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Abstract: The present study focuses on the use of Luffa Cylindrica fibers as a reinforcing agent in a
fluoroplastic (PTFE) polymer matrix and TiO; nanoparticles as a photocatalytic agent with different mass
fractions (%), for the purpose of the preparation and structural characterization of a new biocomposite material.
The granulometry and zeta potential were measured using dynamic light scattering and laser Doppler
velocimetry respectively. Structural and vibrational properties of the PTFE/TiO./LC fibers composites were
characterized by micro-Raman spectroscopy in oblique backscattering configuration and FTIR spectroscopy.
Lastly, thermal properties were investigated using TGA and DSC. Further, the photocatalytic activity of samples

was tested for the degradation of Methylene Blue dye (MB) in aqueous medium.
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1. Introduction

Biopolymer composites offer promising properties in terms of biocompatibility, biodegradability,
abundant availability, specific rigidity, flexibility over processing, and control of the overall polymer
permeability[1-5]. These properties are classified into two groups: environmental and mechanical. The
development of these materials is due to environmental concerns: while synthetic polymers derived from
petroleum are widely used and exhibit satisfying mechanical properties, their environmental cost is no longer
acceptable. Following the advent of environmental awareness a few decades ago, biocomposites have since then
been successfully used in many areas of human activity as substitutes for synthetic ones: the automotive
industry[6,7], construction materials in civil engineering[8,9], aerospace engineering[10,11], packaging[12,13],
maritime industries[14,15], textiles[16,17], agriculture[18,19], electronics[20,21], medicine and pharmaceutical
industries[22—25], and some others[26,27].

Many natural species have already been investigated to find suitable ones for these applications. Several
studies have pointed out the mechanical and acoustic properties of Luffa Cylindrica[28-30], and also reported its
potential in the textile industry and in environmental and bioprocess engineering where it can be used to remove
chromium III, cadmium and nickel II ions from contaminated aqueous media[31,32]. It also has interesting
medical properties as some of its chemical components (phenolics, lavonoids, oleanolic acid, ascorbic acid, a-
tocopherol, carotenoids, chlorophylls, triterpenoids and ribosome-inactivating proteins) are of great value as anti-

inflammatory agents or as immunostimulants for example[33].
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Luffa Cylindrica (LC) is an annual species of vine classified in the cucurbitaceous family[34]. This plant
is common in tropical and sub-tropical regions from North Africa to South and Southeast Asia and in South
America[35]. It produces a fruit with a cylindrical shape and an internal structure similar to a sponge with a
cellulose fibril arrangement forming a fibrous vascular system[36]. The fibers are mainly made of cellulose (63.0
+ 2.5)%, lignin (11.7 + 1.2)%, hemicelluloses (20.9 = 1.4)% and ash (0.4 = 0.1)%[35-38] and are shaped as
continuous hollow microchannels with a diameter of 10-20 pm up to 800 pum for the macropores[39—41].

The choice of the matrix to use with LC depends on its application. For example, the use of a
polyurethane matrix is suitable for building materials where thermal stability and acoustic properties are
important criteria[35]. In the present study, the matrix was made of titanium dioxide-polytetrafluorethylene
(TiO,-PTFE). Its antibacterial and anti-corrosion properties are of great interest in medical science for implant
purposes where implant-related infections and complications are problematic[42,43].

The aim of the present work was to develop and characterize a new biocomposite material based on Luffa
Cylindrica fibers as reinforcing agents in a fluoroplastic polytetrafluoroethylene (PTFE) polymer matrix and

TiO; nanoparticles as photocatalytic agents at various mass fractions (%).

