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KEYWORDS Abstract New zero valent iron magnetic biochar composites (ZVI-MBC) were synthesized by
E. globules bark; facile method using Eucalyptus globules bark waste. The as-prepared ZVI-MBC was used as an
ZVI-MBC; adsorbent for the removal of Pb(Il) from aqueous solution. Fourier transform infrared
FT-IR; spectroscopy (FT-IR), X-ray diffraction (XRD), transmission electron microscopy (TEM) and
TEM; energy-dispersive spectroscopy (EDS) were used for characterization of ZVI-MBC. Effect of
Adsorption of Pb(II) variable parameters including pH, contact time and initial concentration of metal ions was studied.

The ZVI-MBC exhibited good adsorption performance over the initial pH at 6. The adsorption
isotherm data were fitted well to Langmuir isotherm then Freundlich model, and the adsorption
capacity was found to be 60.8 mg/g at 303 K. The kinetic data were studied by applying two adsorp-
tion kinetic models, pseudo-first- and pseudo-second-order equations. The experimental kinetic
data fitted very well to the pseudo-second-order model. The experimental results herein suggest that
ZVI-MBC can be used as low cost-effective material for the removal of Pb(II) from water systems
with a simple magnetic separation process.

© 2016 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. Thisis an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction industrial processes such as mining, refineries, painting, metal
plating and cleaning, battery and car radiator manufacturing

Due to the rapid development of industrial and agricultural and agricultural activities [22,19]. Lead is highly toxic and
production processes, contamination by toxic heavy metal ions can cause a variety of negative effects on human health such
in aqueous systems generates great concern for the natural as lead is linked to reproductive and nervous system problems,

environment and human health [16] Lead (Pb(II)) is commonly high b.IOOd pressure, .kidI.le damage, memory and concentra-
present in effluents due to its wide application in many tion difficulties and, in high amounts, coma, convulsions and

death [20]. The permissible limit of lead in drinking water as
set by the World Health Organization is 10 pg/L [26]. There-
fore there have been many efforts to reduce the concentration
of lead ions in effluent wastewater [21]. In this concern, to
eliminate metal pollutants from aqueous solutions a wide
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variety of techniques including chemical precipitation, evapo-
ration, ion-exchange, adsorption, cementation, electrolysis,
and reverse osmosis have been developed [2]. Among these
existing methods, adsorption has become one of the most
promising and effective techniques due to its better perfor-
mance, availability of different adsorbents, easy operation,
and low cost. Therefore, much attention has been paid to
developing inexpensive, practical sorbents with potential appli-
cations in metal removal from aqueous solutions [14]. How-
ever, to overcome these limitations, an inexpensive and
environmentally eco-friendly adsorbent with high removal
efficiency for lead is needed. Thus extensive research has been
focused on the utilization of biomass residues which are
abundantly available throughout the world for this purpose.
Biochar is a carbon rich, solid by-product resulting from the
pyrolysis of biomass under oxygen-free and low temperature
conditions [1]. Biochar has a large specific surface area, micro-
porous structure, active functional groups, and high pH, which
may be good for its use as a surface sorbent [6,8.9]. Adsorbents
in the form of biochars produced from agricultural waste or
by-products may be inexpensive sorbents for the removal of
Pb(Il) [4]. However, powdered biochar, such as powdered
active carbon, was difficult to be separated from the aqueous
solution. Magnetic biochar particles can be easily separated
from the aqueous solution by using an external magnetic field.
In addition, the unique properties of magnetic biochar materi-
als provide many opportunities to overcome current obstacles
in adsorption process. Hence, introducing magnetic medium
(e.g., magnetite, y-Fe,O3 and ZVI-MBC) to the premade or
commercial sorbent (e.g., active carbon and carbon nanotubes)
is an efficient method to enable the sorbent to be effectively
separated by magnetic separating technique [29,8,9,30,5].
Therefore, in recent years much attention has been paid to
develop magnetic biochar composites using biomass residues.

