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ABSTRACT

In this study, bioadsorbent powder of Solamen Vaillanti snail shell was used to remove lead, cobalt,
and copper ions from synthetic and industrial wastewater. To do this, bioadsorbent powder was
first prepared by the calcination of shellfish skin, and the physical properties of the bioadsorbent
before and after the adsorption process were then studied using Brunauer-Emmett-Teller, scanning
electron microscopy, Fourier-transform infrared spectroscopy, and energy dispersive X-ray analy-
sis techniques. Also, the effect of different parameters such as pH, contact time, temperature, the
initial concentration of metal ions, and adsorbent dosage on the removal efficiency of lead, cobalt
and copper ions was investigated. The best adsorption efficiency was determined as pH 6 for cobalt
and pH 5 for lead and copper, the temperature of 25°C, the contact time of 60 min, initial ion con-
centration 10 mg L™, and adsorbent dosage of 2 g L'. The maximum removal efficiencies of lead,
cobalt, and copper ions were 94.4%, 96.5%, and 96.7%, respectively. Also, the maximum adsorption
efficiency of lead, cobalt, and copper ions from industrial wastewater was obtained 85%, 81%, and
91%, respectively. The equilibrium behavior of the adsorption process indicated that the adsorption
process follows the Langmuir isotherm model. Also, the pseudo-second-order kinetic model could
better describe the kinetic behavior of the adsorption process. According to the Langmuir model, the
highest adsorption capacity of lead, cobalt, and copper were obtained 26.04, 29.41 and 33.55 mg g,
respectively. The values of the thermodynamic parameters also showed that the adsorption process
was feasible, spontaneous, and exothermic.
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1. Introduction

Over the past decades, due to the increasing growth
of industrial operations, the introduction of contaminants
such as heavy metals into the environment has significantly
increased [1]. This leads to acute and chronic contamination
of the biological population including plants, animals, and
human beings [1,2]. These heavy metals are introduced into
the natural ecosystem via natural soil erosion, volcanic erup-
tions, atmospheric precipitation, and wastewater discharge
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from various industries, including melting, plating, plastics,
photography, tanning, producing, and consuming materials
containing metals, and dye [3]. There are several types of
metal ions in the environment such as arsenic, mercury, cop-
per, iron, cobalt, lead, chromium, etc. which some of them are
necessary for the human body. Among them, copper is one
of the essential metals that is required in small amounts for
the proper functioning of the human body [4]. In the human
body, dietary intake of cobalt ion varies between 5-50 pug d
and it is an important component in vitamin B12 which is
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required for hemoglobin synthesis [5]. However, copper,
cobalt, and lead are major pollutants of the environment in
high concentrations [6,7]. The presence of these metals above
the defined standards in the environment causes environ-
mental problems and complications for living organisms as
well as the environment. In fact, heavy metals are not elimi-
nated from the body through natural excretion but are depos-
ited and accumulated in tissues such as fat, muscle, bones
and joints, leading to many diseases and complications such
as [8] nausea, skin ulcers, lung cancer, disturbed function of
liver and kidneys, and nerve disorders [7,8]. The permissible
standard for existing lead and copper ions in drinking water
is 0.01 and 0.05 mg L7, respectively [9]. Also, the permissible
amount of cobalt in drinking water is 0.005 mg L according
to The World Health Organization (WHO) [10]. Therefore,
their removal from wastewater and aqueous solutions is of
great importance. There are several methods for the removal
and separation of heavy metals from wastewater including,
reverse osmosis, filtration, chemical oxidation, adsorption,
deposition, electrochemical purification, chemical coagu-
lation, and ion exchange [11-13]. The adsorption method
is commonly used due to its high efficiency, simplicity, and
low cost of adsorbents [6,7]. Among various adsorbents, bio-
adsorbents are one of the most promising materials for the
removal of heavy metals from wastewater. The seashell skin
is currently being used worldwide as a source of lime and
nutrition for fish and livestock [14]. Several studies have been
carried out on the removal of heavy metals using different
adsorbents and bioadsorbents such as Saccostrea cucullata
[14], nano-goethite and nano-hematite [15], bagasse and its
ash [16], Ziziphus spina-christi leaf [17], Phragmites australis,
baker’s yeast, rice husk, Aspergillus niger, Gracilaria caudata,
Nostoc muscorum, Gloeocapsa gelatinosa, and Sargassum sp. [18].
The main objective of this study was to use the calcined
Solamen Vaillanti seashell (CSVS) as a bioadsorbent to remove
heavy metal ions of copper, cobalt, and lead ions from syn-
thetic and industrial wastewater prepared in phases 20
and 21 of the South Pars Gas Complex (SPGC) (Asaluyeh,
Iran). To do this, the surface properties of the bioadsorbent
as a new adsorbent were investigated using Brunauer—
Emmett-Teller (BET), scanning electron microscopy (SEM),
Fourier-transform infrared spectroscopy (FTIR), and energy
dispersive X-ray analysis (EDX) analyses. Also, the effect of
different parameters such as temperature, pH, contact time,
metal ion concentration, and adsorbent dosage was studied.
Moreover, kinetic, equilibrium and thermodynamic models
were used to study the behavior of the adsorption process.

