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ABSTRACT

Biochars (BWBC 300, BWBC 500 and BWBC 700) derived from buffalo weed (Ambrosia trifida
L. var. trifida) at different pyrolysis temperatures of 300, 500 and 700°C were investigated for
the removal of Cd(II) and Pb(I) ions from aqueous solutions. The physicochemical properties
of the biochars were studied using FTIR, scanning electron microscopy (SEM), X-ray
diffraction, Brunauer, Emmett and Teller surface area, cation exchange capacity and energy
dispersive X-ray analysis. The adsorption at solution pH=5 could be well described by
Freundlich model for Cd(IT) and Pb(Il) in their single and mixed system with R? > 0.95. The
maximum adsorption capacities of the biochar BWBC 700 from the Langmuir equation were
found to be 11.63 and 333.33mgg ' for Cd(I) and Pb(II), respectively. Pseudo-second-order
kinetic model was fitted well in describing the adsorption kinetics of Cd(II) and Pb(Il) onto
the biochar BWBC 700. About 0.02mol L™ disodium salt of EDTA was able to desorb Cd(IT)
and Pb(II) from the biochar BWBC 700 with an approximately 63.5% and 96.8% desorption
yield, respectively. Ion exchange and surface complexation found to be the main mechanisms
involved in the adsorption process. The developed biochar derived from Ambrosia trifida L.
var. trifida found to be a low cost adsorbent and could be used for the effective removal of

Cd(I) and Pb(I) in waste waters.
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1. Introduction

The excessive amount of toxic metals poses a glo-
bal challenge to the environmental scientists and engi-
neers. Toxic metals such as Cd(I) and Pb(Il) are
discharged into the environment from agricultural or
industrial production, or accidental or by deliberate
misuse of human actions. Cd(II) which was known to
be extremely toxic [1-3], accumulates in humans,
mainly in the kidneys for a relatively long time and
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can also replace Zn(Il) ions in some metallo-enzymes,
thereby affecting the enzyme activity [4]. The higher
concentrations of Pb(I) in the ecosystem have a sub-
stantial impact on the environment and Pb(II) poison-
ing causes various severe health problems [5-7].
Therefore, removal of these toxic metals from waste-
waters prior to discharge into water and soil bodies is
necessary in terms of environment and economic
consideration.

There are several analytical and preconcentration
methods that are employed for the quantification of

1944-3994/1944-3986 © 2013 Balaban Desalination Publications. All rights reserved.



K. Yakkala et al. | Desalination and Water Treatment 51 (2013) 7732-7745

CddI) and Pb(I) ions in ultra-trace amounts from dif-
ferent environmental samples, however, these meth-
ods require multi-step sample manipulations, which
are cost and time consuming [8-11].

At present, there is a growing interest in develop-
ing low-cost and eco-friendly adsorbents for the
removal of heavy metals from the environmental sam-
ples. In this regard, different biosorbent materials
have been investigated for the removal of heavy met-
als including Cd(II) and Pb(I) [12-16].

Biochars, a non-liquefied carbon enriched solid
porous material produced from the varieties of bio-
mass are increasing ever attention as an adsorbent for
the removal of toxic pollutants from the environment
and they have also been extensively studied for their
application as a soil amendment [17]. The production
of biochar is by pyrolysis, which is a carbonization
process in which the content of carbon increases with
temperature accompanied by a simultaneous decrease
in oxygen and hydrogen contents [18].

Recently different biochars were developed as an
adsorbents for the removal of toxic metal ions Cd(II)
and Pb(Il) from different environmental samples [19-
24]. Mohan group investigated the biochar produced
from fast pyrolysis of wood and bark during bio-oil
production for the sorption of Cd(Il) along with other
heavy metal ions [19]. The immobilization of heavy
metal ions including Cd(II) in water and soil was
studied using broiler litter-derived biochars by Uchi-
miya et al. [20], and the immobilization and retention
of soluble Cd(Il) using hardwood biochars was inves-
tigated by Beesley and Marmiroli group [21]. Pb(II)
sorption capacity and mechanisms by sludge-derived
biochar were investigated by Lu et al. [22]. Diary-
Manure derived biochar was effectively used for the
sorption of Pb(Il) by Cao group [23]. The feasibility of
biochars resulted from Pine wood and Rice husk
hydrothermal conversion process was investigated by
Liu and Zhang for the removal of Pb(Il) from water
[24]. However, we find very limited literature on
adsorption of Cd(II) and Pb(Il) in their mixed systems
using biochars. The pyrolysis conditions for biochar
production, together with feedstock characteristics lar-
gely control the physical and chemical properties (e.g.
composition, particle, surface area and pore size dis-
tribution) of the resulting biochar, which determine
the suitability for a given application [25]. Biomass
materials generally contain a considerable amount of
inorganic matter, particularly alkali and alkaline earth
metals, which undergoes complex transformations
along with evolution of morphological and crystalline
structure in biochar during the pyrolysis [26].

