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Abstract: This study introduces a new and bio-friendly adsorbent based on natural and cetyltrimethy-
lammonium chloride (CTAC)-modified adsorbent prepared from wheat straw residues for the re-
moval of Congo red (CR) and tartrazine azo-anionic dyes from aqueous solution. The adsorbent
was characterized by thermogravimetric analysis (TGA), calorimetric differential (DSC), scanning
electron microscopy with energy-dispersive X-ray spectroscopy (SEM/EDX), and pH point of zero
charge (pHpzc) techniques. It was found that decreasing the adsorbent dose and increasing the initial
concentration favors the removal of tartrazine and Congo red. Tartrazine adsorption capacities were
2.31 mg/g for the cellulose extracted from wheat residues (WC) and 18.85 mg/g for the modified
wheat residue cellulose (MWC) for tartrazine as well as 18.5 mg/g for WC and 19.92 for MWC
during Congo red (CR) adsorption, respectively. Increasing the initial and decreasing the adsorbent
dose concentration favored the adsorption process. From time effect analysis, it was found that the
equilibrium time was reached at 120 min when modified wheat cellulose was used and at 480 min
when wheat cellulose was used. The kinetics of adsorption were described by pseudo-second-order
in all cases with R? > 0.95. The obtained data equilibrium from this research was well-fitted by the
Freundlich isotherm model.

Keywords: biomass; cellulose; Congo red; kinetic studies; removal; tartrazine

1. Introduction

Rapid industrial development, urbanization, and reckless exploration of various natu-
ral and anthropogenic resources are primarily responsible for the pollution of water, air,
and soil, and the discharge of contaminated effluents into the environment, resulting in
damage to public health and the environment [1]. Water pollution refers to environmental
degradation and occurs due to the large amounts of chemicals released by various indus-
trial sectors such as textile, rubber, tanneries, cosmetics, printing, paper, dyes, plastics,
petrochemicals, medicine, and food processing units into the water system [2].

Among the various contaminants discharged into the aqueous environment, dyes or
colorants are deposited through effluents from multiple industries (paints, paper, textiles,
leather, resins, medicines, cosmetics, plastics, food, and industrial dyes) [3]. Continuous
discharge of wastewater containing dyes to the environment may adversely affect human
health due to its toxicity, potential carcinogenicity, bioaccumulation capacity in aquatic
biota, and mutagenicity [4]. Effluents tinted by the action of dyes have a low biological
oxygen demand (BOD) value and a higher chemical oxygen demand (COD) value; they thus
not only affect the esthetic nature but also hinder the penetration of sunlight into the water
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flow and therefore obstruct the photosynthetic action [5]. At present, more than 10,000 types
of dyes are available globally, with an annual production of 700,000 tons [6]. The textile
industry uses around 3600 dyes and 8000 different chemicals in various processes, including
bleaching, dyeing, printing, and finishing [7]. Therefore, the removal of color from waste
effluents becomes environmentally relevant. Dyeing industries use large volumes of water
and dyes, dumping 8% to 20% colorants into effluents from textile industries [8]. Thus,
tons of colorants are dumped into the environment as aquatic waste daily.

Congo red (CR) and tartrazine are most famous for their multiple applications. The
CR or sodium salt 3,3'-([1,1"-biphenyl]-4,4'-diyl)bis(4-aminonaphthalene-1-sulfonic acid)
disodium is a diazo-anionic dye with a molecular weight of 696.665 g/mol. It has been
reported that this dye could be highly toxic to living beings by causing carcinogenesis,
mutagenesis, teratogenesis, respiratory damage, allergies, and problems during pregnancy
because it metabolizes harmful chemicals such as benzidine and turns out to be a potent
human carcinogen [9]. On the other hand, tartrazine or trisodium 1-(4-sulfonatophenyl)-4-
(4-sulfonatophenylazo)-5-pyrazolone-3-carboxylate has a molecular weight of 534.3 g/mol,
is a bright yellow to bright orange anionic azo-dye, and is a petroleum derivative [10].
It is a highly water-soluble dye that can cause allergies and toxicity in humans, act as a
catalyst in various behavioral problems such as hyperactivity, and cause asthma, migraines,
eczema, thyroid cancer, and lupus [11].

Due to the toxicological effects of the colorants mentioned, wastewater containing
them is a topic of worldwide interest. Various recovery techniques, including advance ox-
idative degradation [12], electrocoagulation, membrane filtration, biochemical degradation,
flocculation, chemical precipitation, reverse osmosis, electrodialysis, and ion-exchange
methods, have been used to retain organic contaminants from water [10]. Alternatively,
one of the most popular methods, such as adsorption, is considered the most promising
technique. It presents a profitable approach, robust and universal for the elimination of
toxic pollutants from the aquatic environment [13].

It should be clarified that the success of the adsorption technology depends on many
factors, including the development of an adsorbent that has the ideal porous structure to re-
tain contaminating molecules on the solid surface, since during the adsorption process, the
accumulation of particles dissolved in a solvent on the surface of an adsorbent occurs. Thus,
cellulose-based adsorbents have been commonly modified to increase their ability to retain
substances of anionic origin and enhance their selectivity. Several adsorbents have been
implemented in the removal of CR and tartrazine from water solutions, such as polyani-
line nanocomposites/y alumina [14], bionanocomposites [15], hydrogels from pineapple
shells [16], cellulose modified with cetyltrimethylammonium bromide [3], glutaraldehyde,
and polyvinyl alcohol [17], NiFe,O4 and multi-walled carbon nanotubes [18], methyltri-
octylammonium chloride [19] and iron oxide nanoparticles using Spirulina platensis [20].
Despite major advances in this field, new dye adsorbents need to be developed to over-
come the limitations of existing materials, such as low adsorption capacity and complexity
of synthesis.

