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Abstract Banana fibers are an agricultural waste
material with a great exploitation potential due to their
cellulose-rich content. Raw banana fibers (RBF) were
treated with 3-aminopropyltriethoxy silane and glyci-
doxypropyltrimethoxy silane to improve the inherent
limitations of banana fibers, namely its poor cell
adhesion. The fibers’ modification was evaluated by
inverse gas chromatography (IGC). Similar y¢ values
were observed between the RBF and silane-treated
fibers (3941 mJ/mz), which indicates similar reac-
tivity towards apolar probes. However, the decrease in
the entropic parameter indicates the silane covalent
bonding with the cellulose chains making a stiffer
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structure. Organosilane grafting was confirmed by an
increased basic character in the silane-treated fibers
(Ky/K, from 1.03 to 2.81). The surface morphology
also changed towards higher contact area (Spgr
increases 6.7 times) and porosity (Dp increases up to
67%). Both morphological and functional group
reactivity changes suggest that the organosilane treat-
ment offers new opportunities for these fibers to be
used as adsorbents for proteins as well as to cell
adhesion. Therefore, IGC proved a simple and viable
technique in the characterization of silane-treated
fibers.
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Introduction

The use of bio-based renewable materials has been the
focus of the scientific community towards all envi-
ronmental preservation and sustainability of
resources. Natural fibers such as those from banana
fibers, offer several advantages: they are plentiful,
biodegradable, present low health hazards and possess
a relatively high tensile strength (Xie et al. 2010).
Although natural fibers present potential to be
applied as a reinforcement material, the hydrophilic
character attributed to the rich hydroxyl surface can
limit the applications due to the low compatibility with
non-polar matrices such as resins, polypropylene and
polyethylene, and to cell adhesion (Abdelmouleh et al.
2002). Hence, it is of great interest to overcome the
drawbacks of natural fibers through surface function-
alization, such as by using organosilanes.
Organosilanes or silanes are usually applied as
coupling agents between glass fibers and polymer
matrices and present the general formula of R-Si-
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(X)3, where R corresponds to the organic functional
group and X represents the oxyalkyl group (Abdel-
mouleh et al. 2002). The chemical grafting of the
silane onto the surface of the fibers (Fig. 1) encom-
passes the following steps: (1) the hydrolysis of the
silane alkoxy groups onto silanol; (2) the adsorption of
the silanol groups onto the OH-rich surface of the
fibers through hydrogen bonding and (3) chemical
condensation leading to siloxane bridges (Si—O-Si)
and grafting onto the surface of the fibers through Si—
0O-C bonds (Thakur et al.
2013a, b, c, d, 2014a, b, 2016; Khanjanzadeh et al.
2018).

Several works have been done with the aim to study
and evaluate the interaction between natural fibers and
the silanes (Robles et al. 2018; Pujiasih et al. 2018;
Mohd et al. 2016; Gwon et al. 2010). Salon et al.
(2007) evaluated the changes of both these materials
by liquid and solid-state NMR, evaluating the kinetics
of silane hydrolysis by "H NMR spectra, as well as the
resulting composite by different '>C NMR methods.
Also, the same authors have previously studied the
adsorption isotherms of silanes onto the fibers (Salon
et al. 2005). Taokaew et al. (2015), Fernandes et al.
(2013) and Frone et al. (2018) modify bacterial
cellulose with silanes in order to promote new
materials for different applications, such as food
packaging and to cell adhesion of human fibroblast
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Fig. 1 Schematic OR
presentation of the reaction

OH

mechanism of silane- R—Si—OR + 3H0O ——— ®» R—Si—OH + 3ROH
cellulose grafting process. .
i Hydrolysis; ii hydrogen OR () OH
bond formation; iii covalent
bond formation OH /OH
R'—Si—OH + HO-Cellulose ———— > R'—Si—ﬁ -------- HO-Cellulose
OH (i1) OH
OH OH
R'—Si—g -------- HO-Celluose ——— = R'——Si—OCellulose + H,0
\OH OH

onto the fibers (observing an enhancement in cell
attachment and proliferation using 3-aminopropyltri-
ethoxy silane modified bacterial cellulose). Moreover,
Ifuku and Yano (2015) evaluated the mechanical
properties of the silane-treated fibers, observing an
increase of the Young’s Modulus upon increasing
silane concentrations, and therefore an increased
stiffness of the fibers. The fibers’ modification gener-
ates new materials with different properties at the
morphological, mechanical and thermal level. The
assessment of surface properties is important to
predict the interaction of these materials with other
interfaces, such as cell adhesion of human fibroblast,
food packaging or adsorbents.

