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CHEMICAL FUNCTIONALIZATION OF PALM FIBERS
FOR IMPROVED DYE ADSORPTION:
SUSTAINABILITY AND EFFICIENCY

Abstract: The potential of chemically modified palm fibres (CMPF) as effective, economical, and eco-
friendly sorbents for wastewater treatment — more specifically, for dye removal — is highlighted in this
study. Two adsorbents were produced from palm fibres: acid-base treated palm fibres (A-BTPF), treated
with H,SO, and NaOH, and CMPF, treated with CS,. The addition of xanthate and aldehyde functional
groups to CMPF, which enhanced its adsorption ability, was validated by FT-IR analysis. Adsorption be-
havior was assessed for neutral red (NR) and methyl green (MQG) dyes under varying pH, contact time, ad-
sorbent dose, initial dye concentration, and temperature. Both adsorbents demonstrated significant removal
efficiencies, with maximum adsorption of NR at pH 4 and MG at pH 10. The enhanced adsorption of MG
at basic pH is consistent with the adsorbent’s pH,,. value of 9.0. Adsorption data were best described by
the Langmuir isotherm model, with maximum adsorption capacities of 19.88 mg/g for NR and 7.45 mg/g
for MG, and correlation values of 0.9935 and 0.9869, respectively. Kinetic investigations showed that ad-
sorption followed a pseudo-second-order model (R*=0.9988 for NR and 0.9989 for MG). Thermodynamic
analysis confirmed that the process was spontaneous and endothermic (negative AG® and positive AH®
values). CMPF exhibited superior adsorption efficiency and capacity compared to A-BTPF, demonstrating
its suitability as a high-performance, sustainable biosorbent for wastewater treatment. Given its low cost,
abundance, and enhanced adsorption performance, CMPF has strong potential for industrial-scale applica-
tions, particularly in textile, pharmaceutical, and dye-producing industries, offering a green alternative to
conventional adsorbents in water purification.
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Adsorption kinetics.

Introduction

The textile, food, cosmetics, and paper industries
release large amounts of dyes into the environment
annually, which can prove harmful to ecosystems
and human health. An estimated 10—15% of the more
than 1,000 tonnes of commercially available colours
used in the textile industry alone end up in waste-
water systems, largely untreated (Al-Saeedi et al.,
2023; Elsherif, Yaghi, 2017; Ibrahim et al., 2021).
About 60-70% of the world’s dye output, which
surpasses 700,000 tonnes per year, is composed of
azo dyes, which are highly preferred because of their
ease of synthesis and stability (Djama et al., 2023;
Pietrzyk et al., 2023). Synthetic dyes have complex,
durable structures that resist biodegradation, persist-
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ing in aquatic environments. Their stability threatens
ecosystems and human health by depleting oxygen,
harming aquatic life, and causing mutagenic and car-
cinogenic effects (Alkherraz et al., 2023; Alshorifi et
al., 2022; Elsherif et al., 2019). Commonly used dyes
like Rhodamine B, methyl green, methylene blue
(MB), neutral red, Congo red, and Reactive Black-5
can be anionic, neutral, or cationic (Alardhi et al.,
2023; El-Shafie et al., 2023). Their persistent dis-
charge — particularly from textile wastewater — threat-
ens human health and the environment, challenging
conventional water treatment methods (El-Hashani et
al., 2018b). These toxic, non-biodegradable dyes dis-
rupt microbial ecosystems and, with prolonged expo-
sure, may cause cancer or skin irritation in humans
(El-Hashani et al., 2018a; Fito et al., 2023).
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The growing global emphasis on advanced waste-
water treatment underscores the urgent need for ef-
fective industrial dye waste management (Hammad et
al., 2024; Harouache et al., 2024; Tenev et al., 2023).
Despite various existing methods — such as mem-
brane separation (Elsherif et al., 2014a; Huang et al.,
2024), adsorption (Alkherraz et al., 2020b; Islam et
al., 2024; Mati¢ et al., 2024; Olusegun et al., 2023),
photocatalytic oxidation (Zhou et al., 2024), electro-
chemical techniques (Bibikov et al., 2024; Elsherif
et al., 2014b), biopolymer sorption (Lakshmi et al.,
2024), and biodegradation (Nasiri et al., 2023) — wa-
ter pollution remains a critical environmental chal-
lenge (Rashid et al., 2021). Among these, adsorption
stands out for its efficiency, cost-effectiveness, ease
of implementation, and versatility in removing di-
verse pollutants (Alkherraz et al., 2020a).

Activated carbon is widely used for adsorption
due to its high surface area and capacity, but its high
cost limits large-scale applications (Devi et al., 2023;
Sghiouri Idrissi et al., 2024). Researchers are explor-
ing low-cost alternatives like biosorbents derived
from natural materials, including coffee grounds,
cellulose, and algae (Elsherif et al., 2022). Carbon-
ized coffee grounds show promise for removing pol-
lutants like bisphenol A due to their porous structure
(Elsherif et al., 2018a; Memetova et al., 2023), while
cellulose and algal biomass effectively adsorb heavy
metals (e.g., Pb, Cd, Zn) (Li et al., 2021). Microalgae,
with their large surface area, can capture diverse con-
taminants (Wang et al., 2021). Agricultural wastes
(e.g., rice husks, sugarcane bagasse, pine leaves)
achieve >90% removal efficiency for dyes (methy-
lene blue, reactive orange, rhodamine B) at 5-300
mg/L concentrations, proving viable as activated car-
bon substitutes (Elsherif et al., 2018b; Gutiérrez et
al., 2021; Hamedi et al., 2023; Sanou et al., 2024).

