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Abstract: This paper aims to synthesize hybrid materials with high pollutant-uptake capacity and
low costbased based on Luffa cylindrica (L.C) and different percentage of Zn?* in the presence and
absence of alternating current (AC). Physico-chemical, morphological and structural characterizations
of the hybrid materials were performed by Boehm method, point zero charge (pHp,c), infrared
characterizations (IR), scanning electron microscopy (SEM), energy-dispersive spectroscopyand and
X-ray photoelectron spectroscopy. The efficiency of the designed hybrid materials was optimized
based on their performance in water depollution. Methylene blue (MB) and industrial textile
wastewater were the investigated pollutants models. IR characterizations confirmed the fixation
of Zn?* onto the L.C by the creation of Zn-OH, Zn-O and Zn-O-C bonds. Boehm titration showed
that the fixation of Zn?* onto L.C is accompanied by an increase of the basic functions of its surface
and subsequently an increase in the pHp,c. SEM results confirmed the fixation of Zn** onto the L.C
coupling AC with biosorption showed an increase in the adsorbed amount of MB and speed when
adding the 4% of Zn?* compared to the pure L.C the Qn, shifted from 3.22 to 9.84 and 8.81 mg/g,
respectively, for hybrid materials synthesized under AC, in absence of AC and pure L.C.

Keywords: alternating current; coupling; hybrid material; biosorption; wastewater reuse

1. Introduction

Textile dying wastewaters are classified among the most highly toxic effluents [1,2]. Numerous
processes have been suggested for treatment and purification such as biological treatment [3],
coagulation-flocculation [4], adsorption [5], ultrafiltration [6], electrocoagulation [7], reverse osmosis [8]
and anodic oxidation [9]. The current research was devoted to water remediation through the
valorization of the abundant renewable resource of cellulosic fibers [10]. Brown algae [11], Bacillus
maceran [12], Posidonia oceanica [13], corn stigmas [14], Agave Americana [15], Luffa cylindrica [16], fly
ash and red mud [17], raw date pits [18] and Phragmites australis [19] are widely used as a natural and
cheap biosorbent for a pollutant removal. However, achieving a quick adsorption kinetic with a high
possibility of water reuse after filtration absolutely depends on the biosorbent efficiency.

Hybrid materials are praised for not only intermediate properties between mineral and organic
matter but also for new interesting behaviors that allow them to be used in several fields of applications.
Such domains include catalytic applications, medical and pharmaceutical applications, optoelectronics,
the environment, and biomaterials [20,21]. Hybrid materials can be prepared by several methods such
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as chemical vapor deposition (CVD) [22], physical vapor deposition (PVD) [23], laser ablation and
sputtering [24]. The synthesis of hybrid materials based on cellulose and zinc oxide is the objective
of recent studies. Perelshtein et al. (2009) developed a composite based on cotton fibers and zinc
oxide. They synthesized the ZnO particles and then deposited them on the cotton surface by ultrasonic
irradiation (sonochemical method) [25]. Weili et al. (2010) have succeeded in synthesizing a hybrid
matrix based on wurtzite-cellulose ZnO bacteria by the thermal decomposition method. This new
hybrid material obtained plays a very important role in improving the photo catalytic activity of
anionic dyes such as, orange methyl [26].

However, the techniques used for the synthesis of hybrid materials are expensive. Other
researchers have developed less expensive techniques such as the electrochemical method [27], spray
pyrolysis [28] and sol-gel process [29]. Recently, Kesraoui et al. (2018) reported that the precipitation
method can be a simple and cheap method used for the synthesis of hybrid materials. They have
successfully synthesized hybrid material base on L.C and metal oxides (ZnO, Al,O3). These last
showed a good ability for dyes removals compared to the pure Luffa cylidnrica (L.C) [30]. According to
literature, the synthesis of hybrid materials based on compounds containing cellulose and ZnO can
present interesting properties allows it to be used in several applications.

However, the removal process often requires a lot of time to reach the balance. Therefore, coupling
environmental security (there is no transformation of the initial molecule to toxic compounds as for the
oxidation process), low cost, final efficiency, and quick process remains a very important stake.

Taking into account these considerations, a set of aims are proposed in this paper, the synthesis
of a high performing hybrid material based on Luffa cylinrdica (L.C) and metal oxide with high
pollutant-uptake capacity and low cost by an easy precipitation method in absence and presence
of alternating current (AC). Since their good affinity for the removal of several pollutants and their
interesting physical and chemical properties, L.C and ZnO were considered for the synthesis of the
hybrid materials [31,32]. Two main pollutants were taken as models in this study; a cationic dye
the methylene blue (MB) taken as a model of dye and an industrial textile wastewater. A detailed
investigation of the physicochemical, morphological and structural characterizations was carried out
using Boehm titration. Also, Drift method, scanning electron microscopy (SEM), Energy-dispersive
spectroscopy (EDS), infrared spectroscopy (IR) and X-ray photoelectron spectroscopy (XPS) analysis
were performed. The possible pathway of the Zn?* fixation into the L.C fibers and the mechanism of
possible interaction of MB onto the lignocellulosic surface are suggested. The mathematic modeling
was also supplied using the stochastic model of Brouers-Sotolongo.

2. Material and Methods

2.1. Materials

Methylene blue (MB) (purity: 95%) from Fluka™ (manufacturer, Streinheim, Germany), with
chemical formula C;H1§N3SCl and molar mass 319.85 g/mol, was chosen as commercial dye model
for this study.

