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ABSTRACT

The removal of Cd from the wastewater is necessary because of its harmful health effects. The prac-
tice of using biochar as a low-cost adsorbent for heavy metals removal from water bodies is common.
However, the effects of total acidic functional groups and particle size class on heavy metals removal
by biochar are not studied well. Therefore, this study was undertaken with the objective of deter-
mining the effects of total acidic functional groups and particle size class on Cd adsorption from
aqueous solution by an empty fruit bunch biochar (EFBB) and a rice husk biochar (RHB). The results
showed that there was no significant difference in the carbon content between the EFBB and RHB.
However, higher quantity of total acidic functional groups was found in the EFBB compared to the
RHB. The total acidic functional groups of EFBB were higher than of the RHB for the same particle
size class. In contrast, the surface area of RHB was higher than the EFBB for the same size class. The
Langmuir’s maximum adsorption capacity (Q, ) of EFBB was higher than RHB when compared
at each particle size class. Significant correlations were observed between Q and the total acidic
functional groups of both biochars. There were significant correlations between Q and the cation
exchange capacity (CEC) as well. However, the correlations were non-significant between Q and
particle size, surface area and pore volume of both biochars. It can be concluded that only the total
acidic functional groups and the CEC were influential in determining the adsorption capacities of

both EFBB and RHB for Cd adsorption.
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1. Introduction

It is well documented that Cd is toxic to human beings
and other living organisms [1]. The sources of Cd con-
tamination in natural water resources includes wastewa-
ter discharge from industries such as metal smelting and
plating, disposal of Cd-Ni batteries, and the excessive use
of phosphate fertilizer. Cadmium toxicity can cause renal

*Corresponding author.

damage, hypertension, proteinuria, kidney stone formation
and testicular atrophy [2]. The Cd ions may replace Zn ions
in some enzymes thereby affecting the enzyme activity [3].
Therefore, removal of Cd from water bodies is necessary
because of its health concerns.

Physical and chemical remediation methods to
remove heavy metal pollutants from wastewaters have
been extensively studied. Some of these processes are
adsorption, coagulation, flotation, biosorption, chemical
precipitation, ultra filtration and electrochemical meth-
ods. Among these remediation methods, adsorption can
be seen as an efficient and economical method to remove
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the heavy metal pollutants at low concentrations. The
adsorption of metals by low-cost materials such as bio-
chars from aqueous environments has been reported by
numerous studies [4-6]. Chen et al. [7] indicated that
biochars derived from hardwood and corn straw were
effective as adsorbents for Cu and Zn from an aqueous
solution. Liu and Zhang [8] reported that biochars pre-
pared from hydrothermal liquefaction of pinewood and
rice husks were able to remove Pb from water. There is a
report that revealed biochars produced from rapid pyrol-
ysis of the wood and barks of oaks were able to adsorb Pb
and Cd better than a commercial activated carbon per unit
surface area [9]. Wang et al. [10] showed that black car-
bon derived from wheat residues was effective as a low-
cost adsorbent for the removal of Cr(VI) from an aqueous
solution. The adsorption capacities of sorbents depend on
many factors including the type and the amount of sur-
face functional groups [11] and particle size class and spe-
cific surface area [12].

Empty fruit bunch is an abundant source of organic
waste, which is generated from the oil palm industries. Bio-
chars from empty fruit bunch are manufactured in a large
scale. Another abundant source of organic waste is the rice
husk, a waste product from rice mills. Biochar derived from
rice husks has been produced commercially in Malaysia to
avert wastage of large quantities of rice husks [13]. Sam-
suri et al. [14,15] employed biochars derived from oil palm
empty fruit bunches and rice husks for removal of Zn, Cu,
Pb and As from aqueous solution and their results showed
that these biochars were effective in removing the heavy
metals and As from aqueous solutions. However, as far as
we know, there is no available data on the effect of acidic
surface functional groups and particle size class and specific
surface area of commercially produced empty fruit bunch
biochar (EFBB) and a rice husk biochar (RHB) on adsorp-
tion of Cd from aqueous solutions. Therefore, the objective
of this study was to determine the effects of acidic functional
groups, particle size class and specific surface area of EFBB
and RHB on the adsorption of Cd from aqueous solutions.