Techniques such as quaternization have been applied to increase the selectivity of
lignocellulosic bio-adsorbents. This method consists of an etherification reaction, in which
a quaternary ammonium salt reacts with the active cellulose centers to obtain a positively
charged adsorbent [19]. Quaternary nitrogen salts such as N,N-dimethylformamide have
been used for the quaternization of bio-adsorbents [21], 2,3 epoxypropyl trimethyl ammo-
nium chloride [19], cetyltrimethylammonium bromide [3], and epichlorohydrin [22]. In this
study, cetyltrimethylammonium chloride (CTAC) was chosen as a cellulose modifier agent;
CTAC is a cationic surfactant with a quaternary ammonium head and a C16 alkyl tail [23].
However, no research has been conducted on the potential contribution of these surfactants
to the adsorption of anionic dyes from cellulose fibers, although one of the advantages of
using CTAC as a cellulose fiber modifying agent for anionic dye is its biodegradability by
suitable microorganisms [23].
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On the other hand, wheat crop residues are left on the site after harvesting, being
a vector for the transmission of pests and foul odors. Wheat residues are reported to
consist of three main polymeric components: cellulose (33.0 to 45.1%), hemicelluloses (9.2
to 32.0%), and lignin (8.0 to 37.4%), with high levels of ash and silica [24]. Due to its high
lignocellulose content, which has little digestibility, these residues have not been used in
animal diets [25]. In this regard, the current study aims to obtain an effective adsorbent
based on this eco-friendly and safe natural waste modified with CTAC for the seques-
tration of CR and tartrazine from aqueous solutions. The adsorbents were characterized
by thermogravimetric analysis (TGA), calorimetric differential (DSC), scanning electron
microscopy with energy-dispersive X-ray spectroscopy (SEM/EDX), and pH point of zero
charge (pHpzc). The effect of adsorbent dose and initial concentration over adsorption
capacity was analyzed, studying the kinetics and adsorption equilibrium. The valorization
of wheat straw as adsorbent represents an economic advantage because it is an abundant
residue in Colombian food industries; it has shown great potential for the removal of
diazoanionic dyes, such as tartrazine and CR. Moreover, as cellulose, neither cellulose
extracted from wheat straw nor modified with CTAC has been reported on previously as
an adsorbent—the reason why all this would be a contribution to the state of the art.

2. Materials and Methods
2.1. Materials and Reagents

CR, tartrazine, sodium hydroxide (NaOH), and hydrochloric acid (HCI) had an an-
alytical grade and were acquired from Sigma Aldrich Pvt. Ltd. (St Louis, MO, USA)
(purity > 99%). The CR stock solution (1000 mg/L) was prepared by dissolving the dye’s
required amount in distilled water. All glass items were thoroughly cleaned, rinsed with
deionized water, and dried in a kiln at 50-55 °C. The working solutions were prepared
from the stock solution using distilled water. The remaining concentration of the dyes
in the solution was made by UV/Vis spectrophotometry in model UV 1700 Hach DR
2700 by Shimadzu® (Kyoto, Japan). The SEM-EDS structural analysis was performed in a
TESCAN® model F E-MEB LYRA 3 electron scanning microscope (Brno, Czech Republic),
with gold coating, 10 kV voltage, and 1 kx magnification. The modification of the cellulose
was carried out using 25% cetyltrimethylammonium chloride (CTAC). The concentration
of the remaining dyes was determined in a Biobase infrared spectrophotometer model
BK-UV1900 (Shandong, Jinan, China).

For the experimentation, a multilevel factorial experimental design of three levels of
adsorbent dose (3, 5, and 7 g/L) and three variations of contaminant concentration (40,
70, and 100 mg/L) were considered, keeping constant the pH, particle size, temperature,
and agitation rate. The anionic dyes tartrazine and CR were removed from synthetic water,
using the two biomaterials, for 36 experiments. A target was made with the wheat residues
without modification to determine the synthesis’s viability and later cellulose modification.
The final concentration after CR and tartrazine adsorption essays was determined by
infrared spectrophotometry at 427 and 500 nm, respectively.

2.2. Methods
2.2.1. Mechanical Treatment of Biomass

The wheat residues were provided as a rejection product after the flour was obtained.
Initially, they were washed multiple times with deionized water to remove impurities
and coloring agents, dried at 60 °C in the oven to a constant mass, and the size reduction
was performed in a blade mill. The size was classified in a shaker-type sieve using a
series of stainless steel sieves, with opening sizes of 8 mm, 6.3 mm, 4.75 mm, 3.35 mm,
2.362 mm, 2 mm, 1.7 mm, 1 mm, 0.5 mm, and 0.355 mm [26]. The pretreated biomass was
characterized by SEM-EDS analysis.
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2.2.2. Cellulose Extraction

The cellulose was extracted by placing 20 g of wheat residues in contact with distilled
water in a ratio of 2% w/v and shaken mechanically for 10 min. The mixture was filtered,
the filtrate was discarded, and 500 mL of a 4% w sodium hydroxide solution was added
and agitated at 200 rpm at 80 °C for 2 h. The sample was then washed with distilled
water; NaOH treatment was repeated and rewashed until the washing water was clear.
The cellulose obtained was dried at room temperature for 8 h. Lignin, polyphenols, and
proteins were removed by adding to the sample obtained a solution with 50 g of NaClO,,
500 mL of distilled water, and 50 mL of acid. The mixture was shaken for 24 h at 30 °C. The
extracted cellulose was dried for 3 h at 60 °C [27,28].

