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KEYWORDS Abstract This work investigates the prospective usage of dried Date palm fibers (DPF) and amino
Adsorption; silica modified Date palm fibers nanomaterials (Si-DPF) for phenol removal from water. We stud-
Pollutant; ied the characteristics of both dried DPF and Si-DPF nanomaterials based on their composition
Date palm; and morphology. The characterization includes diverse types of instruments such as Fourier-
Adsorption capacities; transform infrared spectroscopy (FTIR), Brunauer Emmett Teller (BET), scanning electron micro-
Phenol scopy (SEM), and transmission electron microscope (TEM). Batch mode experimentations were

continued and studied utilizing various significant factors such as the dose of adsorbent, solution
pH, contact time, and the initial quantity of phenol molecules as a pollutant. Under optimum con-
ditions (pH: 7.00, adsorbent dose: 2.00 g/L, initial concentration of phenol: 100 ppm and contact
time: 24 h), the maximum adsorption capacities were calculated to be 19.57 and 31.25 mg/g for
DPF and Si-DPF respectively. Further, to study the mechanism of the adsorption process of the
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under-investigated toxic molecules on the active sites of the nanomaterials, we introduced kinetic
models involving pseudo-first-order, pseudo-second-order, and models based on intra-particle dif-
fusion. To study the equilibrium isotherms, the Langmuir and Freundlich isotherms were consid-
ered, and the Langmuir isothermal model (R?> ~ 0.997 and 0.984 for DPF and Si-DPF
respectively) which largely deals with the results of the experiments achieved.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Date palm fibers (DPF) are one of the waste materials of the date palm
(Phoenix dactylifera L.) tree. DPF can grow any over the world but
will produce fruits in different countries (Ahmad et al., 2012;
Alotaibi et al., 2019; Ghori et al., 2018; Saker et al. 20006); in general,
date palm fibers waste is estimated at 20 kg per tree (AL-Oqla et al.,
2014; Alshabanat et al., 2016). Pharaohs and the Romans used PDF
in various industries until recent times, such as ropes, baskets, pillows,
and cleaning equipment (Elbadry 2014). Date palm fibers consist of
four kinds of fiber: leaf fiber in the peduncle, baste fiber in the stem,
wood fiber in the trunk, and surface fiber around the trunk (Hassan
and Salih 2016). They mainly consist of the palm fiber are holocellulose
60-75 % embedded in phenylpropane polymer units. Considerable
C—O—C or C—C bonds called lignin, bind the main fiber structure
and act as cementing material (20 %) and ash (1.18 %) (Alotaibi
et al., 2019; Ghori et al., 2018).

Several methods are available with a fluctuating level of success to
remove the phenol and other chemical pollutants from water and
wastewater (Azari et al., 2015; Berizi et al., 2016; Moghaddam et al.,
2019). These developed methods include chemical, physical, and bio-
logical treatments. The chemical methods include reduction, oxidation,
precipitation, solvent extraction, ion exchange, electrolysis, and photo-
chemical reactions (Azari et al., 2021; Badi et al., 2019; Esrafili et al.,
2016). Additionally, physical treatments were presented, such as filtra-
tion membrane separation, reverse osmosis, coagulation, flocculation,
evaporation, irradiation by nuclear radiations, ultrasonic, magnetic
separation, and adsorption (Eryilmaz and Gene, 2021; Guo et al.,
2022; Sanchez et al., 2018; Yousefzadeh et al., 2017). And biological
treatment involves the aerobic and anaerobic treatment, microbial
reduction, and bacterial treatment (Gul et al., 2019; Guo, et al.,
2018; Mani and Hameed, 2019). All these methods have extreme
expenses, creating toxic components and energy consumption com-
pared to adsorption methods in the case of adsorbent materials sup-
plied from agricultural wastes. Therefore, agriculture waste
adsorbents are becoming the aim of many types of research. These
involve agro-waste of sugarcane, olive, bagasse, bamboo, soy, mango,
orange, coconut, pumpkin, palm, cotton, and rice (Moreno-Marenco
et al., 2020; Ahmad, and Alrozi 2011; Lalhruaitluanga et al., 2010;
Dahiya and Nigam 2020; Routoula and Patwardhan 2020). Because
of the steady increase in the cost of adsorbent materials, no one can
deny that a cost-effectively practical solution to this challenge ought
to involve the development of environmentally friendly waste materials
into valuable materials for adsorption process application.

