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Abstract: Industrialization and globalization have caused severe environmental problems, such as
contaminating water bodies by toxic agents from various industries, generating a significant loss
of biodiversity and health risks. Globally, approximately 80% of wastewater is discharged without
treatment, worsening the situation. However, in Colombia, initiatives have been taken to improve
wastewater management, with ambitious investments and targets to improve treatment infrastructure.
Recently, advanced technologies have been developed to treat wastewater, including more efficient
and sustainable biological methods, such as using coconut-derived adsorbent biomaterials, rich in
useful properties for the adsorption of pollutants in solutions. This research focuses on developing a
composite biomaterial using cellulose acetate (CA) extracted from coconut mesocarp and polyhydroxy
butyrate (PHB), by the casting method, to treat wastewater. Adsorption tests with the tracer methylene
blue (MB) were carried out in the Energy and Environment laboratory of the University of Cartagena.
For this, MB solutions were prepared with 5 to 50 ppm concentrations. The analyses showed
that the composite biomaterial is thermally stable and has good homogeneity and porosity. At a
concentration of 40 ppm and a dosage of 10 mg of adsorbent, the adsorption efficiency was 89%,
with an adsorption capacity of 35.98 mg/g. The above indicates that the composite biomaterial is
presented as a sustainable, improved, and efficient solution to remove contaminants from wastewater,
benefiting the environment and human health.

Keywords: composite biomaterial; cellulose acetate; polyhydroxy butyrate; adsorption; wastewater

1. Introduction

Industrialization and globalization have generated environmental problems, such as
the contamination of water bodies by contaminants from various industries, including
mining, the fertilizer industry, the paper industry, oil refining, textile, and metallurgy [1,2].
These contaminants include heavy metals and dyes, and their massive discharge of around
300-500 megatons of wastewater has led to a 30% loss of global biodiversity and risks to
human health, such as cancer, organs, and nervous system damage, and even death [3,4].

Globally, approximately 80% of wastewater is discharged directly into the environ-
ment without prior treatment, according to a UNESCO report in 2023 [5]. In recent years,
advanced technologies have been developed for wastewater treatment, such as physical,
chemical and biological methods, achieving significant advances towards more efficient and
sustainable techniques [6,7]. These technologies include electrocoagulation, flocculation,
reverse osmosis, coagulation and filtration [8,9]. However, these treatment methods have
disadvantages, because they can produce secondary contaminants and require a high oper-
ating cost [10,11]. Unlike other technologies for treating contaminated water, adsorption
stands out as an efficient process, as it is easy to operate, economical, abundant in raw
materials, and easy to recover [8,12], with activated carbon and zeolite being the materials
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most used in the removal of contaminants by adsorption due to their superior adsorbent
characteristics compared to other materials, but it is essential to keep in mind that they
also have a higher economic value [13-15]. Studies have been performed to develop more
economical and sustainable adsorbent materials to overcome these challenges, made from
biological agents such as algae, fungi, bacteria and multiple agro-industrial wastes [16].

Consequently, composite biomaterials have emerged as a viable alternative by com-
bining a polymer matrix with natural fibers, resulting in materials with improved mor-
phological, mechanical, and thermal properties [17]. These composite biomaterials contain
lignocellulose, which enhances the adsorption process due to the presence of different
functional groups [18].

Coconut, a tropical species that produces fruits in large quantities in Colombia, offers
interesting potential as a source of adsorbent biomaterials. Coconut mesocarp (CCM),
composed mainly of cellulose, has been studied for its capacity to adsorb contaminants in
aqueous solutions [19,20]. In addition, research has been carried out to improve CCM’s
morphological and physical-chemical properties, as lignocellulosic materials are highly
hydrophilic and can present hydrodynamic problems in adsorption systems [21]. For
example, Pang et al. [22] prepared a compound for the degradation of methyl orange based
on a coconut shell, with several types of metallic and metal-free semiconductors to improve
its physical-chemical and optical properties, and the results obtained showed that, by
incorporating semiconductors, the biomaterials exhibited better thermal stability, with an
increased specific surface area and pore volume. Likewise, Yuan et al. [23] synthesized an
adsorbent based on a coconut shell doped with Mg-Al to improve the phosphorus adsorp-
tion capacity in wastewater; the results showed an acceptable performance of the adsorbent,
with a maximum removal capacity towards phosphorus of 60.39 mg/g at pH 6. Therefore,
the importance of developing efficient and sustainable wastewater treatment technologies
becomes evident with the growing concern for environmental conservation and public
health. However, despite advances in this field, more scientific literature regarding spe-
cific biomaterials for removing contaminants in wastewater still needs to be published.
Therefore, this study aims to address this gap by developing a composite biomaterial from
cellulose acetate (CA) extracted from CCM and polyhydroxy butyrate (PHB) (CA/PHB),
with the primary objective being to present the preparation and characterization of the
composite biomaterial and evaluate its adsorption capacity using the Methylene Blue (MB)
tracer, based on the hypothesis that this composite biomaterial will exhibit high efficiency
in the removal of contaminants present in wastewater, due to its improved adsorbent
properties. This proposal is innovative, as it introduces a biomaterial based on coconut
fiber and PHB for the removal of the MB dye, thus providing relevant information in an
area of the scientific literature that lacks significant studies on this approach. The tests
were carried out in the Energy and Environment laboratory of the Chemical Engineering
Programme of the University of Cartagena, Piedra de Bolivar campus.

