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The objective of the present study was the evaluation of differently treated bovine bones for Co?* removal
from aqueous media. Powdered bones (B), as well as samples prepared by H,O, oxidation (BH,0,) and
annealing at 400-1000°C (B400-B1000), were tested as sorbent materials. A combination of XRD, FTIR
spectroscopies, DTA/TGA analyses, specific surface area (Sp) and point of zero charge (pHpzc) measure-
ments was utilized for physicochemical characterization of sorbents. Sorption of Co?* was studied in batch
conditions as a function of pH, contact time and Co?* concentration. Initial pH values in the range 4-8 were
Keywords: . . . RO . X . . .
Animal bones found optimal for sorption experiments. Equilibrium time of 24 h was required in all investigated systems.
Co? The maximum sorption capacities differ significantly from 0.078 to 0.495 mmol/g, whereas the affinity
towards Co?* decreased in the order: B400 >BH,0, >B600 > B >B800>B1000. The pseudo-second-order
model and Langmuir theoretical equation were used for fitting the kinetic and equilibrium data, respec-
tively. lon-exchange with Ca2* and specific cation sorption were identified as main removal mechanisms.
The amounts of Co?* desorbed from loaded bone sorbents increased with the decrease of pH as well as
with the increase of Ca?* concentration. Heating at 400 °C was found to be an optimal treatment for the
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production of the Co?* removal agent.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Sorption is a simple and attractive method for heavy metal
removal from aqueous effluents due to its high efficiency and easy
handling. Economical feasibility of such processes can be gained by
application of low-cost sorbents which are abundant in nature, or
arise as a by-products or waste materials from various industries
and require little processing [1].

Various biological materials were studied with the main aim
to develop a cheap, reliable and more effective alternative to tra-
ditional treatment methods for metal-containing effluents. Most
research has been carried out with microbial biomass, chiefly bac-
teria, algae and fungi [2]. More recently, waste materials from
food and agricultural industry (wool, rice, straw, coconut husks,
exhausted coffee, waste tea, orange peel, animal bones, eggshells,
etc. [3]) are being considered as sorbents. Differently treated ani-
mal bones were also subjected to immobilization studies of metal
cations such as Cu?*, Cr3*, Pb%*, Zn2*, Sr2* [4-8], and radionuclides:
124gp3+ 124g5p>+ 152 Eyy3+* [9] as well as U(VI) [10].

Bones consist about 30% by weight of organic compounds,
mainly fibrous protein collagen, while the remaining 70% repre-
sent inorganic phase composed of defect, poorly crystalline, cation
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and anion substituted hydroxyapatite Cajg(PO4)s(OH), (HAP)
[11].

Generally, HAP was found to be a suitable sorbent for heavy
metals and radioisotopes due to low water solubility, high stability
under reducing and oxidizing conditions, high specific surface area
and good buffering capacity [12]. The main cation removal mech-
anisms by HAP are ion-exchange reaction with calcium ions of the
apatite, dissolution of HAP followed by the precipitation of metal-
containing phosphate phases, and specific cation sorption on the
HAP surface [12]. Animal bones, therefore, represent a source of
biogenic apatite and a cost-effective alternative to synthetic HAP.

In contrast to other heavy metals and radionuclides, no data
of Co%* sorption by animal bones was found in literature. Cobalt
containing effluents arise from the metallurgical industries while
radioactive isotope, 69Co, is a frequent constituent of liquid radioac-
tive waste.

Considering good sorption properties of synthetic HAP powder
towards Co2* [13], the main aim of this study was to evaluate bone
origin sorbents as Co?* immobilization agents. Sorption efficiency
of powdered bones, as well as of samples obtained by chemical oxi-
dation and temperature treatments, was studied and compared at
different pH, contact times and initial metal concentrations, while
the stability of Co-loaded bone products was tested in the solutions
of different pH and Ca2* concentration. The correlation between
treatments, physicochemical characteristics and sorption proper-
ties was established.
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2. Materials and methods
2.1. Preparation of bone sorbents