Scientists examined various agricultural wastes as biosorbents for
phenol removal. Various scientific research has reported that date palm
has been of tremendous significance as activated carbon of different
date palm parts were examined as biosorbents for phenol removal
(Pasalari et al., 2017; Saleem et al., 2019; Khurshid et al, 2022).
Besides, DPF was used as a biosorbent for specific types of hazardous
dyes from an aqueous solution (Alshabanat et al., 2013). However,
there is no information on removing phenolic compounds from water
using DPF in the literature, particularly on the surface fibers around
the trunk. In addition, this research selected DPF as a novel biosorbent
due to its biological features like availability in abundance at fibrous

form, biodegradability, sustainability, lower pollutant emissions, lower
cost, and feasibility for deriving, have a rough and uneven surface,
renewable (Hassan and Salih 2016; Ahmad et al., 2012).

Several utilized nanomaterials were used as solid-phase adsorbent
particles. Silica nanomaterials show valuable characteristics involving
decisive adsorption efficacies due to their chemical properties (Saleh
et al., 2010; Ali et al., 2016), active and immense surface area
(Mader et al., 2008; Youssif et al., 2018a, 2018b), considerable
adsorbability with the noteworthy spreading of regular pore size
(Youssif et al., 2018a, 2018b; Wang et al.,2015). Furthermore, their
distinctive properties include high dispersion in aqueous solution, pre-
cious mechanical and thermal stability, and introducing an excessive
stability range under a wide range of temperatures (Thommes et al.,
2015; Saleh et al., 2011). Moreover, their particle modification diversity
is an extra important feature. Thus, several industrial applications
were developed involving adapted fluid silica nanomaterials or
microparticles employing the batch method (Du et al., 2014; Karim
et al., 2012). The silica nanomaterials are safe and efficiently cost-
effective materials presenting a tremendously broad range of surface
alteration because of active silanol. Indeed, the silanol groups that pre-
sent in the silica linker structure give the material the ability for label-
ing different inorganic or natural materials. The modification process
to produce silica-coated nanomaterials is an extreme significant fea-
ture. These forms include mesoporous, amorphous gels, and fumed sil-
ica particles (Singh et al., 2014; Sun et al., 2015).

We have designed and produced for new materials of dispersed Si-
DPF nanomaterials using a synthesis technique depending on the
Stober method (Stober 1968; Saleh et al., 2019). The purpose of this
technique is to increase the material adsorption characteristic. The pre-
pared Si-DPF nanomaterials offer better adsorption ability and excel-
lent water dispersion effectiveness concerning plain DPF. Therefore,
the current research investigates the potential of DPF and Si-DPF
nanomaterials for water treatment from dangerous pollutants involv-
ing toxic phenol removal for the first time. The influence of diverse fac-
tors, for instance, adsorbent concentration, phenol molecule content,
and contact time, on the adsorption efficiency, were correspondingly
investigated. Lastly, the proper conditions of the experiment series,
kinetics, and the isotherm (Langmuir and Freundlich) equations were
investigated.

2. Materials and methods

2.1. Materials

Tetraethyl orthosilicate (TEOS) 98 %, (3-Aminopropyl)
trimethoxysilane (APTS) 97 %, phenol, and ammonia solution
28 % were all used as obtained from the Sigma Aldrich Com-
pany. DPF is provided as waste materials in agriculture sector,
Qassim region, Saudi Arabia. The stock standard solutions of
1 g/L of phenol were prepared in bi-distilled water and kept in
a dark glass container at —4 °C. The different phenol concen-
trations were prepared by diluting from stock solutions using
bi-distilled water at once before use in each experiment.
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0.45 pm membrane filter paper (GF/C Whatman) was used to
filter the samples before analysis. Vis/UV Spectrophotometer-
19 (SCO-Tech, Germany) was used for absorbance
measurements.

2.2. Preparation of DPF

DPF materials were collected from the Qassim region, washed
using stream water then using distilled water. After washing
the obtained DPF materials were dried at room temperature
and mechanically ground in an agate mortar. The DPF mate-
rials were sieved in analytical sieves to exclude the big particles.
Lastly, the resulting fine powder was conveyed to a planetary
ball mill to be ground into nano-particles before use.

2.3. Preparation of Si-DPF nanomaterials

The Si-DPF nanomaterials were prepared according to (Stober
et al.,1968). Typically, 150 mg of the DPF nanomaterials was
added into a solution mixture having 100 mL of ethanol,
250 pL bi-distilled water, and 250 pL of ammonia solution
at 40 °C for 30 min with vigorously stirring. After that
100 uL, TEOS was added to the obtained solution mixture
with slow stirring for 4 h under the same conditions. To intro-
duce the coated DPF nanomaterials surface, 100 pL of APTS
was added to the reaction and gently stirred for another 4 h
with a 150-rpm rate and exact temperature. The obtained
nanomaterials were centrifuged and washed several times with
ethanol and acetone and kept for dryness at 60 °C.