2. Experimental methodology

2.1. Sample characteristics and preparation

The three materials used in this study are shown in Figure 1. The first material, nanoparticles of titanium
dioxide (Degussa P25 TiO»), is commonly used in photocatalytic reaction systems due to its high level of
activity. The particles have a spherical shape and a specific surface area of 51 m?. Its anatase/rutile composition
is 70:30. The second material used is polytetrafluorethylene (PTFE) as the main element of the matrix alongside
the titanium dioxide. This material is well-known for its low friction and non-reactivity qualities, finding
applications from wiring in aerospace to nonstick pans in the kitchen. The third material is the fibers of Luffa
Cylindrica. The fibers, used as a reinforcement agent in the PTFE matrix, were collected from the Mediterranean
region. This material is not manufactured like the other two and its preparation is presented here. Dry fruits of
Luffa Cylindrica were collectedin the north-east of Algeria in a region named Constantine. The harvested fruits
were washed several times with distilled water, then dried at ambient temperature during three days and finally
dried about thirty minutes at 110 °C. Once this step had been completed, the fibers were cut into small pieces
and then ground at a temperature of about -196 °C via a cryogenic grinding process. This process yields similar
particle sizes in terms of granulometry and also maintains the initial chemical and physical properties of the
fibers. The powder thus obtained was then sieved for 20 minutes in order to select only particles with a size
below 200 pm. The selected fibers were finally washed and dried a last time to eliminate any residual
contaminants. The whole procedure of the LC fibers preparation is summed up in Figure 2. The obtained fibers
were visualized using light microscopy (Euromex, Holland) equipped with a digital camera system (CMEX
5000). The fibers morphology analysis was performed by Image Focus software. The Luffa cylindrica fibers
shown in Figure 1(d) are heterogeneously distributed with different shapes; their length can reach several tens of
micrometers.

Once all the materials had been individually prepared, the PTFE/TiO»/LC fibers biocomposite samples
were prepared by manual milling. An analytical balance was used to weigh the three basic compounds, which

were then sieved and mixed together by vigorous manual milling in a mortar for approximately 15 minutes.
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Three different mass fractions were considered for the samples, as reported in Table 1, in order to produce a
biocomposite material at the percolation threshold.

Finally, the samples are formed into cylindrical pellets with 13 mm in diameter and 4.4 mm in thickness
using a hydraulic press to compress the sample into powder form in a pelletizer (the force applied is 5 metric
tons), see Fgure 3(a). Figure 3(b) shows the scanning electron microscopy images (SEM) and Elemental
analysis (EDAX) of sample 2, obtained using a ZEISS GeminiSEM 500 with a field emission Schottky source
equipped with an EDAX SDD for chemical analysis. For the surface composition of the samples, we notice the
presence of chlorine due to the use of commercial TiO,, which was synthesized by the chloride process

according to the following reaction: TiCl, + 0, — TiO, + 2Cl,

Figure 1. Ground materials used in the present study. (a) Degussa P25 TiO. (b) Polytetrafluorethylene
(PTFE). (¢) Luffa Cylindrica fibers. (d) microscopic photo showing the spatial distribution, shapes,

and sizes of the obtained fibers.
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Figure 2. Preparation steps of Luffa Cylindrica fibers

Table 1. Mass fractions of the studied samples

Sample number PTFE (%) TiO:2 (%) LC fibers (%)
1 65 5 30
2 70 5 25
3 60 5 35
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Atomic percentage Certainty

F 65.9% 0.99

o} 16.3 % 0.98

cl 9.2% 0.99

C 4.4 % 0.98

Ti 4.2% 0.99
®

Figure 3. (a) Example of samples, (b) Scanning electron microscopy images (SEM) and Elemental analysis

(EDAX) of sample 2.

2.2. Characterization

The samples were characterized using the following methods: general properties with particle size and
zeta potential measurements, structural and vibrational properties with spectroscopic approaches (both Raman
and Infrared) and thermal properties by both thermogravimetric and differential scanning calorimetry analysis.
The particle size of the studied biocomposite was investigated by dynamic light scattering (ZetasizervNano
7ZS590; Malvern Instrument Ltd., GB). All the samples were reduced to powder and then diluted in distilled water
with a concentration up to 1 mg/mL and a pH of 6 prior to its injection in the analyzer device. The light used in
this apparatus was a He-Ne laser source (wavelength of 633 nm) and the scattering angle was 90°. During all
experiments, the gain and shutter settings remained constant. The same apparatus was used to determine the zeta
potential, but instead of light scattering the technique employed was laser doppler microelectrophoresis. This
technique measures the electrophoretic mobility from which the zeta potential is then deduced via the

Smoluchowski equation, Equation (1):

Pep =78 M

with i, the electrophoretic mobility of a particle in m*.V"'.s, gy the vacuum permittivity in C.V-'.m’, &, the
dielectric constant of the medium, 71 the viscosity of the medium in Pa.s and { the zeta potential in V.