2. Materials and Methods

Various reagents, solvents, and laboratory equipment were used in the study. Scharlau
brand sodium hydroxide was used to extract the cellulose and adjust the pH. Assuring
brand sodium chlorite was used as a bleaching agent in cellulose extraction. PanReac
AppliChem acetic acid was used in cellulose bleaching and CA synthesis. Acetic anhydride
from SIGMA-ALDRICH was used in CA synthesis. Sulphuric acid from EMSURE was used
as a catalyst in the synthesis of CA. As a CA modifier, PHB (C4HgO;)n was imported from
Helian Polymers B.V. Its chemical composition includes repeating units of hydroxybutyrate.
Furthermore, other solvents and equipment, such as chloroform, acetone, dichloromethane,
ethanol, phenolphthalein, a heating plate, an analytical balance, an oven, a UV-VIS spec-
trophotometer, an electric sieve, a pH meter, ultrasonic equipment, and an orbital shaker,
were used.
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2.1. Synthesis of Composite Biomaterials

The method used for the synthesis of the composite biomaterials was casting. This
method involved dissolving the CA in an acetone solution with a weight ratio of 1:10 for
2 h. On the other hand, PHB was dissolved in 50 mL of dichloromethane at 60 °C under
sound energy in ultrasonic equipment for 40 min. Then, 5 mL of the PHB solution was
mixed with 20 mL of the acetate solution in a Petri dish. The mixture was kept at room
temperature for 24 h to allow the solvents to evaporate [24,25].

2.2. Characterization of Composite Biomaterials

The water absorption test was performed according to ASTM D570-98 [26]. Samples
of each material were immersed in water for different periods, recording the weight change
at 24-h intervals. For the test, 0.6 g of each material was added to 5 mL of water, following
the methodology proposed by Behera et al. [27]. The percentage of water absorption was
calculated using Equation (1):

Wk — W,
Wi

WFE is the sample’s weight after absorption, and Wi is the initial weight of the dry sample.

In addition, detailed characterization tests were carried out for the PHB-modified and
unmodified (target) biomaterial. The surface charges of the biocomposite were studied
using pHpzc, and a thermogravimetric analysis (TGA) was carried out in a Thermogravi-
metric analyzer, TA INSTRUMENT, Series: 0600-11099, Model: SDTQ600, to determine the
composite biomaterials’ thermal stability and composition. Fourier transform spectroscopy
(FTIR) was used to determine the functional groups in the biomasses and biomaterial com-
posites. This assay was carried out on an IRAffinity-1, FTIRSHI-MADZU, Serie A213749.
The samples were prepared before and after adsorption in the best conditions. In a TES-
CAN, model MIRA 3, scanning electron microscopy (SEM) was carried out to observe the
morphological properties of the biomass surface before and after the modifications, while
X-ray diffraction (XRD) was carried out on a Malvern-PANalytical Empyrean 2012 model
with a Pixel 3D detector, to determine the degree of crystallinity of the biomass before and
after the modifications. No special sample preparation was required for these tests.

x 100 1)

2.3. Adsorption Tests

A Zero Loading Point test was performed on the prepared materials using sodium
hydroxide (NaOH) and 0.1 M hydrochloric acid (HCI) to adjust the pH of the distilled
water to a range of 3 to 11. A total of 50 mg of the materials were added to 10 mL centrifuge
tubes with 5 mL of distilled water at different pH values and shaken for 24 h. The final
pH was measured in each tube and was compared with the initial pH using a graphical
method [28].

Solutions with concentrations ranging from 5 to 50 ppm were prepared and analyzed
by UV-VIS spectrophotometry at 664 nm to construct the MB calibration curve, establishing
a relationship between absorbance and concentration [29].

A one-factor experimental design was performed to evaluate the influence of pH on
adsorption capacity. Three pH levels above the zero-loading point (pHpzc) were selected,
keeping the initial concentration (40 ppm) and the adsorbent dose (35 mg) constant. A total
of 10 mL of MB solution was added to each test tube, and the test tube was left in contact
for 24 h. Replicates of the experiment were carried out [30].