Inverse gas chromatography (IGC) is an analytical
technique that has been applied recently as a reliable
source of physicochemical data for many non-volatile
materials. This technique can be applied to an array of
materials, namely to natural and treated fibers. For
instance, the effect of saponin onto the surface
properties of banana fibers was studied by Cordeiro
et al. (2013), where changes in the interaction of the
surface active sites toward polar probes, as well as in
the surface morphology, were observed. Deepa et al.
(2015) also extracted nanocellulose from several
lignocellulosic sources, including banana fibers. This
was studied with IGC, where the effect of bleaching
and acid hydrolysis into raw fibers was highlighted.

Following our interest on assessing the surface
properties of unmodified and modified materials, the
aim of the present work was to employ an efficient,
fast and simple methodology, the IGC, to measure and
understand the changes in the surface properties

(iii)

caused by the material modifications. Thus, raw
banana fibers were functionalized with 3-aminopropy-
Itriethoxy silane (APS) and glycidoxypropy-
Itrimethoxy silane (GPS), using a simple and direct
method, which should provide new properties to the
resulting material. These properties were evaluated by
IGC. The literature reports the functionalization of
cellulosic and non-cellulosic materials with organosi-
lanes compounds (Abdelmouleh et al. 2002; Ifuku and
Yano 2015; Khanjanzadeh et al. 2018; Salon et al.
2007; Taokaew et al. 2015; Xie et al. 2010). This work
complements and understands data obtained by other
authors, and also tests the versatility and applicability
of the IGC technique to study the modification of
fibers.

Materials and methods
Organosilane chemical treatment

Raw banana fibers (RBF) were extracted from the
pseudo-stem of the banana plant Musa sapientum,
collected from Marthandam, Tamil Nadu, India.
Organosilane-treated fibers were obtained by treating
the fibers with either 5 wt% of APS or 5 wt% of GPS
(silane weight percentage compared to the fiber
weight) in a mixture of water—ethanol (40:60, v/v).
The chemical structure of the silanes can be found in
Fig. 2. The pH of the solution was adjusted to 4, with
acetic acid and stirred continuously for 1 h. Then, the
fibers were soaked in the solution for 3 h and kept in
air for 24 h. The treated fibers were oven dried at
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Fig. 2 Structure of aminopropyltriethoxy silane (APS) and
glycidoxypropyl silane (GPS)

80 °C for 24 h. The samples were named APSBF and
GPSBF, accordingly to the silane coupling agent
added.

Fourier transformed infrared spectrometer coupled
with attenuated total reflectance (FTIR-ATR)
characterization

FTIR-ATR spectra of the samples were obtained with
a Perkin Elmer Spectrum Two coupled with a
Diamond ATR accessory (DurasamplIR II, Smiths
Detection, UK). 36 scans were acquired in the range of
4000-650 Cm_l, with a wavenumber resolution of
4 cm™ .

Solid-state cross-polarization magic angle
spinning 13carbon nuclear magnetic resonance
(CPMAS '>C NMR) characterization

CPMAS "*C NMR spectra were recorded on a Bruker
Advance IIT 400 spectrometer operating at a BO field
of 9.4 T using 12 kHz MAS with proton 90° pulse of 3
microseconds and a time between scans of 3 s. '°C
CPMAS NMR spectra were acquired using a contact
time of 2000 ps. "*C chemical shifts were referenced
with respect to glycine (C=0 at 176.03 ppm).

Inverse gas chromatography measurements (IGC)

The measurements were carried out on a commercial
inverse gas chromatograph (Surface Measure Systems
London, UK), equipped with both FID and TCD
detectors. The system was automated with the Soft-
ware SMS iGC Controller v1.8. Silanized glass
columns with 3 mm inner diameter and 300 mm
length (dimethyldichlorosilane, Repelcote BDH, UK)
and packed through vertical tapping. The samples
were conditioned overnight at 40 °C followed by 2 h
at the temperature used for analysis.