The ministry of Environment in South Korea bas-
ing on the Natural Environment Conservation Act,
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designated six alien plant species as harmful on the
ecosystem, in which buffalo weed (Ambrosia trifida L.
var. trifida) was one of those species. Plant wastes are
more preferred for use as a low-cost adsorbents as
they are highly abundant and have various functional
groups that can bind heavy metal ions such as hydro-
xyl, amino, carboxyl, phosphate, sulfonate and ether
[27]. The previous plant waste studies indicated that
physical, chemical, precipitation and ion exchange
kinds of adsorption mechanisms were involved in the
removal of heavy metal ions [28,29].

In the present investigation, biochars were derived
from buffalo weed (Ambrosia trifida L. var. trifida), a
waste plant biomass at different pyrolysis tempera-
tures of 300, 500 and 700°C and they were assessed
for the adsorption of Cd(Il) and Pb(II) ions from aque-
ous solutions. The physicochemical properties of the
developed biochars were studied using different char-
acterization techniques such as FTIR, scanning elec-
tron microscopy (SEM), X-ray diffraction (XRD),
Brunauer, Emmett and Teller (BET) surface area and
cation exchange capacity (CEC). Optimum experimen-
tal conditions for adsorption of toxic metal ions Cd(II)
and Pb(Il) was studied. This study was evaluated for
the adsorption of Cd(II) and Pb(Il) ions in single and
mixed system. The developed biochar found to be a
low-cost, eco-friendly and potential adsorbent for the
removal of toxic metal ions Cd(Il) and Pb(Il) from
aqueous solutions.

2. Experimental methods

All chemical reagents used were of analytical
grade. Stock Cd(I) and Pb(II) solutions (1,000mgL™")
were prepared by dissolving Cd(NO3), (Junsei, Japan)
and Pb(NOjs), (Samchun, Korea) in distilled water,
respectively. All the pH buffer solutions used in this
study were purchased from Samchun Chemicals,
Korea. The adsorbate solution pH=5 was maintained
using potassium hydrogen phthalate buffer.

2.1. Biochar preparation

The collected buffalo weed (Ambrosia trifida L. var.
trifida) plants were washed repeatedly with water to
remove dust and soluble impurities, dried and cut to
a very fine pieces before the pyrolysis. These dried
pieces of buffalo weed biomass was placed in a cera-
mic pot with pressed state, covered with a fitting lid
and this system was flushed with dry nitrogen for
30min to remove all traces of oxygen. Thus, the bioch-
ars were produced via pyrolyzing biomass at different
temperatures for 4h with a heating rate of 10°Cmin "'
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using heating furnace (Thermolyne 48000, USA) in the
absence of oxygen, which allows the material to be
charred rather than combusted. The biochars
obtained at different pyrolysis temperature of 300, 500
and 700°C were allowed to cool at room temperature
under a flow of N, gas and crushed to a fine powder
using batch mill (IKA A 11 basic analytical mill,
Japan). The biochar yield was calculated as the ratio
of the weight of the obtained dry biochar after pyroly-
sis to that of original dry biomass. The obtained
biochar was treated by washing with dichloromethane
(1:5 w/v) followed by deionized water, dried in oven
at 105°C for 24 h and sieved to size 500 um. However,
2% in weight loss of biochar was found after washing.
The dried biochars were stored in air-tight plastic
containers and referred as BWBC 300, BWBC 500 and
BWBC 700, respectively. All the resulted biochars
were subjected to structural characterization.

The biochar samples were continuously stirred for
an about 1h in distilled water (1:5 w/w) and there
pH was measured using pH meter (Orion, model
720A, USA). The CEC of the biochars was studied
using ammonium acetate method [30].

2.2. FT-IR analysis

FTIR spectrometer (Bruker Optik GMBH, IFS-66/S,
Germany) equipped with a diamond crystal attenu-
ated total reflection unit was used. The sample discs
were prepared by mixing oven-dried (at 105°C) bioch-
ars with spectroscopy-grade KBr in an agate mortar.
A spectrum was obtained in two replicates with 64
scans for each sample at 4cm ™" resolution from 400 to
4,000cm "

2.3. SEM analysis

The surface morphology of the biochars obtained
at different pyrolysis temperature was studied using
SEM system [SEC, Nano eye SNE-1500M, South
Koreal.

2.4. XRD analysis

All the obtained biochars were subjected to the
analysis of XRD to investigate the impact of the pyro-
lysis temperature using X-ray diffractometer (Bruker
AXS, model D8 discover with GADDS, Germany)
equipped with a Cu Koy radiation source at 40kV
voltage, 40 mA current was used for the XRD analysis.

2.5. BET-surface area analysis

Surface area and pore characterization system
(Micromeritics, ASAP 2010 model, USA) was used
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for the BET surface area and pore size analysis. The
pore volume and pore diameter of all the biochars
along with their surface area was measured. The
samples were analysed for multipoint BET surface
area using low-temperature nitrogen and all the
measurements were performed in triplicates.

