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Abstract

The aim of this research is to study the adsorption capacity of methylene blue and methyl orange by Gelidium
sesquipedale (GS), Gelidium sesquipedale residues (GSR) and an equal mixture of algae residues and
diatomaceous earth (GRD). To this end, we have carried out a physico-chemical and structural characterization
of the three samples (GS, GSR and GRD). Gelidium sesquipedale and its residues are rich in lignin (33.22% and
28.60%, respectively) and cellulose (20.29% and 13.31%, respectively). X-ray fluorescence analysis has showed
that the mixture of algae residues and diatomaceous earth is rich in silica (72.23%). The equilibrium adsorption
capacity of GSR is comparable to that of GS, both higher than GRD, with rapid retention for methylene blue.
Methylene blue adsorption follows the Freundlich model. It is described by the pseudo-second-order kinetic
model and is minimally influenced by pH variations. These biomaterials have showed potential for various
wastewater treatment applications.

Keywords: biomaterials, adsorption, Gelidium sesquipedale, diatom, cation exchange capacity.



1. Introduction

Water is a vital resource and the essence of human socio-economic and industrial development. However, human
activities contribute to water pollution; wastewater contains physical, chemical, and biological pollutants that
must be treated to protect the environment. A range of treatment techniques has been developed following
numerous research projects, for instance, the adsorption of pollutants using biodegradable supports. This
approach has proved its effectiveness, demonstrating high efficiency(Kone and al., 2012). Biodegradable
substrates used for this purpose include fibers, tree bark, eggshells and algae.

Algae are composed of three types of polysaccharides. These include reserve polysaccharides (starch and
laminarin), low-molecular-weight polysaccharides for osmotic regulation and structural polysaccharides(Gaél,
2005; Garon-Lardiere, 2004). These form the cell wall, which has an architecture similar to that of terrestrial
plants(Garon-Lardiere, 2004). It consists of a crystalline microfibril phase embedded in a predominantly
amorphous phase; the crystalline phase is composed of cellulose, xylans and mannans. Whereas the amorphous
phase of algae is characterized by the abundance of anionic polysaccharides, such as galactan, compared with
neutral polysaccharides. The wall also contains up to 10% protein(Garon-Lardiere, 2004). Diatoms are also
unicellular microalgae measuring 2 to 200 pm(Herzi, 2013). Encased in an ornamental bivalve skeleton of silica
and pectin, they are found in aquatic environments, soil and air. They feed by photosynthesis, and are indicators
of the health of biotopes thanks to the diatom assemblages they colonize (Herzi, 2013; Straub and al., 2014;
Vizinet and al., 1995). Diatomaceous earth or diatomite, a siliceous sedimentary rock composed of fossilized
diatom remains, is used in filtration treatment processes(Lavoie and Saulnier-Talbot, 2016).

Morocco’s geographical position, with two coastlines stretching over 3,500 km, contributes to the richness and
diversity of its marine flora(Bengueddour and al., 2014). Seaweed is an undeniably valuable resource, with over
600 species(Benhissoune, 2002). They represent a potential source of medical products(Bengueddour and al.,
2014; EE#H— and HAIKEZERGE, 1987), cosmetics products(Bengueddour and al., 2014), and natural
antioxidants for the agri-food and pharmacological industries(Bengueddour and al., 2014; Nagai and Yukimoto,
2003). Algae also offer significant potential for pollution control through adsorption. Ulva lactuca has been used
for the decontamination of chromium and cadmium(Asnaoui and al., 2017). Cystoseira sedoides, a type of
brown alga, has shown promising results for the decontamination of water with cadmium and copper.

The red alga Gelidium sesquipedale is widespread along the Moroccan coast, with significant populations around
El Jadida City. The average biomass density is estimated at 800 g.m(Givernaud and al., 2005) It is also an
important resource for agar production. Characterization of the cell wall of red algae indicates the presence of
polysaccharides such as cellulose and xylan, which may provide adsorption capacities. Diatoms, unicellular
organisms with silica-rich shells, are fossilized in the form of sedimentary rocks known as diatomaceous earth,
with the most significant deposits found in Boudinar and the Melilia Nador basin (northeastern Morocco). The
high silica content of diatomaceous earth suggests that these materials have a surface structure with electrically
charged sites, which favor the adsorption of micropollutants by ion exchange. This research project, therefore,
aims to valorize biomaterials such as algae and by-products from the agar manufacturing industry in wastewater
treatment, as part of a circular economy approach.

The aim of this research project is to investigate the potential of three biomaterials as adsorbents: raw Gelidium
sesquipedale algae, Gelidium sesquipedale residue and an equal mixture of Gelidium sesquipedale residue and
diatomaceous earth. As part of their characterization, we also examined the possibility of using them in nested
filters for wastewater treatment. To this end, we have carried out physico-chemical characterization (chemical
composition, mineral and organic matter content and moisture content) and structural analysis by Fourier
transform infrared spectroscopy, X-ray diffraction, scanning electron microscopy, elemental analysis by X-ray
fluorescence and loss of ignition. We have also studied the adsorption kinetics of the three materials using a
cationic dye, methylene blue, and an anionic dye, methyl orange.



