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ABSTRACT

In this study, an attempt was made for the first time to remove Pb(Il) ions from aqueous
solutions using magnetic wheat straw (MWS). MWS was synthesized using in situ
co-precipitation method and characterized by BET, SEM, TEM, X-ray diffraction, Fourier
transform infrared, and vibrating sample magnetometer methods. The biosorption charac-
teristics of Pb(Il) ions onto the wheat straw (WS) and MWS were studied with respect to
some effective parameters, including solution pH, initial Pb(II) concentration, and dose of
adsorbent. The initial solution pH and contact time for MWS were optimized to be 5.0 and
30 min, respectively. The equilibrium process was satisfactorily described by the Langmuir
isotherm model with maximum sorption capacities of 50.76 and 41.15 mg g~ for MWS and
WS, respectively. Kinetic studies for MWS indicated that both pseudo-first-order and
pseudo-second-order kinetic models were able to describe the process with correlation

coefficients of 0.978 and 0.9997, respectively.

Keywords: Magnetic wheat straw; Lead; Biosorption; Fe;O4 nano-particles

1. Introduction

Rapid industrialization has led to enhanced
disposal of heavy metals into the environment. Envi-
ronmentalists are anxious about the presence of heavy
metals because of their toxic effects on human health
and the environment. Lead is a toxic heavy metal
released into the environment by applications such as
ceramics, finishing tools, plastics, cathode ray tubes,
solders, pieces of lead flashing, and other minor
products as well as steel and cable reclamation.

Lead is a particularly harmful metal since once it
enter the human body, it is diffused throughout
quickly, leaving dangerous effects. For example, it can
harm red blood cells and limit their ability to carry
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oxygen to the organs. It can also disturb the kidneys,
hearing, and the nervous system [1]. So it is quite
clear that the determination of lead ions in water is
necessary. Accordingly, some methods such as solid
phase extraction have been applied for the selective
determination of Pb(Il) in water [2,3].

The conventional wastewater treatment methods
used for lead and other heavy metals include reverse
osmosis, electrodialysis, chemical precipitation, solvent
extraction, filtration, ion exchange, phytoremediation,
electroflotation, chemical oxidation or reduction, and
coagulation. However, the applicability of the
mentioned methods is often limited due to several
disadvantages such as incomplete metal removal, high
capital and operational costs, low selectivity,
high reagent and energy requirements, fouling and
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instability of the membrane, and generation of toxic
sludge or other waste products which are difficult to
remove [4].