2. Materials and methods
2.1. Chemicals

To prepare stock solutions, Pb(NO,), (purity = 99%),
CuSO,5H,0 (purity > 99%), NaOH (purity > 97%), and HCl
(37%) were purchased from Merck Company (Germany).
Also, Co(NO,), (purity > 98%) was purchased from Sigma-
Aldrich Company (USA). To adjust the pH of the samples, the
solutions of HCI (0.1 M) and NaOH (0.1 M) were used. Also,
real wastewater was prepared from the SPGC in Phases 20
and 21 (Asaluyeh, Iran) and the amount of cobalt(Il), lead(II)
and copper(Il) were measured. The wastewater contains
small amounts of gas condensate and heavy metals in water.

2.2. Analytical methods

In this study, a flame atomic absorption spectrometry
(GBC, Avanta) with acetylene-air fuel was used to deter-
mine the amount of copper, cobalt and lead in the solution.
Also, Metrohm pH meter equipped with a glass electrode
(Switzerland) was used to adjust the pH value of the solu-
tions and an analytical balance digital scale with a precision
of +0.0001 was used to weigh up the materials. Moreover, the
SEM analysis (Mira III, TESCAN, Czech Republic) was used
to determine the morphology and to identify the structure of
the materials before and after the adsorption process. Also,
the elemental analysis or EDX (Mira III, TESCAN, Czech
Republic) was applied to determine elemental compositions
in the adsorbent. Furthermore, the FTIR analysis (Avatar,
Thermo, USA) was used to specify the functional groups,
and the BET analysis (Micromeritics, Asap 2020, USA) was
used to estimate the specific surface area of the adsorbent.
To determine the specific surface area of the adsorbent by
BET analysis, 0.06 g of the sample was heated for 2 h at 120°C
under nitrogen pressure.

2.3. Preparing bioadsorbent powder from Solamen Vaillanti

To prepare the bioadsorbent, the Solamen Vaillanti sea-
shells were first collected, transferred to the laboratory, shat-
tered, and then washed well with distilled water to remove
dust and wastes. Afterward, they were placed in an oven
for 30 min at a temperature of 100°C-110°C. In the next
phase, 50 g of shells were mixed with a specific volume of
phosphoric acid 95% with the volume ratio of 1:10, so that
the surface of the shells was well impregnated with acid.
The resulting mixture was transferred into the furnace and
the temperature gradually reached 400°C within 2 h. The
sample was then kept in the furnace at 400°C for 1 h until
calcination was performed. The furnace was then turned off
and slowly reached the ambient temperature. The produced
powder was washed until its pH value reached 6.5. The final
product was again placed in the oven for an hour at 120°C
to be completely dried. Then, it was ground using a mortar
and pestle and kept in a glass bottle to prevent moisture
absorption.

2.4. Preparing stock solutions of cobalt, lead, and copper

In order to prepare the stock solutions of cobalt, lead,
and copper with concentrations of 1,000 mg L, 0.31, 0.25
and 0.16 g of Co(NQ,),, CuSO,-5H,O and Pb(NO,), were
separately dissolved in 100 ml of double-distilled water, and
it was then diluted with double distilled water to prepare
solutions with different concentrations of metal ions.

