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jute [2—5], sisal and other fibers are being studied for engi-
neering purposes and novel applications for their availabil-
ity, ease of processing, and appealing properties [6].

In this context, natural sponges, in particular Luffa cylin-
drica (LC), are rising as attractive candidates for natural rein-
forcement of composites [7—13] and transformation materials

1. Introduction

The pursuit of a more environmentally friendly society pro-
motes substantial research to develop new materials using
natural fibers. Some natural fibers as sugar cane bagasse [1],
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for environmental improvement applications such as waste-
water remediation [14,15]. These sponges are attractive
because they have good properties in their natural state and
undergo advantageous surface changes or improve their
physicochemical and mechanical characteristics when sub-
jected to surface treatments [8].

The effect of the LC fibers as aggregates in different matrices
has been studied in the composite materials field. Martinez-
Barrera et al. [7] added LC fibers to a polymeric concrete ma-
trix and reported that the fracture strain increased despite the
decrease in compressive and flexural strength. Dias et al. [§]
studied natural LC fibers and fibers submitted to acid, acid/
basic, basic/acid and basic thermochemical treatment. They
reported that the sample presenting a higher mass loss per-
centage was treated with a basic/acid solution and that there is
higher crystallinity in this sample, contrary to the effect of the
alkaline treatment, which increases the amorphous cellulose
content. Colorado et al. [11] manufactured cement composites
using LC fibers treated with acid and alkaline processes, and
they observed good matrix-fibers adhesion. Mota [12] studied a
polymeric composite reinforced with LC fibers treated with
boiled water and reported that although matrix-fibers adhesion
was low, fibers reduced cracks propagation. Finally, an inter-
esting review of developments on natural luffa fibers compos-
ites can be seen in [16].

On the other hand, results regarding water treatment ap-
plications are encouraging as well. Kesraoui et al. [17] used LC
to obtain hybrid materials with metallic oxides as ZnO and
Al,Os, to be applied to water decontamination with anionic
and cationic dyes from the textile industry, reporting that the
synthesis was successful and that the LC-ZnO material dis-
played more positive results than LC-Al,0; material. Liatsou
etal. [18] studied LC fibers as raw material to produce oxidized
biochar fibers for the adsorption of tetravalent thorium ions,
Th(IV), using batch system equilibrium. The oxidized biochar
fibers showed an excellent adsorption capacity for Th(IV) due
to their large external surface, provided by microchannels and
surface functional groups (carboxylic groups), increasing the
chemical affinity for acid media cationic species. Ad et al. [14]
studied the adsorption of nickel ions, Ni(II), from saline solu-
tion using LC as adsorbent through different experiments
varying initial pH, initial Ni(Il) concentration, and salt con-
centration. They demonstrated that the optimum medium for
Ni(Il) adsorption was with pH 6, contact time at 180 min, and
an initial metal concentration of 10 mg L. Khadira et al. [19]
showed that LC reinforced with polypyrrole is a low-cost new
composite that efficiently removes ibuprofen from aqueous
media. The removal results proved that Luffa cylindrica with
polypyrrole was more effective than raw LC.

Li and Zhang [20] reported that two carbon forms exist in
activated carbon fibers (ACF), amorphous and graphite carbon.
The amorphous carbon can be free-activated carbon on the ACF
surface and non-graphitizable carbon crystallite. LC could also
be used to obtain activated carbon. It is possible that the acid
solution removes lignin and hemicellulose phases from luffa,
which favors the amorphous carbon phase formation.

In previous works of this group, on the manufacture of
compressed earth blocks (CEB), a block with lower

mechanical performance and higher weight than expected
was obtained, in comparison with typical commercial blocks.
Natural Luffa cylindrica was added as filler for best perfor-
mance, but the results were not significantly different.
Therefore, this work studied and compared two thermo-
chemical treatments of low cost and low impact, with boiled
water and sodium hydroxide, applicable to Luffa cylindrica fi-
bers to be used as fillers of CEB in order to improve its per-
formance. The natural and treated LC samples were analyzed
by scanning electron microscopy (SEM) coupled with energy
dispersive spectroscopic (EDS) to verify surface and chemical
composition changes. The X-ray diffraction (XRD) technique
was used to determine the amorphous and crystalline pha-
ses, as well as the crystallinity index and crystallite size. The
structures of lignin, hemicellulose, amorphous cellulose, and
crystalline cellulose type were determined by Fourier-
transform infrared spectroscopy (FTIR). These analyzes
allow a better understanding of the differences between the
mechanical performance results of the LC-reinforced CEB
obtained with each treatment. In this work, only the treat-
ment studies are presented.

