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The current work discusses the synthesis of three different solid adsorbents: silica nanoparticles derived

from rice husk (RS), calcium alginate beads (AG), and silica/alginate nanocomposite (RSG). The fabricated

solid adsorbents were characterized by using different physicochemical techniques such as TGA, XRD,

nitrogen adsorption/desorption analysis, ATR-FTIR, pHPZC, SEM, and TEM. The adsorption efficiencies of

the prepared solid adsorbents were considered for the removal of phenol as a selected hazardous

pollutant. Because of its improved adsorption capacity and environmentally friendly character,

a composite made of biosilica nanoparticles and naturally occurring alginate biopolymer by click

chemistry is significant in environmental treatment. Adding silica nanoparticles to the alginate

biopolymer hydrogel has many advantages, including increased surface area, easier recovery of the solid

adsorbent, and additional surface chemical functional groups. The silica/alginate nanocomposite showed

surface heterogeneity with many chemical functional groups present, whereas silica nanoparticles had

the highest surface area (893.1 m2 g−1). It has been found that the average TEM particle size of RS, AG,

and RSG was between 18 and 82 nm. RSG displayed the maximum adsorption capacity of phenol

(100.55 mg g−1) at pH 7 and 120 min as equilibrium adsorption time. Adsorption of phenol onto the solid

adsorbents fit well with a nonlinear Langmuir isotherm with favorable adsorption. Kinetic and

thermodynamic studies prove that the adsorption process follows a pseudo-second-order kinetic

model, endothermic process, physical, and spontaneous adsorption. Sodium hydroxide is effective in

desorbing 94% of the loaded phenols, according to desorption investigations. Solid reusability tests

showed that, after seven cycles of phenol adsorption/desorption, RSG lost only 8.8% of its adsorption

activity.
1. Introduction

The expansion of technology, industry, and population growth
are the primary factors responsible for rising water consump-
tion, wastewater generation, and environmental contamina-
tion. As a result, there is an increasing demand for investments
to be made in the disposal and treatment of wastewater.1

Among organic pollutants, phenol is a toxic, carcinogenic
aromatic, semi-volatile organic with detectable solubility in
water and has been found in the wastewater of pharmaceutical,
plastic, paper, resin, paint, dyes, pesticide, petrochemical, and
oil rening industries. Aquatic ecosystems, humans, and
animals are all at grave risk of health problems from untreated
phenolic wastewater.2,3 Health effects upon exposure to
phenolic chemical compounds depend on the period of contact
and the quantity of phenol absorbed.4 Long-term phenol
, Umm Al-Qura University, Makkah, Saudi

66563266152

tion (ESI) available. See DOI:

24334
exposure increases the risk of the following symptoms:
conjunctival burn, nausea, headache, diarrhea, vomiting, skin
irritation, respiratory failure, coma, and blindness. Because of
its poor biodegradability, it can led to mortality, damage to the
liver, pancreas, and kidneys, diminished tissue proteins, and
failure of the central nervous system. Fish's development,
metabolism, and reproduction are all impacted by phenol's
interference with their metabolic enzymes. As a result, the US
Environmental Protection Agency dictates that treated indus-
trial effluent containing phenol should not have more than
0.1 mg L−1. Furthermore, less than 1 mg L−1 of phenol is allowed
as the standard for human drinking water, according to the
World Health Organization (WHO).3,4

Therefore, a lot of efforts has gone into creating techniques
like chemical oxidation, photocatalytic degradation, and reverse
osmosis that can handle wastewater contaminated with phenol.
These techniques are suitable for small and medium-sized
applications but are expensive to operate.5 Biological treat-
ment is another popular approach for removing phenol,
although it is sluggish and ineffective when treating wastewater
with a salt concentration of more than 5% and phenol
© 2024 The Author(s). Published by the Royal Society of Chemistry
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concentrations higher than 3 g L−1, which is commonly the case
with phenolic industrial wastewater.6 Additionally, it was noted
that salt induces plasmolysis, which suppresses cell activity,
and that phenol concentrations as low as 50 mg L−1 impeded
the biological treatment process. Conversely, adsorption has
become a straightforward, safe, affordable, and effective
method for treating wastewater that contains organic contam-
inants, such as phenolic chemicals.2 Based on this method and
the potentially harmful effects, researchers constantly attempt
to combine materials that have various properties to create
inexpensive, easily recovered adsorbents that are also environ-
mentally friendly.7 Many innovative adsorbents have been
developed over the past few decades for the purpose of
removing organic contaminants from simulated wastewater.
These include clays/zeolites and their composites, agricultural
solid wastes, industrial by-products, and their composites,
biosorbents, and other various materials. Biological substances,
such as cellulose, alginate, and chitosan can effectively remove
organic contaminants. Due to their diverse range of sources,
raw materials are widely available and renewable.8,9

Alginic acid is a carboxylated polysaccharide component that
is one of the most prevalent polysaccharides in the world. Its
unique structure is made up of two mannuronic acids, b-D-
mannuronic acid, and a-L-guluronic acid.10,11 A variety of
application elds, including photocatalysis, adsorption, drug
release, and antibacterial activity, use alginate extensively
because of its natural abundance, biocompatibility, non-
toxicity, biodegradability, hydrophilicity, and adsorption qual-
ities. Their primary characteristic is gelation, which is accom-
plished by the interchange of sodium ions from the guluronic
acid residues with other divalent cations (Fe2+, Ba2+, and
Ca2+).7,12 A three-dimensional network is created when the
divalent cations linked to the a-L-guluronic acid blocks in
between two distinct chains.13 Furthermore, alginate's carbox-
ylic and hydroxyl groups make it a good candidate for electro-
static interactions with phenol, and the creation of
a biopolymer-inorganic composite can result in an interesting
combination that may be promising for phenolic adsorption.
The hydrophilic, three-dimensionally organized, extensively
crosslinked polymer chains that make up the hydrogel matrix
have a large swelling capacity in saline solutions, physiological
uids, and water. These unique characteristics allow for a wide
range of applications. Currently, it has been demonstrated in
multiple studies that the biopolymer alginates' encapsulation of
nanollers results in novel properties that are distinct from
those of the parent materials. Through the retention of organic
contaminants, the encapsulation of mesoporous materials,
zeolites, clays, MOFs, activated carbon, metal oxides, and
polymers by alginate has demonstrated a notable improvement.
Different interactions between the composite and the organic
contaminants led to this improvement.