2.5. Adsorption test

In this study, the effect of various parameters, including
pH (2-10), contact time (10-80 min), temperature (25°C-55°C),
initial concentration of heavy metal ions (10-50 mg L),
and adsorbent dosage (0.25-3.5 g L) on the adsorption of
lead(II), cobalt(II) and copper(Il) from aqueous solution were
examined. The experiments were performed with two repli-
cations and the results were presented as average values. The
atomic absorption device was used to measure the number
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of heavy metal ions remaining in the solution. In all samples,
Egs. (1) and (2) were used to determine the adsorption effi-
ciency (% R) and adsorption capacity (g,) of heavy metals,
respectively:

%R:@xmo 1)

i 0y @)

where C, and C; (mg L™) are the initial concentration and
the equilibrium concentration of metal ions, respectively.
Also, V, M, and g, are the solution volume (L), the adsorbent
weight (g), and the amount of ion adsorbed per gram of the
adsorbent (mg g™), respectively [14].

3. Results and discussion
3.1. Characterization of the bioadsorbent

The BET analysis was performed using nitrogen gas on
the CSVS. The results showed that the specific surface area,
total pore volume, and mean pore diameter of the adsor-
bent prior to placement in the acid solution were 1.4 m? g7,
0.003 cm?® g, and 8.5 nm, respectively. Also, the specific sur-
face area of the CSVS after placement in the acid solution was
increased to 4.3815 m? g™. Also, the mean pore diameter of
the adsorbent was achieved 15.94 nm which shows the CSVS
is a mesoporous material. Therefore, the results showed
that after activation by an acidic solution, the surface char-
acteristics of the adsorbent has been improved. In previous
studies, the specific surface area of some adsorbents such as
golden apple snail shell [19], and calcined Umbonium vesti-
arium snail shell [20] were 2.1, and 17.02, respectively. Also,
the specific surface area of calcined oyster shells at different
temperatures of calcination was in the range of 1.8-64.6 [21].
Therefore, the results of previous studies were comparable
with this study.

Furthermore, FTIR analysis was performed before and
after the adsorption of metal ions to determine the functional
groups on the adsorbent surface. This analysis also exam-
ined the strength of chemical bonds between atoms (cova-
lent bonds) in molecular samples. Since the removal of heavy
metals by the adsorbent (shellfish powder) was superficial
and physical, no significant changes were observed in the
FTIR spectrum of the CSVS before and after the adsorption
process. Fig. 1 shows the FTIR spectrum of the CSVS before
and after the adsorption process. As shown in the FTIR spec-
trum of the adsorbent before the adsorption process, the peak
at 3,443 cm™ is related to the hydroxyl group (OH), which
can be due to the presence of this group in its structure or the
adsorption of moisture. The shells are calcareous (CaCQO,), so
the peaks at 859; 1,079; and 1,475 cm™ belong to the vibrating
groups (flexural vibration, asymmetric and symmetric ten-
sile vibration) of the carbonate group (O-C-0O). Further, the
peak at 1,790 cm™ belongs to the C=O bond of the carbonate
group [6,22]. The peak at 705 cm™ might also belong to the
Mn-O group [23].
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Fig. 1. FTIR spectra of bioadsorbent before and after adsorption
of Co(II), Pb(II), and Co(II).

Also, SEM analysis was used to assess the surface mor-
phology of the adsorbent before and after adsorption of
cobalt, lead and copper ions. Fig. 2a shows the surface of the
adsorbent before the adsorption process. Also, Figs. 2b-d
indicate the adsorbent surface after the adsorption of cobalt,
lead, and copper ions. As can be observed in Fig. 2, the
adsorption surface significantly changed and became
rougher, which may be due to the adsorption of metal ions
on the active sites of the CSVS.

In the EDX analysis, the constituents of the sample in a
semi-quantitative form can be detected. Fig. 3 shows an ele-
mental analysis of the CSVS before and after the removal of
lead(Il), cobalt(Il) and copper(Il) ions. Also, the results of
Fig. 3 are given in Table 1. As shown, there are Ca, Mn, O, and
Si elements on the adsorbent surface before the adsorption
process (Fig. 3a), and metal ions such as lead(Il), cobalt(II)
and copper(II) are not observed. After adsorption of Co(Il),
Pb(II), and Cu(Il), the results are shown in Figs. 3b—d. Also,
the weight and atomic percentage of the elements are pre-
sented in Table 1. As seen in Table 1, these heavy metals are
adsorbed by the adsorbent and the weight percent of Co(II),
Pb(II), and Cu(Il) were 0.49%, 0.63%, and 1.1%, respectively
which shows the presence of these heavy metals on the
adsorbent surface after adsorption process.