The MB mixture with each biomaterial was prepared at initial concentrations ranging
from 5 to 100 ppm, with adsorbent doses of 10 to 30 mg, and the pH was adjusted as
required. The contact time was 24 h at room temperature, with a solution volume of 10 mL.
At the end of the experiment, the concentration was determined by absorbance using the
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ratio obtained from the calibration curve. With the data obtained above, the adsorption
capacity of MB by samples of the natural biocomposite was determined using Equation (2):

(Co — I?VT) xV 2

Qr =
where Q7 (mg/g) is the adsorption amount at equilibrium, C, (mg/L) is the initial concen-
tration in the liquid phase of the dye, Ct (mg/L) is the concentration at a specific time in
the liquid phase of the dye, V (L) is the volume of adsorbate solution and W (g) is the mass
of adsorbent used [31].

3. Results
3.1. Preparation of Composite Biomaterials

Cellulose: Two batches of 25 g of precursor were made to carry out the double alkaline
extraction and sodium chlorite bleaching methodology. The objective was to determine the
average weight loss due to removing lignin, hemicellulose, and other surface compounds
in the fiber.

Figure 1 shows the cellulose preparation process, where it is observed that the alkaline
extraction solution initially has a brown color due to the presence of traces of lignin and
impurities in the fiber. However, the alkaline treatment removes these compounds, as
evidenced by the resulting cellulose solution with a yellow color. Through the bleaching
process, the lignin is removed by oxidation, resulting in water-soluble compounds and
a pure white color. The results obtained from the two precursor batches were 18 g and
20 g of cellulose, respectively, with an efficiency between 72% and 80%. These results are
consistent with those reported in other studies, such as the cellulosic fraction obtained from
Thepesia populnea and areca palm leaf, with efficiencies of 76% and 82%, respectively [32,33];
in this area, researchers have found that the presence of higher cellulose content leads to
significant improvements in mechanical properties, such as tensile strength and modulus
of elasticity [24].

NaOH 4 wt% treatment at
75°C for 45 min.

Bleaching treatment for 24 h
NaCl0: 50 g

CH3COOH 50 ml / 500 ml distilled
water

Figure 1. Cellulose extraction and bleaching process.
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The purity of the cellulose extracted from the CCM was analyzed by thermogravimetry
in a temperature range from 0 °C to 950 °C with a heating rate of 10 °C/min. As a result, it
was observed that coconut cellulose has a higher purity compared to commercial cellulose.

3.2. Thermogravimetric Analysis

Figure 2 presents the thermogravimetric analysis for cellulose (Figure 2a) and CA /PHB
(Figure 2b); it can be noted that the thermal stability of coconut cellulose is reached at
130 °C, where a mass loss of 3.214% is observed, corresponding to the evaporation of the
water present in the biomass. This result suggests that the moisture present in coconut
cellulose is lower compared to commercial cellulose, which presents a mass loss between
80 °C and 140 °C [34]. On the other hand, the thermogravimetric analysis of the CA/PHB
composite biomaterial was performed between 30 °C and 950 °C at 10 °C/min. Figure 2b
shows the results obtained, which present three degradation phases. The first one starts at
100 °C and corresponds to the evaporated water content, equivalent to 0.5%. The second
phase corresponds to the degradation of PHB, between 250 °C and 310 °C, with a mass
loss of 50%. On the other hand, the last to degrade was CA, from 360 °C with a mass
loss of 49.5%. This smaller number of stages and rapid degradation indicates a good
adhesion between the lignocellulosic derivative and the polymeric matrix. Moreover, the
presence of cellulose esters generates a double peak of mass loss: the first corresponds
to the degradation of the acetate, and the second corresponds to the carbonization of the
degraded products at elevated temperatures [35].

100

100

Weight (%)
Weight (%)

T T T T T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000

Temperature T (°C) Temperature T (°C)
(a) (b)
Figure 2. Thermogravimetric analysis. (a) cellulose extracted from CCM. (b) CA/PHB.

The mass degradation of coconut cellulose occurs in three stages. The first stage
occurs between 250 °C and 350 °C, where a loss of 49.4%, corresponding to hemicellulose,
lignin, extractives, and the components present in smaller proportions in the lignocellulosic
derivatives, occurs, similar to that reported by Vijay et al. [36]. The second stage of mass
degradation occurs between 350 °C and 950 °C, corresponding to cellulose degradation,
where a 23.8% mass loss is observed. This result is in agreement with those reported by
Satha et al. [34] and Vijay et al. [36], who indicated that cellulose degradation starts at
340 °C and 350 °C, respectively, with mass losses of 11.56% and 12%.

Compared to commercial cellulose, the degradation of coconut cellulose occurs more
slowly, indicating the higher thermal stability of the biomass derivative [34].

On the other hand, 5 g of cellulose was used in the acetylation reaction. The exper-
iment was repeated five times without variations in the methodology parameters, such
as temperature, time, and number of reagents, to ensure an adequate solid-liquid ratio;
as a result, a CA sample was obtained. The reaction yield was evaluated for each set-up,
showing an average yield of 89.2 £ 3.65%.