Silica gel is an amorphous inorganic polymer of silicic acid
made up of tetrahedral interlinked SiO4 units that bind to
oxygen to produce silane bonds (Si–O–Si) and, in the end,
nanoscale particles with the general formula SiO2. The most
used methodology for synthesizing silica is the sol–gel method.
It involves using chemical reactions in solution at low
© 2024 The Author(s). Published by the Royal Society of Chemistry
temperatures to synthesize an inorganic polymer network.
Silica precipitates during the sol–gel method of silica synthesis
under conditions such as specic growth restrictions. The
primary sources of silica used to create nanosilica have been
tetramethoxysilane and tetraethoxysilane. These sources are
highly hazardous, though, and are rather costly. Researcher
interest in the formation of nanosilica materials from agricul-
tural waste, such as rice husk ash, has recently increased from
both an environmental and economic perspective. Biosilica
nanoparticles are created by living things like diatoms, sponges,
and specic kinds of plants, as opposed to conventional silica
nanoparticles that are made by chemical processes. Because
biosilica nanoparticles are made by living organisms, their
manufacturing can be sustainable and environmentally bene-
cial, which adds to their appeal in a variety of applications.
One of the raw materials with the highest silica content is rice
husk ash (RHA), which has a silica content of 90–98%. Over 120
million tons of rice husk are produced annually worldwide, and
in many nations, they are regarded as unwanted agricultural
mass residue. Because of its high surface area and amorphous
condition, silica in RHA is appealing for a variety of uses,
including as an adsorbent, a ller in composite materials,
a medicinal ingredient, and when it is produced at nanoscale
sizes.14 Various types of hydrogels with a polysaccharide basis
such as cellulose-based thermosensitive supramolecular
hydrogel,15 hydroxyapatite/calcium alginate composite,16 nano-
magnetic zinc oxide hybridized PVA/alginate/chitosan nano-
bers,17 chitosan/calcium alginate blended beads,18 and
alginate-coated magnetic nanocatalyst19 were utilized for the
removal of phenol as a hazardous organic contaminant. It has
been demonstrated that the primary factors inuencing
adsorption capacity on solid adsorbents are surface area and
surface chemical functional groups acting as active sites.
Developing biocomposite using biosilica and alginate is inter-
esting for applications in environmentally safe and sustainable
situations. Improved surface area and the presence of various
surface chemical functional groups enhance the adsorption
capability of composites as solid adsorbents.

The present study involved the synthesis of three solid
nanomaterials, silica nanoparticles derived from rice husk (RS),
calcium alginate (AG), and silica nanoparticles/calcium alginate
composite (RSG) materials. Several analytical techniques were
employed to examine the synthesized solid nanoparticles,
including pHPZC, FTIR, TGA, SEM, XRD, TEM, and N2

adsorption/desorption isotherms. Different application condi-
tions were considered for the removal of phenol from aqueous
medium, including the effect of dose, initial phenol concen-
tration, pH, temperature, shaking time, and temperature.
Kinetic and thermodynamic studies were also considered. Solid
adsorbent desorption and reusability is essential to investigate
the sustainability of the prepared materials.

2. Materials and methods
2.1. Materials

Rice husk (RH) was collected from Domiatte rice mill in Egypt
while sodium alginate (>99%), calcium chloride ($99%), and
RSC Adv., 2024, 14, 24322–24334 | 24323
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phenol (97%) were purchased from Sigma-Aldrich Co., St.
Louis, MO, USA. Hydrochloric acid (37%), ethanol (95%),
benzene (99.5%), and sodium hydroxide (97%) were obtained
from Oxford Lab Fine Chem LLP, India. All reagents were used
without any prior treatment.

2.2. Preparation of solid adsorbents

2.2.1. Preparation of silica nanoparticles. Silica nano-
particles was synthetized based on the sol–gel method reported
by Hassan et al. with slight modications.14 Rice husk (190 g)
was washed with distilled water to remove any adhered impu-
rities and dried at 120 °C. The dried rice husk was grinded using
Retsch ZM200 titanium mill and ignited in an oven for 4 h at
900 °C till the formation of white rice husk ash (RHA). Rice husk
ash (40 g) was reuxed with 100 mL of 2.5 M HCl for 2 h at 120 °
C under continuous magnetic stirring to ensure complete
dissolution of all metal oxides except silicon dioxide. The
previous reuxed mixture was ltered, the solid residue was
washed several times with distilled water until neutral ltrate
and dried at 120 °C. The dried residue (10 g) was reuxed in
2.5 M NaOH solution under continuous stirring conditions for
3 h, and ltered to get a colorless viscous, and transparent
ltrate (eqn (1)). The produced sodium metasilicate solution
was treated with 3 M HCl solution drop wisely until pH 2 (eqn
(2)), followed by the addition of ammonium hydroxide till pH
8.5, the produced mixture was agitated for 3 h and the obtained
silica nanoparticles was removed by centrifugation, washed
with distilled water, and dried at 120 °C. Ammonium hydroxide
was used to adjust the pH of the reaction medium and facilitate
the formation of silica nanoparticles. The obtained white
powder was stored in a clean dry bottle (RS).

SiO2 (RHA) + NaOH / Na2SiO3 + H2O (1)

2HCl + Na2SiO3 / SiO2 (silica nanoparticles) + 2NaCl + H2O(2)

2.2.2. Preparation of calcium alginate beads. In deionized
water, separate solutions of calcium chloride (3% w/v) and
sodium alginate (1% w/v) were prepared. Water insoluble
calcium alginate was synthetized by gradually adding sodium
alginate solution to the calcium chloride solution that had been
manufactured. All beads were then repeatedly rinsed with
deionized water to eliminate any residual calcium chloride from
the beads surface. Aer being washed, the beads were dried at
70 °C (AG).