2. Materials and methods

In order to evaluate these biomaterials, it is necessary to carry out a complete characterization which would
enable us to predict their behavior in different applications, particularly in the field of water treatment. In the
following, the characterization methods that have been adopted in this study.

2.1. Biological materials

2.1.1. Harvesting area

The red seaweed Gelidium sesquipedale is collected by SETEXAM, an Agar-Agar production company based in
the Moroccan city of Kenitra. Most of the harvest comes from the El Jadida-Jorf Lasfar maritime zone, located
on Morocco’s Atlantic coast (Fig (A.1)).
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Fig (A.1) The Gelidium sesquipedale harvest site

2.1.2. Material composition

The three biomaterials used are illustrated in Fig (A.2) - a) raw Gelidium sesquipedale (GS) - b) Gelidium
sesquipedale residue (GSR) after agar extraction - ¢) a mixture of 50% diatomaceous earth (used as an adjuvant
in the extraction process) and 50% Gelidium sesquipedale residue (GRD). These materials were collected at the
‘SETEXAM’ agar extraction plant in Kenitra. The samples were used in their raw state, without any pre-
treatment.
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Fig (A.2) adsorbents - a) Gelidium sesquipedale (GS) - b) Gelidium sesquipedale residue (GSR) - ¢) The mixture
of diatomaceous earth powder and Gelidium sesquipedale residue (GRD)
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2.1.3. Methylene blue (MB)
Methylene blue (MB) is a dye chosen as a model molecule for medium-sized cationic organic
pollutants(Abdallah and al., 2016) (Fig (A.3)).
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Fig (A.3) Chemical structure of methylene blue (MB)

2.1.4. Methyl orange (MO)

Methyl orange (MO) is a color indicator used in the textile industry, and is also used as a pH indicator for
titrations(Elbariji and al., 2006; Iwuozor and al., 2021). This dye was chosen as a model molecule for anionic
pollutants (Fig (A.4)).
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Fig (A.4) Chemical structure of methyl orange (MO)

These two dyes are commonly used as adsorbents to characterize the adsorbency of materials (Abdallah and al.,
2016; Elbariji and al., 2006; Iwuozor and al., 2021).

2.2. Physico-chemical characterization

2.2.1. Chemical composition

Cellulose composition: was assessed by the Kurschner and Hoffer method; 2g of the sample was boiled in 100
ml of a mixture of nitric acid and 1/4 (V/V) ethanol for one hour. After filtration, the residue was treated twice
using the above procedure. The solid was then washed with distilled water until neutral(Ouensanga, 1989).

Hemicellulose composition: 1 g of sample was immersed in a 5% sodium hydroxide (NaOH) solution at room
temperature for 30 minutes, then neutralized with a 10 N hydrochloric acid solution. The sample was then dried
in an oven at 105 °C for 2 hours. The difference in weight is recorded as the amount of hemicellulose (Rout and
al., 2016).



Lignin composition: was carried out according to the American Society for Testing and Materials (ASTM)
procedure: 1g of the sample recovered after treatment with the ethanol-toluene mixture was stirred in 15 ml of
75% sulfuric acid (H,SOs) solution for 2 hours. Next, we added 560 ml of water, and the solution is heated to
boiling and refluxed for 4 h, to reduce the acid content to 3%. The residue is filtered, washed with 500 ml of
water, dried at 105°C and weighed. As lignin is insoluble in 75% sulfuric acid, the residue is essentially
lignin(Do Thi, 2011)

Agar composition: 100 g of Gelidium sesquipedale is rinsed twice with 1000 ml of water, then soaked in an
acid medium for around 30 minutes. After adding 800 ml of water to the recovered sample, the solution was
heated to boiling and refluxed for one hour. The extract was then heated for 3 hours and passed through a
standard filter. The extract obtained was placed in a container and 100 ml of hot water was added. The agar
solution was left to gel at room temperature. The fine-bladed spatula was then used to cut the gel into small
squares and the pan was placed in a freezer. The next day, we removed the pan from the freezer and let the gel
thaw. Afterwards, the thawed water was drained off and the gel was washed under the tap, rendering it colorless.
The agar was finally shredded, placed in a tarred aluminum dish and dried at a temperature of 60°C. Eq (A.1)
was used to calculate the mass fraction of Agar-agar(Abraham and al., 2018)

%( Agar) = (%)*100 (Eq (A.1)

Where W, and W, are the masses of the algae before and after extraction.

2.2.2. Mineral matter (Mm) and organic matter (Om) content.

We determined mineral content by calcining the samples at 550°C for 4 h, as described in the
literature(Ajouguim and al., 2019). The organic matter (Om) content can be deduced using the following
expression noted in Eq (A.2).

Om (%) = 100 — Mm (Eq (A.2)
Mm is the Mineral matter content and Om is the Organic matter content

2.2.3. Moisture content.
Moisture content was determined in accordance with NF EN ISO 665(Ajouguim and al., 2019; Mouhoubi and
al., 2017), and corresponds to the loss in mass after drying at 105 °C to constant mass.