Bovine (femur) bones were collected from local butchers shop.
The bones were cleaned from meat and cut by circular saw to peaces
of approximate size 2-5 cm. Subsequently, bones were boiled in dis-
tilled water for 2 h, in order to remove fat this process was repeated
three times. The bones were then transferred to the oven for drying
at 80°C. After 24 h, they were divided into six parts of about 300¢g
each. First part, denoted as B, was just milled and sieved, and the
fraction of particles size 45-200 pm was used in further experi-
ments. Second part, named BH,0,, was treated with an oxidation
agent (30% H,0;) in order to remove the organic phase of the bone.
The H, 0, solution was changed daily and heated up to the boiling
temperature, three times a day. The process was stopped after 7
days, when no visible reaction occurred, and the sample was dried
for 24 h, at 80 °C. The remaining four parts, denoted as B400-B1000,
were annealed in an electric furnace under ambient condition, at
four different temperatures (400, 600, 800 and 1000°C), for 4 h.
Sample BH,0, as well as B400-B1000 were milled and sieved in
order to collect the same particle size as for sample B.

2.2. Characterization of bone sorbents

Sample B was characterized by thermal decomposition mea-
surement, using a SDT Q-600 instrument (TA Instruments). The
sample (10.549 mg) was heated in a standard alumina 90 .1 pan, in
100 ml/min flow of dynamic air in the temperature range 20-900 °C
at a heating rate of 20 °C/min.

All prepared sorbents were analyzed by X-ray diffraction (XRD),
using a Bruker D8 Advance diffraction system, with Cu Ko
radiation in theta/theta reflection geometry. The patterns were reg-
istered in the 26 range from 8° <260 < 60° with a scanning step size
of 0.05° and an acquisition time of 4 s/step.

The specific surface area (Sp) of bone sorbents was determined
applying 5-points BET method using nitrogen as an adsorbate,
at 77K. The measurements were performed with Autosorb-
Quantochrome Model AS-6/P°. Samples were previously degassed
under vacuum at 100°C.

IR spectral examinations were performed by Bomem MB
100 FTIR spectrometer. The spectra were recorded in the
4000-500cm~! region, collecting 10 scans per spectrum, with a
resolution of 4cm~1, using potassium bromide pellet technique.
Pellets were prepared using 1 mg sample/15 mg KBr.

The batch equilibration technique, described in the literature in
detail [14], was applied for the point of zero charge (pHpzc) deter-
mination, using 0.1 M KNOs3 as a background electrolyte, in initial
pH range 1-12.

2.3. Sorption/desorption experiments

Efficacy of bone sorbents for Co2* immobilization was compared
in a batch system. Solutions of different Co%* concentrations were
prepared from Co(NOs3),-6H,0 (Merck) and distilled water. PVC
flasks, containing suspensions with solid to liquid ratio 1:200, were
agitated in a horizontal shaker at constant speed of 120 rpm and
ambient temperature (20 +1°C).

Unless sorption parameter was the process variable, the
following conditions were applied: initial Co%* concentration
6 x 10-3 mmol/dm?3, initial pH 5, time of equilibration 24 h. The
effect of sorption parameters was investigated by varying:

e initial pH in the range 1-12.

e contact time in the range 15 min to 48 h.
e initial Co%* concentration in the range 10~ to 6 x 10~3 mol/dm?3.

After separation of sorbents from the liquid phase by filtration
through blue-band filter paper (Quant, Grade 391) the final solution
pH values were measured. The exact initial and final concentrations
of Co%* were determined by an atomic absorption spectrometer
(PerkinElmer Analyst 200), as well as concentrations of CaZ* ions,
released from the sorbents to the liquid phase.

For desorption studies, bone particles were firstly loaded with
Co?* ions by equilibrating the sorbents with the 6 x 10~3 mol/dm?
Co?* solution, at solid to liquid ratio 1:200, for 24 h. Solid residues
were washed with distilled water in order to remove the unsorbed
metal ions attached to the surface. The particles were then dried at
105°C, transferred to PVC flasks and shaken with different leach-
ing solutions, at solid to liquid ratio 1:200 for 24 h. After filtration,
the metal concentration measurements in the supernatants were
performed.