2.2.3. Preparation of silica/alginate nanocomposite. An
initial 2% (w/v) solution of sodium alginate was constantly
swirled to produce a viscous homogenous solution. Then, 2 g of
silica nanoparticles (RS) was mixed with 100 mL of the
produced sodium alginate (2% w/v) while being continuously
stirred for 1 h. Drop by drop, the prior mixture was added to
a beaker of 100 mL aqueous CaCl2 solution (2% w/v). The syn-
thetized beads were kept in their mother liquor for 4 h. Aer
collecting the beads using dry lter paper, they were repeatedly
rinsed with distilled water and allowed to dry at 80 °C overnight
(RSG).
24324 | RSC Adv., 2024, 14, 24322–24334
2.3. Characterization of solid adsorbents

For any solid adsorbent, thermal, textural, and surface chemical
characterization is essential for understanding the nature of the
adsorption process and adsorption capacity. In a thermoana-
lyzer apparatus (Shimadzu D-50, Japan) up to 800 °C at nitrogen
ow rate of 50 mL min−1 and heating rate of 10 °C min−1,
thermogravimetric analysis for RH, AG, RS, and RSG samples
was carried out. An XRD system PANalytical X'Pert PRO, Cu Ka
radiation (k = 1.540 Å), the tube operated at 30 kV was used to
obtain X-ray diffraction (XRD) scans with the Bragg's angle (2q)
in the range of 5–50 degrees for all the prepared solid materials.
Using a gas sorption analyzer (Quantachrome Corporation
NOVA2000, USA) system, the specic surface area (SBET, m

2 g−1),
pore radius (�r, nm), and total pore volume (VP, cm

3 g−1) were
calculated via nitrogen gas adsorption at −196 °C for all the
investigated solid adsorbents. The examined solid samples
(0.05 g) were degassed for 12 hours at 10−4 Torr and 110 °C
before being exposed to nitrogen gas adsorption. The
morphological structure of the RS, AG, and RSG materials was
investigated using a JEOL JSM-6510LV model SEM and a JEOL-
JEM-2100 model TEM. Prior to TEM investigation, the samples
were placed on a Cu grid and covered with an ultrathin holey/
lacey carbon lm aer being dried at 100 °C in an oven and
dispersed in pure ethanol using ultrasonication for 30 minutes.
Nicolet Impact 400 D ATR-FTIR with a ZnSe crystal was used to
perform ATR-FTIR on RS, AG, and RSG in the range (400–
4000 cm−1). Zeta potentials were determined for RS, AG, and
RSG in order to calculate pHPZC using the Zetasizer Nano S from
Malvern Instrument in the UK. The measured zeta potentials
(mV) were determined at different pH values (2–10).
2.4. Adsorption of phenol

Batch (static) adsorption experiments were investigated for
phenol adsorption onto all the prepared solid adsorbents (RS,
AG, and RSG) under different application conditions.

Phenol adsorption from aqueous medium by RS, AG, and
RSG was carried out by shaking 25mL of phenol solution having
a certain concentration with 0.075 g of the investigated solid
adsorbent at pH 7, for 3 h, and at 20 °C. The residual phenol
concentration (Ce, mg L−1) was determined at wavelength of
273 nm by using a PerkinElmer UV-vis spectrophotometer aer
centrifugation to remove any residual solid particles. Three
replications of each measurement were made, and the average
values were used. The removal percent (R%) and adsorption
capacity (qe, mg g−1) were calculated by applying eqn (3) and (4).

R% ¼
�
Co � Ce

Co

�
100 (3)

qe ¼
�
Co � Ce

m

�
V (4)

Herein the equilibrium and initial phenol concentration are
identied by Ce and Co (mg L−1), respectively. m and V are
related to the adsorbent mass (g) and the volume of phenol
solution (L). To optimize the adsorption efficiency of phenol,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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the pH (2–8), shaking time up to 160 min, initial phenol
concentration (20–300 mg L−1), the dosage of RS, AG, and RSG
(1.0–5.0 g L−1), and adsorption temperature (20–40 °C) effects
were investigated.

2.4.1. Kinetic adsorption models. The nature of phenol
adsorption must be uncovered using kinetic investigations.
Pseudo-rst (eqn (6)), pseudo-second-order (eqn (7)), Elovich
(eqn (8)), and Weber–Morris (eqn (9)) kinetic models were
applied for phenol adsorption on RS, AG, and RSG samples.

qt ¼
�
Co � Ct

m

�
V (5)

qt = qexp (1 − ek1t) (6)

qt ¼ k2qexp
2t

1þ k2qexpt
(7)

qt ¼ 1

b
lnð1þfbtÞ (8)

qt = kot
0.5 + C (9)

where, Ct (mg L−1), qt (mg g−1), k1 (min−1), and k2 (g
mg−1 min−1) are phenol residual concentration, capacity of
adsorption at certain time (t, min), PFO, and PSO rate constants.
a (mg g−1 min−1), and b (g mg−1) are Elovich constants related
to the rate of adsorption at the beginning, and the extent of
surface coverage, respectively. The ko (mg g−1 min−1/2) and C
represent on the intra-particle diffusion rate constant and the
boundary layer thickness.

2.4.2. Adsorption isotherms models. Different nonlinear
adsorption isotherm models were applied to determine the
maximum adsorption capacity and studying the adsorption
favorability onto all the prepared solid materials. Nonlinear
Langmuir (eqn (10)), Freundlich (eqn (12)), and Temkin (eqn
(13)) models were applied.

qe ¼ qmbCe

1þ bCe

(10)