The measurements were made under infinite dilu-
tion conditions, where the adsorbate/adsorbate
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interactions are negligible and therefore only the
adsorbate/adsorbent interaction are measured. More-
over, under these conditions, the probe molecules
interact with the energetic active sites, following
Henry’s Law. In that region, one should expect
symmetrical Gaussian peaks.

The probes were supplied by Sigma Aldrich, with
analytic grade (> 99%). Methane was used as an inert
reference gas, being supplied, alongside Helium, by
Air Liquide Company, with a purity above 99%. The
physical constants used in IGC were taken from
Alonso et al. (2018) and are displayed in Table 1.

Dispersive surface energy

Dispersive surface energy measurements were carried
out using a series of n-alkanes, from heptane to
decane, at 20, 25 and 30 °C, 0% RH, with a 10 mL/
min flow rate of Helium and at 0.2 p/py (po
corresponds to the gas pressure, p the adsorbate
pressure). The dispersive component was determined
following Schultz et al. (1987), by applying the Eq. 1,
where: AG? is the Gibbs free energy of adsorption of
the dispersive component; R the universal gas con-
stant; T the temperature; V, the gas volume; N4
Avogadro’s constant; a,, the cross-sectioned area of
the adsorbate; 7¢ the dispersive component of the
material’s surface energy; y¢ the probe surface tension
and K a constant.

NI—

AG! =RTIn(V,) = 2Ny - (yg)%-am (v)+K (1)

Specific surface energy

In the case of polar molecules, the free energy of
adsorption is above the n-alkane straight-line, since
both dispersive and specific interactions take place
between the surface and the adsorbate. Thus, specific
interactions correspond to the vertical distance
between the polar adsorbate and the alkane line
(Thielmann 2004). From the specific free energy of
adsorption, it is possible to obtain the surface donor
(ys) and acceptor (y¢) numbers, based on the Good-
Van Oss concept (Oss 1988). Experimentally, one
should use two probe monopolar molecules: an acid
one and a basic one. This way, it is possible to obtain
the parameters indicated above (Goss 1997) from
Eq. 2, where 7/ and 7, are the acceptor and donor
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Table 1 Physical constants

Probe

d
Vi

DN AN*

. . a i 7
of the applied probes in (mJ/m?) (107" m?) (kcal/mol) (kcal/mol) (mJ/m?) (mJ/m?)
inverse gas chromatograph
Decane 0.0234 7.50 - - - -
Nonane 0.0227 6.90 - - - -
Octane 0.0213 6.30 - - - -
Heptane 0.0203 5.73 - - - -
R ) THF 0.0225 2.90 20.00 0.50 - -
¢+ liquid surface tension; a:
. . . DCM 0.0245 2.45 - 3.90 124.58 0
cross section surface area;
DN and AN*: electron AC 0.0165 3.40 17.00 2.50 - -
donor and acceptor EtAc 0.0196 3.30 17.10 1.50 0 457.67
numbers; ;" and y;: surface  \cy 0.0275 2.14 14.10 470 - -

acceptor and donor numbers

numbers of the adsorbate and AG* the Gibbs specific
free energy of adsorption.

AG® = 2N, a,, ( Ys Vi /s VD ) (2)

After obtaining the donor and acceptor numbers of
the surface, it is possible to estimate the specific free
energy of adsorption (y_f,p), from Eq. 3, which corre-
sponds to the geometric mean of these parameters:

Y =2/v57¢ (3)

With both dispersive and specific surface energies, the
total surface energy (y2"“)), corresponding to the sum

of the two components is obtained.
Acid/base character

For the specific surface energy and acid/base character
studies, tetrahydrofuran (THF), dichloromethane
(DCM), acetone (AC), ethyl acetate (EtAc) and
acetonitrile (ACN) were used in the IGC measure-
ments. The measurements were carried out at 20, 25
and 30 °C, 0% RH, with a 10 mL/min flow rate of
Helium and at 0.2 p/py. The K, and K}, constants were
determined from Eq. 4, which, by plotting the results,
the slope should correspond to K,, while the y-axis
intercept corresponds to Kj,.