2.2.3. Quaternization with CTAC

Quaternization was performed by impregnating the cellulose with cetyltrimethylam-
monium chloride, a quaternary ammonium salt surfactant, and an etherifying agent that
changes the surface of the cellulose. A ratio of 10 mL of cetyl was used at a concentration
of 100 mmol/L for each gram of wheat cellulose (WC). The mixture was kept in magnetic
agitation for 24 h at 250 rpm. A thorough washing neutralized the obtained material until
a pH of 7 or close to 7 was obtained [23]. The synthesized cellulose was characterized by
thermogravimetric analysis (TGA) and calorimetric differential (DSC) in an SDT Q600 TA
Instrument using an inert atmosphere with a nitrogen flow of 4 cm®/min, in a temperature
range of 30 to 600 °C at a heating rate with a ramp function of 10 °C/min. Before and
after the modification, the cellulose morphology using a cationic surfactant, CTAC, was
performed by SEM-EDS scanning electron microscopy. The distribution of charges on
the surface and subsequently evaluating its capacity to remove anionic contaminants was
carried out by determining the pH point zero charge (pHpzc) [29].

2.3. Adsorption Tests

The adsorption experiments were carried out according to the proposed design of the
experiments. A synthetic stock solution of CR and tartrazine was prepared at 1000 mg/L. The
experiments were conducted by varying the adsorbent dose (3, 5, and 7 g/L) and the initial
concentration of CR and tartrazine (40, 70, and 100 mg/L) at 30 °C and 200 rpm. pH was
fixed from the pHp, results. The solution was placed in contact with the adsorbent in 5 mL
test tubes, in an orbital shaker Thermo Scientific model MAXQ 4450, with a shaking of
250 rpm, at room temperature for 24 h. The remaining CR and tartrazine concentration was
determined by infrared spectrophotometry at 427 and 500 nm, respectively. The adsorption
capacity of the bio-adsorbent (g;) and the removal efficiency (R) were determined with

Equations (1) and (2).
qt 7g =T

R[%] = (Cogicf) %100 @)

M

where Cy(“2) is the initial concentration of colorant in the dissolution; C f (58) is the
concentration of dye after adsorption time; V (L) is the volume of solution, and m (g) is
the bio-adsorbent mass used in the tests.

The statistical analysis was performed using Statgraphics Centurion XVIILLII software,
determining the effect of each of the variables on the material removal efficiency, based on

the analysis of variance.

2.4. Adsorption Kinetics

The kinetic study was conducted to analyze the effect of time on removing and
possible mechanisms involved in the process [30]. For this, tests were performed at the
best conditions of adsorbent dose and initial dye concentration at 150 rpm and room
temperature. Aliquots were taken at different time intervals (5, 10, 20, 30, 60, 120, 240,
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480, 720, and 1440 min), and the remaining dye concentration was determined. The
experimental data were adjusted to the non-linear form of pseudo-first-order [16], pseudo-
second-order [31], Elovich [2] and Weber-Morris intraparticle diffusion models [32]. Kinetic
evaluated models are summarized in Table 1.

Table 1. Non-linear kinetic models for evaluating tartrazine and Congo red removal.

Kinetic Model Equation Parameters
Pseudo-first-order qr = qe(1 —e~ht) f (mi;;ell);dl;i_?iertsif_ sl?;es:ant of
Pseudo-second-order g = —t— k (g/mg min): k.inetic constant of

25 T pseudo-first-order
B (g/mg): exponent indicating the
Elovich 0= % In(ap) + % In() capacity of adsorption

« (mg/g min): Elovich constant indicating
the rate of adsorption

2.5. Adsorption Isotherms

Adsorption isotherms describe adsorbate-adsorbent interactions, a critical factor to
optimize the use of adsorbents [2]. The isotherms represent the equilibrium of adsorption,
which is done through the ratio of the absorbed quantity to the pressure or concentration
of equilibrium at a constant temperature [31]. They also reflect the process through which
the analyte that binds to the sorbent is at an equilibrium state with the ionic species
that remain dissolved in the solution. At the best experimental conditions of adsorbent
dose, the tests for the determination of isotherms were performed varying the sample’s
initial concentration (25, 50, 75, 100, and 125 mg/L), at the best experimental conditions
of adsorbent dose using the bio-adsorbents prepared from coconut mesocarp, for 24 h at
150 rpm and room temperature. The experimental data were fitted to the non-linear form
of the models of Langmuir [3], Freundlich [19] and Dubinin-Radushkevich [33], as shown
in Table 2.

Table 2. Adsorption isotherm models.

Model Equation Parameters
gmax (Mg/g): maximum amount of analyte removed per unit weight
of biomass
Langmuir Ge = qlmrbbccf b (L/mg): constant related to the affinity of the binding sites with
‘ the contaminant
Ce (mg/L): concentration of the remaining contaminant in solution
) kr (mg/g): adsorption capacity indicator
Freundlich ge = kpCl n: indicates the effect of concentration on adsorption capacity and

represents the adsorption intensity

Dabunin—-Radushkevich

€%: 1 Polanyi’s potential which is based on temperature
de = qpr X e~ Kore’ Kpg (mol?/kJ?): Dubinin-Radushkevich constant related to
dsorption ener
=RTxIn(1+ & adsorp gy
€ x ng ta ) E (kJ/mol): average adsorption energy per molecule of adsorbate
E= V2Kor required to transfer one mole of the ion from the solution to the
adsorbent surface

3. Results and Discussion
3.1. Characterization of Biomaterials

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) anal-
ysis characterized the synthesized cellulose to analyze its behavior toward temperature
changes and establish the extracted material’s quality, taking into account the volatile
compounds [34]. The surface structure and elemental composition of wheat residues, WC,
and MWC were investigated by SEM-EDS [31].
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3.1.1. TGA and DSC Analysis

The thermogravimetric analysis provides information on the composition of a sample.
It monitors its temperature performance in a specific atmosphere and records the sample’s
weight loss when exposed to a combination of temperature, heating rate, and reaction
atmosphere [34]. Figure 1 shows the TGA and DSC analysis of the cellulose extracted from
wheat residues.