RL ¼ 1

1þ bCo

(11)

qe = KFCe
1/n (12)

qe ¼ RT

bT
ln KTCe (13)

where, qm (mg g−1), b (L mg−1), and RL are related to the
maximum adsorption capacity calculated by Langmuir, Lang-
muir constant, and the dimensionless separation factor. The
adsorption of phenol is known to be irreversible if (RL = 0),
favorable when (0 < RL <1), and unfavorable if (RL > 1).
Freundlich coefficients that related to the intensity of adsorp-
tion and the capacity of adsorption are dened by KF and n,
respectively. bT (J mol−1) and KT (L g−1) are known as Temkin
model constants. Ideal gas constant (8.314 J mol−1 K−1) and
Kelvin temperature are denoted by R and T.
© 2024 The Author(s). Published by the Royal Society of Chemistry
2.4.3. Effect of temperature and thermodynamic parame-
ters. Thermodynamic parameters and the effect of applied
adsorption temperature were studied for phenol adsorption onto
RS, AG, and RSG at 20, 25, 30, 35, 40 °C. It is applied by shaking
25mL of 300mg L−1 of phenol with 0.075 g of the solid adsorbent
(RS, AG, or RSG) at pH 7 under different applied temperature for
120min. The residual concentration of phenol was determined at
273 nm by using a PerkinElmer UV-vis spectrophotometer aer
centrifugation. Different thermodynamic parameters namely; the
change in free energy (DG°, kJ mol−1), enthalpy (DH°, kJ mol−1),
and entropy (DS°, kJ mol−1 K−1) were calculated. The change in
enthalpy and entropy were calculated from the slope and inter-
cept of Van't Hoff model (eqn (14)) while the change in free
energy from eqn (16).

ln Kd ¼ DS�

R
� DH�

RT
(14)

Kd ¼ Cs

Ce

(15)

DG˚ = DH˚ − TDS˚ (16)

Herein, Cs and Ce (mg L−1) are phenol concentration on the
adsorbent surface and concentration of phenol solution at
equilibrium, respectively. T (K), and R are the Kelvin absolute
temperature and ideal constant of gas while Kd is the adsorption
distribution constant (eqn (15)).

2.5. Desorption of phenol and reusability of solid adsorbent

Utilizing of 0.5 g of the dried pre-loaded phenol RSG was mixed
with 100 mL of distilled water, ethanol, benzene, hydrochloric
acid (0.1 mol L−1), or sodium hydroxide (0.1 mol L−1) to study
the desorption process. The mixture was then shaken for 8
hours at 20 °C. Aer ltration, the amount of desorbed phenol
in the ltrate was determined. The following equation was used
to get the desorption efficiency percent:20

Desorption efficiency% ¼ VC

Xm
� 100 (17)

where C (mg L−1) is the equilibrium phenol concentration aer
the desorption process from RSG. V (L) is the volume of
desorbing agent. X (mg g−1) is the maximum capacity of RSG
adsorption. m (g) is the RSG mass.

Aer seven cycles of phenol adsorption/desorption treat-
ments, an analysis of the adsorbent's reusability was conducted.
Phenol adsorption was carried out by RSG under 3 g L−1 as
adsorbent dosage, pH 7, 300 mg L−1 as adsorbate concentra-
tion, 120 min of shaking time, and at 20 °C. Aer each cycle, the
RSG was ltered and washed several times with 30 mL of
0.1 mol L−1 NaOH to remove the pre-adsorbed phenol, washed
with distilled water, and dried at 90 °C for the next reuse.
3. Results and discussion
3.1. Solid samples characterization

Thermogravimetric analysis (TGA) is a technique used in order
to evaluate the thermal stability of the prepared solid materials
RSC Adv., 2024, 14, 24322–24334 | 24325
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at temperatures ranging from room temperature to 800 °C. TGA
was studied by relating the mass of the sample versus temper-
ature (Fig. 1 and Table S1†). At 120 °C, rice husk powder showed
a mass loss of 4.6%, which is associated with the removal of
moisture content and indicates the existence of multiple polar
surface chemical groups. Thermal decomposition of cellulose
and hemi-cellulose present in RH can be detected by the loss
between 245 and 450 °C (22–60%). The previous breakdown
occurs in the formation of water, hydrogen, and carbon dioxide
as incondensable gases and wood tars, acetic acid, and meth-
anol as condensable vapors.14 Raising temperature of RH up to
800 °C is accompanied by extra mass loss of 15.1% which is
attributed to the decomposition of stable lignin.21 At 120 °C
both of AG and RSG showed mass loss of 4.7 and 6.7% based on
the removal of surface water molecules and showed the exis-
tence of additional pores and surface-active sites in the case of
fabricated RSG. Calcium alginate showed mass loss of 22.8–
59.4% in the range between 250 and 550 °C and is related to the
chain's dissociation and bond decomposition of polymer
chains of alginate at temperature. Excessive heating up to 800 °
C is accompanied by another 8.1% mass loss and is related to
the pyrolysis of polymer between 50 and 800 °C.22 TGA curve for
RSG shows a higher thermal stability in comparing with the
unmodied AG but less than RS. RSG displayed a mass loss of
Fig. 1 TGA (a), nitrogen adsorption/desorption (b), FTIR (c), and zeta po

24326 | RSC Adv., 2024, 14, 24322–24334
37% greater than RS and 24% less than AG at 800 °C, suggesting
the formation of a composite between RS and the biopolymer
network. The resulting composite can be identied by the
increased abundance of surface chemical functional groups
that resulted from a combination of calcium alginate and silica
nanoparticles. It is expected that the resulting composite will
have more effective adsorption capacity.

Nitrogen adsorption/desorption isotherm and related
textural parameters are considered as highly signicant to
identify the adsorption capacity of the investigated solid mate-
rials. Nitrogen adsorption isotherms of AG, RS and RSG are
displayed in Fig. 1b and the calculated parameters are pre-
sented in Table 1. The results of the plots indicate that; for both
RS and RSG type-IV isotherm, according to IUPAC classication
which prove the mesoporous structures of materials. The RSG
showed hysteresis loop of type H3, which is related to the
capillary condensation in the adsorption system with slit-
shaped pores. The H2 hysteresis loop that silica nanoparticles
exhibited is indicative of bottleneck constrictions and is
commonly associated with disordered materials where the
distribution of pore size and shape is not well dened.23,24 The
calculated surface area of RS > RSG > AG (893.1, 452.4, and 73.1
m2 g−1, respectively). The presence of noticeable exterior
porosity arising between the solid RS particles can be linked to
tential (d) for RS, AG, and RSG in addition to TGA of RH.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Nitrogen adsorption parameters and pHPZC for RS, AG, and RSG

Solid adsorbents SBET (m2 g−1) VP (cm3 g−1) �r (nm) pHPZC TEM average particle size (nm)

RS 893.1 0.5842 2.308 6.1 18
AG 73.1 0.0298 2.001 7.1 63
RSG 452.4 0.8043 3.560 6.4 82
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the increased RS surface area, which is indicative of its nano-
structure. The surface area of RSG is 6.2 times more than that of
AG, which can be related by the presence of RS particles in
between the matrix of alginate polymers and creating new
pores. Total pore volume (VP, cm

3 g−1) of RSG is higher than RS
and AG (0.8043, 0.5842, and 0.0298 cm3 g−1, respectively) which
is go in accordance with the related pore radius (�r, nm).

