a 4% mass loss, being observed a greater mass variation
than the starting material, since this material has a lower af-
finity for water, becoming less hydrophilic after modification.
The second decomposition occurred from 180 °C to 235 °C
with a 30% mass loss, where the degradation of the modified
group occurred, creating a variety of oxidative processes and
interactions. The third stage is related to the thermal degrada-
tion of the lignin bonds, and the partial degradation of BMPA,
which happened in the range from 235 to 409 °C, with a 55%
mass loss. The fourth and last stage occurred in the range from
409 °C to 800 °C, with an 11% mass loss, and is associated
with the final degradation of the BMPA structure. The DTG
curves for the BM and BMPA polymers (Fig. 5a, b) show that
maximum degradation occurred at around 350 °C and 235 °C,
respectively. This alterations refers to the rupture of inter and
intramolecular hydrogen bonds between the hydroxyl groups
of the precursor material, which occurs after the reaction with
the anhydride, becoming weaker bonds and less intense be-
tween the groups present on the surface in the final material.

Figure 6 shows the micrographs of BM and BMPA. The
BM micrograph, Fig. 6a, reveals the presence of polygonal
oval format granules (characteristics of the starch), without
structural damage and of different sizes. It is also observed
that these granules form agglomerates, possibly due to the
presence of lignin and starch in the BM structure. The

Fig. 6 Scanning electron
micrographs of (a) BM and (b)
BMPA

BMPA micrograph, Fig. 6b, crystalline formations are ob-
served on the surface of the granules, suggesting that the sur-
face of the BM was modified by phthalic anhydride.

The BM and BMPA solutions prepared with
dimethylsulfoxide (DMSO) and sulfuric acid (H,SO,,
0.05 mol L") were characterized by their zeta potential, under
the same conditions used for the thin film formation, in order
to check the loads of these solutions. The results from the zeta
potential showed a medium superficial charge value of
—16.3 mV for BM, and —4.73 mV for BMPA. These superfi-
cial charge values were negative due to the esterification of the
hydroxyls in BMPA, which are anionic [44], and with the
replacement of the OH- groups by PA, the value of the zeta
potential becomes smaller for BMPA, as expected.

Characterization of monolayer films of BM and BMPA
by cyclic voltammetry

Figure 7a shows the cyclic voltammogram of five different
monolayer films of ITO/BM and ITO/BMPA. For compari-
son, the voltammogram of a non-modified substrate was also
considered under the same experimental conditions, and in
this case, no electroactive behavior was observed.

The cyclic voltammogram obtained for monolayer films of
BM and BMPA, deposited on an ITO electrode, Fig. 7a, showed
an electroactive behavior in a supporting electrolyte solution of
0.05 mol L™! H,SO,. The BM film presented an oxidation pro-
cess at +0.57 V vs SCE, while a reduction process was observed
at +0.19 V vs SCE. Although both BM and BMPA presented
electroactivity, however, the modification realized on biopolymer
resulted in a higher definition and reversibility of redox process
of BMPA, as shown in Fig. 7a. In other words, after the modifi-
cation of the polymer, the oxidation potential of the BM film,
previously observed at +0.57 V vs SCE, was displaced to
+0.37 V vs SCE, while the reduction potential moved from
0.19 V vs SCE to 0.24 V vs SCE, as seen in Fig. 7a. In short,
it was observed that the modification of the biopolymer with
phthalic anhydride improved its electroactivity, and facilitated

@ Springer
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Fig. 7 (a) Cyclic voltammograms comparing the influence of
modification with Phthalic anhydride on the electrochemical response
of babassu mesocarp. (b) Anodic and cathodic peak current
dependence by the square root of scan rate obtained for the BMPA
films. All voltammograms were obtained in a 0.05 mol L ! H,S0,
solution for v=50 mV s

its oxidation process in a 0.05 mol L ™! aqueous H,SO, solution.
This increments the advantages of the modification of this mate-
rial for its use as an active layer of electrochemical sensors.

Following this perspective, and seeking to assess the feasi-
bility of the suggested application, the electrochemical mech-
anism of BMPA was investigated (Fig. 7b). The Fig. 7b shows
the current dependence of the anodic (iyx) and cathodic (ieq)
peaks of the BMPA film, as a function of the square root of the
scan rate BMPA. This behavior indicates that the monolayer
film of BMPA had an electrochemical mechanism controlled
by diffusion processes [45].

