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Abstract
This study aims to employ clam powder as an environmentally acceptable sorbent to capture lead(II) from an aquatic 
media. Mussel Brachidontes variabilis “Mytilus arabicus” shells collected from the intertidal zone of the Gulf of Suez for 
producing shellfish powder (SFP). Before and after lead loading, SFP sorbent was characterized using X-ray fluorescence 
(XRF), Fourier transform infrared (FT-IR) spectra, transmission electron microscope (TEM), scanning electron microscope 
(SEM) equipped with energy dispersive X-ray (EDS), and X-ray diffraction (XRD). Maximum Pb(II) ion removal capacity 
of SFP sorbent was done as a function of shacking duration interval, SFP particle size, pH, Pb (II) ion concentration, SFP 
dose, temperature, and agitation rate. Numerous mathematical kinetic and isothermal approaches were used to equilibrium 
experimental data to validate the highest bio-sorption capabilities of SFP (in mg g-1). Optimal conditions were determined 
to be 90 min, 0.063 mm SFP particle size, pH 5.5, 130 mg L-1 Pb(II) ions in 50 mL solution, 0.05 g SFP, 25o C, and 250 
rpm. In this sorption process, the Qasi-1st order and monolayer Langmuir isothermal simulations were prominent. In terms 
of thermodynamics, the capturing of Pb (II) by SFP was spontaneous (−ΔGo), endothermic (+ΔHo), and highly disordered 
at the interface of phases (+ΔSo). In addition, SFP sorbent was used well to uptake Pb ions from effluents wastewater and 
various water matrices.
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1  Introduction

Water is a vital resource for our culture. In addition to 
being important for life and economic growth, water is a 
fundamental component in the production of practically 
everything that keeps civilization alive, such as energy, 
food, clothes, automobiles, and electronics, to name a few 
examples. In addition to relieving our thirst, it is therefore a 
vital element of our life. Moreover, our future economy and 
security are greatly dependent on the supply of pure water. 
However, despite its crucial significance, the global supply 
of renewable freshwater is limited and there is no replace-
ment. Population and economic expansion, urbanization, and 
climate change intensify the growing strain on freshwater 
resources. Consequently, society must immediately discover 
scientific and technical ways to manage our valuable water 
supplies more effectively.

Lead(II) ions are a hazardous metal that occurs naturally 
in the crust of Earth. The excessive use of lead in human 
actions, including fossil fuels combustion, mining, batteries, 
paints, and other manufacturing, increased the quantity of 
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lead in the environment, posing a significant danger to global 
public health. It is a systemic toxin that causes anemia, renal 
dysfunction, brain tissue damage, and even death in severe 
cases of poisoning. Due to the neurotoxicity of lead, kids 
who live with severe lead harm may be left with intellectual 
impairment and behavior problems [1]. Depending on the 
World Health Organization (WHO) recommendations, the 
maximal tolerable lead content in drinkable water is 0.01 
mg L-1 [2].

Before releasing industrial wastewater effluents into the 
ecosystem, the rising worldwide public health concerns 
linked with the environmental pollution by many heavy 
metals motivate the development of a treatment technique 
capable of minimizing these metals [3]. Numerous tech-
niques have been investigated for the development of more 
effective and economical technologies, either by decreas-
ing the quantity of wastewater produced or the enhance-
ment of the quality of effluents [4]. To eliminate metals 
from industrial wastewater, a variety of separation and 
treatment processes are routinely used. Adsorption is by 
far the most adaptable and prevalent approach for remov-
ing Pb and other metal ions, but ion exchange, precipita-
tion, electro-dialysis, and reverse osmosis are also com-
monly utilized. Using living or nonliving bio-materials for 
the capturing of heavy metal from an aquatic medium is 
one of the more modern methods due to its broad area of 
target contaminants, high adsorption efficacy, eco-friendli-
ness, and cheap rate. Several researchers have investigated 
this technique as a promising alternative compared with 
other techniques for heavy metal uptake from wastewater 
effluents [5–9].

Hazelnut shells, pecan shells, jackfruit, maize cob, rice 
husk, and husk may be utilized as toxic metal ions adsor-
bents [4]. In addition, researchers have used a variety of 
mollusk shells as natural sorbents for the capturing of metals 
[ (10–12)]. More than 95% of molluscan shells are composed 
of CaCO3, with tiny amounts of protein, SiO2, and polysac-
charides [13–15].

The little intertidal bivalve Brachidontes variabilis 
belongs to the Mytilidae family, Mytilida order, Bivalvia 
class, and Mollusca phylum. It attaches itself to rigid sur-
faces in the midlittoral region by abyssal filaments, gener-
ating mytilid beds that may spread enormous densities by 
covering a vast geographical area. Its geographic range 
encompasses the Red Sea, Mediterranean Sea, Indian Ocean, 
and western Pacific Ocean according to several reports 
[16–20].