2. Methodology

Luffa sponges were purchased from local producers (Central,
Paraguay). Before characterization, the sponges were cleaned
with double distillate water after manually removing skin and
seeds.

Three different states of LC fibers were studied, which are
natural LC fibers (LN) without treatment, LC fibers submitted
to boiled water treatment (LW) without any chemical prod-
ucts, and LC fibers submitted to sodium hydroxide treatment
(LS). For the sodium hydroxide treatment, a solution (0.1 mol/
L) of commercial sodium hydroxide dissolved in double
distillate water was prepared. For both treatments, LC pieces
were introduced in a vessel containing the treatment medium
and heated until boiling point, in which they remained for
20 min. The mixture was continuously stirred throughout this
process. Both samples were washed with double distillate
water after treatment. The treated samples were then dried in
an oven at 50 °C and weighed until constant weight. The
treatment procedures were adapted from [8,11,12].

The surface structure and the chemical composition of the
samples were examined by SEM/EDS (EVO15, Zeiss Company,
Germany), the samples were sputter-coated with a thin gold
film. FTIR spectrometer Nicolet iS5 (Thermo Scientific, USA)
was used to identify the vibrational of functional groups,
preparing the samples as KBr pellets and recording spectra in
the range between 400 and 4000 cm ™!, with a resolution of
4 cm~! with 128 scans. XRD patterns of the samples were
collected using an X'pert3 Powder diffractometer (Malvern
Panalytical, Netherlands) with a CuKea source, using 40 kV and
35maA, 20 range of 10—90°, the step size was 0.01° and the time
step was 0.5 s.

Crystalline phase percentages CPxrp were determined from
the relation between crystalline and amorphous regions, ob-
tained from XRD analysis (Eq. (1)) [21]:
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Fig. 1 — SEM micrographs of the Luffa cylindrica fibers (a) untreated (LN) and submitted to thermochemical treatments of (b)
boiled water (LW) and (c) sodium hydroxide solution (LS). Red circles— calcium particles, and yellow arrow — waxy and

gummy substances.
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In equation (1), CPxrp represents the relative degree of
crystallinity, Ioo, is the area of the maximum intensity (a.u.) of
the (002) lattice diffraction between 21 and 24° and the I, is
the amorphous area of diffraction (a.u.) at 26 = 18°.

The Scherrer equation (Eq. (2)) was used to calculate the
crystallite size D of LN, LW and LS samples.

_ Kx2a
B xcosd

(nm) 2)

In equation (2), K = 0.9 is the Scherrer constant;
A = 0.15406 nm is the wavelength of the X-ray source; 3 is the
full width at half maximum (FWHM) in radians, and 6 is the
Bragg angle in radians or degrees. The fitting deconvolution
was performed by subtracting the background and applying
the Gaussian nonlinear curve as the shape function (Eq. (3))
using the Origin Pro 2020 software.

y=Yo+

B4/ z 13(2)

B (x —x)?
X exp( 41n(2) - ) (3)
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In equation (3), A > 0 = area above the curve; y, = base;
X. = center; B = FWHM of each peak.

The results obtained were compared with the pressed
earth blocks' mechanical performance to identify the most
adequate treatment and the lowest cost.

3. Results and discussions

Luffa sponge has an interlocking arrangement with strongly
united interconnections as a scaffold structure. It has a
geometrically complex configuration composed of fibers with
different lengths, orientations and diameters, depending on
the region. These features lead to an anisotropic structure of
great interest for many applications.

3.1. SEM analysis

Fig. 1 shows the morphology of treated and untreated luffa
fibers obtained by SEM analysis. Fig. 1a shows that natural
luffa has small embedded particles (red circles) and also
membranes (yellow arrow) which could be the waxy and
gummy substances, apparently distributed throughout the
surface of the sample [22,23].

In Fig. 1b, it is possible to appreciate the micrographs of the
LW sample. The surface of the LW sample presents a topog-
raphy cleaner and smoother than that of LN due to the
removal of the lignin and hemicellulose, becoming possible to
more sharply see the microfibers in the same direction of the
luffa fiber. Moreover, it is yet possible to see some remaining
particles embedded. According to Fig. 2, these encrusted par-
ticles present an intense concentration of calcium which
could be calcium carbonate. It is probable that the LC has the
natural ability to form calcium compounds precipitates on its
surface. This property could make LC considered a promising
raw material in materials processing for biomedical and
environmental applications.