2.1. Materials and methods
2.1. Chemicals

Millipore® water was used to prepare all solutions
throughout this study. Cadmium chloride was purchased
from Sigma-Aldrich. Stock solution (1000 mg L) of Cd
was prepared from its analytical grade compounds in
Millipore® water. The pH of stock solution was adjusted
to 6 using concentrated HNO,. All other chemicals used
were analytical reagent grade purchased from Sigma-
Aldrich (Seelze, Germany). Hydrochloric acid (1.0 M
HCI) and sodium hydroxide (1.0 M NaOH) were used to
adjust the pH to the desired values throughout the batch
experiments.

2.2. Biochars characterization

Both the EFBB and the RHB were purchased locally.
The biochars were purchased from Nasmech Technology
Sdn. Bhd. in Selangor, Malaysia. According the company;

electrically heated rotating pyrolysis reactor was used to
produce biochars. The sample was heated up to 300°C for
3 h at heating rate 3°C/ min with 0.5 RPM. The biochar
moisture content was measured by oven drying 5 g of a
sample at 105°C for 24 h, and the moisture content was cal-
culated by the difference between the weights of fresh and
oven-dried samples. The pH was measured in a 0.5:100
(w/v) biochar: water suspension. The concentrations of
K, Ca, Mg, P, Mn, Fe, Cu, and Na were determined using
the ASTM D5142 method [16]. Ash contents were deter-
mined by combusting the EFBB and RHB at 700°C for 12 h
in open crucibles. The carbon, hydrogen, nitrogen, sulfur,
and oxygen components of biochar samples were deter-
mined using a CHNSO elemental analyzer (Perkin Elmer
2400 Series II CHNSO Elemental Analyzer, Germany).

2.3. Scanning electron microanalysis

The surface morphology of the EFBB and RHB before and
after adsorption of Cd was examined using a scanning elec-
tron microscope at 15 keV, equipped with energy dispersive
X-ray spectroscopy (JEOL, JSM-6400V, Japan). The scanning
electron microscopy (SEM) analysis was carried out before
and after the adsorption of Cd. The biochar samples used for
this study were obtained from the batch equilibrium adsorp-
tion experiment in which 0.2 g of biochar was shaken in 40
mL of solution containing 100 mg L™ of Cd.

2.4. The effects of solution pH on Cd precipitation

To distinguish between the adsorption and the precip-
itation process of Cd in solutions, the precipitation of Cd
was examined in solutions with varying pHs. Briefly, the
solutions were non-buffered and their pHs were adjusted to
pH between 2 to 9 using either 0.1 M NaOH or 0.1 M HCl.
The Cd was added to solutions to obtain solutions contain-
ing 100 mg L of Cd and then shaken for 24 h, after which
the solutions were centrifuged at 1000 rpm for 10 min. The
supernatant solutions were then analyzed for their Cd
concentrations using Perkin Elmer Optima 8300, ICP-OES
(USA).

2.5. The effects of solution pH on Cd adsorption

The adsorption of Cd was studied at different pHs. The
pH was adjusted to pH between 2 to 7, using either 0.1 M
NaOH or 0.1 M HCl. The adsorption procedure was sim-
ilar to the procedure described in the batch equilibrium
adsorption, except that in this study only one concentra-
tion of Cd was used, 100 mg L. The concentration of the
remaining Cd in the solution was measured after 24 h of
equilibration.

2.6. Classification of biochar particle sizes

The biochars were separated into different sizes by wet
sieving using 2.83, 2, 1, 0.25, 0.053 mm mesh sizes sieves
and also a 0.45 pm pore size membrane filter. Each bio-
char sample was immersed in deionized water for 2 h. The
sample was then wet-sieved using a motor-driven holder
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lowering the sieves in a container of deionized water. The
stroke length was 1.3 cm and the sieving frequency was 35
cycles min™ for 10 min. Each fraction was collected from the
sieve and dried at 105°C for 24 h. The solution containing
fine particles of biochar which passed through the 53 ym
sieve was collected and then it was passed through a 0.45
pm pore size membrane filter. The biochar particles which
remained on the membrane filter were dried at 105°C for 24
h. Hereafter, the EFBB which remained on the sieves with
2.83,2, 1, 0.25, 0.053 mm mesh sizes and 0.000045 mm pore
size membrane filter were denoted as EFBB2.83, EFBB2,
EFBB1, EFBB0.25 and EFBB0.053 and EFBB0.000045 respec-
tively. The RHB which remain on the sieves with 2.83, 2,
1, 0.25, 0.053 mm mesh sizes and 0.000045 mm pore size
membrane filter were denoted as RHB2.83, RHB2, RHBI,
RHBO0.25, RHB0.053 and RHB0.000045, respectively.

