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Abstract
In the present study, four solid adsorbents were prepared via green synthesis sources, namely, nanohydroxyapatite (NHAP), 
nanocellulose (NC), nanocellulose/nanohydroxyapatite composite (NPC), and ferric@nanocellulose/nanohydroxyapatite 
composite (FNPC). Synthesis procedures were based on natural sources such as sea scallop shells and cotton stalks. All 
the prepared solid adsorbents were characterized by TGA, XRD, nitrogen adsorption/desorption isotherm, FTIR, pHPZC, 
SEM, and TEM. FNPC exhibited a higher surface area (358.32 m2/g), mesoporous surface (pore diameter, 12.29 nm), TEM 
particle size of 45 nm, and the availability of various surface functional groups. Static adsorption of Safranin-O (SO) dye 
was investigated for all the prepared solid adsorbents under different application conditions. Maximum adsorption capac-
ity (239.23 mg/g) was achieved by FNPC after 24 h of equilibrium time, at pH 7, 2 g/L as adsorbent dosage, and 40 ℃. 
Adsorption of Safranin-O onto all the samples well-fitted Langmuir, Temkin, Freundlich, Dubinin–Radushkevich, pseudo-
second-order, and Elovich models. Thermodynamic and kinetic parameters proved that Safranin-O adsorption is favorable, 
spontaneous, endothermic, and physisorption. Desorption studies confirmed that hydrochloric acid (0.03 mol/L) achieved 
the maximum desorption efficiency (92.8%). Reusability of FNPC showed a decrease in the adsorption capacity after five 
cycles of adsorption and desorption by only 7.8%.
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1  Introduction

Recently, the treatment of wastewater particularly in chemi-
cal industries has been increasing attention. The growth of 
paper, wood, cosmetics, rubber, plastics, leather, and textile 
processing has resulted in environmental problems caused 
by carcinogenic and toxic contaminants, especially colored 
organic dyes, in discharged wastewater. A small amount of 
organic dyes in wastewater is highly toxic and visible to 
aquatic life; the effluents of dyes inhibit sunlight penetration 
into water which harms the ecosystem. It is difficult to treat 
water from dyes with microorganisms and chemical agents 
due to their stability against the biological and chemical deg-
radations and complex molecular structure [1]. Safranin-O 

(SO) is a water-soluble cationic azine dye that is widely used 
in leather, textile, food, and pharmaceutical industries. It is 
known to be a reason for various health problems like skin 
infection, irritation in the respiratory system, eye irritation, 
allergies, and digestive tract infection when it is ingested, 
leading to diarrhea, nausea, and vomiting [2]. Thus, it is 
necessary to remove SO dye from the wastewater to make 
it useable and safe. Wastewater treatment technologies such 
as coagulation and flocculation [3], ultrafiltration [4], ion 
exchange [5], photocatalytic degradation [6], biological 
treatment [7], and adsorption [8–10] have been employed 
to eliminate dyes from wastewater. The adsorption technique 
is considered the most effective method due to its potential 
efficiency, high selectivity at the molecular level, low energy 
consumption, reusability, low cost, and easy operation. The 
adsorption of Safranin-O by using several adsorbents such 
as granular activated carbon [2], Khulays natural bentonite 
[11], natural zeolite [12], Bambusa tulda [13], and lignin 
nanoparticles [14] has been investigated. Nanoparticles 
offer a higher possibility for efficient adsorption of organic 
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and inorganic pollutants as ideal adsorbents because of 
their unique properties such as recyclable, environmentally 
benign, efficient, selective, high surface area, and maximum 
adsorption capacity at a lower dosage. Several nanoparticles 
have been employed in adsorption such as iron, manganese 
oxide, zinc oxide, and carbon nanotubes [15].

Nanohydroxyapatite (NHAP) [Ca10(PO4)6(OH)2] is a 
nanomaterial with excellent nontoxicity bioactivity and bio-
compatibility. NHAP is widely used in dentistry and bone 
repair applications since it reflects a very good performance 
because of its similarity with the calcium phosphate min-
eral in the biological hard tissue [16]. Several methods have 
been applied for the synthesis of nanohydroxyapatite such 
as sol–gel synthesis [17], hydrothermal process [18], and 
aqueous chemical precipitation [19]. Green synthesis is vital 
for the environmental recovery, minimization of useless by-
products, and less production cost of adsorbents compared to 
the expensive chemical synthesis. Biologically derived natu-
ral substances such as nacre, corals, animal bones, fishbone, 
eggshells, and scallop shells have been converted into ben-
eficial nanohydroxyapatite. NHAP is an ideal material for 
the elimination of organic dyes because of its high adsorp-
tion capacity, thermal stability, surface activity, crystallin-
ity, availability, water insolubility, and high porosity. The 
adsorption properties of NHAP possess great importance 
for both industrial purposes and environmental processes. 
NHAP needs to be modified to improve its efficiency and 
for easy and effective separation from the solution after the 
adsorption process [1]. Nanocellulose is the most abundant 
natural raw polymer with a total production of 1011-1012 
tones/year. Natural sources like cotton may include as high 
as nearly 98% of cellulose, some kinds of wood may contain 
almost 90%, and date seeds have 23.9%. Nanocellulose is 
biodegradable, cheap, non-toxic, renewable, tough, fibrous, 
water insoluble, and non-meltable and helps in maintaining 
the cell wall structure of oomycetes, algae, and plants [20]. 
This raw material can be used as an adsorbent in several 
forms like raw cellulose or modified cellulose to eliminate 
contaminants such as dyes, metals, phenols, and pesticides 
from water. The adsorption reactivity of nanocellulose is 
related to abundant -OH groups and can be increased by 
convenient modification either with surface groups or the 
formation of new composites. Ferric chloride can be used to 
modify solid adsorbents, whereas ferric ions are considered 
as Lewis acid which enhances the adsorption of basic dyes 
such as methylene blue, Safranin-O, crystal violet, and tolui-
dine blue. Bi- and triple-composites possess unique proper-
ties such as high thermal stability, high adsorption capac-
ity, suitable crystallinity, high specific surface area, highly 
porous nature, the presence of different active sites, and 
perfect morphology for achieving the best water treatment. 
It is the first time that nanocellulose was prepared from cot-
ton stalks, and also, green material as a bio-composite was 

prepared from two natural solid wastes as sea scallop shells 
and cotton stalks in the same article and, then, decorated 
with ferric ions. It is considered a very promising solid mate-
rial in environmental applications, especially the removal of 
effluent compositions.

