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Abstract: The presence of synthetic dyes in industrial wastewater poses significant environmental
and health concerns due to their persistent nature and potential toxicity. Tartrazine is a synthetic
yellow dye known for its stability and resistance to conventional treatment methods. As a result,
its discharge into natural water bodies can lead to adverse ecological impacts and can jeopardize
public health. The objective of this work was to functionalize coconut shells (CSs), coconut cellulose
(CC), and modified coconut cellulose (MCC) bioadsorbents with cetyl trimethyl ammonium chloride
(CTAC) for their use in the elimination by adsorption of the dye tartrazine in aqueous solutions. CC
was synthesized through a double extraction with sodium hydroxide, and a chemical treatment was
performed with CTAC at 100 mmol L~!. The final dye concentration was determined through UV-Vis
at 500 nm. An FTIR analysis showed multiple active sites, represented in groups such as hydroxyl,
COO-, NHx-, and hydrocarbon compounds. Increasing the initial concentration had a positive effect
on the efficiency of the process, reaching 99% removal with an adsorption capacity of 11.89 mg/g
at equilibrium using MCC. The test showed that equilibrium was reached after 30 min. Initially,
the removal of the dyes was rapid, about 97% of the contaminant being removed in the first 5 min.
The Langmuir and Freundlich models were satisfactorily fitted to the adsorption isotherm, showing
physical and chemical adsorption. It can be concluded that MCC is a promising bioadsorbent for the
removal of tartrazine dye in aqueous solutions.
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1. Introduction

Over time, renewable materials have been used to create ecofriendly products, making
green supply chains a widely used method for improving ecosystems, improving the
environment, and reducing energy consumption, among others [1]. Many paper, pulp,
food, and other manufacturers continuously discharge wastewater containing dyes, which
has become a global problem due to its risk when it enters the human and aquatic food
chains [2]. This is due to the fact that, in dyes with organic structures, there are auxochromic
and chromogenic groups, which limit the penetration of light into the water and have
serious consequences in water bodies [3].

Contaminants of organic origins, such as biocides, dyes, surfactants, phenols, phar-
maceuticals, and pesticides, are generally found in the aquatic environment [4]. Dyes are
characterized by their resistance to degradation and can cause adverse effects on human
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health and ecosystems [5]. Currently, about 40,000 dyes and pigments are in use, and
approximately 7000 have different chemical structures. Among them, yellow 5, also known
as tartrazine, is a petroleum-derived diazo anionic colorant, and it is extensively imple-
mented in the food, cosmetic, and drug industries [6]. Yellow 5 was reported to be present
in 20.5% of processed food products and 450 pharmaceutical products [7]. It is a highly
water-soluble dye.

The study of the toxicological effects of tartrazine in mice showed that it is absorbed
directly after ingestion in low proportions (10 mg/kg body weight (bw)/day) and that it de-
grades into metabolites in the colon [8]. As an azoic dye, it is associated with mutagenicity
due to the generation of free amines in vivo through azo reduction. Furthermore, excessive
ingestion above the 10 mg/kg bw /day limit established by the Joint FAO/WHO Expert
Committee on Food Additives (JECFA) has been demonstrated [9]. It can cause allergic
reactions; can cause potential damage to the liver, kidney function, lipid profiles; can cause
carcinogenicity as well as genotoxic effects on the immune system; and can exacerbate
hyperactivity. It can also cause respiratory and liver diseases as well as autoimmune dis-
eases, such as lupus [8,10-12]. The excessive consumption of this contaminant not only has
adverse effects on public health but also on the environment, as it persists in water and soil
for extended periods, reducing soil fertility and the photosynthetic activity in aquatic plants
by obstructing sunlight through the surface and impeding the penetration of O, [13,14].
Therefore, effluents containing this dye must undergo treatment processes before being
discharged into surface water bodies. Consequently, the process of removing tartrazine
in wastewater bodies presents a challenge due to its degradation-resistant structure [15].
Numerous treatment methods have been tested for the removal of the contaminants present
in aqueous discharges, including biological processes, membrane processes, oxidation,
chemical precipitation, and a growing application of biodegradable molecules [16-18].
Among these, adsorption is a technology commonly used for dye removal due to its low
implementation cost, easy handling, high effectiveness, contaminant recovery, and mate-
rial reusability [19,20]. For this reason, various natural resources have been studied for
their use as adsorbent materials [21], such as yucca screening [22], mesoporous Ziziphus
Spina-Christi [23], commercial granular materials, the biomass from rice husks [24], wheat
straw residues [25], coconut and peanut shells [26], modified cellulose based on straw
residues [27], pine needle waste [28], orange peels [29], and olive stones [30], among others.
Among all the materials used, activated carbon is one of the most applied and effective but
more expensive materials [31,32]. The current trend leans towards lignocellulosic-based
adsorbent materials as an alternative [33], being agricultural residues that are a signif-
icant source for the synthesis of bioadsorbents, due to their low cost, high availability,
and easy handling [34]. The focus on green adsorbents for their use as bioadsorbents is
receiving considerable attention due to their renewability and accessibility [35]. Recently,
various methods have been implemented for the adsorption of the dyes present in aqueous
solutions, such as the use of modified activated carbons based on agricultural residues
and nanocomponents [36] as well as the use of nanotechnology [37], nanomaterials [38],
mesoporous materials [39], and activated biochar [40,41], among others.