Fig. 1c presents the surface morphology of the LS sample,
which shows an even smoother surface morphology, with
fewer striations and a more polished appearance. The LS
sample does not have a surface composed of a bundle of in-
dividual fibers, as observed in the LW sample possibly due to

14D_PORO_3K 1471
Ch0 MAG:3000x HV:20kV WD:128mm Px:93nm

(a)

Fig. 2 — SEM/EDS on (a) the LC natural surface and (b) elemental calcium mapping.

the swelling caused by water absorption. Instead, the surface
of the LS sample looks like groups of coalescent fibers. Besides,
the treatment conditions used in this work (time and con-
centration of the solution) did not cause severe damage to the
fibers, since their interior is not exposed. Therefore, this
treatment with NaOH, although more severe than the treat-
ment with water, did not damage the fiber integrity.

Therefore, this treatment with NaOH, although more se-
vere than the treatment with water, produced convenient
surface changes without damaging the fiber integrity.

The results obtained by SEM and EDS, image and chemical
composition, are shown in Fig. 1 and Table 1, respectively. The
calcium content decreases with the treatments, and the
highest reduction is observed for the sample treated with
sodium hydroxide. This is corroborated with the SEM results,
Fig. 1c, since the LS sample has a smoother surface
morphology that looks more polished and has fewer
striations.

3.2.  FTIR analysis

Fig. 3 presents the FTIR spectra with the vibrational of func-
tional groups of the LN, LW, and LS samples. All bands found
have been reported in the literature.

According to Fig. 3, it can be seen that the most significant
changes are found around the 3402, 2920, 1735, 1640, and
1047 cm™! bands. The bands between 3600 and 3000 cm™*
correspond to the hydroxyl OH of the —OH group linked by
hydrogen. These bands might correspond to either cellulose I
or cellulose II [24]. The bands around 3402 and 1640 cm ™' are
more prominent in LW sample, in comparison with the LN
and LS samples, due to the hydrophilic character of the LC.
These bands could also correspond to absorption bands since
they located between 1600 and 1640 cm ™" are probably related
to the water absorbed in the crystalline phase of the cellulose
[25]. These bands are associated with stretching and bending
vibrations, respectively.

Furthermore, the presence of the 3402 cm™~* band close to
the 3405 cm~? band may indicate the presence of cellulose I.
The band around 2917 cm ™" can be attributed to asymmetric
(CH,) and symmetric (CHs) stretching vibrations [14,21,25],
and according to [26], this band is related to methyl and

14D_PORO_3K
ChO MAG:3000x HV:20KV WD: 12.8 mm

(b)
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Table 1 — Chemical composition and crystallinity index of
Luffa cylindrica, natural and treated.

Elements LN LW LS
Chemical composition (wt.%)

C 54.90 62.94 58.13
(6] 38.78 35.98 41.21
Ca 3.70 0.62 0.57
K 2.83 0.21 0.09
Others 0.42 0.25 0.00
Crystallinity (%) 69.27 61.39 65.04
Crystallite size (nm) 2.15 2.17 2.34

methylene groups of the cellulose in the fiber. In this work,
2917 cm ! band is associated with the cellulose I structure. No
evidence of bands corresponding to cellulose II structure was
identified. Bands around 1734 and 1643 cm ™ are attributed to
the hemicellulose (C=O0 stretching) and cellulose (OH bending)
phases. In this work, it is probable that the band around
1643 cm ™! is also associated with the water absorbed because
the intensity of this band increased with boiled water treat-
ment. The band around 1047 cm ' is probably more related to
C—OH than to the C—C or C—H groups [27] since its increase is
more significant in the samples treated with water than in the
other samples. After the NaOH treatment, both 1640 and 1047
cm~! bands decrease drastically.

According to Fan et al. [27], the 899 cm ™ band is attributed
to the nonsymmetric out-of-phase ring. This band is probably
associated with the symmetric in-phase stretching mode in
the lignin structure [25] and the 897 cm~* band assigned to the
amorphous region in the cellulose [28]. On the other hand, the
896 cm ™! band is associated with frequency vibration in
crystalline cellulose I. It shifts to 893 cm ™~ in cellulose Il when
cellulose materials are treated with NaOH/thiourea/urea [29].
It is probable that the 899 cm™' band is more strongly

associated with the presence of cellulose I rather than with
the lignin structure because the bands related to this struc-
ture, around 1579-1519 and 1143 cm ™' [25] and the bands 1627
and 1635 cm™* reported by [30], disappeared with the sodium
hydroxide treatment.