Leaching solutions of pH 2, 5, 7 and 9 were prepared using dis-
tilled water and appropriate amounts of 0.01 mol/dm3 HNOj3 or
KOH. Furthermore, 10-3, 10-2 and 2.5 x 10~2 mol/dm3 Ca(NO3),
solutions were used.

3. Results and discussion
3.1. Physicochemical properties of bone sorbents

The TGA/DTA plot recorded from powdered B sample (Fig. 1)
shows three distinctive successive weight losses with 56.33% inor-
ganic residue available. Due to the release of absorbed water
molecules a weight loss of 7.37% was recorded at temperature inter-
val 20-200°C, with the peak on the DTA plot positioned at 81 °C.
In the second step, a mass reduction of 25.31% could be associated
with the decomposition of collagen that started after 200°C and
continued up to 400°C (DTA peak at 370.22°C). In the tempera-
ture range 400-640 °C, with the peak at 471.87 °C, weight loss was
9.11% due to combustion of the residual organic components. Addi-
tionally 1.88% of weight loss was observed in temperature range
640-900 °C, and can be attributed to the decomposition of carbon-
ates.

The XR-diffraction patterns of investigated samples (Fig. 2), con-
firmed that HAP was the main crystalline phase present, while a
broad and intense background was associated with collagen and
other organic compounds.
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Fig. 1. DTA/TGA analysis of bone sample.
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Fig. 2. XRD patterns of bone sorbents: (a) B, (b) BH,0,, (c) B400, (d) B600, (e) B800 and (f) B1000.

The crystallinity grade (X.) of the HAP powders can be evaluated
by an experimental method reported by Landi et al. [15], using the
equation:

Vi12/300

Xc=1
¢ I300

(1)
where I3q is the intensity of (3 00) reflection and V3390 is the
intensity of the hollow between (1 12)and (3 0 0) reflections, which
completely disappears in non-crystalline samples. The X, values of
bone samples are summarized in Table 1.

Treatment with H,0, as well as heating up to 400°C did not
create notable changes of HAP original crystallinity. In contrast, HAP
crystallinity increased slowly from 400 to 600 °C, remarkably from
600 to 800°C and remained almost constant from 800 to 1000°C.
The XRD patterns of the powders obtained at 800 and 1000 °C were
similar to the patterns of the well-crystallized synthetic HAP [14].

Table 1
The fraction of crystalline phase, specific surface area and point of zero charge of
bone samples

Sample Xe Sp (m?/g) PHpzc
B 0.26 0.1 7.22
BH,0, 0.27 83.0 6.83
B400 0.27 85.0 7.37
B600 0.36 71.7 7.50
B800 0.93 7.0 10.15
B1000 0.95 24 10.00

Additionally, in the spectra of these two samples, trace amounts of
Ca0 and MgO were observed (Fig. 2e and f) and can be ascribed
to the decomposition of non-stoichiometric carbonate containing
bone apatite [16].

The characteristic bands of natural HAP were also detected in
the IR spectra (Fig. 3).

The peaks at about 1090, 1040, 960, 601 and 570cm™"! arised
from different vibrations of PO43~ group. In addition, the spec-
trum of sample B contained a band at 1160cm~! that can be
ascribed to HPO42~ group, while in the spectra of samples B600,
B800 and B1000, in the region 1997-2200cm~! overtones and
combinations of the PO43~ modes were visible. The broad band
from 3700 to 2500cm™!, the most intensive in the spectra of B
and BH,0, sample, derived from stretching modes of hydrogen-
bonded H,0 molecules. Peaks at about 1410 and 1450 cm~!, and
near 870 and 670cm~! could be attributed to the CO32~ group.
The intensity of these peaks diminished with the temperature
increase. The OH- bands at 3572 and 629cm~! were clearly
visible only in the IR spectra of the heated samples B800 and
B1000.