Various experiments have been conducted using coconut residues for the adsorption
of the dyes present in water bodies. In the study conducted by Filho et al. [42], the authors
studied the performance of the coconut mesocarp as an adsorbent in the bleaching process
of synthetic effluents containing reactive red dye 195. The results demonstrated that the
coconut mesocarp achieved a removal efficiency of 89.92% for the dye present in the
synthetic effluents. Likewise, in the study conducted by Tejada-Tovar et al. [43], they
analyzed the effect of the adsorbent dosage and initial concentration on the removal of
the azo-anionic dyes tartrazine and Congo red present in a synthetic aqueous solution
using natural cellulose and modified cationic cellulose based on the coconut mesocarp. The
results indicated that reducing the adsorbent dosage and increasing the initial concentration
positively contributed to the adsorption capacity towards the dyes of both bioadsorbents,
achieving a removal of 5.67 mg/g of tartrazine with natural cellulose and of 19.61 mg/g
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with modified cationic cellulose. Meanwhile, for Congo red, 15.52 mg/g were removed
with natural cellulose, and 19.99 mg/g were removed with modified cationic cellulose. In
all cases, removal percentages higher than 97% were achieved with a quaternized biomass.

On the other hand, in the research conducted by Abdul Rahim et al. [44], the adsorption
capacities of dried coconut waste were evaluated for the removal of azoic dyes from
wastewater. The results demonstrated that dried coconut waste exhibited the highest
adsorption capacity towards Congo red dye under pH 2 conditions, achieving a maximum
adsorption capacity of 0.07 mmol/g. Cetyl trimethyl ammonium chloride (CTAC) was
used to functionalize cellulose extracted from the coconut mesocarp for its assessment
in the elimination of tartrazine; the new adsorbent, MCCR (i.e., modified coconut waste
cellulose), was obtained, which showed efficient results with a 99% removal of the tartrazine
in the solution, displaying a removal rate of 97% within the first 5 min and achieving
equilibrium in 30 min, indicating a rapid process. When comparing these results with
other materials found in the literature, a remarkable superiority was observed as in the
case of the biomaterial synthesized from rice husks, which exhibited a removal efficiency
of 90.45% [24]. Similarly, the material synthesized based on Moringa oleifera seeds showed
a removal efficiency of 44% [45]. On the other hand, the material synthesized from orange
peels showed an efficiency of 95% within 140 min [46]. Our study innovates by using CTAC
as a surface-protonation agent for coconut cellulose, creating a highly effective adsorbent
for the removal of tartrazine in solutions, and it is noteworthy that CTAC is not reported
in the literature as a surface-protonating agent for the lignocellulosic biomaterials used to
remove anionic dyes in aqueous solutions.