Zinc nitrate (Zn(NOs3),.6H,O; Hexahydrate Purified), sodium chloride (NaCl), sodium bicarbonate
(NaHCO:3), sodium carbonate (NayCO3) and sodium hydroxide (NaOH) (purity 99%) were obtained
from LOBA CHEMIE (Wodehouse road, Mumbai, India).

The biosorbent used for the synthesis of the hybrid material was fruits of Tunisian Luffa cylindrica
fibers. This biosorbent was purchased at the local market Sousse. The chemical composition of these
fibers was determined by Kesraoui et al. (2016). These fibers are composed of 54% of cellulose, 11% of
lignin, 5% of pectin, 7% of fats and waxes and 23% hemicelluloses [33].
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2.2. Methods

2.2.1. Biosorbent and Adsorbate Preparation

Tunisian Luffa cylidnrica (L.C) was chosen as a natural biosorbent in this paper. The preparation
of this biosorbent consisted of cutting the fibers finely, washing them several times to remove all
impurities and drying them at 70 °C until the material was completely dried. As for the adsorbate
preparation, it consisted of dissolving 10 mg of MB in 1 L of distilled water to obtain the desired
concentration (10 mg/L).

2.2.2. Preparation of Hybrid Materials L.C+ (1%, 2%, and 4% Zn?*) in Presence and Absence of AC

The Zn2* precursors of solution were obtained from (Zn(NOs),-6H,O (Hexahydrate Purified)
Sigma-Altrich (99%) (Wodehouse road, Mumbai, India).

The preparation of the hybrid material with different percentages of Zn?* (1%, 2%, and 4%)
consists inmixing 5 g of L.C (size 250 pm) with 0.05, 0.1 and 0.2 g of Zn(NOs3),-6H,O respectively. Each
composite was dissolved with the biomass in 100 mL of distilled water at 298 K at pH = 10, under
stirring for two hours. The size of the fibers used was chosen after sieving using an electric sifter and
after studying the effect of fiber grain size (40, 80, 125 and 250 um on the biosorption efficiency). Then,
the product was washed several times using distilled water to remove the excess of Zn(NOj3),-6H,O
which has not been fixed onto the surface of L.C. Thereafter, the product obtained was transferred to a
sand bath to dry it at 393 K for two hours. A similar experiment was done for the synthesis of the
hybrid material under AC using two zinc electrodes (1.3 x 2.5 cm?; purity 99%) immersed into the
solution while stirring. The electrical mounting comprising an AC source, a voltmeter to fix the current
density at 0.5 A/m? and the voltage at 15 volts.

2.3. Morphological and Crystallographic Characterizations of Hybrid Materials

Morphological and structural characterizations were done in order to characterize the hybrid
material synthesized in the presence and absence of AC.

Infrared characterizations (IR) were performed using a Perkin Elmer Spectrum using KBr pellet
technique in the frequency range of 4000 to 500 cm~!. Scanning electron microscopy (SEM) was
performed using a JEOL JSM 5400 scanning microscope (USA) after coating them with gold using
a JEOL JFC-1199E ion sputtering device (USA). Energy dispersive spectroscopy (EDS) was planned
to assess the surface elemental compositions of raw and the hybrid materials L.C +4% Zn?* using
a JEOL JSM 5400 scanning microscope. EDS was performed after coating them with gold using a
JEOL JFC-1199E ion sputtering device. X-photoelectron spectroscocopy (XPS) measurements were
performed at room temperature with a SPECS PHOIBOS 150 hemispherical analyzer (SPECS GmbH,
Berlin, Germany) in a base pressure of 5 X 107! mbar using monochromatic Al Kalpha radiation
(1486.74 eV) as an excitation source.

2.4. Quantitative and Qualitative Characterization of the Pure L.C and the Hybrid Material L.C-Zn**

The physicochemical characterization of the pure L.C and the synthesized hybrid materials was
determined by the Drift method and the Boehm titration. The determination of the zero charge point
pH (pHpzc) consisted of placing 0.1 g of L.C in 30 mL of NaCl solution (0.01 M) at different pH ranging
from 2 to 12. The initial pH is obtained by adding a certain amount of NaOH or HCI (1 M). For the first
24 h, the pH must be measured and then this operation must be repeated during the second 24 h in
order to register the difference in pH. By plotting the pH¢ = f (pH;) curve, the pHy, corresponds to the
intersection of this curve with the straight line pHy = pH; [34].

The determination of acid-basic properties by Boehm method consisted in bringing onto contact
0.5 g of each lignocellulosic material with 25 mL of one of these bases: NaHCO3, Na,CO3 and NaOH
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(0.1 M) for 48 h with stirring. 10 mL of each solution was back-dosed with NaOH solution (0.1 M) after
acidification with an excess of 0.1 M of hydrochloric acid [35].

2.5. Biosorption of MB onto the Synthesized Hybrid Material

The experiments used for the MB removal by biosorption have been performed in batch reactor
by adding 0.1 g of adsorbent (Pure L.C, hybrid material elaborated by precipitation) in 100 mL of MB
solution (pH = 10, C; = 10 mg/L, ] = 0.5A/m?, voltage = 15 volts, T = 298K). The electrical mounting
comprising an AC source and a voltmeter. All the analyses were carried out in triplicate.

