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ARTICLE INFO ABSTRACT

This study proposes using date palm biomass to remove emerging industrial contaminants, such as 2,4,6-
Trichlorophenol (2,4,6-TCP) from water, promoting sustainable waste utilization and a more cost-effective
technology. To investigate the potential of using raw date palm fiber and Triethylamine-modified date palm
fibers (RDPF and TEA-MDPF) for 2,4,6-TCP removal in batch adsorption experiments. The residual con-
centration of 2,4,6-TCP in the effluents was examined using UV-visible spectroscopy. The structural and che-
mical composition of the raw and modified biomass materials was determined using various techniques, in-
cluding BET, FTIR, Elemental analyzer (CHN), Particle size analysis, FESEM-EDX, and TGA analysis. The optimal
pH for the highest 2,4,6-TCP uptake capacity in batch equilibrium adsorption studies was found to be 2.0 for
RDPF and 6.0 for TEA-MDPF biomass. The sorption kinetics of 2,4,6-TCP onto both adsorbents was excellent,
designated by the pseudo-second-order (R? = 0.93-0.99) and Elovich models (R?> = 0.86-0.97). This indicates
that adsorption was regulated by chemisorption. The results of the experiment exhibited a good correlation (R?)
between the PSO and the maximum (q,,) uptake capacities of the Langmuir isotherm model for the remediation
of 2,4,6-TCP from aqueous media, which was 115.50 mg/g and 191.75 mg/g for RDPF and TEA-MDPF, re-
spectively. TEA-MDPF biomass exhibits superior adsorption capacity compared to RDPF, making it a promising
candidate for the remediation of 2,4,6-TCP from aqueous contaminated wastewater.
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1. Introduction prevent its harmful effects on the environment and human health, even

at low concentration levels.

Water safety is of utmost importance nowadays for both humans
and the ecosystem. Chlorophenol compounds (CPs) are often found in
water due to the discharge of polluted wastewater from various in-
dustrial, domestic, and agricultural sources [1]. Among these CPs,
2,4,6-Trichlorophenol (2,4,6-TCP) is mostly used in agriculture, wood
preservation, and organic compound synthesis as pesticides, fungicides,
herbicides, and more. 2,4,6-TCP pollution can degrade the quality of
water, posing risks to human health and aquatic life, including cancer,
deformity, and mutation. Chemical structure of 2,4,6-TCP makes it
difficult to degrade, foremost to high toxicity, bioaccumulation, carci-
nogenicity, long-distance migration, and dangerous secondary pollution
during treatment [2-4]. Therefore, it is essential to treat 2,4,6-TCP
strictly before discharging it into the water circulatory system to
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Over the past decade, various successful wastewater analytical
treatment techniques have been used to remediate CPs, such as solvent
extraction, biodegradation, catalytic ozonation, ion exchange, and
photochemical degradation [5-11]. Among all these methods, certain
disadvantages include costliness and ineffectiveness; thus, these tech-
niques are not appropriate for operating at small industries' scale level.
Adsorption is a highly recommended method for remediating phenolic
derivatives from wastewater due to its simplicity, eco-friendliness, af-
fordability, efficacy, and reusability when compared to other methods,
and it is frequently used at an industrial scale [12,13]. Although com-
mercially existing activated carbon has a high surface area and sorption
capacity, it is a costly system with high operational expenses, which
needs regeneration after every cycle. To tackle the issue of phenol and
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chlorophenol remediation, researchers aim to develop unconventional,
cheap, effective, and locally available sorbents. So far, various studies
have examined the adsorption of phenol and chlorophenols on agri-
cultural and natural resource materials [2,12,14-17]. Lignocellulosic
biomass is a readily available and inexpensive bio-adsorbent with the
potential for effective remediation of heavy metals and organic pollu-
tants [18-20]. Recent studies have shown that agricultural waste and
lignocellulosic residues possess high sorption capacities and do not
require frequent regeneration, making them a cost-effective solution for
wastewater treatment [21,22]. Nevertheless, there is still a lack of in-
vestigation on the use of agro-waste lignocellulose biomass materials
for the remediation of phenol and its derivatives from aqueous waste-
water.