In the literature several biomass materials such as agricul-
tural wastes, wood waste, forestry residues, animal manures
and food wastes are used for biochar production [17,3]. In
the present study, we have chosen Eucalyptus globules
(E. globules) bark waste which is inexpensive and abundantly
available in India and also used as adsorbent for removal of
metals [18]. Owing to its abundant availability, economic
feasibility and the presence of various functional groups that
were useful in producing the magnetic composite, in this study
we have chosen E. globules bark waste as a precursor for the
production of zero valent magnetic biochar composite (ZVI-
MBC). The prepared ZVI-MBC was characterized by various
analytical techniques such as FT-IR, XRD, TEM and EDS.
The adsorption behavior of Pb(Il) ions onto ZVI-MBC was
studied under different experimental conditions using batch
method. The optimum adsorption conditions for their removal
of Pb(II), adsorption isotherms and kinetic studies were exten-
sively studied.

2. Experimental

2.1. Materials

All the reagents used in the present study were of analytical
grade. The Pb(II) stock solution was prepared by dissolving
the prescribed amount of corresponding metal salt in double
distilled water. FeCl3$6H,O (Ferric hexachloride) was

purchased from Sigma—Aldrich. Desired concentration of
standard solution was obtained by dilution of stock solution
with double distilled water. The pH of the solutions was
adjusted by the addition of either 0.1 M HCI or 0.1 M NaOH
solution.

2.2. Preparation of ZVI-MBC

E. globules bark waste residues were collected from Tirumala
(Chittoor), AP, South India. The collected barks were washed
with tap water followed by distilled water to remove dirt and
air-dried. Then they were cut into small pieces and were pow-
dered by using mixture grinder. The bark powder was pyro-
lyzed at 750 °C and the resultant biochar was used for the
preparation of the ZVI-MBC. The biochar composite was
magnetized by the impregnation of the ZVI on the biochar
surface. For magnetization, in a unique reaction procedure,
5.4 g of FeCl3s6H,0 was dissolved in 100 ml of double distilled
water and honey was added dropwise for reduction of Fe** to
Fe® then the mixture was stirred vigorously for 30 min. The
biochar composite (10 g) was added slowly into the above
reaction mixture and stirred vigorously at 1000 rpm for
60 min. After stirring, the obtained black product was washed
three times with ethanol and filtered. The obtained products
were dried in a vacuum oven at 90 °C for overnight and stored
in a stoppered bottle.

2.3. Characterization

FTIR measurements of E. globules bark waste residues and
prepared sample were made with Thermo Nicolet FTIR —
200 thermo electron corporation. The crystalline structure of
synthesized ZVI-MBC was characterized by X-ray diffrac-
tometer Seifert 3003 TT with Cu Ko radiation having a wave-
length of 1.54 A. Morphological and size distribution were
done with transmission electron microscope (TEM) images,
on JEM-2100 with an accelerating voltage of 200 kV system
of jeol, and Quantitative elemental analysis of the nanoparti-
cles was carried out with Oxford instruments Inca Penta
FET x 3 electron diffraction spectrum (EDS).

2.4. Batch adsorption studies

Batch adsorption experiments were conducted in a thermostat
controlled shaker to determine the optimum operational
parameters such as initial pH, contact time, and initial metal
concentration. Pb(II) stock solution was prepared with differ-
ent concentrations, and then 2.5 mg of ZVI-MBC adsorbent
was added to 25mL of each Pb(Il) ion solution. For all
adsorption tests, the initial pH values of the metal solution
were adjusted using 0.1 M HCI/NaOH solution. To under-
stand the pH effect (Elico LI 120) the ZVI-MBC dosage was
maintained at 0.1 g/L. The solution mixture was ultrasonicated
at room temperature for 5 min, transferred to 100 mL Erlen-
meyer flask and was shaken in a thermostatic incubator
(200 rpm) at 303 K. The concentration of Pb(II) ions was
determined using FAAS (Shimadzu AA - 6300). All the
adsorption experiments were repeated triplicate. The equilib-
rium adsorption capacity (qe) of ZVI-MBC and the removal
percentage (% Removal) were calculated by using the following
equations:
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where g, (mg/g) is the equilibrium adsorption capacity of Pb
(I). C; and C, were initial and equilibrium concentrations
(mg/L) of Pb(Il) respectively, M is the adsorbent dosage
(mg), and V is the volume of the solution (L).