Also, the removal mechanism of heavy metals by the
CSVS is shown in Fig. 4. The CSVS contains Ca, C, and O
elements which adsorb heavy metal ions of Pb(II), Co(II), and
Cu(II) which are displayed in Fig. 4.

3.2. Impacts of different parameters on the adsorption process
3.2.1. Effect of pH

The initial pH of the solution affects the changes in
surface charge of the adsorbent and the ionization degree
of the adsorbed ions in the adsorption process. Also, the
adsorption mechanism is highly dependent on this param-
eter [22,24]. The effect of pH on the adsorption of copper,
cobalt, and lead by Solamen Vaillanti adsorbent is shown in
Fig. 5 at various pH values ranging from 2 to 10 while the
other parameters were kept constant (contact time of 70 min,
the temperature of 25°C, initial metal ion concentration of
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Fig. 2. SEM images of (a) bioadsorbent, (b) bioadsorbent with Co(II) ions, (c) bioadsorbent with Pb(II) ions, and (d) bioadsorbent with

Cu(Il) ions.

10 mg L, the adsorbent dosage of 0.25 g L, and mixing the
speed of 200 rpm). At low pH values, there is a competition
between hydrogen ions (H") in the solution and metal ions
to sit on the active sites of the bioadsorbent. Hydrogen ions
(H") prevent metal ions from sitting on adsorbent sites so that
a repulsive force is formed between the hydrogen ions (H*)
and heavy metal ions, which reduces the removal efficiency
[20]. When the pH of the solution increases, the number of
hydrogen ions (H") in the aqueous solution is decreased. As
a result, more active sites are available for the placement of
copper, cobalt, and lead, and this increases the electrostatic
gravity between copper, cobalt, and lead ions with the adsor-
bent active sites and thus increase the adsorption efficiency.
At pH > 6, due to the deposition of metal ion hydroxide, the
adsorption efficiency decreased [25]. Therefore, the adsorp-
tion efficiency of 86.2% and 81.5% were considered as opti-
mal values for lead and copper at the pH value of 5 and
adsorption efficiency of 80.5% was optimal for cobalt ions at
the pH value of 6.

3.2.2. Effect of lead, cobalt and copper ion concentration

Fig. 6 presents the effect of the initial concentration of
lead, cobalt and copper ions (10, 20, 30 and 50 mg L™') on the
adsorption efficiency under optimal pH for lead and copper
(pH = 5) and cobalt (pH = 6), contact time of 70 min, tem-
perature of 25°C, adsorbent dosage of 0.25 g L, and mix-
ing speed of 200 rpm. As can be observed, with increasing
concentration from 10 to 50 mg L, the removal efficiency of
lead, cobalt, and copper was decreased, so that the initial con-
centration of 10 mg L for lead, cobalt, and copper with the
removal efficiency of 86.2%, 80.5%, and 81.5% was considered
as optimal concentration, respectively. At low concentrations
of heavy metal ions in the solution, due to the presence of
sufficient active sites and easier access, the adsorption process
is facilitated and the adsorption efficiency rises. At high con-
centrations, due to the presence of more heavy metal ions in
the solution and less access to active sites since they are satu-
rated, the removal efficiency decreases [6,26].
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Fig. 3. EDX analysis of (a) adsorbent, (b) adsorbent with Co(II) ions, (c) adsorbent with Pb(Il) ions, and (d) adsorbent with Cu(Il) ions

Table 1

Elements percentage in the CSVS before and after adsorption of Co(II), Pb(II), and Cu(II)

Element Bioadsorbent Bioadsorbent after Bioadsorbent after Bioadsorbent after
adsorption of Co(II) adsorption of Pb(II) adsorption of Cu(lII)
Wt.%" At.%" Wt.% At.% Wt.% At % Wt.% At %
C 18.17 28.22 17.79 27.24 14.98 24.07 15.38 24.24
(@) 48.09 56.08 50.89 58.50 48.60 58.64 50.72 59.99
Si - - 0.07 0.04 0.19 0.13 0.05 0.03
Ca 33.67 15.67 30.41 13.95 35.19 16.95 32.37 15.28
Mn 0.07 0.03 0.35 0.12 0.41 0.14 0.37 0.13
Co(II) - - 0.49 0.15 - - - -
Pb(II) - - - 0.63 0.06 - -
Cu(II) - - - - - 1.10 0.33
Total 100 100 100 100 100 100 100 100
“Weight percent.