Utilizing lignocellulose biomass from the date palm plant is an ex-
ceptional solution for removing organic pollutants. The date palm fiber
waste biomass is easily available locally and highly abundant in Saudi
Arabia [23]. Date palm fiber lignocellulose biomass contains lignin
(15-35 %), cellulose (40-50 %), and hemicellulose (20-35 %) compo-
nents [24]. Moreover, it is a cost-effective substitute for other ad-
sorbents utilized in treating aqueous wastewater. Date palm fibers have
been successfully employed for the eradication of heavy metals
[25-28], dyes [29-31], phenol, and nitrate pollutants [21,32-34].
However, to our knowledge, no reports exist on the use of raw or
chemically modified date palm fiber biomass for 2,4,6-TCP pollutant
remediation in wastewater.

Here this present study evaluates the demonstration of raw and
TEA-chemically modified date palm fibers (RDPF and TEA-MDPF) as an
adsorbent for remediating 2,4,6-trichlorophenol. To investigate the
impact of different operational conditions, such as solution pH, agita-
tion time duration, adsorbent quantity, and adsorbate concentration, by
conducting equilibrium batch studies. Throughout the study, we meti-
culously analyzed the samples using various techniques such as ele-
mental analyzer (CHN), BET surface area, SEM, particle-size analyzer,
TGA, and FTIR analysis. We aimed to instigate a correlation between
the properties of the adsorbent and its effectiveness in removing pol-
lutants.

2. Materials and methods
2.1. Chemicals

The 99 % pure 2,4,6-trichlorophenol was obtained from Sigma-
Aldrich (St. Louis, Missouri, United States) and used. The molecular
formula of 2,4,6-TCP is C6H2CI30OH, and its molecular weight is
197.45 g/mol. To make stock solutions, 1.68 g of chlorophenol was
dissolved in 1000 mL of distilled water. This stock solution was then
used to obtain the required working concentration in the range of
50-200 mg/L for experiments. To adjust the pH of this solution, 0.1 M
HCl and 0.1 M NaOH were used.

2.2. Collection and preparation of date-palm fiber biomass

The agro-waste date palm fiber (DPF) biomass material was col-
lected from the region of Riyadh, Saudi Arabia. The DPF was cleaned
with normal tap water to eliminate the impurities and then dried for 2
days in daylight. After cleaning the DPF, it was cut into 2-4 cm pieces,
crushed with a milling device, and allowed through a 0.4 mm sieve.
Next, the RDPF was ground using a grinder (DLC multifunctional) and
sieved to obtain a fine powder. After that, sieved powder was collected
and ground using a Fritsch ball-milling device (Premium line,
Pulverisette 7, Germany). The grinding process involved using steel
balls (zirconia ceramic) at 400 rpm for 24 h. Additionally, the micro
ball-milling device was utilized at 1500 rpm for 30 min (POWTEQ
Laboratory, GT300, Beijing, China). The label RDPF has been assigned
to the sample of date palm fiber that has undergone micro ball-milling.
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2.3. Chemical modification of RDPF

The RDPF powder was subjected to chemical modification with
triethylamine. This procedure was adapted from Song et al., 2015 and
slightly altered [35]. Specifically, the Song et al. described method was
modified to some extent to achieve the desired results. 10 g of raw date
palm fiber powder were mixed with 100 mL of triethylamine and me-
thanol. The obtained blend was stirred for an hour at room temperature
while maintaining an agitation speed of 200 rpm. Afterward, the
modified mixture was washed with distilled water and dried up for 24 h
at 110 °C. The chemically modified palm fiber sample was then labeled
as TEA-MDPF and kept in a desiccator for future experimental ad-
sorption studies.

2.4. Batch studies

The concentration of 2,4,6-TCP was varied from 50-200 mg/L in a
series of batch experiments. A 100 mL solution containing 0.1 g RDPF
and TEA-MDPF biomass was placed in a 125 mL (amber glass) reagent
bottle. We agitated the samples at 30 * 1 °C in a shaker (Grant, OLS
Aqua Pro, water bath) at 175 rpm until a steady state was achieved. The
solution pH was altered from 2-10. To obtain the supernatant solution
for filtration, Whatman No-41 filter paper was used. TCP concentration
was determined at 296 nm through a UV-1900 (Shimadzu, Tokyo,
Japan) UV-VIS Spectrophotometer.

To optimize the sorption (q., mg/g) capacity and remediation effi-
ciency, the subsequent equations were employed,

_ (G -C)V
c i (€8]
Removal (%) = (G = Co) X 100

Co 2

where, Cy = concentration of TCP (mg/L) at time = 0, g. = sorption
capacity at equilibrium, C, = TCP equilibrium concentration (mg/L) at
V = solution volume (L), W = RDPF and TEA-MDPF mass (g).

In the batch kinetic experiments analysis, we calculated the TCP
sorption, qt (mg/g), at various time intervals.