Biosorption has been shown to be a promising
alternative method for the removal of heavy metals in
wastewaters due to its high selectivity, easy handling,
lower operating costs, and high efficiency [5]. Differ-
ent agricultural wastes, viz. rice straw, soybean hulls,
sugarcane bagasse, peanut shells, and walnut shells in
their natural form, are good candidates for the
removal of lead [6]. Moreover, the ability of modified
soda lignin extracted from oil palm empty fruit
bunches in removing lead(Il) ions from aqueous solu-
tions has been explored [7]. Waste tea leaves, flowers
of Humuluslu pulus, petioler felt-seath of palm, and the
agro-waste of black gram husk were investigated for
the elimination of lead. It was found that the efficiency
of these materials ranged from 70 to 98% [8-11]. The
maximum adsorption of 94% for Pb(Il) ions was
obtained under the optimum condition using sawdust
and neem bark [12]. Calcium-treated sargassum and
rose petals pretreated with NaOH have also been
employed for the significant removal of lead [13,14].
High efficiency for the removal of lead and other
metal ions has been reported using activated carbon
prepared from agricultural waste [15,16]. On the other
hand, Singha and Das investigated the removal of lead
ions from aqueous solutions and industrial effluents
using natural biosorbents [17]. Using Pinus sylvestries
led to 85-90% removal efficiency, but the results
showed that modification did not improve the
removal efficiency for lead [18]. Gundogdu et al. also
investigated the biosorption potential of pine (Pinus
brutia Ten) bark in a batch system for the removal of
Pb(I) ions from aqueous solutions [19]. The adsorp-
tion capacity of rice husk ash for Pb(Il) ions in terms
of monolayer adsorption was reported to be
91.74mg g ' by Naiya et al. [20]. Naiya et al. also
used clarified sludge and activated alumina for the
removal of Pb(Il) from aqueous solutions [21,22].
Recently, Chen et al. used a new low-cost adsorbent,
fallen Cinnamomum camphora leaves for effective
removal of Pb(Il) from aqueous solutions [23]. In gen-
eral, most studies have shown that lead biosorption
by employing agricultural waste materials is effective,
and extensive works have been reported for the
removal of lead employing agricultural waste mate-
rials. On the other hand, as an agricultural waste,
wheat straw (WS) has a high annual yield. However,
most of the WS is usually burnt for heating or left
directly to be decomposed. These treatments can not
only discard natural resources, but also cause environ-
mental pollutions. Hence, it is essential to make the
best use of WS. It should also be noted that WS has a
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vascular bundle structure affording some additional
surface for chemical modifications. It has complicated
components containing lignin, hemicellulose, cellulose,
pectin, protein, and fatty acids [24]. The WS is plenti-
ful in hydroxyl groups, which can offer chemical reac-
tion sites and adsorb iron ions to grow Fe;O, crystals.
In this work, we used the agricultural waste WS as a
template, grew Fe;O, nano-particles on its surface,
and then studied its potential application in lead
biosorption.

The aims of this investigation were: (a) synthesis
of magnetic wheat straw (MWS) by co-precipitation
method and its characterization using SEM, TEM,
X-ray diffraction (XRD), VSM, BET, and Fourier trans-
form infrared (FTIR), (b) comparative batch adsorption
study of the two adsorbents (WS and MWS) for Pb(II)
with respect to various experimental parameters, and
(c) comparative isotherm and kinetic studies.

2. Experimental
2.1. Materials

WS was collected from a local industry (Shiraz)
and washed thoroughly with distilled water to remove
any dirt. It was then dried in an oven at 65°C until it
reached a constant weight, fed to a mixer and grinder,
and ground. Finally, it was sieved for a particle
size of 0.125-0.595 x 107> m. Iron(Il) sulfate heptahy-
drate (FeSO47H,0), iron(lIl) chloride hexahydrate
(FeCl3-6H,0), and ammonia solution (NH;-H,O, 25%)
were prepared from Merck (Darmstadt, Germany) and
used for Fe;O, synthesis. Pb(NOj3), (from Merck) was
used to obtain the solutions of Pb(Il) ions. All chemi-
cals, which were of analytical reagent grade, were
purchased from Merck.

2.2. Synthesis of Fez04/WS

As a classical method, in situ co-precipitation was
used to synthesize Fe;0,/WS composites. The chemi-
cal reaction of Fe;O, formation can be represented by
the following equation:

Fe’ + 2Fe®" + 8OH™ — Fe;0, + 4H,0 1)

In this work, about 0.5 g of WS fragments and a
certain amount of NH3-H,O (25%) were added to a
0.050-L mixed solution of FeSO, and FeCls (the molar
ratio of Fe* to Fe** was 2/1) under an inert gas. The
temperature was raised and kept at 70°C for 4 h. After
that, the Fe;O,/WS composite was washed several
times by deionized water and separated by a magnet;
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finally, it was dried in vacuum at 50°C for 24 h. The
magnetic nanoparticles were coded as MNP. The total
iron ion concentration in the reaction mixture was
0.1 mol L%, The required amount of NH;-H,O (25%)
added to the reaction mixture was 0.002 L.

