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Pyrolysis of fresh sheep bone led to the formation of bone charcoal (BC). The structural characteristics of BC and surface
area were determined by X-ray diffraction (XRD) and scanning electron microscopy (SEM). N, gas adsorption—desorption
was analysed by Brunauer—Emmett—Teller isotherm model. The prepared BC was used as an effective sorbent for the
removal of phosphate from aqueous solutions. The effect of major parameters, including initial phosphorous concentration,
sorbent dosage, pH and temperature, was investigated in this study. Furthermore, adsorption isotherms and kinetics were
evaluated. BC was an effective sorbent in phosphate removal from aqueous solution especially in phosphate concentration
between 2 and 100 mg/L. The maximum amount of sorption capacity was 30.21 mg/g, which was obtained with 100 mg/L
as the initial phosphate concentration and 0.2 g as the sorbent dosage. Best reported pH in this study is 4; in higher pH,
adsorption rate decreased dramatically. By increasing the temperature from 20 to 40°C sorption capacity increased; this
phenomenon described that adsorption is endothermic. Equilibrium data were analysed by Langmuir, Freundlich and Temkin
isotherms. Pseudo first- and second-order and Elovich models were used to determine the kinetics of adsorption in this study.
Collected data highly fitted with Freundlich isotherms and pseudo second-order kinetics. Achieved results have shown well

the potentiality for the BC to be utilized as a natural sorbent to remove phosphorous from water and wastewater.

Keywords: adsorption; bone charcoal; phosphorous; isotherm; kinetic

1. Introduction

In contemporary societies, due to social and industrial
improvement, wastewater production in large scale is
an inevitable consequence. Untreated wastewater is the
most hazardous compound to human populations and their
environment. Wastewater treatment is one of the prim-
itive demands of societies to prevent lethal diseases.[1]
Phosphorous and nitrogen are common elements in wastew-
ater, which have significant effect on eutrophication
phenomena in water bodies.[2] Major components of
phosphorus include the form of organic phosphates (e.g.
detergents) and inorganic phosphates (ortho and poly-
phosphates).[3] Controlling phosphorus discharge from
municipal and industrial wastewater treatment plants is a
key factor in preventing eutrophication of surface waters.
The new rule from Environmental Protection Agency
requires that all existing wastewater treatment plants dis-
charging in excess of 150 pounds of total phosphorus
per month to surface waters meet below 1 mg-P/L efflu-
ent limit.[4,5] With regard to phosphorous hazards in
aquatic environment, there is no doubt that phosphorous
removal is so notable and need specific consideration during

wastewater treatment to reach this goal. Physicochemical
treatment methods and biological nutrient removal are two
common methods for the removal of phosphate. These pro-
cesses essentially transfer phosphate from the liquid to the
sludge phase that needs to be hauled and disposed of else-
where and also need more concentration on mechanism.[6]
Complete phosphate removal is unattainable by these meth-
ods due to thermodynamic and kinetic limitations.[7] One
of the most popular and economic methods for phospho-
rous removal in these days is the adsorption method. In
these years, utilizing natural sorbent and adsorption method
is becoming more popular in research scale. Adsorption
mechanism is one of the techniques that would be compara-
tively more useful and economical for phosphates removal.
In adsorption, the separation mechanism involves attract-
ing one or more solutes in a liquid or gas mixing to the
surface of a solid sorbent where they are held by intermolec-
ular forces.[8,9] There are different kinds of sorbents that
are utilized for phosphate elimination from aqueous solu-
tion such as fly ash,[10] wastewater sludge,[11] goethite
[12] and red mud.[13] Bone charcoal (BC) is one of the
low-cost natural sorbent, which has been utilized for pol-
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lution removal from aqueous solution in recent years.[14]
Phosphorous adsorption on to BC and its isotherms and
kinetics were analysed, respectively, in this research.