These results are similar to those reported by Guerrero [37] in a study where CA
was synthesized from grass, obtaining an average yield of 92.08%. In the present study, a
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vacuum membrane filtration method was used to ensure a higher retention of fine particles
and tightness, which may have influenced the results obtained [38].

Finally, a composite biomaterial of CA and PHB (CA /PHB) was developed using the
casting method. The proportion of PHB in the preparation was based on previous research,
showing that higher CA content improves the mechanical and morphological properties
of the films [24]. In the preparation of the composite biomaterials, the ratio obtained was
taken into account, and the research findings of Abu Aldam et al. were considered [39].

According to Abu Aldam et al. [24], the calculated amount of PHB must be added
to 50 mL of dichloromethane. Upon preparation, it was observed that as the amount of
CA increases, the composite biomaterial’s mass and thickness also increase. For example,
the sample with 10 g of CA has a mass of 2.5 g and a thickness of 900 um. In comparison,
the sample with 1 g of CA has a mass of 0.24 g and a thickness of 85 pm, resulting in the
different properties and characteristics of the composite biomaterial [24].

3.3. Characterization of the Biomaterial

The water absorption test is one of the most important tests in the analysis of the target
composite biomaterial, taking into account that the main property to be modified is the
hydrophilic character of the lignocellulosic derivative, which tends to absorb humidity from
the air and through direct contact with the source [39]. The purpose of this modification is
to avoid caking when scaling up the process in adsorption columns. Therefore, by water
adsorption, the efficiency of the polymeric matrix in achieving this objective is determined.

Figure 3 shows the results obtained for the water absorption of the targets and the
composite biomaterial. It can be observed that the targets, corresponding to the CCM and
cellulose, show a higher absorption than the composite biomaterial in the time evaluated
(CA/PHB), reaching a value close to 100%. This is due to the polymeric matrix’s hy-
drophobic nature, which decreases their hydrophilic character. Similarly, Behera et al. [27]
performed PHB and PLA coatings on hemp fibers, and observed greater water absorption
resistance with coated fibers than uncoated fibers.

Water absorption (%)

J
°

J

20 40 80
Time (h)

Figure 3. Water absorption study.

In terms of specific results, cellulose showed faster water absorption, reaching 99% at
120 h, while coconut fiber reached 97%. The CA/PHB composite biomaterial reached 27%,
respectively. These values remained constant after 120 h.

Based on the results obtained, it was determined that CA/PHB stood out as the
biomaterial and the target with the highest water resistance. This phenomenon is due to
the chemical modification known as acetylation, which involves substituting the hydroxyl
groups in the cellulose chains by acetyl groups. This chemical transformation leads to a
significant decrease in the hydrophilic character of the cellulose [40]. Consequently, it is
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observed that pure cellulose showed a higher water absorption rate compared to CCM and
the CA/PHB composite biomaterial.

These results are consistent with a study by Cindradewi et al. [41], who examined a
composite biomaterial based on CA and nano fibrillated cellulose in different proportions
and conducted a comprehensive water absorption analysis. Their findings supported the
direct relationship between higher cellulose content and water absorption capacity.

3.4. SEM Analysis

Figure 4a,b reveal that the CCM and cellulose exhibit a fibrous and porous morphology.
As pointed out by Behera et al., this is a good indicator [27], who claim that the presence of
pores indicates a lower tensile strength, implying deficiencies in mechanical properties and
limitations in scaling up to adsorption columns.

Figure 4. SEM analysis of the materials. (a) CCM. (b) Cellulose. (c) CA/PHB.

The composite biomaterial observed in Figure 4c shows that the CA /PHB film shows
a more effective homogenization of the components. In addition, it is observed that the
biopolymer layers are thin. This inhomogeneous distribution and the thinness of the
biopolymer layers may be related to a higher water resistance in the presence of PHB [27].
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These findings are especially notable in the case of CA, where its porous structure is
significantly improved after modification with PHB.

By showing a porous structure in the PHB, this composite biomaterial presents advan-
tages for adsorption, as the pores provide available sites for the penetration of contaminant
molecules into the functional groups present in the lignocellulosic derivatives. These
findings are consistent with Zhu et al.’s previous research [42].

The modification of cellulose acetate is a process to improve the mechanical properties
of the biomaterial, as demonstrated in Figure 4. The analysis reveals the formation of a thin
film of biopolymer on the surface of the cellulose acetate, which plays a fundamental role
in giving it hydrophobic characteristics. Originally, cellulose biomass was very hydrophilic,
which limits its efficiency in adsorption applications in aqueous solutions. However, by
converting it into cellulose acetate, a significant transformation is achieved, improving its
mechanical properties for the adsorption of the contaminant under study. This modification
not only improves the mechanical characteristics of the biomaterial but also optimizes its
hydraulic properties, since the thin film that adheres to the material prevents the formation
of agglomerations during the adsorption process. This fact means that, from a physical
point of view, the efficiency and effectiveness of the adsorption process, and the hydraulic
properties, are also improved.