3. Results and discussion

3.1. Characterization of ZVI-MBC

The crystalline structure of the ZVI-MBC was determined by
using X-ray diffraction (XRD) analysis and the patterns
observed are shown in Fig. 1. The XRD patterns of the
ZVI-MBC showing three relatively strong reflection peaks in
the 20 region at 42.9°, 49.9° and 73.3° which correspond to
crystal planes (111), (200) and (220) can be well indexed to
the face centered cubic structure of ZVINPs (JCPDS card
no. 65-4150). The XRD patterns observed confirmed the pres-
ence of iron in zero valent state.

The FTIR analysis of the E. globules bark powder,
ZVI-MBC and Pb(II) loaded ZVI-MBC composites was per-
formed by using FTIR spectra and the results are shown in
Fig. 2. However, FTIR analysis was used to confirm the mod-
ification procedure and to obtain the information on the pres-
ence of various functional groups on the surface of materials.
Fig. 2(a) represents the E. globules bark powder, (b) ZVI-MBC
composites and (¢) Pb(II) loaded ZVI-MBC composites. The
major components of E. globules bark consist of organic poly-
mer substances such as cellulose, hemi cellulose, lignin and
polyphenolic acids [27]. A broadband around 3480 cm™! can
be assigned to the stretching vibration of OH groups of poly-
meric compounds predominantly due to the presence of cellu-
lose. The peaks at 2920 cm ™! and 2850 cm ™! are assigned to
alkyl CH, stretching and band around 1720 cm~' was due to
the presence of carboxyl groups (C—=0) [24]. Thus from FTIR
spectra data it was observed that E. globules bark consists of
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Figure 1 XRD image of ZVI-MBC.
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Figure 2 FT-IR spectra of ZVI-MBC.

Figure 3 TEM image of facile synthesized ZVI-MBC.

hydroxyl and carboxylate groups. By comparing the IR spec-
trum of E. globules bark with ZVI-MBC, it is observed that
several peaks are shifted and few new peaks corresponding
to ZVI are also observed. The bands observed around
3420 cm™', 1122 cm ™! and 886 cm ™! are assigned to OH, alco-
hol group and amine groups. Moreover, the band at 525 cm™"
was indication of ZVI [15]. In Fig. 2(c) the bands are slightly
changed which is due to chelating of Pb(II) metal ions.

In addition to the above characterization, further TEM and
EDS were used to analyze the surface morphology and chem-
ical composition of the composite. Fig. 3 shows the ZVI-MBC
composite and the particles are nearly spherical with agglom-
eration. It is due to biochar having cellulose and other biolog-
ical functional groups. The ZVI (dark part) particles are
unevenly distributed on the biochar surface and inside the
pores. Moreover, EDS elementary composition analysis con-
firmed the presence of Fe ions shown in Fig. 4. In addition
with these elements, carbon and oxygen which are predomi-
nant elements that represent biochar are present in higher
amount.
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Figure 4 EDX pattern of ZVI-MBC.