2. Materials and methods
2.1. Reagents and instruments

Phosphate solution (100 mg/L) was prepared with K,HPO4
(Merck Company). All other chemicals (NaOH, HCI,
(NH4)6Mo070,4.4H,0, H,SO4 and SnCl,) were analytically
grade reagents, which were used without further purifi-
cation and prepared in laboratory condition.[15] Surface
structure of BC was evaluated through scanning elec-
tronic microscopy (SEM) images (Model XL30 Philips).
Specific surface area of BC was calculated via Brunauer—
Emmett—Teller (BET) and Barrett-Joyner—Halenda (BJH)
models. Data analysis for the calculation of BETsyrface area
and BJHsurfaccarea (M?/g), pore volume and porosity were
carried out by Belsorb software (Version 5). The pH
values were measured using a pH meter (Mettler Co.,
USA). Final concentration of the phosphate was measured
using UV /Visible model (cecil-1011) spectrophotometer at
690 nm wavelength by molybdenum blue method.[15—17]

2.2. Bone charcoal preparations

The BC sample used in this study was synthesized from
fresh sheep bone in laboratory condition. Fresh sheep bone
was collected from butchery shop in Tehran, Iran. Fresh
sheep bone was washed with boiled water to separate
organic residuals and dried in oven with 100—110°C for
24 h. Pyrolysis of bones was performed by electrical fur-
nace at 400°C for 2.5h. Later, BC was soaked in 0.01 M
HCI for 2 h to dissolve and remove any remaining impuri-
ties on BC surface and structure. Then, pulverize BC with
ASTM standard sieves in the range of 0.1-0.5 mm.[18]
X-ray diffraction method (XRD) and energy dispersive
analysis X-ray (EDAX) spectra were utilized for evaluat-
ing BC ingredients. To calculate the pHz,. of BC, 0.5¢g
of sorbent was suspended in 0.01 M sodium chloride solu-
tion after primary pH measurement for 48 h as contact time
on shaker. Final pH also measured after suspensions were
centrifuged. The lodine number of sorbent with regard to
ASTM and D4607-94 was determined by titration method
with sodium thiosulphate as the titrant.

2.3. Adsorption experiments

All experiments in this study were fulfilled by batch tech-
nique. Batch experiments were carried out in different doses
of adsorbent, initial phosphate concentration, pH and tem-
perature. The initial concentration of phosphate was in the
range of 2—-100mg/L. The doses of adsorbent also dif-
fered between 0.2 and 2.0g/L. The pH of the solution
was adjusted with HCI or NaOH (0.1 M) and measured
using a pH meter (Mettler Co.). The effect of temperature

on phosphate adsorption was investigated in temperatures
between 20 and 40°C. The phosphate solution (100 mL) of
desired initial concentration, pH, adsorbent dosage and tem-
perature was taken in Al-covered glass vials and agitated in
a shaker model (GFL 3017), 150 rpm for 24 h. At the end
of each test, the suspensions were centrifuged for 7 min at
1500 rpm.

The amount of adsorbed phosphate at equilibrium on
adsorbent surface, g., was calculated from the mass balance
equation as

_r Co—C 1
Qe—ﬁx(o_ e) ()

where g, is the adsorption capacity (mg/g), V' is the volume
of solution (L), Cj is the initial concentration of phosphate
(mg/L), C, is the equilibrium concentration (mg/L) and
M is the weight of adsorbent (g). All tests were carried out
with 150 rpm as the agitation speed and the average of three
replicates experiments was reported.

Isotherms of phosphate adsorption on BC were eval-
uated with Langmuir, Freundlich and Temkin isotherm
models to determine adsorption process for the descrip-
tion of solid—liquid sorption systems.[19,20] To determine
the best isotherm model, compare their linear regression
analysis and also correlation coefficient (R?).

Linear form of Freundlich isotherm was determined
with plot of log C. versus log ¢, which is presented in
the following equation:

logg. = logk + %log Ce (2)
where g. and C. are the parameters that are described
in Equation (1). £ and n are constants that are related
to the adsorption capacity and the adsorption intensity,
respectively.

Linear form of Langmuir isotherm is calculated as

1 1 1
L " G)
qe Gmax X bC, Gmax

where g« is described as the maximum amount of pollu-
tant adsorption (mg/g) and also b is the constant that indi-
cates adsorption equilibrium (L/mg). Langmuir isotherm
is determined with the plot of (1/g.) versus (1/C.).[21]
Linear equation Temkin isotherm is represented as

ge = BInK, + BIn C, @)

where B = (RT/b), R is the universal gas constant (J/mol
K), T indicates absolute temperature in K and b is also the
adsorption equilibrium constant (L/mg). K; and B constants
are being determined by plotting ¢. versus In C,.[21]
Pseudo first- and second-order and also Elovich kinetic
models were used to determine adsorption kinetic process
in this study. Lagergren equation was used to evaluate data
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with first-order model that is indicated as
— =ki(qe — qv) (5)

