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ABSTRACT

Magnetically modified aloe vera leaves ash (MALA) was prepared, characterized, and used
for simultaneous removal of Pb(Il), Cu(ll), Zn(Il), and Cr(Ill) ions from aqueous solutions.
MALA was prepared by treating ALA with Fe;O, nanoparticles. Effects of different parame-
ters on the batch adsorption experiments were studied and optimized by both the magnetic
and non-magnetic ALA. The kinetic and isotherm experimental data were well described by
the pseudo-second-order kinetic model and the Langmuir isotherm model, respectively.
Thermodynamic studies indicated that the adsorption processes were spontaneous and
exothermic in nature. The adsorption process of MALA was fast and removal efficiencies
were higher than 98% under the optimized conditions. MALA could be reused with suitable
recovery after hydrochloric acid washing. It was indicated that the developed method based
on MALA is very simple, low cost, fast, and reliable for removal of heavy metal ions from

water samples.
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1. Introduction

Rapid industrialization has contributed to the
release of toxic heavy metals to water streams. Some
of the main sources of heavy metal ions in the envi-
ronment include electroplating, metallurgical, tannery,
and chemical manufacturing; and mining, pesticide,
fuel production, and battery manufacturing industries.
Heavy metals have harmful effects on human
physiology and biological systems, such as kidneys,
brain cells, and liver, when the concentration of heavy
metal ions in human body exceeds the tolerance
levels. Unlike organic wastes, heavy metals are not
biodegradable and tend to accumulate in living
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organisms, causing various diseases and disorders;
therefore, they must be removed before discharge in
environment [1,2].

A number of methods are available for removal of
toxic heavy metal ions from aqueous solutions,
including chemical precipitation, chemical oxidation/
reduction [3], membrane technologies [3,4], reverses
osmosis [5], ion exchange [6], ion flotation [7], and
adsorption. Among these techniques, adsorption tech-
nology is regarded as the most promising one to
remove heavy metal ions from effluents due to its
clean and fast operation, high efficiency, ease of han-
dling, low cost, and availability of different adsor-
bents. The economy of this method depends mainly
on the cost of the adsorbent materials [3,8,9]. Many
researchers around the world are trying to evaluate
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adsorption capacities of different materials to find out
more efficient and low-cost adsorbents for removal of
heavy metal ions from aqueous solutions. Materials
locally available in large quantities, such as natural
materials, agricultural waste, or industrial byproducts,
can be utilized as low-cost adsorbents [10-13].

Reusing agricultural waste products is one goal of
environmental sustainability and has become an
option to add value to producers. Agricultural wastes
are an abundant source for significant metal ion sorp-
tion which have many advantages for wastewater
treatment, including free availability, simple tech-
nique, requires little processing, good adsorption
capacity, selectivity, low cost, and easy regeneration
[14]. A large quantity of agricultural wastes, such as
rice straw [15], grape stalk wastes [16], maize cob [17],
orange peels [18], rice husks [19], eucalyptus bark [20],
various leaves [8,21-23], and sawdust [24,25], etc. have
been used as low-cost adsorbents for removal of toxic
heavy metal ions from aqueous solutions.

Recently, magnetic separation has been considered
as an effective and quick method for solid-liquid phase
separation after the adsorption. Over the last few
years, great interest is devoted to the development of
magnetically  modified agricultural  adsorbents
(MMAA), which can be separated, recycled, and easily
used, especially on an industrial scale [26,27]. The main
advantages of this technology include less contamina-
tion of sorbent and high capacity of treating large
amount of metal ions in wastewater within a short time
[28]. Magnetite nanoparticles (Fe;O4) as the commonly
used magnetic material are combined with plant adsor-
bents owing to their easy sample preparation and good
biocompatibility. Their basic properties, such as extre-
mely small size and high surface area-to-volume ratio,
provide better kinetics for the adsorption of metal ions
from aqueous solutions [27,28]. Furthermore, the
MMAA can stabilize the iron oxide nanoparticles by
surface modification, hence protect them against oxida-
tion and prevent their aggregation in aqueous systems
[28-30]. Although there are many studies related to the
using of agricultural adsorbents, only a few studies
have been focused on the removal of contaminants
using MMAA. These include the using of magnetic
nanoparticles-impregnated tea waste [31,32], gum Ara-
bic-modified magnetic nanoparticles [33], magnetically
modified spent coffee grounds [29], magnetically modi-
fied spent grain [34], magnetic fluid-modified peanut
husks [35], and magnetic-activated carbons from agri-
cultural wastes [27,36].

The main purpose of the present study is to develop
a new magnetically modified agricultural adsorbent for
simultaneous removal of Pb(I), Cudl), Zn(I), and
Cr(III) ions from aqueous solutions. This adsorbent is
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prepared by mixing of aloe vera leaves ash (ALA) as a
low-cost adsorbent with magnetite (Fe;O,) nanoparti-
cles. Aloe vera leaves are one of the pharmaceutical,
cosmetic, and food industries wastes that recently have
been used as a power potential adsorbent for removal
of Cr(VI) in aqueous solutions [37,38].