The shellfish powder (SFP) of the mussel Brachi-
dontes variabilis was employed as a natural, economic 
sorbent material for collecting lead(II) ions from aquatic 
medium and wastewater effluents. B. variabilis animals 
were selected as they are abundant and widely spread-
ing in the marine coastal area and can cultivate under 

aquaculture conditions. In addition, their shells can eas-
ily be handled and prepared, and their powder has several 
advantages including being eco-friendly and low cost. 
In the present study, various SFP sorbent characteris-
tics were examined to determine the best experimental 
circumstances. We examined the investigative kinetics, 
isothermal methods, and sorption process. Assessing 
the thermodynamic parameters (∆Ho, ∆Go, and ∆So). 
Also, the structural characteristics of SFP sorbent were 
defined.

2 � Experimental

2.1 � Preparation of shellfish powder

Living Brachidontes variabilis “Mytilus arabicus” mussels 
were gathered from the intertidal area of Egypt’s northern 
Gulf of Suez. The creatures were moved to the laboratory 
in plastic containers. The shells were removed from the soft 
tissues, then cleaned and rinsed to remove traces of flesh. 
The shells were then soaked for 24 h in double-distilled 
water, rinsed five times with double-distilled water (DDW), 
and dried at room temperature for up to 48 h. The sorbent 
material was then dried at 100° C in an oven. The shells 
were ground up in a laboratory blender (Fritsch Pulveri-
sette Mortar Grinder). The powders were sieved using a 
conventional set of sieves (FILTRA - Electromagnetic Sieve 
Shakers) to yield six distinct particle sizes (0.063, 0.125, 
0.25, 0.5, 1.0, and >2.0 mm). For the following studies, the 
powders were subsequently stored in clean, airtight poly-
ethylene bags [21–22].

2.2 � Characterization techniques

Using a Bruker S8 Tiger X-ray Fluorescence (XRF) instru-
ment, the powdered mussel was analyzed for its elemental 
structure. On a Bruker FT/IR Alpha-II, FT-IR spectra were 
scanned. The X-ray diffraction (XRD) investigations are 
performed using an XRD Siemens D5000 powder diffrac-
tometer equipped with Cu Kα radiation (λ = 0.15406 nm), 
a Ni-filter, 30 mA, and 40 kV. The diffractometer was run 
within the 2θ range of (10°–100°) by using a step size of 
0.05°/s. Japan’s JEOL JSM 6510-V electron microscope 
was used for transmission electron microscopy (TEM). 
The scanning electron microscope (SEM) with energy-
dispersive X-ray (EDS) measurement was conducted with 
a Field-Emission Scanning Electron Microscopy (model 
FESEM, Zeiss SEM Ultra 60, 5 kV) and an Energy Dis-
persive Analysis System of X-ray (Oxford). Pb(II) con-
centrations were evaluated by a flame atomic absorption 
spectrophotometer (AAS-Perkin Elmer, model Analyst 
100) to quantify Pb (II).



Biomass Conversion and Biorefinery	

1 3

2.3 � Sorption tests

Set sorption investigates were conducted to determine 
the influence of several factors, including contact time 
(5–180 min), sorbent particle size (0.063–2.0 mm), pH 
(2–7), initial concentration of Pb(II) (13–680 ppm), quan-
tity of sorbent (0.01–0.5 g), temperature (10–40 °C), and 
agitation rate (100–500 rpm), on sorption investigations. 
Using Whatman No. 1 filter paper, the adsorbate was 
separated from the sorbent, and the experimental condi-
tions were altered based on the investigated factor. By 
using the next equations (1–3), the lead removal efficacy 
(%) and capturing capacity (mg g-1) were computed at 
equilibrium and time t:

where qt (mg g-1) and qe (mg g-1) are the sorption capaci-
ties at time t and equilibrium, respectively, where the sorption 
and desorption rates become identical. Similarly, Ct and Ce 
(mg L-1) led (II) concentrations at time t and equilibrium 
conditions. Co, m, and V are the initial lead (II) concentration 
(mg L-1), the adsorbent’s mass (g), and the volume of solu-
tion (L), respectively.

Sorption isotherm was examined by differing ini-
tial Pb ions solution concentrations (13–680 mg L-1). 
Suspension of 0.05 g SFP and 50 mL of solution was 
agitated at 250 rpm shaking rate; pH 5.5, at tempera-
ture 25o C, using < 0.063 mm SFP particles size for 
90 min were sufficient to attain equilibrium condition 
[23, 24].

2.4 � Applications

Industrial wastewater “obtained from the Adabiya 
wastewater treatment plant, Gulf of Suez, Egypt,” tap 
water, different percentages of seawater (25, 50, 75, 
and 100%), and deionized water (DIW) were used to 
assess the ability of SFP sorbent in removing Pb(II) 
ions, under optimization conditions (90 min contact 
period, pH 5.5, 130 Pb mg L-1, 0.05 g of SFP sorbent, 
250 rpm, and 0.063 mm SFP particles size at 25 °C), 
in 50 mL solution. As a control, DIW having the same 
quantity of Pb(II) was generated for determining the 
effect of industrial effluent and seawater components 
on Pb(II) capturing.