3.5. XRD Analysis for the CA/PHB

CA/PHB analysis was performed to evaluate the organization of the chains and
molecular interactions in the material (Figure 5).

IMEC

A bl P PRIV 7 VPR STy PP e

PR A A

e “ RRRTTR NI L PP e |
e | i g Moris

y "eEA L
iy PV Ty AN e Yrrtiprs™

Edit Profiles (14)

10

15 20 25 30 35 40 45 50
Two-Theta (deg)

Figure 5. XRD analysis of CA/PHB.

The figure above shows that the CA/PHB composite biomaterial has an amorphous
structure. The crystallinity determined was 2.09% for CA /PHB. These results are attributed
to the fact that the acetyl groups occupy less space than the hydroxyl (OH) groups, which
reduces the molecular interactions and, thus, the crystallinity of the material [27]. Despite
this, a slight increase in the crystallinity of CA/PHB is observed. This increase is due to
PHB, which tends to induce a crystalline structure during polymerization [27].
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3.6. FTIR Analysis before Adsorption

FTIR analysis was performed on all materials before adsorption to determine the
surface functional groups present, which are responsible for the bonds between adsorbates
and adsorbents [43].

Figure 6 shows the FTIR graphs of the materials with similar structures before adsorp-
tion. In all figures, there was a peak in the area of single bonds (25004000 cm™!) in the
range of 3200-3500 cm !, indicating the presence of hydrogen bonds and the vibration of
OH-, COOH, and NHXx functional groups, as in cellulose and hemicellulose [30].

4000 3500 3000 2500 2000 1500 1000
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Figure 6. FTIR analysis before adsorption tests. (a) CCM. (b) Cellulose. (c¢) CA/PHB.

The peaks 2860 cm~! and 2935 cm ™! correspond to aliphatic compounds or their
derivatives, such as methylene [44]. In the double bond range (1500 cm ! t0 2000 cm™ 1),
a characteristic band can be observed between 1650 cm~! and 1850 cm~! in all spectra,
suggesting the presence of carbonyl groups and aromatic rings associated with lignin [45].
Peaks between 1490 cm ! and 829 cm ! correspond to the CH, OH, and C-O bonds present
in cellulose [46]. Within the 400 cm~! to 600 cm !, peaks with medium to high intensity of
aromatic groups are detected, representing double bonds.

For cellulose (Figure 6¢), a characteristic peak is observed at 3476.59 cm ™!, indicating
that it contains free -OH groups, which is consistent with the expected chemical composition
of cellulose [47].

The CA/PHB composite biomaterial shows a peak at 1720 cm~! due to the carbonyl
groups present in the biopolymer, confirming that a homogeneous mixture of both materials
was obtained.

3.7. Adsorption Test
3.7.1. Influence of pH on the Adsorption Test

The pHpzc is the pH at which the number of negative charges is equal to the number
of positive charges on the surface of a solid material. If the pH is lower than the pHpzc,
the solid is positively charged; if the pH is higher than the pHpzc, it is negatively charged.
This property indicates the pH range in which the material has an affinity to adsorb ions,
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either anions or cations [48]. To determine the pHpzc, the initial pH and the ApH were
recorded after a contact time between the materials and distilled water at an adjusted pH.

It can be observed that the ApH values are higher in general in the presence of PHB,
comparing the results obtained from the different materials, indicating a more significant
influence on the pH change. To determine pHpzc, initial pH vs. ApH was graphed (Figure 7)
and identified by cutting the abscissa on the curve for each material.

1 2 3 4 5 7 8 9 10 11 12
—— Coconut

——Cellulose

ApH

——CA/PHB

mitial pH
Figure 7. Analysis of the pH zero point of materials.

There are no references in the literature regarding the pHpzc of the prepared com-
posite biomaterials and PHB; however, such information has been evaluated for other
composites, which agree that the target and the CA/PHB composite biomaterial have
the same pHpzc value or are close, as determined by Shoukat et al. [49], who prepared a
mango seed composite biomaterial and obtained a pHpzc of 6.5 for the target and 6.4 for
the biocomposite.

According to the results obtained, and considering that MB is a cationic dye, adsorption
tests were performed using a pH higher than the pHpzc of each adsorbent to favor the
adsorption of these species. A calibration curve was constructed using linear regression
to predict concentrations based on the spectrophotometer’s response to known standards.
The absorbance was recorded at a wavelength of 664 nm [50]. For this purpose, MB
solutions with concentrations of 5, 10, 15, 20, 25, 25, 30, 35, 40, 45 and 50 ppm were prepared
(Figure 8).