Researchers continue exploring sustainable, low-
cost adsorbents with favorable surface properties and

Figure 1

regeneration potential for large-scale water treat-
ment. Palm trees, abundant in tropical regions like
the Middle East, offer promising solutions. Libya
alone hosts ~20 million palms across 23,000 hect-
ares, yielding over 20 kg of dry residues per tree an-
nually (Racchi & Camussi, 2018). Palm fiber’s high
functional group density (especially from southern
Libya) enhances its adsorption capacity, making it
an eco-friendly biosorbent (Geddeda & Abdassalam,
2010). Modified date palm residues have demon-
strated effective removal of heavy metals and dyes
(Din et al., 2024; Melliti et al., 2021; Rambabu et al.,
2021), positioning them as sustainable alternatives
for industrial wastewater treatment.

This study evaluates sustainable, bio-based sor-
bents from palm fibres for dye removal in water
treatment. We compare the adsorption performance
of Acid-Base Treated Palm Fibres (A-BTPF) and
Chemically Modified Palm Fibres (CMPF), prepared
via H,SO4,/NaOH and CS, treatments respectively.
FTIR confirmed C-S group formation in CMPF, en-
hancing adsorption capacity. Batch experiments ana-
lyzed removal efficiency under varying conditions
(pH, temperature, dose, contact time, concentration).
Adsorption mechanisms were characterized through
kinetic, isotherm, and thermodynamic studies. Re-
sults demonstrate CMPF’s superior performance as
an eco-friendly alternative to conventional sorbents.

Materials and methods

Neutral Red (NR), Methyl Green (MG), sodium
hydroxide, hydrochloric acid, sulphuric acid, and
carbon disulphide were among the analytical-grade
chemical reagents that were purchased from Merck
Darmstadt, Germany. They were used without any
additional purification. Figure 1 shows both the NR
and MG dyes’ chemical structures. Double-distilled
water was utilized to prepare all solutions.

Structure of dyes: (a) methyl green (b) neutral red (Al-Saeedi et al., 2023, Ibrahim et al., 2021)
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Preparation of adsorbent materials: Palm fibers
were sourced from Galu City, southern Libya. The
fibers were initially cut into 1 cm segments, followed
by thorough washing with double-distilled water
(DDW) to eliminate impurities. Subsequent drying at
150 £ 2°C for 48 hours and cooling to room tempera-
ture were performed.

To prepare the first adsorbent material, the dried
fibers were ground and sieved to obtain particles
smaller than 75 um and this material is designed as
dry palm fiber powder (DPFP). A 50 g sample of this
powder was subjected to acid treatment using 100 ml
of 4 M H,SO, for 60 minutes, followed by overnight
incubation. This acid treatment facilitates ring-open-
ing reactions, as reported by Homagai et al. (2010).
After being acid-treated, the material was cleaned
with DDW to remove any remaining excess acid, and
then dried at 70 + 2°C. Lastly, 200 ml of 4 M NaOH
solution was added to 25 g of the acid-treated pow-
der, agitated for 60 minutes, and then left overnight.
The resulting product, labelled as Acid-Base Treated
Palm Fibers (A-BTPF), was filtered, washed, and
dried at 70 £+ 2°C.

To prepare the second adsorbent material, the
previously obtained A-BTPF was further treated
with 25 ml of CS, stirred for 3 hours, and allowed to
stand overnight. The resulting product was filtered,
washed, and dried at 70 £ 2°C. This chemically
modified material, labelled as Chemically Modified
Palm Fibers (CMPF), was employed as an adsorbent.
The synthetic procedure for CMPF was adapted from
Pathania et al., 2017.

Characterization of adsorbent materials: FT-IR
spectroscopy of the DPFP, A-BTPF, and CMPF ad-
sorbents was carried out using an FT-IR Spectrom-
eter fitted with a universal ATR sample attachment
from PerkinElmer.

The Point of Zero Charge (pH,,.) is the pH at
which the net surface charge of the adsorbent be-
comes neutral, meaning the positive and negative sur-
face charges are balanced. This property indicates the
acidic or basic nature of the adsorbent surface. Below
the pHpzc, the surface carries a positive charge, while
above it, the surface is negatively charged.

The Madadgar et al. (2023) method was used to
determine the pH_ . In six Erlenmeyer flasks, 50 mL
of a 0.01 M NaCl solution and 0.15 g of the biosor-
bent was mixed. The proper amounts of HCl or NaOH
were added to each mixture to adjust its pH down to
2,4, 6,8, 10, and 12. Each mixture was shaken for
24 hours at room temperature before its final pH was
determined. The pH  was identified as the point of
intersection of a plot that showed the change in final
pH vs beginning pH.
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Dyes adsorption efficiency and capacity: The
adsorption behavior of methylene green and neutral
red onto both A-BTPF and CMPF adsorbent materi-
als was examined and assessed by determining the
adsorption efficiency (%E) and adsorption capacity
(Q,) using the following equations (Elsherif et. al.,
2017):

= LG eV ()
M
0%E = Co= S, 100 @)
]

where V is the solution’s volume in L; M is the mass
of the adsorbent material in g; Q_ is the amount of ad-
sorbed dye in mg/g; C_ is the initial dye concentration
in mg/L; and C_ is the equilibrium dye concentration
in mg/L. UV-Vis spectrophotometry (Molecular Ab-
sorption Spectrophotometer 6305 from JENWAY)
was used to measure the dyes concentrations both
before and after adsorption. In an aqueous solution
with defined initial and equilibrium concentrations, a
decline in adsorption was observed at 540 nm for NR
and at 640 nm for MG. A calibration curve was used
to convert the adsorption to concentration.

Adsorption experiments: Batch adsorption stud-
ies evaluated NR and MG dye removal using A-BT-
PF and CMPF, examining key parameters (contact
time, adsorbent dose, pH, initial concentration, tem-
perature) as outlined in Table 1. Each trial combined
a fixed adsorbent mass with 50 mL dye solution in
100 mL Erlenmeyer flasks, agitated at 150 rpm in a
water bath shaker. pH adjustments used HCl/NaOH
solutions. After reaching equilibrium, samples were
filtered and analyzed via UV-Vis spectrophotometry
at X to determine residual dye concentrations, en-
abling calculation of removal efficiency and adsorp-
tion capacity.