(1)Pb removal (%) =
Co − Ce

Co

× 100%

(2)qe =
(

Co − Ce

)V

m

(3)qt =
(

Co − Ct

)V

m

3 � Results and discussion

3.1 � SFP sorbent characterizations

XRF indicated that the processed clam powder had 50.29% 
CaO, 0.24% SiO2, 0.53% Al2O3, 0.16% MgO, 0.35% 
SO3, 0.01% K2O, 0.22% Na2O, 0.05% P2O5, 0.01% TiO2, 
0.01% MnO3, and 48.3% LOI (loss of ignition). Accord-
ingly, the SFP (unloaded and loaded Pb ions) composition 
was scanned using EDS, which proved the existence of 
Ca, O, C, Mg, Na, K, Al, Si, S, and P in its structure and 
accompanied the capture of Pb(II) ions on the SFP sorbent 
(Fig. 1). The TEM micrographs of B. variabilis shell pow-
der (Fig. 1a) indicated that its surface is uneven and hetero-
geneous [22, 25]. The observed considerable changes in the 
particle size of the SFP sorbent after lead adsorption veri-
fied the replacement of lead ions in carbonate phase lattice 
via ion exchange mode (Fig. 1b), as well as the lead(II) ion 
adsorption from aquatic solutions onto SFP particles [26]. 
Previously, many investigations have studied this behavior 
using aquatic sorbents after metal sorption [22, 27–32]. In 
this context, the color of the SFP powder slightly changed 
after Pb loading from beige to slightly dark beige (Fig. 1e 
and 1f). SEM scans of the current sorbent revealed two dis-
tinct sections (dark and white zones). The black regions are 
mostly composed of proteins having high concentrations 
of oxygen, carbon, and sulfur, while the white portions 
are often composed of inorganic compounds holding high 
concentrations of phosphorus and calcium [33–34].

EDS pattern of the raw SFP surface demonstrated the 
lack of the distinctive Pb(II) peak (Fig. 1c), while SFP-
loaded Pb(II) ions presented the characteristic Pb(II) peak 
(Fig. 1d), demonstrating the presence of lead on the SFP 
surface [22]. In general, the presence of Pb-specific post-
sorption peaks shows the linkage of metal ions with the 
sorbent surface. Accordingly, based on the findings of the 
EDS examination, there are influential and plausible rea-
sons for Pb ions capturing by the SFP sorbent [35]. The 
amount of the sorbed metals correlates directly with the 
intensity of respective EDS signals [36]. In addition, the 
Pb ions percent loaded onto the sorbent surface is around 
3.6%, which replaced the principal cations (Ca, Mg, K, and 
Na), particularly Ca, which was reduced by 3.4% (Fig. 1b). 
To confirm this phenomenon, the level of the major cations 
was measured using an atomic absorption spectrophotom-
eter in the samples of the sorption experiment conducted 
under optimum conditions versus the control, confirming 
the presence of Ca and Mg in the solution after the removal 
process by approximately 1.98 and 0.03%, respectively, and 
a concurrent decrease in their level in EDS. This study sug-
gested that Pb ions can substitute for the main components 
Ca and Mg.
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The clam powder was analyzed by FTIR spectroscopy 
before and after Pb adsorption (Fig. 2a and b). The C–O 
stretching of CaCO3 assigned three different vibrational 
bands at 710.94(s), 857.54(m), and 1451.04(s) cm-1, and the 
band at 1081.08(l) cm-1 is associated with the symmetric 
mode of carbonate ion [37]. After the adsorption of Pb, the 

band peaks move slightly to 709.29, 857.18, 1080.76, and 
1447.08 cm-1, respectively. However, the difference between 
these bands may result from the replacement of Pb ions on 
the SFP sorbent [22].

Figure 3 shows the XRD patterns of raw SFP and 
loaded Pb(II)-SFP. The figure exhibits 16 typical peaks 

Fig. 1   TEM images before (a) 
and after (b) Pb ions sorption; 
SEM images and correspond-
ing EDS spectra before (c) and 
after (d) Pb ions sorption; and 
powder of the SFP sorbent 
before (e) and after (f) Pb ions 
sorption. Inserts: Elemental 
composition (weight %)
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organized at 2θ between 26.0o and 53.0o for the raw 
SFP, indicating full agreement of shellfish powder 
with aragonite CaCO3 [37] with a minimal amount of 
other elemental components. New peaks at 2θ (20.95o, 
24.85o, and 34.30o) were found in the loaded SFP after 
the adsorption procedure, which may be related to the 
presence of Pb ions.