2.3. Characterization methods

Scanning of WS and MWS was done using a field
emission scanning electron microscope (FE SEM,
HITA CHIS-4160). The average size and structure
phases of the adsorbents were analyzed by XRD (D8
ADVANCE, Bruker). Infrared absorption spectroscopy
(IR) spectra of adsorbents were monitored by FTIR
spectroscopy using the KBr Pellet technique. The BET
(Brunauer, Emmett, and Teller) surface areas for both
adsorbents were measured using Smart Sorbs 92 sur-
face area analyzer. TEM image of MWS was achieved
by a transmission electron microscope (Philips CM30
FEI TECNAI G2 microscope operating at 250 kV). The
magnetic properties of MWS were studied using a
vibrating sample magnetometer (VSM, Lake Shore
7307) at room temperature in an applied magnetic
field ranging from —10,000 G to 10,000 G.

2.4. Biosorption experiments

A stock solution including 1,000 mg L™" Pb(Il) ions
was prepared by dissolving a proper amount of Pb
(NO3), in deionized water and subsequently diluted
to the required concentrations closely prior to its use.
The biosorption of Pb(Il) ions onto the adsorbents was
studied by the batch technique. The method employed
for this purpose was as follows: the required amount
of adsorbents was equilibrated with 0.025 L of aque-
ous solution of adsorbate (Pb(NOj),) at different
concentrations ranging from 10 to 1,000 mg L™" in dif-
ferent glass bottles on a shaker (Edmund Buhler,
GmbH). According to the results obtained from some
preliminary experiments, they were performed at the
stirring speed of 240 rpm, using WS with the size of
149-125 x 107° m. The experiments were carried out at
ambient temperature and different pH values varying
from 2 to 6 in a shaking thermostat. The initial pH of
the adsorbate solution was adjusted by adding enough
amounts of diluted HNO; or NaOH solutions. The
progress of biosorption was monitored at different
time intervals until saturation was achieved. After the
completion of predetermined time intervals, the
content of one bottle was separated by high-speed
centrifugation at 4,000 rpm and WS was removed by
filtration through 0.45-pm nitrocellulose membrane
(Sartorius Stedim Biotech., GmbH), while MWS was
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removed magnetically from the aqueous solutions.
Finally, the concentration of Pb(Il) ions in the filtrate
was determined by a flame atomic absorption spec-
trophotometer (FAAS) (A Analyst 300 Perkin Elmer,
USA). All experiments were conducted in triplicate.
The equilibrium adsorption capacity, Q., of Pb(II)
aqueous was calculated using the mass balance
according to the following equation:

0. V(G -C) @

m

where V is the sample volume (L), m is the mass of
adsorbent (g), C, represents the initial concentration of
Pb(Il) in the solution (mgL™"), and C. denotes the
equilibrium concentration of Pb(II) in the solution
(mg LY. For time-dependent data, C substitutes C,,
and Q replaces Q. in Eq. (2).

3. Results and discussion
3.1. Characterization of MWS

The nitrogen adsorption—-desorption isotherm of
WS and MWS was obtained and the data are repre-
sented in Table 1. TEM image with the surface
morphology of MWS adsorbent was achieved, and the
average diameter of MWS was found as shown in
Table 1.

Scanning electron micrographs of WS and MWS
are shown in Fig. 1(a) and (b), respectively. Fig. 1(a)
shows that the parent WS material has insoluble cell
walls with fibrous contents that could facilitate the
adsorption of metals according to its irregular surface.
Fig. 1(b) indicates that the WS was completely covered
with iron oxide and all iron oxide particles were
aggregated to make a spherical structure.