Different experimental conditions, such as solution
pH, adsorbent dose, contact time, and temperature,
for the maximum removal of all metal ions by both
the magnetic and non-magnetic ALA were investi-
gated and optimized. Meanwhile, behaviors and
mechanisms of heavy metal ions adsorption were
comprehensively explored by kinetic and isotherm
models as well as thermodynamic parameters.

2. Experimental
2.1. Chemical reagents and materials

Experiments were conducted with aloe vera leaves
collected from Semnan, Iran. Iron(Ill) chloride hexahy-
drate, iron(Il) chloride tetrahydrate, and ammonia
solution were supplied by Sigma-Aldrich (M) Sdn.
Bhd., Malaysia. Metal nitrates, sodium hydroxide, and
all of the other reagents used for experiments and
analysis were of analytical grade and purchased
from Merck (Darmstadt, Germany). Deionized water
(DI-water) obtained from a Millipore Continental
Water System (Bedford, MA, USA) was used through-
out this study. Stock solutions were prepared from an
appropriate amount of the nitrate salts of Pb(Il),
Cu(D), Zn({I), and Cr(III) as 1,000 mg L! solutions in
DI-water. Standard solutions were prepared daily by
dilution of the stock solutions.

2.2. Preparation of ALA

The aloe vera leaf was cut off from the plant and
its latex was drained. The leaves were then washed
with DI-water, and dried in a convection oven at
110°C for 15 h. The ALA was prepared by burning the
dried leaves at 500°C in a muffle furnace for 5 h.

2.3. Synthesis of Fe3O4 nanoparticles

The simplest and efficient method based on co-pre-
cipitation was used for synthesis of the magnetite
nanoparticles [39]. At first, 2.35 g of FeCl,-4H,O and
6.1 g of FeCl;-6H,O were dissolved under inert atmo-
sphere in 100 mL of DI-water with vigorous stirring.
Then, 30 mL of ammonium hydroxide solution (25%)
was added dropwise to the solution with stirring at
80°C. The reaction was allowed for 30 min at 80°C
under constant stirring to ensure the complete growth
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of nanoparticle crystals. During the reaction process,
the pH was maintained at about 10. The resulting sus-
pension was cooled down to room temperature and
then Fe;O, precipitant was separated with a magnet,
washed several times with DI-water and finally dried
in an oven at 50°C. The reaction that occurs in the
preparation of magnetic nanoparticles is as follows:

2FeCl;.6H,0 + FeCl,.4H,0 + 8SNH,OH
— Fe;04 4+ 8NH4Cl + 20H,O ¢))

2.4. Preparation of magnetically modified ALA (MALA)

The as-prepared ALA was first activated with
HNO; solution. For this, ALA was washed by HCl
solution (0.001 mol L™") to remove all salts precipi-
tated in its pores, and then several times with DI-wa-
ter to remove all traces of the acid. Subsequently, it
was oven-dried at 80°C for 24 h to volatilize the
organic impurities. Then, ALA was added to HNO;
solution (0.001 mol L") and remained at room tem-
perature for 3 h. The mixture was then oven-dried at
60°C. Finally, 1g of Fe;O4 nanoparticles was added
into 10 mL of the aqueous suspension of activated
ALA (100 mg mL™") in a 25 mL glass stoppered bottle.
The reaction mixture was mixed at room temperature
for 1 h (120 rpm) and then oven-dried at 80°C for 3 h.

2.5. Apparatus and characterization methods

Heavy metals analysis was carried out using
atomic absorption spectrophotometer (Shimadzu, AA-
680/G, Japan) under the conditions given by the
manufacturer with air-acetylene flame. The pH values
were measured with a Metrohm pH-meter (E-632,
Herisau, Switzerland) supplied with a glass-combined
electrode. A temperature-controlled orbital shaker
(Technal, TE 4200, Brazil) was used in batch adsorp-
tion experiments. The morphology of the sorbent was
studied using scanning electron microscopy (SEM,
Phillips, PW3710, Netherland) and transmission elec-
tron microscopy (TEM, CM30, Philips, Netherland).
SEM images of the adsorbents were obtained using
scanning electron microscopy (SEM, Phillips, AIS2200,
Korea). The morphology of the magnetic nanoadsor-
bent was examined by transmission electron micro-
scopy (TEM, CM30, Philips, Netherland).

2.6. Adsorption procedure

Adsorption experiments were performed using
batch technique to identify the effect of important
variables, such as solution pH, adsorbent dosage,
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contact time, and temperature, on the adsorption of
metal ions from aqueous solution.