2. Materials and Methods

In the current study, a multilevel factorial experimental design was employed, consisting
of 3 levels of adsorbent dosages, 3 variations of contaminant concentrations, 3 biomaterials,
and 1 contaminant (tartrazine). Table 1 provides a more detailed overview of the experi-
mental matrix.

Table 1. Experimental matrix.

Bioadsorbent Material Adsorbent Dosage (mg) Contaminant Concentration (ppm)
15 40
coconut shells (CSs) 25 70
35 100
15 40
coconut cellulose (CC) 25 70
35 100
15 40
modified coconut cellulose (MCC) 25 70
35 100

CTAC at 25% was used as a compound to treat cellulose. The synthetic solution
of the colorant was prepared using analytical-grade tartrazine. The prepared materials
underwent the zero-charge-point pH test. For this purpose, the pH of distilled water was
adjusted within the range of 3-11 using 0.1 M NaOH and HCI. Subsequently, 5 mL of
distilled water at various pH values was added to 10 mL centrifuge tubes. To the samples,
a variable dosage of the prepared materials was added according to Table 1, and they were
agitated for 24 h. After the elapsed time, the final pH was measured in each of the tubes
and then was compared to the initial pH of each sample.
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2.1. Coconut Shell Pretreatment

The coconut shells (CSs) were gathered in good condition to take advantage of their
properties and to avoid early degradation. The material was washed with deionized water
and was dried at 60 °C until constant mass was achieved. The size was classified in a
shaker-type sieve shaker with stainless steel sieves, with mesh sizes of 8, 6.3, 4.75, 3.35,
2.362,2,1.7,1, 0.5, and 0.355 mm [47]. The material was then stored in airtight bags.

2.2. Cellulose Extraction

The coconut cellulose (CC) was taken out by submerging 20 g of the pretreated coconut
shell in distilled water, with a 4% w/v ratio, for 10 min with mechanical agitation at 300 rpm.
The mixture was filtered, discarding the supernatant; the solid material was suspended
in 0.5 L of NaOH at 4% w for 2 h at 200 rpm and 80 °C. The sample was rewashed and
resuspended in a solution of NaOH. Then, it was washed again until water turned clear.
The solid was treated by adding 50 g of NaClO, and 50 mL of glacial acetic acid to 0.5 L of
distilled water; then, the mix was separated via decantation. The solid was washed until
neutral pH was achieved and was dried at 60 °C [48].

2.3. Cellulose Quaternization

For the modification of cellulose, the method by Xu et al. [49] was used. This involved
impregnating it with cetyl trimethylammonium chloride, which is a quaternary ammonium
salt and an etherifying agent that alters the surface of cellulose. For this purpose, a ratio of
10 mL of cetyl trimethylammonium chloride at a concentration of 100 mmol/L was used
for every 1 g of cellulose. The mixture was agitated on a shaker at 300 rpm for 24 h. The
reaction did not require catalysis; once at a pH below 3, the reaction was then neutralized
via thorough washing until achieving a pH of 7 or close to 7. The reaction between CTAC
and CC is shown in Figure 1.

n 08 o CH; CF
o o] \

< on H % [ k%}, ? % + CH3(0H2)14CH2*I‘\1“CH3

© u OH H on ! CHj;

Cellulose CTAC

Figure 1. CC and CTAC reactions.

2.4. Characterization of Bioadsorbents

The synthetized biomaterials were characterized through the determination of the
charge distribution on the bioadsorbent surface, which was performed by determining the
zero-charge-point pH (pHpzc) [50]. Determination of dye concentration was carried out
using a UV-VIS spectrophotometer, specifically the Biobase model BK-UV1900. The charac-
terization of the adsorbent was performed using a Fourier-transform infrared spectrometer
from Thermo Scientific (Waltham, MA, USA) (Nicolet 6700 FT-IR) (model: 912A0636) (serial:
APW1100394) for the identification of the functional groups. The CC was characterized
through thermogravimetric analysis (TGA) and through analysis via differential scanning
calorimetry (DSC) with a TA Instruments SDT Q600 in nitrogen atmosphere at flow rate of
4 cm®/min with temperature between 30 and 600 °C using a ramp function of 10 °C/min.
Figure Al shows images of the experimental results of the different stages.
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2.5. Batch Adsorption Tests

A stock solution of tartrazine was prepared at 1000 mg/L. The adsorption experiments
were developed by contacting 5 mL of dye solution with different doses of adsorbent in a
Thermo Scientific MAXQ 4450 orbital agitator. The final concentration of tartrazine was
measured via UV-Vis at 500 nm [51]. The removal effectiveness (%R) was calculated with
Equation (1). The independent variables were considered to be the initial concentration
and the adsorbent amount, and the response variable was the adsorption efficiency of the

colorant tartrazine.