2.7. Measurements of biochar cation exchange capacity (CEC)

Briefly, 0.2 g of biochar was put into a centrifuge tube
and 34 mL of 1.0 N NaOAc solution was added. The sus-
pension was shaken on a mechanical shaker for 5 min,
and then centrifuged for 5 min at 10,000 rpm. The super-
natant was decanted. Again, 33 mL of 1.0 N NaOAc solu-
tion was added to centrifuge tube and the same process
was repeated. Finally, 33 mL of 99% isopropyl alcohol was
added to centrifuge tube, the tube was shaken, centrifuged
and the supernatant was decanted. This procedure was
further repeated for 2 more times. For substituting the
adsorbed Na on biochar particles, 34 mL of NH,OAc solu-
tion was added to the centrifuge tube. It was shaken for 5
min and then centrifuged for 5 min at 10,000 rpm. Then,
the supernatant was decanted into a 100-mL volumetric
flask. This procedure was replicated for 2 times and the Na
concentration in the solution was determined by flame pho-
tometer (Model PFP7/C, England).

2.8. Determination of biochar surface area and acidic functional
groups

The surface area of the biochar was measured with N,
adsorption at 77.3 K, using a Quantachrome version 2.01
(Quantachrome ASIWin™, Germany) surface area analyzer.
The biochar sample was degassed at 100°C for 9 h prior to N,
adsorption. The multipoint Brunauer-Emmett-Teller (BET)
method was employed to calculate the total surface area.
The pore volumes, pore radii and internal surface areas (pore
surface areas) were obtained from the desorption isotherms,
using the Barrett-Joyner-Halenda (BJH) method. Four data
points with relative pressures of 0.05-0.3 were used to con-
struct the monolayer adsorption capacity. The total pore vol-
ume was estimated from a single N, adsorption point at a
relative pressure of approximately 0.97.

The contents of acidic surface functional groups were
measured using the base titration methods [17]. Briefly,
an aliquot (0.2 g) of each biochar was soaked with 20 mL
of different base solutions (0.1 M NaOH, 0.1 M Na,CO,,
and 0.05 M NaHCO,) and shaken for 24 h and shaken at
a room temperature. The solutions were passed through a
0.45 pm pore size membrane filter. Precisely a 10 mL solu-
tion was pipetted into a 100-mL conic glass flask, followed

by the addition of 15 mL 0.1 M HCl and back titrated with
freshly standardized 0.1 M NaOH to endpoints using phe-
nolphthalein as the indicator. The NaOH-titrable and NaH-
CO,-titrable acidities were treated as the total acidic surface
functional groups and carboxyl groups, respectively. The
difference between NaOH-titrable and Na,CO,-tirable
acidity was attributed to phenol groups and the difference
between Na,CO,-titrable and NaHCO-titrable acidity was
attributed to lactone groups.

2.9. Batch equilibrium adsorption

The experiment was carried out at 25 + 1°C. About 0.2 g
of each biochar was transferred to centrifuge tubes contain-
ing 40 mL of 3 to 300 mg L Cd solutions at pH 6. The opti-
mum equilibrium time and sorbent concentration for the
batch equilibrium method were priorly determined to be 24
hand 5 g L7, respectively. The centrifuge tubes were shaken
on a rotary shaker at 40 rpm for 24 h and then centrifuged
at 7,000 rpm for 10 min. The supernatants were passed
through Watman No. 42 filter paper and the filtrates were
analyzed for their Cd concentrations using Perkin Elmer
Optima 8300, ICP-OES. All experiments were conducted in
triplicate. To evaluate and compare the adsorption capaci-
ties of the biochars and biochar particles size distributions
for Cd, the Langmuir adsorption model was used to fit
the sorption data. The equation of Langmuir’s adsorption
model is as follow:

Langmuir, g, =Q, bC,/(1+bC)

where g, is the amount of the metal adsorbed per unit
weight of biochar (mg g™'); C, is the equilibrium concen-
tration of metal in solution (mg L™); Q, is the maximum
adsorption capacity (mg g™) and b is the constant related to
the affinity. The values of Q,  _and b were determined from
the linearized form of the Langmuir equation.