2.4. Batch biosorption experiments

The influence of distinct factors on the adsorption efficiency
was investigated using batch mode techniques. Adsorbent
dose, contact time, pH of the solution, and initial concentra-
tion were studied to investigate the optimal adsorption effi-
ciency of phenol onto DPF and Si-DPF nanomaterials. In
50-mL stoppered conical flasks, 100 mg of the DPF and Si-
DPF nanomaterials were soaked into 50 mL of an aqueous
solution with a different concentration of phenol then the mix-
tures were mechanically shaken at room temperature. Adsorp-
tion of phenol using DPF and Si-DPF nanomaterials was
performed with different time intervals for sampling at 3, 6,
12, 18, 24, and 36 h while the other factors such as sorbent
dosage, pH, and initial concentration of phenol were kept con-
stant. The influence of adsorbent dosage was also investigated
by shaking different amounts of DPF and Si-DPF nanomate-
rials ranging from 10 to 250 mg with a defined amount of
aqueous solution containing 100 ppm of phenol for 24 h. To
investigate the effect of the initial concentration of phenol,
batch sorption tests were performed at different concentrations
of phenol 10 to 200 ppm while the other factors including sor-
bent dosage and contact time kept constant.

The samples were collected from the Erlenmeyer flask at
prearranged time intervals and filtrated before analysis. The
residual concentrations of phenol were investigated with a col-
orimetric method using Vis/UV Spectrophotometer. To reduce
the errors of the measurement, all the experiments were con-
ducted in triplicate for 24 h at room temperature and the mean
values were investigated for further calculations. To find phe-
nol ions loss during the adsorption, negative controls (with no

adsorbent) were simultaneously carried out under the same
conditions. The amount of adsorbed phenol at equilibrium,
q. (mg/g) into DPF and Si-DPF nanomaterials was computed
as the difference between the initial and equilibrium concentra-
tions according to the equation given below.

(c, -V
my

Where.

d. = amount of adsorbed (mg/g),

C, = initial concentrations of liquid phase (mg/L).

C, = the equilibrium concentrations of liquid phase (mg/
L).

V = the volume of the solution (L), and X is the mass of
DPFNPs and Si-DPF nanomaterials.

The percentage of adsorption (E %) of the DPF and Si-
DPF nanomaterials was computed according to the following
equation:

E% = [ﬂ}xmo

q,

o

Where:

C, = initial concentration of phenol (mg/L).

C. = equilibrium concentration of phenol in aqueous solu-
tion (mg/L).

2.5. Adsorption capacity analysis

The adsorption capacities of DPF and Si-DPF nanomaterials
were calculated using the following equation.

(C,—CHV
my

Where:

q = amount of phenol adsorbed by the DPF and Si-DPF
nanomaterials (mg/g).

C, = initial phenol concentrations (mg/L).

C; = equilibrium phenol concentrations (mg/L).

V = volume of phenol solution (L).

M = mass of biosorbent nanomaterials (g).

t

2.6. Equilibrium biosorption isotherm models

The equilibrium relationship between pollutants and adsor-
bents (DPF and Si-DPF) was analyzed using Freundlich and
Langmuir isotherm models. This can help to express how the
phenol interacts with DPF and Si-DPF nanomaterials and
investigate its equilibrium concentrations in the aqueous solu-
tion under a constant temperature. The linear form of the
Langmuir and Freundlich isotherms is specified by the follow-
ing equations:

. . C. 1 C.
Langmuir equation : —

= +
Qe Qmax KL Qmax

1
Freundlich equation : Log Q, = log K; + " LogC.

Where . (mg/g) is defined as the mass of phenol adsorbed
per mass unit of adsorbent at equilibrium). C. (mg/L) is the
equilibrium concentration of the remaining phenol in an aque-
ous solution. Q. (Mg/g), is the maximum specific uptake cor-
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responding to the monolayer saturation. K; and Ky are Lang-
muir constant and Freundlich constants, respectively. n is an
empirical parameter indicator of adsorption intensity that var-
ies according to the surface heterogeneity of the adsorbent.