Table 1
Operating Condition Variations for Adsorption Experiments

Investigated parameter Variation range

Reaction time (min) 15-90
2.0-7.0%
pH 2.0-12.0%*
Adsorbent mass (g) 0.02-0.14
_ *
Initial dye concentration (ppm) 491(5) B ;852*
Temperature (K) 298 -318

*for NR dye, **for MG dye
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Equilibrium isotherms and kinetic investigations:
The adsorption of NR and MG onto CMPF was
analyzed using linear isotherm and kinetic models
(Table 2) for initial concentrations (9-18 mg/L) and

Table 2

contact times (15-90 min). These models, with their
equations and parameters, helped identify the adsorp-
tion mechanism and determine the best-fitting model
for our system.

Equations and Parameters of Isotherm and Kinetic Models (Alkherraz et al., 2023; Dural et al., 2011; Elsherif et al., 2019; Elsherif et

al., 2020; Hammad et al., 2024)

Isotherms Models

Model Linear equation No. Parameters
Q, (mg/g): adsorption capacity
. 1 1 1 C_ (mg/L): Equilibrium concentration
Langmuir E - a t bQ,.C. 3) b (L/mg): Langmuir constant
Q,, (mg/g): Maximal adsorption capacity
1 K, (mg/g (L/mg)1/n): Freundlich adsorption
Freundlich log Q.= log Kg + —log C. 4) constants
n n: Empirical constant
. _ B, (J/mol): Temkin adsorption constant
Temkin Q. = BylnKr+ BrlnC, ©) K., (L/mg): Temkin isotherm constant
2/72)-
logQ =logQ —B& B (mol*/J?): D-R constant
D-R B 2Q, P (6) € (J/mol): Polanyi potential
1 7) R (kJ/mol K): Gas constant
€=RTlog (l + C_a} T (K): absolute Temperature
Kinetic Models
Model Linear equation No. Parameters
e B B Kk Q, (mg/g): Capacity at t time
Pseudo-first-order - In(Q. — Qo) = In(Q.) 2303 " ®) k, (min): Adsorption rate constant

Pseudo-second- t 1 1
order

= ﬂ_l__
Q. k*QI Q.

) k, (g/mg.min): Adsorption rate constant.

Intra-particle
diffusion

Q. = kgt /24 ¢

k, (mg/g min'?): Intraparticle diffusion rate
constant

(10)

Q, = éln(aﬁ] + élnt

Elovich equation

B (g/mg): Amount of surface covering and
11 activation energy
o (mg/g min): Initial sorption rate

Thermodynamic investigation: The analysis of
thermodynamics is crucial to understanding adsorp-
tion processes because it provides significant insights
into the spontaneity, sustainability, and nature of the
adsorption interactions. Key thermodynamic param-
eters that impact the total energy dynamics that can
be calculated to assess the favorability of the adsorp-
tion process include Gibbs free energy (AG®, kJ/mol),
entropy change (AS°, J/mol.k), and enthalpy change
(AH®, kJ/mol). These parameters can be determined
via the following formulas (Alkherraz et al., 2023),
which allow for a comprehensive evaluation of the
process’s thermal characteristics:

Int. j. biol. chem. (Online)

AG=AH-TAS (12)

(13)

To accurately determine the apparent equilibrium
constant of adsorption (K ), it is essential to use the
standard thermodynamic equilibrium constant calcu-
lated based on activity, rather than concentration, to
reflect the true thermodynamic behavior of the sys-
tem (Alkherraz et al., 2020b):

AG=-RTLnK,

(14)
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The interrelationship between entropy, enthalpy,
and the distribution coefficient (K ) is presented by
Van’t Hoff equation (Alkherraz et al., 2020b), illus-
trating how these factors collectively contribute to
the adsorption mechanism:

(15)
Results and discussion

Adsorbent characterization

FTIR spectra: FTIR spectroscopy was used for

analysing chemically modified palm fibres (CMPF),
acid-base treated palm fibres (A-BTPF), and dried

Figure 2

palm fibre powder (DPFP). A prominent absorption
band was seen in all samples (Figures 2a, 2b, and 2c)
at about 1020 cm™'. This band was likely caused by
inorganic silicates found in the palm fibre samples
and might be ascribed to either C—O stretching vibra-
tions or Si—O vibrations. Furthermore, in each case,
a broad peak at 3351 cm™ that corresponded to O-H
stretching vibrations was seen. The hydroxyl (OH)
groups on the carbon surface and any remaining
moisture may be partially responsible for this peak.
Figures 2a, 2b, and 2c¢ show the FT-IR spectra
of palm fibre adsorbents that were processed differ-
ently, such as DPFP, A-BTPF, and CMPF. The struc-
tural and chemical alterations brought about by the
different treatments are highlighted in the analysis.

Characterization of different adsorbents by FTIR

1606

i@ ' . 1514
(1] 2820 1242
3351
te) 2920
: - 1156
3330
2818
L+ A
T% "
3331 - 415081
1632 /1585
1637 h
* 1 " |izss
1589 / ¥
1372 1319
1
804
LY
Ba7
T T T T T T v 1
3500 3000 2500 2000 1500 1000 500
cm-1

Aromatic, C-C, C-O, and C-O-C groups are
present in the DPFP spectrum (Figure 2a), which is
typical of characteristics derived from plants. The C-C
stretching vibrations are represented by a band at 1606
cm™, the C—O stretching vibrations by a band at 1514
cm™!, and the C—O—C and aromatic stretching vibra-
tions by a band at 1242 cm™. These are significant
absorption peaks. These peaks confirm the inherent
structural properties of the untreated palm fibre.

The A-BTPF spectrum (Figure 2b) reveals sig-
nificant structural modifications, with original DPFP
peaks shifting to higher wavenumbers (1589, 1504,
and 1265 cm™) and new aldehyde group vibrations
appearing at 1632 (C=0), 1372, and 1319 cm™ (C-
0O). These changes confirm the acid-base treatment

Int. j. biol. chem. (Online)

successfully introduced new functional groups, alter-
ing the palm fiber’s chemical properties.