Fig. 2 depicts XRD patterns of the synthesized
materials and WS. For MWS and MNP, the peaks
located at 26 = 30.3°, 35.6°, 43.3°, 57.15°, and 62.9° were
characteristic of Fe;O,. These peaks were consistent
with the database in JCPDS file (PCPDFWIN v.2.02,
PDF No. 85-1436), showing that the WS binding had
no effect on the phase change of Fe;O, in the compos-
ite. Also, the diffraction peaks at 20=17.1° and 24.7°
referred to the cellulose I crystalline form in both WS
and MWS, which could be attributed to natural
cellulose [24]. The average particle size of MWS
was calculated to be 4.63 nm, using the standard
Debye-Scherrer equation:

k.

d:ﬁ cos 0 @
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Table 1
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Surface area and porosity of WS and MWS from N, adsorption analysis and average diameter of MNP on MWS from

TEM analysis

Adsorbents Sper (m? g_l) Vpore (ml g_l) dpore (NM) Average diameter of MNP on sorbent (nm)
WS 3.373 0.049 3.086 -
MWS 23.56 8.32 3.056 5.64
(a) 180
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120
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Fig. 1. SEM images of (a) WS and (b) MWS. e
(c) 10
where d refers to the particles size, k represents the 140
Debye—-Scherrer constant (0.89), 1 is the X-ray wave- 120
length (0.15406 nm), and £ and @ are the full width at 100
half maximum and the Bragg angle, respectively. £ .
The FT-IR technique is known as the main tool to 3
recognize some characteristic functional groups acting 0
as adsorbents for the removal of metal ions and dye. a0
Infrared spectra of WS, MNP, and MWS are presented 20
in Fig. 3. o
As shown in Fig. 3, the spectra illustrated a o 1 2 3 4 S0 6 70 8 90
number of absorption peaks signifying the complex 20/degree

nature of the material. The broad peaks around
3,346.28 cm ™' were attributed to the bonded hydroxyl
groups on the surface of the parent WS. This band
was assigned to the vibration of the silanol group,
hydroxyl group linked to cellulose and lignin, and
the water adsorbed onto the parent adsorbent. The

Fig. 2. XRD patterns of (a) WS, (b) MNP, and (c) MWS.

peaks which appeared at 2,920.48 and 1,375.30 cm™"
were due to the stretching vibration and the bending
vibration of the C-H bond in the methyl group,
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Fig. 3. FT-IR spectra of (a) WS, (b) MNP, and (c) MWS.

respectively. The absorption peaks around 1,733.86
and 1,658.38 cm™' were indicative of the existence of
the carbonyl group stretching from aldehydes and
ketones [25]. The peak located at 1,427 cm ' was
characteristic of the stretch vibration of C-O from the
hydroxyl group. The strong C-O band located at
1,054 cm ™" also indicated the lignin structure of WS.
The peak near 1,253.06 cm ! was also attributed to
the stretch vibration of C-O in phenols.

Spectroscopic analysis exhibited in Fig. 3 reveals the
successful binding of MNP onto the WS surface. A com-
parison between the two spectra of MWS and MNP in
Fig. 3 showed that the characteristic peak of MNP at
3,120 cm™ ! (OH stretch) and 638.68 cm ™! (Fe—O) under-
went a specific shift in MWS spectra to 3,141.23 cm ™
(OH) and 615.51 cm ™" (Fe-O), which could be assigned
to the interaction of the hydroxyl groups and metal
oxide on MNP during MWS formation. Moreover, a
comparison of WS and MWS spectra showed the
shifting, disappearance, and appearance of peaks. The
significant band shifting from 3,346.28 to 3,141.23 cm™"
(OH stretching), 2,920.48 to 3,040.39 cm™! (=CH stretch-
ing), 1,733.86 to 1,737.78 cm ! (C=0 stretching), 1,429.12
to 1,404.83 cm ™' (C-OH), and 1,051.62 to 1,043.04 cm™"
(C-O-C stretching) indicated the successful binding of
WS onto MNP to form MWS.

Zero point charge (pHp,.) is the main property
specifying the electrical neutrality of the biosorbent at
a particular value of pH. The pH,,. values of WS and
MWS were found to be 2.1 and 2.6, respectively. This
indicated that MWS was positively charged at
pH <2.6.