_ V(G -C)
t w 3)

where C, is the solute concentration (mg/L) at time, t (min). The eva-
luation of equilibrium kinetic and isotherm models, using chi-square
analysis and normalized standard deviation, is defined in detail in
Supplementary Materials Section 2.4.

2.5. Biomass characterization techniques

Various techniques were employed to analyze the properties of the
biomass-based adsorbent. A detailed description of these techniques is
provided in sections 2.5.1 to 2.5.7 of the Supplementary Materials. The
Point of zero charge (pHpzc), particle size, C, H, N analysis. BET ana-
lysis were used to study the particle size, average pore size, pore vo-
lume, and surface area. The surface functional groups of the RDPF and
TEA-MDPF adsorbents were identified using the FTIR method. The
stability of the raw and modified adsorbent was assessed using ther-
mogravimetric analysis (TGA). The FESEM-EDX was utilized to analyze
the morphology of the biomass.

3. Results and discussion
3.1. Characterization of RDPF and TEA-MDPF
3.1.1. Particle size data analysis

To increase a better understanding of the process of reducing size,
we measured the particle size of RDPF biomass samples. We analyzed
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Table 1

Composition data (C, H, N, O) on RDPF and TEA-MDPF adsorbent.
S. No Biomass C (%) H (%) N (%) 0 (%)
1 RDPF 46.13 5.98 0.05 47.84
2 TEA-MDPF 44.58 3.64 0.80 50.98

the distribution size of two reduction size procedures, namely 24-hour
(ball-milling) and 30-minute (micro-ball-milling), using cumulative and
differential volume percentages. Our previously published work con-
tains these results, which are also available in the supplementary sec-
tion Figs. S1-S2 [21].

3.1.2. Composition analysis

Table 1 displays the confirmed elemental composition (C, H, N, O
(carbon, hydrogen, nitrogen, and oxygen)) in biomass obtained from RDPF
and TEA-MDPF. Additionally, there was a slight decrease in the carbon
and hydrogen (%) contents of the TEA-MDPF samples. Several other re-
searchers have obtained similar results in their investigations [21,36].

3.1.3. FTIR data analysis

Fig. 1 displays the FTIR spectrum peaks of RDPF and TEA-MDPF
biomass structure, identifying bands in the 4000-400cm ™! range.
Fig. 1(a-d) exhibits the broadband peaks at around 3424-3447 cm ™Y,
and it indicates the band is associated with the existence of O-H (hy-
droxyl group) stretching vibrations due to hydrogen bonding, such as
lignin and cellulose. The RDPF biomass peaks at 2931 cm ™! might be
assigned to C-H stretching vibrations of -CH, and —CH3 groups [37].
After the modification of TEA biomass, the vibration frequency of -CH,
groups shifted to 2906 cm ™! [38]. The bands at 1374-1377 cm™*!
correspond to the stretching of C-H bonds of acetyl groups found in
hemicellulose esters. The chemically modified FB-TEA sample exhibits
a peak around 1735 cm™ (C=0). The stretching frequencies of C=C
(1608-1641 cm™), CO-0-CO (1033-1058 cm™), C-Cl (600-850 cm™),
and bending frequencies C=C (889-895 cm™) designate the presence
of conjugated alkene, anhydride, functional groups, respectively. After
the adsorption of 2,4,6-TCP onto the RDPF and TEA-MDPF biomass, no
considerable changes in the peak positions were detected.

350
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Fig. 1. FTIR spectra analysis of (a) RDPF, (b) TEA-MDPF, (c) after adsorption
of 2,4,6-TCP, (d) TEA-MDPF after adsorption of 2,4,6-TCP.
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3.1.4. BET Analysis

Figures (S3-S6) display the N, adsorption/desorption isotherm
curves for ground DPF, 24-hr, micro ball-milled (RDPF), and TEA-MDPF
powder samples. Table 2 presents the BET pore size, pore volume, and
surface area of biomass samples. Before chemical modification, the
micro ball-milled (RDPF) sample had an initial surface area of
3.555m?/g. However, after the triethylamine (TEA) chemical mod-
ification, the properties and characteristics of the sample were sig-
nificantly reduced. The surface area decreased several-fold to
0.1482 m?/g, and the pore volume decreased to 0.0023 cm®/g. At the
same time, the pore size reduced to 186 A from 1197 A, indicating the
development of small pores due to the chemical modification. Similar
behavior was observed in surface-modified lignocellulosic material and
surfactant-modified montmorillonite, which also showed a decrease in
BET surface area [39,40].