(a) b)

\ 150

Heat flow (mW
[~}
o

o
o
1

Y. AN

T
0 100

T T T T T T T T T T
200 300 400 500 0 100 200 300 400 500 600

Temperature (°C) Temperature (°C)

Figure 1. Thermograms of (a) TGA and (b) DSC of wheat cellulose.

A decrease of about 9.85% in weight was observed between 75 °C and 140 °C, due
to the moisture content present in the experimental sample [35]. Moreover, about 50%
mass loss was associated with hemicellulose and lignin’s corresponding degradation at
temperatures between 180 °C and 340 °C [36]. Subsequently, from 340 °C a cellulose
degradation occurs, with the degradation of 42.5% w. Between 400 and 600 °C, there is no
significant decrease in mass in the sample, which is attributed to the absence of degradable
non-cellulosic substances such as lignin and the possible presence of stable oxides at high
temperatures [21,36]. The results show that the sample is constituted in a more significant
proportion by cellulose [37]. The DSC shows that the cellulose obtained has an endothermic
peak around 80 °C associated with water evaporation. From 320 to 350 °C, an exothermic
pyrolysis reaction peak occurred, corresponding to the melting of cellulose polymer crystals,
which could be caused by the reactions or mechanisms involved in the pyrolysis of the
three components. Previously, it has been indicated that the carbonization process was
highly exothermic while volatilization was endothermic [36]. The non-appearance of a
peak between 222-228 °C means that the hemicellulose was removed during the extraction
of the cellulose from the coconut mesocarp [36].

3.1.2. Structural Analysis

SEM analysis of wheat residues (Figure 2a) shows the characteristic structure of lig-
nocellulosic materials, with folds and surface roughness; an irregular exposed area is
displayed with the presence of fiber fragments, folds, heterogeneous spirals, and het-
erogeneous spirals. The presence of fiber fragments is due to the presence of cellulose,
hemicellulose, and lignin in the structure of wheat residues, which benefits the adsorptive
capacities of the material due to the presence of carboxyl, amino, and hydroxyl functional
groups, which can retain cationic contaminants due to their negative net electrostatic
charge [38].

The cellulose extracted from the wheat residues (WC) shows the presence of laminar
folds, which is attributed to the delignification of the biomass (Figure 2b) [39], as well as
filaments owing to the removal of non-cellulosic components during the pretreatments
used, delignification processes, and alkaline treatment [40]. According to the EDS spectrum,
the elements with a more significant presence in CC are carbon (50.74% w) and oxygen
(49.08% w), with slight traces of sodium (0.18% w); the disappearance of magnesium,
phosphorus, sulfur, chlorine, and potassium, due to the treatment with NaOH, is necessary
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for the elimination of the lignin and hemicelluloses of the wheat residues (Figure 2a) [39].
After the modification with CTAC, there is progression of the folds in the exposed structure
of the bio-adsorbent [41], although there is also a change in the material’s exposed surface
after the modification, increasing the material’s roughness [36]. EDS does not show that
this has been successful; there was an increase in the presence of carbon (54.41% w) and
a decrease in the amount of oxygen (45.40% w) and traces of aluminum (0.18% w) in the
peak intensity 1.5 keV. Similar behavior was found when modifying magnetic biochar with
cetyltrimethylammonium bromide, finding that the presence of this modification is not
evident in the EDS spectrum [42]. Similarly, the modification of cellulose nanocrystals
obtained from kenaf with cetyltrimethylammonium bromide was also not evident by
SEM-EDS analysis [43].

20

cps/eV

AERAREERIRRERARRENI RERNE RRNNE NN

P
2 'y CElTS

1 LYyRA3 TESCAN L B B L L L R N N R R RN EEEE SRR R
ot 1) 0 2 4 6 8 keV|

g ~

cps/eV

sa e by e bty by sl

LYRA3 TESCAN 0 T LIJIIIIIIIIIlll|llll'llll|llll'Illl|llll]llll|lllll
i 0 2 4 [ 8 keV

8— LC_J W
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LYRA3 TESCAN o LIS UL B UL L L L L L L L L B AL |
20 v 0 2 4 6 8 keV|

Figure 2. SEM and EDS micrographs of (a) wheat residues, (b) wheat cellulose (WC), and (c) modified
wheat cellulose MWCQ).

Considering the surface properties of the extracted cellulose fibers (Figure 2), its use for
different applications is feasible. It could be used as polymers for manufacturing packaging
materials individually or to improve the mechanical properties of biopolymers synthesized
from starch to synthesize biofilms, while taking into account that the use of starch as a film
material has some drawbacks due to poor mechanical, thermal, and gas barrier properties
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Adsorption capacity (mg/g)
s

and the weak resistance to water that limits its application, particularly in the presence of
water and humidity [44]. Furthermore, the polysaccharide structure of starch and cellulose
has a similar chemical structure that allows for the formation of hydrogen bonds between
both components without harmful effects on human health [45]. Improved thermal stability
of biopolymers in food coating films has only been reported by adding cellulose fibers [46].