Atomic percent.

3.2.3. Effect of contact time

Fig. 7 shows the effect of contact time (10, 15, 20, 30,
35, 40, 45, 50, 60, 70 and 80 min) on the adsorption effi-
ciency of lead, cobalt, and copper under optimal pH con-
ditions for copper and lead (pH = 5) and, cobalt (pH = 6),
the temperature of 25°C, the initial metal ion concentration

of 10 mg L™, the adsorbent dosage of 0.25 g L™, and mix-
ing rate of 200 rpm. The results showed that the adsorp-
tion process at different temperatures encompasses two
stages: the initial stage (shorter period) and the second
stage (longer period). According to Fig. 7, due to a large
number of unsaturated active sites in the early phase, the
adsorption of metal ions increased rapidly as the contact
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Fig. 4. Proposed mechanism for removal of Cu(Il), Co(Il) and
Pb(II) using the CSVS.
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Fig. 5. Effect of pH on the removal of copper, cobalt and lead
from aqueous media using the CSVS (temperature: 25°C, contact

time: 70 min, adsorbent dose: 0.25 g L™, C: 10 mg L™, mixture
rate: 200 rpm).

time increased. With increasing contact time after 60 min,
no increase in the removal percentage was observed. In the
next phase, due to the gradual saturation of active sites, the
adsorption rate slowly decreased because of a decrease in
active sites of the adsorbent and intra-particle penetration
process. After transferring ions to the adsorbent surface, the
intra-particle penetration occurred in the second stage, and
this slow process is caused by penetrating metal ions into
the adsorbent surface [6,14,27].

3.2.4. Effect of bioadsorbent dosage

Adsorption dosage is one of the most significant para-
meters in the adsorption process since it determines the
maximum adsorption capacity in removing pollutants
[28]. The effect of adsorbent dosage (0.25-3.5 g L) on
the adsorption efficiency of lead, cobalt, and copper ions
from aqueous solution using the CSVS is shown in Fig. 8.
According to the results, it was found that the adsorption
efficiency decreased in low adsorbent dosages due to the
lack of sufficient active sites to sit lead, cobalt and copper on
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Fig. 6. Effect of initial metal ion concentration on the removal
of copper, cobalt and lead from aqueous media using the CSVS
(pH for copper and lead: 5, pH for cobalt: 6, temperature: 25°C,
contact time: 70 min, adsorbent dose: 0.25 g L™, mixture rate:
200 rpm).
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Fig. 7. Effect of time on the removal of copper, cobalt and lead
from aqueous media using the CSVS (pH for Copper and lead: 5,
pH for cobalt: 6, adsorbent dose: 0.25 g L™, C: 10 mg L, mixture
rate: 200 rpm).

the adsorbent surface. In high adsorbent dosages, the den-
sity of active sites on the adsorbent surface is enhanced so
that the removal efficiency is increased. Then the slope of
the graph is constant and linear regarding the saturation of
active sites on the adsorbent surface [24-28]. Thus, with an
increase in the adsorbent dosage from 0.25 to 2.5 g L7, the
adsorption efficiency increased and no significant changes
were observed in the adsorption efficiency for an adsorbent
dose greater than 2.5 g L-'. Consequently, the concentration
of 2.5 g L™ was considered as the optimum value with the
adsorption efficiencies of 94.4%, 96.5%, and 96.7% for lead,
cobalt and copper ions, respectively.