3. Results and discussion
3.1. Physicochemical properties of the EFBB and RHB

The selected physiochemical properties of the EFBB
and RHB are shown in Table 1. There was no significant
difference between the carbon content of the EFBB and
RHB. However, the concentrations of O, H, S, N and K in
the EFBB were much higher than in the RHB. In contrast,
the amount of Si was higher in the RHB. The molar ratios
of hydrogen to carbon (H/C) for the EFBB and RHB were
0.08 and 0.05, respectively. These amounts are much lower
than the reported value obtained from an activated car-
bon, which was 0.256 [18]. The degree of carbonization can
be estimated from the H/C molar ratio [19]. The low H/C
molar ratios for both biochars suggest that they contained
low amounts of the original plant organic residues, such
as cellulose, but high carbonization [20]. The molar ratio
of oxygen to carbon (O/C) of biochars has been used as an
indicator for surface hydrophilicity because it is indicative
of the polar-group content derived from carbohydrates
[20]. The O/C molar ratio for the EFBB (0.67) was higher
than for the RHB (0.37). The O/C molar ratios of both bio-
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Table 1
The selected physiochemical characteristics of the EFBB and
RHB

Parameters EFBB RHB
Moisture content (%) 2.00 3.70
Ash content (%) 139 27.2
pH 94 8.50
C (%) 48.0 45.0
O (%) 30.0 17.0
H (%) 3.80 2.30

S (%) 0.50 0.20
N (%) 1.30 0.17
K (%) 540 0.09
Si (%) 0.80 11.00
H/C molar ratio 0.08 0.05
0O/C molar ratio 0.61 0.37
(O + N)/C molar ratio 0.64 0.38
Al (mg kg™) 350 189
Ca (mg kg™) 792.00 671.00
Mg (mg kg™) 414.00 357.00
Na (mg kg™) 63.00 75.00
P (mg kg™) 587.00 638.00
Fe (mg kg™) 23.00 45.00
Mn (mg kg™) 8.00 13.00

chars were high in comparison to the values reported by
Chen et al. [18], which suggest the hydrophilic nature of
the EFBB and RHB. The EFBB had a higher polarity index

Table 2
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[(O+N)/C] than the RHB, which indicates a higher con-
centration of surface polar functional groups in the EFBB
[18]. The RHB had higher total surface, pore surface area
and pore volume than the EFBB. There was no significant
difference between the Na, P, Ca and Mg contents of the
EFBB and RHB but the concentrations of Al and K in the
EFBB were higher than the RHB. The contents of Mg and
Ca in the both biochars were in the similar range of those
reported in the literature [21].

Surface area (SA), pore volume (PV), cation exchange
capacity (CEC) and acidic functional groups of each EFBB
and RHB particle size class.

The SA, PV, CEC, acidic functional groups (carboxylic,
phenolic and lactone) of each EFBB and RHB particle size
class are shown in Table 2. The SA of EFBB increased signifi-
cantly with decreasing particles size. The EFBB2.83 had the
lowest surface area (0.5 m?g™) and EFBB0.000045 had the
highest SA (2.5 m*g™) among the EFBB particles size class.
The PV of EFBB had the same trend as the SA. The EFBB2.83
had the lowest PV (0.008 cm® g') while EFBB0.000045 had
the highest PV (0.019 cm®g™"). However, there was no obvi-
ous trend in total acidic functional groups of EFBB with par-
ticle size class. The EFBB0.053 had the highest total acidic
functional groups (141 cmolH* kg')while the lowest total
acidic functional groups (117 cmolH* kg™') was observed in
the EFBB2.83. The CEC of EFBB was highest for EFBB0.053
(73 cmol_ kg™') while EFBB2.83 had the lowest CEC (60
cmol_kg™).

