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ABSTRACT

This paper reports new insights on the role of the inorganic composition of Bone char (BC)
on its sorption properties for the removal of heavy metals Cd**, Ni**, and Zn** ions from
aqueous solution. In particular, we showed the importance of both composition and surface
chemistry of BC on its sorption properties for the removal of these metal ions in aqueous
solution. Results of physicochemical characterization and sorption studies suggest that the
inorganic phase of BC may contribute from 60 to 92% of the sorption process of heavy
metals in aqueous solution. In particular, the ion exchange process of Ca®" involving the
hydroxyapatite has an important contribution in heavy metal removal using bone char. BC
is an outstanding sorbent for the removal of Ni** ions and appears to be suitable for water

purification systems.
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1. Introduction

Bone char (BC) is a sorbent with outstanding
properties for its application in the treatment of
wastewaters and industrial effluents polluted by both
organic and inorganic compounds [1]. This low-cost
sorbent is synthesized from the residues of the meat
industry, which generates annually around 500,000
tons of this precursor worldwide. The synthesis of BC
implies the pyrolysis or partial calcination of bone
wastes using temperatures between 500 and 1,000°C
under controlled atmosphere conditions [2]. Tradition-
ally, BC has been used in sugar industry and is
considered among the best sorbents for fluoride
removal from water [1,3]. However, other studies have
shown that BC can be effective for the removal of dyes,
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organic matter, radioisotopes, and metal ions in water
purification and wastewater treatment, e.g. [4-14].

In particular, BC has been introduced as an
alternative and promising sorbent for facing the envi-
ronmental pollution caused by toxic heavy metals. To
date, sorption studies of heavy metals using BC have
focused on mono-metallic and multi-metallic systems
at batch and dynamic conditions especially using
packed-bed sorption columns [4,5,7,15]. Sorption stud-
ies on BC for heavy metal removal has mainly focused
on the following metallic species: Cr®*, Cd**, Cu*",
and Pb%*. However, it is convenient to remark that a
limited number of authors have studied the details
and characteristics of sorption mechanisms involved
in the removal of metallic species using BC [1,2,14].
Overall, the available studies have concluded that the
metal sorption process using BC appears to be related
to three removal mechanisms: ion exchange,
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dissolution—precipitation reactions, and complexation
[9]. These mechanisms are associated to the presence
of hydroxyapatite in the BC structure, which plays an
important role in the sorption of heavy metals and
also allows the ion exchange between calcium and
metal ions [2]. But, to the best of our knowledge, there
are no studies that quantify and establish the relative
importance of BC composition and surface chemistry
on heavy metal removal from aqueous solution. This
knowledge is fundamental to understand relevant
aspects of the sorption process of these priority water
pollutants using BC and is also useful to improve the
synthesis conditions of BC for maximizing its
performance (i.e. sorption capacities) in water
purification systems.

Therefore, this study determines the importance of
both the composition and surface chemistry of BC on
its sorption properties for the removal of heavy metal
ions in aqueous solution. Specifically, we have studied
the sorption process of Cd**, Ni**, and Zn*' ions
using BC with and without an acid treatment. This
chemical treatment has been employed to modify the
BC chemical structure and to determine the role and
contribution of inorganic phase of BC on the sorption
process of heavy metals. In summary, results of
physicochemical characterization and sorption studies
suggest that the inorganic phase of BC may contribute
up to 92% of the sorption process of heavy metals in
aqueous solution.

2. Materials and methods

2.1. Sorbent description and physicochemical
characterization

A commercial BC supplied by BC—Carvao Ativa-
do do Brazil Ltda. company has been used in this
study. According to the manufacturer, this sorbent is
obtained by carbonization of bovine bones at 800°C
under controlled oxygen atmosphere. General sorbent
characteristics provided by the supplier are given in
Table 1.