The purpose of this work is the synthesis of four adsor-
bents, namely, nanohydroxyapatite (NHAP) that was pre-
pared from sea scallop shells, nanocellulose (NC) that was 
obtained from cotton stalks, nanocellulose/nanohydroxyapa-
tite composite (NPC), and ferric@nanocellulose/nanohy-
droxyapatite composite (FNPC). The prepared solid adsor-
bents were characterized by TGA, XRD, N2 adsorption, 
FTIR, pHPZC, SEM, and TEM techniques. The adsorption of 
Safranin-O from an aqueous solution was investigated under 
different adsorption conditions such as the effect of adsor-
bent dosage, pH of solution, shaking time, initial adsorbate 
concentration, and temperature. Kinetic and thermodynamic 
parameters were determined to understand the mechanism 
and nature of SO adsorption. Safranin-O desorption from the 
surface of FNPC was studied using several desorbing agents, 
and FNPC reusability was investigated after five cycles of 
the adsorption process.

2 � Materials and methods

2.1 � Materials

Sea scallop shells were gathered from Damietta sea beach, 
Egypt, and washed with distilled water. After washing, sea 
scallop shells were dried in an oven at 115 ℃ and ground 
into very small particles by Retsch ZM200 titanium mill. 
Cotton stalks were obtained from Egyptian farms, washed 
with distilled water to eliminate dirt, air-dried, and then 
ground into fine powder. Safranin-O (SO) was purchased 
from Loba Chemie Pvt. Ltd., Co. India. Diammonium 
hydrogen phosphate and hexahydrate ferric chloride were 
purchased from Oxford Lab Fine Chem Llp Co., India, while 
sodium hypochlorite, chloroform, ethanol, sulfuric acid, 
nitric acid, sodium hydroxide, ammonium hydroxide, and 
hydrochloric acid were purchased from El-Nasr for Phar-
maceutical and Chemical Industry Co, Egypt.

2.2 � Synthesis of solid adsorbents

2.2.1 � Synthesis of hydroxyapatite nanoparticles from sea 
scallop shells

The resulted scallop shell powder was sintered in a muffle 
furnace at 900 ℃ for 3 h to transform calcium carbon-
ate (CaCO3) into calcium oxide (CaO) and decay all pro-
teins and organic compounds. Four grams of the previous 
CaO powder was mixed with 1.5 mol/L HNO3 to form 
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Ca(NO3)2 under continuous stirring. Solution of diammo-
nium hydrogen phosphate (0.5 mol/L) was slowly dropped 
to the previous solution under magnetic stirring, and then 
1.67 Ca/P ratio was achieved. The reaction mixture was 
retained at pH value of 10 using ammonium hydroxide 
solution overnight. Next, the precipitate was filtered from 
the solution, repeatedly washed with distilled water, and 
dried at 100 ℃ overnight. The formed powder was cal-
cined at about 800 ℃ for 4 h to obtain nanohydroxyapatite 
(NHAP). The following equations express the included 
reactions [21]:

2.2.2 � Synthesis of nanocellulose

Forty grams of cotton stalk powder was added into 400 
mL of 17.5% NaOH solution for the delignification and 
heated at 90 ℃ on a hot plate for 3 h under continuous 
stirring. The resulted delignified slurry was filtered, 
washed with distilled water till the solution becomes neu-
tral, and dried for 48 h at room temperature. The dried 
delignified stalks were then bleached using 12% sodium 
hypochlorite (NaClO) solution at 80 ℃ for 45 min. The 
bleached stalks were washed with distilled water till 
reaching a neutral pH and were freeze-dried to a constant 
weight. The dried product was hydrolyzed with 100 mL of 
2.5 mol/L HCl at 107 ℃ for 45 min under magnetic stir-
ring. The hydrolyzed stalks were washed until the neutral 
filtrate solution and followed by dialysis process against 
distilled water for 2 days. The dialyzed cellulosic solution 
was freeze-dried and stocked in a refrigerator for later 
use. Nanocellulose (NC) was obtained as a snowy white 
powder [22].

2.2.3 � Synthesis of nanocellulose/nanohydroxyapatite 
composite

One gram of NC was added into 100 mL of 10% NaOH 
solution at 4 ℃ for 1 h with magnetic stirring until dis-
solving nanocellulose and then mixed with 1 g of NHAP 
till formation of a homogenous solution. The pH of solu-
tion was adjusted to nearly 7 with 2 mol/L sulfuric acid 
at room temperature for precipitating the nanocellulose/
nanohydroxyapatite composite (NPC). The precipitated 

(1)CaCO
3
→ CaO + CO

2

(2)CaO + 2HNO
3
→ Ca(NO

3
)
2
+ H

2
O

(3)
10Ca(NO

3
)
2
+ 6(NH

4
)
2
HPO

4
+ 8NH

4
OH → (Ca)

10
(PO

4
)
6
(OH)

2
+ 20NH

4
(NO

3
) + 6H

2
O

composite was filtered, washed with distilled water, and 
dried at 80 ℃ [23].

2.2.4 � Synthesis of ferric@nanocellulose/
nanohydroxyapatite composite

One gram of NPC was added into 100 mL of 200 mg/L 
ferric chloride solution for 48 h under continuous stirring. 
The resulted composite was filtered, gently washed, and 
dried at room temperature (FNPC).

2.3 � Characterization of the prepared solid 
adsorbents

Thermogravimetric analysis for NHAP, NC, NPC, and 
FNPC was employed using a thermal analyzer (SDT Q600 
V20.9 Build 20) at a nitrogen flow rate of 50 mL/min and 
a temperature up to 800 ℃.

The crystalline characteristics of the prepared samples 
were determined by powder X-ray diffractometer (D8 
advance diffractometer) at 40 mA and 40 kV. The sample 
was prepared by placing about 15 mg of fine ground sam-
ple into the sample holder and gently pressing on unglazed 
paper to minimize the preferred orientation. The XRD pat-
terns were resulted from step scanning from 0 to 70˚ (2θ) 
at 0.01˚ or 0.02˚ increments.

The crystallinity index (Icr) of the solid samples was 
evaluated by Equation 4 [24]:

where Im and Iam represent the intensity of the main peak 
(at 2θ = 29.3, 22.1, 32.1, and 32.2) and the intensity of the 
amorphous peak (at 2θ = 40.4, 18.0, 21.9, and 22.0) for 
NHAP, NC, NPC, and FNPC, respectively.

Textural characterization for all the solid adsorbents 
was performed by a NOVA 3200e gas sorption analyzer 
(Quantachrome Corporation, USA) at –196 ℃ to investi-
gate total pore volume (VT), average pore diameter (r ̅), and 
specific surface area (SBET). For the sample preparation, 
about 0.15 g of sample was placed into a dry and clean 
sample holder, and then the temperature was raised to 150 
℃ and degassed for a definite time (usually between 20 and 
24 h) under reduced pressure of 10−5 Torricelli.