3.1.3. pH Point Zero Charge

The adsorbents’” pH point zero charges (pHp.c) were determined to establish the ideal
pH for anion adsorption. The study of pHpyc is also important to identify the adsorption
mechanism and thus to consider the nature of the interactions. For wheat residues, 4.92
and 4.69 for WC, and 5.38 for MWC were found; therefore, it was decided to have an
operating pH of 4 for both dyes to have a positively charged surface. Considering that
these behave as cationic matrices at pH < pHp,, if the solution’s pH is increased it would
be negatively charged by the deprotonation of the surface functional groups, and it would
then reject the interaction with anionic dyes under study by electrostatic forces [31]. In
addition, at pH > pHpyzc the adsorbent surface has a greater tendency to adsorb cationic
pollutants because of its negative surface [31]. Considering the above, it would be expected
that the adsorption mechanism controlling the elimination process of CR and tartrazine
from water using wheat straw residues would be controlled by chemiadsorption, involving
electrostatic interaction between the anionic dyes and the adsorbents” active centers [9].

3.2. Effect of Adsorbent Dose and Initial Concentration

The adsorbent dose is a parameter that directly influences the number of active sites
available for pollutant adsorption, and therefore the efficiency of the process [47]. On the
other hand, the initial solute concentration is the driving force behind the exchange mech-
anisms and mass transfer involved in adsorption [30]. During the tartrazine adsorption
tests, adsorption capacities and negative efficiencies were obtained, showing that the raw
biomass contributes yellow color to the solution; in addition, these results could be due
to the negative charge of the biomaterial due to the presence in its structure of hydroxyl,
carbonyl and carboxyl groups (present in lignocellulosic materials), which have negative
charges and would repeal the interactions between the dye and the active centers, decreas-
ing the efficiency and adsorption capacity. However, the removal of CR with residual
wheat biomass showed removal efficiencies between 62 and 91% and adsorption capacities
between 2.15 and 10.76 mg/g; nevertheless, these results are low for an adsorption process.
This fact shows the need to modify the structure of lignocellulosic biomaterials to increase
the efficiency and adsorption capacity of the dyes under study. Thus, Figures 3 and 4
summarize the effect of the adsorbent dose and initial concentration over the removal
efficiency and adsorption capacity of WC and WMC when eliminating CR and tartrazine.

VZ2 wc-40 mgiL
2222 wc-70 mg/L

V222 mwce-40 mg/L
B2 W C-70 mg/L
B \1WC-100 mg/L

N\

v7_ %
Adsorbent dose (g/L)

'S

124

(b)

3

WC-40 mg/L
[ \\/C-70 mg/L
WC-100 mg/L
B MW C-40 mg/L
28 MW C-70 mg/L
B MW C-100 mg/L

Adsorbent dose (mg/L) !

Figure 3. Effect of initial concentration and adsorbent dosage on removal efficiency of (a) tartrazine

and (b) CR on natural cellulose and modified cellulose from wheat residues.
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It was found that the adsorption efficiency of Congo red on WC increased from 79%
to 97% with the change of the initial concentration from 40 mg/L to 100 mg/L; when
using MWC, it increased from 98% to 99.99% when the initial concentration of Congo red
increased from 40 mg/L to 70 mg/L; the decrease in the adsorbent dose and the increase
in the initial concentration caused an increase in the removal efficiency by the MWC from
98.88% to 99.8%. The efficient performance of biomaterials in removing the dye is due
to the reactive nature of the dye [8] since it quickly binds to any fibrous material. When
removing tartrazine, WC presented a maximum adsorption peak of almost 40% for a dose
of 5 g/L and a contaminant concentration of 40 mg/L. This low removal percentage is
because the surface of the cellulose is anionic due to the presence of OH- groups [39].
This behavior on the part of raw biomass and cellulose demonstrates the need to treat
biomaterials to increase the adsorption sites of anionic pollutants. When using the MWC,
a significant increase in the removal efficiency of tartrazine was evidenced, achieving
removal percentages >95% in all cases, with a positive influence of the initial tartrazine
concentration, which would favor diffusive phenomena and mass transfer from the solution
to the free surface of the adsorbent [45]. However, the effect of the adsorbent dose was
negative since it caused division in the concentration gradient between the concentration
of solute in the solution and the superficial of the adsorbent [47]. Therefore, there would be
competition between solute ions for limited available binding sites, electrostatic interactions,
overlapping or aggregation of adsorption sites, low surface area, interference between
binding sites, and contact with lower ions at higher adsorbent densities [39]. It is observed
that for the same initial concentration of dye, if we increase the dose of the adsorbent, the
equilibrium concentration in the medium will undoubtedly be lower, and consequently,
the apparent adsorption capacity decreases; this, due to the increase in the availability of
active centers and the decrease in dye in the solution, would leave empty adsorption sites

in the adsorbent [36].
(b)
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Figure 4. Effect of initial concentration and adsorbent dosage on removing (a) tartrazine and (b) CR
on natural cellulose and modified cellulose from wheat residues.

Regarding the adsorbent dose effect, it was found that the lowest amount of bio-
adsorbent used (15 mg) in the removal of RC and tartrazine reached the best adsorption
capacity results. The decrease in the amount of adsorbed dye (mg/g) with the increasing
adsorbent mass is due to the division in the flux or concentration gradient between the
solute concentration in the solution and the solute concentration on the surface of the
adsorbent [48]. The ideal is to use the least amount of material to remove as much con-
taminant as possible during an adsorption process to maximize results and decrease costs.
Increasing the adsorbent mass increases in the percentage removal of both dyes because of
the rise of active sites on the adsorbent surface [19]. However, when it is about adsorption
capacity, this aspect may decrease because of the unsaturated active centers at the end of
the process due to high availability and low quantity of contaminant for removal. The two
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bio-adsorbents synthesized presented this pattern concerning the amount of adsorbent
used during dye removal.