The CMPF spectra (Figure 2c) reveal success-
ful xanthation, evidenced by new C-S (997 cm™)
and C=S (894 cm™) stretching vibrations. The
C=S group further confirms xanthate incorporation
through a broad absorption band (1632—-1156 cm™),
demonstrating effective chemical modification of the
palm fiber.

pH at the point of zero charge: The pH,, . (point
of zero charge), where the adsorbent surface main-
tains charge neutrality, was ~9.0 for DPFP (Fig-
ure 3). Below this pH, the surface becomes positive-
ly charged; above it, negatively charged (Abate et al.,
2023; Caldeira et al., 2018).
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Figure 3
Point of zero charge (pH,.) for DPFP

The pH,,. critically influences adsorption be-
havior. Above pH 9.0, DPFP’s negatively charged
surface enhances cationic dye uptake. This explains
methyl green’s (MQG) increased adsorption at higher
pH, as its protonated amine groups (Figure 1) facili-
tate electrostatic attraction to the adsorbent surface.

On the other hand, the adsorption behaviour var-
ies for neutral dyes like neutral red. Neutral red is
protonated in acidic solutions, which causes the dye
molecules and hydronium ions to compete for the
adsorption sites on the adsorbent. The adsorption ef-
fectiveness may be decreased by this competition,
emphasising the need of pH optimisation for various
adsorbate types (Ben-Ali et al., 2017).

Effect of pH: Solution pH critically influences
dye adsorption by modifying surface charges and
adsorbent-dye interactions (Alver et al., 2020; Ma-
dadgar et al., 2023). For neutral red (NR), both re-
moval efficiency (%R) and adsorption capacity (Q.)
increased with pH, peaking at pH 4. As shown in Fig-
ures 4A & 4B, CMPF achieved 72% removal while
A-BTPF reached 61% at this optimal pH.

Removal efficiency and dye uptake declined as
pH increased beyond 4 (Figure 4B), consistent with
previous reports (Xu et al., 2006). At pH < 4, exces-
sive surface protonation hindered dye ion access.
CMPF capacity decreased from 10 to 7.8 mg/g (pH
3-7), while A-BTPF dropped from 7.7 to 6.6 mg/g.
This reduction stems from deprotonation in alkaline
conditions, creating electrostatic repulsion between
dye molecules and the adsorbent surface (Ramesha,

Int. j. biol. chem. (Online)

2011). Additional adsorption mechanisms included
hydrophobic interactions, van der Waals forces, and
hydrogen bonding.

Figure 4 (C and D) illustrates how the methyl
green (MQG) dye’s removal percentage (%R) and ad-
sorption capacity (Q,) increased with pH, peaking
at pH 10 for both A-BTPF and CMPF. At this pH,
CMPF and A-BTPF had the highest removal efficien-
cies of 68% and 61%, respectively, indicating that a
basic medium is the best option for adsorption. Since
there were no discernible variations in the biosorp-
tion capability above pH 10, further research was
conducted at this pH.

The pH,, . (9.0) governs MG dye adsorption by
controlling surface charge. Below pH 9.0, proton-
ation creates a positively charged surface that repels
cationic MG, reducing uptake. Above pH 9.0, de-
protonation generates negative surface charges that
enhance electrostatic attraction to MG, significantly
improving adsorption efficiency, as demonstrated by
Belgacem et al. (2022).

Further evidence that CMPF continuously dem-
onstrated greater removal efficiency and biosorption
capacity than A-BTPF across all pH levels can be
found in Figures 4A, 4B, 4C, and 4D. This demon-
strates how the biosorption capabilities of palm fibre
for neutral red dye were successfully improved by
CS; treatment.

Effect of adsorbent dose: Adsorbent dosage sig-
nificantly influences dye removal efficiency by de-
termining available adsorption sites for a given dye
concentration (Elsherif et al., 2024a). Figure 5 (A-
D) demonstrates the relationship between biosorbent
dose and dye uptake capacity.

The study revealed an inverse relationship be-
tween adsorbent dosage and removal efficiency. At
the lowest tested dose (0.02 g), A-BTPF and CMPF
achieved 70% and 81% NR removal, and 84% and
91% MG removal, respectively. This enhanced per-
formance at lower doses (<0.14 g) results from great-
er surface area availability and unoccupied active
sites, consistent with Abuzerr et al. (2018).

Conversely, as the adsorbent dose increases, the
adsorption capacity decreases. The decline is most
likely due to particle aggregation, which reduces the
surface area available for adsorption and reduces the
efficacy of dye removal (Elsherif et al., 2024b).
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Figure 4

Effect of pH on adsorption of NR (A & B) and MG (C & D) onto both A-BTPF and CMPF biosorbents
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Effect of contact time: Contact time signifi-
cantly affects adsorption equilibrium between dyes
and biosorbents. Tests with A-BTPF and CMPF at
15-90-minute intervals (Figure 6A-B) revealed peak
removal efficiencies at equilibrium: 75% (MG) and
65% (NR) for A-BTPF versus 83% and 76% for
CMPF. Prolonged contact beyond this point margin-
ally reduced removal rates, suggesting optimal ad-
sorption times.

The results align with Ansari and Mosayebza-
deh’s findings (2010), demonstrating increasing dye
removal with contact time until equilibrium, beyond
which additional time yields diminishing returns.
Adsorption occurs rapidly initially, then slows as ac-
tive sites become occupied.

CMPF showed rapid adsorption within the first
hour, followed by equilibrium plateauing as active
sites became saturated (Alkherraz et al., 2022). Ex-
tended contact led to negligible additional uptake,
suggesting potential desorption. Optimal contact
times were established at 45 minutes for NR and 60
minutes for MG in subsequent tests.