3.2. Effect of pH

Batch adsorption process solution pH is one of the important
parameters which influences the surface charge and dissocia-
tion of functional groups on the adsorbent. Experiments were
performed for the removal of Pb(II) ions from the aqueous
solution and initial concentrations of 50, 100, 150 and
200 mg/L. As shown in Fig. 5, the percentage removal of Pb
(IT) increased an increase of pH from 2 to 5 and thereafter
removal decreased with an increased pH > 5 and the ZVI-
MBC composite displayed a maximum removal of 97.3% at
pH 5.0. Less effect was observed when the initial concentration
of Pb(Il) was 100, 150 and 200 mg/L and the adsorption
capacity of ZVI-MBC was below 50%. At low pH, Pb(II)
removal was inhibited because the H* competed with Pb(IT)
for adsorption sites. Thus the metal ions cannot move toward
the positively charged surface of ZVI-MBC due to electrostatic
repulsion and hence a lower removal was observed at low pH
values. This significantly affected Pb(II) adsorption at low pH
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Figure 5  Effect of pH value on the adsorption of Pb(Il) by ZVI-

MBC at different initial concentrations of Pb(II).

medium. Moreover, at higher pH, electrostatic attraction
increases between the adsorbent and metal, which increases
adsorption capacity. Decrease in Pb(II) removal at higher
pH (pH > 5) is because of the formation of Pb(Il) as Pb
(OH)™, Pb(OH)3, and Pb(OH)’ at different pH values [25].
ZVI-MBC predominantly consists of surface hydroxyl groups
(S-OH) which is due to presence of cellulose and surface sites
are Lewis-acid type functional groups which are effective for
metal ion removal.

3.3. Adsorption kinetic studies

Fig. 6 shows the adsorption behavior of Pb(II) on the ZVI-
MBC at initial concentration of 50 mg/L, pH at 5.0 and
303 K as a function of contacting time. The adsorption rate
of the Pb(Il) on ZVI-MBC was almost finished within
60 min and reached equilibrium. The pseudo-first-order
[13,28] and pseudo-second-order [12] kinetic models were used
to investigate the removal of kinetics on the ZVI-MBC.

The linear form of pseudo-first-order kinetic model is
described by the following equation:

k
log(q, — q,) = logq, — (ﬁ)t (3)

where k; (min~") is the pseudo-first-order rate constant of
adsorption, and ¢, (mg/g) and ¢, (mg/g) are the amounts of
the Pb(II) adsorbed at equilibrium and at time ¢. The
pseudo-first-order kinetic constants were determined from
slope of the plot of log (¢, — ¢,) vs 7. The R* value is very less
suggesting that the adsorption of Pb(II) ions does not follow
pseudo-first-order kinetic model.

The kinetic data were further analyzed using pseudo-
second-order kinetic model. The linearized form of the equa-
tion is represented as

t 1 1

—=—+4+(—|t 4
9, kg (qe) @
where k, (g/mgmin~') is the pseudo-second-order rate

constant, and ¢, (mg/g) and ¢, (mg/g) are the amounts of the
Pb(I) adsorbed at equilibrium and at time ¢. The values of
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Figure 6  Effect of contact time on the extraction of Pb(II) by
ZVI-MBC.
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k> and ¢, can be calculated from the slope and intercept of a
plot of #/q, vs t. From the removal kinetics shown in Fig. 7,
the slope shows good linearity with the correlation coefficient
value (R?) which is 0.9998, indicating that the removal kinetic
follows the pseudo-second-order model. Table 1 shows the
corresponding parameters of the pseudo-second-order model.
The adsorption system obeyed the pseudo-second-order
kinetic model for the entire adsorption period and thus sup-
ported the assumption that the adsorption was the chemisorp-
tions process [7].

3.4. Adsorption isotherm

Langmuir and Freundlich isotherm models revealed the maxi-
mum adsorption capacity of adsorbent and the equilibrium
adsorption of Pb(I) on ZVI-MBC. The Langmuir equation
can be expressed by the linearized form as follows:

c. G, 1

G @ dnb G)
where ¢, is the equilibrium adsorption capacity of metal on
concentration of the adsorbent (mg/g), C, is the equilibrium
metal ion concentration in the solution (mg/L), g, is the max-
imum capacity of adsorbent (mg/g), and b (L/mg) is the equi-
librium constant relating to the sorption energy. Fig. 8 shows
that the experimental data fit the Langmuir adsorption
isotherm well, maximum adsorption capacity was found to
be 60.8 mg/g as prepared ZVI-MBC at pH = 5.0 and correla-
tion coefficients and equilibrium constants are listed in Table 2.
In addition, another parameter in the Langmuir adsorption
isotherm, a dimension less factor (R;) is described by the
following equation:

1
T 14 bC; (6)

Ry

where C; (mg/g) is initial metal concentration, and b (L/mg) is
the Langmuir constant. For favorable sorption, 0 < R; < I;
for unfavorable sorption, R; > 1; for irreversible sorption
R; < 0; for linear sorption, R; < 1. In this study, the R,
value is 0.0109 which lies between 0 and 1. This indicates that
the adsorption of Pb(IT) on ZVI-MBC is favorable.

2.5
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Figure 7 Pseudo second-order adsorption kinetics of Pb(II) on
ZVI-MBC.

Table 1 Kinetic parameters of pseudo-second-order models
for the adsorption of Pb(II) on the ZVI-MBC.

Pseudo-second-order

qe, cal (mgfg) R
49.5049 0.9998

qe, exp (mg/g)  k; (g/mgmin~")

48.65 0.0072

C/qe (/L)

0.0 U T T T

T
0 20 40 60 80 100
Ce(mg/L)

Figure 8 Linear plot of Langmuir isotherm of Pb(II) on ZVI-
MBC.

Table 2 Langmuir and Freundlich isotherm constants.

Isotherm Parameters
Langmuir

qm (mg/g) 60.80

b (L/mg) 0.8191

R? 0.9947
Freundlich

kr (mg/g) 47.7089

n 9.1324

R? 0.9910

The Freundlich isotherm can be applicable for modeling the
adsorption of metal ions on heterogeneous surfaces and the
linearized form of isotherm is expressed as

1
logg, =logk,+ p log C, (7

where K (mg/g) and n are the Freundlich isotherm constants
that represent the adsorption and the intensity of adsorbents.
Fig. 9 shows the linear plot of Freundlich isotherm of Pb(II)
adsorption on ZVI-MBC at 303 K. The fitted constants for the
Freundlich isotherm model values of K, n and correlation coef-
ficient (R?) are calculated from the intercept and slope of the plot
and are presented in Table 2. The values of n > 1 represent
favorable adsorption condition [10,11] and the n value suggests
that 9.1324 the ZVINPs is favorable for the adsorption of Pb(II)
ions <!-Q9 replies="Yes | No" type ="boolean": Please check
the sentence “The values of n > 1...adsorption of Pb(II) ions”
for clarity, and correct if necessary.-- > . Both the Langmuir and
Freundlich isotherm models are fit well with the adsorption data
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Figure 9  Linear plot of Freundlich isotherm of Pb(II) on ZVI-
MBC.

Table 3 Adsorption capacities of different adsorbents for Pb
(II) ions from aqueous solution.

Type of adsorbents Capacity (mg/g) Reference
Magnetic composite beads- 63.33 [20]
chitosan

Magnetic hydrogels 126.40 [19]

Iron oxide coated sewage sludge 42.40 [23]
ZVI-MBC 60.8 This work

and have good correlation coefficients. The adsorption capacity
of prepared ZVI-MBC for Pb(II) from Langmuir isotherm
model compared with that of various adsorbents is given in
Table 3.

4. Conclusions

In this study, we demonstrate the facile synthesis and character-
ization of zero valent iron magnetic biochar composites
(ZVI-MBC). By using E. globules bark waste and honey we
synthesized the ZVI-MBC by environmentally benign route.
And this ZVI-MBC was successfully employed as adsorbent
for removal of Pb(Il) in aqueous solution. The results indicate
that the equilibrium data fit well to Langmuir and Freundlich
isotherm models. When the pseudo-second-order kinetic model
was fit rather than the pseudo-first-order kinetic model, the
maximum adsorption capacity was found to be 60.8 mg/g. Thus,
the use of ZVI-MBC as an adsorbent will provide dual benefits.
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