The crystal structure and nature of samples (RS, AG, and
RSG) were explored by XRD analysis as shown in Fig. S1.† Silica
nanoparticles showed a sharp peak at 2q= 22°, which suited the
(101) plane and is characteristic of amorphous silica.14,25,26 The
X-ray diffractogram of RS showed no extra strong peaks, indi-
cating that all of the silica samples are substantially amor-
phous.27 Calcium alginate exhibited characteristic broad peak
located at 20°. The resulting composite RSG displayed PXRD
with nearly identical RS peaks and a little shi in the 2q angle,
which can be connected to the interlocking of the RS and AG
particles.

ATR-FTIR spectra was conducted for the prepared materials
to study their chemical structure and surface functional groups
as depicted in Fig. 1c. Two bands can be observed in the AG
spectra at around 3668 and 3617 cm−1. These bands are related
to the starching vibration of O–H bonds.28 The carboxyl group
exhibited asymmetric and symmetric stretching peaks at 1631
and 1526 cm−1, respectively. Additionally, the band displayed
around 680 cm−1 belonged to the metal–oxygen bond (Ca–O)
vibration and the ndings suggest that the Ca-alginate sample
was prepared with a known structure.29,30 For the RS sample FT-
IR spectra, the most prominent band appears at 1071 cm−1 and
it described the starching vibration of Si–O bond. The bending
vibration of Si–O–Si bonds are consistence with the typical
bands located at 797 and 451 cm−1.31,32 The RSG spectra show
the typical bands of the AG and RS spectrums; a small shi in
the peak positions indicates possible interactions between the
two components. The peak position shi can be attributed to
the intermolecular hydrogen bonding between silica and water
molecules employed in the preparation process as well as the
intramolecular hydrogen bonding in alginate molecules that
originated between –O– and –OH groups.33 The broad band
observed at approximately 3400 cm−1 is associated with the
O–H groups in alginate structure as well as the O–H groups of
water molecules that absorb on the surface. Bands at 1598 and
1415 cm−1 are associated with calcium alginate structure.
Besides, bands at 1071, 797 and 451 cm−1 represent the silica
structure.34

Detecting the pH of point of zero charge (pHPZC) of adsor-
bents is important characteristic property that should be
considered in adsorption studies. As shown in Fig. 1d and
illustrated in Table 1, AG has the highest pHPZC value (pH 7.1)
© 2024 The Author(s). Published by the Royal Society of Chemistry
over the adsorbents while RS has the lowest (pH 6.1). However,
it is noted that incorporate SiO2 into the structure of calcium
alginate lower the pHPZC of alginate by pH 0.7. This might be
because; increasing the acidic functionality that originated
from RS on the alginate surface and, the resulting interactions
between the two components of RSG composite signifying the
formation of the composite.35

The prepared adsorbents surface morphology was depicted
using SEM (Fig. 2a–c) for RS, AG, and RSG, respectively. The
granular touch on the RS surface is irregular, whereas the AG
surface showed a at, plate-like structure with different sizes
and shapes. On the other hand, RSG composite has an alginate
surface that is smooth and appears as a darker background with
bright, spherical SiO2 particles that are distributed throughout
the alginate surface. Thus, more pores and crack with different
size and shape were noticed in the composite.36 Average TEM
particle sizes were varied for the different adsorbents being 18,
63, 82 nm for RS, AG and RSG, respectively. Additionally,
a transparent halo surrounding the darker silica particles cores
could be a sign that the silica nanoparticles have been coated
with alginate.37 Analysis of TEM images showed spherical shape
nanoparticles of RS, and irregular shape of nanoparticles
assigned to representing RSG composite formation.
3.2. Static adsorption of phenol

3.2.1. Effect of adsorbent dosage. Efficient removal
through adsorption requires careful consideration of several
essential parameters, one of which is optimizing the quantity of
adsorbent. Fig. 3a illustrates how themasses of RS, AG, and RSG
affect the removal percent (R%, eqn (3)) when their values are
changed from 1 to 5 g L−1 by the consumption of 25 mL of
200 mg L−1 as initial concentration of phenol, at 20 °C, and pH
7 for 180 minutes of shaking time. As seen in Fig. 3, increasing
the dosage of the adsorbent from 1 to 3 mg L−1 results in an
important rise in the removal percentages for RS, AG, and RSG,
which are 44, 72, and 44%, respectively. The observation can be
explained by the fact that more active sites are available on the
surface of adsorbents when their quantity increases, allowing
for the adsorption of phenol molecules.38,39 Despite the pres-
ence of more active sites on solid adsorbent surface, at dosages
more than 3.0 g L−1, there is no apparent increase in the
removal% due to the establishment of the adsorption equilib-
rium at lower phenol concentration and the decrease in phenol/
active sites ratio.40 However, it is important to note that RSG
adsorbent exceeds RS and AG with regard to removal efficiency,
outperforming them by 13% and 6%, respectively.
The optimum dosage of adsorbents for this study was kept at
3 g L−1.
RSC Adv., 2024, 14, 24322–24334 | 24327
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Fig. 2 SEM (a–c) and TEM (d and e) images for RS, AG, and RSG, respectively.
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3.2.2. Effect of initial solution pH. Acidity of the adsorption
medium (pH) is a signicant factor for adsorption process to
identify the most suitable value at which adsorption is most
efficient, where pH has an impact on the surface chemistry of
the adsorbent and adsorbate, changing their electrostatic
interaction and having amajor effect on the adsorption process.
In this regard, several pH values (2–8) were used in this study to
examine the effect of the solution initial pH value on phenol
removal process, while other parameters remained constant
(25 mL of 200 mg L−1 of phenol solution was mixed with 3 g L−1

of adsorbents dosage and shaking time was 180 min at 20 °C).
Effect of pH is shown in Fig. 3b and important ndings were
obtained; (i) the percentage of phenol removed at lower pH
values was very low (<49% at pH 2) for all the investigated solid
adsorbents. The rst factor that possibly responsible for the
Fig. 3 Effect of adsorbent dosage (a) and pH (b) on phenol adsorption o