After biosorption, residual concentrations were determined by UV visible spectrophotometer
biochrome Libra 5.22 at A = 663 nm based on the following equation [36]. Plastic and quartz cuvettes
were used for absorbance tests.

(Gi-C)

Dye removal (%) = —c X 100 1)
1

where C; is the initial dye concentration (mg/L) and C; is the dye concentration at any time (mg/L).

2.6. Kinetics Studies

The evaluation of the MB biosorption in terms of adsorbed quantity was done following the
Equation (2) [37].
G O
Q = xV (mg/g) 2

m

where Q is the adsorbed quantity at equilibrium time, C; is the initial MB concentration (mg/L), Ce is
the residual MB concentration at any time (mg/L), V is the volume of solution (L) and m is the mass of
the adsorbent (g). At equilibrium, C; is equal to Ce and Q is equal to Q. [38].

Brouers-Sotolongo (B.S) model was used to fit the experimental data of MB biosorption. The
generalized kinetic equation of the Brouers-Sotolongo model has been developed to provide a universal
function for the kinetics of complex systems characterized by exponential law and/or power exponent
behaviors. This kinetic model unifies and generalizes previous theoretical attempts to describe what is
called “fractal kinetics”. The mathematical development of this model and its application are presented
in Brouers and Sotolongo [39-41].

The pseudo BSf (n, «) sorption kinetics is given by Equation (3):

Q.= Qe[1—<1+<n—1>($c)“>“_‘111 ©

where, n is order of the fractional reaction, « is “fractal time” exponent.
T¢: characteristic time, Qe: the adsorbed quantity at saturation, Q;: the adsorbed quantity at
any time.

2.7. Evaluation of the Treated Water Qualities

2.7.1. Determination of Chemical Oxygen Demand (COD) and Total Organic Carbon (TOC)

The global mineralization was determined by measuring the chemical oxygen demand (COD) by
a photometric method. The % COD removal can be estimated by (Equation (4)) [37].

COD; — COD¢ y

COD removal (%) = )
i

100 4)

where COD; is the initial COD (g/L O;) and COD: is the residual COD at any time (g/L O,).
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The total organic carbon (TOC) in the solutions of MB and industrial wastewater was measured
by a TOC analyzer (HACHIL, 550-TOC-TN model, Schwerte, Germany) and the TOC removal can be
estimated as follows:

_ TOC; = TOC y

TOC removal (%) = —Toc. 100 (5)

where, TOC; and TOC; are respectively the initial total organic carbon and the total organic carbon
obtained after fixed time t of electrolysis treatment (ppm C.O).

2.7.2. Germination Tests

The phytotoxicity test consists in the determination of the inhibitory effect of the treated water on
the germination and growth potential of lettuce based on the GI. All sample experiments, including
reference (pure water), were tripled. The results obtained are finally expressed according to the
following relation [42]:

GI (0/ ) _ number of seeds sprouted in the sample averagelength of root in the sample 100 6
©) = number of seeds sprouted in the reference average root length in the reference (6)

3. Results and Discussion
3.1. Surface Characterizations

3.1.1. Energy-Dispersive Spectroscopy (EDS) Analysis

The zinc deposit was analyzed with EDS (Table 1). Carbon and oxygen were the major compounds
of L.C and hybrid materials due to their chemical composition (cellulose, hemicellulose, and lignin). In
addition, the appearance of the Zn atom confirmed its fixation onto the surface of L.C. The AC enhanced
the distribution of Zn?* into the L.C fibers where the rates according to the mass of Zn reached about
1.19% and 0.95% respectively for the hybrid material synthesized in presence and absence of AC.

Table 1. Percentages by mass of the chemical elements present on the fiber surface of the raw Luffa
cylindrica (L.C) and the hybrid materials L.C + 4% Zn?* and L.C + 4% Zn?* + AC.

C O Na Mg Al Si P S Cl Ca Mo Zn

L.C 5446 40.60 045 038 080 110 029 0.00 035 140 017 0.00
L.C+4%Zn** + AC 57.01 3564 0.00 038 478 0.00 000 000 100 000 000 1.19
L.C + 4% Zn%* 50.43 40.18 0.00 0.79 458 240 0.00 0.08 059 000 000 095

3.1.2. Infrared Spectroscopy (IR)

Figure 1 shows that the spectrum of pure L.C has a vibration band at 3438 cm™! which corresponds
to the O-H bond present in cellulose, hemicellulose, and lignin. In the presence of different percentages
of Zn** (1%, 2%, and 4%), obtained by precipitation (Figure 1a), the band of hydroxyl groups is
observed at 3435, 3430 and 3414 cm~!. The decrease in the position of these bands can be attributed
to the presence of elongation vibration of the Zn-OH bond, between Zn%* and cellulose [43]. These
results indicate that the hydroxyl groups have a strong interaction with Zn2*.
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Figure 1. Spectrum of pure L.C and L.C + (1%, 2% and 4% Zn%*) synthesized (a) in presence of
alternating current (AC) and (b) in the absence of AC.

The appearance of 1383 peaks at 4% L.C-Zn?" is probably due to symmetric Zn-O-C vibration [44].
The bands at 1032.56, 1016.77 and 1016 cm™!, which correspond to the vibration of the C-O bond,
increase in intensity, which can be attributed to the appearance of the Zn-O-C bond.