The magnetic hysteresis loops at 298 K of MWS are
exhibited in Fig. 4. MWS typically demonstrates the
superparamagnetic behavior, thereby indicating that
the magnetic material can respond to an applied
magnetic field without any permanent magnetization,
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Fig. 4. Magnetic hysteresis loops of MWS at 298 K.

with the loop area being zero. The saturated
magnetization for MWS was found to be 5.65 emu g’
with regard to Fe;O, content. Superparamagnetic
materials can be simply separated from the solution
with the aid of an external magnetic field. According
to this characteristic, the MWS can be very advanta-
geous if used as the material for adsorption processes.

3.2. Equilibrium contact time

In order to achieve the equilibrium time for
maximum metal ions uptake onto WS and MWS, a
study on contact time was carried out. Experiments
were carried out for different contact times with a
fixed adsorbent dose of 4 g L™" for the solution, initial
concentration of 100 mg L™, pH of 5.0, and shaking
rate of 240 rpm. A graph of removal percentage vs.
time (Fig. 5) represents the rapid adsorption of metal
ions during the first 5 min; thereafter, the adsorption
of Pb(l) was slowly improved and became almost
constant at 70 min in the case of WS, and 30 min for
MWS. Finally, after reaching the saturation values of
85.37 and 71.2%, a smooth graph was achieved using
MWS and WS, respectively.

The reduction in the extraction rate of metal ions
with time could be due to the aggregation of metal
ions around the adsorbent particles. This aggregation
could obstruct the migration of adsorbate as the
adsorption sites were filled up and the resistance to
the dispersion of metal ions in the adsorbents was
enhanced. In addition, the occupation of the remaining
active sites could be difficult according to the repul-
sive forces between the lead ions on the adsorbent
and the remaining lead ions in the aqueous solution.

Moreover, the higher adsorption efficiency for lead
ions onto MWS could be attributed to the available
functional groups on the adsorbent surface and the
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Fig. 5. Effect of contact time on the adsorption of lead(II) onto
WS and MWS (initial lead(Il) concentration = 100 mg L
pH 5, adsorbent dose =4 g L™}, and shaking rate = 240 rpm).

higher surface area of MWS. According to the values
reported for the surface area of WS and MWS, it was
found that better adsorption capability led to higher
adsorption efficiency for lead ions onto MWS. How-
ever, surface areas of both WS and MWS were less
than 25m?/g, and higher adsorption efficiency for
lead ions onto MWS could be due to this reason. In
other words, a faster adsorption rate for MWS could
be attributed to the external surface adsorption created
by nonporous nano adsorbent, which was different
from the microporous adsorption process obtained by
the WS [26]. Since nearly all adsorption sites of MWS
were present on their exterior, it was easy for the
adsorbate to access these active sites, thereby causing
the fast approach to equilibrium. This result can be
promising due to the advantage of the economic via-
bility as equilibrium time is known to play the main
role in designing a wastewater treatment plant.

3.3. Effect of concentration of adsorbate

To determine the effect of initial metal ion concen-
tration on the adsorption process, the initial concentra-
tion of Pb(Il) was changed from 10 to 1,000 mg L™".
Batch adsorption experiments were performed at pH
5, with an adsorbent dose of 4 g L™! and the shaking
rate of 240 rpm. It is evident from Fig. 6 that the effi-
ciency of Pb(Il) removal was affected by the initial
metal ion concentration at contact durations of 30 and
70 min using MWS and WS, respectively.

At low metal ion concentrations, metal ion adsorp-
tion included higher energy sites. Since the metal ion
concentration was enhanced, the higher energy sites
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Fig. 6. Effect of the initial concentration of lead(II) ion adsorp-
tion (adsorbent dose = 4 g L™, pH 5, shaking rate = 240 rpm,
and contact time = 30 min for MWS and 70 min for WS).

were saturated and adsorption was started on lower
energy sites, thereby causing reductions in the
adsorption efficiency. As shown in Fig. 6, at the lowest
concentration of lead (10mgL™), the removal
percentages were 89.3 and 88% for MWS and WS,
respectively. Further enhancement in the lead concen-
tration to 1,000 mg L! led to a decrease in the
removal percentages to 18.9 and 16% for MWS and
WS, respectively.