On the other hand, the increase in adsorption capacity was proportional to the con-
taminant’s initial concentration, for both dyes, with the best results when using MWC,
thus affecting the adsorption rate but not the equilibrium itself. This fact is because the
initial concentration is the driving force of the diffusive and mass transfer processes; its
increase therefore causes an increase in adsorption; in addition, as the initial concentration
increased, the number of collisions between the ions of the dye and the adsorbent also
increased, thus improving the adsorption process [49].

From Figure 3, the overall efficient performance of MWC is evident, with removal
percentages >95% in all cases, possibly because the surface was protonated, thus increasing
the available adsorption sites as evidenced by the change in its exposed structure (Figure 2c)
concerning WC (Figure 2b). There was no marked selectivity of the adsorbents for any
of the dyes. However, RC’s removal was superior to that of tartrazine due to the dye’s
reactive nature. It easily sticks to any protonated material [50].

For evaluating the modified cellulose with CTAC stability in aqueous media, it was
washed several times to remove unbound surfactant molecules on the surface of the CNC
particles, and thus the adsorbent does not introduce any surfactant molecules into the
solution. The number of cycles required to wash all the unbound surfactant molecules
from the surface of MCNC depends on the amount of surfactant used for the modification;
then, the MWC required four cycles to wash all the unbound surfactant molecules from its
surface. These results are similar to those found when using cellulose modified with CTAB,
a surfactant similar in nature to CTAC [3].

3.3. Statistical Analysis

From the results obtained, the F-factor values shown in Tables 3 and 4 were determined
for the percentage eliminations of tartrazine and CR onto WC and MW. A confidence level
for the p-value of 95% was established. Therefore variables with a p-value of less than
0.05 are considered significant [5]. It was found that the adsorption of the tartrazine on
WC showed statistical significance for the adsorbent dose (A), the initial concentration of
tartrazine (B), and their interactions AB and BB [9]. Similar results were found regard-
ing adsorbent dose and initial concentration when using a carbon/metal composite for
removing acid green and reactive yellow 186 [51].

Table 3. ANOVA for the removal efficiency of tartrazine on bio-adsorbents prepared from
wheat residues.

Bio-adsorbent

Source WC MWC
Sum of Squares F-Ratio p-Value Sum of Squares F-Ratio p-Value

A: Adsorbent dosage 197.021 94.14 0.0023 0.02 0.08 0.799
B: Initial concentration 450.202 215.13 0.0007 277 9.92 0.05
AA 1.4650 0.70 0.46 1.93 6.92 0.078
AB 93.9365 44.89 0.0068 2.39 8.54 0.06
BB 76.0371 36.33 0.0092 0.38 1.36 0.33

Total error 6.2782 0.84

Total (corrected) 824.94 8.37
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Table 4. ANOVA for the removal efficiency of CR on bio adsorbents prepared from wheat residues.

Bio-adsorbent

Source WC MWC
Sum of Squares F-Ratio p-Value Sum of Squares F-Ratio p-Value

A:Adsorbent dosage 361.106 11.61 0.04 0.04 2.62 0.20
B:Initial concentration 46.2195 1.49 0.31 0.38 23.11 0.01
AA 77.582 2.49 0.21 0.16 9.81 0.05
AB 50.3298 1.62 0.29 0.02 1.28 0.34
BB 21.6706 0.70 0.47 0.01 0.89 0.42

Total error 93.2971 0.05

Total (corrected) 650.205 0.07

3.4. Adsorption Kinetics

Adsorption kinetics were studied to determine the effect of contact time on the process
and the possible mechanisms during removal [32]. The fitting of the experimental data
by non-linear regressions to the Elovich, pseudo-first-order, pseudo-second-order, and
Weber—Morris intraparticle diffusion models is shown in Figure 5.
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Figure 5. Adsorption kinetics of (a) tartrazine on WC, (b) tartrazine on MWC, (¢) CR on WC, and
(d) CR on MWC.
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It was observed in the removal of the two dyes that the adsorption occurs rapidly in
the initial minutes, being this more plausible when using MWC, presenting this adsorbent
a better behavior with the two dyes, showing the success of the modification process with
CTAC. It was found that the equilibrium time is reached at about 120 min with MWC
and 480 min with WC; the higher adsorption rate presented when using WMC could be
due to the greater availability of active centers in the unsaturated material, as well as the
availability of anions [52].

In the process of adsorption, the driving force is the concentration gradient. The
process happens in stages: (1) External mass transfer of the solute from the solution
through the boundary layer to the surface of the adsorbent (film diffusion); (2) Diffusion
of the solute through the solid matrix of the adsorbent (intraparticle diffusion), associated
with interparticle mass transfer (pore volume diffusion or surface diffusion); (3) Adsorption
of the solute molecules at the active sites and is considered as the equilibrium reaction
which occurs rapidly [53]. Due to the succession of multiple stages and reactions that
occur during the process, the kinetic and equilibrium study is performed to identify the
mechanisms and limiting steps of the solid-liquid adsorption process [14].