3.1.5. FESEM-EDX analysis

The FE-SEM images evaluated the surface morphology of RDPF and
TEA-MDPF biomass. Figs. 2(a) and 3(a) depict the appearance of the
biomass surface. The micrographs demonstrated that the surface of
RDPF is more homogeneous than the rough surface of TEA-MDPF,
which contains irregularly shaped particles with a porous surface area
and many micropores and cavities. The rough surface of the chemically
treated biomass may boost the adsorption capability of phenolic com-
pounds. The EDX elemental composition (C, O) analysis validated the
final composition (C, H, N) of RDPF and TEA-MDPF, as illustrated in
Figs. 2(b-c) and 3(b-c).

3.1.6. TGA analysis

Fig. 4 shows the thermal analysis (TGA) of the raw and modified
date palm fiber (RDPF and TEA-RDPF) biomass. Both TGA curves dis-
play three distinct weight loss regions. At around 100 °C, the weight
loss is caused by the dehydration of moisture contained by the ad-
sorbent itself. It is worth noting that both date palm fibers experience a
5-7 % loss in mass due to their hygroscopic nature and moisture [41].
During the weight loss of the second stage process in RDPF and TEA-
MDPF, a significant portion was observed due to the decomposition of
main components such as lignin, cellulosic, and hemicelluloses [42].
This weight loss occurred in the temperature range of 330-350 °C for
both samples. The 50 % weight loss was observed at 330 °C for RDPF,
while the TEA-MDPE exhibits around 350 °C. This is due to the effect of
chemical modifications of the adsorbent [43,44]. At the final stage, it
was observed that the residual biomass for the sample RDPF at 1000 °C
remained at approximately 5 %, while modified samples showed almost
double the amounts at similar temperatures.

3.2. Influence of adsorption parameters

3.2.1. Effect of pH

The adsorption capacity of RDPF and TEA-MDPF is important and
pretentious based on the solution pH. To study its effect, the pH of the
solution range was altered from 2-10, and the uptake capacity of 2,4,6-
TCP was evaluated. Fig. 5a-b displays the results that the uptake ca-
pacity of RDPF decreased from 40.82-36.42mg/g, and that of TEA-
MDPF increased from 38.69-44.78 mg/g as the pH solution increased
from 2-6. Further, a rise in the pH solution resulted in a reduction in
the uptake efficiency of 2,4,6-TCP. The point of zero charge (pHpzc)
analysis was used to determine the surface charge of the adsorbent. This
is important because the pHpzc highly affects the adsorption of ad-
sorbate onto the adsorbent. Any change in the surface charges of the
adsorbent can significantly impact the adsorption process. In the case of
RDPF and TEA-MDPF, the value of pHpzc was found to be in an acidic
medium at 6.4 and 6.9, respectively. Below this pH, the surface of the
adsorbents becomes positively charged, resulting in electrostatic at-
tractions between the positively charged adsorbents and 2,4,6-TCP
molecules. This means that the adsorption of 2,4,6-TCP occurs more



N.S. Kumar, M. Asif, A.M. Poulose et al.

Table 2

BET analysis data of date palm fiber biomass material.

Desalination and Water Treatment 318 (2024) 100405

S. No Adsorbent Surface Area (m?/g) Pore Volume (cm®/g) Pore Size (A)
1 Ground raw date-palm fiber 0.889 0.006 559.9

2 24 hrs ball-milled 2.016 0.009 238.2

3 RDPF 3.554 0.017 186.0

4 TEA-MDPF 0.148 0.002 1197
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Fig. 2. FESEM-EDX images of raw date palm fiber (RDPF) biomass.
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Fig. 3. FESEM-EDX images of TEA-chemical modified date palm fiber biomass (TEA-MDPF).
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Fig. 4. TGA analysis of date palm biomass (a) RDPF and (b) TEA-MDPF at 10 °C/min.

readily at pH levels lower than pHpzc, as the molecule's anionic surface
shows considerable adsorption where the pH was below the pKa of
2,4,6-TCP [45]. When the pH is low, the surface functional groups on
the biomass become protonated. This creates a higher electron density
on the solute molecules, which increases the adsorption capacity. As the
pH increases, the repulsions between negatively charged adsorbent
surfaces (RDPF and TEA-MDPF) and the negative charge on the 2,4,6-
TCP molecule increase, and their by decreasing the interaction within
the solution phase. This results in decreased adsorption capacity at
higher pH levels. A similar trend was observed in the adsorption of
2,4,6-TCP onto various adsorbents, including rice husk composite,

mango seed shell, organo-montmorillonites, and household waste bio-
mass [46-49]. Both adsorbents showed maximum adsorption capacity
at an acidic pH range. Researchers have also reported a high uptake
capacity of chlorophenols at low pH [45,50,51]. Therefore, for further
adsorption studies, a pH of 2.0 and 6.0 was chosen for the adsorption of
2,4,6-TCP on the RDPF and TEA-MDPF.