2.2.4. Structural analysis
We carried out structural analysis of the samples by Fourier transform infrared spectroscopy, X-ray diffraction,
scanning electron microscopy, elemental analysis by X-ray fluorescence and loss on ignition.

e Analysis by Fourier Transform Infrared (FTIR) absorption spectroscopy
It is based on the interactions between infrared radiation and the bonds of the compound in the material to be
analyzed. It enables chemical compounds to be identified and molecule structures to be characterized(Dietrich,
2008). Fourier transform infrared (FTIR) spectra were recorded in the range of 400-4000 cm™ using a Bruker
Vertex 70 spectrophotometer. Homogeneous pellets containing a mixture of 1 mg algal powder sample with 99
mg KBr were compressed.

o X-ray diffraction (XRD) analysis
We used X-ray diffraction (XRD) analysis to identify the phases present in the sample under study(Dietrich,
2008). This analysis was recorded in a 20 interval ranging from 5 to 70 using a Philips X'Pert MPD
diffractometer operating with a copper anode (Kal = 1.5418 A). Thus, the crystallinity index was calculated
from the X-ray diffraction data using the Eq (A.3)(Wang and al., 2007). Homogeneous pellets of powdered algal
samples deposited on a sample holder.

Iy = ZE08 4109 (Eq (A3))

ATotal



A 1otqr is the sum of the areas under all the diffraction peaks and Y Acyysrq is the sum of the areas
corresponding to the crystalline peaks.

e Scanning electron microscopy (SEM) analysis
Scanning electron microscopy (SEM) analysis enables microscopic characterization of the sample's contact
surface through electron-matter interactions(Dietrich, 2008). It was carried out using a JEOL JSM-5500
(VEGA3 TESCAN) equipped with a Falcon EDAX detector. By taking algal sample fragments glued to a
sample holder.

e  X-ray fluorescence (XRF) spectrometry
We performed X-ray fluorescence (XRF) spectrometry to identify the elemental chemical compounds
characterizing the sample under study(Bentahar, 2016). This analysis was carried out using an Axion X-ray
fluorescence spectrometer with a 1 kW wavelength dispersion.

e Loss on ignition (LOI)
Loss on ignition (LOI) is used to determine the mass of products likely to decompose or volatilize during firing
by calcination at 1100°C. After placing the sample in a crucible, it was heated in an oven at a temperature of
1000°C for one hour(Qlihaa and al., 2016). The percentage loss on ignition was calculated as a function of mass
difference using Eq (A.4).

(W1—Wa)
w1

LOI = * 100 (Eq (A.4))

Where W, and W, are the masses of algae before and after calcination

2.3. Study of BM and OM adsorption

Adsorption experiments were carried out by mixing a 0.25g mass of the material with a 20 mL volume of BM
dye solution at C;=4.12 mg/l, C,=8.25 mg/l and C3=16.5 mg/l or OM dye at C;=1.25 mg/l, C»=2.5 mg/l and
Cs=5 mg/l. The pH effect was studied over a range from 2 to 11, while the study of dye adsorption as a function
of time was carried out over time intervals from 5 to 120 min. The adsorbent-adsorbate mixture was then
separated using a high-speed centrifuge at 9000 rpm for 5 min. Absorbance was measured using a JENWAY
UV/visible spectrometer at the wavelength corresponding to the dye's maximum absorbance (write the
wavelength). The concentration of the dye was determined after plotting the calibration curve, so the adsorption
capacity at time t was obtained by the Eq (A.5).

_ (ci-cpv
m

Q: (Eq (A.5))

Where Q, is the quantity of dye adsorbed at time t in mg.g™!, C; is the initial concentration of dye in mg.L"!, C, is
the concentration of dye at time t in mg.L"!, V is the volume of the adsorbent-adsorbate mixture in L and m is the
mass of material in g.

3. Results and discussion

3.1. Chemical analysis
The results of the chemical analysis of the three samples are presented in Table (B.1).

Table (B.1) Chemical composition of the three materials in percent by weight - GS: Gelidium sesquipedale -
GSR: Gelidium sesquipedale residue - GRD: mixture of GSR and diatomaceous earth

Biomaterial GS GSR GRD
Cellulose 13,31 20,29 10,87
Hemicellulose 3,98 6,12 5,03
Lignin 33,22 28,60 9,17
Agar 14.89 - -

Substance mineral 00.70 17,24 67,57
Water content 07,63 07,73 02,26



The Table (B.1) shows that GRD is rich in mineral matter (67.57%), unlike GS (0.70%). This can be explained
by the high quantity of silica in the GRD(Herzi, 2013; Vizinet and al., 1995). Whereas the mineral fraction of
GSR (17.24%) can be explained by the effect of agar extraction on the organic fraction of red algae.
Consequently, the dry organic matter content of GRD, GSR and GS are in the order of 30.17%, 75.03% and
91.67%, respectively.