The structure of the biocomposite was then investigated with two spectroscopic approaches, Raman
spectroscopy and FTIR. Raman spectroscopy was used to characterize the molecular structure of the samples.
Raman spectra were recorded with a micro-Raman spectrometer in backscattering mode (SENTERRA R200-L
with a CCD sensor cooled at -65°C). The excitation wavelength was 785 nm and obtained with an Ar laser and
the laser power was fixed at 100 mW during the experiments. In all experiments, the exposure time was 10 s and
spectra were recorded in continuous scanning mode from 400 to 4000 cm’'. The second, complementary
spectroscopy approach, Fourier Transform InfraRed spectroscopy (FTIR), was performed on the samples with a

Jasco FT/IR-6300 type A (Jasco Analytical Instruments, Easton, MD, USA) coupled with an Attenuated Total
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Reflection module (ATR PRO450-S, 45° incident angle). All spectra were collected with a resolution of 4 cm’!
in continuous scanning mode (speed rate of 2 mm.s!) from 4000 to 500 cm’!.

The thermal properties of the samples were studied using thermogravimetric analysis (TGA) and
Differential Scanning Calorimetry (DSC) with the ATR method and a TGS detector. These analyses were
performed simultaneously for all samples. The device used was a Jupiter STA 449 F3 calorimeter by NETZSCH
(NETZSCH, Selb, Germany) with an Al,Os crucible. On all tests, the scanning speed was 2 mm.s™!, the
temperature range 24-320 °C with a heating rate of 10 °C.min"!, and all experiments were performed in Argon

atmosphere with a flow rate of 20 mL.min"'.

2.3 Photocatalytic testing

The photocatalytic activity of the three samples was estimated by measuring the rate constant and the
degradation rate of MB in aqueous solution under UV light irradiation. The experiment was carried out in a 100
mL beaker with artificial light emitting at 365 nm. Before starting the photocatalytic tests, a mass of (0.8 +£0.1) g
of the catalyst in the tablet form with a diameter of 1.3 cm and a thickness of 0.2 cm was added to 50 mL of
methylene blue solution with an initial concentration of 10 ppm at free pH. To establish adsorption equilibrium,
the mixture was constantly magnetically stirred in the dark for 30 minutes. Absorbance measurements were

made at equal time intervals using a JASCO V-630 UV/Visible spectrophotometer.

The experimental values of the rate constant K (min™') and the degradation rate D% are obtained using the

following equations (2) and (3):
In (—) =K.t )
D% = 100. (1 — C—CO) 3)

Where Cyis the initial concentration of MB (ppm),Cis the residual concentration (ppm), and t is the

irradiation time (min).

3. Results and discussion

The first experiment carried out was granulometry to check any anomalies. The measured granulometry
of the 3 samples presented in Figure 4 revealed the absence of anomalies, with peak values of 91.28, 105.7 and
91.28 nm and polydispersity indexes of 16.6, 16.8 and 15.8% for samples 1, 2 and 3 respectively.

Table 2 presents the zeta potential of the three samples with their associated electrophoretic mobility and
conductivity. The experiments were reproducible, with a standard deviation for the electrophoretic mobility
measurements below 0.5 pm.cm.V-1.s!. The results show that the zeta potential for the three samples was in the
same range; the highest absolute value was found for sample 2. Their associated zeta potential distributions are

given in Figure 5. The conductivity was the same order of magnitude for all the samples. In terms of electrostatic
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stabilization, sample 2 with the lowest mass fraction of LC (70%PTFE/5%TiO2/25%LC) yielded the best
performance with the highest zeta potential (in absolute value), indicating a rise in interparticle forces. The
reported value for sample 2, very close to 30 mV in absolute value, is indicative of a reasonably stable dispersion.
It is also interesting to point out that the zeta potential of sample 3 (with the highest mass fraction of LC) is

lower than that of sample 1 (LC mass fraction between sample 1 and 2).

Table 2. Zeta potential, mobility and conductivity of the three samples.

Sample Zeta potential (mV) Mobility (um cm/Vs) Conductivity (mS/cm)
Sample 1 -25.8 -1.781 0.0961
Sample 2 -29.2 -2.017 0.0346
Sample 3 -27.5 -1.899 0.0271
—— Sample 1: : : : :
Sample 2

Volume (Percent)
=

0 f } i
0.1 1 10 1000 10000
Size (d.nm)
Figure 4. Particle size distribution of the three samples.
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Figure 5. Apparent zeta potential distribution of the three samples.