Batch adsorption experiments were carried out in a
series of 250 mL Erlenmeyer flasks containing 100 mL
aqueous solutions of Pb(Il), Cu(ll), Zn(Il), and Cr(III)
ions with the initial concentration of 100 mg L™ (from
each one). Desired pH values were adjusted with
0.1 mol L™" HCl or 0.1 molL™" NaOH. Appropriate
amount of the sorbent was then added to each solution.
The flasks were shaken in orbital shaker with 170 rpm
speed at a constant temperature. Samples were
withdrawn at regular time intervals and MALA was
magnetically separated from the solutions (filtration
through a Whatman filter paper in the case of ALA).
The residual concentrations of metal ions in the sample
solutions were determined using flame atomic absorp-
tion spectrophotometer. The adsorption tests were con-
tinued until the equilibrium concentration was reached.
The removal percentage was calculated as:

Removal (%) = (C()C;Ce) x 100 2

0

The solid-phase heavy metal concentration, g,
(mg g "), was also determined using the following
equation:

= (G -C) x V 3)
m

where Cy and C, are the initial and final concentra-
tions (mg L") of metal ions in solution phase, respec-
tively; V is the volume of the treated solution (L); and
m is the mass of adsorbent (g). All the experimental
data were the averages of triplicate determinations.

2.7. Adsorption isotherm

In order to determine the adsorption isotherm
model, equilibrium adsorption experiments were done
in a batch mode. For this, 0.005 g of MALA and 100 mL
of aqueous metal ions solution with various concentra-
tions of 25, 35, 45, 55, 65, 75, 85, and 100 mg L™ (pH 6)
were shaken in 250 mL Erlenmeyer flasks at 170 rpm
and 25°C for 10 min. The adsorbent dosage and contact
time were 0.01 g and 7 min in the case of ALA. The
equilibrium amount of metal ion adsorbed per unit
mass of adsorbent was calculated using Eq. (3).

2.8. Adsorption kinetics

Adsorption kinetic model of the present study was
investigated in batch mode. A series of 250 mL
Erlenmeyer flasks containing the adsorbent and
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100 mL of 100 mgL™" metal ions solution were
prepared. The pH, adsorbent dosage, and temperature
were adjusted at 6, 0.005 g MALA (or 0.01 g ALA),
and 25°C, respectively. The flasks were shaken with
170 rpm speed at different contact times (1-20 min).
The amount of metal ion adsorbed per unit mass of
adsorbent at any time was calculated using Eq. (3).

2.9. Adsorption thermodynamics

A series of 250 mL Erlenmeyer flasks containing
0.005 g of MALA and 100 mL of 35 mgL™" aqueous
solution of metal ions at pH 6 were shaken with
170 rpm speed at different temperatures (15-65°C) for
10 min. The adsorbent dosage, metal ions concentra-
tions, and contact time were 0.01 g, 65 mg L7}, and
7 min, respectively. The equilibrium amount of metal
ion adsorbed per unit mass of adsorbent was calcu-
lated using Eq. (3).

3. Results and discussion
3.1. Characterization of adsorbent

In the present study, magnetically modified aloe
vera leaves ash (MALA) was prepared by the com-
bination of ALA with magnetite nanoparticles through
the hydroxyl groups of the activated ALA. Scanning
electronic microscope (SEM) is a widely used tech-
nique to study the morphological features of the
adsorbents. SEM images of ALA, MALA, before and
after metal ions adsorption with MALA are shown in
Fig. 1((a)-(c)). An observation of the SEM micrograph
of ALA (Fig. 1(a)) indicated the presence of many
pores and a rough structure on the surface of this
adsorbent, which was favorable for adsorption of
heavy metal ions. Moreover, the active sites were
available at 5 micro meters. As shown in Fig. 1(b), the
Fe;O,4 nanoparticles were completely incorporated into
the ALA, and all the iron oxide particles were aggre-
gated to form a spherical and cage-like structure. Fur-
thermore, the active sites could be observed at 500 nm
since the magnetite particles were occupying the
active sites. Fig. 1(c) shows the SEM image after the
adsorption of heavy metal ions onto MALA. Com-
pared to Fig. 1(b), a significant change was observed
at the surface of MALA, which was an evidence of the
metal ions adsorption.

TEM image of MALA is shown in Fig. 2. Obvi-
ously, the spherical magnetite nanoparticles with
smooth surface exhibited slight aggregation as a result
of combination with ALA, which led to the formation
of a magnetite core-ALA shell structure.