Int. j. biol. chem. (Online)
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Effect of initial concentration: Initial dye con-
centration significantly affects removal efficiency by
influencing interactions with adsorbent active sites.
Studies examined MG (4.5-8.5 ppm) and NR (9-18
ppm) adsorption on A-BTPF and CMPF, with results
shown in Figures 7A-D.

Both removal efficiency (%R) and adsorption ca-
pacity (Qe) of NR dye increased with concentration
up to 13.5 ppm. For MG dye, CMPF achieved 75%
removal (5.5 mg/g) versus A-BTPF’s 65% (4 mg/g).
These results agree with Alardhi et al. (2023), dem-
onstrating enhanced adsorption at higher concentra-
tions due to increased driving force. The enhanced
adsorption at higher concentrations stems from stron-
ger electrostatic dye-adsorbent interactions. Howev-
er, MG adsorption plateaued above 6.5 ppm due to
site saturation, consistent with Pietrzyk et al. (2023),
who attributed superior low-concentration removal
to higher site availability. Across all tests, CMPF
outperformed A-BTPF in both removal efficiency
and capacity, confirming its superior biosorbent per-
formance for NR and MG dyes.
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Effect of adsorbent dose on adsorption of NR (A & B) and MG (C & D) onto both A-BTPF and CMPF

Figure 5
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Effect of contact time on adsorption of NR (4) and MG (B) onto both A-BTPF and CMPF biosorbents
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Figure 7

Effect of initial dye concentration on adsorption of NR (A & B) and MG (C & D) onto both A-BTPF and

CMPF biosorbents
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Effect of temperature: The influence of tem-
perature on adsorption capacity is governed by both
adsorbent characteristics and experimental condi-
tions, reflecting either endothermic or exothermic
behavior (Budi et al., 2018; Elsherif et al., 2024Db).
Our batch experiments (25-45°C) demonstrated a
gradual improvement in removal efficiency with
increasing temperature (Figures 8 A-B). For neutral
red (NR), A-BTPF showed an increase from 70% to
74% removal, while CMPF improved from 81% to
84%. Similarly, methyl green (MG) removal rose
from 84% to 86% for A-BTPF and from 90% to
93% for CMPF over the same temperature range,
confirming the endothermic nature of the process
(Abate et al., 2023). This modest temperature de-
pendence suggests physical adsorption dominates,
where enhanced molecular mobility facilitates ac-
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cess to active sites. However, the relatively small
effect indicates that other factors — particularly dye
chemistry and adsorbent surface properties — play
more significant roles in determining adsorption
efficiency (Alkherraz et al., 2023; Hammad et al.,
2024; Olusegun et al., 2023).

From the previous investigations, carbon disul-
phide (CS;)-treated palm fibre showed a notable
increase in adsorption capacity for Neutral Red dye
following the optimisation process. CMPF’s excep-
tional performance highlights its potential as a strong
biosorbent. Accordingly, we will concentrate on
examining equilibrium isotherms in order to better
understand its adsorption behaviour. These are im-
portant indicators of the adsorbent’s surface charac-
teristics, adsorption capacity, and interaction mecha-
nisms.
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Figure 8

Effect of temperature on adsorption of NR (A) and MG (B) onto both A-BTPF and CMPF biosorbents
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Equilibrium adsorption isotherms: Understand-
ing the adsorption mechanism and designing and
optimising adsorption systems depend heavily on
equilibrium data, which are typically represented by
adsorption isotherms. The most popular isotherm
models were used in this investigation to assess the
chemically treated palm fiber’s (CMPF) adsorption
capabilities. Among the models utilised are: The
Freundlich isotherm, which provides information
about the maximum adsorption capacity, the Lang-
muir isotherm, which assumes monolayer adsorp-
tion onto a surface with a finite number of identi-
cal sites; the Temkin isotherm, which describes
adsorption on heterogeneous surfaces and indicates
the adsorption intensity and capacity; the Dubinin-
Radushkevich (D-R) isotherm, which takes into
account the effects of indirect adsorbate-adsorbent
interactions on adsorption and suggests a uniform
distribution of binding energies; and the energy of
adsorption (Alkherraz et al., 2023; Elsherif et al.,
2022; Mati¢ et al., 2024).

Langmuir isotherm model: The Langmuir ad-
sorption isotherm model was used to evaluate the
adsorption behaviour of Methyl Green (MG) and
Neutral Red (NR) dyes onto CMPF. Using the lin-
ear version of the Langmuir equation (equation 3),
the slope and intercept of the plot of 1/Q, vs 1/Ce
(Figures 9A and 9B) were used to calculate the pa-
rameters Q_ (maximum adsorption capacity) and b
(Langmuir constant). The correlation coefficient R?
and the values of Q_ and b are shown in Table 3.
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As demonstrated by the high correlation coef-
ficients (R?) of 0.9935 for NR dye and 0.9869 for
MG dye, which show a strong alignment with the
experimental data, the Langmuir model successfully
characterises the adsorption process for both dyes.
Indicating a greater contact between NR dye and the
adsorbent surface, the Langmuir constant b, which
measures the affinity between the adsorbent and the
adsorbate, was higher for NR dye (0.730 L/mg) than
for MG dye (0.513 L/mg). Furthermore, the Lang-
muir isotherm yielded maximum adsorption capaci-
ties (Q, ) of 19.88 mg/g for NR dye and 7.45 mg/g for
MG dye, which closely matched the values of 14.5
mg/g and 9.5 mg/g, respectively, that were found ex-
perimentally. These results show that the observed
adsorption behaviour and model predictions are con-
sistent.