2.6. Energy dispersive X-ray analysis

An amount of 1gL™" of biochar BWBC 700 was
loaded with 50mgL~" of Cd() and Pb(Il) in mixed
system at pH 5 for a contact time of 4h. In similar
conditions, same amount of biochar without metal
loaded was used as a blank, which had undergone of
possible leaching of exchangeable cations into the
solution during the contact time of 4h. The EDX pat-
terns for the blank (unloaded) and loaded biochar
BWBC 700 was analysed by Energy Dispersive X-ray
(EDX) system (Hitachi, model 5-2500 C, Japan, acceler-
ating voltage 0.5kV-30kV, resolution 149 eV).

2.7. Cd(1l) and Pb(1I) adsorption and desorption studies

A batch equilibration method was used to deter-
mine Cd(II) and Pb(II) in aqueous solutions. Adsorp-
tion experiments were conducted by varying contact
time, pH, adsorbent dose and adsorbate concentration.
Experiments were carried out in 50 mL polypropylene
conical tubes (30x115mm) by mixing 0.025g
(0.5gL™") of biochar with 50mL at pH 5 solution with
0.01molL ™" NaNOj as the background solution con-
taining concentrations 1-50 mg L~! of Cd(I) or Pb(I)
and CdID+Pb(D in single and mixed system, respec-
tively. The metal precipitation was not observed for a
period of 24h during the experiments carried for the
Cd(ID) or Pb(II) concentrations in solution without bio-
char. The contact time and other optimum conditions
were selected based on preliminary experiments, that
equilibrium was established in 4h, no further uptake
occurred between 8 and 12h. Thus, all equilibrium
tests were conducted for 4h. After this period solid
and liquid phases were separated by centrifugation
and the solution was filtered using 0.45 um syringe fil-
ter for further chemical analysis. The amount of Cd(II)
and Pb(Il) was determined by measuring concentra-
tions difference in before and after adsorption experi-
ments using ICP-OES (Optima 2000 DV, Perkin Elmer,
USA). The amount of Cd(II) or Pb(Il) adsorbed, g
(mgg ") was calculated using the following equation:

_CO_Ce

- xV (1)
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where Cy (mgL™") and C. (mgL™") are concentrations
of Cd(II) or Pb(Il) before and after adsorption respec-
tively, m (g) is the weight of the biochar used and V
(L) is the final volume of the aqueous solution
containing Cd(II) or Pb(II). The percentage uptake of
the biochar or removal percentage of Cd(Il) or Pb(I)
was calculated by the following equation:

Co — Ce

Removal % = e

% 100 2)

One of the developed biochar (BWBC 700) was
chosen for the effect of pH on the percentage removal
of metal ions Cd(II) and Pb(Il). In this study, a known
amount of metal ions 1mgL~" or 10mgL ™" concentra-
tions of Cd(Il) and Pb(II) were spiked over a pH solu-
tions ranging from pH 2 to 6 with a final volume of
50mL. To this 0.05g (1gL™") biochar dosage was
added and equilibrated for 4h in stirring condition.
Biochar samples were separated after centrifugation
and the filtrate was analysed for further chemical
analysis. The percentage uptake of the biochar or
removal percentage of Cd(Il) or Pb(II) was calculated
by the Eq. (2).

The adsorption isotherms play an important role
in the predictive modeling procedures for analysis
and design of adsorption systems. The Langmuir and
Freundlich isotherms, which assumes a monolayer
adsorption on a homogenous surface and a multilayer
adsorption on a heterogeneous surface respectively,
are the most frequently used models to represent the
data of adsorption from the solution [31].

To estimate the removal efficiency of metal ions
Cd() and Pb(l) in single and mixed system,
Langmuir and Freundlich models were employed to
evaluate the adsorption properties and for the poten-
tial application of developed biochar BWBC 700. The
two linear models are as follows:

C. 1 C. :
7 b + > [Langmuir model] (3)
logg = log K + %log C. [Freundlich model] 4)

where C, (mgL™") is the equilibrium concentration in
the solution, g (mgg ") is the Cd(II) or Pb(Il) adsorbed
at equilibrium and is calculated from the Eq. (1), b
(mgg ) is the maximum adsorption capacity, 1 is the
Freundlich constant related to adsorption intensity,
and a (Lmg ") and K ((mgg H(Lmg H'") are the
adsorption constants for Langmuir and Freundlich
models, respectively.
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For kinetics, a biochar (BWBC 700) dosage of 0.05¢g
(1gL™") sample was equilibrated under stirring condi-
tion in a solution having 10mgL ™" of Cd(I) or Pb(l)
concentrations at solution pH 5. In the similar way,
different equilibration sets with same optimization
conditions were prepared and for every 5min the
obtained filtrate from each successive set were
analysed using ICP-OES and this was continued till a
constant percentage removal was obtained. The
studied adsorption kinetic data of Cd(II) and Pb(II) on
the adsorbent were analysed in terms of pseudo-first-
order and pseudo-second-order sorption equations.
The pseudo-first-order equation was given as:

log(ge — g:) = logge — Kyt (5)

where g. (mgg ') and g, (mgg ') are the adsorption
capacities at equilibrium and at time f (min), respec-
tively; K is the first-order rate constant (min™Y).

The pseudo-second-order equation was expressed
as:

t 1 t
o K g (©)

where K, is the second-order rate constant
(gmg 'min~"). Additionally, the initial adsorption
rate, h (mgg 'min~') can be determined from K, and
g values using h = Kg.”.