Then, the structural and vibrational properties were assessed using Raman spectroscopy and FTIR
spectroscopy. Figure 6 presents the Raman spectra obtained for all samples. All the curves were shape-similar,
only the peak amplitudes varied slightly from one sample to another. Consequently, the structural characteristics
of all the samples are the same. Raman peaks at 144 cm™' (E4 mode), 198.5 cm™ (E4 mode), 392.5 cm’ (Big
mode), 517.5 cm™! (A1g + B1g mode) and 638 cm™!' (Eg mode) were recorded for the three sample configurations
and were assigned to the Raman active modes of the anatase crystal[44,45]. The peak located at 445.5 cm™ is
characteristic of rutile in TiO; (Eg mode)[45,46]. The last two Raman peaks recorded at 1200 cm™ and 1293 cm’
! are vasym(CF) and v (C-C) stretching vibrations respectively[47]. The FTIR-spectra of the three samples are

presented in Figure 7a and b and Table 3 summarizes all the IR absorption peaks and their interpretations. As in
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the Raman experiments, the three spectra are almost identical. Concerning the lowest frequencies (400 to 800
cm’!, Figure 7b), where vibration is from organometallic molecules, the three recorded peaks come from the
stretching vibration mode of Ti-O[48]. The observed middle frequencies (800 to 1500 cm’!, Figure 7b) are due to
cellulose[49]. The highest observed frequencies (2908.13, 2982.37 and 3661.19 cm’!, Figure 7a) are caused by

the vibration modes of water and organic molecules.
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Figure 6. Raman spectra for the three samples.
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Figure 7a. Whole FTIR spectra for the three samples.
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Figure 7b. FTIR spectra for the three samples for the lowest wavenumber.

Table 3. FTIR transmittance peaks and their assignments.

Wavenumber (cm™) Assignments

3661.19 OH stretching of cellulose and hemicellulose.[50,51]
2982.37 CH stretching of cellulose and hemicellulose.[50,51]
2908.13 Asymmetric CH; stretching in long alkyl chain.[50,51]
2360.00 Symmetric stretching of the carboxyl C=0 band.
1402.00 Characteristic of carboxylic vibration in pectins.
1285.32 CF stretching.[51,52]

1200.47 OH in-plane bending CF; stretching.[52-54]

1126.23 CF; symmetric stretching.[53]

1051.98 Asymmetric in-plane ring stretch.[50,51]

967.13 CH out-of-plane deformation of double bonds with trans configuration.[55].
670.14 CF, wagging.[51,52]

585.29 CF, wagging.[51,52]

521.65 Ti—O-Ti stretching vibration.[56]

Lastly, thermal degradation was investigated using TGA and DSC. The results of the analyses are
presented on Figures 8 and 9 for DSC and TGA respectively. Both the 3 samples and the LC fibers alone were
tested. The DSC results on the 3 samples (Figure 8) show that their behaviour is very similar to that of PTFE[51],
the main component in terms of mass fraction in all the samples. Moreover, it is noticeable that the glass-
transition temperature about 195°C in all the biocomposite samples is the same as that of PTFE. For
temperatures up to 170 °C the curves of the studied biocomposites are almost identical, but then sample 3, which
has the highest mass fraction of LC fibers, starts to increase faster than the other two and at the same rate as the
LC fiber sample. Above 250 °C the 3 samples exhibit the same trend again. From these observations, it is clear

that the similarity of the curves for the 3 different mass fractions proposed in this work reflects the same thermal
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behaviour. Consequently, for all the biocomposite samples tested a similar mechanism is involved. The TGA
curve for LC fibers (Figure 9) is consistent with other work in the literature[38,57]: the mass loss up to a
temperature of 100 °C is due to water loss, then the slight mass loss in the range 200-260 °C is due to the
degradation of hemicellulose (20.9% of its initial mass) while the huge mass loss above 240 °C is the result of
the degradation of cellulose (63.0% of its initial mass) starting at 240°C and the degradation of lignin (11.7% of
its initial mass) starting at 280 °C. The TGA curves for the 3 different biocomposites show the same trend in that
the thermal degradation related to its kinetic is temperature dependent. Together with the DSC analysis, one can
again assume that there is a unique governing mechanism. On these 3 biocomposite curves, two significant
temperature ranges can be identified. From 30 to 230 °C, the mass remains quasi-constant, which implies weak
thermal agitation and consequently negligible diffusion. Above 230 °C the mass loss becomes significant. As
PTFE is not subject to mass loss in these types of tests[51], and as the TiO» mass fraction is not large enough
(5%) to have a significant impact on mass loss, the reported mass loss is attributed to degradation of the LC
fibers. To give a figure, at the highest temperature (350°C) the reported mass ratios are 81%, 85% and 77% for
sample 1, 2 and 3 respectively and 40% for LC fibers. Considering only LC fibers mass loss yields mass ratios of
82%, 85% and 79% at a temperature of 350 °C and supports the assumption of LC fibers degradation as the main

cause of mass loss.