The dimensionless separation factor R, which
is defined by the equation (Harouache et al., 2024),
can be used to assess the favourability of the adsorp-
tion process because the experimental results closely
matched the linear form of the Langmuir model:

1
R,= —— 16
L 14bC, (16)

The R, values for both dyes ranged between 0
and 1, specifically from 0.07 to 0.13 for NR and from
0.21 to 0.33 for MG, indicating that the adsorption
process was favorable under the studied experimen-
tal conditions.
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Figure 9

Langmuir isotherm plot of NR (A) and MG (B) dyes onto CMPF
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Freundlich isotherm model: The Freundlich iso-
therm characterises a physical adsorption process
that occurs in several layers with comparatively weak
connections, assuming heterogeneity of the adsorp-
tion sites (Mati¢ et al., 2024). Equation 4 was used
to get the Freundlich equilibrium constants from the
linear plot of Log Q_ vs. Log C_, which is displayed
in Figure 10 (A & B). Even though it is empirical, the
Freundlich isotherm provides valuable insights into
the behaviour of adsorption, particularly in heteroge-
neous systems. The parameter n indicates the adsorp-

Figure 10

tion intensity; lower n values often suggest chemical
adsorption rather than physical adsorption (Elsherif
et al., 2024a). As shown in Table 3, the n values de-
rived from the Freundlich equation were 3.995 for
NR dye and 0.634 for MG dye. For NR dye adsorp-
tion, the n value of 3.995 indicates a mostly physical
contact, but the n value of 0.634 for MG dye shows
a potential chemical interaction. The high R? values
show that the Freundlich model fits well the experi-
mental data quite well (0.9965 for NR and 0.9698 for
MGQG).

Freundlich isotherm plot of NR (4) and MG (B) dyes onto CMPF
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Temkin isotherm model: The Temkin isotherm
states that the adsorption mechanism requires in-
teractions between the adsorbent and adsorbate, the
adsorption process assumes a uniform distribution of
binding energy across the adsorbent surface, and the
heat of adsorption decreases linearly as the adsorbent
surface coverage increases (El-Shafie et al., 2023;
Hammad et al., 2024). The isotherm constants (Fig-

Int. j. biol. chem. (Online)

ures 11A and 11B) obtained by plotting Q_against Ln
Ce are summarised as follows (Table 3): B, = 2.127
and 17.14 J/mol (the heat of biosorption, which gives
information on the energy changes during adsorp-
tion) and K =215.8 and 1.804 L/mg (the equilibrium
binding constant) for NR and MG dyes, respectively.

Stronger interactions between the adsorbent and
adsorbate are indicated by a greater equilibrium
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binding constant (K), which is linked to the maxi-
mal binding energy (Olusegun et al., 2023; Rashid et
al., 2021). Additionally, the Temkin isotherm model

Figure 11

and the experimental results show a good agreement,
as indicated by the correlation coefficients (R?) of
0.7381 for MG and 0.9234 for NR.

Temkin isotherm plot of NR (4) and MG (B) dyes onto CMPF
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Dubinin-Radushkevich isotherm model: The
Dubinin-Radushkevich (D-R) isotherm describes
adsorption processes on adsorbents with heteroge-
neous surfaces or pore architectures and provides
information on the free energy of adsorption. This
theory states that micropore volume filling causes
adsorption to occur (Elsherif et al., 2022; Memetova
et al., 2023). Using the slope and intercept of the
linear plots (Figures 12A and 12B), equations 6
and 7 were utilised to determine the D-R isotherm
parameters, B and Q . An overview of the calcu-
lated values is given in Table 3. The experimental
data and the D-R model showed a reasonable con-
nection, with R? values of 0.9874 for NR dye and
0.8363 for MG dye.

Figure 12

Using Equation 17, the free energy of adsorption
(E) per adsorbate molecule was calculated (Alkher-
raz et al., 2023):

E= — (17)

The energy required to extract a molecule from the
surface is reflected in this energy. Physical adsorption
(E < 8 kJ/mol) and chemical adsorption (8 < E < 168
kJ/mol) are distinguished by the equation. For NR dye,
the values of E were 0.500 kJ/mol, while for MG dye,
they were 0.408 kJ/mol. These findings demonstrate
that both colours biosorption onto CMPF powder is
essentially a physical adsorption process.

Dubinin-Radushkevich isotherm plot of NR (4) and MG (B) dyes onto CMPF
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Table 3
Several isotherm models parameters for NR and MG adsorption
onto CMPF

Model Parameter Value
NR MG

b (L/mg) 0.730 0.513
Langmuir Q, (mg/g) 19.88 7.452
R 0.9935 0.9724
Ky I(n“;‘);{ E)(L/ 10.39 7.642
Freundlich n 3.995 0.634
R 0.9965 0.9698
B, (J/mol) 2.127 17.14
Temkin K, (L/mg) 215.8 1.804
R 0.9234 0.7381
Q, (mg/g) 17.64 24.25
Dubinin- B (mol?/J?) 3x10° 2x10°
Radushkevich E (kJ/mol) 0.408 0.500
R 0.9874 0.8363

Comparison of Adsorption Performance and
Mechanisms.: The adsorption behavior of functional-
ized palm fibers (CMPF) for neutral red (NR) and
methyl green (MG) aligns with trends observed in
recent studies on dye removal using sustainable ad-
sorbents. For NR, the Langmuir maximum adsorp-
tion capacity (Q_ = 19.88mg/g) surpasses values
reported for manganese-bismuth oxide composites
(Q,, = 1.4mg/g) (Al-Saeedi et al., 2023) and raw
olive stone (Q_ = 4.5mg/g) (Alardhi et al., 2023),
though it is lower than high-performance materials
like magnetite-supported avocado stone biochar (Q
= 118.9mg/g) (El-Shafie et al., 2023) or peanut shell
activated carbon (Q_ = 109.89mg/g) (Sanou et al.,
2024). This positions CMPF as a competitive alter-
native for moderate-concentration dye removal, par-
ticularly given its reliance on low-energy chemical
functionalization compared to energy-intensive acti-
vated carbon synthesis (Fito et al., 2023; Sanou et al.,
2024). For MG, the lower Q_ (7.45mg/g) may stem
from electrostatic or steric mismatches, but contrasts
with the high efficiency of magnetite-modified com-
posites (EI-Shafie et al., 2023), highlighting the need
for tailored adsorbent-dye pairing.