In the desorption studies, the biochar BWBC 700
was loaded with 50mgL~" of Cd(I) and Pb(D in
mixed system, following the general adsorption proce-
dure described above. After adsorption, loaded biochar
was dried at 60°C for 24h and placed in contact with
50mL of different desorbing solutions of either
0.02molL ™" disodium salt of EDTA or 0.2molL ™!
HNO; or 0.2mol L' HCI for 1 h under ultra sonication.
The metal loaded biochar suspension was filtered and
the supernatant was analysed for Cd(II) and Pb(II) ions
desorbed using ICP-OES. Thereafter, desorbed -effi-
ciency of Pb(Il) or Cd(II) was calculated as follows

Metal released (mg)
Initially metal adsorbed (mg)

% 100 (7)

Desorption efficiency % =

3. Results and discussion

3.1. Chemical and physical characterization of developed
biochars

The FTIR spectra of the resulted biochars (BWBC
300, BWBC 500 and BWBC 700) pyrolysis at 300, 500
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and 700°C are shown in Fig. 1. Here the distinguish-
able bands observed between wave numbers 4,000—
400cm ™' shows that the spectrum of the biochars was
different in shape and intensity, indicating that differ-
ent thermal decomposition process has undergone
during the pyrolysis. The results indicate that the
developed biochars mainly consists of aromatic
functional groups. The peaks between 700-900cm '
was assigned to an aromatic C-H stretching. The peak
at 1,019 and 1,034cm ™" corresponds to ether C-O and
alcohol C-O stretching. The peaks between 1,409 and
2,588cm ™! corresponds to aromatic C=C ring stretch-
ing. The peaks at 2,933 and 3,023cm ™ corresponds to
C-H stretching vibration and the peak at 3,308 cm ™!
corresponds to OH stretching and this may be due to
acid or alcohol structures. From Fig. 1, it can also be
seen that the major peaks are present in the biochars
developed at 300 and 500°C temperatures, whereas
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they are absent in the biochar produced at 700°C,
showing a quite flat spectrum, indicating that all phe-
nols and ether groups have been decomposed. How-
ever, the biochars obtained at various temperatures
found to have structural difference and this may be
due to the difference in the cell wall composition of
the biochars and these can be clearly seen from the
surface morphological studies shown in Fig. 2 using
SEM. The biochar samples BWBC 300 and BWBC 500
which was known to be rich in carbon contains more
holes than BWBC 700, because of evaluation of
volatile matter during the pyrolysis. As the average
particle sizes become smaller at higher temperature
700°C, the biochar sample BWBC 700 has different
structure which could result in the higher surface area
of biochar when compared to other biochars.

The XRD patterns of the developed biochars are
given in Fig. 3. In all the biochars, the absence of
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Fig. 1. FTIR Spectrum of buffalo weed (Ambrosia trifida L. var. trifida) biochars pyrolysis at temperatures (a) 300°C, (b) 500°C

and (c) 700°C.
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(a) BWBE'300

(b) BWBC 500

Fig. 2. SEM images of buffalo weed (Ambrosia trifida L. var.
trifida) biochars pyrolysis at temperatures (a) 300°C, (b)
500°C and (c) 700°C.

peaks in between 20=153° and 20=224° are
assigned to the absence of crystallographic planes of
the crystalline regions of cellulose or decrease of crys-
tallographic planes of the crystalline regions of
cellulose. In biochars BWBC 500 and BWBC 700 the
peak at 20=24.7° is the low pattern in cellulose
crystallinity. The peaks around 20=42.7" to 20=44.8"
indicates the formation of turbostratic carbon crystal-
lites [32]. The presented results of XRD patterns are
a further indication of the structural differences
between chars consisting of turbostratic carbon
crystallites (Fig. 2).

The BET method was used to determine the total
surface area of all developed biochars. The physical
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structure properties of the biochars are summarized in
Table 1. In all the developed biochars, as the pyrolysis
temperature increases, the BET surface area increased,
this may be due to high temperature and long residence
time of the reaction conditions, the porous structure of
biochar was cracked and the pores were partially
blocked as a result of the repolymerization/recondensa-
tion of water soluble compounds [33]. This could have
resulted in the lesser increase in surface area of biochars
at higher temperature. It was also found that as the
pyrolysis temperature increases, the maximum pore
volume also increased. This is due to that under some
conditions, a high temperature causes micropores to
widen because it may destroy the walls between adja-
cent pores, resulting in the enlargement of pores. This
leads to a decrease in the fraction of volume found in
the micropore range and an increase in the total pore
volume. As seen from Table 1, all the obtained biochars
has pore diameter in the order 20 <d <500 A, which can
be classified as mesopores [34].