FTIR spectrophotometer was investigated for the solid 
samples before and after the SO adsorption in the range of 
400–3800 cm−1 by Mattson 5000 FTIR spectrometer. The 
sample was prepared as follows: a small amount of sam-
ple (~10 mg) was mixed with about 25 to 30 times from 
its volume of KBr solution in an agate mortar and then 
pressed at 3000 kg/cm2 for 3 min. The produced disc was 

(4)Icr =
Im − Iam

Im
× 100
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run on Nic-Plan FTIR microscope and set with a resolu-
tion of 8 cm−1 at 32 scans.

Point of zero charges of NHAP, NC, NPC, and FNPC 
was studied by adding 25 mL of 0.1 mol/L NaCl in sev-
eral closed bottles. The initial pH (pHi) values were 
adjusted between 4 and 12 by using 0.05 mol/L HCl and/
or NaOH. The bottles were mixed with 0.025 g of solid 
samples and shaken for 24 h. The final pH (pHf) values 
were investigated using a pH meter. The pHPZC is the 
point at which pHf = pHi [25].

Scanning electron microscope (SEM) was applied 
for NHAP, NC, NPC, FNPC, and SO adsorbed FNPC 
(SO-FNPC) using a JEOL JSM-6510LV model. The 
samples for SEM study were prepared by direct depo-
sition of sample on an aluminum holder and then fol-
lowed by sputter coating with a thin gold layer with an 
accelerating voltage of 15 kV under a high vacuum to 
provide a homogeneous surface for the correct analysis 
and imaging.

Transmission electron microscopy (TEM) was studied 
for NHAP, NC, NPC, and FNPC using a JEOL-JEM-2100 
model and operating at 200 kV. Approximately, 10 mg of the 
sample was dispersed in ethanol for 45 min using sonication 
and then transferred to a copper grid. The sample was then 
taken to dry in the vacuum desiccator for 24 h before com-
mencing the measurements.

2.4 � Adsorption studies

The adsorption of Safranin-O from aqueous solution by 
NHAP, NC, NPC, and FNPC was performed by agitating 
25 mL of SO solution having a definite concentration 
with 0.05 g of the solid adsorbent at 25 ℃ for 24 h and 
pH 7 value. The supernatant was filtered by using What-
man filter paper (Grade 1), the first 15 mL from the fil-
trate was rejected, and the unadsorbed SO concentration 
was determined at a wavelength of 532 nm by a UV-Vis 
spectrophotometer. The standard calibration curve for the 
calculation of Safranin-O concentration was prepared in 
the range of 1–14 mg/L with a higher correlation coeffi-
cient (0.9985) and presented in Fig. S1a. The systematic 
errors for the concentration measurements by UV-vis 
spectrophotometer were ∓ 0.1%. The measurements were 
repeated three times, and the average values of concen-
tration were used. The error bars from both systematic 
and experimental errors were calculated and illustrated 
in the figures. The equilibrium adsorption capacity qe 
(mg/g) was calculated using Eq. 5:

(5)qe =
Ci − Ce

m
× V

where Ce and Ci (mg/L) are the equilibrium and initial SO 
concentration, respectively, V is the SO solution volume (L), 
and m is the adsorbent mass (g). Different adsorption condi-
tions were applied to study the effect of adsorbent dosage 
(0.2–2.2 g/L), pH (2–10), shaking time (2–30 h), initial SO 
concentration (40–700 mg/L) based on the adsorption capac-
ity of solid samples, and studied adsorption temperature (25, 
32, and 40 ℃).

2.5 � Adsorption kinetic models

Mechanism and rate of Safranin-O adsorption onto the pre-
pared adsorbents were studied by the linear form of pseudo-
first order (PFO, Eq. 7), pseudo-second order (PSO, Eq. 10), 
and Elovich (Eq. 12) kinetic models [26]:

where qt and qe (mg/g) are the amounts of Safranin-O 
adsorbed (mg/g) at time t (h) and at equilibrium, respec-
tively. Ct (mg/L), k1 (h−1), and k2 (g/mg.h) are the residual 
SO concentration at time t, the rate constants of PFO, and 
PSO models, respectively. ∝ (mg/g.h) and β (g/mg) repre-
sent the initial rate of SO adsorption and the extent of sur-
face coverage, respectively.

2.6 � Adsorption isotherm models

Linear Langmuir isotherm (Eq.  14) assumes monolayer 
adsorption of adsorbates onto a homogeneous surface with-
out interaction between the adsorbed species and is expressed 
as follows [27]:

(6)qt = qe(1 − e−k1t)
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where qm (mg/g) and b (L/mg) are the maximum adsorption 
capacity and Langmuir constant, respectively. Dimension-
less separation parameter (RL) was determined to explain 
the nature of SO adsorption, if it is unfavorable (RL > 1), 
favorable (0 < RL <1), or irreversible (RL= 0):

Linear Freundlich isotherm (Eq. 17) describes monolayer 
and multilayer adsorption on heterogeneous surfaces and is 
explained by the following equation [28]:

where n and KF (L1/n. mg1-1/n. g-1) are Freundlich coefficients 
expressing the adsorption intensity and adsorption capacity, 
respectively.

The linear form of Temkin model (Eq. 19) describes the 
effect of indirect adsorbate–adsorbent interactions; the heat 
of adsorption decreases linearly instead of logarithmic with 
surface coverage, and is expressed by [29]

where A, R, and T are constants related to the adsorption 
heat, the gas adsorption constant (8.314 J/mol.K), and the 
absolute temperature in Kelvin, respectively. KT(L/g) and 
bT(J/mol) are Temkin constants.

The linear form of Dubinin–Radushkevich model (Eq. 23) 
is employed to distinguish between the adsorption on heteroge-
neous and homogeneous surfaces. The linear form is described 
as [30]

(13)qe =
b qmCe

1 + b Ce

(14)
Ce

qe
=

1

bqm
+

Ce

qm

(15)RL =
1

1 + bCi

(16)qe = KFCe

1

n

(17)ln qe = ln KF +
(

1

n

)

ln Ce

(18)qe = A ln KT Ce

(19)qe = A ln KT + A ln Ce

(20)A =
RT

bT

(21)qe = qDR e−KDR�
2

(22)� = RT ln (1 +
1

Ce

)

where ε represents the Polanyi potential, R is the gas con-
stant, and T is the Kelvin temperature. qDR (mg/g) and 
KDR (mol2/kJ2) are the maximum adsorption capacity and 
Dubinin–Radushkevich constant, respectively. The mean 
adsorption free energy (EDR, kJ /mol) is derived by

2.7 � Thermodynamic studies

Adsorption thermodynamic parameters such as enthalpy 
(∆H°, kJ/mol), entropy (∆S°, kJ/mol.K), and free energy 
(∆G°, kJ/mol) changes were calculated using the following 
equations [25]:

where Ce and Cs (mg/L) are the equilibrium concentrations 
of SO in the solution and on the adsorbent, respectively.Kd , 
T (K), and R are the adsorption distribution constant, the 
absolute temperature, and gas constant, respectively. ∆H° 
(kJ/mol) and ∆S° (kJ/mol.K) values were calculated from 
the slope and intercept of Van’t Hoff plot (Eq. 27).