3.2 � Batch capture of Pb(II)

3.2.1 � Influence of contact time

Time of adsorption is crucial for achieving maximal 
metal removal capability in water treatment operations 
[38]. In this investigation, Pb(II) ion absorption increased 

Fig. 2   IR spectra of SFP sorbent 
before (a) and after (b) loading 
Pb (II) ions 
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progressively over 90 min to approach equilibrium (Fig. 4a). 
In the subsequent sorption experiments, the equilibrium 
contact period was thus established at 90 min. The impact 
of contact time on capturing Pb(II) onto SFP sorbent was 
simulated by varying the starting concentrations of Pb ions 
(130, 260, and 520 mgPb L-1). The obtained data demon-
strated that the SFP sorbent removed nearly all of the Pb 
ions from concentrations of 130 and 260 mgPb L-1 at sorp-
tion capacities of 129.38 and 259.21 mg g-1, respectively, 
and removed approximately 50% from a solution of 520 Pb 
mg L-1 at a capturing capacity of 259.87 mg g-1 and reached 
equilibrium at 90 min (Fig. 4b). This result indicated that 
the researched sorbent (powdered shells of the mussel B. 
variabilis) could remove Pb ions from aqueous solution at 
a maximum sorption capacity of about 260 Pb mg g-1 sorb-
ent under the optimal conditions mentioned in the current 
study.

3.2.2 � Influence of particle size of SFP sorbent

To determine the optimal size of the SFP particle for the 
adsorption equilibrium, a constant quantity of 0.05 g of 
SFP sorbent of various sizes of the particle (0.063 to > 2.0 
mm) was introduced to 50 mL of 130 Pb mg L-1, contact 
period of 90 min at 25 oC, agitation rate of 250 rpm and 
pH of 5.5. Figure 5 depicts the influence of SFP sorbent 
particle size on the capturing efficacy of Pb(II) from an 
aqueous solution by SFP sorbent. A notable drop in Pb 
(II) sorption efficacy was marked when the size of the 
particle increased from 0.063 to > 2.0 mm. Fine parti-
cles (silt and clay) had the higher removal percentage (~ 
99.5%), whereas other particle sizes (0.125–> 2.0 mm) 
had percentages ranging from 63.83 to 37.05 %. The 
greater uptake percentage obtained with smaller sizes 
of the SFP particle might be attributable to the fact that 
smaller particles had the highest specific surface area for 
removal, while as surface area decreased, the size of the 
particle increased [39, 40]. Due to the reduced particle 
size, the fragmentation of larger particles tends to create 
minute fissures and channels on the SFP surface, causing 
a greater surface area available for diffusion [41]. The size 

of a particle of 0.063 mm was preferred for the following 
trials owing to its high adsorptive performance relative to 
other SFP particle sizes.

3.2.3 � Influence of pH

Due to its impact not only on the reactivity of adsorptive 
sites on sorbents but also on the chemistry of metal in the 
solution, pH value has a significant effect on adsorption 
investigations [42]. The uptake of Pb(II) by SFP sorbent at 
pH values ranging from 2 to 7 was investigated for deter-
mining both its effect on the capturing effectiveness and the 
optimal pH value for Pb(II) uptake. The findings demon-
strated that the Pb(II) sorption increased with the pH of the 
solution until it attained a maximum at 5.5 and then reduced 
slowly until pH 7 (Fig. 6). From the 3 to 6 pH range, the 
adsorption capacity increased owing to a decrease in the 
competitive H+ ion action on Pb(II) and the increase in 
solubility of the sorbent, resulting in enhanced sorption. 
At pH values above 7, insoluble Pb(OH)2 precipitated [43]. 
Therefore, pH 5.5 was optimal for the following sorption 
tests of the SFP sorbent.

3.2.4 � Influence of initial concentration of Pb(II) ion

The quantity of metals removed is greatly depending on 
the starting level of metal ions. Figure 7 depicts the influ-
ence of starting Pb concentrations in the range of 13 to 680 
mg L-1 on the sorption process under the suggested condi-
tions. According to the adsorption capacity, the capturing of 
Pb(II) ions increased as the starting concentration of Pb(II) 
increased, reaching an equilibrium point at around 260 mg 
L-1 Pb ions. Regarding the Pb percent removal, Pb ions were 
eliminated (~ 99%) from 260 mg L-1 initial Pb concentration 
solutions and thereafter dropped to around 38 % in a 680 
mg L-1 Pb solution. This may be because the amount of Pb 
ions was higher than the number of active sites accessible 
for removal, resulting in rapid initial absorption of Pb ions 
at the sorption process’ onset [44, 45]. Consequently, 130 
mg L-1 Pb was preferred for future sorption experiments of 
SFP sorbent.

Fig. 3   X-ray diffraction of raw 
SFP (a) and SFP-loaded Pb(II) 
(b)
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3.2.5 � Influence of SFP dosage

The quantity of SFP sorbent is a crucial variable in treat-
ment research [46, 47]. Owing to the larger availability of Pb 
binding adsorptive sites of the surface area of SFP sorbent 

at higher amounts of adsorbent [24, 48], the capturing effi-
cacy of Pb(II) ions, in the current experiment, increases with 
rising sorbent dosage and decreasing adsorption capacity 
(Fig. 8). Consequently, 0.05 g SFP sorbent was used in the 
subsequent batch removal studies.