(AG® /AN*) = K,(DN/AN") + K, 4)
Isotherm measurement

The n-octane isotherm measurements were performed
in the IGC at 25 °C at different concentrations,

between 0.05 and 0.2 p/py, with a 10 mL/min flow
rate. These measurements allowed to obtain the n-
octane heterogeneity profile. In order to obtain the
monolayer capacity (n,,) of the sample, Eq. 5, devel-
oped by Brunauer et al. (1938), was applied, where n
corresponds to the amount of probe adsorbed and c is a
constant.

p/n(py — p) = (¢ = 1)/(nmc)) * (p/po) + (1/(nmc)
(5)

In this way, it is possible to obtain the BET surface
area (Szer) by Eq. 6:

SBET = anmNA (6)

Diffusion parameter

In diffusion analysis, different flow rates of mobile gas
are used. The diffusion coefficient can be obtained
from the width of the elution peak through Eq. 7,
where H is the height equivalent to the theoretical
plate (cm) and u is the carrier gas speed (cm/s).

H=A+ (B/u)+Cu (7)

Parameter A is called Eddy diffusion and is related
to the size of support particles and irregularity of
packing. Parameter B describes the longitudinal
diffusion of the probe along the stream of carrier
gas. The third parameter (C) is related to peak
broadening, which is due to the mass resistance within
the column. Using the constant C, the diffusion
coefficient (Dp) is obtained through Eq. 8, where K
is the partition ratio and d the film thickness (Jackson
and Huglin 1995).

@ Springer
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Statistical analysis

The statistical analysis of the data was carried out
using the IBM SPSS Statistics 23 software. Differ-
ences in the measurements of a given parameter were
assessed by one-way analysis of variance (ANOVA),
followed by a Tukey’s post hoc analysis. For IGC, the
error of the measurements was 3% and the average
values were presented. p values of < 0.05 were
considered statistically different.

Results and discussion

Banana fibers were functionalized with two organosi-
lanes: APS and GPS in order to promote the compat-
ibility with the hydrophobic matrices as well as to
reduce the moisture capacity to preserve the inherent
mechanical properties of cellulose. The functionalized
cellulose fibers were obtained through a simple, direct
and environmentally friendly method. The organosi-
lanes-treated fibers were evaluated structurally and
chemically, as well as the surface reactivity.

FTIR analyses were made to obtain information
about the covalent bond between the silanes and the
raw fibers. The FTIR spectrum (Fig. 3) of raw banana
display typical absorption peaks of cellulose at around

Fig. 3 FTIR spectra of raw
banana fibers (RBF) and
silane-treated banana fibers
with APS (APSBF) and GPS
(GPSBF)

Transmitance

v-OH

3324 cm™! (O-H stretching vibrations), 2893 cm ™!
(C—H symmetrical stretching vibration), 1636 cm ™!
(O-H bending vibrations of absorbed water) and
between 1424 and 1319 cm™' assigned to the sym-
metric bending of CH,, bending vibrations of the C—H
and C-O groups of the polysaccharides rings (Xie
et al. 2010; Abdelmouleh et al. 2002; Mohd et al.
2016; Gwon et al. 2010). Besides that, the bands
present at about 1158 cm ™" are assigned to the C—O—C
bond of the ether group found within the glucopyra-
nose ring and between the glucose monomers (Fan
et al. 2012). Moreover, a peak can be observed at
1733 cm™ !, which indicates the presence of hemicel-
lulose (Cordeiro et al. 2011). After the chemical
modification of banana fibers with APS and GPS, a
slight increase of Si specific peaks around
1160-1104 cm™! and at 700 cm™!, which fact was
attributed to Si—O-Si and Si—O-C symmetric stretch-
ing. These two respectively indicated that the
organosilanes were successfully incorporated onto
the surface of banana fibers. These peaks are over-
lapped with the intense C—O-C vibration bands of
cellulose in the same spectral region (Khanjanzadeh
et al. 2018; Mohd et al. 2016; Gwon et al. 2010).
Furthermore, the disappearance of the peak at
1244 cm™" (assigned to C—OH bending vibrations in
plane at C6) and the high increase of the peak at
1189 cm™! (attributable to Si—C bond), is indicative of
a reaction between organosilanes and cellulose (Ab-
delmouleh et al. 2004; Gwon et al. 2010). Moreover, a
slight increase in the specific peaks around

3950 3400
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3591-3200 cm ™', 1600-1580 cm™" and 1118 cm ™",
assigned as N-H stretching and bending vibrations,
respectively, of the APS chemical reagent (Mohd et al.
2016), were observed.