S. Abedi et al. | Desalination and Water Treatment 57 (2016) 13747-13759

AIS2100C SEI WD =82 20.00 kV X 10K Sum
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Fig. 1. SEM images of (a) ALA, (b) MALA, (c) M (I)-MALA.
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3.2. Effect of pH

The pH of the solution has a significant impact on
the uptake of heavy metal ions since it determines the
surface charge of the adsorbent, the degree of ioniza-
tion, and speciation of the adsorbate [40]. The effect of
pH on the adsorption of heavy metal ions with 0.05 g
MALA and 0.12 g ALA was studied separately over
the pH range of 2-7 (to avoid metal ions precipita-
tion), with known concentration of metal ions
(100 mg L™") and contact time of 10 min at 25°C. As
illustrated in Fig. 3, removal percentage of the metal
ions increased from pH 2 to 7. The maximum removal
of heavy metal ions was found to occur at pH 6-7.
Accordingly, pH 6 was chosen as the optimal pH for
all further studies. Similar results have also been
reported by other investigators [41,42].

The most abundant surface functional group par-
ticipating in the reactions on oxide surfaces is the
hydroxyl group, which is amphoteric and reactive.
Depending on the solution pH, the oxide surface can

undergo protonation (Eq. (4)) or deprotonation
(Eq. (5)) reactions:

—ROH +H' «+ —ROH; (4)
—ROH < —RO™ + HT 5)

where R and OH represent the surface of the adsor-
bent and oxygen-containing groups, respectively. So,
according to the solution pH, the surface is charged
differently and could behave as an anion or cation
exchanger. Therefore, low removal percentage of metal
ions at low pH range is due to the electrostatic repul-
sion between the metal ions and positively charged
sorbent surface. However, as the pH increases, the
surface charge of both the adsorbents is more negative
because of the deprotonation mechanism (Eq. (5)) and

Fig. 2. TEM image of MALA.
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Fig. 3. Effect of initial pH on the adsorption of metal ions
onto MALA and ALA (100 mL of 100 mg L™" metal ions
solution, mALA =0.12g, mMALA =0.05g; ¢=10min;
T =25°C).

the RO™ becomes the dominating species. So, the
electrostatic attraction (Eq. (6)) between negatively
charged adsorbent surface and positively charged
metal ions increases, which plays an important role in
the adsorption process.

nR-0 + M* - (R—0") M® ™+ 6)

where (R-O7), M®™* corresponds to the surface com-
plexes and n is the stoichiometric coefficient. Similar
mechanism has also been reported in the study carried
out by Banerjee and Chen for Cu(ll) removal using
gum-arabic modified magnetic nanoadsorbent [33].

3.3. Effect of contact time

Equilibrium time is another important parameter
to heavy metals wastewater treatment process. The

o]
25nm
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effect of contact time on the removal of metal ions by
0.05 g MALA and 0.12 g ALA was studied separately
over a time of 1-15 min with 100 mL of 100 mgL™"
metal ions solution (pH 6) at 25°C. The removal per-
centages of metal ions by MALA and ALA as a func-
tion of contact time were illustrated in Fig. 4(a) and
(b), respectively. Obviously, the adsorption rates of
metal ions onto both the adsorbents were very rapid
initially, which indicates that there are plenty of read-
ily accessible sites. Then, the adsorption rates slowly
decreased until it reached equilibrium in 10 and 7 min
for MALA and ALA, respectively, and remained con-
stant up to 15 min. This indicated that the adsorption
of metal ions tended toward saturation at 10 and
7 min depending on the adsorbent type. This might be
due to the fact that initially all adsorbent sites were
vacant and the solute concentration gradient was high.
However, after the initial period, slow adsorption may
be due to slower diffusion of solute into the interior of
the adsorbent [43]. Generally, the adsorption process
of both the adsorbents for all the studied metal ions
was fast when compared to previous studies
[41,42,44-50]. Banerjee et al. attributed such a fast
adsorption rate to the external surface adsorption [33].

(a)100 -
97 -
S
= 944
3 ——Zn/MALA
5 91 ——CUMALA
-5-Pb/MALA
88 1 -e~CrIMALA
85 : ’ y y .
0 3 6 9 12 15
Time (min)

(b) 100 r','i‘-"'::;'-ﬁl"“——*—————l
;e
7] ,-“,-
—_— e
3 S
= 94 L4 ¥
z ; - Zn/ALA
5 91 & - a- CUALA
-m- Pb/ALA
88 4 -o Cr/ALA
85 : ’ . . .
0 3 6 9 12 16

Time (min)

Fig. 4. Effect of contact time on the adsorption of metal
ions onto (a) MALA, (100 mL of 100 mg L™! metal ions
solution, pH 6, mALA=012g, mMALA=0.05g;
T =25°C), (b) ALA (100 mL of 100 mg L™! metal ions solu-
tion; pH 6; mALA =0.12 g, mMALA =0.05g; T =25°C).
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Accordingly, the optimum contact times were selected
as 7 and 10min for all the subsequent studies
involving ALA and MALA, respectively.