3. Results and discussion
3.1. Bio-sorbent nanomaterials characteristics:

3.1.1. FTIR analysis.

FTIR spectra of the DPF and Si-DPF nanomaterials are
shown (Fig. 1). The chemical structure of the adsorbent mate-
rials includes several chemical groups such as hydroxyl groups
of carbohydrate (hemicellulose and cellulose) and lignin
(Ragab et al., 2021). Cellulose is the principal component that
exists in the DPF. A wideband found at 3310 cm ™" distinctive
stretching from vibrations of the bonded hydroxyl groups of
carbohydrate, this compound presents in DPF include (hemi-
cellulose and cellulose) and lignin (Raghavendra and Lokesh
2019). The 2900 cm™! characteristic band introduces the ali-
phatic fiber chain. The peak at 1748 cm ™' shows the carbonyl
group stretching of the carboxylic acid acetyl groups of the lig-
nin compound. The peak at 1620 cm™' refers to C—H, and
1535 em ™! introduces the -C—C vibrations in DPF. But the
peaks at 1242 cm ™' and 1034 cm™" introduce -C—O—C- and
C—H stretching of cellulose and lignin, respectively. Also,
the FTIR spectrum of Si-DPF nanomaterials shows a peak
at 1560 cm ™! revealed to NH, groups, which confirms the sur-
face modification of the palm fiber nanomaterials.

3.1.2. Nanomaterials morphology

DPF and Si-DPF nanomaterials were distinguished based on
size and morphology using an advanced instrument (SEM);
see Fig. 2a. The images exhibit well-defined dimensions that
characterize both DPF and Si-DPF nanomaterials, around
60 to 100 nm. Further, the collected TEM instrument of the
Si-DPF nanomaterials confirms the presence of a silica shell
on the nanomaterials’ outer surface as shown in Fig. 2b. A thin
silica coat of ~ 15-30 nm has professionally shelled the
particles.

Furthermore, the net charge of the unmodified DPF nano-
materials has been exchanged after the modification process by
presenting amino groups to the shell surface of nanomaterials.
The surface of the unmodified DPF nanomaterials is found to
carry a negative net charge because of the presented hydroxyl

60
58
% T
56
541
4000 3000 2000 1000 400
Wavenumber (cm‘1 )
Fig. 1 FTIR data for DPF (blue) and Si-DPF nanomaterials

(red).

groups on the surface of the nanomaterial. The considered zeta
potential of the unmodified DPF nanomaterials is —32 mV.
Memorably, the surface of Si-DPF nanomaterials changes to
provide a potential + 15 mV: this results from the amino
groups on the outer shell of the Si-DPF nanomaterials. Also,
BET measurements were conducted for DPF and Si-DPF
nanomaterials using the Micrometrics instrument model
ASAP 2010. And the measured values were determined to be
175.77 and 177.45 m?/g correspondingly.

3.2. Adsorbent dosage influence

The influence of the adsorbent dosage was investigated, which
is considered one of the most impact factors on the phenol
removal process. This study will supply complete information
about the capacity of the adsorbent nanomaterials. The influ-
ence of the adsorbent dosage of unmodified DPF nanomateri-
als on the removal efficacy of phenol from water is shown in
Fig. 3. The unmodified DPF nanomaterials dosages were stud-
ied within 10 to 250 mg and were exposed to 50 mL, 100 ppm
phenol solution. The data exhibits that the adsorption effi-
ciency enhances with the initial concentration increment of
the adsorbent nanomaterials. After 100 mg adsorbent dose
usage, there is no increment in the removal process. The
removal effectiveness percentage of phenol molecules was
between 37.5 and 73.85 % for DPF and 47.4 to 82.52 % for
Si-DPF nanomaterials. This means that 100 mg of unmodified
DPF or modified Si-DPF nanomaterials uptake 73.85 and
82.52 ppm of phenol from an aqueous solution having
100 ppm of phenol concentration.

At the start, the adsorption process of phenol molecules
based on un-modified DPF, or modified Si-DPF nanomateri-
als dosage is directly proportional. The increment of the initial
concentration of the adsorbent increases the removal content
because of enhancing the surface area and active adoption sites
on the adsorbent surface. This will increase the phenol uptake
in the first steps up to 100 mg of unmodified DPF or modified
Si-DPF nanomaterials. After 100 mg of unmodified DPF or
modified Si-DPF nanomaterials adsorbent dose, the adsorp-
tion capacities become constant, and the process is almost
stable (Siva Kumar and Min 2011). Finally, we can conclude
that the optimum concentration of unmodified DPF or modi-
fied Si-DPF nanomaterials in the proposed project is 2 g/L.