Fitting to kinetic models enables a quantitative understanding of the adsorption
process because it helps describe the process and stablish the adsorption mechanism [31].
Pseudo-first-order kinetic models were applied in the present investigation [5], pseudo-
second-order [53], Elovich [2], and Weber-Morris Intraparticle Diffusion [32], to study
the adsorption mechanism of CR and tartrazine dyes. According to the parameters in
Table 5, it can be said that all models satisfactorily fitted the kinetics of tartrazine on WC,
according to the R? > 0.98 in all cases; therefore, it can be said that the process is controlled
by diffusive and chemisorption phenomena. The value of parameter k3 of the Weber—Morris
Intraparticle Diffusion model suggests a high diffusion rate during the process. The graph
did not cut the origin; therefore, diffusion is not the limiting step. The process occurs in
several stages: in the first minutes, there is surface adsorption or transport of CR molecules
from the massive phase to the adsorbent surface [32]. Then, intraparticle diffusion of
CR anions into the pores of the adsorbent particles occurs. Finally, the equilibrium stage
showed gradual adsorption dominated by porous diffusion, resulting in a multilayer
process. Consequently, interparticle diffusion participates in the adsorption process but
cannot control CR molecules” overall adsorption. Therefore, more than one mechanism
drives the adsorption mechanism [2]. When using MWC in the removal of tartrazine, it
was found that pseudo-second-order and Elovich describe the experimental data well, with
an excellent approach to the experimental value of g, by that calculated by the model. The
parameter « of the Elovich model was higher in MWC than in WC, suggesting that the
reduction in adsorption rate with increasing amount adsorbed is more significant in MWC
than in WC, in agreement with that reported when using Attalea funifera fibers [48].

The kinetics of CR on WC was Elovich’s model (R? de 0.9344). By contrast, when
using MWC, the models that present an excellent fitting are pseudo-first- and pseudo-
second-order (Table 1). As with tartrazine, the fitting to the Elovich model assumes that
the adsorption surface is heterogeneous. The high value of « suggests that adsorption
occurred rapidly in the initial minutes (Figure 5c). By contrast, the high value recorded for
(3 indicates that desorption can be easily achieved in this system, facilitating the recovery
of the contaminant and reuse of the biomaterial [48]. The adsorption rate constants of the
pseudo-first and pseudo-second-order models express that the adsorption process occurs
more rapidly on the MWC.
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Table 5. Fitting parameters to adsorption kinetic models.

Tartrazine CR
Kinetic Model Parameters

WC MWC WC MWC

ge (mg g~ 1) 8.22 16.39 7.74 8.56

} Ky (min—1) 0.82 0.11 0.04 0.18

Pseudo-first-order

SS 0.47 0.63 0.55 0.09

R? 0.99 0.912 0.79 0.99

ky (mg g~ min~1) 0.83 0.01 0.01 0.04

-1 8.26 17.19 8.14 8.79

Pseudo-second-order ez (mg &)
SS 1.04 0.49 0.49 0.15
R? 0.99 0.96 0.88 0.98
B (gmg1) 5.08 x 10% 236.61 4.63 1.58 x 10°
1 min1 11.42 0.65 0.98 244
Elovich @ (mgg " min )

SS 6.01 0.078 3.03 0.84

R? 0.99 0.96 0.93 0.91
k3 (min?/2) 8.21 14.73 6.10 8.0357
Intraparticle diffusion SS 0.08 0.94 0.62 0.3343
R? 0.99 0.69 0.47 0.8401

Where g, (mg g~') is the adsorption capacity at equilibrium time, k; (min~') is the pseudo-first-order kinetic
rate constant, k; (g~! min~!) is the pseudo-second-order kinetic rate constant, a (mg g~! min~") is the Elovich
constant, 3 (g mgfl) is the exponent in Elovich’s equation; SS: sum of squares, k3 is the intraparticle diffusion rate
constant and R? is the coefficient of determination.

From Figure 5, and considering the fitting to the evaluated kinetic models, the mecha-
nism of tartrazine and CR adsorption onto WC is controlled by chemical adsorption and
diffusive phenomena involving mass transfer, considering that experiments were devel-
oped at pH < pHpyc to enhance the adsorption capacity of the adsorbent. As a result of
the kinetic adjustment to the evaluated models, it was proven that the availability of the
adsorption sites has huge influence on the adsorption rate [9]. It can be said that, other than
the adsorption of CR by modified cellulose particles, the surfactant and CR molecules are
attracted to each other by electrostatic forces resulting in the precipitation of the CR-CTAC
complex; the above results are similar to those reported by Ranjbar et al. [3].

The kinetic adjustment to the pseudo-second-order may describe the breakthrough
curve in a continuous system; an overall adsorbate material balance could do the above
to obtain simple analytical expressions for the adsorbate breakthrough curve in a fixed
bed of adsorbent. Then, the obtained equations can be used for scale-up and design of
fixed-bed adsorption columns for removing contaminants from water and wastewater. The
above mentioned is recommended, considering that practical adsorption systems generally
operate in the fixed-bed mode for treating large volumes of polluted water [54].

3.5. Adsorption Equilibrium

The adsorption equilibrium study was carried out to analyze the process’s behavior in
response to changes in the initial concentration, keeping the adsorbent dose, pH, and contact
time constant. The experimental data were also adjusted to the Langmuir, Freundlich, and
Dubinin-Radushkevich models to identify the pollutant removal mechanisms [55]. The
fitting to Langmuir, Freundlich, and Dubinin—-Radushkevich is presented in Figure 6;
parameters are presented in Table 5.
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Figure 6. Adsorption isotherms of (a) tartrazine on WC, (b) tartrazine on MWC, (c) CR on WC, and
(d) CR on MWC.