3.4. Effect of pH

To investigate the effect of pH, the adsorption of
Pb(Il) was studied with an adsorbent dose of 32 g L™/,
initial ion concentration of 400 mg L', and shaking
rate of 240 rpm. The results are shown in Fig. 7.

The pH range was selected to be 2-6 in order to
avoid metal hydroxides, which had been estimated to
happen at pH >6.5 for Pb(OH), [27]. Fig. 7 demon-
strates that maximum adsorption capacity happened
at pH 5. Similar values of optimum pH for the adsorp-
tion of Pb(Il) have been reported in the literature
using the spent grain [28], Pinus sylvestris [18], and
crop milling waste [11] as the biosorbent.

As it can be seen in Fig. 7, the change in pH
affected the adsorption process. The reduction in the
adsorption capacity of WS and MWS at lower pHs
could be due to the competition faced by Pb(I) ions
with H" ions adsorbed onto the binding sites of the
cells, which were responsible for lead adsorption [14].

On the other hand, the H" ion concentration could
react with the functional groups located on the active
sites on the adsorption surface. Generally, adsorption
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Fig. 7. Effect of the solution pH on lead(Il) ion adsorption
(initial lead(I) concentration = 400 mg L pH 5, adsorbent
dose=32¢g L shaking rate =240 rpm, and contact
time = 30 min for MWS and 70 min for WS).

of cations was favored at pH > pHpzc, whereas the
pHpzc values were 2.6 and 2.1 for MWS and WS,
respectively.

Moreover, when pH was enhanced, there was a
decrease in positive surface charge (since the depro-
tonation of the functional groups of WS, especially
hydroxyl, could occur) that resulted in a lower electro-
static repulsion between the positively charged lead
ion and the surface of WS favoring adsorption.

A study in the literature [29] on Pb(I) speciation
has illustrated that the dominant species are Pb(OH),
at pH >6.0 and Pb** and Pb(OH)* at pH <6.0. Upon
further increase in pH >6, adsorption was reduced,

120
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£
é 60
3
a 40
§ —&— us
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0 qe(mg/e)
0.0 02 04 0.6 0.8 1.0 12
Adsorbent dosage(gr)

Fig. 8. Effect of adsorbent dosage on lead(Il) adsorption
(initial lead(I) concentration =400 mg L™, pH 5, shaking
rate = 240 rpm, and contact time =30 min for MWS and
70 min for WS).
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but the total lead removal was improved according to
adsorption and the formation of lead hydroxide,
which was precipitated [30,31]. The optimized value
of pH for adsorption was found to be 5 where Pb
(OH), precipitation did not happen. Thereafter, the
pH value of 5 was chosen for adsorption experiments
based on the maximum adsorption capacity.

3.5. Effect of the adsorbent dosage

Fig. 8 shows the adsorption of lead(Il) ions by WS
and MWS at different extents of the adsorbent (0.01-
1.0 g), initial concentration of 400 mg L™" lead solution,
and the shaking rate of 240 rpm. When the adsorbent
extent was enhanced from 0.01 to 1.0 g, the removal
percentage was generally improved, but the amount
adsorbed per unit mass of adsorbent was found to be

a 20
( ) y =0.5981+0.4250x
18 4 Rsqr=0.8966

y=0.4143+0.4634x
Rsqr=0.8863

LogQe

LogC,

25
(b) y=0.3038+0.0243x
Rsqr =0.9935

20

y =0.5055+0.0197x
Rsqr =0.9986

Celq (/L)

0 200 400 600 800 1000
Ce(mg/L)