3.3. Contact time influence

The influence of the shaking time is one of the most impacting
factors after the adsorbent dosage to detect the adsorption
equilibrium time of the phenol removal process (Dehmani,
2020). The shaking time affects the active surfaces of unmod-
ified DPF or modified Si-DPF nanomaterials based on their
accessible active sits of the adsorbents. The influence of contact
time on removing phenol proficiency from water is displayed in
Fig. 4. The impact of the shaking time on the phenol adsorp-
tion processes using DPF and Si-DPF nanomaterials was
investigated by varying the contact time from 3 to 36 h. The
conditions were adjusted to be 100 mg adsorbent dosage,
100 ppm of phenol molecules content at room temperature,
neutral medium, and 200 rpm shaking rapidity. The data
shows the maximum removal proficiencies of phenol molecules
by unmodified DPF and modified Si-DPF nanomaterials were



The superior adsorption capacity of phenol from aqueous solution using modified date palm nanomaterials

100 nm

100 nm

Fig. 2 SEM images for the synthesized nanomaterials (a) DFP nanomaterials; and (b) TEM images of Si-DPF nanomaterials.
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Fig. 3 Influence of DPF (bottom) and Si-DPF (top) nanoma-
terials  contents on the phenol removal processes,
[Phenol] = 100 ppm, Reaction time = 24 h, room temperature
and neutral pH medium.

76 and 85 ppm from an aqueous solution containing 100 ppm
of phenol concentration. The percentage of adsorption effi-
ciency varied from 29 to 76 % for unmodified DPF and from
43 to 85 % for modified Si-DPF nanomaterials. During the
first stage of the absorption process, the adsorption proficiency

901 —e-—Si-DPF
—o— DPF

[ [=23 ~ [}
o [=] o o
L 1 L 1

Removal effeciency %
F-N
o

(£
o
L

0 5 10 15 20 25 30 35 40
Contact time (h)
Fig. 4 Contact time efficiency of phenol removal by DPF

(bottom) and Si-DPF (top) nanomaterials: [Phenol] = 100 mg/L,
reaction time = 24 h, room temperature,and neutral pH medium.

of the adsorption process on DPF and Si-DPF nanomaterials
increases gradually, providing that there are a lot of willingly
available functioning sites. Ultimately, flat terrain is attained
in the plot representing that the adsorbent is filled.

One can see that the adsorption process’s proficiency based
on the DPF and Si-DPF nanomaterials attained equilibrium at
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24 h. With shielding the active sites of the adsorbent, no
noticeable efficiency was noticed after more contact time dura-
tion. At equilibrium, the phenol uptake reaches a constant
concentration significantly and does not change with time
(Younis et al., 2016). Thus, the shaking time was selected to
be 24 h, and it is a prosperous time to reach the equilibrium
state for the removal process of phenol from the water medium
by DPF and Si-DPF nanomaterials.

3.4. Influence of initial phenol concentration

The influence of initial phenol concentration, which alters
within (10-200) ppm, on the phenol removal processes based
on the bio-sorbent nanomaterials was investigated in a neutral
medium and at room temperature. The removal efficiency was
studied based on definite concentrations of (10-200 mg/mL) of
DPF or modified Si-DPF nanomaterials under 200 rpm shak-
ing speed. We can conclude from Fig. 5 that the adsorption
process of phenol-based on the eco-friendly biosorbent is
inversely proportional to the phenol concentrations.

By studying the effect of phenol concentration on the
degree of absorption efficiency, the results showed that the
maximum removal of phenol using unmodified DPF and mod-
ified Si-DPF nanomaterials was 76 and 84 ppm of phenol from
aqueous solution held 100 ppm of phenol concentration. Thus,
the process efficiency alters from 33 to 76 % for DPF and 49 to
84 % for SI-DPF nanomaterials. The high adsorption capabil-
ity of the biosorbent nanomaterials at a low initial concentra-
tion of phenol may be attributed to the competence of the
phenol molecules to the numerous active sites that exist on
the biosorbent surfaces on DPFNPs and Si-DPF
nanomaterials.