3.4. Effect of amount and type of adsorbent

Adsorbent dosage is an important parameter
because it determines the capacity of an adsorbent for
a given initial concentration of the adsorbate [51].
Adsorption of metal ions was studied using different
dosages of ALA and MALA (0.01-0.12 g) at the opti-
mum pH and contact time. As shown in Fig. 5, per-
centage removal of metal ions enhances with the
increase in adsorbent dosage. The maximum percent
removal of all the studied metal ions was obtained
with 0.05 g MALA and 0.1 g ALA; these were, there-
fore, selected for further experiments. Obviously,
adsorption equilibrium was reached with low MALA
dosage compared to the ALA, which can be attributed
to its more available adsorption sites. However, for
both the sorbents, higher dosages had no significant
effect on the metal ions uptake as the surface metal
ions concentration and the solution metal ions concen-
tration came to equilibrium with each other. At low
adsorbent dosages, the absorbent surface became satu-
rated with the metal ions and the residual metal ions
concentrations in the solution were large. As the
adsorbent dosage increased, the adsorbent sites avail-
able for heavy metal ions are also increased and
consequently better adsorption took place [52].

3.5. Effect of temperature

The adsorption experiments of metal ions were
performed at six different temperatures in the range

100 - _—
Al
80 - Ay - & Zn/ALA
_ if X - a- CUALA
2 604 7 _t," " - m- Pb/ALA
g + !,‘TJ‘ .,' - o= Cr/ALA
E 40 - oty ——Zn/MALA
e ,".1 3 —— CUMALA
204 —8— Pb/MALA
i —o—CrIMALA
0+—4— . y . . .
0 002 0.04 006 0.08 01 012

Adsorbent dose (g)

Fig. 5. Effect of adsorbent dosage on the adsorption of
metal ions onto MALA and ALA (100 mL of 100 mg L™
metal ions solution; pH 6; tALA =7 min, tMALA = 10 min;
T =250).
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of 15-65°C, with the conditions presented in Fig. 6.
The removal percentage of metal ions decreased with
the rise in solution temperature from 15 to 65°C
(Fig. 6). This is mainly due to the decreased surface
activity suggesting that adsorption between metal ions
and the sorbent was exothermic process. With increas-
ing temperature, the attractive forces between the
adsorbent surface and metal ions are weakened and
then sorption decreases [53]. So, the adsorption of
metal ions may involve mainly physical sorption.
Similar results have also been reported on Zn(II)
removal by both the bentonite and kaoline and Cu(II)
removal by amino-modified magnetite nanoparticles
[53,54].

3.6. Adsorption isotherms

Adsorption isotherms are used to describe adsorp-
tion equilibrium for wastewater treatments. In the
present work, the sorption data have been subjected
to different sorption isotherms, namely Langmuir,
Freundlich, and Tempkin models. Langmuir adsorp-
tion isotherm is valid in the case of monolayer adsorp-
tion onto the surface with a finite number of identical
sites [55]. Freundlich isotherm is used for the descrip-
tion of multilayer adsorption with interaction between
adsorbed molecules [56]. The Tempkin isotherm
model assumes that the adsorption energy decreases
linearly with the surface coverage due to some indi-
rect adsorbate/adsorbate interactions [57]. The linear
forms of isotherm models are defined as:

qe B KLqmax qmax

C 1 Ce
2 + @)

1
Ing, = InKg + - InC, (8)

-4 Zn/ALA
- &~ CWALA
-m Pb/ALA
. — % CrALA
. B o 7Zn/MALA

Removal (%)

—=—Pb/MALA
—o— CriMALA

Temperature (°C)

Fig. 6. Effect of temperature on the adsorption of
metal jons onto MALA and ALA (pH 6; sample
volume = 100 mL; for MALA: sorbate concentration
35 mg L™, m=0.005 g, and t =10 min; for ALA: sorbate

concentration 65 mg Lfl, m =0.01g, t =7 min).
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q4. = Brln Kt + BrInCe )

The experimental equilibrium adsorption data
were fitted to the above equations using plot of Ce/4e
vs. Ce, Inge vs. InC,, and g. vs. In C,, respectively.
Isotherm constants were determined from the slopes
and intercepts of the corresponding linear plots. In
Langmuir model, g, is the amount of heavy metal ion
adsorbed at equilibrium (Mg g "), Gmax IS Maximum
adsorption capacity (mgg™') on unit mass of adsor-
bent, and K is the Langmuir constant (L mgfl),
related to the free energy of adsorption. Furthermore,
the essential characteristic of the Langmuir isotherm,
i.e. dimensionless separation factor (Ry) was calculated
using Eq. (10). The Ry, values between 0 and 1 indicate
favorable adsorption [58]. In Freundlich isotherm, Kg
(mg'" /™ L™ g71) and n are the isotherm constants
related to adsorption capacity and adsorption inten-
sity, respectively. If 1 < n <10, the adsorption is favor-
able. In Tempkin model, Ky is the equilibrium binding
constant (L mg™') and Br is a constant related to
adsorption heat (k] mol ™).