The ammonium acetate method was used to study
the CEC of biochars. The exchangeable cations such as
Ca, K, Na and Mg present on the negative sites of the
biochar were measured using ICP-OES and the results
were shown in Table 2. From the same Table 2, it also
can be seen that the biochar yield decreased from 50.1
to 31.4% with increase of pyrolysis temperature. This is
due to the significant loss of volatile matter, dehydra-
tion of hydroxyl groups and the degradation of cellu-
lose structure [32]. This was supported by FTIR spectra
and the XRD patterns. As a result, the pH of both buf-
falo weed biomass and biochars developed increased
from 6.9 to 13.3 with the increase in pyrolysis tempera-
ture. The differences in structural changes as a function
of temperature have also important consequences in
terms of charge characteristics of the biochar produced
under different conditions. These changes in turn are
responsible for their CEC, which proved to be very low
at low-temperatures and increases significantly at
higher temperatures [34]. Thus, biochar BWBC 700 pro-
duced at higher temperature found to have more CEC
of 1,209cmolkg™" than other developed biochars.
Hence, pH effect on the adsorption of metal ions Cd(II)
and Pb(l) was studied using the biochar BWBC 700
and this was shown in Fig. 4.

3.2. Effect of pH

From Fig. 4, it was observed that the percentage
removal of metal ions Cd(Il) or Pb(l) increased with
increasing adsorbate solution pH and a maximum
value was reached at an equilibrium pH of around 5
and 6 for Pb(II) and Cd(I), respectively. It was
reported that formation of Pb(II) and Cd(II) hydrolysis
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Fig. 3. X-ray diffraction patterns of buffalo weed (Ambrosia trifida L. var. trifida) biochars pyrolysis at temperatures (a) 300°C,

(b) 500°C and (c) 700°C.

products occur at pH>6 [12,19]. Hence, the studies
beyond pH=6 were not attempted. The decrease in
percentage removal of metal ions at lower pH was

Table 1
Surface structure properties of buffalo weed (Ambrosia

trifidla L. wvar. trifida) biochars derived at pyrolysis

temperatures 300°C, 500°C and 700°C

Parameters BWBC BWBC BWBC

300 500 700

BET surface area (m*’g~")  1.35 4.83 279.8

Langmuir surface area 1.77 6.61 334.9
(m*g ™"

Micropore area (m*g ") 0.36 0.44 209.4

External surface area 0.99 4.39 70.4
(m’g™")

Micropore volume (v/v %) 2.40 3.80 53.0

Average pore diameter (A) 1527 1944 224

Maximum pore volume 0.0051  0.023 0.1567

(em®g ™)

due to the competition of hydrogen ions with the
existing metal ions in the solution. While increasing
solution pH, the coordinate of available cations with
Cd{I) and Pb(I) resulted in higher removal rate. Fur-
ther, experiments were performed at an adsorbate
solution pH 5 for Cd(II) and Pb(Il) in order to corre-
late metal removal with the adsorption process in
their mixed system.

3.3. Metal removal efficiency of developed biochars

The biochars developed at various pyrolysis
temperatures (300, 500 and 700°C) were investigated
for the removal efficiency of the metal ions Cd(I) and
Pb(Il) which was shown in Fig. 5. Here the batch
experiment for a contact time of 4h was carried out
by stirring 0.05g (1gL™") of biochar with 50 mL solu-
tion at pH 5 containing 10mgL~" of Cd(I) or Pb(ID).
It was observed that the biochar developed at 700°C
(BWBC 700) found to have >98% removal capacity of
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Table 2
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CEC, pH and yield of buffalo weed (Ambrosia trifida L. var. trifida) biochars derived at pyrolysis temperatures 300°C,

500°C and 700°C

Adsorbent pH CEC (cmol kg ™) Exchageable base cations (cmolkg ) Yield (w/w%)
Ca K Na Mg
Raw BW 6.9 260.8 3.38 1.88 247.4 7.11 100
BWBC 300 10.9 768.7 3.11 721.6 8.59 1.35 50.1
BWBC 500 12.1 1,261.8 0.09 1,208.1 9.48 0.17 35.3
BWBC 700 133 1,268.7 0.34 1,209 9.33 1.06 314
100 100
90 4 90 1
80 § 80
g 1 &
';Eé 40 ] 3 0T 4.0 o o o
30 o € 4o
20 ] o —e— Pb o 30 | 0
o Cd
10 1 —o— Pb
o 20 o- cd
1 2 3 4 5 6 7 10
pH 0 ——
01 2 3 4 5 6 7 8 9 10 11 12 13

Fig. 4. Removal of Cd(I) and Pb(Il) metal ions using biochar
BWBC 700 as a function of pH (biochar dosage=1gL™’,
initial Cd(I) or Pb(I) concentration=1mgL ', contact
time=4h).