24328 | RSC Adv., 2024, 14, 24322–24334
reduction in the adsorption process is the competition between
phenol molecules and H3O

+ which prevents phenol molecules
from reaching the surface of the adsorbent.41,42 Second, the
phenol molecules and the solid adsorbent surface are both
positively charged at lower pH values, which inhibits the
adsorption process. Where, at pH < pHPZC the solid surfaces are
positively charged.43 (ii) The total removal percentage of phenol
onto RS, AG, and RSG increases by 64%, 59%, and 49%,
respectively, when the medium pH is raised from 2 to 7. The
conversion of phenol to the negatively charged phenolate ion,
which strongly attracts to the solid adsorbent surface in addi-
tion to the decrease in protons that prevent phenol adsorption,
can be linked to the increase in phenol adsorption.41,44 (iii) A
slight drop in removal percentage is seen at pH values greater
than 7, which caused by the negatively charged solid surface
n RS, AG, and RSG at 20 °C.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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that developed at pH > pHPZC and the negatively charged
phenolate ions' electrostatic repulsion.45 The previous study
conrmed that, pH 7 is the optimal value for phenol adsorption
into all the studied solid adsorbents.

3.2.3. Effect of contact time and adsorption kinetics. The
adsorption kinetics and the time needed to achieve the equi-
librium state are directly affected by the absorbent/adsorbate
contact time, which makes it essential to understand the
adsorption mechanism. The inuence of shaking time on
adsorption was investigated at various agitation times up to
160 min, with a 25 mL solution containing 200 mg L−1 of
phenol and 3 g L−1 of adsorbent dose, at pH 7 and 20 °C.
Fig. 4a–c showed the inuence of shaking duration as displayed
by dots beside the PFO (eqn (6)), PSO (eqn (7)), and Elovich (eqn
(8)) nonlinear kinetic models for phenol adsorption onto RS
(Fig. 4a), AG (Fig. 4b), and RSG (Fig. 4c) at 20 °C, respectively
and the calculated kinetics parameters are displayed in Table 2.
Within the rst 120 min (equilibrium time), it was evident that
the adsorption capacity increased rapidly for RS, AG, and RSG
by 6.5, 11.6, and 4.9 times, respectively. The result was caused
by the high availability of binding sites on the adsorbent surface
Fig. 4 Effect of shaking time as dots, PFO, PSO, and Elovich nonlinear kin
C, respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
during the rst step and the strong driving force of the
concentration of phenol ions in the solution.22 When the
adsorption capacity was saturated with phenolate ions at
120 min, there was no apparent rise in it. Based on the analysis
of the data in Table 2, (i) the most appropriate choice for tting
the phenol adsorption onto the three tested adsorbents (RS, AG,
and RSG) was determined to be a pseudo-second-order
nonlinear kinetic model, where correlation coefficients (R2)
are greater than 0.9809 and there is a slight difference (0.1–
4.1%) between the Langmuir model (qm) and the calculated
adsorption capacities of PSO (qexp). The rate constants (k2) of
PSO ranged between 3.457 × 10−4 to 12.300 × 10−4 g
mg−1 min−1. (ii) Although possessing higher R2 values (0.9772–
0.99909), the PFO kinetic model is not suitable to represent the
phenol adsorption onto the prepared samples because of the
signicant difference (15.9, 15.4, and 14.3% for RS, AG, and
RSG, respectively) between qm and qexp values. (iv) The calcu-
lated Elovich correlation coefficient values (>0.9557) proved the
best function of this model for phenol adsorption onto the
investigated solid adsorbents. The observed initial rate constant
(a) for RSG > AG > RS (5.8143 > 5.5050 > 4.4003 mg g−1 min−1),
eticmodels for phenol adsorption onto RS (a), AG (b), and RSG (c) at 20 °

RSC Adv., 2024, 14, 24322–24334 | 24329
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Table 2 Pseudo-first, pseudo-second order, Elovich, Langmuir, Freundlich, and Temkin parameters for adsorption of phenol onto RS, AG, and
RSG at 20 °C

Models Parameters RS AG RSG

PFO qexp (mg g−1) 39.32 57.32 86.31
k1 (min−1) 0.0500 0.0449 0.0330
R2 0.9909 0.9846 0.9772

PSO qexp (mg g−1) 46.02 67.65 104.77
k2 (g mg−1 min−1) × 10−4 12.300 7.550 3.457
R2 0.9809 0.9870 0.9943

Elovich a (mg g−1 min−1) 4.4003 5.5050 5.8143
b (g mg−1) 0.0967 0.0644 0.0388
R2 0.9557 0.9635 0.9912

Weber-Morris ko (mg g−1 min−1/2) 4.7591 5.8281 7.9503
C 0.2492 4.1516 5.2449
R2 0.8820 0.9231 0.9788

Langmuir qm (mg g−1) 46.72 67.71 100.55
b (L mg−1) 0.1274 0.1423 0.1707
RL 0.0763 0.0558 0.0362
R2 0.9918 0.9858 0.9819

Freundlich n 2.8769 2.6254 2.6911
KF 11.0784 15.0912 24.5388
R2 0.9356 0.9619 0.9618

Temkin bT (J mol−1) 250.198 164.637 125.163
KT (L g−1) 1.3493 2.0440 2.3411
R2 0.9817 0.9847 0.9834
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representing the increase in the initial rate of phenol adsorp-
tion. Conversely, b tendency (RS > AG > RSG) shown the faster
surface coverage of RS with phenolate ion.46 Correlation coeffi-
cients R2 (0.8820–0.9788) indicated the best tting of Weber-
Morris (intra-particle diffusion) model for phenol adsorption
onto the prepared adsorbents. The intercept (C) values show
that the intra-particle diffusion effect was not the only factor
affecting phenol adsorption.20 The positive C values (0.2492–
5.2449) indicated the quick adsorption of phenol, particularly
onto the RSG surface. A greater attraction force between the
phenol molecules and the newly chemical functional groups on
the RSG surface was displayed by the rate constant (ko) values.