Integrated form of the above equation can be shown as

log(ge — ;) = log(ge) — (6)

ky
2.203 !
where g, and ¢, are the amounts of phosphate per unit weight
of BC (mg/g), respectively, at equilibrium time and time ¢.
ky 1is the constant rate whose values are calculated from the
plot of log (¢e — ¢q;) versus ¢.
Pseudo second-order equation is also described as

d
% = ki(ge — q1)* @)
t

The linear and integrated form of the above equation is

t 1 1

o ke e ®
where ¢, and ¢, are the amount of adsorbed phosphate,
respectively, at equilibrium time and at the time 7 (mg/g).
k, (g/mgmin) is the constant rate of equation and can be
determined with a plot of (¢/q,) versus ¢. [21,22]

Elovich model is the last model, which is used for
describing the adsorption process. Although this model was
first used to study gas on solids chemisorption, it has been
successfully improved to study adsorption from aqueous
solution.

The Elovich equation is introduced as

d
% = qe P )

t
Integration of Equation (9) in the same boundary con-
dition as pseudo first- and second-order equations leads to
the following equation:

1 1
q: = = In(aB) + =Int¢ (10)
‘B B
where « (mg/gmin) is called as the initial sorption
rate and the parameter S (g/mg) is also dependent

on the surface coverage and chemisorption activation
energy.[23,24]

3. Results and discussion
3.1. Characterization of BC

The morphology of the sample was examined by a scan-
ning electron microscopy (SEM). The SEM image of the
synthesized sample is shown in Figure 1. The results show
the high porosity on the charcoal surface. EDAX results
(Figure 2) showed that calcium and phosphorous are the
major components which formed BC structure. The PXRD

@)

1000 X enlargement
i =

Figure 1. SEM surface image of BC: (a) 5000 x enlargement
and (b) 1000 x enlargement.

pattern of the prepared BC is shown in Figure 3. It shows
that the main phosphorus phase is the hydroxyapatite (BC
consists of 76% CaHAP (Ca;o(PO4)s(OH),). BET and BJH
surface areas of entire sorbent are 138.35 and 111.92m?/g,
respectively. Cheung et al. mentioned that BET surface area
of synthesized BC was 100 m?/g [25] and Ghanizadeh and
Asgari also reported that BET of BC was 92.5m?/g [21].
Comparison of BC BET and activated carbon shows that
activated carbon BET value is much more (1477 m? /g [26])
than BC. Iodine number of BC was 119.26 mg/g (Table 1).
Iodine number of synthesized BC was reported as 98 mg/g
by Abe et al. [27]

3.2.  Effect of initial phosphate concentration

The effect of initial phosphate concentrations on BC adsorp-
tion was investigated. A known amount of BC was soaked
in six different phosphate concentrations separately, at dif-
ferent contact times of 10, 30 and 120 min. The results show
that the amount of phosphate adsorbed on BC increased with
the increase in initial phosphate concentration (Figure 4)
and more ions are attracted to the BC surface from solu-
tion through diffusion mechanism till they reach saturation.
This mechanism was studied by Wang et al. during phos-
phate biosorption.[28] The slope of the curve is linear and
ascending (Figure 4). The amount of curve slope in 120-min
contact time is higher than other contact times. Also in this
contact time, ¢, increased from 0.23 mg/g in 2mg/L ini-
tial phosphate concentration up to 4.74 mg/g in 100 mg/L
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Figure 2. EDAX of BC.
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Figure 3. The XRD pattern of the synthesized BC.
Table 1. Charactristics of synthesized bone charcoal.
pHzpc  BETgufucearca (M2/g)  BIHgurfaccarca (M2/g)  lodine number (mg/g)  Pore volume (cm?/g)  Pore diameter (nm)
7.8 138.35 111.92 119.26 0.302 8.73

phosphate concentration. The similar effect has been widely
studied by other researchers.[24-29]