100
90 = 300°C
80 - —= 500°C
70 = 700°C
§ 60
é 50
& 40 A
30 1
20 1
10 1 ﬂ
0 | —
Pb Cd
Heavy metal

Fig. 5. Removal of Cd(I) and Pb(I) using buffalo weed
(Ambrosia trifida L. wvar. trifida) biochars pyrolysis at
temperatures 300°C, 500°C and 700°C (biochar dosage=
lgLfl, initial Cd(II) or Pb(II) concentrationlemgLfl,
solution pH =5, contact time=4h).

metal ions Cd(II) and Pb(II). The biochars BWBC 300
and BWBC 500, due to their lower initial pH, the sur-
face oxygen linked to H, making them inaccessible
for metal ions. As shown in Table 1, the progressive
increase of surface area from BCBW 300 to BCBW 700

t(h)

Fig. 6. Effect of contact time on the removal of Cd(II) and
Pb(I) onto biochar BWBC 700 (biochar dosage=1gL ',
initial Cd(II) or Pb(II) concentration=10mgL™", solution
pH=5).

may be due to change in crystal structure. BWBC 700
found to have larger surface area with greater micro-
pore volume 53%, with an average pore diameter of
224 A, indicates that this biochar was rich in mesop-
ores, whose walls are formed by a large number of
adsorbent atoms or molecules, which means that the
adsorbent has also the possibility of surface complexa-
tion. As shown in Table 2, CEC values greatly
increased above 300°C. The all other remaining exper-
iments were carried out using the biochar BWBC 700
as the order of removal capacity of metal ions Cd(II)
and Pb(II) found to be BWBC 700 >BWBC 500 > BWBC
300. The higher removal capacity of Cd(II) and Pb(II)
by biochar BWBC 700 can be attributed to the increase
number of available sites for surface complexation
and also availability of exchangeable cations for the
adsorption.

3.4. Effect of contact time

The profile of contact time of Cd(Il) and Pb(II) ions
removal in the BWBC 700 sample from 50 mL aqueous
solution at pH 5 was shown in Fig. 6. From Fig. 6, the
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equilibration time required for the saturation loading
of Cd(I) or Pb(I) in the biochar was found to be
about 4h and no further removal occurred between
8h and 12h.

160
140

120 A

)

< 100 |

Pb(Pb+Cd)
Cd(Pb+Cd)

q(mgg

30 40

Ce(mgL™)

Fig. 7. Adsorption isotherms of Cd(II) and Pb(Il) metal
ions in single and mixed systems by biochar BWBC 700
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3.5. Adsorption isotherms

Fig. 7 shows the experimental adsorption iso-
therms, that the amount of Cd(I) or Pb(I) or both
metal ions adsorbed at the equilibrium at solution
pH 5 with a biochar dosage of 0.025g (0.5gL"") and
metal ion concentrations ranging from 1 to 50mgL ',
where C. (mgL™') was the final equilibrium concen-
tration of metal remaining in the solution and q
(mgg ") was the amount of metal uptake. To gain
some insight into the adsorption process between Cd
(ID) or Pb() in single and mixed systems onto the
biochar BWBC 700, the equilibrium adsorption data
of CddI), Pb(l), CAID in Cd(I)+PbdI) mixture and
Pb(l) in Cd(ID+Pb(I) mixture were fitted into the
linear forms of Langmuir (Fig. 8) and Freundlich
(Fig. 9) isotherms. The relative parameters calculated
from the two models using the Egs. (3) and (4) were
listed in Table 3. The Langmuir isotherm parameter
b (mgg ') indicated the maximum adsorption capac-
ity of the adsorbent and the value calculated from

(biochar dosage:O.SgL’l, initial Cd(I) or Pb(l) Langmuir equation was found to be 11.63mg g*1 and
c.oncentration: 1-50 mg L', solution pH=5, contact 333 mg gfl for Cd(dI) and Pbdl), respectively. The
time=4h). higher value of “b” for Pb(II) than for Cd(I)
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Fig. 8. Langmuir isotherm
system.

model for Cd(II) and Pb(I) adsorption onto the biochar BCBW 700 in single and in mixed
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Fig. 9. Freundlich isotherm model for Cd(II) and Pb(II) adsorption onto the biochar BCBW 700 in single and in mixed
system.
Table 3 thereby forming a thicker water layer on the surface.

Isotherm constants for adsorption of Cd(II) and Pb(Il) onto
biochar BWBC 700 in single and in mixed system

Adsorbed metal

Langmuir isotherm  Freundlich
isotherm

1/n k

a b@mgg ") R? rR?
PbI) 0.04 333.33
Cddan 0.22 11.63
Pb(ID)-Pb(ID)+Cd(II) 0.04 250.00
CdID-Pb(ID+Cd(ID) 0.18 10.31

0.688 0.840 14.00 0.959
0.962 0.307 3.48 0.975
0.795 0.769 11.12 0.977
0.938 0.292 3.01 0.954

indicates that more moles of lead ions can be
adsorbed on the BWBC 700 at the equilibrium. When
a solution of the mixed metals were studied, a
reduction in the Cd(I) adsorption was observed
showing a clear competition between the metals
probably due to a lower attraction of this metal
towards the corresponding active sites of the biochar,
this could be due to differences in the hydration of
Pb(l) and Cd(I) ions. Since the radius of Cd(I)
(0.92A) is considerably smaller than that of Pb(Il)
(1.33 Ao), CddI) ions are easier to hydrate than Pb(Il),