2.8 � Safranin‑O desorption and solid adsorbent 
reusability

The desorption process was studied by mixing 0.2 g of the 
dried SO pre-loaded FNPC with 100 mL of distilled water, 
acetic acid (0.03 mol/L), hydrochloric acid (0.03 mol/L), 
sulfuric acid (0.03 mol/L), or ethanol (95%) and then shak-
ing for 10 h at 30 ℃. The desorbed SO concentration in 
the filtrate was investigated after filtration. Desorption effi-
ciency% was determined using the following equation [31]:

where Cd (mg/L) is the equilibrium SO dye concentration 
after desorption from FNPC. V (L) is the desorbing agent 
volume. q (mg/g) is the maximum adsorption capacity of 
FNPC adsorbent. m (g) is the solid adsorbent weight.

(23)ln qe = ln qDR − KDR �2

(24)EDR =
1

√

2KDR

(25)Kd =
Cs

Ce

(26)ΔG◦ = −RT ln Kd

(27)ln Kd =
ΔS◦

R
−

ΔH◦

RT

(28)Desorption eff iciency % =
V Cd

q m
× 100
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Adsorbent reusability was carried out after five cycles 
of Safranin-O adsorption/desorption treatments. Adsorp-
tion of the dye was carried out by FNPC under 2 g/L 
as adsorbent dosage, pH 7, 600 mg/L as dye concen-
tration, 24 h of shaking time, and at 25 °C. After each 
cycle, the solid adsorbent was filtered and washed several 
times with 30 mL of 0.03 mol/L HCl to desorb the pre-
adsorbed dye, washed with distilled water, and dried at 
80 °C for the successive reuse.

3 � Results and discussion

3.1 � Characterization of the solid adsorbents

Thermogravimetric analysis curves for NHAP, NC, NPC, 
and FNPC are presented in Fig. 1a. NHAP, NC, NPC, and 
FNPC showed total weight loss 7.2, 87.5, 46.6, and 36.0%, 
respectively. The total weight loss of nanohydroxyapatite 
up to 800 ℃ is due to the release of physically and chemi-
cally adsorbed water. Inorganic NHAP polymer remained 
undegraded, exhibiting the highest thermal stability [21]. 
The first weight loss for NC, NPC, and FNPC (5.8, 4.6, and 
6.0%, respectively) up to 110 ℃ is related to the removal of 
moisture and residual solvents. Moreover, the previous three 
solid adsorbents showed high stability between 110 and 240 
℃. The substantial weight reduction (79.1%) for NC between 
240 and 450 ℃ indicated the cellulose degradation, initiat-
ing with the dehydration, decomposition of glycosidic units, 
depolymerization, and decarboxylation. The final breakdown 
in NC from 450 to 580 ℃ is attributed to the combustion of 
char residue [22]. The residual weight (12.5% at 580 ℃) for 
nanocellulose contains levoglucosan and anhyrocellulose 
[32]. It was observed that the thermal stability of NPC and 
FNPC nanocomposites increased after the incorporation of 
NHAP. This could be related to the homogenous distribution 
of NHAP in the composites and the strong chemical interac-
tions between NHAP, NC, and ferric ions [33]. Besides the 
hydrogen bonds in NPC structure, hydrophilic ferric cati-
ons were strongly crosslinked to NPC to form FNPC that 
exhibited higher thermal stability than NPC and enhanced 
its adsorption properties. The residual mass in the compos-
ites may represent higher amount of NHAP, since NHAP 
exhibited higher thermal stability at elevated temperature.

Figure 1b shows XRD patterns for all the solid samples. 
NHAP provided the characteristic peaks at 2θ of 25.8, 27.9, 
29.3, 32.6, 34.4, 41.9, 47.1, and 53.1° associated to (002), 
(102), (210), (211), (202), (310), (222), and (004) planes, 
respectively (JCPDS card No. 09-0432) [34]. All the peaks 
are sharp, revealing that NHAP has high crystallinity and 
nanocrystal size, resulting in its high surface area [35]. The 
typical peaks of NC appeared at 2θ of 15.6, 22.1, and 33.8°, 
corresponding to (101), (002), and (040) planes related to 

type I of cellulose [24]. The crystallinity index was cal-
culated by using Eq. 4, and the resulted data are listed in 
Table 1, indicating that the crystallinity index of NHAP, 
NC, NPC, and FNPC is about 94.1, 78.5, 87.3, and 82.9%, 
respectively. The high crystallinity of NC is ascribed to the 
reduction of the amorphous polymers lignin and hemicel-
lulose from cotton stalks through the delignification and 
bleaching processes. The crystallinity index increased in 
NPC and FNPC compared with NC due to the inclusion 
of inorganic higher crystalline NHAP. The modification of 
NPC with ferric ions resulted in a decrease in FNPC crystal-
linity, compared with NPC, which may be related to the ion 
effect on the crystallization process of hydrogen bonding 
dominating inside the molecular structure of FNPC [36].

Surface area and porosity are important features for 
adsorbents. Figure 1c depicts the nitrogen adsorption iso-
therms, and the textural parameters for NHAP, NC, NPC, 
and FNPC are reported in Table 1. According to IUPAC 
classification, all the samples showed type II adsorption 
isotherms with H3-type hysteresis loops which include the 
monolayer–multilayer adsorption on mesoporous adsorbents 
with weak adsorbent–adsorbate interaction and aggregation 
of nanoparticles with slit-like pores [37]. Upon analysis of 
data summarized in Table 1, the specific surface area and 
total pore volume of FNPC > NPC > NHAP > NC confirm 
the highly porous nature of the resulted nanocomposites. 
The surface area increased from 81.76 to 358.32 m2/g, indi-
cating the availability of pores and active sites on NPC and 
FNPC surfaces and proving their higher adsorption capacity. 
The average pore diameter for NHAP (8.10 nm), NC (7.73 
nm), NPC (8.00 nm), and FNPC (12.29 nm) was classified 
as mesopores.