This BC was washed using boiled deionized
water and raw BC (which has been labeled as R-BC)
without any further treatment were used in our
study. On the other hand, to determine the impact of
the inorganic skeleton of BC on its sorption proper-
ties, samples of this sorbent were treated with 1N
HNO; for 48 h. This acid treatment was used to dis-
solve the inorganic fraction from BC chemical struc-
ture. Results of preliminary studies were used to
determine the operating conditions of acid treatment
(i.e. the acid concentration and the contact time) to
maximize the reduction of this inorganic phase of

D.I. Mendoza-Castillo et al. | Desalination and Water Treatment 54 (2015) 1651-1662

Table 1

Properties of commercial BC provided by the supplier
Acid soluble ash (wt.%) <3
Calcium carbonate (wt.%) 7-9
Calcium sulfate (wt.%) 0.1-0.2
Carbon content (wt.%) 9-11
Hydroxyapatite (wt.%) 70-76
Iron as Fe,O; (wt.%) <0.3
Density (g/cm?) 0.65

BC. Sorbent samples obtained from acid treatment
have been labeled as AC-BC. Both R-BC and AC-BC
samples were finally washed with deionized water at
room temperature and dried at 110°C for 5h. These
samples were grounded and sieved to obtain a mean
particle size of 0.3-0.42mm. This particle size was
used in all the experiments performed in the present
study.

Physicochemical parameters, textural properties,
and composition of the sorbents (i.e. R-BC and
AC-BC) were determined using different analytical
techniques and results were used to analyze the struc-
tural changes caused by the partial removal of the
inorganic skeleton of BC. First, the carbon, hydrogen,
nitrogen, oxygen, and sulfur contents in the sorbents
were determined using appropriate elemental micro-
analyzers from LECO. Micrographs of sorbents were
taken using a Zeiss DSM 942 SEM equipment, in order
to observe the morphology of BC before and after the
acid treatment. Additionally, the elemental analysis of
the sorbent samples was performed by energy disper-
sive X-ray spectroscopy (EDX) with an Oxford Link
ISIS system coupled to SEM. The morphology and
chemical composition were determined at different
points of each sample and an average of the composi-
tion was obtained.

The point of zero charge (pHp,.) of both sorbents
was determined at batch conditions. Specifically,
samples were placed in contact with NaCl solutions
(0.01, 0.1, and 1.0 M) at different pH levels (i.e. from 2
to 9) using a sorbent—electrolyte ratio of 4 g/L. Sorbent
and electrolyte solutions were in contact for 72h at
30°C in a thermal bath without shaking. After reaching
the equilibrium, the pH of the solution was measured.
The difference between the initial and final pH of the
solutions (i.e. ApH) was calculated, and this value was
plotted vs. initial pH. The intersection point is where
ApH =0 provides the value of pHy,. [16]. Acidity and
basicity constants of R-BC and AC-BC were
determined by inverse gas chromatography using the
Donnet method [17]. This analysis was performed
with a gas chromatograph (Perkin Elmer, Auto system
XL) equipped with both flame ionization detector and
thermal conductivity. Samples were heated for 3h at
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150°C with a heating rate of 5°C/min using He as
carrier gas with a flow rate of 30mL/min. The
temperature range for measurements was 100-130°C
for R-BC and 130-150°C for AC-BC, respectively. It is
important to remark that the samples were analyzed
at these temperatures in order to prevent both large
and short retention times of the sorbates. Additionally,
pH of the BC samples was determined using 4g of
the sorbent in 100 mL of CO,-free deionized water at
90°C for 15min [18]. The sorbent was separated from
the solution by filtration and the pH was measured at
room temperature (i.e. 25°C).

The ash content in both sorbents was determined
using the UNE 32004 standard method. For this
quantification, 2g of each sample was heated in a
mutffle furnace at 815°C for 2 h using air as atmosphere.
The ashes were analyzed by X-ray diffraction (XRD).
The diffraction patterns were obtained using a Bruker
D8 Advanced diffractometer using Cu Ka radiation at
40kV and 40 mA, over the 26 range with a step of 0.02°
and a scan rate of 5 s. A single Gobel mirror configura-
tion was used to focus and monochromatize the X-rays
in the sample, attaining highly efficient parallel beam
geometry. Surface functional groups of R-BC and
AC-BC were also analyzed by FTIR spectroscopy using
a Perkin—Elmer 100 FTIR spectrometer and KBr pellets.
These analyzes were recorded in the 4,000-400cm™"
spectral range, with a resolution of 4cm™'. Sixteen
spectral scans were performed on each sample and the
average value was used to generate each FTIR
spectrum. Finally, the textural properties of the sorbents
were determined by N, adsorption—desorption
isotherms at 77.35 K using an ASAP 2010 Micromeritics
equipment. The surface area was calculated by the BET
model, while the pore size was obtained according to
BJH and t-plot method, respectively.