1

Ri=—
L 1+ K.Co

(10)

The results obtained by fitting the experimental
equilibrium adsorption data to the isotherm models
together with the correlation coefficients (R?) for all
the models were presented in Table 1. Examination of
the linear isotherm plots suggested that, for the
adsorption of metal ions onto MALA and ALA adsor-
bents, the Langmuir isotherm yielded a much better
fit with higher correlation coefficient (R*>99%) than
the other models. Also, the values of R; are in the
range of 0-1, which confirms the favorable uptake of
metal ions by both the adsorbents. Therefore, uptake
of Pb(D), Cu(l), Zn(I), and Cr(IIl) ions by MALA and
ALA preferably followed the monolayer adsorption
process. This is in agreement with the results obtained
by Li et al. for the adsorption of Cu(Il), Pb(I), Cr(III)
ions by sawdust and modified peanut husk [59].

A comparison of the maximum adsorption capaci-
ties of different adsorbents for Pb(I), Cu(ll), Zn(I),
and Cr(Ill) ions was also reported in Table 2. The
variation in maximum adsorption capacities between
the adsorbents could be related to the type and con-
centration of surface groups responsible for adsorption
of metal ions from the solution. Obviously, the
adsorption capacity of MALA used in the present
study is significant. In addition, MALA was more
effective in the removal of Cu(l) and Cr(IlI) ions than
ALA. The amount of same ions adsorbed per gram of
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Table 1
Isotherm parameters for metal ions removal by ALA and MALA (sorbate concentration 25-100 mg L™"; myara = 0.005 g,
MapaA = 0.01 g)
Meal ion Langmuir Freundlich Temkin

fmax (Mg/g) Ky (L/mg) R* R*  Kp n R Kr(L/mg Br(J/mo) R’
MALA
Pb(ID) 333.3 0.13 0.071 099  83.67 286 0755 1.21 86.53 0.756
Cu(ID) 345.0 0.25 0.038 0.991 15524 33 0.778  1.60 114.00 0.791
Cr(IID 333.3 0.28 0.034 0997 13555 337 0821 145 99.97 0.877
Zn(ID) 71.4 0.48 0.020 0.983  23.95 337 0851 1.38 21.56 0.856
ALA
Pb(ID) 500.0 0.89 0.011  0.998 27561 592 0813 47.84 67.00 0.805
Cu(II) 117.6 0.52 0.019 0.995 43393 3.14 0985  345.08 65.68 0.975
Cr(IID) 142.8 0.71 0.014 0986 34935 347 0.625 39431 57.36 0.896
Zn(II) 200.0 0.81 0.012 0998 37698 6.03 0885 5770.27 41.31 0.887

*For Cp = 100 mg L.

Table 2

Comparison of maximum adsorption capacities of different magnetic and non-magnetic low-cost adsorbents for removal

of metal ions

fmax (Mg g ")

Adsorbent Ref.
Pb** Cu?* Zn** Cr**

Cocoa shells - 2.87 2.92 2.52 [46]
Pleurotus ostreatus - 8.06 3.22 10.75 [65]
Modified sugarcane bagasse 196 114 - - [66]
Modified carrot residues - 32.74 29.61 45.09 [67]
Olive leaves ash 90.91 62.50 - 142.85 [23]
Rice husk ash 12.00 4.03 - - [68]
Date palm leaf ash 31.84 - - - [69]
Ficus religiosa leaves ash 68.03 - - - [70]
Zeolite - 88 111 45 [50]
Maghemite nanotubes 71.42 111.1 84.95 - [71]
Fe;04 nanoadsorbents 36 - - - [49]
Magnetic zeolite - 87 114 49 [50]
Fe;O4 NPs®-immobilized sand 2.08 1.26 - - [72]
Pectin-coated iron oxide nanocomposite - 48.99 - - [45]
Gum arabic-modified magnetic NPs* - 38.50 - - [33]
Magnetic chitosan NPs® - 35.50 - - [48]
ALA 500.0 117.6 200.0 142.8 This study
MALA 333.3 345.0 333.3 71.4 This study
“Nanoparticles.

MALA was more than twice that of ALA, revealing
the modification of ALA indeed could enhance the
adsorption capability. Therefore, MALA is considered
to be a potential low-cost nanoadsorbent for heavy

metal ions removal from aqueous solutions.