Figure 1d displays FTIR spectra of NHAP, NC, NPC, 
and FNPC to study their surface chemical functional 
groups. NHAP has peaks at 450–498 and 559–606 cm−1 
that belong to O-P-O doubly and triply degenerated bend-
ing modes, respectively. The bands for stretching vibra-
tion of phosphate groups were observed at 1037–1100 and 
941–974 cm−1, and their overtones are located at 2076 
cm−1 [38]. No obvious bands of CO3

2− group or organic 
compounds like C-H around 1350–1600 cm−1 proved the 
high NHAP purity [35, 39]. The apatitic -OH vibrational 
mode and -OH bending of adsorbed water appeared at 
3450 and 1652 cm−1, respectively. Nanocellulose showed 
characteristic peaks located at 667, 899, 1241, 1322, 
1371, 1431, and 2901 cm−1 related to COH bending 
mode, (CCO, COC, and CCH) deformation modes of pure 
cellulose, C-O stretching of phenolics, COH vibration, 
C-H stretching, CH2 bending vibration, and CH3 groups, 
respectively. The peaks at 1060–1163 cm−1 are character-
istic to saccharide structure in cellulose while the signals 
at 1640 and 3348 cm−1 to adsorbed water in carbohy-
drates and -OH stretching, respectively. All the previous 
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Fig. 1   TGA curves (a), XRD (b), nitrogen adsorption/desorption isotherms (c), and FTIR spectra before (d) and after SO adsorption (e) onto 
NHAP, NC, NPC, and FNPC
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bands indicate that the cellulose is type I, which is in 
agreement with XRD analysis. The absorption intensity 
of broad O-H bands increased in NPC and FNPC with a 
slight shift in the bands, indicating the establishment of 
hydrogen bonds between NHAP and NC [40]. Also, the 
crosslinking between ferric ions and hydroxyl groups of 
NPC composite was proven from the stretching of Fe-O-
C bond at 1080 cm−1 and Fe-O bond at 563 cm−1,which 
are responsible for nanocomposite stability [36, 41]. Fig-
ure 1e shows FTIR spectra after the SO adsorption. The 
band around 3300 cm−1 displays the presence of –NH2 
group of Safranin-O. Also, the peak around 3000 cm−1 is 
due to –N-H group of SO. It was observed that the bands 
of the main adsorbents shifted and their transmittance 
decreased after the SO adsorption, proving the successful 
adsorption process [42, 43].

The calculated point of zero charge (pHPZC) values for 
NHAP, NC, NPC, and FNPC is 7.3, 7.4, 8.6, and 8.1, 
respectively, as displayed in Fig. S1b and listed data in 
Table 1.

Figure 2a-d shows the SEM micrographs of the pre-
pared solid samples (NHAP, NC, NPC, and FNPC), while 
SO adsorbed FNPC is displayed in Fig. S1c. Particles of 
nanohydroxyapatite had clearly defined spherical shape, 
small size, and agglutinated form. Nanocellulose surface 
depicted a regular porous nanostructure with homogene-
ously distributed individual crystalline particles due to 
the removal of amorphous components during the bleach-
ing and delignification processes, which coincided with 
XRD and nitrogen adsorption data, confirming the ideal 
preparation of cellulose nanoparticles. In the case of 
NPC, we observed cohesively organized NC in NHAP 
structure with a systematic arrangement, evidencing the 
effective interaction between NHAP and NC [34]. Ferric 
ions caused shrinking and blanking of FNPC structure, 
decreasing the coagulation of particles, and producing 
more homogenous particles. In the case of SO adsorbed 
FNPC (Fig. S1c), Safranin-O was adsorbed by FNPC and 
aggregated over the pore cavity of FNPC. Also, Safranin-
O appeared as white spots and showed a smooth surface 
[44].

TEM images are displayed in Fig. 2e, f, g and h for 
NHAP, NC, NPC, and FNPC, respectively, while TEM 

histogram is shown in Fig. S1d. TEM images indicate the 
better uniformity in the structure, porosity, shape, nano-
sized particles, and distribution. NC showed a packed 
structure due to the existence of intramolecular and inter-
molecular hydrogen bonding and Van der Waals forces 
[22]. The average size of NHAP, NC, NPC, and FNPC is 
about 11, 15, 29, and 45 nm, respectively.

3.2 � Adsorption of Safranin‑O onto the solid 
adsorbents

3.2.1 � Effect of nanoadsorbent dosage

The effect of increasing the applied adsorbent masses on the 
adsorption capacity to choose the suitable mass of adsor-
bent during the adsorption of Safranin-O was studied. Fig-
ure 3a depicts the effect of adsorbent dosage (0.2–2.2 g/L) 
on the adsorption capacity (qe, Eq. 5) using 25 mL of 300 
mg/L SO solution, for 24 h, and at 25 ℃. Increasing the 
adsorbent masses from 0.2 to 1.4 g/L is accompanied by a 
high increase in the adsorption capacity (3.0, 5.7, 1.9, and 
2.3 times for NHAP, NC, NPC, and FNPC, respectively) 
due to the rapid increase of surface functional active adsorp-
tion sites with increasing the weight of the solid adsorbents 
[11]. Only about 7–14 mg/g increase was observed as the 
adsorbent dosage increased from 1.4 to 2.0 g/L. At adsorbent 
dosage > 2 g/L, there is no evident effect on the adsorption 
capacities owing to the equilibrium establishment at a lower 
SO concentration in the adsorption solution. According to 
the obtained results, 2 g/L was chosen as the optimum adsor-
bent dosage value.

3.2.2 � Effect of pH

The pH of solution influences the adsorption process and 
determines the surface charge of adsorbent and the adsorbate 
state in the solution. The pH effect on the adsorption of cati-
onic SO onto the solid adsorbents was performed by using 
pH in the range (2–10), 25 mL of 300 mg/L SO solution, 
0.05 g of adsorbent, for 24 h, and at 25 ℃. Figure 3b dis-
plays the pH effect on the adsorption capacity (qe, Eq. 5) of 
adsorbents where qe increased from 18.7, 11.8, 29, 49 mg/g 
to 60.8, 39.2, 88.2, and 114 mg/g for NHAP, NC, NPC, and 
FNPC, respectively, through pH values from 2 to 10. This 
is related to the increase in electrostatic attraction between 
adsorbent sites and Safranin-O dye and, also, the decrease in 
protonation of the adsorbent surface with raising pH value 
(pH > pHPZC). H3O+ ions competed with the cationic groups 
of SO dye at a lower pH (pH < pHPZC), resulting in decreas-
ing the removal percent [12]. From the previous results, the 
adsorption efficiency increased at the higher basic medium 
and decreased at the higher acidic medium, depending on 

Table 1   Point of zero charge and textural parameters for NHAP, NC, 
NPC, and FNPC

Sample pHPZC SBET (m2/g) VT (cm3/g) r(nm) Icr

NHAP 7.3 211.24 0.428 8.10 94.1
NC 7.4 81.76 0.158 7.73 78.5
NPC 8.6 282.66 0.565 8.00 87.3
FNPC 8.1 358.32 1.101 12.29 82.9
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the pHPZC (7.3, 7.4, 8.6, and 8.1 for NHAP, NC, NPC, and 
FNPC, respectively).