3.3. Effect of adsorbent dosage

Sorption rate is a significant factor that has a influence on
sorption equilibrium. To determine the effect of sorbent
dosage on ¢, adsorption tests were examined with vari-
ous amounts of BC (0.2, 0.5, 0.8, 1, 1.5 and 2.0g/L) at
different initial phosphate concentrations. The examination
was performed at 48 h. Figure 5 shows that the adsorption
capacity of BC decreased as the dosage increased. At BC
doses higher than 1.5 g/L, curve reaches saturation and the
highest amount of g, was observed at 0.2 g/L dose and

100 mg/L initial phosphate concentration. At low sorbent
dosage more amount of pollutant could be attracted to sor-
bent surface.[24-30] But the BC adsorption capacity was
decreased by increasing the BC dosage. This decrease could
be related to the use of surface area as the unsaturated
form.[21]

3.4. Effect of pH

According to Figure 6, pH variations affect the efficiency
of phosphate removal and the efficiency increased in lower
pH. Our experiments showed that the pHzpc of BC is 7.8, it
reveals that in pH below than the pHzpc, the surface charge
of adsorbent is positive, and at pH above pHzpc surface,
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Figure 4. Effect of initial phosphate concentration (mg/L) at
several contact times and 2 g/L sorbent dosage on g (mg/g).
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Figure 5. Effect of BC dosage (g/L) and initial phosphorous
dosage on g (mg/g).
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Figure 6. Effect of pH at several initial phosphate concentrations
and 2 g/L sorbent dosage on g. (mg/g).

the charge will be negative.[31] At pH above pHzpc, the
hydroxyl group of BC surface could be deprotonated as
follows [21]:

HAP — OH — HAPO™ + H"

The surface charge of BC shifts to negative, which leads
to decrease in phosphate adsorption. Ou et al. [32] reported
that pH values of solution have dramatic effect on phos-
phate removal efficiency; adsorption efficiency increase
with decreasing pH. This result occurred due to the repul-
sion between sorbent and pollutants in solution.[32] Similar
result was found by Xiong and Mahmood [33] who men-
tioned that at pHzpc 6.5, the amount of adsorbed phosphate
increased from pH 4—6. However, at higher pH (above
pH 6), the adsorbed phosphate decreased.[33]

3.5. Effect of temperature

The effect of temperature on phosphate adsorption by BC
was studied. Phosphate adsorption capacity (g.) slightly
increased with increase in temperature from 20 to 40°C
(Figure 7). The results show that the adsorption mechanism
is an endothermic phenomenon; thus, the rate of phosphate
adsorption increased with increase in temperature. The g,
increased slightly in linear form. The highest amount of
¢e was obtained at 40°C with 10 mg/L initial phosphate
concentration. Many adsorption researches reported that
phosphate adsorption on several sorbents is an endother-
mic process.[24,34,35] The endothermic adsorptions are
considered as chemical adsorption in which the adsor-
bate undergoes chemical interaction with the adsorbent.[36]
Therefore, the adsorption of phosphate on the BC can be
considered as a chemisorption.

3.6. Adsorption isotherms

The study of adsorption isotherms in sorption process is one
of the significant concern to optimize system performance.
Langmuir, Freundlich and Temkin are the three proper mod-
els that are used to analyse isotherms data. It is significant to
determine the most appropriate correlation for the equilib-
rium curve. Adsorption isotherms studies were performed
in different initial phosphate concentrations (2, 5, 10, 20, 50

0.6+ —e—2mg/l —a—5mg/l —e—10mg/l

o /_’4———0—”/
0 : :
20 30 40

10 55
Temperature (°C)

Figure 7. Effect of temperature in several initial phosphate

concentrations and 2 g/L sorbent dosage on g. (mg/g).
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Figure 8. Langmuir isotherm model in 21°C, 10 mg/L initial
phosphate concentration and 0.2 g/L sorbent dosage.
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Figure 9. Freundlich isotherm model in 21°C, 10 mg/L initial
phosphate concentration and 0.2 g/L sorbent dosage.

and 100mg/L), 48 h as the contact time in order to reach
equilibrium, 0.2 g BC as the sorbent dosage and at 21°C.