Co—Cy
(%) R = [} x 100 1)
Co
where Cp (mg/L) is the initial concentration of dye in the solution and C; (mg/L) is the
final concentration of dye in the solution.

The statistical study was performed using Statgraphics Centurion XVIILLII software,
establishing the influence of each of the independent variables over the removal efficiency;
for this, ANOVA study, Pareto diagram, and response optimization were performed.

The influence of contact time was analyzed by taking samples at different time intervals
(5, 10, 20, 30, 30, 60, 60, 120, 240, 480, 720, and 1440 min) at the best experimental condition

of initial concentration and adsorbent dose found.

2.6. Adsorption Isotherms

Adsorption isotherms were stablished by fluctuating the initial concentration of tar-
trazine (25, 50, 75, 100, 125, and 150 ppm) at 150 rpm at room temperature [52] at the best
condition of adsorbent dosage and contact time found experimentally. The experimental
data were fitted to the Langmuir and Freundlich models [53,54] as shown in Table 2.

Table 2. Adsorption isotherm models.

Model

Equation Parameters

Langmuir

Jmax (Mg/g): maximum amount of analyte
removed per unit weight of biomass.
Gy bCe b (L/mg): constant related to the affinity of
9de = 14bC, binding sites to the contaminant.
Ce (mg/L): concentration of the remaining
contaminant in the solution.

Freundlich

kf: indicator of adsorption capacity.
n indicates the effect of concentration on
adsorption capacity and represents the
intensity of adsorption.

qe = kCl/m

3. Results and Discussion
3.1. Characterization of Bioadsorbents

A thermogravimetric analysis provides information on the variation in a sample’s
composition with respect to the temperature and records the changes in its weight [55].
Figure 2 shows the TGA (thermogravimetric analysis) and DSC (differential scanning
calorimetry) results of the cellulose extracted from the coconut mesocarp. A decrease
of approximately 9.65% in the weight of the coconut mesocarp cellulose was observed
between 75 °C and 140 °C, which was attributed to the moisture content present in the
experimental sample. Additionally, a significant 50% mass loss was observed between
180 °C and 340 °C, corresponding to the degradation of hemicellulose and lignin [56].
Subsequently, above 340 °C, cellulose degradation occurred, with a degradation of 33.4%
w. Between 400 and 600 °C, there was no significant decrease in the mass of the sample,
which was associated with the absence of noncellulosic degradable substances, like lignin,
and the possible presence of stable oxides at high temperatures [56,57].
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Figure 2. (a) TGA and (b) DSC analysis of cellulose extracted from coconut shell.

The DSC analysis shows that the obtained cellulose exhibited an endothermic peak
around 80 °C, which was associated with water evaporation. From 320 to 350 °C, an
exothermic pyrolysis reaction peak was observed, corresponding to the fusion of cellulose
polymer crystals. The above observations may be linked to the different reaction mecha-
nisms involved in the pyrolysis of the three components. The previous indications suggest
that the carbonization process is highly exothermic, while volatilization is endothermic [58].
The absence of a peak between 222 and 228 °C indicates that hemicellulose was eliminated
during the process of extracting the cellulose from the coconut mesocarp. This absence of a
peak suggests that hemicellulose, which typically exhibits a distinct thermal decomposi-
tion behavior in this temperature range, had been effectively removed from the extracted
cellulose sample [59].