3.2.3 � Effect of contact time and adsorption kinetic models 
studies

The effect of shaking time on the removal of cationic organic 
dyes by adsorption is an important factor to investigate the 
equilibrium time and adsorption kinetics. The optimum 
equilibrium time was studied by elucidating the contact 

time (h) against adsorption capacity (mg/g) at 25 ℃ in the 
range of 2–30 h as shown in Fig. 3c. The adsorption of SO 
sharply increased at the beginning time due to the abun-
dance of adsorption active sites onto the solid adsorbents 
[8]. Safranin-O adsorption increased until adsorption equi-
librium time was attained after 14 h for NHAP, NC, and 
NPC while after 20 h in the case of FNPC. After the equi-
librium time, the uptake of SO remained unchanged due 
to the saturation of adsorbent surface with SO molecules. 
Figure 3d-e illustrates the PSO (Eq. 10) and Elovich (Eq. 12) 

Fig. 2   SEM (a, b, c, and d) and TEM (e, f, g, and h) images for NHAP, NC, NPC, and FNPC, respectively



4768	 Biomass Conversion and Biorefinery (2024) 14:4759–4776

1 3

linear plots, respectively, while PFO (Eq. 7) linear plot is 
represented in Fig. S2. Kinetic model parameters for SO 
adsorption onto the solid samples are reported in Table 2. 

Upon analysis of results in Table 2, (i) the adsorption of 
SO onto all the adsorbents fitted well the kinetic model 
of pseudo-second-order according to the slight difference 

Fig. 3   Effect of nano-adsorbent dosage (a), pH effect (b), shaking time effect (c), pseudo-second order kinetic (d), and Elovich (e) plots for the 
adsorption of SO onto NHAP, NC, NPC, and FNPC at 25 ℃
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between the Langmuir adsorption capacities (qm) and cal-
culated values (qe) (8.4, 0.8, 3.2, and 3.9% for NHAP, NC, 
NPC, and FNPC, respectively), in addition to the higher cor-
relation coefficients (0.9945–0.9996). (ii) Besides the high 
difference between qe and qm values (69.8, 49.9, 29.8, and 
30.1% for NHAP, NC, NPC, and FNPC, respectively), the R2 
values (0.9711–0.9842) obtained from PFO model are less 
than that of PSO model, proving that Safranin-O adsorption 
onto the prepared samples did not follow PFO model. (iii) 
The rate constants (K2) for PSO kinetic model located in the 
range 0.0010–0.0156 g/mg.h and the higher rate constants of 
NHAP and NC may be related to the higher attraction force 
between chemical functional groups present on the solid 
surface and the cationic SO dye. (iv) Coefficients of deter-
mination (R2 > 0.9574) in Elovich model confirm the well 
fitted equation. α and β values present in the range between 
38.24–318.19 mg/g.h and 0.0269–0.1824 g/mg, respectively, 
indicate that the adsorption equilibrium and surface cover-
age for NHAP and NC are confirmed in a very short time.

3.2.4 � Effect of initial Safranin‑O dye concentration

The equilibrium adsorption isotherm explains the behav-
ior of interaction between the active sites of adsorbent 
and adsorbate ions. As analyzed in Fig. 4a-d, the effect 
of different adsorption temperatures (25, 32, and 40 ℃) 
on the removal of SO onto NHAP, NC, NPC, and FNPC 
was studied using 2 g/L of adsorbent mass, 24 h shaking 
time, pH 7, and 40–700 mg/L of initial SO concentra-
tion based on the adsorption capacity of solid samples. 

Figure 4a-d discusses that SO adsorption highly raised at 
a lower initial concentration, indicating that SO dye mole-
cules had very high affinity for the prepared adsorbent sur-
face, leading to complete adsorption in the diluted solution 
of dye. Adsorption was stable at a high initial concentra-
tion which is related to coverage of all the available active 
sites. Four isotherms, namely, Langmuir, Freundlich, 
Temkin, and Dubinin–Radushkevich models (Eqs. 14, 17, 
19, and 23, respectively), were applied to illustrate the 
obtained experimental adsorption equilibrium results as 
reported in Table 3.

As displayed in Fig. 4e-h, adsorption of SO onto all the 
prepared solid adsorbents fitted well Langmuir adsorp-
tion model according to the higher correlation coefficients 
(0.9962–0.9998). Adsorption capacity of FNPC > NPC > 
NHAP > NC at 40 ℃ (239.23, 125.79, 81.37, and 51.79 
mg/g, respectively), as at the other temperatures, is attrib-
uted to the incorporation of many chemical functional 
groups on FNPC surface. FNPC is characterized by its 
higher specific surface area (358.32 m2/g) and the pres-
ence of many chemical functional groups which enhance 
the surface attraction of Safranin-O. The presence of Fe+3 
as Lewis acidic groups raises the tendency to nitrogen 
Lewis basic groups of dye. The enhancement of adsorption 
capacities with the increase in temperature revealed the 
endothermic adsorption processes in all cases. The values 
of Langmuir binding constant (b, L/mg) that express the 
energy of adsorption follow the sequence NHAP > NC 
> NPC > FNPC at 40 ℃, implying the higher affinity of 
binding strength between NHAP and SO. Moreover, the 

Table 2   Pseudo-first, pseudo-
second order, Elovich kinetic 
models, and thermodynamic 
parameters for adsorption of 
SO onto NHAP, NC, NPC, and 
FNPC at 25 ℃

Models Parameters NHAP NC NPC FNPC

PFO qm (mg/g) 59.59 40.68 96.06 132.45
qe (mg/g) 18.00 20.38 67.48 92.54
k1 ( h−1) 0.1583 0.1438 0.2164 0.1664
R2 0.9711 0.9827 0.9842 0.9832

PSO qe (mg/g) 54.59 41.02 92.94 137.80
k2 (g/mg.h) 0.0156 0.0102 0.0022 0.0010
R2 0.9996 0.9982 0.9945 0.9973

Elovich α (mg/g.h) 318.19 101.20 38.24 54.67
β (g/mg) 0.1824 0.1593 0.0478 0.0269
R2 0.9872 0.9909 0.9574 0.9862

Thermodynamic 
parameters

R2 0.9941 0.9999 0.9611 0.9947
ΔH° (kJ/mol) 31.00 22.27 34.54 32.31
ΔS° (kJ/mol.K) 0.114 0.083 0.124 0.121
‒ΔG° (kJ/mol) 25 ℃ 3.104 2.367 2.195 3.726

32 ℃ 3.978 2.949 3.435 4.501
40 ℃ 4.822 3.608 4.055 5.538

Kd 25 ℃ 3.50 2.60 2.42 4.50
32 ℃ 4.80 3.20 3.88 5.90
40 ℃ 6.38 4.00 4.75 8.40
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Safranin-O adsorption onto NHAP became stronger [29], 
and the results were also confirmed by α and β parameters 
calculated from Elovich kinetic model and rate constant 
of PSO model (K2). Since NC possesses high crystallin-
ity, the hydrophilic amorphous region that is responsible 
for the adsorption of water-soluble SO dye is less than the 
crystalline region, resulting in the low adsorption capac-
ity of NC [45]. The RL values that were calculated from 
Eq. 15 based on Langmuir constant are more than 0.0301 
and less than unit, proving the favorable adsorption of SO 
onto the studied adsorbents.