Freundlich isotherm indicated the adsorption on het-
erogeneous surfaces of sorbent and multilayer sorption
process (Figure 8). Langmuir isotherm (Figure 9) indicated
adsorption on monolayer surface of sorbent.[37] The sor-
bent surfaces reach to complete coverage by pollutant in
24 h. After 24 h, no significant changes are shown on the
amount of adsorbed pollutant and desorbed pollutant. This
effect was also reported in Saha study.[38] The Freundlich
plot (Figure 8) supported this study. In several studies,
Freundlich model was reported as a proper isotherm to
describe adsorption mechanism of phosphate on different
sorbents.[39,40]

14 4
32
10

)

a
=,

e (mg/

w

2 /1/ 2 4 5
InC,

Figure 10. Temkin isotherm model in 21°C, 10mg/L initial
phosphate concentration and 0.2 g/L sorbent dosage.

Freundlich equation represents the highest fit (R> =
0.9873) (Figure 8 and Table 2). ks and n were determined
from line equation which resulted to 0.32 and 1.11, respec-
tively. In Freundlich model, the higher the & and » imply
higher binding capacity and affinity between the sorbent and
phosphate ions.[41] Among these models, Temkin equation
indicated the bad fitness (R?> = 0.7641) (Figure 10 and
Table 2).

3.7. Adsorption kinetics

Kinetic models have been used to determine several fac-
tors such as controlling chemical reactions, diffusion control
and mass transfer mechanism. Pseudo first-, second-order
and Elovich models were used in this study to describe the
kinetic mechanism of phosphate adsorption on BC surface.

+ 10mg/l
2 = 20mg/l
.50 mg/|
1.4 ® 100 mg/I
3o ‘
g 150
5 -1
-2 A
-3
.

t (min)

Figure 11. Pseudo first-order kinetic of phosphate adsorption in
several initial concentrations.

Table 2. Parameters of Langmuir, Freundlich and Temkin isotherm models of phosphate adsorption.

Langmuir constants

Freundlich constants

Temkin constants

gmax (mg/g_l) b (L mg_l) R?

ke (Lg™h)

n R? k (Lmg™") B R?

30.2 0.0367 0.9371 0.32

1.11  0.9873 0.92 531  0.7641
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Figure 12. Pseudo second-order kinetic of phosphate adsorption
in several initial concentrations.
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Figure 13. Elovich model correlation of phosphate adsorption in
several initial concentrations.

Thus, kinetic studies of adsorption contribute to beneficial
information for economical instrument and batch design.
A plot of In (g, — ¢q;) versus t (Figure 11) was used to
determine the pseudo first-order kinetic models. Pseudo
second-order kinetics and Elovich model correlation are
shown in Figures 12 and 13, respectively. Both & and k,
were calculated to predict line equation. Kinetic parameters
of pseudo first-order, second-order and Elovich model are
summarized in Table 3. Regression coefficient and compat-
ibly of experimental data with theoretical were considered
in this study to reach the best kinetic model in order to

process prediction. Although both pseudo first and sec-
ond order indicated high R?, pseudo second-order kinetics
had the highest R?. The experimental and theoretical data
represented well correlation. Pseudo second-order kinet-
ics has been introduced as the best descriptive model not
only in this research but also in many different adsorption
processes, which have been done by several researchers.
Adsorption of phosphate on dolomite,[42] surface-modified
zeolite, hydrotalcite and activated alumina [43] and iron-
zirconium binary oxide [44] are the examples of phosphate
adsorption studies, which follow-up pseudo second-order
kinetics.

4. Conclusion

Besides several sorbents that are utilized for phosphate
removal from aqueous solution, BC has a great potential in
phosphate adsorption from water and wastewater effluent.
Because of high surface area, low-cost preparation method
and also acting as an environment friendly compound, this
material could be used as an effective sorbent for phosphate
removal in water and wastewater industry. Surface area of
BC was evaluated by BET and BJH methods, which showed
that the sorbent has high porous structure. According to the
pH_pe of BC, the sorbent has the potential for the removal of
negative charge pollutant in acidic solutions. BC exhibited
remarkable speed of phosphate uptake. More than 90% of
final adsorption capacity was performed in 120 min. Due
to observed results, the amount of phosphate in effluent
could be decreased up to 0.5 mg/L. There is a good agree-
ment between equilibrium data in this study and Freundlich
isotherm that suggested adsorption mechanism is a multi-
layer process on the surface of sorbent. Pseudo second-order
kinetics is the best model to describe phosphate adsorption
on BC. This model described chemisorption and partial ion
exchange process. Completion studies could be established
in large scale.
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