35

y = -0.0028x? + 0.1845x% + 0.1028
R2=0.9915

Absorbance

0 10 20 30 40
Initial concentration (ppim)

Figure 8. Calibration curve of methylene blue.
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Efficiency (%)

100

99 +

98

= — Coconut Mesocorpus

As can be seen in Figure 8, the mathematical model that best fits the data is quadratic
with 0.9915. From the quadratic model, the variable x was solved to obtain an equation of
concentration (x) as a function of absorbance (y):

/0.03515 — 0.0112(A) )
—0.0056

Co = —0.1845 +

The initial pH of the solutions is a crucial factor in the adsorption capacity because it
affects the ionization of the adsorbate, the dissociation of the functional groups on the active
sites of the adsorbent, and its surface charge. When the pH of the solution is higher than
pHpzc, the electrostatic forces increase, especially when the dye molecules are negatively
charged and the adsorbent surface [51,52].

Figure 9 shows that CCM (a) has the highest adsorption efficiency under the same
adsorbent dose and initial concentration conditions. On the other hand, the bio-material
CA /PHB (c) shows the lowest efficiency, as observed in the figure. The above is because
coconut mainly contains lignin, giving it an advantage over cellulose. Cellulose, having
OH groups, has a degree of alkalinity that does not contribute to the electrostatic attraction
between the adsorbent and the adsorbate, taking into account that MB is cationic [53].

(a) 100+ —mu—Cellulose Aceate-PHB (c)
—u— Cellulose (b) 88
99 86
— 84 ]
= 3
. X 98- s /
5 i g
c - l 5 T
8 o7 — G 80
S l\i/ E
w 1 78 —_—
96
76 4
T 95 T T T T 74 T T T T
9 6 7 8 9 5 6 7 8

pH pH
Figure 9. Effect of pH on adsorption efficiency capacity. (a) CCM. (b) Cellulose and (c) CA/PHB dosage.

The CCM showed a high adsorption efficiency at pH 6 and pH 8, reaching 100%
efficiency with an adsorption capacity of 11.43 mg/g and a deviation index of 0-0.05 for
each pH, confirming the reliability of the results [51]. Studies by other researchers support
these findings, such as the one by Etim et al. [54], who obtained the highest adsorption
efficiency at pH 6, with 99.2%, using coconut fiber. In addition, de Oliveira et al. [55]
determined that the adsorption equilibrium is reached at pH 7, as the efficiency remains
constant above this value.

Cellulose (Figure 9b) showed a high adsorption efficiency at pH 8, reaching 97.38%
efficiency and an adsorption capacity of 11.01 mg/g, with a deviation rate between 0.06-1.3
for each pH. These results are consistent with a previous study by Benhalima and Ferfera-
Harrar [56], who found that carboxymethyl cellulose and dextran sulphate films achieved
an adsorption efficiency of 98% for MB at pH 8.

It was observed that the CA /PHB biomaterial composite showed a higher adsorption
efficiency at pH 8, with 84%, and an adsorption capacity of 9.59 mg/g. These results
are consistent with a previous study by Wang et al. [57], which showed an increase in
adsorption efficiency over a pH range of 6 to 9, followed by a decrease above 9.

In general, the results obtained confirm the expected behavior: an increase in pH
increases the adsorption efficiency of MB. The above is due to the deprotonation of the
active sites of the adsorbent, which favors the electrostatic attraction between the dye
positively charged and the adsorbent negatively charged. However, in cases where effi-
ciency decreases with increasing pH, it is attributed to hydrolysis of the adsorbent, which
generates positively charged active sites [52,58].
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3.7.2. Effect of Adsorbent Dosage on Adsorption Efficiency

The adsorption capacity depends on several factors, including the pH of the solution,
contact time, temperature, adsorbent dosage, and initial concentration [59]. For this study,
the variables analyzed were the dose of the prepared materials and the initial concentration
of MB. Figure 10 shows the results obtained from the experimentation.
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Figure 10. Analysis of the effect of adsorbent dosage on adsorption efficiency. (a) CCM. (b) Cellulose
and (c) CA/PHB.

The adsorption capacity is closely related to the adsorbent dose, as it determines the
degree of adsorption and the amount of material required per solution unit. With increasing
adsorbent dosage, keeping all other parameters constant, the adsorption efficiency initially
increases, reaches a maximum, and then decreases due to the saturation of the active sites
of the adsorbent [60].

Figure 10a shows that at an initial concentration of 5 ppm and adsorbent doses of 10,
20, and 30 mg, the adsorption efficiency of the CCM remains constant at a maximum of
100%. The above is due to the low concentration of the contaminant, which facilitates mass
transfer and increases the adsorption efficiency, regardless of the adsorbent dose [52,59].
However, at a concentration of 40 ppm, the adsorbent dosage follows a gradually increasing
pattern, reaching a maximum and then decreasing due to possible aggregation of adsorbent
particles, reducing the effective surface area [61]. In the case of cellulose, high adsorption
efficiencies are observed in Figure 10b, with a range of 85-100%. It is shown that increasing
the adsorbent dose increases the adsorption efficiency, except at a concentration of 40 ppm,
where the maximum is reached at 20 mg (98% efficiency) and then decreases to 30 mg (96%
efficiency) [62].