Solid-state '>C NMR measurements were also
performed to provide/confirm information regarding
the structural features in the cellulose fibers and silane
modified fibers. Figure 4 shows the CPMAS *C NMR
analysis of raw and modified RBF with APS and GPS.
The spectra showed the six well visible signals in the
107-62 ppm range, attributed to the structure of
cellulose network: 62—-65 ppm assigned to carbon
C6, which the signal split into a contribution of the
amorphous non-hydrolysed cellulose at 62 ppm and of
the crystalline part at 64 ppm; 71-77 ppm corre-
sponding to carbons C2, C3 and C5, which contribute
to the p(1-4) linkage; 85-90 ppm assigned to
104-107 ppm corresponding to carbon C1 (Robles
et al. 2018; Khanjanzadeh et al. 2018). After chemical
modification with APS, new peaks were displayed
corresponding to the characteristic signals of APS at
55.8,46.1 and 20.7 ppm assigned to the O—-CH,—CH3,
0-CH, and f-CH, resonances (Khanjanzadeh et al.

Fig. 4 CPMAS °C NMR
spectra of raw banana fiber
(RBF) and silane-treated
fibers with APS (APSBF)

C2.3.5 7

2018; Robles et al. 2018). In GPS’s case, its charac-
teristic chemical shifts were shown to have a lower
magnitude at 57.0, 22.8 and 5.6 ppm attributed to
CH,(OH)-CH(OH)-CH,, CH,-O-Si and CH,OH
resonance (Hoebbel et al. 1998). The presence of
these peaks in the silane-treated fibers supported the
FTIR data reporting a successful reaction of silanes
with cellulose chains.

Silane-treated fibers surface characterization

The implementation of IGC in the analysis of the
silane-treated fibers offers the opportunity to study the
interactions between probe molecules with different
properties and the surface of the samples. Thus, linear
alkane probes will be used to determine the dispersive
(van der Waals) interactions, while a series of polar
probes will be used to determine the acid-base
character changes upon organosilane treatment.

MMI;V )J [

and GPS (GPSBF) Cl1 HO
C6 b CHx(OH)-CH(OH)-CH: < CH2-0-Si a CH:OH
c4 Rl N o 5
T T T T T T T T T
60 . 50 40 30 20 10 0
ppm (11)
(©)
D @y O-CHx-CH;
p-CH;
= D
T T T T T T T T
60 50 10 30 20 10 0
(b) ppm (1)
_OH
/
&
e )
OHO O—_
1
(a) OH
T T T T T T T T T T
100 50 0

Chemical Shift (ppm)
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Surface energy

The IGC data regarding the surface energy parameters
(Eq. 1) of the samples can be found in Table 2 and
Fig. 5. Raw banana fibers (RBF) present a yf value of
39.49 mJ/m? at 25 °C, which is similar to the values
found in literature, such as in Cordeiro et al. (2013),
where microcellulose extracted from banana had a 7¢
value of 39.90 mJ/m?>. Also, Mills et al. (2008) studied
different natural fibers, presenting a surface energy
between 36 and 44 mJ/m? at 20 °C, which includes the
values obtained in the current work at the same
temperature.

With the organosilane treatments, the banana fiber
did not suffer significant changes in the 7¢ values.
Although, similar surface energy values do not
necessarily mean equal surfaces, since the resulted 7¢
value is influenced by the amount and energy of the
active sites that interact with the probe at the surface.
Thus, the heterogeneity profile of n-octane was
determined and an increase is observed in the number
of high-energy active sites, with a substantial decrease
in the number of low-energy active sites upon
organosilane treatment (Fig. 6). This is because the
native groups of the fibers became partially inacces-
sible, which lowered the amount of interactions with
the surface non-polar active sites, as well as the partial
substitution of the hydroxyl groups into the silane,
which slightly increased adsorption potential.