Conversely, at a higher concentration of the initial phenol
molecules, the adsorption efficiency of the biosorbent nanoma-
terials decreases. This can be referred to as the monolayer-
adsorption process of phenol molecules on the biosorbent sur-
face. The formed monolayer reduces the adsorption process

90
32 —o— Si-DPF
5, 80+ —e—DPF
2
@ 70
0
&£ 60 -
o
S 501
=
o 40
(14

304

0 40 80 120 160 200
Initial concentration (mg/L)
Fig. 5 Influence of the initial phenol content on the DPF

(bottom) and Si-DPF (top) nanomaterials surfaces, Time of
reaction = 24 h, room temperature, shaking rate of 200 rpm, and
neutral pH medium.

efficiency and therefore quenches the phenol removal profi-
ciency due to the time demanded to reach the adsorption equi-
librium point on DPF, and Si-DPF nanomaterials surfaces
were predictable to be retentive at a higher phenol ions content
than at lower initial phenol ions content (Younis et al., 2020).
We can conclude that the optimum initial phenol concentra-
tion in the proposed research was 100 ppm at the dose of
biosorbent is 100 mg. This presented concept was noticed in
the phenol removal process on the lemena geba (Younis and
Nafea 2015).

3.5. pH influences

Herein, we investigated the influence of the pH on the adsorp-
tion efficiency of phenol removal based on the biosorbent
nanomaterials. The optimum conditions of the experiment ser-
ies were chosen to be the concentration of phenol molecules at
100 ppm, the concentration of biosorbent is 100 ppm, at room
temperature, time = 24 h, and under shaking speed of
200 rpm. The phenol removal process was affected by present-
ing amino groups to the DPF biosorbent surface. The zeta
potential values were utilized as an essential tool to follow
the considerable changes in the adsorption process. The results
were collected for both unmodified and modified DPF nano-
materials at various pH aqueous solutions. In a neutral med-
ium, at pH 7, unmodified DPF shows a -32 mV zeta
potential value. This value was turned into + 15 mv after
modifying the outer surface of DPF by APTS molecules.
The successful labeling will increase the amino groups on the
surface of the biosorbent that turning the potential into a pos-
itive value. In addition, in acidic medium pH ~ 3, the presence
of access hydrogen proton will increase the positive potential
values of unmodified and modified biosorbent to + 22
and + 28 mV, respectively.

The increment of the positive potential of biosorbent can be
referred to as the protonated active groups on their surfaces at
this definite pH. This leads to the multiple values of the posi-
tive potential of the modified nanomaterials. The protonated
amino groups attract the phenolate ions that bear negative
charges. Thus, the adsorption process of the modified nanoma-
terials increases efficiently. Furthermore, the pK, value of the
phenol molecules is 9.95. This value stabilizes the phenol mole-
cules to some limit, resulting in quenching the adsorption pro-
cess because of the net repulsion forces between biosorbent
and phenoxide ions. Conversely, under acidic conditions, the
existence of a positive charged zeta potential of DPF or Si-
DPF nanomaterials enhances the static attraction forces
between the biosorbent surface and the phenolate ions. This
causes an increment in the adsorption efficiency. The obtained
results are acceptable to some earlier literature (Mirian and
Nezamzadeh-Ejhieh 2016). Finally, at pH ~ 10, unmodified
DPF and modified Si-DPF nanomaterials reach —38 and
—28 mV, respectively, as exhibited in Fig. 6. All the functional
groups of unmodified DPF and Si-DPF nanomaterials were
deprotonated and became negatively charged, so interrupting
the adsorption process efficacy. Thus, the adsorption efficiency
becomes poor due to the increment of the repulsion forces
between phenol molecules and the biosorbent, which slows
down the adsorption process and deactivates the surfaces of
the biosorbent.
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3.6. Adsorption isotherms studies

The adsorption isotherm studies the process that includes the
equilibrium state between the adsorbent molecules in the solid
phase and the dissolved adsorbate molecules in a liquid state.
The adsorbate molecules are statically bounded to the surface
of the nanomaterials. The adsorption process was studied at a
constant temperature (Sheela et al., 2012). The maximum
adsorption capacity of the phenol molecules to the surface of
the solid biosorbent particles was estimated based on the
adsorption isotherm models. To examine the adsorption mech-
anism of the phenol molecules to the surface of the unmodified
or modified solid molecules, we utilized two models, including
Langmuir and Freundlich isotherms. Fig. 7 exhibits the factors
that affect the isotherm model of the adsorbate in the liquid
phase that is bound to the surface of the solid adsorbent mole-
cules. The Langmuir equation shows the adsorption process
depending on the monolayer of adsorbate molecules to the sur-
face of the solid phase of the adsorbent (Jain et al., 2009).
Therefore, when the system reaches the equilibrium state, the
outer surface of the solid adsorbent is saturated with a mono-
layer adsorbate molecule. And all the active sites on the solid
biosorbent are flooded, and the adsorption process stops.
The results of the Langmuir isotherm model confirm the
adsorption process with regression information of 0.9848 and
0.9971 for DPF and modified Si-DPF nanomaterials, respec-
tively. On the other hand, Q,.x value for monolayer capacity
of Si-DPF greater than DPF exposed the enhancement of the
total active sites of Si-DPF nanomaterials are accessible for the
adsorption phenomenon. In the case of a multilayer adsorp-
tion isotherm (Joseph et al., 2011), Freundlich experimental
model is presented and employed for a heterogeneous solid
phase adsorbent surface (Wang et al., 2007). Freundlich con-
stants KF exhibit more excellent adsorption attendance, show-
ing outstanding capacity and intensity. Table 1 gives KF and n
values estimated depending on the plot’s intercept and slope
(Fig. 7). The R? values are 0.96055 and 0.97193 for DPF
and Si-DPF nanomaterials, respectively. The R? quantities of
Langmuir isotherm are estimated to show lesser values. The
exhibited n value was calculated to give a value of more than
one, this indicates that the adsorption process provided by
the phenol molecules on the active site of the adsorbent
surface-based chemisorption mechanism. The results of the
study show that it agrees with the Langmuir isotherm which
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(a) pH influences the adsorption efficiency; and (b) pH influences zeta potentials values of DPF (bottom) and Si-DPF (top)
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Fig. 7 Langmuir and Freundlich models.