Freundlich plots for SO adsorption onto NHAP, 
NC, NPC, and FNPC at 25, 32, and 40 ℃ are shown in 

Fig. S3a–d. Upon inspection of data in Table 3, the cal-
culated R2 values are higher than 0.9121, indicating the 
good application of Freundlich model. KF values raised 
with temperature for all the samples as with qm of Lang-
muir isotherm. The 1/n values ranged between 0.1401 
and 0.4135 (0.1 < 1/n < 1.0), confirming that the adsorp-
tion process is favorable, successful, and rapid. On the 
other hand, the 1/n values are less than 1, pointing out 
physisorption mechanism [46].

Temkin isotherm model was studied at various tempera-
tures (25, 32, and 40 ℃) as depicted in Fig. 5a-d to explain 
the adsorption of Safranin-O dye onto the synthesized solid 
adsorbents. The estimated equilibrium binding constants 

Fig. 4   Adsorption isotherms of SO (a, b, c, and d) and Langmuir plots (e, f, g, and h) for NHAP, NC, NPC, and FNPC, respectively at 25, 32, 
and 40 ℃
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(KT) raised with temperature, confirming the endothermic 
nature of adsorption and the improvement of adsorption at 
higher temperature [47]. The higher values of correlation 
coefficient (0.9038–0.9985) illuminate the great fitting of 
Temkin adsorption isotherm model. The Temkin parameters 
values ranged between 123.57 and 449.46 J/mol (bT < 8000 
J/mol), evidencing the dominance of physical adsorption 
[48].

Figure 5e-h represents the linear plots of Dubinin–Radu-
shkevich model for SO adsorption onto the solid adsor-
bents at different temperatures, and data are summarized in 
Table 3. Besides the small variance (1.2–10.7%) between the 
adsorption capacities ( qDR ) of Dubinin–Radushkevich model 
and qm of Langmuir model, the higher regression coeffi-
cient values (R2 > 0.9346) exhibited the perfect suitabil-
ity of Dubinin–Radushkevich model. This isotherm model 
is used to differentiate between the chemical and physical 
nature of adsorption process using the mean energy values of 
adsorption (EDR, kJ/mol). Whereas when EDR values are less 
than 8 kJ/mol, the adsorption correlates to physical adsorp-
tion, but chemisorption is achieved if the values are in the 
range of 8–16 kJ/mol. As mentioned in Table 3, EDR values 
lie between 0.0352 and 0.1458 kJ/mol, revealing the phys-
isorption and monolayer–multilayer coverage of SO onto the 
prepared adsorbents at all the utilized temperatures [46, 49]. 
The previous data imply that SO adsorption onto NHAP, 
NC, NPC, and FNPC fitted well the four applied isotherm 
models at 25, 32, and 40 ℃. Moreover, the experimental 

isothermal data correlated with the data of Elovich and PSO 
kinetic models.

3.2.5 � Thermodynamic parameters

The enthalpy change (∆H°) and entropy change (∆S°) for 
SO adsorption were calculated from Van’t Hoff equation 
(Eq. 27, Fig. 6a), while the free energy change (∆G°) was 
evaluated using Eq. 26, and these parameters are listed in 
Table 2. Upon analysis of thermodynamic data in Table 2, 
(i) the positive change in ∆S° values ranged between 0.083 
and 0.124 kJ/mol.K, reflecting that the organization of 
Safranin-O at the solid/solution interface became more ran-
dom [49]. (ii) The positive enthalpy change values affirm 
the endothermic nature of the adsorption of Safranin-O 
onto the investigated samples. (iii) The negative ∆G° val-
ues prove the favorability and spontaneity of SO adsorption 
at all the temperatures onto all the prepared samples. (iv) 
The increase in positive Kd and negative ∆G° values with 
temperature showed the improved adsorption at a higher 
temperature. (v) The calculated ∆G° values in the range 
–2.195 to –5.538 kJ/mol indicate the physical adsorption 
process, where physisorption occurs at ∆G° values in the 
range from 0 to –20 kJ/mol, and the values of ∆G° for 
chemical adsorption are between – 400 and – 80 kJ/mol 
[47]. Further, the values of ∆H° lie between 22.27 and 
34.54 kJ/mol (< 40 kJ/mol), implying the physisorption 
of SO onto the studied adsorbents [25]. (vi) The higher 
correlation coefficients (0.9611–0.9999) of Van’t Hoff plot 

Table 3   Langmuir, Freundlich, Temkin, and Dubinin–Radushkevich parameters for adsorption of SO onto NHAP, NC, NPC, and FNPC at 25, 
32, and 40 ℃