In Figure 10c, the CA/PHB composite biomaterial showed a behavior attributed to its
acidic surface and the early saturation of the adsorbent for the assigned solution volume
and concentration [63], but with a decrease in adsorption efficiency due to the crystallinity
of PHB. At a concentration of 20 ppm, a maximum expected efficiency of 88.15% was
reached with an adsorbent dose of 20 mg.

The results of the adsorption experiments showed that, at an initial concentration of
5 ppm, the highest adsorption efficiency values were obtained (between 98% and 99%).
However, as the initial concentration increased (from 80 ppm), a gradual decrease in the
adsorption percentage was observed, reaching its lowest point at 100 ppm (80%). These
results are consistent with previous findings indicating that, at low initial concentrations,
sufficient active sites are available for adsorption. Still, as the concentration increases, the
availability of active sites decreases [64]. Furthermore, the adsorption capacity of the CCM
was found to increase at higher concentrations due to the saturation of the material. These
findings emphasize the importance of considering the initial concentration in the adsorption
process and its impact on the efficiency and adsorption capacity of the adsorbent.

Adsorption tests were conducted to investigate the effect of increasing the initial MB
concentration on cellulose purified from CCM. High adsorption percentages (between 99%
and 99.5%) were obtained at low concentrations, indicating that cellulose-rich lignocellu-
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losic materials exhibit good adsorption behavior. As the initial concentration increased, the
adsorption efficiency decreased, but it was observed that the minimum value did not drop
below 87% for a small adsorbent dose; this suggests that the material has a larger number
of chemical species involved in the adsorption process. Furthermore, in agreement with
the reports of Alibak et al. [65], it was observed that as the initial concentration increased,
the adsorption capacity of the material increased due to the higher amount of chemical
species present in the MB deposited on the cellulose surface.

The adsorption capacity of the CA/PHB biomaterial is significantly affected by increas-
ing the initial concentration, resulting in a decreased adsorption efficiency. These results
can be explained by the reduction in the availability of active adsorption sites due to the
adsorbent surface’s modified mechanical and morphological properties as a consequence
of PHB [60]. An efficiency range between 50% and 100% was observed, with the lowest
concentrations reaching the highest efficiency values. Overall, the composite biomaterial
showed a lower performance as an adsorbent compared to the target materials.

3.7.3. FITR Analysis after Adsorption Process

Figure 11 presents the FTIR spectra of all materials after adsorption. Decreases in the
intensity of the peaks are observed compared to the initial spectra. The peak corresponding
to the OH- and NHx vibration between 3200 cm~! and 3500 cm~! shows a decrease in
intensity in all materials [30]. In the regions of 2800 cm ™! to 3000 cm ™!, a decrease in the
peaks corresponding to aliphatic compounds can be observed [45]. The peaks related to
the carbonyl groups between 1650 cm ! and 1850 cm ™! decrease, except for cellulose and
CA/PHB, which show a high intensity [46]. Peaks in 1490 cm~! to 829 cm !, corresponding
to CH, OH, and C-O bonds, decrease in all cases [46]. The decrease or disappearance of the
peaks indicates the capture of the dye in the active sites of the adsorbents. In addition, peaks
between 800 cm~! and 1000 cm ™! correspond to NH chromophores and C-S functional
groups in the MB [66].
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Figure 11. FTIR analysis after adsorption tests. (a) CCM. (b) Coconut cellulose. (c) CA/PHB.
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These results indicate that the CA /PHB biomaterial is offered as an adsorbent for
application in the treatment of wastewater contaminated with heavy metals or dyes due to
its adequate characteristics in terms of its high homogeneity and porosity, water resistance,
thermal stability, good adhesion of the polymer matrix to the fiber and high adsorption
efficiency, achieving 89% removal of the contaminant, as well as its biological origin and
the ability to be produced economically.

For a comprehensive view of the CA/PHB biomaterial’s effectiveness and versatil-
ity, We present a comparison in Table 1 with other materials commonly used for treating
contaminated water. The data clearly show that, in many instances, the CA/PHB biomate-
rial outperforms its counterparts, often achieving higher removal capacities even with a
lower dosage.

Table 1. Comparison with other related studies.