Based on Figure 1b, the rising of the percentages of Zn?* added during the synthesis of hybrid
materials by precipitation under AC caused the decrease of the position of the band of hydroxyl groups.
This last passed from 3438 cm ™! to 3430, 3427and 3420 cm ™. This decrease in position can be attributed
to the formation of Zn-OH stretching vibration [45].

Furthermore, we note the appearance of the Zn-O bond is proven by the appearance of peaks at
1383, 517 and 485 cm™! [46].

The bonds located at 1032.56, 1016.77 and 1016 cm™~! correspond to the vibration of the C-O bond.
An increase in the intensity of these bonds was shown when adding the Zn?*. This increase can be
explained by the appearance of the Zn-O-C bond.

The band located at 1383 cm™! presents the main difference between the IR spectrum obtained the
hybrid materials synthesized in the presence and absence of AC. For the hybrid material synthesized
under AC, the band at 1383 cm™! appears from 1% of Zn?*. While the hybrid material synthesized by
precipitation this band appears only for 4 % of Zn?*. This behavior is probably due to the effect of AC
on the fixation of Zn?* ions into the L.C fibers by the creation of Zn-O-C bonds.

3.1.3. X-ray Photoelectron Spectroscopy (XPS) Analysis

XPS measurements were performed in order to clarify the main difference between the syntheses
of the hybrid material with and without AC. Based on IR characterizations; Zn is strongly bound to the
lignocellulosic surface by OH hydroxyl ions which are confirmed by the presence of O-Zn-O and O-Zn
bonds. Figure 2 displays the main XPS results for the hybrid material L.C + 4% Zn?* synthesized in
the presence and absence of AC. The high-resolution XPS spectra of C(1s), O(1s), Zn(2p), Zn LMM*
show noticeable differences between the material synthesis by the two methods. However, neither of
them showed any impurities. The C(1s) peak, depicts a chemical shift by +/-0.5 eV in comparison with
the C(1s) spectra observed for the hybrid material synthesized in absence of AC (not AC) (282.5 eV)
towards a relatively high binding energy positioned at 283 eV specific to C=O and O-C-O [47]. Similar
behavior was observed for the O(1s) peak which is positioned at the binding energies of 529.9 and
531.2 eV for the hybrid material L.C + 4% Zn synthesized in absence and presence of AC, respectively.
These contributions can be assigned to O?~ ions in the Zn-O bonding and to O-H groups of adsorbed
water molecules [48]. The four peaks observed at the binding energies of 1017.5, 1020 and 1040 and
1044.5 eV, correspond respectively to the zinc oxide (ZnO) and the spin orbit of Zn (2p3,) and Zn
(2p1/2) for the material synthesized in absence of AC [48]. In presence of AC, two main peaks located
at 1021 and 1043.5 eV are assigned to the Zn(2p3/;) and Zn(2py.;) energy levels.



Water 2019, 11, 1326 7 of 19

6000

—AC
not AC

4000

g g 5000 4
E 2000 + . ¥ 4000 B
O e}

3000 4
2000 4

0 .
1000 4

275 280 285 290 295 518 520 522 524 526 528 530 532 534 536 538 540
B.E. B.E.
T 2000

5500 AC B

not AC 1800 - —AC 9

not AC
1600 -

1400 |-

1200

1
Zn LMM:CPS

1000 -

10‘15 10‘20 1(;25 10‘30 10‘35 10‘40 10‘45 10‘50 1055 4{‘30 450 5(‘)0 5‘;0
B.E. B.E.

Figure 2. Spectra of C1S, O 1s, Zn 2p and Zn LMM of various morphologies of L.C + 4% Zn**

synthesized in presence of AC (-) and absence of AC (not AC -).

Both of these were symmetrical and narrow, indicating the absence of the zinc oxide. Despite this
difference, these peaks of the Zn(2p) detected in both hybrid materials are related to Zn-O bonding
as confirmed by previous studies [49]. Furthermore, we determined a small offset followed by a big
discrepancy in terms of the intensities of peaks which were higher in case of the use of AC. These
findings indicated that the obtained Zn does not occur in the same oxidation state and even if they
are similar in number. It can also be attributed to the depth distribution of the atoms. This increase
in intensity is explained by the diffusion of atoms towards the surface which was more pronounced
compared to the hybrid material synthesized without AC. This behavior might stem from the difference
in the local chemical environment. It can also be directly related to the number of atoms in the
corresponding chemical state, which is confirmed by the signal Zn LMM Auger region. Another
possibility is the sharing of the element with its neighbor atoms which applied a crystal field on it.
This can also be interpreted in terms of the asymmetry in the bond arrangement which can create extra
pressure on the element—so, the binding energy required for the ejection of the electron is slightly
higher than its previous case. In the light of these results, we confirm the fixation of Zn>* onto the L.C
by the creation of Zn-O bond as proven by IR characterizations for both methods used for the synthesis
of the hybrid material. However, the environment of Zn bonding is slightly different.