From the parameters in Table 6, it can be said that the model that best fits the ex-
perimental adsorption equilibrium data of tartrazine and CR on WC and MWC is the
Freundlich model, indicating that the process occurs by chemisorption in the presence of
multilayers, with different adsorption energies and non-uniform heat distribution, due to
the heterogeneity of the active centers of the two adsorbents. Strong bonds first occupy
the active adsorption sites, and this strength decreases as the ions occupy them [27]. The
k¢ is higher when the dyes” adsorption on MWC occurs, indicating its higher selectivity
for these than WC. The values of Freundlich’s constant n are in the range 1-10 only when
CR is higher on MWC, indicating that the chemical bonds formed between the adsorbents
and this dye are strong, which could be due to the reactive nature of the pollutant and
the modification of the biomaterial [28]. The E parameter of the Dubinin-Radushkevich
model is higher for MWC when removing both dyes, indicating that the ion exchange
process is higher in modified cellulose than in natural cellulose [27]. Values below 8 k] /mol
represent the process’s physical nature, while values between 8 and 16 kJ/mol indicate
the chemical process. The data provided in Table 2 showed that removing the dyes on
both adsorbents occurred due to chemical interactions involving the functional groups and
electron transfer between the adsorbate and adsorbents. The removal of tartrazine has
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been previously reported as showing that the Freundlich model best describes the process,
using bentonite modified with hexadecyltrimethylammonium bromide [14] and activated
Carbon from Lantana camara [50]. Langmuir was a better fit using activated carbon made
from Moringa [5].

Table 7 shows the Langmuir parameter gmax data reported for removing tartrazine
and CR with adsorbents of a different nature. It shows the adsorption capacity of tartrazine
on MWC. Concerning the RC, the results obtained in the present study are in the average
for bio-adsorbents of lignocellulosic origin.

Table 6. Adsorption isotherm parameters.

Tartrazine CR
Model Parameters
WC MWC WC MWC
Jmax (Mg g‘l) 83.10 752.19 131.63 253.13
b(Lmg™) 6.017 x 1074 0.003 0.72 1.98
Langmuir
R? 0.71 0.79 0.82 0.87
SS 0.06 0.032 2.30 2.40
Kp (mg g™
.047 . . .
w mgfl)l/“) 0.04 2.21 3.01 134.81
Freundlich n 0.99 0.99 2.46 3.79
R? 0.95 0.99 0.962 0.99
SS 0.45 1.49 1.51 0.98
qpr (mg/g) 5.19 32.29 230.66 237.43
Kpg (mol?/KkJ?) 1.90 x 10~* 5.05 x 1076 1.35 x 10°¢ 6.81 x 107
Dubinin—
Radushkevich E (KJ/mol) 51.24 314.74 609.28 270.94
R? 0.79 0.88 0.79 0.77
SS 0.78 3.46 1.001 1.05

Where gmax (mg g~ 1) is the maximum adsorption capacity, b (L mg~') is the Langmuir constant related to the
adsorption heat, kr (mg g~ ! (L mg™!)'/") and n are the Freundlich’s rate constants referred to the adsorption
capacity and intensity, respectively; gpr (mg g~ ') Dubinin-Radushkevich’s adsorption capacity, Kpg (mol? k] ~2) is
the Dubinin-Radushkevich’s rate constant, and E (K] mol~!) average adsorption energy per molecule of adsorbate
required to transfer one mole of the ion from the solution to the surface of the adsorbent; SS: sum of squares.

Table 7. gmax of tartrazine and CR according to the Langmuir model using various adsorbents.

Contaminant Adsorbent Gmax (mg/g) Reference
WMC 752.19 Present study
Chitosan/polyaniline compounds 584 [30]
Cellulose nano sponges modified with 180 [19]
methyltriotrioctyl ammonium chloride
Tartrazine Moringa seed activated carbon 91.27 [5]
WC 83.10 Present study
Modified bentonite with
hexadecyltrimethylammonium bromide 4079 [14]
Activated babassu coconut carbon 19.20 5]

Babassu coconut kernel Activated Carbon 11.99
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Table 7. Cont.

Contaminant Adsorbent Gmax (mg/g) Reference

Cellulose nanocrystals modified with

cetyltrimethylammonium bromide 44843 3
NaOH-modified water hyacinth 1818 (]
cellulose nanocrystals
Hydrogel fronﬁ plneapPle peel extracted 138.89 [16]
y bleaching
MWC 137.14
Present study
WC 131.63
Congo red Coconut residues 128.94 [56]
Hydrogel.from water-extracted 114.19 [16]
pineapple peel
Cornulaca activated carbon 78.19 [2]
Hydrogel made from pineapple peel
extracted with NaOH 77.32 1ol
Hydrogel from pineapple peel extracted
with bleached-NaOH 7519 1ol
Cornulaca biomass 43.42 [2]

4. Conclusions

In this work, favorable results were obtained using bio-adsorbents prepared from
wheat residues in the adsorption of tartrazine and CR. From TGA and DSC it was estab-
lished that wheat residues are a valuable source for cellulose extraction. The modification
with CTAC was effective and showed promising results as an adsorbent of tartrazine and
Congo red due to the protonation of the adsorbent surface. Decreasing the adsorbent
dose and increasing the initial concentration favored the removal of contaminants, achiev-
ing tartrazine removals of 2.31 mg/g on WC and 18.85 mg/g on MWC, and for CR of
18.5 mg/g on WC and 19.92 mg/g with MWC with removal percentages above 95% with
the quaternate biomass in all cases. Adsorption kinetics showed that equilibrium was
reached at 120 and 480 min when MWC and WC were used, respectively. The obtained
results (highest R?) verified that the pseudo-second-order model is the best-fitted model for
this adsorption. The experimental data are well-fitted with the Freundlich isotherm model.
From these findings, in future studies we expect to model the mass transfer interactions
between sorbate and adsorbent, as well as to simulate scale adsorption packed columns
and perform technology transfer.
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