2.2. Determination of sorption properties of BC with and
without acid treatment

For studying the importance of the inorganic
composition of BC in the removal of Cd**, Ni**, and
Zn** ions in aqueous solution, sorption experiments
were performed at batch conditions using a sorbent-
solution ratio of 0.3 and 2.0 g/L for R-BC and AC-BC,
respectively. Stock solutions with an initial concentra-
tion of 1,000mg/L were prepared for the different
metal ions by dissolving nitrate salts in deionized
water. These solutions were diluted to obtain the
metal solutions used for sorption experiments. Sorp-
tion kinetics were performed at 200 rpm, 30°C, and pH
5 using an initial metal concentration of 100 mg/L; the
sorbent and metal solutions were mixed and inter-
acted by different time intervals (0.5-24h). These
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experimental data were used for the calculation of
sorption kinetic rates using both the pseudo-first-order
and pseudo-second-order models. Additionally, we
have performed an analysis of intraparticle diffusion
to identify the rate-limiting step in the sorption
process of heavy metals using both R-BC and AC-BC.
On the other hand, sorption isotherms for each metal
ion were obtained using solutions with initial concen-
trations from 20 to 500mg/L at 30°C and pH 5.
Results obtained from the sorption isotherms of R-BC
and AC-BC, respectively, were compared in order to
analyze the role of the inorganic skeleton of BC onto
the uptake of heavy metals. Langmuir, Freundlich and
Sips isotherm equations were used to model the equi-
librium sorption data. All kinetic and isotherms
expressions used in this study are given in Table 2.
Parameters of sorption kinetic and isotherm models
were obtained by a non-linear regression using the
simulated annealing stochastic method [19]. The fitting
goodness of all models was tested by the regression
coefficient of determination (R?), the objective function
value (F,;), and the mean absolute percentage devia-
tion. Finally, it should be pointed out that all sorption
experiments were performed at a pH below the point
of hydrolysis and precipitation (as hydroxides) of
metal ions tested. Under these operating conditions,
the three metals are present in ionic form.

All sorption experiments were carried out in
triplicate and, overall, the percentage difference
between replicates was less than 5%. The average of
these replicates was used for data analysis. The con-
centrations of Cd**, Ni**, and Zn*" ions in sorption
experiments were determined using an atomic absorp-
tion spectrophotometer Perkin-Elmer AAnalyst 100
equipped with an air-acetylene burner. The sorption

capacity g (mmol/g) was calculated using the
mass-balance Eq. (1):
Co—CV
m

where m is the sorbent amount used in the metal sorp-
tion experiments in g, V is the volume of the metal
solution reported in L, and Cy and C; are the initial
and the remaining metal concentrations at time ¢ given
both in mmol/L, respectively.

3. Results and discussion

3.1. Physicochemical characterization of BC with and
without an acid treatment

Results of physicochemical characterization (i.e.
pH, acidity/basicity constants, ash content, point of
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Table 2
Description of kinetic and isotherm equations employed in the modeling of heavy metal removal using bone char
Model Equation Parameters
Kinetic®
Pseudo-first- g = q.(1 —e ™) k; is the rate constant of pseudo-first-order model in h™" [37].
order
Pseudo- P= ffﬁ; ; k, is the sorption rate constant of pseudo-second-order model in g/mmolh [38].
second-order
Intraparticle gt =kyt'/2+C  k, is the intraparticle diffusion rate constant (mmol/gh®), and C is the constant
diffusion (mmol/g) used to identify the rate limiting step of the sorption process [39].
Isotherm® K C
Langmuir ge = f’mTLé gm is a theoretical constant related to sorption capacity (mmol/g) and K is the
TRk Langmuir constant related to the sorption energy (L/mmol) [40].
Freundlich Ge = Kfci/ m K¢ (L/g) and n; are the Freundlich parameters indicative of sorption capacity and
ab.CrS intensity, respectively [41].
Sips Shihag' a5 is the monolayer of the sorption capacity (mmol/g), b is the Sips constant related

e = 1+b,Cr

to the sorption energy, and n, indicates the sorption intensity [42].