Regarding the decrease of the surface energy with
the temperature (Fig. 5), it was determined that the
Ay? /AT presents a negative trend due to the thermo-
dynamics of adsorption. Being an exothermic phe-
nomenon, according to the Le Chatelier’s principle,
increasing the temperature makes adsorption less
favourable. Thus, with increasing temperature, the

interactions between the adsorbate and the surface are
reduced, leading to lower yf values. Upon the
organosilane treatments, the fibers present lower
influence of the temperature on the surface energy
value (p < 0.05). This indicates that after the
organosilane covalent bonding with the fiber, there
was an overall decrease in the degrees of freedom,
meaning that the organosilane grafted could hinder the
movement of the cellulose chains, therefore making a
stiffer surface. This observation goes in accordance
with the study made by Ifuku and Yano (2015), where
the silane treatment led into lower Young Modulus
values, and therefore lower elasticity of the fibers.

Surface acid-base interactions

Concerning the specific interactions that the sample
can establish, a series of polar probes were injected, at
different temperatures, and the respective specific free
energies of adsorption (4GY’) obtained can be found in
Table 3 and Fig. 7. The AG{ values cannot be
compared between probes, because they depend on
them. But the comparison of the same probe before
and after modification can give information about
surface acid-base changes. Although the probes have
the same tendency, the magnitude of the variations are
different. Increased interactions can be observed with
ethyl acetate (up to 8%), acetonitrile (up to 31%) and
acetone (up to 7%), while on the other hand with
dichloromethane (up to 10%) and tetrahydrofuran (up
to 18%), the interactions had decreased. This indicates
that the organosilane treatment functionalized the
fibers and therefore alters its reactivity towards to
polar probes.

Regarding the acid/base surface character, the K,
and K, values were determined using Eq. 4 (Table 2).

Table 2 Surface energy parameters, surface area, diffusion coefficient and acid/base parameters to raw and silane-treated banana
fibers with 3-aminopropyltriethoxy silane (APSBF) and glycidoxypropyltrimethoxy silane (GPSBF), at 25 °C

Sample ¥ AyIAT e yie K, K, Ky/K, Sser Dp
(mJ/m?) (mJ/m?K) (mJ/m?) (mJ/m?) (m*/g) (cm?/min)
RBF 39.49* —0.24* 40.65*° 80.14° 0.11° 0.11° 1.03° 0.23° 0.09°
APSBF 39.23% —0.19° 37.38% 76.60° 0.09° 0.23° 2.58° 1.45° 0.15°
GPSBF 41212 —0.11° 42.27%° 83.47° 0.09° 0.26° 2.81° 1.54° 0.13°

Values in same column not sharing a common superscript are statistically different (p < 0.05); y¢: dispersive component of surface

atotal,

energy; Ay%/AT: temperature dependence of the surface energy; y%: specific component of the surface energy; %" total surface
energy; K,: acidity constant; Kj,: basicity constant; Spr7: surface area; Dp: diffusion coefficient
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Fig. 5 Dispersive surface
energy plot of raw (RBF) 45 4
and silane-treated banana
fibers with
3-aminopropyltriethoxy
silane (APSBF) and 43 A
glycidoxypropyltrimethoxy
silane (GPSBF), at 25 °C = © GPSBF
E 41 |
-
E
A RBF
~, 39 4
=2
) APSBF
37 A
35 T T T T
18 21 24 27 30 33

Temperature (K)

35 1

30 A

25 1

20 1

15 1

10 1

-dN/dA (10° mMol.Mol/(g.J)

—RBF

- - GPSBF

— - APSBF

10 15

Adsorption potential (kJ/Mol)