0.20
Sample 1
Sample 2
0.15 4 Sample 3

Luffa Cylindrica

0.10

0.05

Heat Flow (mW/mg)
o
8

-0.05
Exo

-0.10 T T T T
25 90 155 220 285 350

Temperature (°C)

Figure 8. DSC-curves for the three samples and LC fibers.
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Figure 9. TGA-curves for the three samples and LC fibers.

The prepared samples were tested on photodegradation of Methylene Blue dye in this study. The latter in
aqueous solution absorbs in the visible light (Amax = 651 nm). To verify the Beer-Lambert law (equation (2))
and the degradation rate (equation (3)), absorbance measurements of several MB solutions at known
concentrations were performed. Figure 10 shows the results obtained. It can be seen that this curve is linear over
the range of concentrations selected with a regression coefficient R?= 0.99, showing that the Beer-Lambert law is

verified over this concentration range.
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Figure 10. The Spectrophotometer calibration curve of Methylene Blue dye at A = 651 nm.

Figure 11(a) shows the measured variation of C/Cy as a function of time for the three samples. From this
data, the logarithm of the C/Cy in function of time is computed in Figure 11(b) and it can be seen that all curves
are linear over the range of concentrations selected with a regression coefficient R? greater than 0.99 for all
curves. Accordingly, the apparent rate K (min™') is then deduced and presented in Table 4. The photocatalytic
efficiency of sample 3 is higher due to the increase in LC fibers (35%). This increased surface area also increases
the number of active sites. About the degradation rate D%, in Figure 12(a), we observed a progressive
discoloration of the solution and a rapid disappearance of 94.7% after 210 minutes of irradiation in the presence
of the sample 3 while it is only 53.96 for the sample 2 and 81.4% for the sample 1. This result highlights that the
dye degradation kinetic is an increasing function of LC fibers’ mass fraction. The rate of disappearance of this
dye follows the Langmuir-Hinshelwood (L-H) model. However, photocatalysis by biomaterials based on natural

fibers is a rapid and effective method for the degradation of organic pollutants, in particular methylene blue.
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Figure 11. (a) The temporal variation of C/Co for the three samples, (b) The temporal variation of In

(Co/C) for the three samples.
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Figure 12. (a) The temporal variation of degradation rate for the three samples, (b) Variation of the

degradation rate as a function of LC and PTFE mass fractions.
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Table 4. Degradation rate D% and apparent rate constant values K of the samples.

Sample K(min™) Standard Error Adj. R-Square R? D (%)
(min™)
1 0.00787 1.05977E* 0.9978 81.4
2 0.00407 9.43658E 0.9936 54.0
3 0.01409 1.22064E* 0.9991 94.7

4. Conclusion

This work experimentally characterized the structural properties of a new biocomposite based on
polytetrafluorethylene (PTFE), titanium dioxide (TiO) and fibers of Luffa Cylindrica (LC). In this biocomposite
TiO, (P25) was used, with the same mass fraction in all tested samples, for its photocatalytic ability, and LC as a
reinforcement agent. The three sample configurations were (in terms of mass fraction) {PTFE: TiO,: LC} =
{(65: 5: 30); (70: 5: 25); (60: 5: 35)}%. The granulometry yielded peaks centered at 91.28, 105.7 and 91.28 nm
with similar associated polydispersity indexes of 16.6%, 16.8% and 15.8% for samples 1, 2 and 3 respectively.
Their zeta potentials were -25.8, -29.2 and -27.5 mV for configuration 1, 2 and 3 respectively. Consequently,
configuration 2 (70: 5: 25) % outperformed the others in terms of electrostatic stabilization. In all samples, FTIR
spectra and Raman spectra highlighted the presence of specific bands of cellulose, hemicellulose and PTFE.
Moreover, Raman spectra showed vibrational bands attributed to the presence of anatase and rutile phases of
TiO,, with corresponding peaks of Vasym (CF2) and v (C—C). Lastly, the thermal degradation properties are similar
for samples 1 and 2, and outperform those of sample 3. Methylene Blue dye degradation was used to study the
photocatalytic activity. A higher photocatalytic efficiency of 94.7% was obtained with sample 3 (35% LC fibers,
5% TiO; and 60% PTFE), due to the large surface area and thus the number of active sites.

The next step in this work will be the characterization of this new biocomposite in terms of its mechanical
and tribological properties. The numerical investigation of the heat transfer in this material under fire stress will

also be investigated [58].
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