“In all kinetic models, g; is the metal uptake (mmol/g) at time t (h) and g, is the theoretical sorption capacity (mmol/g) at equilibrium.

PIn these isotherm models, C, is the equilibrium concentration (mmol/L) and g. is the sorption capacity at equilibrium (mmol/g).

zero charge, and textural parameters) of R-BC and
AC-BC are reported in Table 3. By comparing the
R-BC and AC-BC samples, it is evident that the ash
content decreases significantly after acid treatment.
This drastic decrement on the ash content indicates
that a significant proportion of the inorganic matter of
BC was removed by HNOj;. Note that the ash content
mainly includes minerals, such as aluminum, iron,
silica, calcium, and magnesium [20]. With illustrative
purposes, Fig. 1 shows the kinetics of weight loss of
BC for different concentrations of HNOs; used to
dissolve the inorganic phase of BC. It is clear that a 1
N acid solution is suitable for dissolving a significant
amount of this inorganic phase from BC.

Overall, the acid treatment generates a sorbent
with an acidic character while R-BC showed a slightly
basic pH. Results of pHp,. are 7.5 and 4.0 for R-BC
and AC-BC, respectively. Note that HNO; is an
oxidant agent and may introduce additional acidic
groups on the carbon phase of BC [21]. Table 3 shows
the acidic and basic constants of BC before and after
being treated with the HNO; solution. These results
confirmed previous findings and the Kg/Ka ratio indi-
cates the basic (Kg/Ka>1) and acidic (Kg/Ka<1)
character of R-BC and AC-BC, respectively. The
acidic nature of AC-BC sample could be attributed to
the elimination of inorganic compounds originating
sites on the carbon fraction of BC, which may
chemisorb atmospheric oxygen at room temperature,
resulting in the formation of acid complexes on the
sorbent surface [21]. These results are consistent with
the elemental analysis since the acid treatment
increased the oxygen content in the BC from 19.3 to
23.9%. This analysis also indicates that the nitrogen

Table 3
Results of physicochemical characterization of raw BC
(R-BC) and acid-treated BC(AC-BC)

Value
Parameters

R-BC AC-BC
pH 8.28 3.52
PHp.c 7.50 4.00
Ash (%) 81.90 2.03
Acidity/basicity constants
Kp/Ka 2.37 0.96
Textural properties
Surface area BET (m*/g) 113.3 810.9
Micro-pore volume (cm®/g) 1x107° 0.07
Micro-pore area (m?/g) 6.4 145.3
External surface area (m?/g) 106.8 664.7
Punctual surface area (m*/g) 110.3 795.6
Total volume (cm®/g) 0.29 0.64
Pore diameter (A) 32.5and 1008  31.8
Elemental analysis (wt.%)
Carbon 11.65 69.99
Hydrogen 1.03 2.71
Nitrogen 1.21 5.59
Sulfur 0.06 0.21
Oxygen 19.30 23.90

and hydrogen content also increased with this chemi-
cal treatment. In summary, the results reported in
Table 3 show that a significant proportion of the inor-
ganic components of BC were solubilized with HNO;
treatment.

The morphology and spectra of elemental analysis
of R-BC and AC-BC are reported in Fig. 2. The micro-
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Fig. 1. Kinetics of weight loss of BC treated with HNOs;.
Acid concentration: (m) 0.1, (a) 0.25, (¢) 0.5 and (¢) 1N.