Fig. 6 n-octane heterogeneity profile of raw (RBF) and silane-treated banana fibers with 3-aminopropyltriethoxy silane (APSBF) and

glycidoxypropyltrimethoxy silane (GPSBF), at 25 °C

A significant increase in the surface basicity is
observed upon the organosilane treatments (K,/K,
increases up to 173%), which was related to the
decreased amount of hydroxyl groups present (there-
fore, lower K, values) and increased C—O-Si and Si—
O-Si bonds (increased K values) that occurred with
organosilane grafting (Fig. liii). Moreover, taking
into consideration the functional groups present in the

silane molecules, when the chemical bond between the
fiber and the coupling agent occurs, the resulting
material presents amine (in case of APSBF) or epoxy
ring (in case of GPSBF), which further increases the
basic character (Fig. 2).
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Table 3 Specific free energies of adsorption (4G™) to raw
(RBF) and silane-treated banana fibers with 3-aminopropyl-
triethoxy silane (APSBF) and glycidoxypropyltrimethoxy
silane (GPSBF)

Sample T (°C)  AG*” (kJ/m?)

THF DCM AC EtAc ACN

RBF 20 968" 6.76° 5.81* 7.09° 10.62°
25 946° 6.66° 573* 7.15% 10.49°
30 922* 675 5.82% 7.07* 1044
APSBF 20 7.97° 619" 5.60° 7.31°  12.74°
25 7.90°  6.06° 5.60° 723 12.57°
30 7.88°  6.08 561" 7.5 12.50°
GPSBF 20 855" 625 6.50° 834> 1327°
25 836" 6.08* 6.41° 815" 13.24°
30 824  6.09° 636 8.00° 13.69°

Values in same column not sharing a common superscript are
statistically different (p < 0.05)

AGY  specific Gibbs free energy of adsorption, THF
tetrahydrofuran, DCM dichloromethane, AC acetone, EtAc
ethyl acetate, ACN acetonitrile

Surface morphology

The BET surface area (Szz7) and diffusion (Dp) were
assessed on the samples in order to evaluate changes in

the surface morphology, using Eqgs. 5-8, and the
resulted values can be found in Table 2. It is possible
to observe a significant increase (p < 0.05) in the Sger
value upon the organosilane treatments, from 0.23 to
up to 1.54 m%g. The diffusion parameter (Dp) also
increases upon organosilane treatment, indicating a
higher permeability of the probe to across the sample
Table 2).

The cellulose reaction with the organosilane agents
can occur on the surface or in the bulk material. If the
reaction occurs on the material surface, it can be
efficiently available by IGC, by assessing the changes
in the surface energy, acid—base character and surface
roughness (evaluated by the surface area). On the other
hand, if the reaction occurs inside the material, the
bulk agents force the fibers apart (Fig. 8), increasing
the spatial distance between the cellulose chains,
which create new pores in the material. By IGC, this
effect can be evaluated by the surface area and
diffusion increase.

Thus, in the present study, the increase of the
surface area was due to the increase of the roughness
and/or due to the increase of the material porosity
(Faria et al. 2019). By creating more pores, the gas can
flow more and the Dp increases, as observed.

14

i RBF
12

10 1

AGS  (kJ/m?)
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Fig. 7 Specific free energy of adsorption (AG) of polar

probes onto RBF and silane-treated banana fibers with
3-aminopropyltriethoxy silane (APSBF) and
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glycidoxypropyltrimethoxy silane (GPSBF), at 25 °C. THF
tetrahydrofuran, DCM dichloromethane, AC acetone, EtAc ethyl
acetate, ACN acetonitrile
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Fig. 8 Schematic representation of silane treatment onto the fibers surface

The porosity and roughness increase for the silane-
treated fibers can lead to an increased surface adhesion
and cell viability, as shown in the studies presented by
Biazar et al. (2011) and Dowling et al. (2011).

Conclusion

Banana fibers were grafted with organosilane to
improve their inherent properties. Additionally, to
the FTIR and NMR techniques, currently used to show
the reaction between the fibers and organosilane, IGC
technique offered a new perspective to evaluate the
reaction and the changes occurred during organosilane
reactions. In fact, through IGC, it was possible to
observe changes at the surface samples, which indi-
cates the presence of the grafting of both organosilane
under study. The overall results from this work show
that the new material presents a stiffer, rougher and
more porous structure, as well as a more basic
character, which confer to the banana fibers improved
mechanical properties and a more reactive surface.
Regarding its application, IGC supports previous data
found in literature, where an increased surface rough-
ness and porosity is observed, which could in fact
promote cell adhesion.
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