The SA of RHB increased significantly with decreas-
ing particles size. Among the RHB particle size classes,
the RHB2.83 had the lowest surface area (3 m?g™) while
RHB0.000045 had the highest SA (17 m? g™). Similar trend
was observed for the SA. The RHB2.83 had the lowest PV

The Q, , surface area (SA), pore volume (PV), cation exchange capacity (CEC), acidic functional groups (carboxylic, phenolic and

lactone) of classified particle sizes of EFBB and RHB

EFBB
Particle size Symbols Qo SA pv CEC Carboxylic ~ Phenolic Lactone Total
class (mm) (mgg") (m?g) (cm*g”) (cmol kg') (cmolH"kg") (cmolH* (cmolH* (cmolH* kg™)
kg™ kg™
>2.83 EFBB2.83 76 0.5 0.008 59 60 25 22 117
2-2.83 EFBB2 80 0.8 0.009 63 58 37 28 123
1-2 EFBB1 86 1 0.011 68 65 40 29 132
0.25-1 EFBB0.25 83 1.3 0.014 65 61 39 29 125
0.053-0.25 EFBB0.053 101 1.7 0.016 71 73 40 28 141
0.000045-0.053 EFBB0.000045 82 2.5 0.019 66 66 35 26 127
RHB
Particle size Symbols Qe SA PV CEC Carboxylic ~ Phenolic Lactone Total
class (mm) (mgg') (m?’g) (cm’g?) (cmol kg™) (cmolH*kg™) (cmolH* (cmolH* (cmolH* kg™)
kg™ kg™
>2.83 RHB2.83 34 3 0.018 21 17 12 1 39
2-2.83 RHB2 35 5 0.019 22 17 14 9 40
12 RHBB1 39 8 0.020 23 17 12 13 42
0.25-1 RHBO0.25 45 10 0.022 25 22 14 11 45
0.053-0.25 RHBO0.053 32 13 0.023 20 15 13 9 37
0.000045-0.053 RHBO0.000045 30 17 0.026 18 13 10 11 34
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(0.018 cm?® g™') and EFBB0.000045 had highest the PV (0.026
cm® g'). However, there was no specific trend in total acidic
functional groups of RHB with particle size class. The
RHB0.025 had the highest total acidic functional groups
(45cmolH* kg') and RHB0.000045 had the lowest total
acidic functional groups (34 cmolH* kg™). Similarly, there
was no specific trend for the CEC of RHB with particle size
class. The RHB0.025 had highest the CEC (25 cmol_ kg™)
and RHB0.000045 had the lowest total acidic functional
groups (18 cmol_kg™).

In general, for a similar particle size class the SA and
PV of RHB are higher than the SA and PV of EFBB. The SA
and PV of RHB0.000045 for example, were 17 (m?g™) and
0.026 (cm3g™), respectively. The SA and PV of EFBB0.000045
were 2.5 (m?g™) and 0.019 (cm®g™), respectively. However,
the CEC and total acidic functional groups of classified of
RHB are lower than the EFBB for the same particle size
class. For example, the CEC and total acidic functional
groups of RHB0.000045 were 18 (cmol_kg™) and 34 (cmolH*
kg™), respectively, while the CEC and total acidic func-
tional groups of EFBB0.000045 were 88 (cmol_kg™) and 127
(cmolH* kg™), respectively.

3.2. The effects of solution pH on Cd precipitation

Fig. 1 shows the concentrations of Cd remained in
solutions at different pHs from the initial 100 mg L
concentration after being equilibrated for 24 h. The Cd
concentration was less than 100 mg L™ at pHs above 6
suggesting that some of the Cd was precipitated at these
pHs. The amount of CD precipitated at the pH of 7, 8 and
9 were 2, 8 and 13%, respectively. The main mechanism
for precipitation of heavy metals in solution is complex-
ation with hydroxyl ions [22]. The pHs of these solutions
dropped after Cd dropped which suggest the formation
of Cd(OH), complex.

3.3. The effect of solutions pH on Cd adsorption

The amounts of Cd adsorbed by the EFBB and RHB at
different pHs are presented in Fig. 2. The amount of Cd
adsorbed from the solution increased with increasing pH
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Fig. 1. The concentrations of Cd remaining in the solutions at
different pHs from the initial concentration of 100 mg L.
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Fig. 2. The amounts of Cd adsorbed by the EFBB and RHB at
different pHs.

for both sorbents and the maximum adsorption occurred
at pH 7. However, the batch equilibrium isotherm of Cd
adsorption by each biochar particles size class was con-
ducted at pH 6 since Cd precipitated at pH 7 (Fig. 1).