shows the high coordination of the Langmuir monolayer
model and phenol adsorption by DPF. Because the Langmuir
isotherm assumes a homogeneous adsorbent surface, this coor-
dination may be due to the homogeneous distribution of
adsorption sites on the adsorbent surface. Although the Lang-
muir monolayer adsorption model was proper to be adequate
for describing the experimental data from the adsorption tests,
the Freundlich model was also used to assess the adsorption
process, and it was found that the Freundlich model describes
phenol adsorption as well as the Langmuir model. So, the
Langmuir isotherm model is more compatible with the result-
ing data of the adsorption process using DPF or Si-DPF nano-
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Table 1 Langmuir and Freundlich parameters.

Adsorbent Langmuir Freundlich

Qmax (mg/g) KL (L/mg) R2 n KF Rz
SI-DPF 31.3479 0.06604 0.9971 2.02089 3.4261 0.97193
DPF 19.5695 0.10758 0.9848 2.15308 3.0483 0.96055

materials surfaces. Quax at room temperature as calculated
based on the Langmuir equation were 31.35 and 19.57 mg/g.
the obtained data confirm that DPF and Si-DPF are effective
biosorbents for phenol removal.

3.7. Kinetics of the adsorption of phenol onto DPF and Si-D PF.

The mechanism and the rate determine step involving the
adsorption attendance of the phenolate ions to the active sites
on the solid DPF and Si-DPF nanomaterials adsorbents were
studied. The shaking time influences the adsorption process,
and the results are shown in Fig. 8. Additionally, it is notably
displayed that the phenolate ions adsorption of molecules on
the surface of DPF and Si-DPF nanomaterials is considerably
enhanced. Then equilibrium is established after 24 h. Fig. 8 is
presented kinetically based on three models pseudo-first-order,
pseudo-second-order, and intra-particle diffusion. The adsorp-
tion rate phenomenon between the phenolate ions and the
solid adsorbent was estimated depending on the isotherm
model. Besides, the proposed mechanism of the DPF adsorp-
tion process was explored. The results of the equilibrium
uptake time of ~ 24 h of the current study agree with previous
studies (Banat et al., 2004) while lower than recent works
(Hairuddin et al., 2019; Aremu et al., 2020).

3.7.1. Pseudo-first order

The pseudo-first-order equation states that (Smiciklas et al.,
2008):
Log (qe—q0) = log qc — kit

Where.
5
4
D
£ 31
o
2- —a— Si-DPF
—— DPF
1 T T T T T T T
0 5 10 15 20 25 30 35 40
Time (hr)
Fig.8 Influence of the adsorption efficiency using DPF (bottom)

and Si-DPF (top) nanomaterials.

e (mgg™") = amount of adsorbate/solid nanomaterials at
equilibrium.

q, (mgg™") = adsorption capacity at time t (min).

The rate constant of pseudo-first-order was stated as
ky(min~").

Fig. 9 introduces the relations of log (q. — q;) against time
(t).

The slope and intercept propose the rate constants (K;) and
the theoretical adsorption capacities (q.) respectively, (see
Table 2).

3.7.2. Pseudo-second-order rate model

The pseudo second order equation is shown as following:

t/q. = 1/kaq; +t/q..