The organic matter in the crystalline phase of the cell wall is mainly composed of cellulose, xylan and
mannan(Garon-Lardiere, 2004). Furthermore, the results in Table (B.1) show that GSR is rich in cellulose and
hemicellulose compared to GS and GRD, with percentages of 20.29% and 6.12% respectively, giving it a higher
cation exchange capacity, and consequently an affinity for positively charged micropollutants. GRD is low in
lignin, with a percentage of 9.17%. On the other hand, GS and GSR are rich in lignin, with contents of 33.22%
and 28.60% respectively. Lignin is amorphous and contains hydrophobic groups, which could confer greater
permeability if these materials are incorporated into a soil mixture at appropriate proportions. This aspect has a
definite impact on treatment processes such as filtration using biomaterials, as in the case of the multi soil
layering system, where a soil mixture composed of, among other things, soil and sawdust is used(Mugani and al.,
2024). In addition, Gelidium sesquipedale contains a significant amount of agar, representing 14.89%.

Compared with other plant species, the lignin content of GSR is lower than that of date palm (Phoenix
dactylifera)(Kriker, 2005), while that of GS is comparable, and both are higher than that of sisal. The lignin
content of GRD is comparable to that of sisal and lower than that of date palm. Also, the cellulose fraction of
GSR, GS and GRD is lower than that of date palm fiber and sisal fiber(Asma, 2015).

The moisture content of plant fibers depends on relative humidity and other structural parameters(Garat, 2018).
Indeed, the moisture content of GS (7.63%) is comparable to that of GSR (7.73%) and higher than that of GRD,
which is a drier substance (2.26%).

3.2. Microstructural characterization

3.2.1. FTIR analysis
Fourier transform spectroscopy (FTIR) analysis of the three samples is shown in Fig (B.1).
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The infrared spectra in Fig (B.1) shows the presence of a broad band located between 3000-3600 c¢m'!
corresponding to the stretching of the OH group present in cellulose, hemicellulose and lignin(Ajouguim and al.,
2019; de Oliveira and al., 2019), as well as the Si-OH group(BENOUALI Djillali and al, 2016). The bands at
2927 cm™! and 2860 cm™! correspond to the elongation vibration of the CH and CH, groups present in cellulose,
hemicellulose and lignin (Ajouguim and al., 2019; Boutorh, 2014; de Oliveira and al., 2019; Gomes-Dias and al.,
2022; Méndez and al., 2019). In addition, the presence of proteins was identified by the presence of bands at
1645 cm™! for amide I and 1540 cm™! for amide II(de Oliveira and al., 2019). The peak at 1417 cm™' represents
the planar deformation of the CH group linked to the aromatic backbone(Rabemanolontsoa and Saka, 2013), in
crystalline cellulose I, confirmed by the presence of the band at 1090 cm™!(de Oliveira and al., 2019). The sulfate
groups present in the agar structure are indicated by the peak at 1240 cm™ corresponding to sulfate ester
groups(Gémez-Ordéiiez and Rupérez, 2011) and the band at 1150 cm™! characterizing the vibration of the ester-
sulfate bond(Guerrero and al., 2014). The band at 1029 cm™ is attributed to the stretching of the CO and O-H
groups in cellulose(Ajouguim and al., 2019; Gomes-Dias and al., 2022) and to the vibration of the siloxane
group (Si-O -Si)(BENOUALI Djillali and al, 2016). Finally, the band located at 874 cm™' corresponds to the
stretching of the C-O-C group attributed to the B-glycosidic bonds present in cellulose(Ajouguim and al., 2019).

Comparing the peaks of the spectra, it can be seen that the intensity of the peaks at 1645 cm™ and 1540 cm™!
indicating the presence of proteins, and those at 1240 cm™ and 1150 cm! reflecting the presence of agar-agar,
are lower for GSR than for GS. However, the intensities of peaks at 1427 c¢cm™!, 1090 cm™' and 487 cm!
representing cellulose are greater for GSR. This is due to the degradation of proteins during the agar-agar
extraction process, and the consequent increase in the cellulose fraction. Similarly, there was a slight decrease in
the intensity of peaks located at 3426 cm™', 2927 cm™! and 2860 cm!, which can be explained by the degradation
of lignin and hemicellulose. GRD peak intensities are lower than those of GS and GSR, with the exception of the
peak at 1090 cm!, which has an intensity comparable to that of GS and GSR. This reflects the significant
presence of the Si-O-Si bond in GRD.