3.2.2. Influence of RDPF and TEA-MDPF dosage

In this study, the impact of RDPF and TEA-MDPF dose loading on
the remediation of 2,4,6-TCP from its solution at 30 °C using various
amounts (0.1-1.0 g), an initial concentration of 100 mg/L, an optimum
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Fig. 5. pH and pHpzc effect on 2,4,6-TCP sorption onto (a) RDPF and (b) TEA-MDPF at 30 = 1°C (C, = 50 mg/L, Agitation rate = 175 rpm, adsorbent dosage =

0.1 g, Contact time = 4h.
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Fig. 6. (a-b). 2,4,6-TCP adsorption onto (a) RDPF and (b) TEA-MDPF biomass dosage at 30 + 1°C [Contact time = 4h, amount of dosage = 0.1 — 0.1 g, Co

= 100mg/L, pH = 2.0 and 6.0].

pH 2-6 and a contact time of 4h. With an increase in the adsorbent
mass, both biomass sorption capacities decreased while the removal
(%) of 2,4,6-TCP increased, as depicted in Fig. 5(a,b). Fig. 6(a,b) il-
lustrates the percentage removal of 2,4,6-TCP enhanced and the sorp-
tion capacity of both biomass decreased with increasing adsorbent mass
dose. An adsorbent of 0.5 g, TEA-MDPF, demonstrated the highest re-
moval efficiency of 96 %. Due to excessive active sites associated with
the increased biomass dose, the q. (mg/g) value of 2,4,6-TCP decreases
as the RDPF and TEA-MDPF content increases [12,52,53]. As a matter
of fact, TEA-MDPF is more effective at eliminating 2,4,6-TCP compared
to RDPF biomass. Therefore, 0.6 g and 0.5g of RDPF and TEA-MDPF
were employed as the adsorbent biomass doses in all subsequent ex-
periments to remove 2,4,6-TCP.

3.2.3. Influence of contact time and initial concentration

The agitation time significantly affects the 2,4,6-TCP contaminant
uptake by RDPF and TEA-MDPF. The impact of the contact time period
and the initial 2,4,6-TCP concentration (50-200 mg/L) on the 2,4,6-
TCP removal was studied at room temperature (30 °C). Fig. 7(a-b) dis-
plays that the increment capacity increases with initial concentration
and agitation time. The removal rate of RDPF and TEA-MDPF biomass
is initially fast but reaches equilibrium after 120 and 90 min, respec-
tively. The rapid removal rate at the beginning stage of adsorption was
due to the superior attraction of the corresponding groups and the ac-
cessibility of the exterior surface of the adsorbent. TEA-MDPF exhibits a

160 4
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Fig.7. (a-b). Effect of 2,4,6-TCP sorption onto (a) RDPF and (b) TEA-MDPF shaking time at 30 + 1°C [(4) Cop = 50 mg/L, (*) Co = 100 mg/L, (A) Co = 150 mg/L,

higher 2,4,6-TCP uptake capacity (qe) in the range of 50-200 mg/L
compared to RDPF [32]. The higher initial concentration results in
greater 2,4,6-TCP adsorption due to increased mass transfer driving
force. Therefore, we have determined that a contact time of 120 and
90 min is ideal for achieving an equilibrium state during the remedia-
tion process of 2,4,6-TCP pollutant from aqueous medium by using
RDPF and TEA-MDPF biomass. This timing has proven to be effective
for achieving successful results in the remediation process.

3.3. Adsorption kinetics of 2,4,6-TCP onto RDPF and TEA-MDPF

In the present study, we conducted a kinetic analysis using two
models, namely the PFO (pseudo-first-order) [54] and PSO (pseudo-
second-order) models [15,55], to investigate the mechanisms involved
in the adsorption of 2,4,6-TCP. Equations 6, 7, 8, and 9 in the supple-
mentary section represent the different kinetic models of PFO, PSO,
Intraparticle diffusion [20], and Elovich [56], respectively. In Table 3,
you can find the regression correlation coefficients and rate constants
for both kinetic models. Based on the low adjusted R? values and sig-
nificant uniformity observed among the experimental (q., exp) and
computed (qe, cal) values, it can be concluded that the PFO theory was
not suitable for accurately predicting the sorption performance of 2,4,6-
TCP on the RDPF and TEA-MDPF adsorbent. However, the PSO kinetic
model exhibited better agreement among the experimental and calcu-

lated values of (qe), especially when considering the initial
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() Co = 200 mg/L; dosage amount = 0.1 g; shaking speed = 175 rpm; Contact time = 3h, pH = 2.0 & 6.0].
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Table 3
PFO and PSO kinetic rate constants of 2,4,6-TCP on RDPF and TEA-MDPF.