3.1.4. Scanning Electron Microscopy (SEM) Analysis

SEM characterizations were performed to gain further insight into the distribution of Zn?*

obtained from (Zn(NO3);-6H,0 on the L.C surface by precipitation in presence and absence of AC.
Figure 3 shows the obtained micrograph of the pure L.C (Figure 3a), hybrid material (L.C + 4% Zn?")
synthesized by precipitation (Figure 3b), and hybrid material (L.C + 4% Zn?*) synthesized under
AC (Figure 3c). L.C presents a rough structure and a homogeneous appearance which is formed by
bonded multicellular fibers (Figure 3a). This indicates that the existence of a large number of hydroxyl
groups could provide effective interaction between L.C and Zn?* [26,50]. Figure 3b,c refer to the hybrid
material (L.C + 4% Zn?*) synthesized in the absence and presence of AC. Here the Zn?* deposit is well
visible and well-fixed onto the L.C and exhibits good dispersion without significant aggregation. The
use of AC has enhanced the distribution of Zn?* into the L.C fibers.
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Figure 3. Images of (a) pure L.C, (b) L.C + 4% Zn%* synthesized in absence of AC, (c) L.C + 4% Zn%*
synthesized in presence of AC.

3.1.5. Surface Chemical Analysis of Pure L.C and Hybrid Materials

Table 2 shows the main pHp,c values obtained for the pure L.C and the synthesized hybrid
materials. The presence of zinc increased the pHp,c which made the fibers slightly basic. In addition,
pHpzc increases with increasing the percentage of zinc added.

Table 2. pHp,c of hybrid material synthesized in absence and presence of AC.

Samples pH pzc under AC PH pzc without AC

Pure L.C 7.38 +0.021 7.38 = 0.021
L.C + 1% Zn2* 7.57 +0.008 7.41 + 0.016
L.C + 2%Zn2* 7.77 + 0.005 7.69 + 0.012
L.C + 4% Zn%* 7.96 + 0.005 7.86 + 0.012

The pHpzc of L.C is equal to 7.38. This result shows that the surface of L.C has a positive charge at
pH values below pHpyzc and should, therefore, be able to adsorb anions and a negative charge at pH
values above pHpzc and should, therefore, be able to adsorb cations [51].

On the other hand, according to Table 3, for the pure L.C, the amount of base and the total amount
of acid groups are approximately equal. These results suggest that L.C fibers have an amphoteric
character. This amorphous character confirms the result found by the pHpzc (7.38).
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Table 3. Different functional groups obtained on the adsorbent surfaces.

Acidic Function (x10~# mmol/g) Basic Function (x10~4

Adsorbent mmol/g)
Carboxylic Phenolic Lactonic Total

Pure L.C 0.397 + 0.002 0.935 + 0.003 0.178 + 0.008 1.510 + 0.005 1.560 + 0.0008

L.C + 1%Zn** 0.280 + 0.002 0.790 + 0.004 0.200 + 0.001 1.280 + 0.001 1.610 + 0.0005

L.C + 2% Zn** 0.201 + 0.002 0.544 + 0.003 0.310 + 0.002 1.055 + 0.002 1.700 + 0.0004

L.C + 4% Zn** 0.170 + 0.002 0.400 + 0.002 0.430 + 0.002 1.000 + 0.001 1.810 + 0.0007

L.C +1% Zn** + AC 0.220 + 0.001 0.503 + 0.001 0.270 + 0.002 0.993 + 0.0009 1.560 =+ 0.0006

L.C +2%Zn** + AC  0.198 + 0.0008 0.399 + 0.002 0.390 + 0.0008 0.987 + 0.0006 1.790 + 0.0003

L.C +4%Zn** + AC 0.155 £ 0.001 0.236 + 0.001 0.511 + 0.0005 0.902 + 0.0005 1.920 + 0.0001
The carboxylic and phenolic functions of hybrid materials synthesized under AC (L.C + Zn?* +

AC) are lower than those synthesized in absence of AC (L.C + Zn?*) (0.155 + 0.001 and 0.170 + 0.002
for the carboxylic functions, 0.400 and 0.230 for the phenolic functions, respectively). These findings
confirm the increase of pHp,c obtained during the synthesis of the hybrid material in presence of
AC (7.96 + 0.005) which was slightly higher than that obtained during the synthesis in its absence
(7.86 + 0.012). It is apparent that the addition of Zn?" and the use of AC slightly influenced the
functional groups of hybrid materials obtained. Such behavior can be explained by the increase in the
number of available sites on the surface of the materials, which enhances the uptake capacity of such
materials and accelerates the biosorption kinetics.

Furthermore, the basic and lactonic functions of L.C-Zn?** + AC are higher than those of
L.C-Zn**(1.920 + 0.0001 and 1.810 + 0.0007 for basic functions and 0.511 + 0.0005 and 0.430 + 0.002 for
lactonic functions, respectively). According to Mahdoudi et al. (2015), the increase in basic functions
is probably due to partial or total deprotonation of the active sites of the hybrid material. Therefore,
the fixation of zinc onto L.C is accompanied by an increase of the basic functions of its surface and
subsequently an increase in the pHp,c. The dissociation of the surface oxygen groups of the acidic
groups (carboxylic, lactone and phenol) confers a negative charge on the surface of Luffa cylindrica.
Thus, the surface acid sites are of Bronsted type [52]. With regard to the positive charge, this may result
from the existence of basic oxygen groups such as pyrones or benzopyran.

3.2. Kinetics of MB Bbiosorption Assisted by AC

The MB biosorption tests were performed at an initial dye concentration of 10 mg /L, pH =10, a
mass of the adsorbent of 0.1 g and a temperature of 298 K, V = 15 volts, ] = 0.5 A/m?.