The Freundlich model’s dominance for NR (R?
= 0.9965, n = 3.995) suggests heterogeneous multi-
layer adsorption, similar to findings for Congo Red
on sugarcane bagasse (Elsherif et al., 2017) and MB
on Rumex abyssinicus activated carbon (R* = 0.99 for

Int. j. biol. chem. (Online)

Freundlich) (Fito et al., 2023). In contrast, MG’s stron-
ger alignment with the Langmuir model (R? = 0.9724)
reflects monolayer adsorption trends observed for MB
on olive stone (Alardhi et al., 2023) and cellulose-
Fe 0, (Pietrzyk et al., 2023). The low Dubinin-Ra-
dushkevich (D-R) mean free energy (E < 0.5kJ/mol)
confirms physical adsorption for both dyes, consistent
with studies on rice husk (Alshorifi et al., 2022) and
peanut shells (Sanou et al., 2024), but diverges from
chemisorption mechanisms reported for Mn,0,-Bi,0,
composites (Al-Saeedi et al., 2023) and tella residue
biosorbents (Abate et al., 2023).

Notably, CMPF achieves these results without
the need for magnetic nanoparticle integration (EI-
Shafie et al., 2023; Pietrzyk et al., 2023) or extreme
pH conditions (e.g., pH 9 for Rumex abyssinicus (Fito
etal., 2023)), emphasizing its simplicity and scalabil-
ity. While its adsorption capacity is lower than acti-
vated carbons (Sanou et al., 2024), its sustainability
metrics — avoiding pyrolysis (e.g., 500°C for coconut
husk biochar (Minh et al., 2023)) and utilizing palm
fiber waste — align with circular economy principles,
as advocated in studies on olive stone (Alardhi et al.,
2023) and avocado stone biochar (El-Shafie et al.,
2023).

Adsorption kinetic models: Adsorption kinetics
examination is necessary to comprehend the adsorp-
tion process, including its pace and the principles un-
derlying mass transfer. For effective adsorption sys-
tem scaling up and system design optimisation, this
information is essential (Minh et al., 2023; Qureshi
et al., 2020). Kinetic assessments can also be used to
determine the adsorbent’s saturation time (Ahmed &
Hameed, 2019; Qureshi et al., 2020). In adsorption
studies, the pseudo-first-order (PFO), pseudo-sec-
ond-order (PSO), Elovich, and intraparticle diffusion
models are often employed kinetic models.

Pseudo first-order model: To utilise the inte-
grated form of the pseudo-first-order kinetic model
(Equation 8), the equilibrium sorption capacity, Q,
must be determined. Therefore, it is often required to
estimate Q_ by a trial-and-error approach in order to
assess the model’s kinetics. The plots for pseudo-first
order are displayed in Figures 13A and 13B. The cal-
culated parameters and the linear regression correla-
tion coefficients (R?) are shown in Table 4. For NR
and MG dyes, the corresponding R? values of 0.7833
and 0.7862 indicate a reasonable but not very strong
fit. This suggests that the experimental data may be
better represented by alternative kinetic models. Ad-
ditionally, as Table 4 illustrates, the computed sorp-
tion capacities (Q,) do not match the experimentally
determined values.

International Journal of Biology and Chemistry 19, Ne 1 (2026)



A. El-Hashani et al. 125

Figure 13

Pseudo first-order plot of NR (4) and MG (B) dyes onto CMPF
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Pseudo second-order model: The plot of t/Q,
vs. t should show a linear relationship according
to Equation 9, enabling it possible to determine
Q, and k, from the slope and intercept of the plot
(Figures 14A and 14B). The calculated Q_ values,
the pseudo-second-order rate constant (k,), and the
corresponding linear regression correlation coef-
ficients (R?) are summarised in Table 4. The cor-
relation coefficients for the pseudo-second-order
model were significantly higher than those for the
pseudo-first-order model for NR and MG dyes, at
0.9988 and 0.9989, respectively. This indicates
that the pseudo-second-order kinetic model pro-

Figure 14

vides a more accurate representation of the adsorp-
tion data.

The pseudo-second-order model states that
the adsorption rate is determined by the square of
the number of unoccupied sites (El-Hashani et al.,
2018b). Furthermore, the high agreement between
the estimated and empirically determined Q_ values
further supports the usefulness of this model in un-
derstanding the adsorption process. These findings
suggest that the adsorption of NR and MG dyes onto
the adsorbent is most likely caused by chemisorption,
which entails electron sharing or exchange between
the adsorbent and the adsorbate.

Pseudo second-order plot of NR (A) and MG (B) dyes onto CMPF

A

10+
E_
6 -
4
7

0

] 0 40 60 2] 100

B

:_Pﬂ_
15
& 10-
5_

1] ; ; ; ; .

0 20 40 60 80 100

t, min

Intra-particle diffusion model: If intraparticle dif-
fusion has a major impact on the adsorption process,
a plot of Q, vs t"* should have a linear connection, as
per the intraparticle diffusion hypothesis. Intraparti-
cle diffusion is the only rate-controlling step if the re-

Int. j. biol. chem. (Online)

sulting lines cross at the origin. On the other hand, it
indicates that boundary layer control is also in opera-
tion and that the adsorption rate is being influenced
by other mechanisms if the lines do not cross through
the origin. This suggests that several processes may
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be taking place at the same time and that intraparticle
diffusion is not the only rate-controlling mechanism
(Ahmed & Hameed, 2019; Si et al., 2015).

Equation 10 may be used to calculate the val-
ues of C_ (boundary layer thickness) and K, (intra-
particle diffusion rate constant) from the slope and
intercept of the plot of Q, versus t'?, as illustrated
in Figures 15A and 15B. The lines’ apparent depar-
ture from the origin demonstrates that the adsorp-

Figure 15

tion process is not only governed by intraparticle
diffusion.