3.7. Adsorption kinetics

Adsorption kinetics has been proposed to elucidate
the adsorption mechanism. The mechanism of
adsorption depends on the physical and chemical



S. Abedi et al. | Desalination and Water Treatment 57 (2016) 13747-13759

characteristics of the adsorbent as well as on the mass
transport process. In order to investigate the mecha-
nism of metal ions adsorption on the adsorbents and
examine the potential rate-controlling step, i.e. mass
transfer or chemical reaction, different kinetic models
were studied. The capability of Lagergren’s pseudo-
first-order, pseudo-second-order, and intraparticle
diffusion models was examined in this study. The
correlation coefficient (R? close or equal to 1) was
introduced to evaluate the suitability of different mod-
els. The linearized-integral forms of studied kinetic
models are expressed as [60-62]:

In (9, —q,) = Ingy — kit an
t 1 t
. (12)
q; k2‘7§ 1
g = kt'?+G 13)

In pseudo-first-order and pseudo-second-order
kinetic models, g; (or ¢,) and g; (mg gfl) are the values
of amount adsorbed per unit mass of sorbent at
equilibrium and at any time, k; (min™") is the pseudo-
first-order adsorption rate coefficient and k;
(g mg™' min™") is the pseudo-second-order constant. In
intraparticle diffusion model, k; (mg g~* min~'/?) is the
diffusion rate coefficient and C; is the intercept and
relates to the thickness of the boundary layer. The
parameter values for each model were obtained from
the respective linear plots of In (g1—¢2) vs. t, t/q; vs. ¢,
and g vs. t'/?, respectively.

The results along with R* values were listed in
Table 3. Comparing the correlation coefficients of
kinetic models revealed that for both the adsorbents,
the pseudo-second-order kinetic model with R* values
close to 1 matched better the experimental data than
the other models. This model is based on the assump-
tion that the rate-limiting step may be a chemical
sorption involving valence forces through sharing or
exchange of electrons between the adsorbent and the
adsorbate [63]. Similar results have also been reported
for heavy metal ions removal by the other adsorbents.
[45,54,59].

3.8. Adsorption thermodynamics

Thermodynamic studies are used to decipher any
reaction in a better way. In the present study, the varia-
tion in the extent of adsorption with respect to tempera-
ture has been explained based on thermodynamic
parameters viz. changes in standard free energy (AG"),
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enthalpy (AH®), and entropy (AS®). Thermodynamic
parameters were evaluated in the temperatures range
of 21-37°C. The values of the thermodynamic
parameters were calculated using the thermodynamic
equations described below [52]:

AG° = —RTIn K, (14)
AS°  AH°

where R is the ideal gas constant (8.314 ] mol ' K™'), T
is the absolute temperature (K), and K. is the thermo-
dynamic equilibrium constant defined by g./Ce. AH®
and AS° values were obtained from slope and inter-
cept of the plot In K. vs. 1/T.

The values of the thermodynamic parameters for
both the adsorbents were presented in Table 4. Nega-
tive AH® values at different temperatures suggested
the exothermic nature of the adsorption process,
which was in good agreement with the results that the
adsorption of metal ions decreases with the increasing
temperature. Negative AG® values indicated that the
sorption of metal ions was feasible and spontaneous
under the conditions applied. The negative values of
entropy indicated the decreased randomness at the
solid/solution interface, while positive values of
entropy showed an increased randomness during
metal ions adsorption. Study carried out by Panadare
et al. on Cu (II) removal by waste sweet lime peel,
showed similar results [63].

3.9. Comparison of heavy metal ions removal in single and
mixed systems

The adsorption capacities of heavy metal ions by
both the adsorbents in the single and mixed metal
ions systems were examined and the results were
depicted in Fig. 7. Obviously, under the optimized
conditions, the adsorption capacities of both MALA
and ALA for mixed metal ions system were lower
than those obtained for the single system. This is due
to the competitive adsorption of metal ions in the
mixed system and their antagonistic effect, which
decreases the uptake of all the metal ions form the
solution. Furthermore, in the single metal ion system,
MALA has higher sorption capacities for all the metal
ions compared to ALA. The adsorption capacities of
the adsorbents for mixed system decreased in the
order of Cu®">Pb*, Cr**>Zn*" for MALA, and
Pb** > Zn** > Cr’* > Cu®* for ALA. This is probably
due to a different electrostatic attraction between
heavy metal cations and negatively charged
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Table 3
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Kinetic parameters for metal ions removal by ALA and MALA (sorbate concentration 100 mgL™'; t=1-20 min;
MMALA = 0.005 g, MALA = 0.01 g)