Additional peaks that came from the organic phase were
also found. In the IR spectra of sample B, at 1547-1559, 1237
and 665-669cm~! amide I, II and IIl bands, respectively, were
visible. The peaks at 2923 and 2981 cm~! occurred due to vibra-
tions of -CH, groups, while at 1744cm~"! carbonyl groups were
detected. In the BH,0, spectra, band at 1744cm~! was com-
pletely removed, while other bands were present with the reduced
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Fig. 3. FT-IR spectra of differently treated animal bones.

intensities. Heating of the bone sample was found to be more effi-
cient approach in reducing the amount of organic phase, since
in the samples B400 and B600 small -CH, and amide I bands
were visible, while in B800 and B1000, only inorganic phase
remained.

The S, values of various bone sorbents are listed in Table 1.
Although the mineral phase of bone consists of nano-sized crystals
with high surface area (100-200 m2/g) [17], merged with collagen
fibers they give a structure of very high density, and consequently
low surface area. Treatment with H,O, and heating the bone sam-
ple to 400°C have produced a significant S, increase, which can
be attributed to oxidation of bone organic compounds and their
partial removal from the pores of the inorganic skeletal material.
The decrease of Sp with the increase of temperature above 400 °C,
can be explained by an increase of HAP crystallite size (Fig. 2 and
Table 1).

The results of pHpyzc determination are shown in Fig. 4.

The similar behavior of all investigated samples is obvious: final
pH values increased as the initial pH has increased in the ranges
1-4 and 10-12, while maintained constant in the initial pH range
4-10. However, final pH values at the plateaus, from which points
of zero charge (pHpzc) were estimated (Table 1), differed signifi-
cantly from 6.83 to 10.15. The pHpyc of all bone samples were higher
with respect to the values obtained by the same method for vari-
ous synthetic HAP samples [14]. Sample B, and those treated at
400 and 600 °C have demonstrated a small increase of pHpzc with
the increase of temperature, while samples heated at 800-1000°C
had extremely high pHpzc values due to CaO and MgO occurrence
(Fig. 2).

3.2. Effect of pH

The effect of initial pH on the sorption of CoZ* by bone origin
sorbents is shown in Fig. 5a.

The predominant Co-species in the investigated pH range are
Co2* (pH<8), and Co(OH), (pH > 8). Experimental data suggested
that removal of cobalt from the liquid phase occurred due to sorp-
tion of Co%* species up to pH 8, whereas enhanced removal at pH > 8

(near 100%) regardless of the sorbent type, can be explained by
precipitation of cobalt-hydroxide. Optimal sorption, for all consid-
ered sorbents, was obtained in the initial pH range 4-8. Relatively
constant amounts of Co?* sorbed in this initial pH range was a
result of stable final pH values, governed by buffering capacity of
the sorbents (Fig. 5b). The plateau parts of pHg,, versus pHipitial
plots were shorter when compared to the same experiment per-
formed in inert electrolyte solution (Fig. 4), principally because of
Co2* hydrolysis. Furthermore, final pH values at the plateau parts of
these plots were lower then the pHpyc values of each sorbent. The
similar results were obtained for Co?* sorption on synthetic HAP
[13].

The amounts of Ca?* released from inorganic phase of vari-
ous bone sorbents showed comparable dependencies on initial pH
(Fig. 5¢). Ca%* content decreased rapidly with the initial pH increase
from 1 to 3, remained constant in the range 4-8 and decreased again
at pH > 8. Enhanced HAP solubility in acidic media [18] caused high
discharge of Ca%* ions, while in the pH range of importance for sorp-
tion process (4-8) Ca2* release was mainly due to ion exchange with
Co?* ions. As Co?* removal occurred at pH below the pHpzc, where
net surface charge of sorbent was positive, it can be concluded that
specific cation sorption (e.g. ligand exchange) was also involved in
the overall sorption mechanism [19].

Further sorption experiments were conducted at pH 5 in order to
avoid dissolution of bone sorbents in acidic and Co?* precipitation
in alkaline solutions.

3.3. Effect of contact time

The removal of Co%* ions by various bone sorbents as a function
of contact time is presented in Fig. 6a. It was observed that the
amounts of Co%* sorbed increased with an increase in contact time
and gradually reached constant values within 24 h.