graphs clearly show that the sorbent suffers significant
structural changes due to the chemical treatment with
HNO;. In particular, R-BC has an irregular structure
and its chemical composition includes the presence of
C, O, P, and Ca, which are the main components of
hydroxyapatite. On the other hand, the sorbent treated
with HNOj; shows a highly porous structure, which
indicates that the acid treatment creates more pores
on the sorbent surface and increases the surface area.
This porosity increment can be attributed to the disso-
lution of inorganic components (mainly Ca and P)
present in the sorbent. In fact, the micro-analytical
spectrum reveals that the C and O are the main
components of AC-BC, see Fig. 2(b). These results are
consistent with the results of X-ray diffraction (see
Fig. 3). In this case, the well-defined XRD peaks of
R-BC correspond to the characteristic peaks of calcium
phosphate [13]. The most intense peaks appear in
26-axis at 20 and 60, which are typical of the apatite
phase Fig. 3(a). These results confirmed that R-BC is a
mixed sorbent composed of calcium phosphate and
amorphous carbon. Note that the calcium phosphate
is in the form of hydroxyapatite, while the amorphous
carbon fraction is distributed throughout this struc-
ture. Similar findings have been reported by Pan et al.
[2], Rezaee et al. [11] and Ghanizadeh and Asgari [13].
On the other hand, AC-BC sample is constituted by
ferric oxide and silicon dioxide, see Fig. 3(b). These
results confirmed again that a significant amount of
the inorganic phase was extracted from BC. It is
convenient to remark that some trace elements of the
bone tissue, e.g. iron and silicon dioxide, were detect
on AC-BC samples. In particular, iron ions are among
the major trace elements of bone tissue [22], while
silicon dioxide is a trace mineral found in bones. The
latter is an important component of collagen and is
associated with the calcium at an early stage of
calcification to keep bones strong [23].
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FTIR analysis is given in Fig. 4 where R-BC
shows bands of vibrational structure due to the pres-
ence of hydroxyl groups and water (3,435cm™),
nitrogen compounds (2,337cm™'), and phosphate
groups (603 and 1,032cm™") on the sorbent surface.
The main signal of the phosphate group appears in
the triplet located between 1,000 and 1,100 cm !
where these bands are typical of hydroxyapatite [24].
The bands located at 873cm™' and between 1,500
and 1,350 cm ™}, respectively, are attributed to the car-
bonate group present in the sorbent [24]. After the
acid treatment, the FTIR spectrum Fig. 4(b) shows
that the intensity of bands of carbonates and phos-
phates reduced drastically because the HNO; dis-
solved a significant amount of these compounds and,
consequently, they are released from the sorbent.
Specifically, the most important changes in the FTIR
spectrum of AC-BC are observed at 2,400-500 cm ™.
Finally, the broad band located at 1,079 cm™' s
assigned to vibrations of type Si-O and the peak at
511cm™! could be assigned to the bending frequency
of O-5i-O, which confirms the presence of silicon
dioxide in the sample [25,26].

N, adsorption—desorption isotherms show that
R-BC and AC-BC presented a type IV isotherm
according to the BDDT classification, see Fig. 5. There
are hysteresis loops of types H; and H; in the R-BC
and AC-BC, respectively, according to the IUPAC
classification. Hysteresis loop Hj is attributed to the
presence of mesopores surrounded by a matrix of
smaller pores, which is associated to particles agglom-
erates that have slit-shaped pores [27,28]. On the other
hand, the hysteresis loop H, is attributed to the
presence of relatively uniform pores in the form of
channels [28]. Finally, it is evident that N, adsorption
is greater for AC-BC than R-BC, indicating that the
first sorbent has a greater surface area. Textural
parameters of both sorbents are also reported in
Table 3. In general, R-BC has a distribution of
different pore sizes showing two maximum points
whose values are 32.5 and 100.0 A, respectively; while
AC-BC shows a mono-modal distribution with an
average particle size of 34.5 A, see Fig. 5(b). Note that
the pore size is homogeneous in the sorbent after the
acid treatment and there is an increment in the pore
volume; see results reported in Table 3.

3.2. Sorption properties of BC with and without acid
treatment for the removal of heavy metals

With illustrative purposes, Fig. 6 shows the kinetic
data obtained for the sorption of Cd?*, Ni**, and Zn**
ions in aqueous solution at 30°C, pH 5, and an initial
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Fig. 3. Results of X-ray diffraction of (a) R-BC and (b) AC-BC.

metal concentration of 100 mg/L for both R-BC and
AC-BC. Overall, the removal of metal ions increased
with time and was fast during the first 4 h, regardless
of the cation. Later, the sorption rate decreased
gradually and all the kinetics reached the equilibrium
at 12h. Sorption kinetic profile of both sorbents
corresponds to a continuous curve which reaches the
saturation and suggests the possible coverage of the
sorbent surface with a monolayer of metal ion. Kinetic

parameters calculated with the pseudo-first- and
pseudo-second-order models are reported in Table 4.
Sorption rates (k; and k) of AC-BC are lower than
those obtained with R-BC where the pseudo-first-
order model offered the best correlation of kinetic
data. Note that the sorption rates of the metal ions
decreased in the following order: Ni** >Zn** >Cd*".
On the other hand, Fig. 7 shows the analysis of
intraparticle diffusion for the kinetic data obtained in
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R-BC

Transmittance, %

3435
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Wavelength, cm’!