Fig. 9. (a) Freundlich isotherm plot for the removal of Pb
(II) on WS and MWS and (b) Langmuir isotherm plot for
the removal of Pb(II) on WS and MWS (adsorbent
dose=4gL™", pH 5, shaking rate=240rpm, contact
time =30 min for MWS and 70 min for WS, ambient
temperature).
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Langmuir and Freundlich isotherm constants for Pb(Il) biosorption on WS and MWS (adsorbent dose =4 g L™}, pH 5,
shaking rate = 240 rpm, contact time = 30 min for MWS, 70 min for WS, ambient temperature)

Langmuir isotherm Im (mg g™ b (L mg™") R?
WS 41.15 0.0800 0.994
MWS 50.76 0.0389 0.999
Freundlich isotherm Kg (mg' /" LY g™ n (unitless) R?
WS 1.513 2.16 0.886
MWS 1.819 2.35 0.897

diminished considerably. Removal percentage reached
the maximum (approximately, 90% for WS and 95%
for MWS) at around 0.8 g and then remained almost
constant.

The rise in the removal percentage or reduction in
unit adsorption with the increase in the dose of adsor-
bent was based on the enhancement in the active sites
on the adsorbent, thus making the penetration of the
lead ions to the adsorption sites easier. Moreover,
when the adsorbent extent was up to 0.8g, the
enhancement in lead(Il) adsorption was not consider-
able. This could be attributed to the formation of
adsorbent agglomerates which decreased the available
surface area and blocked some adsorption sites. Simi-
lar results have been reported by others [32].

3.6. Adsorption isotherms

The aim of the adsorption isotherms is to correlate
the adsorbate concentration in the solution and the
adsorbed extent of the metal ions at the adsorbate-
adsorbent interface. Freundlich and Langmuir iso-
therm models are widely applied by environmentalists
to optimize a design of the adsorption system. In the
present study, the adsorption of Pb(Il) ions onto
WS and MWS adsorbents was investigated, and
the applicability of the mentioned isotherms was
examined. The Langmuir model assumes that the
sorption of metal ions happens on a homogenous
surface by monolayer adsorption with no interaction
between the adsorbed ions. The Langmuir and
Freundlich models can be expressed as shown in
Egs. (4) and (5), respectively:

 QuadC.
Q. = m 4)

where Q. is the extent of metal adsorbed onto the
biosorbent (mg g '), C. is the equilibrium concentra-
tion of metal adsorbed in the solution (mg LY, Qmax
represents the maximum adsorption capacity or the

theoretical monolayer saturation capacity, and b is the
Langmuir equilibrium constant [33].

Q. = Kg - Cl/m 5)

(a)1.5

1.0

y= 1.2979-0.0357x
Rsgr=0.9103

0.5 4
y = 0.8110-0.0359x

®
2 00- Rsqr =0.9782
z
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Fig. 10. (a) Pseudo-first-order kinetics of Pb(Il) onto WS
and MWS and (b) pseudo-second-order kinetics Pb(II) onto
WS and MWS (initial lead(I) concentration = 100 mg LY
pH 5, adsorbent dose=4g L7, shaking rate = 240 rpm,
ambient temperature).
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Table 3
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Characteristic parameters of the kinetic pseudo-first-order and pseudo-second-order models and coefficients of deter-
mination (initial lead(Il) concentration = 100 mg ™!, pH 5, adsorbent dose =4 g L™, shaking rate = 240 rpm, ambient

temperature)
Pseudo-first order Pseudo-second order
Adsorbent R? k x 10% (min™") R? kx10° (mg™' g min™")
WS 0.910 35.7 0.9990 26.7
MWS 0.978 359 0.9997 47.6

For the Freundlich model, K¢ (mg' /" LY" g™") is
the constant associated with the adsorption capacity of
the adsorbent, n (dimensionless) is the exponent
associated with adsorption intensity [34]. The experi-
mental data were fitted to both Langmuir and Fre-
undlich isotherms (Fig. 9). The isotherm constants in
Egs. (4) and (5), as well as the regression coefficients
(R?), are given in Table 2.