3.2.5. Effect of temperature

Fig. 9 shows the effect of temperature on the adsorption
of lead, cobalt, and copper using the CSVS. As seen in the
figure, the removal efficiency enhanced by increasing tem-
perature from 15°C to 25°C and the highest removal percent-
ages were obtained 94.4%, 96.5% and 96.7% for lead, cobalt,
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Fig. 8. Effect of adsorbent dosage on the removal of copper,
cobalt and lead from aqueous media using the CSVS (pH for
copper and lead: 5, pH for cobalt: 6, temperature: 25°C, contact
time: 60 min, C;: 10 mg L, mixture rate: 200 rpm).
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Fig. 9. Effect of temperature on the removal of copper, cobalt
and lead from aqueous media using the CSVS (pH for copper
and lead: 5, pH for cobalt: 6, adsorbent dose: 2.5 g L™, contact
time: 60 min, C;: 10 mg L, mixture rate 200 rpm).

and copper, respectively. At temperatures greater than 25°C,
the removal efficiency of heavy metal ions reduced, indicat-
ing that the adsorption process was exothermic [6,14,27]. The
increasing tendency of the ions toward separation from the
surface of the adsorbent, inactivating some of the active sites,
and weakening of the attraction force between the ions and
active sites of the adsorbent can be referred to as causes of
reduced removal efficiency by increasing solution tempera-
ture [24]. Therefore, 25°C was considered as the optimum
temperature.

3.2.6. Study of adsorption isotherms

To study the isothermal behaviors of lead, cobalt and cop-
per ion adsorption, Langmuir and Freundlich isotherm mod-
els were used. The Langmuir isotherm model is defined based
on the uniform (homogeneous) adsorption of the adsorbed
with the same energy on all adsorbent surfaces. The linear
form of the Langmuir isotherm model is given in Eq. (3).

&:L+icy 3)

qe KLqm qm ‘

where g, is the adsorbed component per gram of adsor-
bent in mg g™, C, is the concentration of the adsorbed in
the solution after the adsorption process in mg L7, g, is
the maximum adsorption capacity in mg g™, and K| is the
isotherm constant. Withdrawing the C/gq, curve in terms
of C, the gradient and y-intercept of the graph can be
calculated [29,30].

Freundlich isotherm model is defined based on the
multi-layer adsorption on heterogeneous surfaces and non-
uniform distribution of energy on the active sites of the
adsorbent. The linear form of the Freundlich isotherm model
is expressed as follows.

ln(qe) :anf +%lnCB (4)

where C, is the equilibrium concentration (mg L™), g, is the
adsorption capacity at equilibrium time (mg L"), and K.and n
are also the Freundlich model constants [30,31]. Fig. 10 shows
the Langmuir and Freundlich isotherm plots of the adsorp-
tion process of lead, cobalt, and copper using the CSVS.

The results suggested that the Langmuir isotherm
model could better describe the equilibrium behavior of the
adsorption process than the Freundlich isotherm model,
thus homogeneous surfaces had a greater contribution to
the metal ion adsorption. The maximum adsorption capac-
ity of the adsorbent using the Langmuir isotherm model
was 26.04, 29.41, and 33.55 mg g for lead, cobalt, and
copper, respectively. Also, the correlation coefficients (R?)
for the adsorption process of lead, cobalt, and copper ions
were obtained 0.9975, 0.997, and 0.999 based on Langmuir
isotherm model, suggesting that the experimental data
were fitted well with the Langmuir model. The maximum
adsorption capacity as compared to previous studies and
the results is presented in Table 2. As shown in this Table,
the maximum adsorption capacity in this study is compara-
ble to previous studies.

3.2.7. Kinetic study

To investigate the kinetic behavior of adsorption of
lead, cobalt, and copper, pseudo-first-order, pseudo-second-
order, and intraparticle diffusion kinetic models were used.
The linear form of the pseudo-first-order kinetic model or
Lagrangian model is expressed as follows:

In(q, —q[)zln(qg)—klt (5)

where g, is the adsorbed ion in the equilibrium state per gram
of the adsorbent (mg g™), g, is the adsorbed ion per gram of
the adsorbent at time ¢t (mg g™), and k, is the constant rate
of adsorption in the pseudo-first-order kinetic model (min™)
[42,43]. The linear form of the pseudo-first-order kinetic
model is plotted in Fig. 11.

The linear form of the pseudo-second-order kinetic
model is also given by Eq. (6).