Fig. 4. FTIR spectra of R-BC and AC-BC.

this study. These results indicate that the metal sorp-
tion using R-BC and AC-BC can be associated to a
fast external surface sorption and intraparticle diffu-
sion [29]. However, the intraparticle diffusion is not
the controlling step of metal sorption process of both
R-BC and AC-BC. The contribution of surface sorp-
tion as the controlling step of heavy metal removal is

more significant for R-BC because this sorbent
showed higher values of the intercept C than those
obtained with AC-BC, see Table 4.

Sorption isotherms of Cd**, Ni**, and Zn** at pH 5
and 30°C using R-BC and AC-BC are reported in
Fig. 8. All sorption isotherms are regular, positive, and
concave with respect to the concentrations axis. These
isotherms are class “L” (Langmuir) type 2 according
to the Giles classification and indicate that the metal
sorption is favorable [30]. Maximum metal uptakes of
R-BC are: 0.70 mmol/g for Cd**, 5.3 mmol/g for Ni**,
and 0.63 mmol/g for Zn**; while AC-BC showed max-
imum sorption capacities of 0.18 mmol/g for Cd**,
0.38 mmol/g for Ni**, and 0.27 mmol/ g for 7Zn?*,
respectively. Metal sorption capacity of AC-BC
increases in the following order: Cd** <Zn®" <Ni**,
while R-BC shows the following removal behavior:
Zn** <Cd** << Ni**. It is evident that sorption capac-
ity of R-BC is higher than that obtained using AC-BC.
In fact, the sorption properties of BC treated with
HNO; decreased in 74, 92, and 57% for the removal of
Cd*?, Ni*? and Zn"?, respectively. Similar results have
been reported by Dahbi et al. [31] for the removal of
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Fig. 6. Sorption kinetics of (1) Cd**, (o) Ni**, and (¢) Zn>* using (a) R-BC and (b) AC-BC. Experimental conditions: sorbent
ratio of 0.3 g/L and 4 g/L for R-BC and AC-BC, respectively, 30°C, pH 5, and initial metal concentration of 100 mg/L.
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Table 4
Results of kinetic data modeling of the sorption of Cd**, Ni**, and Zn** using R-BC and AC-BC
Sorbent Model ca* Ni* Zn**
R-BC Pseudo-first-order
ki, h™! 0.35 1.10 0.48
g1, mmol/g 0.98 1.63 0.55
R? 0.96 0.81 0.97
Fopj 0.02 0.05 0.02
Eps 3.87+4.13 743 +3.32 3.83 +4.27
Pseudo-second-order
k;, g/mmol h 0.39 1.18 0.54
g2, mmol/g 3.21 2.03 1.20
R? 0.94 0.97 0.86
Fopj 0.03 0.01 0.07
Eps 5.54 +3.05 2.86 +1.48 8.73+4.93
Intraparticle diffusion
k,, mmol/gh®® 0.10 0.18 0.10
C, mmol/g 0.13 0.67 0.22
R? 0.82 0.99 0.97
Fyp 0.01 3x1077 9x107*
Eps 4.77 £2.59 0.03 £0.01 8.30 +8.06
AC-BC Pseudo-first-order
ki, h! 0.13 0.37 0.21
g1, mmol/g 0.52 1.16 1.29
R? 0.90 0.99 0.94
Fy 0.10 3x107° 0.03
Eops 8.09 +8.03 1.64+1.08 5.05+3.91
Pseudo-second-order
k;, g/mmol h 0.15 0.40 0.22
g2, mmol/g 3.54 3.77 8.38
R? 0.81 0.96 0.97
Fopj 0.20 0.02 0.01
Eps 13.57 +8.94 4.35+2.56 294 +2.09
Intraparticle diffusion
ky, mmol/gh"® 0.01 0.04 0.04
C, mmol/g 0.09 0.27 0.12
R? 0.95 0.99 0.98
Foyj 3x107* 7x107 3x107*
Eops 1.04+0.49 047 +0.22 1.03+0.50

Cr’* ions in wastewater using BC. These authors used
BC treated with HNO; and concluded that the sorp-
tion capacity of this treated sorbent reduced drasti-
cally in comparison to the results obtained with raw
BC. As stated, the basic character of R-BC favors the
removal of metal ions since they have a positive
charge and, consequently, the interactions between
this sorbent and the pollutants are favored. Results of
isotherm data modeling are reported in Table 5. Sips
equation showed the best performance for modeling
the equilibrium sorption data for the different heavy
metals and both sorbents and parameters of this
model are given in Table 6. Finally, Langmuir model

is better than Freundlich isotherm for fitting the exper-
imental data obtained in this study.