Consequently, Cd(I) is more mobile in solution and
would have a lesser tendency to adsorb on the bio-
char [35]. However, the obtained results shows that
the adsorption at solution pH 5 could be well
described by Freundlich model, as it presents greater
correlation coefficient for Cd(Il) and Pb(Il) in single
and mixed system with R*>0.95. As the Freundlich
model was characterized by 1/n, the heterogeneity
factor, the values of 1/n obtained in the present
work are between 0.1<1/n<1.0 which represents
good adsorption of metal ions. The similar behavior
of Cd(I) and Pb(Il) adsorption process fitting to Fre-
undlich isotherm with exclusively involvement of ion
exchange, physical sorption and chelation mechanism
was reported by Pehlivan et al. and Li et al. [13,31].
The fact that the Freundlich isotherm fits the data in
the present work may be due to heterogeneous dis-
tribution of active sites and the supply of these
adsorption sites was infinite on studied biochar sur-
face. The fitting of the Freundlich isotherm to the
experimental data for biochar BWBC 700 can be
explained by the fact that this model can only be
applied in the low to intermediate concentration
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range. The Langmuir isotherm failed to apply in this
instance could indicate that the adsorption of Cd(I)
and Pb(Il) ions does not assume monolayer mecha-
nism [19]. Thus, the adsorption of biochar BWBC 700
involves coverage of multi molecular layers, as the
most actively energetic sites are occupied first and
thereafter the surface was occupied until the lowest
energy sites were filled at the final stage of the
adsorption process. In addition, physical adsorption
may also be responsible for the interaction between
adsorbent and metal ions because biochar BWBC 700
had a large surface area.

3.6. Adsorption kinetics

In the present investigation, the two kinetic mod-
els, pseudo-first-order and pseudo-second-order were
used to fit the experimental data using the Egs. (5)
and (6), respectively. The obtained kinetic parameters
of the adsorption calculated from the linear plots of
log(qe-q) vs. t and t.g, ' of pseudo-first-order and
pseudo-second-order (Fig. 10) respectively, together
with the corresponding correlation coefficients (R*) are
summarized in Table 4. The correlation coefficients
R*=0.979 and R*=0.999 for the pseudo-second-order
model are higher in comparison with the R*=0.904
and R*=0.914 with the pseudo-first-order kinetic

25

20 1

15 {

t/q,

0.0 0.5 1.0 1.5 2.0 2.5
t(h)

Fig. 10. Pseudo-second-order kinetics for Cd(II) and Pb(II)
adsorption onto the biochar BCBW 700.

Table 4
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model for Cd(Il) and Pb(I), respectively. This indi-
cates that the pseudo-second-order kinetic model was
fitted well in describing the adsorption kinetics of Cd
(I and Pb(I) onto the biochar BCBW 700, which sug-
gests that the process controlling the rate may be a
chemical adsorption involving exchanging of cations
between adsorbent and the adsorbate [36].

3.7. Adsorption mechanism

For the confirmation of possible ion exchange
mechanism involved in adsorption process, the blank
and loaded biochar BWBC 700 with Cd(II) and Pb(II)
were subjected to EDX analysis. The X-ray spectrum
observed was shown in Fig. 11 and the obtained cat-
ion weight ratios were summarized in Table 5. The
results shows that the decrease of weight percentage
of available cations on the loaded biochar was due to
that heavy metals Cd(II) and Pb(II) are taken up from
the solution predominantly in exchange for cations
Na, Mg, K and Ca present in the biochar BWBC 700.

(a) Blank BWBC 700

(b) Loaded BWBC 700

cd
Pb

g8

10000 + Mg Daph
Na K KK
0 T L_N‘"’\I T T T
0 2 4 6 8 10
kev

Fig. 11. EDX analysis of biochar BWBC 700 (a) blank and
(b) loaded with Cd +Pb.

Kinetic parameters for the adsorption of Cd(II) and Pb(Il) onto biochar BWBC 700 based on the pseudo-first and pseudo-

second-order equations

Pseudo-first-order

Pseudo-second-order

ki (min~") R? ky (gmg 'min") h (mgg 'min~") ge (mgg ™) R?
Cd) 0.0415 0.904 0.021 0.637 5.464 0.979
Pb(ID) 0.0415 0.914 0.055 6.452 10.870 0.999
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Table 5
Weight percentage of cations present in biochar BCBW 700
before and after adsorption

Weight % of cations
Cd Pb Na Mg K Ca

BWBC 700 (blank) - - 329 1255 747 76.69
Loaded BCBW 700 12.40 72.68 0.72 1.34 138 1148

This shows that the ion exchange mechanism was
involved in the adsorption process of Cd(Il) and Pb(II)
onto the biochar BWBC 700. Generally, the adsorption
capacity of a material depends on its surface area.
Here, BWBC 700 has a high BET surface area, which
results in the generation of more mesopores having
the capability of primary uptake of Cd(II) and Pb(Il),
involving surface adsorption. However, from the EDX
analysis, the higher adsorption of Pb(I) than Cd(II) on
to the biochar may due to the presence of Ca and K in
high amounts, as they have been shown to be actively
involved in the ion exchange with Pb(II). The electro-
negativity values for Cd(Il) and Pb(Il) are 1.69 and
2.33, respectively. Again this fact would explain the
higher affinity of the adsorption for Pb(II) compared
to CddD.