Pseudo-first-order kinetic

Pseudo-second-order kinetic

Intra-particle diffusion

Metal ions
71 (mg/g) Ky R? 72 (mg/g) K, R? K G R?
MALA
Pb(I) 27.98 0.11 0.97 204 0.02 0.99 8.55 162.5 0.81
CudI) 12.30 0.12 0.77 208.3 0.02 0.99 3.34 185.5 0.94
Cr(1II) 3.58 0.14 0.90 204 0.04 0.99 1.07 195.6 0.78
Zn(Il) 15.52 0.17 0.98 200 0.03 0.99 2.98 186.4 0.58
ALA
Pb(I) 205 0.08 0.92 227.27 1.2 0.98 29.6 67.1 0.95
Cu(I) 270 0.11 0.77 303.03 2.1 0.99 44.6 64.6 0.93
Cr(1II) 180 0.10 0.84 238.09 4.2 0.99 38.9 1.7 0.95
Zn(Il) 270 0.15 0.88 333.33 1.3 0.99 494 43.3 0.91
Table 4 1500
Thermodynamic parameters of metal ions removal at 25°C
(for MALA: sorbate concentration 35 mg L% t=10 min; —
myarLa = 0.005 g for ALA: sorbate concentration 65 mg LY
t=7min; mapa =0.01g) = Mixed/MALA
. N R N '; 900 m Single/MALA
Metal ions  AG” (k]/mol) AH" (k]/mol) AS* (kJ/mol K) g = Mixed/ALA
MALA ,E 600 # Single/ALA
Pb(1I) -10,856.80 —5,904.00 16.62
CudI) —11,919.70 —2,167.20 32.73 o4
Cr(1I) —10,415.80 —6,690.50 12.50
Zn(II) -11,179.00 —11,848.30 —2.24
0
ALA
Pb(II) —8,426.71 63,219.66 240.42
Cudn) -9,139.46 —30,454.00 -71.53 Fig. 7. Comparison of gma.x values of metal ions in the
Cr(II ~7,804.06 -31,861.70  —80.73 single and mixed solutions.
Zn(II) —8,840.60 —42,938.50 -114.42

adsorption sites, mainly related to the hydrated ionic
radii of the studied heavy metals. Study carried out by
Liu et al. using steel slag adsorbent showed similar
results, in which the adsorption of Pb(l), Cu(l),
Zn(1I), and Cr(IIl) ions decreased in the mixed system
compared to the single system [64].

3.10. Desorption and reusability of MALA

The economic possibility of adsorbent is one of the
major concerns among its applications. It is widely
estimated by the reusability of adsorbent. To test the
possibility of regeneration and reusability of MALA,
the spent adsorbents were washed with 0.001 M HCI
solution of pH values between 2 and 3 until no
detectable heavy metal ions were observed in the

washing solution, as confirmed by the FAAS. After
that, MALA sorbents were thoroughly washed with
deionized water till the pH of the water reached the
range of 5.0-6.5. Then, the regenerated adsorbents
were vacuum-dried and reused for the subsequent
adsorption cycle. Five cycles of consecutive adsorp-
tion-desorption-regeneration were carried out to vali-
date the reusability of MALA for the removal of
heavy metal ions from aqueous solutions. As shown
in Table 5, the removal percentages of metal ions
decreased gradually with increasing regeneration cycle
number. The value of cycle 0 was denoted as the
adsorption of the original MALA. After the first
regeneration cycle, the removal efficiencies were 94.49,
95.14, 97.83, and 93.89% for Pb(Il), Cu(ll), Cr(III), and
Zn(Il) ions, respectively. After the fifth cycle, the
removal percentages of Pb(I), Cudl), Cr(II), and
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Table 5

Reusability study of MALA

Cycle number n=0 n=1 n=2 n=3 n=4 n=5
Metal ion Removal (%)

Pb(II) 98.50 9449 8935 84.73 7885 71.64
Cudn) 100 95.14 94.60 92.87 90.12 88.15
Cr(IID 100 97.83 96.87 9495 93.14 92.08
Zn(1I) 99.42 93.89 9254 90.72 8856 86.67
Zn(II) ions were 71.64, 88.15, 92.08, and 86.67%,

respectively, indicating that MALA adsorbent had the
potential for reusability. The results demonstrated that
the MALA can be employed as an excellent reusable
nanoadsorbent for the removal of the metal ions from
aqueous solutions.

4. Conclusions

The potential of the magnetically modified ALA as
a novel low-cost nanoadsorbent for simultaneous
removal of Pb(II), Cu(ll), Zn(I), and Cr(III) ions from
aqueous solutions were investigated. The batch
adsorption parameters for both the magnetic and non-
magnetic ALA were studied and optimized. In opti-
mum conditions for removal of proposed metal ions
(100 mL, 100 mg Lfl), contact time and adsorbent
amount were obtained 7 min and 0.1 g with ALA and
10 min and 0.05 g with MALA at pH 6 and 25°C. The
equilibrium adsorption data were well fitted by the
Langmuir isotherm model. The adsorption process
was fast and pseudo-second-order rate model accu-
rately described the kinetics of the adsorption, which
suggested chemisorption as the rate-limiting step in
the adsorption process. The results suggested that
MALA was highly efficient for simultaneous adsorp-
tion of heavy metal ions from aqueous solutions with
maximum capacities of 333, 345, 71.4, and 333 mg g '
for Pb(I), Cu(l), Zn(I), and Cr(II) ions, respectively.
Based on thermodynamic studies, the adsorption pro-
cess of all the metal ions was both exothermic and
spontaneous. Desorption studies revealed the reusabil-
ity of MALA after its treatment with HCI solution.
According to results, MALA can be well recom-
mended for wastewater treatments and control of
environmental pollution.
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