Figure 1 shows that the method of elaboration of the hybrid material has a great influence on
the biosorption capacity. Indeed, the adsorbed quantity of the highest MB is obtained by the hybrid
material (L.C + 4%Zn?* + AC). As a result, the adsorbed amount of MB increased from 3.22 mg/g for
pure L.C to 8.81 mg/g for L.C + 4% Zn?* and 9.84 mg/g for L.C + 4% Zn?** + AC. Similarly, the MB
removal rates reached about 98.4, 88.1 and 31.4% respectively for the hybrid material L.C + 4%Zn**
synthesized in the presence and absence of AC and the pure L.C (Figure 4).
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Figure 4. Kinetics of retention of methylene blue (MB) onto different materials used L.C; pH = 10,
Ci=10mg/L, m =0.1 g, T =298 K. (a) hybrid material L.C + 4% Zn2t synthesized in presence of
AC, (b) hybrid material L.C + 4% Zn%* synthesized in absence of AC, (¢) % color removal using
different materials.

The use of AC in the synthesis of the hybrid material for different percentages of Zn>* improved
the quantities adsorbed as well as the time required for the process. This behavior can be explained by
the facility of the access of pollutants into the biosorbent pores and the availability of more active sites
for biosorption offered by the synthesized hybrid materials.

Contrariwise, the best results were obtained for hybrid materials L.C + 4% Zn?* synthesized in the
presence and absence of AC as the Qmax reached, respectively, 9.83 mg/g and 8.81 mg/g. Interestingly,
the high amount of added Zn?* assures the increase of superficial negatively charged groups obtained
by lactonic function (as confirmed by Boehm titration). Therefore, this increase of negatively charged
groups increased the biosorption capacity.

When comparing biosorption when using hybrid material synthesized in the presence of AC and
those synthesized in its absence as well as the pure L.C, definitely, the speed of biosorption and the
capacity uptake were greatly enhanced. While the time required for the biosorption of MB is almost
lower than that required when using the pure L.C and hybrid materials synthesized in the absence of
AC. This is probably due to the existence of the electric field which increased the speed of movement
of the molecules of MB and facilitated their access into the active sites.

3.3. UV Characterizations

To forecast the main phenomena that may occur during the MB biosorption, an UV-visible
characterization was performed as shown in Figure 5. The characterization was done in order to
compare the initially existing bands and the new ones that may appear during the biosorption
of MB assisted by AC. The initial MB spectra display three main peaks located at 293,602 and
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663 nm corresponding to the chromophore (dimethylamino group) and the aromatic rings in the MB
molecule [53]. After MB biosorption, a decrease in the intensity of peaks recorded in the visible range
at Amax = 663 nm relative to the naphthalene group [54] was observed for all biosorbent used. No new
band appeared, thus indicating that no intermediates appeared and confirming that the color removal
is probably due to a biosorption and not to an oxidation process which was probably due to the azo
groups. It is interesting to note that the biosorption of MB was particularly important by using the
hybrid material L.C + 4% Zn** synthesized by precipitation under AC (Figure 5a) compared to the
pure L.C (Figure 5c) and hybrid material synthesized in absence of AC (Figure 5b). In addition, the
biosorption was rapidly obtained and within 120 min and a steady state concentration was achieved
indicating a great ability of hybrid material for dye removal. On the contrary, the MB biosorption was
tardier and the removal efficiency was lower when using the pure L.C (Figure 5c).

. - 0 min
1,84 il Om!n 1.8 5 min
| ——5min 16 10 min
1,6 | 10 min ! ——— 15 min
141 | — 15 min 1,4 30 min
4 | 30min ——— 45 min
122 —— 45 min 1,2 60min
’ | ] 60 min 8 ——90 min
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Figure 5. Spectra of MB biosorpion assisted by AC using (a) hybrid material L.C + 4% Zn** synthesized
in presence of AC, (b) hybrid material L.C + 4% Zn%* synthesized in absence of AC and (c) pure L.C, C;
=10mg/L, pH=10,m; c=0.1g, V=0.1L, T =298 K.

3.4. Modeling of the Biosorption of MB Assisted by AC Using Brouers Sotolongo (B.S) Model

The biosorption mechanism of MB onto pure L.C and hybrid materials elaborated by precipitation
in the presence and absence of AC was studied by B.S model. The surface of the biosorbent is
heterogeneous. The functions are distributed randomly hence the need to use a stochastic model (B.S).
This model was chosen based on the coefficient of determination (R?), the non-linear chi-square test
(x?) and the calculated Qe (Table 4 and Table S1 in the complementary information).
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Table 4. Comparative results for the B.S model.

Biosorbent Used Qexp (Mg/g)  Qgpe (Mg/g) R? X2 o T,
Brouers Sotolongon =1

Pure L.C 3.22 4.33 0.9999  0.0001 099  91.52

L.C +1% Zn?** + AC 6.06 5.97 0.9995 0.0005 1.11  56.14
L.C + 2% Zn** + AC 7.33 7.41 0.9999  0.0005 127  47.98
L.C + 4% Zn>* + AC 9.84 9.31 0.9999  0.0001 541  36.83
L.C + 1% Zn?* 5.47 5.40 0.9999  0.0001 0.99  59.01
L.C + 2% Zn?* 7.27 7.22 0.9999 0.0004 106  49.13
L.C + 4% Zn?* 8.81 8.64 0.9999  0.0001 3.64  39.55

Table 4 shows that B.S model BSf (1, x) presents the best fit to experimental data related to MB
biosorption by L.C and hybrid materials. Indeed, the B.S model BSf (1, «) has the highest coefficient of
determination and the lowest nonlinear chi-square test. In addition, the Qe calculated by this model
gives acceptable values.