3.4. Scanning electron microanalysis

The SEM micrographs for the EFBB and RHB before
and after adsorption of Cd are shown in Fig. 3. The surface
morphology of the EFBB was smooth prior to adsorption of
Cd (Fig. 3a) but became coarser after the adsorption of Cd
(Fig. 3c). The energy dispersive spectroscopy (EDS) spectra
of the EFBB before and after Cd adsorption are shown in
Fig. 3b and 3d, respectively. The data indicated the presence
of C, O, Mg, K, Ca and P on the surface of the EFBB before
Cd adsorption, but Cd was not detected (Fig. 3a). After
adsorption, Cd was present on the surface (Fig. 3d), con-
firming that adsorption had occurred. The SEM micrograph
of RHB before Cd adsorptionis shown in Fig. 3e. There was
a change in surface of RHB after adsorption of Cd (Fig. 3g).
The adsorption of Cd by RHB is confirmed by the EDS spec-
tra (Fig. 3h).

3.5. Batch equilibrium adsorption

The isotherm adsorption data were fitted to the Lang-
muir’s adsorption model. The Langmuir’s adsorption
model fits the adsorption data well, as indicated by the high
R? values. The maximum adsorption capacity (Q, ) of each
EFBB and RHB particle size classes are shown in Table 2.
The highest and lowest Q _among the particle size classes
of EFBB were EFBB0.053 and EFBB2.83, respectively. The
Q... of the different EFBB particle size classes were the fol-
lowing descending order: EFBB0.053 > EFBB1 > EFBB0.025
> EFBB0.000045 > EFBB2 > EFBB2.83 (Table 2).

The highest and the lowest Q values among the
different particle size classes of RHB were RHB0.25 and
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Fig. 3. The SEM micrographs for the EFBB and RHB before and after adsorption of Cd: (a) surface of the EFBB before Cd adsorption;
(b) EDS spectrum of the EFBB before adsorption of Cd; (c) surface of the EFBB after Cd adsorption; (d) EDS spectrum of the EFBB
after adsorption of Cd; (e) surface of the RHB before Cd adsorption; (f) EDS spectrum of the RHB before adsorption of Cd; (g) sur-
face of the RHB after Cd adsorption; (h) EDS spectrum of the RHB after adsorption of Cd. The EDX spectra are taken from the area

indicated by the squares in the micrographs.
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RHBO0.000045, respectively. The Q, values for each RHB
particle size class were the following in descending order:
RHB0.25 > RHB1 > RHB2 > RHB2.83 > RHB0.000045
(Table 2). The Q, values for EFBB were much higher
than the RHB for the same particle size classes. The low-
est Q among the different particle sizes classes of EFBB
(76 mg g') was even higher than the highest Q among
the RHB particle size classes (45 mg g™'). The Q, of EFBB
observed in this study was much higher than the Q,.. val-
ues reported by other researchers for the same particle size
classes (Table 3).The Q, values obtained for RHB (Table
2) were either equal or hlgher than some of the reported
results for similar particle size classes (Table 3). Since the
EFBB had a higher adsorption capacity, it was found to be
the most effective adsorbent for removing Cd from aque-
ous solutions in comparison to other adsorbents (Table
3).Therefore, it can be concluded that both EFBB and
RHBB were effective adsorbents for Cd removal from the
aqueous solutions.

3.6. Correlation between Q, _and the properties of biochars

Fig. 4 shows the correlation between Q and EFBB
characteristics. There was a significant correlation (P < 0.05)
between the Q  of classified particles size of EFBB and
their total acidic functional groups (Fig. 4a). The Q  was
increased as the amount of total acidic functional groups
enhanced. This result indicated that the acidic functional
groups had influence on Cd adsorption. In addition, there
was a significant correlation (P < 0.05) between the Q
EFBB from different size classes classified particles size of
EFBB and their CECs (Fig. 4b). The Q was increased as
the CEC of classified EFBB particles size enhanced. There-
fore, it can be concluded that CEC properties of biochar had
important role on Cd adsorption.

The correlation between the Q, and EFBB particles
size is shown in Fig. 4c. The correlation between the Q
and EFBB particles size was statistically significant but
it was low (r = 0.402). This revealed that effectiveness of
EFBB particles size on Cd adsorption was less than total

Table 3
Maximum Cd adsorption capacities of various adsorbents
Adsorbent Q.o Reference
(mg g™)

Chitin 16 Benguella and

Benaissa, [23]
Granular activated carbon 10 Moreno-Castilla

et al. [24]
Bacteria 19 Huang et al. [25]
Rice husk 21 Kumar et al. [26]
Ficusreligiosa leaf powder 27 Rao et al. [27]
Modified kaolinite clay 43 Unuabonah et al. [28]
Nanostructured goethite 29 Mohapatra et al. [29]