According to this result, the biosorption of NR
and MG dyes onto CMPF powder is a complicated
process that includes both surface biosorption and
intraparticle diffusion as rate-limiting factors. The
correlation coefficient values in Table 4 demonstrate
that, in spite of this complexity, the model suited the
experimental data very well.

Intra-particle diffusion plot of NR (4) and MG (B) dyes onto CMPF
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Elovich model: The adsorption of dissolved com-
pounds from liquid solutions has been successfully
represented using the Elovich equation, which was first
created for chemical kinetics. Based on the slope and
intercept of the Ln Q, vs. Ln t plot (Figures 16A and
16B), Equation 11 was utilised to determine the Elov-
ich parameters 3 (surface coverage-related desorption
constant) and a (initial adsorption rate). The resulting
results are summarised in Table 4, which gives  val-

ues for NR and MG dyes of 0.682 and 1.050 g/mg and
a values of 93,100 and 21,800 mg/g.min.

The experimental data fits the Elovich model
rather well, as indicated by the correlation coef-
ficients (R?) of 0.8894 for MG dye and 0.9109 for
NR dye. This implies that, under the specified ex-
perimental conditions, the Elovich equation offers a
satisfactory explanation of the adsorption kinetics for
the dyes under study.

Figure 16
Elovich plot of NR (4) and MG (B) dyes onto CMPF
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Table 4
Kinetic model parameters for NR and MG adsorption onto CMPF
Pseudo-first-order k, (min™) Q, (Cal.) (mg/g) Q, (Exp.) (mg/g) R?
NR 0.0382 2.52 10.00 0.7833
MG 0.0210 1.12 5.50 0.7862
Pseudo-second-order k, (g.mg"'.min™") Q, (Cal.) (mg/g) Q, (Exp.) (mg/g) R?
NR 0.0315 10.20 10.00 0.9988
MG 0.0559 5.48 5.50 0.9989
Elovich B (g.mg?) o (mg.g'.min) R?
NR 0.682 9.31x10* 0.9232
MG 1.050 2.18x10* 0.9243
Intra-particle diffusion K, (mg.g".min"") C, (mg/g) Q, (Exp.) (mg/g) R?
NR 0.2013 8.06 10.00 0.9109
MG 0.1292 4.15 5.50 0.8894

Adsorption thermodynamics: To ascertain the
spontaneity of a biosorption process, thermodynamic
analysis is necessary. The Gibbs free energy change
(AG), a crucial metric in determining whether a pro-
cess happens spontaneously, can be calculated using
the standard Van’t Hoff equation (Equation 15). The
enthalpy change (AH) and entropy change (AS) were
determined using the slope and intercept of the Ln
K, against 1/T plot. Equation 12 was then utilised to
compute the Gibbs free energy change for sorption.

The thermodynamic behaviour of NR and MG
dye adsorption on CMPF was assessed by experi-
ments conducted at different temperatures. The tem-
perature-dependent adsorption efficiency of NR and
MG dyes is depicted in Figures 8A and 8B. The slope
and intercept of a linear plot of Ln K, versus 1/T are

Figure 17
Van't Hoff plot of NR (4) and MG (B) dyes onto CMPF

shown in Figures 17A and 17B, and these were uti-
lised to get the values of AH® and AS°. Throughout the
studied temperature range, a spontaneous adsorption
process is demonstrated by the negative AG values at
all temperatures. The adsorption process is endother-
mic and involves heat absorption, as indicated by the
positive AH® values (12.783 and 8.662 kJ/mol).

The high affinity of the dye molecules for CMPF
is further demonstrated by the positive AS® values
(68.49 and 68.12 J/mol.K), which show enhanced
disorder at the solid-liquid interface during adsorp-
tion. The negative AG® results further support the
process’ spontaneity. The combined results of AS®
and AG® show that the reaction is thermodynamically
favourable and proceeds spontaneously as a result of
an increase in entropy.
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Table 5

Thermodynamic parameters for the adsorption of dyes onto CMPF

Temperature AG

AH® AS°

Dye (K) (kI/mol) (kJ/mol) (J/mol. k) R
298 -7.637
303 -7.980

NR 308 -8.322 12.783 68.49 0.9191
313 -8.665
318 -9.007
298 -11.648
303 -11.989

MG 308 -12.329 8.662 68.12 0.9357
313 -12.670
318 -13.010

Conclusion AH®, AS° values and negative AG® values across all

This study examined two palm fibre-derived
adsorbents: chemically modified palm fibre using
carbon disulphide (CMPF) and acid-base treated
palm fibre (A-BTPF), for dye removal from wa-
ter. The results consistently demonstrated that
CMPF exhibited superior adsorption capacity and
efficiency compared to A-BTPF under all experi-
mental conditions. The enhanced performance of
CMPF, achieved through chemical modification
with CS,, introduced functional groups such as al-
dehydes and xanthates, significantly increasing its
dye adsorption potential. FT-IR analysis confirmed
the structural modifications caused by the chemi-
cal treatments.

pH investigations revealed that both adsorbents
showed maximum removal efficiencies for neutral
red (NR) at pH 4 and for methylene green (MG) at
pH 10 (72% for CMPF and 61% for A-BTPF), indi-
cating pH-dependent adsorption. The Langmuir iso-
therm model provided the best fit for the adsorption
data, with maximum adsorption capacities of 19.88
mg/g for NR and 7.45 mg/g for MG, and high R?
values of 0.9935 and 0.9869, respectively. Kinetic
studies further confirmed that the adsorption process
followed a pseudo-second-order model, with strong
correlation coefficients of 0.9988 for NR and 0.9989
for MG.

Thermodynamic analysis indicated that the ad-
sorption process is spontaneous and endothermic,
driven by increased entropy, as evidenced by positive

Int. j. biol. chem. (Online)

temperatures. These findings underscore the poten-
tial of CMPF as an effective, sustainable biosorbent
for dye removal, with its chemical modification of-
fering enhanced adsorption properties compared to
conventional treatments.
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