From the FT-IR spectra (Figure 3), it can be said that, before the adsorption process, the
bioadsorbents had the same type of spectrum. The structure of the CSs and MCC had more
peaks than that of the CC. The following were observed: wide-ranging peaks of nearly
3730 cm !, 3482 cm ™!, and 3563 cm ™!, corresponding with the vibration of the OH and
NHXx- groups, respectively, present in cellulose and hemicellulose [60]. Amongst 3400 and
3500 cm~! was the apparition of amines and carbonyls from the stretching vibrations of
O-H. The band shown at 2904 cm~! was caused by the C-H bonds of the hydrocarbon
groups [58]. The wavelengths between 2000 and 2500 cm~! showed faint signals from
C=C and C=0. From 1600 cm~! onwards, a series of peaks was observed, which was
attributed to the stretching vibration of C=0. These peaks were slightly milder in the CC
and MCC. The characteristic band of cellulose was found in the zone between 1669 and
829 cm~!, and it belonged to -CH, and -CH as well as -OH and C=0O bonds. The band
around 1418 cm~! was related to the crystalline structure of cellulose; in contrast, the peak
near 893 cm ! corresponded to the amorphous region of cellulose [61]. After the adsorption
of tartrazine, the CSs and MCC showed a shift in the bands between 3400 and 3800 cm ™!
with respect to those before treatment as well as the broadening of the band between 2300
and 2500 cm~!; this dissimilarity in the band was accredited to the existence of tartrazine in
the bioadsorbent. In addition, the signals attributed to the dye structure at the wavenumber
range of 1600-800 cm ! could be seen, which confirmed its effective adsorption. Ranjbari
et al. [62] reported that chitosan, functionalized with the ionic liquid Aliquat-366 and
cetyltrimethylammonium bromide, showed changes in the alkyl group bands after the
adsorption of tartrazine. The researchers attributed the adsorption mechanism to either
weak electrostatic interactions or van der Waals forces. Goscianska and Ciesielczyk [63]
conducted physicochemical studies to analyze the adsorbate/adsorbent interactions, deter-
mining that tartrazine partially replaced the surface groups of the adsorbent through the
formation of hydrogen bonds.
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Figure 3. Normalized FTIR spectra of coconut-shell-based bioadsorbents before and after tartrazine
removal.

3.2. pH Point of Zero Charge

The point at which the bioadsorbents exhibited a net charge of zero was determined
using the pHpyc [64]. Table 3 recaps the results of the bioadsorbents under study.

Table 3. pHpzc of the bioadsorbents from coconut shell.

Bioadsorbent pPHpzc
Coconut shell 7.27
Coconut shell cellulose 5.88
CTAC-modified coconut shell cellulose 5.73

It was observed that the crude biomass presented the highest pHpzc, which was close
to basicity. As modifications were made to the chemical structure of the pristine biomaterial,
this parameter decreased. It can be seen that the cellulose had a pHpzc of 5.88; this is
in the pH range for raw cellulose (5.0-7.5) [65]. When it was chemically modified with
cetyl trimethyl ammonium chloride, its pH slightly decreased, which can be explained
by the fact that impregnation with this chemical reagent does not considerably affect the
distribution of the electrical charges on the surface of cellulose. Considering the pHpzc
results, it was stablished that the experimental pH for the tartrazine removal experiments
in this study would be 4 for the three adsorbents; considering that the adsorbents behaved
as an ion exchange matrix that would be protonated at pH < pHpyzc, the external surface
of the material might therefore be protonated and attract the dye metabolites through
electrostatic forces [66,67].
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Adsorbent dose (mg)

3.3. Effect of Adsorbent Dosage and Initial Concentration

Figure 4 shows that the CSs and CC presented adsorption yields between 1.09 and
17.31% at the different conditions of initial concentrations evaluated, with a better per-
formance from the CC. This was because the surface of the bioadsorbents exhibited the
coexistence of positive and negative charges due to the influence of the pHpzc [68]. It was
also observed that, as the tartrazine concentration increased, as did the removal efficiency;
this was because desorption was lower due to the fact that the concentration gradient
became smaller [69]. This performance from the CSs and CC suggests the need for the
modification of the biomaterials to enhance the adsorption capacity of the biomaterials.