3.2.2. X-ray diffraction (XRD) analysis
The X-ray diffraction analyses are shown in Fig (B.2).
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In order to assess the crystalline structure of GS, GSR and GRD, we carried out X-ray diffraction analyses, and
the diffractograms obtained are presented in Fig (B.2). A peak located at 26=20.84° indicates the presence of
amorphous agar(Martinez-Sanz and al., 2019), while peak located at 22.98° show the presence of crystalline
planar cellulose I(de Oliveira and al., 2019). In addition, the peak located at 26=26.57° corresponds to the
presence of nanocellulose(de Oliveira and al., 2019). Also, the peak at 26=29.71° also reflects the presence of
cellulose(de Oliveira and al., 2019). The narrow peak located at 21.77° indicates the presence of mineral
components naturally present in Gelidium algae, such as silica (SiO2) and weddellite (CaC>04-2H,0O)(Martinez-
Sanz and al., 2019), also cristobalite for diatomaceous earth(Barbieri and al., 2020), the latter being the most
intense peak. The two peaks at 28.24° and 31.17° are due to crystalline components such as minerals and salts
(CaCOs, MgCOs3)(Cebrian Lloret, 2024; Ferrera Lorenzo, 2012), the peak at 36.03° indicates the presence of
calcite(Tahir Fazall and al., 2019) and cristobalite(Barbieri and al., 2020), while the peak at 39.46° reflects the
presence of cellulose(Cebridn Lloret, 2024).

The crystallinity value estimated from XRD diagrams by OriginePro for raw Gelidium sesquipedale GS is
10.02%, comparable to that of Gelidium sesquipedale studied by Jean Paulo de Oliveira (10.9%)(de Oliveira and
al., 2019) and lower than that of Gelidium sesquipedale studied by Marta Martinez-Sanz et al(Martinez-Sanz and
al., 2019). GSR (12. 18%) has a higher crystallinity index than GS, which can be explained by the degradation of
amorphous components such as lignin and hemicellulose after agar extraction, while GRD has a lower
crystallinity (3.83%), This is in agreement with the results obtained by FTIR spectroscopy of the three samples
and confirmed by the chemical composition studied previously, which shows an increase in cellulose content in
GSR due to the degradation of lignin and hemicellulose in the GS structure, and a decrease in organic
composition in GRD.

3.2.3. Scanning electron microscopy SEM/EDX.

Microscopic observation allows us to visualize the outer surfaces of all three materials. The results are shown in
Fig (B.3).
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Microscopic observation allows us to visualize the outer surfaces of the three materials. The results are
illustrated in the figure below (Fig (B.3)). The analysis of these results showed a rough, highly irregular, porous
structure over the majority of the GS outer surface. For GSR, the surface is marked by the presence of fibrous
bundles glued together and spaced by voids, which can be explained by the previously highlighted cellulose
fraction (20.29%) and the reduction of amorphous matter such as lignin and hemicellulose during the agar
extraction process. Next, examination of the GRD's outer surface shows that it is not very rough, with
heterogeneity in pore shape over most of the surface. Smooth, whitish crystalline structures corresponding to
silica can also be observed.

Table (B.2) Mass percentages of chemical elements in GS, GSR and GRD

Chemical elements C N o Na Mg Al Si P S Cl
GS 3291 | 5,25 | 39,60 2,92 1,91 2,67 4,97 0,71 | 3,70 | 5,37
GSR 47,57 | 9,86 | 37,84 0,86 0,51 1,29 2,07 - - -
GRD 12,70 | 2,68 | 42,06 0,95 1,56 - 40,04 - - -

The chemical composition of the surface of the three samples is shown in Table (B.2). The analysis of the
samples studied revealed high levels of carbon (C) and oxygen (O) in GS and GSR (Table (B.2)), indicating the
presence of organic matter. Microscopic examination also reveals the presence of cations such as (Na), (Mg),
and (Al) on the external surface, visible in the peaks and in the Electron Beam Dispersion (EBD) microanalysis.
Moreover, the presence of these cations could be a factor in reducing the adsorption potential, as they occupy the
available sites(Alaa H. Hawari, 2005).

The examination of the outer surface of the three materials provides information on their behavior in contact
with polluted water. It's clear that porous surfaces offer greater contact time between the materials and the
pollutants in the water. Surfaces containing trace elements such as silica are favorable to cation exchange, with
the GRD showing a large silica peak with a corresponding surface composition of 40.04%. These results
encourage the evaluation of these three materials for the adsorptive treatment of polluted water.

3.2.4. Chemical analysis by X-ray fluorescence
The results of chemical analysis by X-ray fluorescence are shown in Table (B.3).

Table (B.3) Chemical analysis by X-ray fluorescence (composition in % by mass) - GS: Gelidium sesquipedale -
GSR: Gelidium sesquipedale residue - GRD: The mixture of diatomaceous earth powder and Gelidium
sesquipedale residue and D: Diatomaceous earth powder