Parameters NHAP NC NPC FNPC

25 ℃ 32 ℃ 40 ℃ 25 ℃ 32 ℃ 40 ℃ 25 ℃ 32 ℃ 40 ℃ 25 ℃ 32 ℃ 40 ℃

Langmuir
qm (mg/g) 59.59 72.41 81.37 40.68 45.54 51.79 96.06 99.11 125.79 132.45 142.04 239.23
b (L/mg) 0.0751 0.0964 0.2042 0.0891 0.1324 0.1898 0.0251 0.0952 0.0817 0.0624 0.1611 0.0642
RL 0.1175 0.0940 0.0467 0.1009 0.0702 0.0501 0.1659 0.0499 0.0577 0.0742 0.0301 0.0722
R2 0.9967 0.9993 0.9998 0.9994 0.9993 0.9987 0.9998 0.9998 0.9982 0.9962 0.9995 0.9991
Freundlich
1/n 0.2394 0.1974 0.1622 0.2750 0.1982 0.1422 0.4135 0.1558 0.1478 0.2365 0.1401 0.1956
KF (L1/n.mg1−1/n.g−1) 17.538 26.521 37.548 10.303 17.148 25.770 9.217 44.715 53.447 36.433 68.482 81.434
R2 0.9121 0.9709 0.9498 0.9337 0.9606 0.9936 0.9410 0.9454 0.9937 0.9909 0.9605 0.9525
Temkin
bT (J/mol) 231.46 235.65 253.80 347.64 394.18 449.96 123.82 224.41 176.13 123.57 256.11 174.03
KT (L/g) 2.209 4.430 21.414 1.629 7.250 50.178 0.272 12.584 17.768 3.280 1221.935 1613.060
R2 0.9464 0.9828 0.9698 0.9822 0.9853 0.9985 0.9909 0.9672 0.9984 0.9886 0.9038 0.9182
Dubinin–Radushkevich
qDR(mg/g) 55.23 68.84 79.45 38.51 43.44 49.75 85.80 96.70 122.86 125.47 140.32 224.63
EDR (kJ/mol) 0.0915 0.0867 0.1266 0.0887 0.1158 0.1458 0.0352 0.0581 0.0522 0.0512 0.0782 0.0721
R2 0.9947 0.9972 0.9562 0.9841 0.9806 0.9346 0.9936 0.9963 0.9778 0.9617 0.9954 0.9806
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confirm the good application of this model. (vii) ∆H° and 
∆S° trend (NPC > FNPC > NHAP > NC) may be related 
to the increase in disorder and endothermic nature onto 
NPC surface. Also, ∆G° values at 32 and 40 ℃ for FNPC 
> NHAP > NPC > NC may belong to the more favorable 
spontaneous adsorption of SO onto FNPC surface com-
pared with the other studied adsorbents.

3.3 � Desorption study and solid adsorbent 
reusability

Figure 6b shows the desorption of SO from FNPC sur-
face using different solvents, and desorption efficien-
cies (D.E%) were calculated by Eq. 28. It was observed 
the desorption efficiency for HCl (0.03 mol/L) > H2SO4 

Fig. 5   Temkin (a, b, c, and d) and linear Dubinin–Radushkevich plots (e, f, g, and h) for the adsorption of SO onto NHAP, NC, NPC, and 
FNPC, respectively at 25, 32, and 40 ℃
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(0.03 mol/L) > CH3COOH (0.03 mol/L) > C2H5OH 
(95%) > H2O (92.8, 71.0, 32.2, 25.6, and 9.5%, respec-
tively). HCl and H2SO4 (inorganic solvents) demonstrate 
the maximum desorption efficiency because the anionic 
functional groups of FNPC tend to adsorb the cationic 
protons of inorganic solvents but not the cationic groups 
of Safranin-O dye. Moreover, HCl and H2SO4 have 
higher polarity and protons than the other used solvents.

The reusability of FNPC was tested after five cycles 
of Safranin-O sorption as shown in Fig. S4. It is revealed 
that FNPC is reusable even after five cycles of adsorption/
desorption where only 7.8% of its adsorption efficiency 
decreased. The decrease in adsorption efficiency may be 
related to the coagulation of solid adsorbent particles, 
which is responsible for the decrease in specific surface 

area and the expected loss of some surface chemical func-
tional groups [30].

3.4 � Comparison of FNPC with other adsorbents

The Langmuir adsorption capacity (qm, mg/g) value of 
FNPC for adsorption of SO is 239.23 mg/g at 40 ℃ that 
is higher than that of the various adsorbents mentioned 
in Table 4, considering the used adsorption conditions 
in each article [12–14, 42, 50–54]. We can conclude that 
FNPC as a green prepared material with a higher spe-
cific surface area (358.32 m2/g), higher total pore volume 
(1.101 cm3/g), and the presence of Lewis acidic surface 
chemical functional groups is a promising solid material 
for the removal of Safranin-O from wastewater.

Fig. 6   Van’t Hoff plot (a) for all the studied solid adsorbents and desorption of SO from FNPC using different solvents (b)

Table 4   Comparison of 
maximum Langmuir adsorption 
capacity of FNPC with other 
solid adsorbents

Adsorbents Adsorption conditions qm (mg/g) References

Heulandite 25 ℃, 4 h, pH 4 41.66 [12]
NBT 25 ℃, 1.5 h, pH 7 32.26 [13]
LN-g-PAA 25 ± 2 ℃, 3.75 h, pH 7 138.88 [14]
SDS/RM 35 ℃, 0.75 h, pH 4 89.47 [42]
Peanut shell-based polyurethane foam 60 ℃, 5 h, pH 9 23.58 [50]
Natural Iraqi palygorskite 27 ± 2 ℃, 0.5 h, pH 7 200.00 [51]
Soybean hull 50 ℃, 1.5 h, pH 8 29.49 [52]
SMABT 25 ℃, 24 h, pH 7 90.90 [53]
MSep nanocomposite 25 ℃, 0.5 h, pH 7 18.48 [54]
FNPC 40 ℃, 24 h, pH 7 239.23 [This study]
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4 � Conclusion

Four nano-solid adsorbents, nanohydroxyapatite 
(NHAP), nanocellulose (NC), nanocellulose/nanohy-
droxyapatite composite (NPC), and ferric@nanocellu-
lose/nanohydroxyapatite composite (FNPC), were suc-
cessfully prepared from sea scallop shells for NHAP 
and cotton stalks for NC as by-products natural sources 
based on green synthesis procedures. The prepared solid 
nano-adsorbents were characterized by different phys-
icochemical techniques and exhibited high thermal sta-
bility up to 800 and 350 ℃ in the case of NHAP and 
NC, respectively, high crystallinity (78.5–94.1%), porous 
nature, high specific surface area (81.76–358.32 m2/g), 
and nano-structure. Adsorption of Safranin-O onto all the 
prepared solid materials was investigated, while FNPC 
exhibited the maximum adsorption capacity (qm, 239.23 
mg/g) at an adsorbent dosage of 2 g/L, 24 h of equilib-
rium shaking time, and 40 ℃. The incorporation of Lewis 
acidic centers (Fe+3) on a higher specific surface area 
of composite will act as created attractive sites for SO 
ions from the aqueous medium. The adsorption process 
was well fitted with different adsorption, kinetic, and 
thermodynamic models which confirm the endothermic, 
spontaneous, physisorption, and favorable process. To 
investigate solid adsorbent sustainability, SO desorption 
was studied using different eluents from the surface of 
FNPC. Maximum desorption efficiency was confirmed 
by using 0.03 mol/L HCl (92.8%). The higher reusability 
of FNPC was tested after five cycles of SO adsorption/
desorption and exhibited a decrease in its adsorption 
capacity by only 7.8%. The previous study concluded 
that nanocellulose/nanohydroxyapatite and its ferric 
decorated form are very promising solid materials in 
environmental applications; especially, it is green mate-
rial prepared from natural solid waste as scallop shells 
and cotton stalks.
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