Desalination and Water Treatment 318 (2024) 100405

2,4,6-TCP - RDPF

PFO PSO
Co (mg/L) Ge, exp (Mg/8) Ge, ca (Mg/8) ka R? Aqe (%) x Ge, cal (ME/8) ky R? Aqe (%) x
(min~") (g/mg/min)
50 40.88 1.77 0.004 0.903 106.87 35,389.96 39.93 0.052 1.000 0.63 0.011
100 81.43 6.79 0.018 0.958 87.93 12,024.81 81.11 0.008 0.999 1.55 0.14
150 120.52 17.17 0.008 0.940 94.19 15,169.44 119.80 0.002 0.997 4.26 1.50
200 147.55 28.68 0.022 0.967 86.11 5884.39 148.81 0.002 0.999 2.42 0.57
2,4,6-TCP - TEA Modified Date Palm Fiber (TEA-MDPF)
50 45.93 8.34 0.028 0.959 87.23 1405.80 46.37 0.008 0.999 0.97 0.19
100 89.87 23.90 0.026 0.714 81.46 1645.18 89.84 0.002 0.993 4.68 0.92
150 130.89 28.22 0.027 0.783 84.88 3236.76 131.34 0.002 0.997 3.35 0.69
200 159.66 32.33 0.031 0.981 85.06 3960.02 161.81 0.002 0.999 1.67 0.21
Table 4
Kinetic (IDM and EKM) rate constants of 2,4,6-TCP on RDPF and TEA-MDPF.
2,4,6-TCP — Raw Date Palm Fiber (RDPF)
IDM EKM
Cone de, e Qe cat Mg/ kig C R? Aq: (%) xr 4 an (1/b)In (ab) 1/b R? Aq; (%) x
(mg/L) (mg/g) g) (mg/g) (mg/g) (mg/g)
50 40.88 39.76 0.08 38.90 0.854 0.18 0.01 39.72 38.51 0.25 0.752 0.23 0.01
100 81.43 80.20 0.58 74.23 0.956 0.33 0.01 79.93 71.28 1.85 0.890 0.53 0.02
150 120.52 115.81 1.78 97.99 0.847 1.38 0.15 114.86 89.89 5.36 0.737 1.81 0.26
200 147.55 145.57 2.52 119.73 0.994 0.28 0.01 144.54 106.13 8.25 0.974 0.63 0.04
2,4,6-TCP - TEA Modified Date Palm Fiber (TEA-MDPF)
50 45.93 35.56 1.01 36.56 0.946 0.92 0.01 45.12 31.97 3.04 0.974 0.63 0.01
100 89.87 85.25 1.87 69.01 0.751 2.21 0.20 84.56 62.19 5.18 0.652 2.60 0.28
150 130.89 126.31 2.33 106.05 0.845 1.38 0.12 125.53 97.15 6.57 0.758 1.72 0.18
200 159.66 157.26 3.26 128.94 0.997 0.19 0.01 156.45 114.88 9.62 0.983 0.48 0.02

concentration of 2,4,6-TCP (Co = 50-200 mg/L) in the current study.
This is also reflected in the improved regression coefficients (R?), thus
confirming the preeminence of the PSO kinetics over the PFO kinetics
for estimating the adsorption of 2,4,6-TCP using the RDPF and TEA-
MDPF biomass.

The intra-particle diffusion (ID) model assesses how significant the
mass transport of the solute. Table 4 shows the calculated k;q4, intercept,
and R? values. If Eq. 9 results in a linear profile via the origin, then ID is
the main rate-controlling limiting step. However, in RDPF and TEA-
MDPF biomass, the intercept ranges are not valid. An effective intercept
suggests that the sorption mainly takes place on the surface of the
sorbent. During the migration of the solute from the liquid phase to the
external surface of the sorbent, the mass transport is regulated by ex-
ternal mass transport resistance. To determine the contaminant uptake
rate, the Elovich model is also utilized. Although it doesn't suggest any
definite mechanism that regulates the sorbent and sorbent contact, the
model assumes that the surface of the adsorbent is actively hetero-
geneous. However, as shown in Table 4, the computed q. values of the
Elovich model do not fit with the equilibrium data.