LA L (6)
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Fig. 10. Langmuir and Freundlich linear isotherm plots related to the adsorption of Pb(II), Co(Il) and Cu(Il) ions using the CSVS
(pH for copper and lead: 5, pH for cobalt: 6 adsorbent dose: 2.5 g L, contact time: 60 min, temperature: 25°C, mixture rate: 200 rpm).

Table 2

Comparison of maximum adsorption capacity between the CSVS and other bioadsorbents for the removal of lead, cobalt and

copper ions

Metal ions Bioadsorbent 9o (Mg g7 References

Lead Carbon gel 16.95 [32]
Perlite 6.27 [33]
Sargassum vulgare 9.9 [34]
Agaricus campestris 5.8 [34]
Layered-double-hydroxides-coated/hollow carbon
microsphere composites 205.68 [35]
Molybdenum disulfide/reduced graphene oxide 384.16 [36]
Fe304/polydopamine nanoparticles 57.25 [37]
Solamen Vaillanti 26.04 Present work
Carbon gel 5.46 [32]

Cobalt Perlite 1.05 [33]
Kaolinite 0.919 [38]
Padina sanctae-crucis 13.73 [39]
Graphene oxide 43.6 [40]
Magnetic graphene oxide (MGO) 23.2 [40]
N-doped graphene oxide 27.3 [40]
N-doped MGO 14.6 [40]
Solamen Vaillanti 29.41 Present work
Carbon gel 6.64 [32]

Copper Fe304/polydopamine nanoparticles 86.35 [37]
Kaolinite 10.78 [38]
Padina sanctae-crucis 13.99 [39]
Pomegranate peel 30.12 [41]
Solamen Vaillanti 33.55 Present work

where k, is the constant rate of adsorption in the pseudo-
second-order kinetic model (mg g min™) [42,43]. Fig. 12
shows the equilibrium graph of the pseudo-second-order
kinetic model in the adsorption process.

Also, the linear form of the intraparticle diffusion model
is presented as follows [44]:
q, =Kt +1 (7)
where K, and I are the intraparticle diffusion rate con-
stant (mg g min™’) and boundary layer thickness which

is determined from the slope and intercept of g, against #°°
according to Fig. 13.

The correlation coefficients obtained from the pseu-
do-first-order, pseudo-second-order and intraparticle diffu-
sion kinetic models in the concentrations of 10, 20 and 50
revealed that the pseudo-second-order kinetic model could
better describe the kinetic behavior of the adsorption pro-
cess. According to the results obtained from the intrapar-
ticle diffusion model, it can be said that the mechanism of
adsorption has one step which has a high slope, in which
the molecules of heavy metal ions are transferred directly
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Fig. 11. Pseudo-first-kinetic model plots related to the adsorption of (a) Pb(II), (b) Co(Il), and (c) Cu(Il) ions (pH for copper and
lead: 5, pH for cobalt: 6, adsorbent dose: 2.5 g L™}, temperature: 25°C, mixture rate: 200 rpm).

from the layer to the adsorbent surface, and is carried out at
a high speed.

3.2.8. Thermodynamic study

The thermodynamic parameters include changes in
enthalpy (AH®), entropy (AS°) and Gibbs free energy (AG®).
Eq. (8) is used to calculate AG®:

AG®=-RTInK 8)

where R is the universal gas constant (8.314 J mol? K™),
T is the absolute temperature (K) and K_ is the equilibrium
constant obtained from Eq. (9).

C
K, _78‘“‘* €)
eq
where C, , and C_ are the concentration of metal ion

adsorbed on the adsorbent surface at equilibrium state
(mg L) and the concentration of metal ion remaining in
solution at equilibrium state (mg L), respectively. AH® and
AS° can be calculated from the slope and intercept of InK_
against 1/T according to Eq. (10) [44,45].

_-AG® _-AH® AS°
° RT RT R

InK (10)

Fig. 14 shows the thermodynamic parameters of heavy
metals adsorption from wastewater using the CSVS. The ther-
modynamic parameters obtained from Fig. 14 are reported in
Table 3.

Regarding the parameters shown in Table 3, the amount
of Gibbs free energy was negative at all temperatures, indi-
cating that the adsorption process of Pb(II), Co(II), and Cu(II)
using the adsorbent was spontaneous and feasible. Also, the
enthalpy change was negative showed that the adsorption
process was exothermic. Also, the negative value of entropy
for metal ions reflects a decrease in the bioadsorbent hetero-
geneity compared to the early phase before the adsorption
process and reduces the degree of freedom at the solid-liquid
common surface during the adsorption process [46].