In summary, sorption results suggest that the inor-
ganic skeleton of BC play an important role in the
removal of metal ions. According to the available liter-
ature [2], the inorganic fraction of BC is useful for the
sorption of cations and also allows an ion exchange
process between the metal species and Ca®* ions.
Based on this fact, the Ca®* content in the solutions
before and after the removal process was quantified
for sorption experiments using atomic absorption
spectroscopy. Results of these quantifications were
used to calculate the molar ratios (Q,) of metals fixed
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Fig. 7. Intraparticle diffusion analysis for the sorption of (1) Cd**, (o) Ni**, and (¢) Zn** using a) R-BC and b) AC-BC.
Operating conditions: 30°C, pH 5, and initial metal concentration.
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Fig. 8. Sorption isotherms of (1) Cd**, (o) Ni**, and (¢) Zn**

by both R-BC and AC-BC to Ca*' ion released. Note
that Q, =1 indicates the possible presence of ion
exchange, while Q, >1 suggests a surface complexa-
tion as the main sorption mechanism [32]. Therefore,
the calculated ratios were used to estimate the
possible contribution of the ion exchange process in
the removal of these metal ions. Fig. 9 shows the
results obtained for Ca®* determinations in sorption
experiments. For R-BC, Q, ranged from 0.4 to 1.3,
while Q, >4 for AC-BC. It appears that the ion
exchange may be involved in the heavy metal removal

Table 5
Results of data modeling of sorption isotherms of cd?,
Ni%*, and Zn** on R-BC and AC-BC

Statistical analysis

Sorbent  Model R? E, % Fopj

R-BC Freundlich 0.52-0.93 7.05-36.09 0.09-1.97
Langmuir  0.15-0.98 5.14-67.67 0.05-16.90
Sips 0.97-0.99 4.73-6.01 0.04-0.09

AC-BC Freundlich 0.90-0.93 7.50-9.31 0.06-0.13
Langmuir  0.97-0.99 1.79-4.53 0.01-0.03
Sips 0.97-0.99 1.59-4.20 4x107%-0.03

using (a) R-BC and (b) AC-BC at 30°C and pH 5.

using R-BC, while the metal uptake using AC-BC
seems to be associated to surface complexation. Note
that the content of Ca”* released when Ni** ions were
removed is higher than the quantities obtained during
the removal of Zn?** and Cd?*' ions, see Fig. 9. This
information is consistent with the results of the sorp-
tion isotherms where both sorbents showed the maxi-
mum uptake for this metal ion. On the other hand,
results of kinetic experiments suggest that the removal
rate of heavy metals is directly proportional to the
released amount of Ca®" ions. This trend suggests that
the ion exchange appears to have a relevant contribu-
tion for the mass transfer mechanisms involved in
heavy metal removal especially for R-BC. Therefore,
the removal of these pollutants appears to be faster
when there is a high content of Ca®* on the sorbent,
since the number of available ion exchange sites is
greater. Finally, it is convenient to remark that the
extent of ion exchange process is related to the proper-
ties of interchangeable cations. Previous studies have
concluded that cations with an ionic radius smaller
than Ca®* (1.74 A) can be exchanged more easily [33].
Our sorption results are in accordance with this fact
where the metal uptakes has the following order: Ni**
(121 A) > Zn** (1.31 A) > Cd*" (148 A).
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Table 6
Parameters of the Sips model obtained from data fitting of sorption isotherms of Cd**, Ni** and Zn®* using R-BC and
AC-BC
Sorbent Metal 4s, mmol/g bs, L/mmol g R? Fopj Eps
A-BC Ni** 6.22 0.42 224 0.99 0.09 6.01 +6.02
Zn** 0.75 0.92 1.14 0.97 0.04 493+2.63
Cd* 1.51 0.33 0.90 0.98 0.04 4.72+3.98
AC-BC Ni** 0.50 1.37 0.93 0.97 0.03 419+3.84
Zn** 0.31 2.7 0.90 0.99 0.01 2.14+1.25
cd** 0.20 471 0.90 0.99 4x1073 1.58 £1.26
may involve ion exchange and complex formation on
the sorbent surface as the main removal mechanisms
g1 depending on if R-BC or AC-BC is used. For the case
= of R-BC, the sorption of heavy metal could be
E attributed to the following mechanisms [1,32] given by
£ Egs. (2) and (3):
5077 =Ca?* + M2t = =M?* + Ca2* @
S
0.0 =OH + M*' ==0-M" + H" 3)