Fig. 4   a, b Influence of contact 
duration on the sorption of 
Pb(II) by SFP sorbent at differ-
ent concentrations (130, 260, 
and 520 mg L-1) (a) 

(b) 
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3.2.6 � Influence of temperature

Temperature parameter has a considerable impact on the 
removal process and is one of the major crucial factors for the 
effective sorption of heavy metal ions from aquatic systems. 
Figure 9 shows the elimination of Pb(II) by the SFP sorb-
ent between 10 and 40 degrees Celsius. At 25 and 30 °C, the 
greatest removal efficiency of Pb ions was 99.52 and 99.19%, 

respectively, with 129.38 and 128.95 mg g-1 of Pb sorption 
capacity. The elimination efficiency then decreased when the 
temperature rose over 30° C. With rising the temperature up 
to 30° C, it is known that the diffusion rate of adsorbate mol-
ecules inside pores increases due to a decrease in solution vis-
cosity, and that the equilibrium capturing capacity of SFP sorb-
ent for a specific adsorbate also modify. This is often owing to 
the aggregation of SPF particles at higher temperatures (above 

Fig. 5   Influence of the size of 
the particle on the capturing of 
Pb(II) ions by SFP sorbent

Fig. 6   Influence of pH on the 
adsorption of Pb(II) by SFP 
sorbent
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30° C) and the reduction in surface activity [49, 50]. There-
fore, temperatures between 25 and 30o C were preferred for the 
uptake of Pb from various aquatic environments.

3.2.7 � Influence of the rate of agitation

The rate of agitation is a crucial element in the sorption phe-
nomenon, as it impacts the spreading of the adsorbate in the 

bulk phase and the creation of the exterior boundary layer. In 
general, the elimination rate of ions is impacted by the agita-
tion rate, and metal absorption increased as the stirring rate 
rose [51]. Figure 10 illustrates the impact of agitation rate on 
Pb ion sorption. The design of the agitation curve indicates a 
small increase in Pb(II) removal as agitation speed increases. 
However, after 250 rpm there is no increment. With increas-
ing agitation rate, the potential sorption rises until it reaches 

Fig. 7   Influence of initial 
concentration on the sorption of 
Pb(II) by SFP sorbent

Fig. 8   Influence of sorbent 
amount on the adsorption of 
Pb(II) by SFP sorbent
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a rate limit beyond which there is no meaningful change 
[51]. As a result, the optimal agitation rate was found to be 
250 rpm, which was used in further tests.

3.2.8 � Equilibrium isothermal models

Isothermal models may give information on the interac-
tion performance of sorbent in the removal technique. 
This work gathered sorption equilibrium data for four 

well-known sorption isothermal models, namely Fre-
undlich, Langmuir, Dubinin-Radushkevich (D-R), and 
Temkin.

The Langmuir isothermal model permits monolayer 
adsorbate coverage on a homogenous adsorbent surface. 
Adsorption of each molecule on the surface of the sorbent 
has the same adsorption activation energy; each molecule 
may occupy just one adsorptive site without forming an 
interface with other adjacent adsorbed molecules or atoms 

Fig. 9   Influence of temperature 
on the capturing of Pb(II) by 
SFP sorbent

Fig. 10   Influence of agitation 
rate on the capturing of Pb(II) 
by SFP sorbent
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[52, 53]. The Langmuir isothermal formula is derived from 
Eq. (4):

where qmax (mg g-1) is the maximal amount of Pb (II) per 
weight unit of adsorbent, and b is the Langmuir constant 
(Lmg-1).

The linearized relation of Ce/qe vs Ce in Fig. 11a was 
constructed to calculate the maximum adsorbed quantity 
(qmax) and Langmuir binding constant (b), and the values of 
corresponding parameters are listed in Table 1.

Dimensionless constant separation factor (RL) is a neces-
sary characteristic of monolayer Langmuir isothermal; it can 
be defined by formula (5).

Depending on the value of RL, the nature favorability of 
the sorption may be quantified: for favorable adsorption, 
0 < RL < 1; for unfavorable adsorption, RL > 1; and for 
irreversible adsorption, RL = 0: for linear adsorption, RL 
= 1 [24, 52].

Figure 12 reports the influence of the initial concentration 
of Pb(II) on the separation factor (RL) for the SFP sorb-
ent. The acquired results confirmed that the values of RL 
ranged from 0.0026 to 0.119, demonstrating the favorable 
capturing of Pb(II) by the SFP sorbent used in the current 
investigation. The RL value approaches zero as Co increases, 
suggesting less favorable adsorption at high Pb(II) ion con-
centrations [54].

Freundlich isothermal assumes a heterogeneous adsorbate 
distribution on a heterogeneous surface of sorbent (binding 
sites are not equivalent) and/or a multilayer sorption model 
[24, 52]. The Freundlich isothermal relationship is expressed 
by the next formula:

where Kf is the Freundlich isothermal constant (mg g-1), 
and nf is the sorption intensity that is associated with the 
affinity of Pb(II) on the SFP sorbent.