Thus, in the present work the order of the adsorp-
tion capacity and kinetics was found as Pb(ID>Cd(I).
This affinity order was same as in the single and mixed
metal adsorption system, as the enthalapy of hydration
of CA(II) (1807 kJ mol '), which is appreciably greater
in magnitude than that of Pb(Il) (—1,481kJmol ")
which reflects a stronger interaction of Cd(II) with the
coordinated water [37]. Consequently, Pb(II) ions inter-
act more effectively with the active sites available on
the biochar and with available exchangeable cations,
resulting highest removal of Pb(Il) than Cd(I) by the
biochar BWBC 700. The obtained results are in agree-
ment with earlier findings [38] that Pb(II) has more
affinity and uptake capacity than Cd(II) on a selected
adsorbent. Moreover, no significant sorption of Cd(II)
was also observed by previous studies on biomass
materials under various physical-chemical conditions
[39]. The maximum adsorption amounts obtained in
the present study were compared with the maximum
metal adsorption amounts reported for other adsor-
bents and the developed biochar found to be more effi-
cient than granular and powder activated carbon in
removal of Cd(II) and Pb(II) [40].

3.8. Desorption efficiency

The desorption efficiency of biochar BWBC 700
adsorbent was studied using 0.02mol L' disodium salt
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of EDTA, 02molL™" HNO; and 0.2molL™" HCI to
make the adsorption process more economical and
applicable. Washing the metal adsorbed biochar with
distilled water exhibited no desorption quality. It was
observed that highest desorption for Cd(II) and Pb(II) to
be 63.5 and 96.8%, respectively with disodium salt of
EDTA. The desorbed concentration of Pb(Il) was higher
than that of Cd(Il), which was due to higher complex
formation ability of Pb(II) with EDTA due to its greater
radius than Cd(II). Moreover, the stability constants
(log K,) of Pb(IN-EDTA and Cd(II)-EDTA complex for-
mation are 18.8 and 16.4, respectively [41]. This could
be the possible reason for the low Cd(II) removal using
EDTA as a desorbing agent. However, desorption effi-
ciency was found to be 55.0 and 10.9% for Cd(II) and
81.1 and 23.2% for Pb(ID) in 0.2molL~! HNO; and
0.2mol L™! HC], respectively. This findings also suggest
that the ion exchange was one of the main mechanism
involved for the desorption process. The possible higher
concentrations of acid reagents were not tried for
desorption as we found deterioration effect on metal
adsorption during reusability may due to physical dam-
age of biochar. As it was also found to be difficult to col-
lect the same amount of adsorbed biochar in each cycle,
thus the desorption efficiency can be better performed
in column method rather than the batch method.

3.9. Advantages of the method

The present study indicates that the biochar derived
at high pyrolysis temperature has large surface area,
increase in pore volumes and rich in mesopores. The
developed biochar BWBC 700 had predominantly mes-
opores, which make more suitable for liquid phase
adsorption for which it can be successfully applied for
wastewater treatment or drinking water purification.
Moreover, the proposed biochar BWBC 700 found to be
low-cost and free from hazardous chemicals, when
compared to activated carbon. Thus, the developed bio-
char can be successfully applied for the removal of Cd
(I and Pb(I) ions in their mixed system. Considering
the benificial characteristics, the developed biochar
BWBC 700 can be investigated as an approach to carbon
sequestration, as it is more difficult to convert back the
biochar to CO, again.

4. Conclusions

In the present investigation, the biochar obtained
from waste plant buffalo weed (Ambrosia trifida L. var.
trifida) biomass pyrolysis at 700°C was used to remove
Cd{ID and Pb(I) from aqueous solutions. A high BET
surface area biochar could be derived from (Ambrosia
trifida L. var. trifida) at pyrolysis temperature 700°C.
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The order of removal capacity of metal ions Cd(I)
and Pb(l) in developed biochars found to be BWBC
700>BWBC 500>BWBC 300. The developed biochar
allowed multilayer adsorption to take place on the
surface of the adsorbent and this could be well
described by Freundlich model for Cd(II) and Pb(II) in
single and mixed system with R*>0.95 at solution pH
5. The maximum adsorption capacity from Langmuir
equation was found to be 11.63 and 333mgg ' for Cd
(I and Pb(I), respectively. In this study, pseudo-sec-
ond-order kinetic model was fitted well in describing
the adsorption kinetics of Cd(Il) and Pb(Il) onto the
biochar BCBW 700. Ion exchange and surface
complexation was found to be the main mechanisms
involved in the present adsorption process. The
present study involves free of toxic compounds and
the developed adsorbent found to be more efficient
than granular and powder activated carbon in
removal of Cd(Il) and Pb(I). The developed biochar
BWBC 700 found to be rich in mesopores, which it
can be successfully applied for waste water treatment
or drinking water purification in large scale studies
and this work is under progress. Considering buffalo
weed (Ambrosia trifida L. var. trifida) as a harmful and
non-usage plant in the ecosystem, the biochar
obtained from this biomass turned out to be a cheap
and green alternative to activated carbon for the
removal of Cd(II) and Pb(Il) in their mixed system.
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