Compound SiO2 Fe203 AlLO3 NaxO P20s TiO2 CaO K20 MgO SO3
GS 0,3689 | 0,0253 | 0,1643 | 09152 | 0,2382 | 0,0026 | 0,1716 | 0,987 | 05114 1,625
GSR 8,013 0,475 0,975 0,8941 2,055 0,1831 21,04 0,1451 2,904 2,02
GRD 72,23 1,844 3,332 2,928 1,7 0,4401 1,806 0,1551 | 0,6167 1,013
D 88,26 4,055 2,526 1,979 0,7795 | 0,6697 | 0,5612 | 0,2542 | 0,1837 | 0,1625
MnO BaO Br Cl I V205 Cr203 SrO ZrOs NiO
0,0017 | 0,0663 0,069 1,883 | 0,0429 | 0,0476 | 0,0096 | 0,0015 | 0,0104 | 0,0013
0,026 - 0,336 | 0,4068 | 0,1374 | 0,0459 | 0,0111 | 0,1444 | 0,0186 | 0,0056
0,0082 - 0,1164 | 0,0834 | 0,0662 - 0,0239 | 0,0121 - 0,0077
0,0889 - - - - - 0,0195 - 0,0121
CuO ZnO SnO; Co304 Nb2Os Rb,O Ga03 Y203 As,03 P.a.f
0,0016 | 0,0034 | 0,0088 | 0,0069 | 0,0023 | 0,0038 | 0,0037 | 0,0016 | 0,0003 92,99
0,0039 | 0,0121 - - 0,0048 - - 0,0014 - 60,21
0,0106 | 0,0073 - - - - - - - 13,56
- 0,0075 - - - - - - - 0,255

The XRF chemical analysis of the three samples shows that GRD is rich in silica (SiO2) at 72.23%, compared
with GSR and GS at 8.01% and 0.36% respectively (Table. (B.3)). we also analyzed diatomaceous earth alone
(D), which is 88.26% silica. GSR is also rich in calcium (Ca) in the form of lime (CaO), with a composition of
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21.04%. The results also show the presence of other mineral salts in small quantities in the samples, namely iron
(Fe>03), aluminum (Al,O3) and phosphorus (P,0Os), which do not exceed 4%. Other mineral elements (Na, Al, K,
etc.) are present in very small quantities. In addition, GS and GSR are rich in carbon compared to GRD, with
contents of 25.38% and 16.43% respectively. As a result, they are a good source of carbon for bacteria in the
pollutant biodegradation process. Sawdust, for example, has been used in multilayer filters as a source of carbon
for bacteria(Kuniaki Sato, 2010). The addition of sawdust to earth bricks for wastewater filtration has led to a
12% improvement in COD abatement(Xin Chen, 2010). In order to determine the involvement of the three
materials studied in this process, sawdust was analyzed by X-ray fluorescence. It was found to have a carbon
content of 27.17%, slightly higher than GS.

The analysis of loss on ignition indicated that the mass loss for GS is higher (92.99%) than that for GSR
(60.21%), which may be due to the degradation of organic matter after agar extraction. Whereas the low value of
mass loss obtained for GRD (13.56%) is related to the high fraction of mineral substance present in this sample.
These results confirm the chemical, infrared spectroscopic, X-ray diffraction and X-ray fluorescence analyses,
which showed that the GRD is rich in silica (SiO,) and the GS and GSR in organic matter.

3.3. Adsorption of methylene blue (MB) and methyl orange (MO)

3.3.1. Effect of initial concentration and time
The evolution of the quantity of BM and OM dyes adsorbed on the three samples as a function of time and the
effect of initial concentrations are shown in Fig (B.4).
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Fig (B.4) Adsorption of methylene blue (C; (4.12 mg.L'!), C; (8.25 mg.L!) and C3 (16.5 mg.L!)) and methyl
orange (C; (1.25 mg.L"), C> (2.5 mg.L") and C; (5 mg.L")) on GS, GSR and GRD as a function of time — (a)
Adsorption of BM — (b) Adsorption of OM
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Fig (B.5) Maximum equilibrium quantity Qemax as a function of initial concentration — (a) BM adsorption — (b)
OM adsorption

The evolution of the quantity of MB and MO dyes adsorbed on the three samples as a function of time and the
effect of initial concentrations are shown in the Fig (B.4). The analysis shows that the adsorption of two dyes as
a function of time is characterized by two stages, a rapid stage in the first ten minutes, corresponding to diffusion
of the dye onto the outer surface of the material, followed by a slow stage corresponding to intra-particle
diffusion of the dye(F. Moughaoui*, 2017). Moreover, the amount of dye (BM or OM) at maximum equilibrium
Qemax increases as the initial concentration increases (Fig (B.5)). Comparing this amount, it can be seen that GSR
and GS have a comparable maximum equilibrium adsorbed amount of methylene blue, which is greater than that
of GRD. This is because an increase in concentration leads to an increase in the driving force of the
concentration gradient, which in turn leads to an increase in dye diffusion within the material(Fayoud and al.,
2015). All three materials can be said to have a greater affinity for MB.
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3.3.2. Effect of pH
The effect of pH on the adsorption of BM and OM on the three materials was studied over a pH range from 2 to
11 as shown in Fig (B.6).
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Fig (B.6) Influence of pH on adsorption - a) methylene blue (C¢=8.25 mg.L"!) - b) methyl orange (Co=5 mg.L!)
on the three materials

The effect of pH on the adsorption of MB and MO on the three materials was studied over a pH range from 2 to
11 as shown in the Fig (B.6). The experiments were carried out by adjusting the pH of the mixture with a
hydrochloric acid or sodium hydroxide solution. The results showed a significant increase in the amount of MB
adsorbed on GS and GSR at pH=3. This can be explained by the fact that at low pH, the adsorbent surface
(negatively charged site) would be surrounded by H* ions, reducing the interaction of methylene blue (Cation)
ions with the adsorbent sites. On the other hand, at higher pH values, the H* concentration decreases, favoring
effective interaction between dye ions and surface sites(F. Sakr, 2014).