The linear plot of the Freundlich model is determined 
by graphing log qe versus log Ce (Fig. 11b). From the 
slope and intercept, the Freundlich parameters nf and Kf 
were computed. Freundlich constant (Kf) demonstrates the 
adsorption ability of the heterogeneous surface of non-
uniform available sites with diverse energies which might 

(4)
Ce

qe
=

(

1

qmax

)

Ce +
1

qmaxb

(5)RL =
1

1 + bCo

(6)Log qe = logKf +
1

nf
logCe

Fig. 11   Sorption isothermal models: a Langmuir, b Freundlich, c 
D-R, and d Temkin for the sorption of Pb(II) ions onto SFP sorbent

▸
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assist as an indication of the maximal metal ion (Pb) cap-
turing capacity of SFP sorbent. The sorption intensity (nf) 
represents the affinity of Pb(II) toward the SFP sorbent, and 
nf value indicates the adsorption favorability. According 
to Goldberg [55] and Saad et al. [56], the sorption process 
is favorable at nf value is ≥ 1. Table 1 illustrates Freun-
dlich isothermal parameter values; Kf, nf, and regression 
coefficient (R [2]). Therefore, Freundlich isotherm is less 
applicable to SFP sorbent.

The Dubinin-Radushkevich (D-R) model is applicable 
to differentiate between chemisorption and physisorption 
processes based on the level of sorption energy [52, 57]. 
The linearized plot of the D-R isothermal is pronounced 
by Eq. (7):

where qe (mol g-1) is the quantity of lead (II) sorbed 
per unit dose of the sorbent, qm (mol g-1) is the theoretic 
monolayer-sorption capacity, and β (mol [2]J-2) is sorption 
energy, which is correlated to the mean energy of sorption 
per mole of Pb(II), and ε is the Polanyi potential, ε is defined 
by Eq. (8):

where T is the solution temperature (K), and R (8.314 
Jmol-1K-1) is a gas constant.

The mean sorption energy (E - kJmol-1) is computed from 
parameter β of D-R (Eq. 9).

The linear graph of the D-R isothermal model for Pb(II) 
ions is shown in Fig. 11c, and the level qm, mean sorption 
energy (E), and regression coefficient (R [2]) were estimated 
and tabulated in Table 1. According to the D-R model, the 
value of β was utilized to compute the mean bonding energy 
(E, kJmol-1) from Eq. 9. If the value of E lies between 0-8 
kJ mol-1, the sorption process is stated to physic-sorption; 
if E is between 8-16 kJmol-1, the sorption agrees with ion 
exchange process; and if E is >16 kJmol-1, the sorption 
matches with chemi-sorption [58]. Therefore, findings in 
Table 1 (E is 8.339 kJmol-1) show that the sorption of Pb(II) 
by SFP may be governed by an ion exchange process. In 
addition, the D-R model agreed with the Langmuir model 
analysis, indicating that the sorption process followed mon-
olayer adsorption.

Temkin isothermal consists of a component that explicitly 
takes into account interactions of sorbent-adsorbate [24, 52, 
59]. Due to sorbent-adsorbate interactions, the adsorption 
heat of all molecules in the layer would linearly decrease 
with increasing coverage. Up to maximum binding energy, 
the sorption is characterized by an equal distribution of bind-
ing energies. The Temkin isothermal formula is shown in 
Eq. (10) as follows:

where B = RT/bte refers to the constant of Temkin which 
is associated with sorption heat (Jmol-1), A is the binding 
constant at equilibrium parallel to the maximal energy of 

(7)ln qe = ln qm − ��2

(8)� = RT ln

(

1 +
1

Ce

)

(9)E =
1

√

−2 �

(10)qe = B ln A + B ln Ce

Table 1   Sorption isothermal models for capturing Pb(II) ions onto 
SFP sorbent

Isotherm model

Experimental qe (mgg-1) 259.21

Langmuir
  qmax (mgg-1) 263.16
  b (Lmg-1) 0.5672
  R2 0.9999
Freundlich
  Kf (mgg-1) 87.943
  n f 4.594
  R2 0.3895
D-R
  qm (mgg-1) 323.66
  E (kJmol-1) 8.339
  R2 0.5211
Temkin
  A 310.85
  B 23.623
  R2 0.5261

Fig. 12   Plot separation factor (RL) as a function of starting Pb(II) ions 
concentration



Biomass Conversion and Biorefinery	

1 3

binding (Lg-1), T is the Kelvin temperature solution (K), and 
R (8.314 Jmol-1K-1) is the ideal gas constant.

For the Temkin isothermal graph of qe vs ln Ce (Fig. 11d 
and Table 1), the constant of equilibrium binding (A − Lg-1) 
equivalent to the maximal binding energy and Temkin con-
stants values (B − Jmol-1) linked to the sorption heat and 
were determined from the intercept and slope, respectively 
[52]. In accordance with the regression coefficient (R [2]), 
it is evident that the Temkin isothermal model fits the SFP 
sorbent less well.

According to the currently examined isotherms, the Lang-
muir isothermal model is connected with the experimental 
equilibrium results from the sorption equilibrium of Pb(II) 
by SFP sorbent better than the other models, showing mon-
olayer adsorption. Langmuir isothermal model is the best 
fitting for the sorption lead ion process with greater regres-
sion coefficients (R2 = 0.9999), and the sorption maximum 
capacity (qmax) of 263.16 mg g-1 is close to the investiga-
tional sorption capacity (qe) of the sorption process (259.21 
mg g-1).