B2 mcc-100 mg/L

B vicc-70 mg/L
MCC-40 mg/L
B2 cc-100 mg/L
B cc-70 mg/L
CC-40 mg/L
B cs-10 mg/L
CS-70 mg/L

-] cs-40 mg/L

I S e o B B e S LS B S S e e S S e |
20 40 60 80 100

Removal efficiency (%)
Figure 4. Effect of adsorbent dose and initial tartrazine concentration on removal efficiency in mm.

Regarding the MCC, it was found that the removal efficiency was in the range of 95.22
to 99.12%, finding a positive effect of the initial concentration of tartrazine and dismissing
the processes resistant to diffusion and the mass transfer from the bulk of the solution.
It was also observed that the rise in the amount of adsorbent produced a growth in the
removal percentage because of the augmentation of the active sites on the adsorbent [70].
Although the initial concentration effect on the removal of tartrazine was positive, an
antagonistic phenomenon of the adsorbent dose in terms of the adsorption capacity was
obtained due to the split in the concentration gradient between the solute concentration in
the solution and on the adsorbent surface [62]. Consequently, there was competition for
solute ions for limited available active sites and other superficial phenomena due to charge
equilibrium interactions [63]. The data for the above results can also be seen in more detail
in Table A1.

When using 50 mg of the adsorbent, a decrease in the efficiency of tartrazine re-
moval was reported, as the initial concentration of tartrazine in the solution increased
from 50 mg/L to 250 mg/L. This decrease in efficiency can be attributed to maintaining
a constant adsorbent dosage, resulting in a fixed number of active sites available for ad-
sorption. It was suggested that, at low dye concentrations, the abundant active sites of
the adsorbent material could adsorb a greater amount of the target analyte. However, as
the dye concentration increased, the active sites became saturated, leading to a reduced
removal of tartrazine [53]. Similar results were reported when using a rice husk and
granular activated carbon with 0.1 g of adsorbent in 50 mL of solution, as the tartrazine
concentration increased from 5 mg/L to 50 mg/L. This phenomenon was attributed to
the saturation of the adsorbent surface at the adsorption sites, likely due to the formation
of a monolayer of dye molecules at the interface with the adsorbent [71]. Thus, it can be
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suggested that, within a higher concentration range, fractional removal is always greater,
whereas, for lower concentration ranges, the percentage of dye removal is higher [72].

On the other hand, concerning the adsorbent dosage, it has been reported that increas-
ing the amount of material enhances the adsorption process of tartrazine, which is consistent
with the results of the current study at different evaluated initial concentrations. As the
amount of the rice husk and granular activated carbon increased between 0.0125 g and
0.4 g in 50 mL, an increase in the removal efficiency was observed. This can be attributed to
the larger contact area between the anion and the active sites, resulting in a higher number
of available adsorption centers. Consequently, a greater amount of adsorption centers led
to an improved efficiency of tartrazine removal from the solution [73].

From the analysis of variance in Table 4, it was determined that the initial concentration
was the variable with the highest statistical influence on the removal efficiency [74].

Table 4. ANOVA of the removal efficiency towards tartrazine of bioadsorbents prepared from coconut
shell.

Bioadsorbents
CS CC MCC
Source
Sum of F-Ratio p-Value Sum of F-Ratio p-Value Sum of F-Ratio p-Value
Squares Squares Squares
A: Adsorbent 3.3227 1.44 0.32 12.22 2.88 0.19 0.33 0.42 0.56
dosage
B: Initial 16.30 7.05 0.077 0.58 0.14 0.74 6.65 8.52 0.06
concentration
AA 3.66 1.58 0.29 20.39 4.80 0.12 0.71 0.91 0.41
AB 8.27 3.58 0.16 0.47 0.11 0.76 2.04 2.61 0.20
BB 33.65 14.55 0.032 32.17 7.57 0.07 0.47 0.60 0.49
Total error 6.94 12.74 2.34
Total (corr.) 72.15 78.55 12.55

3.4. Effect of the Time

The adsorption speed was important for the design of the batch experiments for the
practical application of the adsorbent. The effect of the contact time was evaluated, showing
the adsorption capacity (qt) vs. the time (min) (Figure 5).