3.2.9. Evaluating the adsorption efficiency for metal ions from
real wastewater

To further investigate the adsorption process of Pb(II),
Co(II) and Cu(II) ions using the CSVS, a sample of industrial
wastewater was prepared from SPGC (Phases 20 and 21) and
the amounts of cobalt(Il), lead(Il) and copper(Il) ions were
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Table 3

Thermodynamic parameters for the adsorption of Pb(II), Co(II), and Cu(II) onto the CSVS

Ions AH° AS° AG® (k] mol™)
(KJ mol™) (J mol™ K7) 288.15K 298.15 K 308.15 K 328.15K
Cobalt -48.13 -134.13 -9.50 -8.19 -6.80 -4.17
Lead -51.54 -149.23 -8.60 -7.14 -5.65 -2.67
Copper -53.37 -150.17 -10.17 -8.67 -7.17 -4.78
4 and industrial wastewater in Phases 20 and 21 of the SPGC
35 | y R(l 17%\8~;||?i-47 (Iran). To this end, the effect of different parameters such
T . | as pH, contact time, temperature, the initial concentration
3 ’ |:-"()((’»\7_x||»(;“4 * of metal ions, and adsorption dosage was examined. The
2.5 results showed that the best removal efficiency of lead,
v 7 | y:]gfio(; ésl 49 45 cobalt, and copper was obtained as 94.4, 96.5 and 96.7,
= respectively which are obtained under conditions of pH 6 for
15 n cobalt and pH 5 for lead and copper, temperature of 25°C,
L * contact time of 60 min, metal ion concentration of 10 mg L,
0.5 #pb MCo aACu and adsorbent concentration of 2 g L. Also, the maximum
0 ‘ ‘ ‘ removal efficiency from industrial wastewater was obtained
0.003 0.0031 00032 0.0033 00034  0.0035 85%, 81%, and 91% for lead, cobalt, and copper, respectively.
uT High adsorption efficiency along with low cost confirms

Fig. 14. Plot of InK_ against T for the determination of ther-
modynamic parameters for the adsorption of Pb(II), Co(I) and
Cu(II) using the CSVS (pH for copper and lead: 5, pH for cobalt:
6, adsorbent dose: 2.5 g L™, mixture rate: 200 rpm).

Table 4
Removal of copper, cobalt, and lead by the CSVS from real
wastewater

Ions Add (ngml")  Found (ngml")  Removal (%)
Cobalt 0 0 -
5 52 74
15 153 81
Lead 0 0 -
10 104 76
20 20.2 85
Copper 0 2 88
10 10.2 83
20 194 91

measured. Table 4 shows the results of the adsorption pro-
cess from industrial wastewater under optimal pH for lead,
copper (pH = 5) and cobalt (pH = 6), contact time of 60 min,
the temperature of 25°C, the adsorbent dosage of 2 g L, and
mixing speed of 200 rpm. Accordingly, it was found that the
maximum adsorption efficiency for lead, cobalt, and copper
was obtained as 85%, 81%, and 91%, respectively, indicat-
ing the optimal efficiency of the concerned adsorbent in the
removal of metal ions from real wastewater.

4. Conclusion

In this study, the bioadsorbent powder of the CSVS was
used to eliminate lead, cobalt and copper ions from synthetic

the desirable potential of the CSVS in removing metal ions
from real and synthetic wastewater. After determining the
optimum conditions, Langmuir and Freundlich isotherm
models were used to determine the equilibrium behavior of
metal ions adsorption. With greater correlation coefficients,
the Langmuir isotherm model had better consistency with
the experimental data than the Freundlich isotherm model.
To study the kinetic behavior of the adsorption process,
pseudo-first-order, pseudo-second-order, and intraparticle
diffusion kinetic models were used and the result revealed
that the pseudo-second-order kinetic model could better
describe the kinetic behavior of the adsorption process. Also,
the values of the thermodynamic parameters suggested that
the adsorption process of lead, cobalt, and copper from
wastewater using the aforementioned bioadsorbent was
appropriate, spontaneous, and exothermic.
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