3.2.9 � Sorption kinetics

To illustrate the uptake rate and sorption process of Pb(II) 
ions by the SFP sorbent, Fig. 13a, b and c present the kinetic 
model’s quasi-1st order, quasi-2nd order, and intra-particular 
diffusion.

For the quasi-1st order model, the rate of the adsorp-
tive interaction can be designed by the Lagergren equation 
(Eq. 11) [24, 53, 60, 61]. k1 and qe are found by graphing log 
(qe-qt) against t (Fig. 13a and Table 2). Based on qe (234.91) 
and R2 (0.913) values, the quasi-1st order model for the cap-
turing of Pb ion by SFP sorbent was well fitted.

where k1 is the 1st order rate constant (min–1).
Quasi-2nd order model is formulated by equation (12) [24, 

62]. k2 and qe were acquired from the intercept and slope, 
respectively, of the straight graph of t/qt vs t (Fig. 13b and 
Table 2). The quasi-second order model (R2 = 0.747) could 
not match the kinetics as well as those achieved by the quasi-
first order kinetics model where the high linearity of the plot 
versus t (R2 = 0.913) confirmed that the nature of the sorp-
tion process follows quasi-1st order.

where k2 is the 2nd order constant (gm g-1min–1).
Intra-particle diffusion (IPD) model [24, 52] was 

utilized for the results of kinetic practical to view the 

(11)log
(

qe–qt
)

= log qe–

(

k1t

2.303

)

(12)
t

qt
=

1

k2q
2
e

+
1

qe
t

rate-determining steps and is useful for elucidating the 
adsorption process. The IPD model is defined as follows 
(Eq. 13):

(13)qt = kipdt
0.5 + c

(a)

(b)

(c)

Fig. 13   Sorption kinetic models: a quasi 1st order, b quasi 2nd order, 
and c intra-particular diffusion of Pb(II) ions onto SFP sorbent
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where kipd is the intra-particle diffusion rate constant 
(mg·g–1·min–0.5), t0.5 is the square root of shaking time, and 
C is the boundary layer effect that increases with the increas-
ing temperature of the solution.

Figures 13c and Table 2 show the graphs of qt versus (t0.5) 
attained from the adsorption of Pb(II) by SFP sorbent. Equa-
tion (13) was used to obtain the intra-particular rate constant 
kipd (mgg–1min–0.5) and intercept C. Three separate steps are 
involved in the sorption of Pb(II), as seen by the non-linear 
graphs across the complete time range. These steps include 
(i) the migration of sorbate species to the outer sorbent sur-
face (film diffusion); (ii) diffusion of sorbate into the pores in 
the sorbent structure (particle diffusion); and (iii) the sorp-
tion on the outer surface of the sorbent. When IPD is the 
primary rate-determining stage, the graph must be centered 
on the origin; otherwise, boundary layer diffusion influences 
sorption to some extent. Our observations revealed that IPD 
is not the sole rate-determining variable (24, 52).

3.2.10 � Sorption thermodynamics study

To explain the thermodynamic features of the adsorption 
processes, tests were accompanied at varied temperatures 
(10, 15, 25, and 30 °C), with an initial concentration of Pb 
(130 mg L-1) and 0.05 g SFP sorbent. Thermodynamically 
parameters (Table 3) as standard enthalpy change ΔHo 
(kJmol-1), Gibbs free energy ΔGo (kJmol-1), and standard 
entropy change ΔSo (kJmol-1K-1) were elaborated from the 
thermodynamic distribution coefficient based on the follow-
ing formulas (14–16) [24, 53, 63].

(14)�Go = −RT ln Kd

where Kd is the distribution equilibrium constant and rep-
resents the concentration ratio of lead ion in the solid phase 
(Cads) to the aqueous phase (Ce) at equilibrium (mg L-1), T 
is the temperature in Kelvin (K), and R is the gas constant 
(8.314 Jmol-1K-1).

The adsorption experiment was operated at assorted tem-
peratures to get a deeper insight into the sorption process 
of Pb onto SFP sorbent. The equilibrium Pb(II) sorption 
capacity of SFP elevates with the elevation in temperature, 
positing that the sorption process is endothermic (Fig. 14). 
To further scrutinize the sorption process, thermodynami-
cally parameters, including Gibbs free energy (ΔG0, kJ/mol), 
standard enthalpy (ΔH0, kJ/mol), and standard entropy (ΔS0 
J/mol K), were reckoned via the Eqs. 14–16. The slope and 
intercept of the linear plot of ln Kd against 1/T were used to 
elicit the ΔH0 and ΔS0 values, while ΔG0 was computed from 
Eq. (14). The negative sign of ΔGo refers to the spontane-
ity of adsorption process while the positive signs of ΔH0 
and ΔS0 refer to endothermic nature and rising the disorder 
degree of Pb(II) at the interfaces of solid/liquid, respectively 
[39, 64].