Where q. and q, are giving the rate constant of pseudo-
second-order k, (g mg'min~') that can be determined from
the plot of t/q versus time t of the adsorption process.
Fig. 10 gives the plots of t/q, versus time (t) that produce linear
relation expressed by several parameters including the pseudo-
second-order rate constants (k,) and the maximum adsorption
capacities (qe) and (qeo), respectively, see Table 2.

Taking into consideration the values of R? coefficients,
adsorption capacity (q.), and theoretical capacity (qneo) Of
the pseudo-first and pseudo-second-order models. R? values
of pseudo-second-order are greater than that of pseudo-first-
order. Besides, the q. and e, values deal with the results
obtained from the adsorption experiments. This reveals that
the adsorption process based on DPF or Si-DPF nanomateri-
als is a second-order kinetic model.

0.6
0.4 oer
- 0.2
g
& 0.0-
S -0.2-
-l
-0.4-
-0.6 1
0 5 10 15 20 25
Time (hr)
Fig. 9 . The pseudo-first-order kinetic model for the phenolate

ions adsorption on DPF (top) and Si-DPF (bottom) solid
nanomaterials at a time (T).
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Table 2 Pseudo-first order and pseudo-second-order based on DPF and SI-DPF.

Nanomaterials Exp. Value/q, First-order

Second-order

=i
(mg.g ") K,

e

R? K, Qe R?

Si-DPF 82.52 0.043 3.784
DPF 73.85 0.040 3.236

0.9843 0.0429 5.206 0.996
0.9877 0.0214 4.984 0.998

1 —e—Si-DPF
—e— DPF

0 5 10 15 20 25
Time (hr)

Fig. 10 Pseudo-second order model DPF (top) and Si-DPF
(bottom).

3.8. Adsorption capacities comparison

The maximum adsorption capacities of DPF for phenol
adsorption in comparison with different biomaterials which
were studied earlier are exhibited in Table 3. The phenol
adsorption capacity exhibited by the prepared SI-DPF is
greater than that of most biomaterials listed in Table 3 aside
from the values achieved by modified or unmodified data pits
activated carbon.

Table 3 Adsorption capacities comparison.

Adsorbent ge (mg/  Reference
i)
Raw date pits 2.852  [Banat et al., 2004]
Magnetic palm kernel biochar 10.84 [Hairuddin et al.,
2019]
Activated date pits 46.076  [Merzougui and
Addoun 2008]
Date pits activated carbon 169.49 [Alhamed 2009]
Date stone activated carbon 111.5 [Belhachemi et al.,
2009]
Modified date pits activated 161.8 [Okasha and
carbon Ibrahim 2010]
Silver nanoparticle modified 28.33 [Okasha and

Palm Kernel Shell Ac
Dried Date palm fibers (DPF)
Si-DPF nanomaterials (Si-DPF)

Ibrahim 2010]
19.5695 Present work
31.3479 Present work

4. Conclusion

The outcome of the proposed work concludes that the DPF and Si-
DPF nanomaterials exhibit significant adsorption features with phenol
molecules as a severe pollutant in wastewater. It was also acquired that
Si-DPF nanomaterials were additional active sorbent than dried DPF
nanomaterials for the phenol removal efficacy from water. Removing
phenol utilizing dried DPF nanomaterials and Si-DPF nanomaterials
depends on adsorbent concentration, phenol molecule content, and
contact time.

The higher adsorption efficiencies for DPF and Si-DPF respec-
tively were 76 and 85 ppm from an aqueous solution containing
100 ppm of phenol concentration, under optimum conditions (pH:
7.00, adsorbent dose: 2.00 g/L, initial concentration of phenol:
100 ppm and contact time: 24 h).

Langmuir and Freundlich’s isotherms were analyzed to detect the
adsorption of the phenol molecule to the sorbent surface of the devel-
oped materials, including dried DPF and Si-DPF nanomaterials. The
results of the Langmuir isotherm model confirm the adsorption process
with regression information of 0.9848 and 0.9971 for DPF and modi-
fied Si-DPF nanomaterials, respectively. Thus, the Langmuir isotherm
model was, largely, deals meaningfully with the practical results.

Three different adsorption kinetic models involving pseudo-first-
order, pseudo-second-order, and intra-particle diffusion elucidate the
adsorption kinetics results. The results display the adsorption mecha-
nism onto the surfaces of dried DPF nanomaterials and Si-DPF, palm
fibers nanomaterials, which are of the pseudo-second-order kinetic
model.

As a result, this scientific research, concluded that dried DPF nano-
materials and modified Si-DPF can be utilized as a new technique for
removing phenol compound by adsorption mechanism.
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