1/n value for Pb(Il) lies between 0 and 1, thereby
indicating favorable adsorption. It was found that the
Langmuir model was best fitted to the experimental
data with the values of the coefficient of determina-
tion, R?, being 0.994 for WS and 0.999 for MWS as
illustrated in Fig. 9. This shows that the used adsor-
bents would provide monolayer and homogeneous
adsorption of the lead ions.

3.7. Biosorption kinetics

The rate at which sorption happens is of great
importance when designing batch sorption experi-
ments. Accordingly, it is essential to find biosorption
kinetics containing the search for the best model that
can well characterize the experimental data.

The pseudo-first-order equation widely applied to
predict metal sorption experiments has the following
form:

P =h(Q-Q) ©
where Q; (mgg ') is the amount of metal ions
biosorbed at time t, Q. is the amount of metal ions
biosorbed at equilibrium (mgg™"), and k; is the rate
constant of the biosorption (min~'). After definite
integration by considering the conditions Q. =0 at
t=0 and Q;=Q; at t =t, the equation is rewritten as
the following equation:

In (Qe— Q1) =In Q. — kit 7)

Straight line in the graph of In(Q.— QY vs. t
shows the applicability of this kinetic model. Q. and

ki can be estimated from the intercept and the slope
of the plot, respectively. The linear plots of In
(Qe — Qv vs. t for the pseudo-first-order kinetic model
using WS and MWS are presented in Fig. 10(a).

The pseudo-second-order rate equation has been
widely applied to explain metal ions and organic
compound sorption onto diverse sorbents.

dQ _ 2
k- ®

where Q; and Q. (mg g™") are the extents of biosorp-
tion at time t (min) and at equilibrium, respectively; k,
(g mg™' min™") is the rate constant of the second-order
equation. After definite integration using the condi-
tions Q¢ =0at t =0 and Q. = Q; at t = ¢, the equation is
rewritten as the following equation:

t 1 t
@:k—Z'Qg+@ (9)

The plot of t/Q; vs. t should give a straight line if
second-order kinetics is appropriate, and Q. and k»
can be estimated from the slope and the intercept of
the plot, respectively. The linear plots of t/Q; vs. ¢ for
the pseudo-second-order kinetic model using WS and
MWS are presented in Fig. 10(b).

The values of correlation coefficients (Table 3) for
both adsorbents showed a better fit of the pseudo-
second-order model with the experimental data with
respect to the Lagergren first-order model; so, one can
conclude that the rate-limiting step is of chemisorption
nature. In this regard, the results of kinetic analysis
for Saccharomyces cerevisine biomass showed that the
biosorption process of Pb(Il) ions followed pseudo-
second-order kinetics [35].

4. Conclusions

The efficiency of magnetic nanoparticles impreg-
nated onto WS waste in removing lead(Il) ions from
aqueous solutions was studied. Characterization stud-
ies showed various physico-chemical properties of
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MWS which were favorable for metal binding. The
adsorbents revealed good adsorption capacity for lead
ions. The adsorption capability of the nanocomposite
was higher than that of WS. The results showed that
the biosorption process for WS and MWS was highly
pH dependent. The optimum pH value was found to
be 5. The higher percentage removal of lead ions
could be achieved at lower initial lead concentrations.
Adsorption data were well fitted by the Langmuir
isotherm for MWS and WS. The kinetics of adsorption
(for WS and MWS) followed both pseudo-first-order
and pseudo-second-order kinetics. The results of this
investigation suggest that the developed MWS
shows not only high adsorption efficiency and faster
kinetics but also other benefits like easy recovery,
absence of secondary pollutants, cost-effectiveness,
and environmental-friendliness. Therefore, it can be
recommended for wastewater treatments and control
of environmental pollution.
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