3.3.  XRD — analysis

Fig. 4 shows the XRD spectra of Luffa cylindrica untreated and
treated with boiled water and sodium hydroxide solution
(0.1 mol/L). Likewise, the deconvolution of the X-ray diffrac-
tion patterns for natural and treated Luffa cylindrica, was per-
formed considering the Gaussian shape function (Eq. (3)) to
identify the peaks and overlapping peaks of the spectra. The
R-Squared values with the best fit and the iteractions per-
formed were 0.993, 0.986 and 0.985 and 45, 34 and 52 for the
LN, LW and LS samples, respectively.

In Fig. 4, it is possible to see all of the most significant
peaks corresponding to the amorphous and crystalline pha-
ses of the samples at 26 around 16 and 22°, respectively.
Besides, it presents the deconvolution, Fig. 4a, with the
baseline subtracted, which identifies the overlapping peaks
of the amorphous and crystalline regions at 26 around 14, 16,
20, 22 and 34°, and the disappearing crystalline phases in LW
and LS samples when compared to the LN one. The peaks
located around 15.1, 16.4, 22.4, and 34.4°, correspond to the
crystal polymorph I of the cellulose [22]. In particular, 15.1
and 16.4° correspond to (110) and (110) crystallographic
planes, respectively. They represent a high rate of amor-
phous products such as hemicelluloses, lignin and amor-
phous cellulose. The peaks fitted to 14.27 (110) and 20.27°
(100) by the deconvolution process are associated with cel-
lulose I and cellulose 1I [27,30,31]. The minimum intensity of
the peak at 20.27° could indicate the presence of cellulose II,
which agrees with the FTIR results since no bands related to
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Fig. 3 — FTIR spectra of the Luffa cylindrica untreated (LN) and treated with boiled water (LW) and sodium hydroxide (LS)

solutions.
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Fig. 4 — XRD spectra of the Luffa cylindrica (a) untreated (LN)
and treated with (b) boiled water (LW) and (c) sodium
hydroxide solution (LS). Curves: black-experimental;
yellow — Peaksum; Pink - amorphous cellulose; Cyan, Red,
Blue, Green - crystalline cellulose.

the presence of other cellulose types were found, only those
related to cellulose I. The other peak, around 34°, is also
associated with the cellulose I and the (023) crystallographic
plane [22].

Chemical composition, crystallinity index, and crystallite
size results are shown in Table 1. It can be seen that the
crystallinity indexes are 69.27, 61.39 and 65.04% for LN, LW
and LS, respectively. It is possible to verify that the treatment
methods carried out produce a decrease in crystallinity. The
changes take place in both crystalline and amorphous phases
of the cellulose. This reduction may be associated with the
removal of the calcium compound and is more pronounced in
the LW sample. The LS crystallinity index is higher than that
of the LW sample. It can be associated with the total or partial
elimination of the hemicellulose and lignin structures by
hydrolyzation, which reduces the amorphous region.

Regarding the crystallite size, itis possible to verify that there
is a direct relationship between crystallinity and crystallite size
for LW and LS samples. Since the LS sample has higher crys-
tallinity, it has a larger crystal size. According to Gonget al. [31],
cellulose with lower crystallinity might have a smaller crystal-
lite size. However, in this work, the LN, which has the higher
crystallinity of the three samples, has a smaller crystallite size.

4, Conclusions

Comparing the results of the two thermochemical treatments
applied, boiled water and sodium hydroxide, it can be
concluded that the treatment with sodium hydroxide induced
essential alterations in the surface morphology since the
smooth surface of the LS sample differs remarkably from the
rough and striated appearance of the LN and LW samples. In
addition, the treatments produced significant alterations in
the structures of the crystalline and amorphous phases of
cellulose, lignin, and hemicellulose. Both treatments caused a
reduction in the crystallinity index compared to LN fibers,
which could be strongly associated with the removal of the
calcium compound. Regarding the use of these fibers as fillers
in CEB, it is possible to deduce that the amorphous phases, the
hemicellulose, and the lignin are directly related to the me-
chanical performance of the CEB, influencing negatively.
Therefore, even when better results were obtained with the LS
treatment, perhaps convenient results can also be achieved by
varying the water treatment time.
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