12 4 n

10 + = CC
= MCH

qt (mg/g)

T T T T T
600 800 1000 1200 1400

Time (min)

T
400

Figure 5. Effect of the contact time.
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About 97% of tartrazine was removed in the first 5 min using the CC and MCC, and
the equilibrium time was close to 30 min, which guaranteed the fast adsorption of the
contaminant. The MCC had an adsorption capacity of 11.89 mg/g at equilibrium, while
that of the CC was 0.85 mg/g. It can be said that adsorption happened in two phases:
first was the fast stage controlled via intraparticle diffusion from the bulk to the adsorbent
surface, and after that was the slower step until the equilibrium subject to mass transfer
was reached [75].

Alike results have been described for the elimination of tartrazine in defatted soybeans
and bottom ash; here, the establishment of an equilibrium took about 3—4 h [76]. When
using bioadsorbents prepared from moringa seeds, there was an equilibrium time of
around 600 min, a removal efficiency of 99%, and adsorption capacities between 3.3 and
3.9 mg/g[23], which were lower than those obtained in this study for the MCC. When using
cellulose modified by hyperbranched polyethylenimine to remove anionic reactive yellow,
bright cationic yellow, and nonionic dispersed brown, equilibrium times were obtained
between 120 and 180 min, with a rapid increase in the first 30 min of the study [77].

3.5. Adsorption Equilibrium

From the data in Table 5, the adsorption of tartrazine using the CC and MCC was
adjusted by the Freundlich model, having a slight variation with respect to the Langmuir
model. This indicates that the process was given by physical and chemical adsorption
with the formation of mono- and multilayers due to the heterogeneity of the sorption
sites. In addition, the limiting step was the creation of multilayers. Strong bonds first
occupied the active adsorption sites, and this strength decreased as they were occupied by
ions [78]. For detailed isotherm parameter data with the Freundlich and Langmuir models,
see Tables A2-A5.

Table 5. Adsorption isotherm parameters.

Bioadsorbent
Model Parameters
CC MCC
Jmax (Mg/g) 5.222 18.412
Langmuir b (L/mg) 2.0967 x 107° 1.220 x 1074
R? 0.933 0.914
k¢ 0.033 0.956
Freundlich n 0.937 0.973
R? 0.936 0.915

It was observed that k; exhibited an MCC > CC behavior (Table 5); it was intuited
that the active centers of the MCC were more affine with tartrazine than those of the CC.
This was due to the protonation of the MCC surface after the chemical treatment with
CTAC [79]. The values of ‘n” were < 1-10; therefore, the chemical interactions between
tartrazine and the active sites were weak [24]. When using bentonite modified with
hexadecyltrimethylammonium bromide for the removal of tartrazine, the Freundlich model
fitted the isotherm data [5]; similar results were found when activated charcoal from Lantana
camara [76] was evaluated in the remotion of the dye, while for the use of activated carbon
from Moringa [80], the Langmuir model was found to be a better fit.

Previously, values of the Langmuir parameter qmax were obtained for the removal
of tartrazine with respect to adsorbents of a different nature. The results obtained in the
present study when using the MCC were superior when using babassu bone activated
carbon (11.99 mg/g) [80] and coconut shells [59]. However, superior results have been
obtained when using modifications with reagents and adsorbents of a different nature, such
as bentonite modified with hexadecyltrimethylammonium bromide (40.79) [5], H3POys-
modified corncob activated carbon (89.75) [81], and a chitozan/polyaniline nanocomposite
(617.8) [52].



Processes 2023, 11, 3115

11 of 16

4. Conclusions

The synthesized bioadsorbents exhibited a complex structure with the presence of
multiple active adsorption sites. This suggests that these materials possess a high potential
for effectively removing contaminants from wastewater. Increasing the initial concentration
of tartrazine in a solution had a positive impact on the removal efficiency. Notably, the
modified coconut cellulose (MCC) bioadsorbent achieved an impressive 99% removal
efficiency, highlighting its effectiveness as an adsorbent. The adsorption process showed
rapid initial removal kinetics, with approximately 97% of the dye being removed within
the first 5 min. The equilibrium point was reached at 30 min, indicating that the adsorption
process stabilized relatively quickly.