Table 2 presents the data from the electrochemical revers-
ibility of the BM and BMPA monolayer films deposited on
ITO electrode. In a reversible reaction, the peak current should
vary linearly with the square root of the scan rate, or the ratio
of cathodic and anodic peak current must be equal to one [46,
47]. The lower the value between the Egy and Er.q4 potentials,
the more reversible the reaction, and when the ratio between
the current of the anodic (/o) and cathodic (/req) processes is

@ Springer

Table2  Reversibility System BM and BMPA

Biopolymer Eox - Ereq (mV) Iox / Ireq
BM 330 1.78
BMPA 140 0.93

closer to 1, the response is more electrochemically reversible
[45]. Thus, the results shown in Table 2 confirm that the BM
modification improved the electrochemical reversibility of the
biopolymer.

Figure 8a and b present the results of the electrochemical
stability of the BM and BMPA monolayer films, respectively.
Generically, it was observed that the ITO/BMPA film had a
better stability than the ITO/BM film. This event can be asso-
ciated with an improved reversibility of the redox process in
the polymer after its modification.

In Fig. 8a it can be observed that after the first cycles there
was a sharp decline in the chain density of the BM oxidation
process, set at +0.57 V vs SCE, followed by the total disap-
pearance of this process after the third consecutive scan
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Fig. 8 Consecutive cyclic voltammograms (20 cycles) comparing the
electrochemical stability of (a) BM and (b) BMPA. All voltammograms

were obtained in an H,SO, solution at a concentration of 0.05 mol L ™!,
and with v=50mV s
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Fig. 9 Dynamic-mode AFM
images of glass surfaces covered
with a) ITO, SAM films of b)
ITO/BM and ¢) ITO/BMPA. d)
Shows a comparison between the
roughness average values of
different surfaces studied. All
images are 4.0 x 4.0 um in x and

y

consecutive. Furthermore, there was no stabilization of the
current. This suggests that it is not practicable the use non-
modified BM in electrochemical sensors. On other hand, in
Fig. 8b, it can be observed in the BMPA voltammogram that
after the third cycle there tended to be a faster stabilization of
the current, in addition to a conservation of the oxidation and
reduction processes for 20 successive cycles. These results
show that although the BMPA redox process is not totally
reversible, it is quite stable in the employed experimental con-
ditions, and thus it justifies the use of this system as an elec-
trochemical sensor in future applications.

Morphological characterization of SAM films by AFM

Figure 9 shows representative images of the surface of an
unmodified ITO electrode (Fig. 9a) or modified with a SAM
film of BM (Fig. 9b) or BMPA (Fig. 9c). Figure 9d shows a
comparative graph between the surface roughness of the dif-
ferent surfaces studied.

The morphology observed for ITO is well-known and high-
ly characteristic microstructure, which has been observed by
AFM many times before, for example in EATON and WEST
[48]. This structure, shown in Fig. 9a, consists of somewhat flat
“islands”; each covering areas of 100 nm? up to 1.0 pm? made
up of many small (< 40 nm) globular grains, which stand above
similar globular grains at a lower level [49].

The BM film exhibited a morphology with total ITO coat-
ing by large BM grains, which made it difficult the character-
ization by AFM, which is a technique for observing very small
areas. SAM films are prepared from the solutions of the

160
140
120
100+
80
60
40
20

*k%k

Il

ITO/BMAF

O Roughness average (nm)

ITO ITO/BM

materials of interest and, since BM has low solubility in aque-
ous media, the formation of these large grains is favored. On
the other hand, the SAM film of BMPA presented a very
distinct morphology, with grains of size varying between 40
and 260 nm, distributed throughout the surface of the ITO.
Certainly, the smaller size of these grains facilitates the trans-
port of charges at the electrode/electrolyte interface, which
corroborates with the data obtained by cyclic voltammetry.

An analysis of the average roughness of the surface of these
films was performed and obtained values of 4.48 +0.98 nm,
141.4 +£10.21 nm and 23.3 £ 5.67, for ITO, ITO/MB and ITO/
BMPA, respectively, Fig. 9d.

Conclusion

The modification in babassu mesocarp with phthalic anhy-
dride was confirmed by different techniques.

In the cyclic voltammetry analysis, both BM and BMPA
presented electroactivity in acidic environments; however, the
response of the modified polymer presented a better-defined
redox process, and a higher reversibility and electrochemical
stability. In the stability analysis, it was confirmed that the BM
modification increased the system’s stability in the employed
experimental conditions. This justifies the possibility of using
of the BMPA system as an electrochemical sensor.

According to the results from the voltammetry analysis,
this study proved the electroactivity of BM and BMPA poly-
mers, and BMPA in the form of monolayer films exhibited
suitable electrochemical properties for use in the construction

@ Springer



127

Page 10 of 11

J Polym Res (2018) 25:127

of electrochemical sensors. However, the BMPA film present-
ed better electrochemical response, since the modification of
BM improves its solubility, favoring the preparation of films
with smaller grain sizes, as observed by AFM.
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