Dairy manure-derived biochar 32 Xu et al. [30]

RHB (mean of all size classes) 36 Present study

EFBB (mean of all size classes) 85 Present study

functional acidic groups and CEC of EFBB. The correla-
tion between the Q and EFBB surface area and EFBB
pore volume are shown in Fig. 4d and 4e, respectively.
The correlation between Q and EFBB surface area and
EFBB pore volume were non-significant. Hence, the SA
and PV of EFFB had no effect on Cd adsorption. There-
fore, it can be concluded from the results that the EFBB
total acidic functional groups and CEC had important
roles on Cd adsorption while the EFBB particle size, sur-
face area and pore volume had insignificant roles on Cd
adsorption.

Fig. 5 shows the correlation between Q and RHB
characteristics. There was a significant correlation (P <
0.05) between the Q, of RHB and the total acidic func-
tional groups and CEC of RHB (Fig. 5a and 5b). The
correlation between the Q and RHB particles size, SA
and PV are shown in Fig. 5¢, 5d and 5e, respectively. The
correlation between the Q  and particles size, SA and
PV of RHB were non-significant. The Q, was increased
as the amount of total acidic functional groups and CEC
enhanced. This result indicated that the acidic functional
groups and CEC had influence on Cd adsorption. There-
fore, it can be concluded that only the total acidic func-
tional groups and CEC of RHB had considerable effect on
Cd adsorption by RHB. This result was similar to the con-
sequence which obtained for correlation of Q and EFBB
acidic functional groups and CEC of EFBB. It is obvious
that the acid functional groups and CEC were the import-
ant properties that determined Cd adsorption by both the
EFBB and RHB.

These results are in agreement with the results of
Yenisoy-Karakas et al. [11] who showed the type and con-
centration of surface functional groups has important
impact on the adsorption capacity and the removal mecha-
nism of the adsorbates by biochars. In addition, the results
are also consistent with the results of other researches
[19,31,32] that acidic functional groups were effective in
removal of heavy metals from aqueous solutions. However,
our results is in contrast with the results of Chen et al. [7]
that showed biochar produced from hard wood pyrolysed
at 450°C contained a larger amount of oxygen-containing
functional groups, and a higher O/C ratio than biochar
produced from corn straw at 600°C but the former had a
lower adsorption capacity for heavy metals than the corn
straw biochar.

The correlation between the Q, _and RHB particles size,
SA and PV are shown in Fig. 5¢, 5d and 5e, respectively. The
correlation between the Q and particles size, SA and PV of
RHB were non-significant. Hence, the particles size, SA and
PV of RHB had no effect on Cd adsorption. This result is in
contrast with result of Chen et al. [7] that suggested that sur-
face area of biochar may therefore be more important than
the presence of specific functional groups when it comes to
metal binding. However, Chen et al. [7] experiments were
done using two different biochars which had different pHs;
one had a pH of 5 and the other had a pH of 10. The conclu-
sion was according to surface area and functional groups
of biochars and they did not determine biochar pH effects
on removal (adsorption and precipitation) of heavy metals,
while one of that biochar had a pH5 and the other had pH
10. Since, our previous study [15] revealed that the pH of
both biochar and the solution showed that the biochars’s
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pH and solution pH had a significant effect on adsorption
and precipitation of heavy metals.

The possible adsorption mechanism of Cd on to the
some acidic functional groups of biochars can be presented
by the following equations:

Biochar — (COOH), + Cd* — Biochar — (CO0),Cd + 2H*
Biochar - COOH + Cd(OH)* — Biochar - COOCd(OH) + H*
Biochar — (OH), + Cd** — Biochar - (O),Cd + 2H*

Biochar — OH + Cd(OH)* — Biochar - OCd(OH) + H*

4. Conclusions

The total acidic functional groups of EFBB was higher
than the RHB for similar size class. In contrast, the surface
area of RHB was higher than EFBB for similar size class. The
Q... value of EFBB was higher than the value obtained from
RHB for similar size class. The EFBB, which had a higher
adsorption capacity, was found to be the more effective in
removing Cd from aqueous solutions in comparison to a
variety of adsorbents. Only total acidic functional groups
and CEC were significantly correlated with the Q values
of both biochars while the PS, SA and PV were not signifi-
cantly correlated with the Q.
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