(15)Kd =
Cads

Ce

(16)ln Kd =
�So

R
–
�Ho

RT

Table 2   Equilibrium kinetics 
models for the sorption of Pb(II) 
ions onto SFP sorbent

Sorbent Experimental
qe (mgg-1)

Equilibrium kinetics model

Pseudo-1st order Pseudo-2nd order Intra-particle diffusion

k1 qe
(mgg-1)

R2 k2 qe
(mgg-1)

R2 kipd C(mgg-1) R2

SFP sorbent 259.21 0.0101 234.91 0.913 2.80E-05 400.0 0.747 27.7 49.7 0.894

Table 3   Thermodynamic functions for sorption of Pb(II) by SFP 
sorbent

Temperature
(K)

ΔGo

(kJmol-1)
ΔHo

(kJmol-1)
ΔSo

(kJmol-1K-1)
R2

283.15 1.53 236.2 0.822 0.794
288.15 0.80
293.15 -0.60
298.15 -13.24
303.15 -12.12

Fig. 14   Thermodynamic plot of Pb(II) sorption by SFP sorbent
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3.3 � Removal mechanism

To gain further insight into the sorption mechanism from 
the experimental results, Pb(II) indeed changed the structure 
during the adsorption process. Based on the TEM micro-
graph, the morphology changed from micro-scale aggregates 
to nano-scale irregular spheres after the adsorption of Pd(II), 
i.e., an increase in the surface area [65]. Also, according 
to EDS data, Pb(II) ions percent loaded onto the sorbent 
surface is ~ 3.6%, replacing Ca(II), Mg(II), K(I), and Na(I) 
cations, particularly Ca(II), which reduced by 3.4%. This 
phenomenon is confirmed by the measurement of the level 
of the major cations by atomic absorption spectrophotom-
etry in the samples of the sorption experiment conducted 
under optimum conditions versus the control. The obtained 
result approved the presence of Ca(II) and Mg(II) in the 
solution after the removal process by approximately 1.98 
and 0.03%, respectively, and a concurrent reduction in their 
level in EDS. This study suggested that Pb(II) ions may 
substitute for the main components Ca(II) and Mg(II). In 
addition, the D-R model agreed with the Langmuir model 
analysis, indicating that the sorption process followed mon-
olayer adsorption with mean adsorption energy value (8.34 
kJ mol−1) indicating ion exchange adsorption process. Thus, 
the removal capacity of SFP is depending on the optimal 
exchange of Pb(II) with the adsorbent and dominated driving 
force during the removal process.

3.4 � Applications

Several attempts were made to adapt the aforementioned 
sorption experimental findings to actual water types so that 
they may be implemented in the real world. Under optimal 

circumstances, the removal efficiency of the SFP sorbent for 
Pb(II) ions from various water types (tap water, waste water, 
sea water “25, 50, 75, 100 %” with varying percent to tap 
water, and deionized water as a control) spiked with Pb(II) 
ions (130 mg L-1) was determined.

The quantity of Pb(II) in the wastewater sample was ana-
lyzed to be between 0.165 and 0.193 mgL-1; the sample was 
then treated with our sorbent (SFP) to remove the Pb ions. 
The test revealed a not detectable (ND) limit for Pb ions (the 
detection limit of Pb is 0.020 mg L-1). This indicates that the 
current sorbent is capable of removing/absorbing all Pb from 
the wastewater matrix.

The usual removal rate of SFP sorbent for Pb(II) was 
around 99.2% in DIW and subsequently declined to the 
minimal rates (approximately 26%, 30 mgL-1 Pb) in 50–100 
percent seawater (Fig. 15). The findings indicated that sea-
water includes a high level of the major cations (Ca2+, Mg2+ 
Na+, and K+) than DIW, tap water, and wastewater, resulting 
in a lower Pb(II) ions removal percent. Comparable findings 
on the elimination of cadmium ions by algae/chitosan com-
posites and green algae were reported in other research [24, 
66]. In addition, Nessim et al. [42] described that Pb(II) ions 
are often highly influenced by interfering species in seawater 
than in wastewater. Thus, the great concentration of cations 
in seawater inhibits the adsorption of Pb(II) ions.

4 � Conclusions

Shells of the bivalves Brachidontes variabilis “Mytilus 
arabicus” collected from the northern part of the Gulf of 
Suez were used to create an eco-friendly shellfish powder 
(SFP) for the sorption of Pb ions from aquatic media. At an 

Fig. 15   Removal efficacy of 
Pb(II) from various water types 
(DW: deionized water; TW: tap 
water; WW: wastewater; SW: 
seawater)
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optimal contact period of 90 min, SFP particle size of 0.063 
mm, pH 5.5, SFP dose of 0.05 g, the ambient of 25 oC, and 
agitation rate of 250 rpm, the maximal removal capacity of 
the bio-sorbent under study were attained. The experimental 
findings and the monolayer Langmuir sorption capacity of 
SFP sorbent were matched at 259.21 mgg-1 for Pb (II). The 
Pb ion dynamics on the SFP sorbent followed a quasi-1st 
order. Negative sign ΔGo value indicated that Pb ion sorp-
tion by SFP sorbent occurred spontaneously. A positive sign 
of ΔHo value indicates the endothermic nature of the sorp-
tion process.
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