Fig. 9. Content of calcium released in sorption experi-
ments of Cd**, Ni**, and Zn** using R-BC and AC-BC.

3.3. Removal mechanism of heavy metals using BC with
and without acid treatment

Results of sorption experiments and sorbent char-
acterization indicate that the removal of heavy metals

where M** is the metal ion in aqueous solution and =
symbolizes the sorbent surface, respectively. Note that
Eq. (3) is used for representing the interactions with
heavy metals and calcium phosphate of BC [1]. On the
other hand, the silicon and iron compounds of
the AC-BC appear to have an important role in the
removal of heavy metals through complexation reac-
tions [34]. Therefore, the sorption mechanism for
Cd?**, Ni**, and Zn®" when AC-BC is used as sorbent

Table 7

Survey of sorption capacities reported for the removal of heavy metal using different sorbents

Metal Sorbent g." (mmol/g) pH T ("C) Reference

cd* Hydroxyapatite 0.58 NS 26 [33]
Bone char 0.48 5.0 20 [15]
Hydroxyapatite 1.68 NS 25 [32]
Modified rice husk 0.18 NS NS [43]
Modified orange peel 0.64 7.0 25 [36]

Ni** Coir pith 1.06 NS NS [43]
Groundnut shells 0.13 NS NS [43]
Modified sawdust 0.18 NS NS [43]
Bone char 0.55 5.1 25 [14]

Zn** Hydroxyapatite 0.57 NS 26 [33]
Bone char 0.53 48 20 [44]
Bone char 0.51 5.0 20 [15]
Modified sawdust 0.24 NS NS [43]
Carrot residues 0.45 NS NS [43]

“Maximum sorption capacity. NS indicates that the pH or temperature is not specified in the reference.
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could be a combination of ion exchange and complex-
ation reactions. According to [35,36], these reactions
can be represented by Eqgs. (4) and (5):

=FeOH + M?>" = =FeO — M+ + H" @)
=SiOH + M?t = =5i0 - M* + H 5)

However, it is important to note that the ion exchange
involving Ca®* appears to have a limited contribution
on the removal mechanism when AC-BC is used
because the amount of Ca®* released is very low. This
fact is consistent with the calcium content in the
HNOs-treated sorbent, since this element represents
only a 0.17% of the sample. In summary, we can con-
clude that the inorganic fraction of BC has an impor-
tant role for the removal of metal ions from aqueous
solution.

Finally, for comparison purposes, Table 7 shows
some sorption capacities reported in literature for the
removal of Cd**, Ni**, and Zn?* in aqueous solution
using different sorbents. In general, we conclude that
BC is an interesting sorbent for the treatment of efflu-
ents polluted with these heavy metals. In particular,
this sorbent is attractive for the removal of Ni** since
it can show a sorption capacity up to 15% of its
weight, which is an outstanding performance based
on the fact that most of the commercial sorbents
showed lower metal uptakes.

4. Conclusions

Sorption properties of BC for the removal of heavy
metal ions are highly dependent on the inorganic com-
position fraction of this sorbent. In particular, calcium
phosphate is the main inorganic component of BC and
appears to be responsible for more than 60% of the
removal process of heavy metals. The ion exchange
process of Ca** involving the hydroxyapatite has an
important contribution in heavy metal removal using
bone char. Sorption results also indicated that the
affinity of BC for the different cations depends on
the physicochemical properties of the solute where the
ionic radius seems to be the dominant factor. BC is an
outstanding sorbent for the removal of Ni** ions and
appears to be suitable for water purification systems.
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