The comparison of the values of T, calculated from BSf (1, «) shows that L.C + 4% Zn** + AC
has the lowest value of 1. (36.83). These results indicate that the AC synthesized hybrid materials
remarkably improve both the adsorption capacity and the reaction rate of pure L.C.

On the other hand, the fractal constant « of L.C is less than one—which shows that the surface of
L.C is heterogeneous [55]. Although the fractal constant « of the hybrid materials exceeds one, the
kinetic is not clearly fractal [56].

For the hybrid materials, the fractal constant « increases with the increase of the percentage of
Zn?* added. The hybrid material elaborated by AC (L.C + 4% Zn?*) presents a higher value of «. In
fact, Selmi et al. (2018) showed that the fractal constant « increases with the number of functional
surface groups [57]. Therefore, the hybrid material elaborated by AC (L.C + 4% Zn?*) has the highest
number of functional groups.

3.5. Evaluation of the Elaborated Hybrid Material for MB Biosorption: A Comparative Study

To estimate the efficiency of the hybrid material synthesized by the precipitation method in
presence and absence of AC and other low-cost material widely used for dye removal, a comparative
study in terms of biosorption capacity (Qm) and efficiency was done as illustrated in Table 5. Results
obtained when using the hybrid material L.C + (1%, 2%, and 4% Zn**) synthesized by precipitation
under AC are largely higher than those obtained when using the hybrid material synthesized in
absence of AC and the other low-cost materials. The Qp, shifted from 3.22 to 8.81 and 9.84 mg/g,
respectively, for the hybrid material L.C + 4% Zn?" synthesized under AC, the hybrid material L.C
+ 4% Zn?* synthesized in absence of AC and the pure L.C. The Qy, increased greatly when adding
the 4% of Zn?* compared to the pure L.C. These findings can be explained by the high dispersion of
active sites due to the availability of a large number of sites. The modification of pure L.C by different
zinc rates in the presence and absence of AC increased the active sites available for MB retention.
Furthermore, the rapid change in current direction has enhanced the access of pollutants into the
biosorbent pores—which explained the main difference between rates achieved in both cases.
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Table 5. Comparison of biosorption characteristics between hybrid material synthesized and other
studied biosorbents used for MB biosorption.

Biosorbents/MB Om (mg/g) References
Luffa cylindrica 3.9 This study
L.C + 1% Zn** 5.47 This study
L.C + 2% Zn** 6.55 This study
L.C + 4% Zn?* 8.77 This study

L.C+ 1% Zn** + AC 6.06 This study

L.C +2% Zn%* + AC 7.33 This study

L.C + 4% Zn%* + AC 9.01 This study
Algae Caolina 6 [57]
Langsat peel 8 [58]
Agave Americana 6 [59]
Posidonia Oceanica 5.51 [60]
Phragmites Australis 6.31 [61]

3.6. Evaluation of the Synthesized Hybrid Material on the Purification of Industrial Textile Wastewater

Some experiments were performed in order to foresee the variation of pH, COD, turbidity, TOC
and processing time during the purification of industrial wastewater (Table 6). In fact, the treated
wastewater is composed of sodium carbonate, caustic soda, sodium sulfate, sea salt, wetting agent,
reactive dyes, chlorine, and enzymes. L.C + 4% Zn?* synthesized in the presence and absence of AC
and the pure L.C were evaluated for the purification.

Table 6. Comparative results obtained for the purification of industrial textile wastewater.

Parameters Industrial Textile Wastewater
Biosorbent Used Pure L.C L.C + 4% Zn%* L.C + 4% Zn%* + AC
pH; 11.22 11.22 11.22
pHs 8.99 8.08 8
COD; (mg/L)O, 1265 1265 1265
COD¢ (mg/L)O, 597 297 159
COD removal (%) 52.80 76.5 87.43
Turbidity; (NTU) 11.70 11.70 11.70
Turbidity; (NTU) 4.58 2.23 1.99
Turbidity removal (%) 60.85 80.94 82.99
TOC; (ppm(C.0)) 28.9 28.9 28.9
TOCt (ppm(C.0)) 11.9 3.2 2.29
TOC removal (%) 58.82 88.92 92.07
Processing time (min) 300 240 180

Results show that the hybrid material (L.C + 4% Zn?") synthesized under AC is more efficient
when synthesized in the absence of AC and pure L.C for purification of industrial textile wastewater.

The % of TOC, % of COD and the % of turbidity removals obtained for the hybrid material
synthesized in presence of AC were higher than those obtained by hybrid material L.C + 4% Zn?*
synthesized in absence of AC and pure L.C.

Both 87.43% of COD and 92.07% of TOC were removed from the industrial textile wastewater
when using the hybrid material L.C + 4% Zn?* synthesized in presence of AC. 52.80% of COD and
58.82% of TOC were removed from the tested industrial wastewater when using the pure L.C. 76.5% of
COD and 80.94% of TOC were removed when using the hybrid material L.C + 4% Zn?* synthesized in
absence of AC, for the purification of the industrial wastewater.