In the present study, the PFO, PSO, Elovich, and intraparticle dif-
fusion kinetic equations were compared to determine which model
delivers the best description of the sorption of 2,4,6-TCP onto RDPF and
TEA-MDPF. The model and experimental results for concentrations
ranging from 50-200 mg/L of 2,4,6-TCP were depicted in the supple-
mentary Figs. S7(a—d) and S8(e-h). The experimental data matched the
PSO kinetic model, whereas the PFO kinetics failed to give a sufficient
explanation of the sorption of 2,4,6-TCP onto RDPF and TEA-MDPF.
Different models data fitted with 2,4,6-TCP adsorption on RDPF and
TEA-MDPF are inserted in Tables 3 and 4, along with their corre-
sponding Chi-square (xz), Aq; (%), and regression (R?) values. The PSO
model had a greater R? value, which was higher than 0.993 and near

unity than those of the Elovich, PFO, and intraparticle diffusion. In the
employment of PSO, the computed (qe, cal) values displayed a good fit
with the experimental values (q;, exp). Therefore, the examined data
reveals the PSO kinetic model agrees well with 2,4,6-TCP adsorption on
RDPF and TEA-MDPF. This is consistent with the new findings that have
revealed the kinetics of 2,4,6-TCP sorption onto different adsorbents
and also suggested PSO kinetic models [13,50,56].

3.4. Adsorption isotherm models

Understanding the diffusion of sorbate molecules between solid and
liquid phases during the equilibrium conditions of the sorption is es-
sential. Adsorption isotherm plays a crucial role in explaining this
process. In this course, Langmuir (Eq.10), Freundlich (Eq.11), and
Dubinin-Radushkevich (Eq.13) models [12,21,57] were used to analyze
the equilibrium adsorption isotherm, which is shown in the supple-
mentary section 3.5. Equibrilium Langmuir isotherm model was used to
identify the adsorption process for monolayer through physical forces.
The RDPF and TEA-MDPF monolayers displayed the highest adsorption
capacity (q) of 115.50 and 191.75mg/g, respectively. Alternatively,
the isotherm Freundlich model was employed to evaluate the multi-
layer sorption process by chemical mode on heterogeneous surfaces.
Dubinin-Radushkevich (D-R) isotherm model was tested to find out if
the sorption process was chemisorption or physical adsorption. The
parameter E was used to characterize the type of the sorption method
used in this study. Typically, for the physical adsorption, the E value
exhibits less than 8 kJ/mol, whereas for the adsorption of ion exchange,
the E values ranges between 8-16 kJ/mol. Table 5 presents the RDPF
and TEA-MDPF parameter values of correlation coefficients (R?), Chi-
square (xz), and standard deviation (Aqe (%)) for all three isotherms,
i.e., Langmuir, Freundlich, and D-R. The RDPF and TEA-MDPF
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Table 5
Isotherm Parameters of 2,4,6-TCP on RDPF and TEA-MDPF.
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Adsorbate Langmuir Freundlich D-R (Dubinin- Radushkevich)
RDPF
I b R? 4q, v Ky n R aq. ¥ q E R 4q. x
(mg/g) (L/mg) (%) ((mg/g) (%) (mmol/g) (kJ/mol) %)
(L/mg)*"™)
2,4,6-TCP 115.50 0.026 0.994  11.23 7.10 3.335 1.1890.991  6.66 1.67 4.89 8.53 0.986  8.32 2.65
TEA-MDPF
2,4,6-TCP 191.75 0.027 0.997 6.99 3.19 5.405 1.1340.997 335 0.50 4.31 8.51 0.995  4.96 1.11
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Fig. 8. Experimental and theoretical parameter values of (a) RDPF and (b) TEA-MDPF adsorbents from the Freundlich, Langmuir, and D-R isotherm models.

determinations of all three isotherm models are in agreement with the
experimental data, as represented in Fig. 8(a-b). Based on the results,
the Freundlich isotherm model demonstrated a better fit with the ex-
perimental sorption data than the D-R and Langmuir isotherm models.
In specific, the TEA-MDPF Freundlich isotherm model showed the
highest R? (0.997), lowest Aq. (%) (3.35), and lowest Chi-square (2
value (0.50) among the three isotherm models analyzed.