The amount of MB adsorbed on GRD decreases around pH=3, and continues to fall significantly with increasing
pH. Electrostatic repulsion and competition between H* ions and the cationic dye for adsorption sites are
responsible for this decrease(Abdallah and al., 2016). The greatest quantities of MB adsorbed for GS and GSR
are found at basic pH values between 10.5 and 11. GRD, on the other hand, seems to adsorb best at acidic pH.

MO adsorption shows that for all three algae, the amount adsorbed decreases with increasing pH. This decrease
can be explained by the increase in OH" ions present in the medium with increasing pH, resulting in competition
with this anionic dye (MO) on adsorption sites(ABOUA and al., 2018). GRD showed a greater amount of MO
adsorbed than GS and GSR.

3.3.3. Adsorption isotherm

Modeling of adsorption equilibria between the amount of dye in the liquid phase (Ce) and that adsorbed on the
material (Qe) was treated by the Langmuir and Freundlich adsorption isotherms(Abdallah and al., 2016; Ainane,
2011; Fayoud and al., 2015).

e Langmuir adsorption isotherm
The Langmuir isotherm model (Fig (B.7)) assumes that the adsorbent active sites are identical and can complex a
single solute molecule (monolayer adsorption), so there are no interactions between the adsorbed molecules, and
the adsorbent material has a limited adsorption capacity (Qmax)(Ainane, 2011; Fayoud and al., 2015). This model
is represented by the formula presented in Eq (B.1).
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Qe Ce K1, Qmax

Qmax

(Eq (B.1))

C. the equilibrium concentration (mg.L') - Q. the quantity adsorbed at equilibrium (mg.g') - Kp is the
equilibrium constant relative to the Langmuir model, and Qmax is the maximum quantity adsorbed (mg.g™").
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Fig (B.7) Langmuir isotherm for adsorption of - a) methylene blue - b) methyl orange on the three materials

¢ Freundlich adsorption isotherm
The Freundlich adsorption isotherm (Fig (B.8)) applies in the case of multilayer adsorption with the possibility
of the presence of interactions between the adsorbed molecules, and is presented by the logarithmic equation in

Eq (B.2).

LnQ, = LnK, + n*LnC,

KE is the constant relative to the Freundlich model

LnCe

(Eq (B.2))
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Fig (B.8) Freundlich isotherm for adsorption of - a) methylene blue - b) methyl orange on the three materials
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Table (B.4) Adsorption parameters for methylene blue (MB) and methyl orange (MO) on the three materials

Adsorption isotherm Langmuir Freundlich
Parameter Qmax (mg.g™h KL R? 1/n Kk R?
GRD -1,939 -0,149 0,8546 0.620 0.273 0.800
Methylene blue GSR -1,913 -0,194 0,9567 0.604 0.397 0.965
GS -1,292 -0,326 0,8493 0.513 0.587 0.782
GRD -0,194 -0,075 0,9189 0,604 0,008 0,8838
Methyl orange GSR -0,126 -0,071 0,9801 0,525 0,003 0,9874
GS -0,128 -0,077 0,9982 0,509 0,003 0,9907

The Table (B.4) revealed that the values representing the maximum Qmax quantities of both adsorbed dyes are
negative, which has no physical significance(Aloui and Zertal, 2016). This negative value is probably due to the
weight of the isotherm points corresponding to very low dye concentrations(Sakr and al., 2015). Furthermore, it
was not possible to establish the Ki parameter using Qmax. As a result, the adsorption of the two dyes on the
three materials cannot be described by the Langmuir model. Indeed, the Freundlich model assumes the formation
of multilayers for both dyes. The intensity of adsorption and the relative distribution of energy sites for
adsorption are indicated by the coefficient 1/n, which varies according to the nature of the strength of the
adsorption process. Indeed, if 1/n is equal to 1, adsorption is linear; if it is greater than 1, adsorption is physical;
if it is less than 1, adsorption is a favorable chemical process(Kifuani and al., 2018). The values of 1/n obtained
in our situation are less than 1, suggesting that the adsorption of the two dyes on the three materials is favorable
and corresponds to a chemical process.

3.3.4. Adsorption Kkinetic models

The thermodynamic equilibrium between the amount of dye in the liquid phase and the amount of dye bound to
the solid kinetically comprises three stages; diffusion through the film surrounding the particles, diffusion into its
pores and the adsorption/desorption reaction(Ainane, 2011; Fayoud and al., 2015). This equilibrium has been
studied by three models: the pseudo-first-order kinetic model, the pseudo-second-order kinetic model and the
intra-particle diffusion model.

e Pseudo-first-order and pseudo-second-order kinetic models.
The influence of time on dye retention on the three materials was studied using pseudo-first-order and pseudo-
second-order kinetic models.