Both the Langmuir and Freundlich models provided a satisfactory fit to the adsorption
isotherm data. This implies that the adsorption mechanism involves both physical and
chemical interactions, making the process more versatile and efficient. The modified
coconut shell bioadsorbent is particularly noteworthy, as it demonstrated an excellent
performance in removing tartrazine from aqueous solutions. This further supports the
potential application of the MCC as an efficient and ecofriendly adsorbent for wastewater
treatment.
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Appendix A

Table A1l. Tartrazine adsorption results for coconut mesocarp.

. Adsorbent Initial Concentration  Final Concentration
Biomass % Removal Qt
Dosage (mg) (ppm) (ppm)

15 39.88 37.6233766 5.65853404 0.45132468

25 39.88 38.5324675 3.37896807 0.1617039

35 39.88 39.4415584 1.0994021 0.03758071

15 68.79 64.6363636 6.03813979 0.83072727

Coconut shell 25 68.79 62.9480519 8.49243793 0.70103377
35 68.79 65.1558442 5.28297114 0.31149907

15 98.01 97.2337662 0.79199446 0.15524675

25 98.01 97.8831169 0.12945936 0.01522597

35 98.01 96.0649351 1.98455763 0.16671985

15 39.88 36.4545455 8.58940458 0.68509091

25 39.88 34.6363636 13.1485365 0.62923636

35 39.88 35.5454545 10.8689705 0.37153247

15 68.79 61.6493506 10.3803596 1.42812987

Coconut cellulose 25 68.79 59.3116883 13.7786185 1.1373974
35 68.79 57.8831169 15.8553323 0.9348757

15 98.01 91.7792208 6.35728928 1.24615584

25 98.01 85.8051948 12.4526122 1.46457662

35 98.01 90.8701299 7.28483841 0.61198887
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Table Al. Cont.

. Adsorbent Initial Concentration Final Concentration
Biomass % Removal Ot
Dosage (mg) (ppm) (ppm)

15 39.88 0.87012987 97.8181297 7.80197403
25 39.88 1.51948052 96.1898683 460326234
35 39.88 1.90909091 95.2129115 3.25464935
B 15 68.79 2.03896104 97.035963 13.3502078
Modified coconut 25 68.79 0.87012987 98.7350925 8.15038442
cellulose 35 68.79 1.38961039 97.9799238 5.77717625
15 98.01 1.90909091 98.0521468 19.2201818
25 98.01 0.87012987 99.112203 11.6567844
35 98.01 1.64935065 98.3171609 825948423

Table A2. Langmuir isotherm parameters for adsorption of tartrazine by cellulose from coconut

mesocarp.
Equation Q = (qmax x (b x C))/(1 + (b x O))
R? 0.93263
Value Standard Error
Qe Qmax 2151.22167 250,240.23045
Qe B 2.0967 x 107> 0.00244

Table A3. Freundlich isotherm parameters for adsorption of tartrazine by cellulose from coconut

mesocarp.
Equation Q =kf x (C(1/n))
R? 0.93557
Value Standard Error
Qe Kf 0.03345 0.02537
Qe N 0.93716 0.1521

Table A4. Freundlich isotherm parameters for adsorption of tartrazine by modified cellulose from
wheat milling residues.

Equation Q = (qmax x (b x C))/(1 + (b x O))
R? —0.25
Value Standard Error
Qe Qmax 9.6761 2.85096
Qe B 4.34896 x 1034 -

Table A5. Freundlich isotherm parameters for adsorption of tartrazine by modified cellulose from
coconut mesocarp.

Equation Q =kf x (C(1/n))
R? —-0.25
Value Standard Error
Qe Kf 9.6761 2.85096

Qe N 3.48385 x 1024 -
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Appendix B

(a)

(c)

Figure A1. (a) Coconut cellulose, (b) cellulose quaternization, and (c) cellulose and cellulose-modified

tartrazine.
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