3.2.4. Adsorption isotherm and effect of initial phenol
concentration. Studying the inuence of adsorbate initial
concentration on the adsorption process enables an improved
understanding of the adsorption behavior and provides vision
into the adsorption mechanism and identify the maximum
adsorption capacity. As shown in the dots of curves of Fig. 5a–c,
the effect of starting phenol concentration in the range of 20–
300 mg L−1 for the removal of adsorbate onto RS, AG, and RSG
was investigated using 3 g L−1 of solid dosage at 20 °C and pH 7
for 120 min of shaking time. At the beginning of the increase in
initial adsorbate concentrations, signicant enhancement in
the adsorption capacity (qe, mg g−1) was observed because of the
high affinity of phenol to the solid surface. Aer that, this
capacity started to stabilize at the high initial concentrations,
which was associated with the saturation of the active adsorp-
tion sites.

Nonlinear adsorption isotherms, specically the Langmuir,
Freundlich, and Temkin nonlinear adsorption isotherms (eqn
(10), (12) and (13), respectively), which are the most commonly
24330 | RSC Adv., 2024, 14, 24322–24334
utilized approaches were applied for the adsorption process as
depicted in Fig. 5a–c, where the calculated data listed in Table 2.
Langmuir model is the most accepted model for explaining
phenol adsorption onto the solids under investigation. This is
because it has higher coefficients (R2) (>0.9819), which conrm
that there is no common interaction between the adsorbed
molecules and that monomolecular layer adsorption occurs on
its surface. The adsorption capacity of RS is the higher
adsorption capacity (100.55, 67.71, and 46.72 mg g−1 for RSG,
AG, and RS, respectively) due to its relative higher surface area
(452.4 m2 g−1) and the presence of many surfaces chemical
functional groups originated from the mixing between silica
and alginate. Langmuir constant (b, L mg−1) for RSG > AG > RS
and indicating the strong attraction between RSG active sites
and phenol. The dimensionless separation factor (RL) values
were found to be less than 0.0763 and larger than 0.0362,
indicating that all produced solid adsorbents had favorable
adsorption for phenol.

Nonlinear Freundlich model displayed R2 values less than
that calculated for Langmuir model (0.9356–0.9619), demon-
strating that Freundlich isotherm is less accepted when
compared with Langmuir model for phenol adsorption. KF

values of RSG > AG > RS (24.5388, 15.0912, and 11.0784) are
similar to the same order of Langmuir adsorption capacity. In
addition, the adsorption intensity values in the range 2.6254–
2.8769 (1 < n < 10) demonstrated the excessive rapidity and
favorability of phenol adsorption. These values of n are less than
10, showing that phenol is physically adsorbed onto the
adsorbents.46

The Temkin nonlinear adsorption model possessed R2

values greater than 0.9817, indicating that this isotherm is well
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Effect of initial concentration, Langmuir, Freundlich, and Temkin nonlinear adsorption isotherm plot for the adsorption of phenol on RS
(a), AG (b), and RSG (c) at 20 °C, respectively.
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tting. The Temkin parameter values are slighter than 8000 J
mol−1 (bT, 125.163–250.198 J mol−1) and signifying the physical
adsorption of phenol onto the used adsorbents, also following
the sequence (RS > AG > RSG) which displayed that RSG needed
the least heat during the adsorption process.47 The advanced
phenol uptake of phenol by RSG can be evaluated from the
highest value of Temkin constant (KT, 2.3411 L g−1).

Finally, it is concluded that Langmuir nonlinear adsorption
model is more accepted than Freundlich model beside the well
application of Temkin model. RSG showed the maximum
adsorption capacity when compared with RS and AG.

3.2.5. Effect of temperature and thermodynamics. The
effect of adsorption temperature and thermodynamics param-
eters, involving Gibbs free energy change (DG°, kJ mol−1),
enthalpy change (DH°, kJ mol−1) and entropy change (DS
°, kJ mol−1 K−1) were considered for the adsorption of phenol
onto all the prepared solid adsorbents by applying eqn (14) and
(16). It is achieved by mixing 0.075 g of adsorbent with 25 mL of
300 mg L−1 phenol at pH 7 and at temperatures of 20, 25, 30, 35,
and 40 °C. Van 't Hoff plot is portrayed in Fig. 6a and the
© 2024 The Author(s). Published by the Royal Society of Chemistry
calculated thermodynamic parameters presented in Table 3.
Considering the data in Table 3. (i) The higher correlation
coefficient values (0.9763–0.9993) reect how effectively Van't
Hoff plots are applied for phenol adsorption onto all solid
materials. (ii) Endothermic adsorption processes are suggested
by the rise in the change in enthalpy (DH°, 0.0078–
0.0103 kJ mol−1) that occurs with the phenol's adsorption on all
solid adsorbents. (iii) The phenol molecules at the adsorbent/
adsorbate phases are more random due to the positive values
of entropy change (DS°, 0.0319–0.0383 kJ mol−1 K−1).48 (iv) The
negative free energy values at all the examined temperatures
depict the spontaneous nature of pollutant adsorption onto RS,
AG, and RSG surfaces. The increase in DG° with temperature
indicates the improvement of phenol adsorption at a higher
applied temperature. It has been determined that physical and
chemical adsorption occur when DG° changes between 0 and
−20 and −80 and −400 kJ mol−1, respectively. Consequently,
DG° values (−9.339 to −11.978 kJ mol−1) reveal the physical
adsorption of phenol onto all the investigated solids.12,48
RSC Adv., 2024, 14, 24322–24334 | 24331
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Fig. 6 Van't Hoff plot for phenol adsorption onto RS, AG, and RSG (a) at 20, 25, 30, 35, 40 °C. Desorption of phenol from the surface of RSG and
inserted reusability curve (b) at 20 °C.