The pseudo-first-order kinetic model was modeled by the linear Eq (B.3)(Ainane, 2011; Fayoud and al., 2015).
The results obtained by this model are illustrated in Fig (B.9).

In(Qe — Q) = —Kit +InQ. (Eq(B.3))

K;: rate constant for pseudo-first-order kinetics - Q: adsorption capacity at time t - Q.: adsorption capacity at
equilibrium.
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Table (B.5) Kinetic parameters for methylene blue and methyl orange adsorption on DRG, RGS and GS

o MB MO
Kinetic parameter Co = 8,25mg.L! Co=5mg.L"!
GRD GSR GS GRD GSR
Qe (mg.g™h) 0,151 0.093 0.063 0.014 0.011 0.017
Pseudo-first-order K (min') 0,071 0,101 0,136 0,080 0,070 0,052
R? 0,9024 0,9010 | 0,8793 0,932 0,976 0,989
Qewme (mg.g™h) 0,509 0,561 0,567 0,167 0,117 0,127
Ka(g.mg'.min) 0.66 1.969 5.144 19.916 | 9.745 8.052
Pseudo-second-order
R? 0,9997 0,9999 | 0,9999 | 0,9999 | 0,9999 | 0,9999
Qeexp (mg.g™h) 0,508 0,556 0,548 0,16 0,11 0,12

The results in the Table (B.5) show that the correlation coefficients for the pseudo-second-order kinetic model
are higher, at around 0.99, than those obtained with the pseudo-first-order kinetic model, so that the quantities
fixed at equilibrium (Qerne) are comparable to the experimental values. As a result, adsorption of the two dyes on
the three materials follows the pseudo-second-order kinetic model. The chemisorption is often described using
this module. Many scientists have reported that the adsorption rates of dyes on bioadsorbents correspond to the
assumptions of the pseudo-second-order model, which states that the molecules interact with the various surface
functional groups of these adsorbents(Diop and al., 2022; Gueye, 2015), these results confirm the hypothesis that
MB adsorption on biomaterials is mainly due to surface functional groups(Diop and al., 2022; Joseph, 2009).

e Adsorption mechanism
Intra-particle diffusion has been identified by the Webber-Morris relationship and is expressed by Eq (B.5).

Q=K *t* +C (Eq (B.5))

K is the intraparticle diffusion velocity constant - C: is the y-intercept value, provides an indication of the
boundary layer thickness.
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Fig (B.11) Intraparticle diffusion for adsorption of — a) methylene blue - b) methyl orange on the three materials
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Table (B.6) Intra-particle diffusion parameters for methylene blue and methyl orange adsorption on the three

materials
MB MO
Kinetic parameter Co=28,25mg.L"! Co=5mg.L!
GRD GSR GS GRD GSR GS

Kii (mg.g’l.min'?) | 0.0464 | 0.0322 0.0206 0,0026 0,0021 0,0028

C 0.2457 | 0.4038 | 0.4725 0,1516 0,1017 0,1065
Intra-particle R;2 0.9932 | 0.9712 | 0.9737 0,8770 0,8825 0,9493
diffusion Ki2 (mg.g'.min""?) | 0.0063 | 0.0017 | 0.0004 7,9838.10° 4,6360.10* | 6,0206.10*

C 0.4252 | 0.5375 | 0.5613 0,1661 0,1119 0,1201

R 0.9019 | 0.9968 0.987 0,9618 0,8125 0,8160

As shown in Fig (B.11), the curves are distinguished by two distinct parts: the first corresponds to adsorption of
the dye onto the material surface, while the second represents intra-particle diffusion of the dye onto the material
pores. As expected, the diffusion rate constant Ki; is higher than that of the second stage Ki, (Table (B.6)).
Firstly, the two dyes are fixed on the surface of all three materials rapidly, after saturation of the outer surface
the dyes diffuse slowly between the pores of the materials. On the other hand, the fixation rates of methylene
blue are higher than those of methyl orange on all three materials and for both stages. Compared with the other
materials, GRD has the highest adsorption rate for methylene blue.

4. Conclusions

We analyzed three biomaterials using different techniques and methods: Gelidium sesquipedale algae, Gelidium
sesquipedale algae residues and a mixture of diatomaceous earth and algae residues. A number of insights have
been gained into the potential of these biomaterials for a variety of applications, including wastewater treatment.

The alga Gelidium sesquipedale undoubtedly offers interesting potential for applications in wastewater
treatment. However, the excessive exploitation of this resource in recent years may lead us to think in terms of a
circular economy, in favor of the use of residues, which have shown a potential comparable to that of the algae,
with a methylene blue adsorption efficiency of 88%. In fact, they are richer in cellulose (GSR) and silica (GRD).
SEM/EDX also revealed a surface favorable to adsorption and contact with pollutants. The study of methylene
blue and methyl orange adsorption on the three biomaterials showed an affinity for methylene blue. In this sense,
(GS) and (GSR) have greater potential than GRD and could be an alternative for the decontamination of
industrial water containing dyes. Also, for the removal of cationic pollutants from domestic wastewater.
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