3.5. Comparison with other literature
Table 6 provides a summary of data from various 2,4,6-TCP ad-

sorption systems that use different types of adsorbents. Comparing the
findings of this study to those of previous similar studies, it is evident

that TEA-MDPF has the highest potential as an effective adsorbent for
2,4,6-TCP removal. In fact, TEA-MDPF has a higher removal capacity
than most of the biomasses listed in Table 6 and even exceeds that of
activated biomasses. Additionally, RDPF could be a promising ad-
sorbent compared to many other adsorbents.

3.6. Cost-effective Comparison Analysis

To use adsorption techniques on a large scale, it is important to analyze
the cost implications of preparing the adsorbent. The cost of the activated
carbon can be obtained via several factors, such as the price of the pre-
cursor, the cost of activating the agent, and the cost of using essential
equipment. Date palm biomass (Date palm fiber (DPF)), which is prepared

Table 6

Comparison of different adsorbents used for the remediation process of 2,4,6-TCP onto RDPF and TEA-MDPF.
Adsorbent Q° (mg/g) pH Time (hr) Ref
Zn%*- AI** -C4H,06>-LDHs 599.6 3 2.5 [1]
Pine Bark Powder 289.09 6 2 [2]
p-DMAC4/GO 38.4 6 1 [13]
Acacia leucocephala bark 256.4 5 3 [15]
FAC & ATFAC 49.80 &101 2 24 [50]
Cannaindica 52.08 4 20 days [51]
GO—PVPP 466.77 4 - [52]
Hal nanocomposites 196.08 3 10 [53]
Bentonite modified with benzyl dimethyl tetra decyl ammonium chloride 35 4 1 [58]
Azollafiliculoides biomass 6.2 5 2 [59]
Surfactant modified Bentonite 13.9 3 [60]
Chemically modified chitosan CS-SA-CD 375.94 5 1.5 [61]
Sargassum Boveanum Macroalgae (MA & BCM) 10 & 175 5 [62]
RDPF 115.50 2 This study
TEA-MDPF 191.75 6 1.5 This study
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Table 7
Approximate cost-effective production of date palm biomass.

Date Palm biomass - 1 Kg

Material input (Biomass production) Amount /Cost ($/kg)

Precursor material 0.02*
Transportation 0.10
Processing # 0.70
Material output final cost (Kg) 0.82

# Processing includes Collection of raw materials, Transportation, Shredding,
Washing and Drying, Crushing and Sieving, Ball milling, and various Chemical
treatments and manpower.

" Based on the reported cost in reference [66-68], the cost may vary slightly
if inflation over the years is taken into consideration.

from readily existing agricultural waste, is a cost-effective option. Table 7
provides a detailed cost incurred in preparing 1kg of date palm biomass
compared to date palm biochar (DBC), wood-based activated carbon (AC),
and presented commercially activated carbon (CAC). From the cost assess-
ment, it has been established that date palm biomass is less expensive
compared to other adsorbents like DBC, AC, and CAC. Based on these cost
assumptions, we are optimistic that date palm biomass adsorbent is a more
cost-effective alternative to date palm biochar (DBC), activated carbon de-
rived from wood (AC), and CAC [63-65].

4. Conclusions

In this study, researchers prepared two types of adsorbents from
date palm agro-waste: RDPF and TEA-MDPF. The sorption isotherms
and kinetics for the remediation of 2,4,6-TCP from an aqueous media.
The researchers found that solution pH affected the sorption capacity.
RDPF exhibited a better sorption capacity at pH 2.0, while TEA-MDPF
showed higher adsorption capacity at pH 6.0, with no increase in ca-
pacity beyond that pH. The chemical modification improved the re-
moval capability of TEA-MDPF for 2,4,6-TCP with an efficiency re-
moval of up to 95 %. The kinetic adsorption results for both RDPF and
TEA-MDPF followed PSO kinetics. The researchers found that the
Freundlich equilibrium isotherm model was better at describing the
heterolayer sorption of 2,4,6-TCP onto the RDPF and TEA-MDPF. The
Langmuir model described the monolayer maximum sorption capacities
(Qmax) of 115.50 and 191.75mg/g, respectively. Researchers should
explore cost-effective processing methods to extract specific properties
from readily available agricultural waste, thereby supporting the eco-
nomic growth of countries. Overall, the study showed that RDPF and
TEA-MDPF can be utilized as stable, inexpensive, and practical ad-
sorbents for the remediation of 2,4,6-TCP in wastewater. Researchers
are planning to conduct further studies on the employment of date palm
fiber in wastewater treatment.
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