The same behavior was observed for the % of turbidity removal. Values reached about 60.85 for
pure L.C, 80.94% for the hybrid material (L.C + 4% Zn2") synthesized in absence of AC and 82.99%,
respectively, for hybrid material (L.C + 4% Zn?") synthesized in presence of AC.
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While for pH, both L.C and hybrid materials (L.C + 4% Zn?") had a significantly poor effect.
This considerable fluctuation in the evaluated parameters may be attributed to the increase of the
sites available for the color retention offered by the elaborated hybrid material as indicated by the
Brouers-Sotolongo modeling. This analysis revealed that almost all of the parameters satisfied the
Tunisian standards TN-106-02 indicating that the treated wastewater can be discharged to any receiving
water body.

3.7. Phytotoxicity Test

In order to evaluate the suitability of the raw and treated industrial textile wastewater for
agricultural use, a phytotoxicity test was done. The evolution of the germination index (GI), the length
of root, stem and leaf of lettuce using distilled water, raw and treated industrial textile wastewater was
evaluated. The most used model for weeds is lettuce “Lactuca Sativa”. It has been used extensively
thanks to its fast germination and high sensitivity for a large variety of pollutants. Furthermore, it is
often used for the examination of plants interaction in an aquatic environment [62,63].

Figure 6 (Figure S1 in the complementary information) presents the main results obtained. The
germination index (GI) of the initial concentrations of the tested industrial wastewater was equal to
29.87%. After biosorption assisted by AC, the percentage of the germination index increased indicating
a decrease in the toxicity of the wastewater tested. It reached respectively 72.33, 59.79, and 52.14%,
respectively, when using the hybrid material (L.C + 4% Zn?*) synthesized in presence of AC, the
hybrid material L.C + 4% Zn?* synthesized in presence of AC and the pure L.C. Results showed that
all GI were higher than 50%, indicating the purity of the treated wastewater and its suitability to

agricultural use.

Pure water intial state( 0 min) L.C+4% Zn?* L.C+4% Zn2++AC  Pure L.C

100 -

o =
=] =]

=1
=l

Evolution of the germination
index(GI) of industrial textile
wastewater

—
=]

Figure 6. Evolution of the % GI after coupling biosorption with AC using pure L.C and hybrid material
L.C + 4% Zn>* synthesized in presence and absence of AC.

3.8. Mechanism of Biosorption of MB

An assumption of the pathway of the fixation of Zn?* ions onto the L.C fibers and the possible
interactions between MB and the synthesized hybrid material were predicted as shown in Figures 7
and 8.
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Figure 8. Possible pathway for the interactions between methylene blue and the synthesized
hybrid material.

Figure 7 (Figure S2 in the complementary information) presents the possible pathway of the
fixation of Zn?* ions onto the L.C fibers in the presence and absence of AC.

For both methods used the Zn?* ions generated from the dissolution of Zn(NOs), in water were
fixed on the surface of the L.C through cellulose or hemicellulose, where oxygen is found, ensuring
the creation of Zn-O bond on the biomass as confirmed by IR characterizations. The use of AC has
enhanced the access of the Zn?* ions onto the fibers. Therefore, favoring the participation of all Zn?*
ions presents in solution in the creation of Zn-O and Zn-O-C bonds. These findings can be confirmed
by IR characterizations. The band located at 1383 cm~! appears from 1% of Zn?* for the hybrid material
synthesized under AC, while it appears only for 4 % of Zn?* for the hybrid materials synthesized in
absence of AC ensuring an increase in the number of sites available onto the hybrid material surface.

Figure 8 (Figure S3 in the complementary information) presents the proposal of a possible pathway
of the interactions between MB and the synthesized hybrid material and the effect of alternating current
on the proposal process.

Water solvates MB by making hydrogen bridges hydrogen obtained from and nitrogen obtained
from MB and a polar bond between oxygen and sulfur (7—t Bond).
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When alternating current intervenes, the molecules of H,O enter into agitation opening the
access to the free links of the nitrogen of MB which subsequently binds to the Zn-O bond created on
the biomass.

4. Conclusions

We have successfully synthesized a performing hybrid material based on Luffa cylindrica fibers
and different percentage of zinc oxide (1%, 2%, and 4%) by an easy precipitation method under AC.
The fast and efficient pollutant removals are the basic benefits of this research. Results confirmed
clearly the effect of AC on the modification of acidic-basic properties of the L.C compared to the pure
one. The addition of the different percentage of Zn?* (1%, 2%, and 4%) has increased the basicity of
the surface functionality by increasing the pHp,c. Boehm titration indicated that the use of AC in the
preparation of the hybrid materials has decreased the carboxylic and phenolic groups and increased
the lactonic group. The presence of more lactonic groups has increased the density of the negative
charge on the hybrid material surface which will play a crucial effect on the positively charged dye
(MB) biosorption capacity. AC has increased the fixation and the distribution of Zn?* into the L.C
fibers by increasing the sites’ number as confirmed by B.S (1, «). Physicochemical analyses revealed a
prominent decrease in the COD, the TOC and the turbidity of the treated industrial textile wastewater,
complied with the Tunisian Standards TN-106-02. The treated textile wastewater can be discharged
to any receiving water. Furthermore, the germination indexes are higher than 50% confirmed their
suitability to agricultural use.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/11/7/1326/s1,
Figure S1: Evolution of the % GI after coupling biosorption with AC using pure L.C and hybrid material L.C + 4%

Zn?* synthesized in presence and absence of AC, Figure S2: Possible pathway for the fixation of Zn?* onto the L.C
surface, Figure S3: Possible pathway for the interactions between methylene blue and the synthesized hybrid
material, Table S1: Comparative results for the B.S model.
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