Contaminate Removal Adsorbent Pollutant
Precursor Synthesis Variables Removed Capacity pH Dose (¢) Concentra- Reference
(mg/g) & tion (mg/L)
T (°C) 60
Mesoporous t(h) 6 )
carbon grafted Tartrazine 13.09in ¢ 0.02 12.5-250 [67]
with aminosilane Modificati Impregnation 2h
OAHICANON - \ith LaCl,
T (°C) 700
t(h 2 Indigo
Raw sawdust & Carm%ne 939in3h 25 5 10-50 [68]
Modification Activation
with NaOH
T (°C) 60
t(h) 24
Banana peels Modified with 2559in2h 5 1 50
Modification =~ NaOH and
Ca(CH300)2
T (°C) 60
. . t (h) 24
Passion fruit 7Zn(I1 . 69
pecls Modified with M 2748in2n 5 1 50 [69]
Modification =~ NaOH and
Ca(CH3OO)2
T (°C) 60
t(h) 24
Orange peels Modified with 16.61in2h 5 50
Modification NaOH and
Ca(CH300),
T (°C) 100
t(h 24 Methylene
Coconut shell &) bh};e 506in1h 8  0.02-0.2 25-200 [70]
Modification Activation
with HySOy4
T (°C) 400
Millettia t (h) 0.5 Methvl
Thonningii seed Activation e 2%in3h 7 0.5 10-50 (71]
pod Modification ~ with H3PO,

(2:1)
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Table 1. Cont.

Contaminate Removal Adsorbent Pollutant
Precursor Synthesis Variables Capacity pH Concentra- Reference
Removed Dose (g) .
(mg/g) tion (mg/L)
. T (°C) 250
Aspidosperma t (h) 0.5 Methylene 12.45in
polyneuron blue 2%h 7 3.5 60 [°]
sawdust e H3POy4 urea
Modification
6M
T (°C) 60
) 24 Meth - P
ylene 35.98 in 1 4 resent
Coconut shell Modified with blue T 00 0 study
Modification  polyhydroxy-
butyrate (PHB)

4. Discussion

The results obtained in this study provide a detailed understanding of the influence of
pH and the initial concentration on MB adsorption efficiency using different adsorbent materials.

First, each adsorbent’s zero charge point (pHpzc) was determined, which is the pH at
which the net charge on the material’s surface is equal to zero. This parameter is crucial, as
it influences the electrostatic interactions between the adsorbate and the adsorbent. The
results showed that the CCM had a pHpzc of 6, while the cellulose had a pHpzc of 8.
These values indicate that the CCM is positively charged at a pH below 6 and negatively
charged at a pH above 6. In contrast, the cellulose is positively charged at a pH below 8 and
negatively charged at a pH above 8. These findings are consistent with previous studies
investigating the pHpzc of similar materials [49,51].

The results of adsorption tests revealed that both CCM and cellulose showed high
adsorption efficiencies at pH 6 and 8, respectively. These results are consistent with previous
studies that have demonstrated the higher affinity of these materials for MB in these pH
ranges [54,57]. The CA/PHB biomaterial, on the other hand, also shows remarkable
adsorption efficiency at pH 6, 7, and 8. These results indicate that the addition of PHB does
not significantly affect the adsorption capacity of the composite materials compared to their
counterparts. However, a slight decrease in adsorption efficiency at pH 8 was observed for
the CA/PHB composite biomaterial. This decrease may be attributed to the crystallinity of
PHB, which may affect the availability of active sites on the surface of the adsorbent [63].

Likewise, it was observed that at low concentrations of MB (5 ppm), all adsorbent
materials showed high adsorption efficiencies, reaching values close to 100%. As the initial
concentration increased, the adsorption efficiency gradually decreased. This behavior can
be explained by competition between the dye species for the active sites of the adsorbent.
At low concentrations, sufficient active sites are available for adsorption, resulting in
high efficiency. However, as the concentration increases, active site availability decreases,
reducing adsorption efficiency [64].

Finally, an FTIR analysis was performed after the adsorption tests to investigate the
interactions between the adsorbate and the adsorbent. The FTIR spectra showed decreases
in the intensity of the peaks corresponding to the functional groups on the MB. These
changes indicate the adsorption of the dye on the active sites of the adsorbent materials.

5. Conclusions

Cellulose extraction was successful, with a yield between 72% and 80%, indicating no
significant loss of precursor material. The preparation of the composite biomaterial showed
good adhesion of the polymeric matrix to the fiber, and the CA/PHB was observed to be
thermally stable and composed mainly of PHB.
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Scanning electron microscopy (SEM) analysis revealed that the CA/PHB composite
biomaterial showed better homogeneity and porosity. In water absorption tests, it was
determined that this material showed a higher water resistance. FTIR analysis confirmed the
presence of characteristic functional groups in the extracted cellulose, CA, and composite
biomaterials. In addition, CA /PHB was observed to be less amorphous in X-ray diffraction
(XRD) analysis.

Similarly, the optimal pH for CA/PHB was found to be 8. The CCM showed the best
adsorbent performance, but the CA/PHB composite biomaterial also presented a high
adsorption efficiency at low initial concentrations. At a concentration of 40 ppm and a dose
of 10 mg adsorbent, an efficiency of 89% and an adsorption capacity of 35.98 mg/g was
achieved. These results highlight the promising adsorption capacity of the composite biomaterial.
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