Table 3 Thermodynamic parameters for phenol adsorption on RS, AG, and RSG at 293, 298, 303, 308, and 313 K

Parameters RS AG RSG

R2 0.9993 0.9763 0.9806
DH° (kJ mol−1) 0.0103 0.0102 0.0078
DS° (kJ mol−1 K−1) 0.0372 0.0383 0.0319
−DG° (kJ mol−1) 293 K 10.889 11.212 9.339

298 K 11.075 11.403 9.498
303 K 11.261 11.595 9.658
308 K 11.447 11.786 9.817
313 K 11.633 11.978 9.977
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3.2.6. Reusability of RSG composite. Adsorbents reusability
study is essential because it plays a major role in establishing
the adsorbents effectiveness environmental sustainability, and
viability from an economic standpoint. Fig. 6b showed the
desorption of phenol from the surface of RSG and the reus-
ability curve as inserted. Sodium hydroxide solution seemed as
the most effective eluent solution as it helps to regenerate the
RSG composite by removing 94% of phenol from the adsorbate
surface which can be related to the formation of soluble sodium
phenolate.49 Aer seven cycles of phenol adsorption/desorption
Table 4 Comparing the maximum adsorption capacity of RSG with oth

Adsorbents

Cellulose-based thermosensitive supramolecular hydrogel
Immobilized Chlorophyta algae
Ziziphus leaves adsorbent
Multi-functional core–shell pomegranate peel amended alginate
beads
Rice stalk-derived activated carbon
Activated carbon
Moroccan clay/hematite composite
Hematite iron oxide nanoparticles
Silica/alginate nanocomposite

24332 | RSC Adv., 2024, 14, 24322–24334
cycle regenerating the RSG composite loss about 8.8% from the
removal efficiency% and can be related to the loss of some
surface-active sites beside the possible particle coagulation
result in decrease in surface area.50

The intermolecular attraction between the solid adsorbent
and the phenol, resulting in the phenol molecules accumu-
lating on the adsorbent surface, is the starting point for the
adsorption process. The adsorptionmechanisms that take place
between the phenol and the generated composite (RSG) involve
physical interactions such as hydrophilicity, p–p interactions,
er materials

qm (mg g−1) References

80.71 15
5.56 38

15 43
119.48 44

80.37 48
94.72 49
20.24 53
5.35 54

100.55 [This study]

© 2024 The Author(s). Published by the Royal Society of Chemistry
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electrostatic attraction, H-bonding, and coulombic attraction.
For example, H-bonding between –OH groups of phenol and the
–OH groups of prominent outward from the silica or –OH
groups of alginates. Furthermore, the surface of the composite
becomes more hydrophilic by the presence of –OH and –COO−,
which encourages hydrophobic interactions with organic
contaminants that have a high degree of hydrophobicity.51,52
3.3. RSG efficiency in comparison with other materials

The maximum Langmuir adsorption capacity of RSG for the
removal of phenol via adsorption in contrast with that of the
other adsorbents is presented in Table 4.15,38,43,44,48,49,53,54

The increased surface area and the presence of several
chemical functional groups on surfaces may be the reasons for
RSG's better efficiency when compared to the tabulated solid
materials. The results in Table 4 demonstrate that RSG is
a feasible solid adsorbent for the removal of phenol from an
aqueous medium due to its higher adsorption capacity.
4. Conclusion

The use of natural adsorbents in systems for treating contami-
nated water is a very promising approach that improves the
removal of organics from wastewater. This work focuses on the
static adsorption of phenol from water using various kinds of
adsorbents, such as calcium alginate matrix (AG), silica nano-
particles made from rice husk (RS), and silica/alginate nano-
composite (RSG). Aer full thermal, textural, and chemical
characterization of that solid materials, RSG exhibited a unique
property which enhanced its adsorption efficiency. RSG is
characterized by a relatively higher surface area (452.4 m2 g−1),
smaller average particle size (82 nm), and the presence of
different surface chemical functional groups as presented by
ATR-FTIR analysis. Static adsorption of phenol using all the
solid materials showed the higher efficiency of RSG with
100.55 mg g−1 as adsorption capacity, favorable, spontaneous,
and physical adsorption process. The equilibrium adsorption
time was validated aer 120 minutes, and kinetic investigations
demonstrate the effective use of the PSO nonlinear model with
an average rate constant of 7.967 × 10−4 g mg−1 min−1. The
applicability of the Van't Hoff model with a higher correlation
coefficient (0.9763–0.9993) was demonstrated by thermody-
namic investigations. The positive free energy change in
entropy (DS°, 0.0319–0.0383 kJ mol−1 K−1) and the negative free
energy changes (DG°, −9.339 to −11.978 kJ mol−1) reects the
increases in randomness of phenol molecules at the solid
adsorbent surface beside the spontaneous physical adsorption
of pollutant ions. The fabricated composite's elevated adsorp-
tion capability towards phenol can be related to the existence of
many active sites in addition to its greater surface area. The
adsorption of phenols from aqueous medium with higher
concentrations is a characteristic of the silica/alginate
composite that is being employed. Studies on solid desorption
and reusability have demonstrated that sodium hydroxide is
a highly effective desorbing agent for phenol because it yields
sodium phenolate ions. The produced composite is sustainable
© 2024 The Author(s). Published by the Royal Society of Chemistry
due to its many reusability phases and little adsorption capacity
loss. RSG composite that is thermally stable, has a nearly
neutral pHPZC point, a relatively higher surface area, and many
surface chemical function groups. Phenols are effectively
removed from the hydrogel matrix by introducing silica nano-
particles. According to previous studies, merging silica nano-
particles from rice husk, signicant agricultural solid waste,
with a calcium alginate matrix provides a useful, safe, and
effective solid adsorbent for organic contaminants. As a recog-
nized method of plant treatment, the resulting composite may
be evaluated and tested for phenol removal from columns.
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