The pseudo-first-order [20], pseudo-second-order [21] and
intraparticle diffusion [22] models were tested to interpret the
experimental data of investigated sorption processes. Based on the
poor regression coefficient (R?) values of the Lagergren pseudo-
first-order, as well as intraparticle diffusion model, the results are
not shown. The pseudo-second-order equation can be written in

11]
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Fig. 4. The influence of the initial pH on the final pH values. Background electrolyte
0.1 mol/L KNOs, sorbents: (H) B, (®) BH,0,, (A) B400, (v) B600, (¢) B800 and (O)
B1000.
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the following linear form:

t 1 1

—_— = —— 4+ — 2
G kagz Qe 2)

where k; (g/(mmol min))is the pseudo-second-order rate constant,
ge the amount of Co?* sorbed (mmol/g) at equilibrium and g; is the
amount sorbed (mmol/g) at any time t. From the slopes and inter-
cepts of the of t/q; versus t plots, k; and g values were calculated
(Table 2). Furthermore, the initial sorption rates h (mmol/(g min)),

when t — 0, can also be calculated as follows:
h= kzqg 3)

Both high correlation coefficients (R%>0.993) and good agree-
ment between experimental and calculated ge values indicated
that the pseudo-second-order kinetic model can represent the
sorption Kkinetics. Previous studies have also reported that the
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B1000.



284 S. Dimovic et al. / Journal of Hazardous Materials 164 (2009) 279-287

Table 2
Pseudo-second-order model parameters for Co?* sorption by bone sorbents
Parameter Sorbent

B BH,0, B400 B600 B800 B1000
Ge.exp. (MMOI/g) 0.240 0.478 0.499 0.290 0.202 0.080
ge (mmol/g) 0.243 0.479 0.501 0.292 0.211 0.085
h x 102(mmol/(g min)) 0.67 3.47 2.91 0.87 0.12 0.24
k> (g/(mmol min)) 0.114 0.151 0.116 0.120 0.031 0.089
R? 0.999 0.999 0.999 0.999 0.993 0.997

pseudo-second-order model correlates well with the experimen-
tal data on the sorption of divalent metal cation by synthetic
HAP [23], Cr3* by animal bones [7] and Sr?* by bone char
[8].

The highest initial sorption rates were obtained for samples
BH,0, and B400 which exhibited the highest surface area.

The plots of pH changes versus time (Fig. 6b), with a sharp
increase in the first 30min of contact, were very similar to
results obtained for Cu?* sorption onto bone char [24]. The
buffering capacities of bone sorbents were responsible for pHgp,;
increase. The order of equilibrium pH increase followed the
order of pHpzc increase: BH,0, >B>B400>B600>B800>B1000.
However, as equilibrium pH values were lower than corre-
sponding pHpzc, the existence of specific cation sorption was
confirmed.

The amounts of ion-exchanged Ca2* cations (Fig. 6¢) also
increased with time, for all investigated sorbents, until equilibrium
was reached.
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Based on kinetic data, the equilibration time of 24 h was chosen
for further study.

3.4. Effect of initial Co?* concentration

The sorption isotherms of Co2* on various bone samples are
presented in Fig. 7a. Experimentally obtained sorption capacities
were in the range 0.077-0.490 mmol/g, while affinity of the inves-
tigated sorbents towards Co?* decreased in the following order:
B400>BH,0, >B600>B>B800 >B1000.

The experimental results were fitted with the Langmuir theo-
retical model, which has provided a reliable description of many
systems in which metal cations in solution undergo surface sorp-
tion or ion-exchange [25]. It can be expressed in a following linear
form:
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Fig. 7. (a) Relationships between equilibrium Co?* concentrations and the amounts of Co?* sorbed, symbols—experimental data, solid line—Langmuir fitting, (b) relationships
between equilibrium Co?* concentrations and the amounts of Ca?* released, (c) molar ratios between sorbed and released metal cations and (d) functionalities between the
amounts of Co?* sorbed and final pH values. Sorbents: (B) B, (®) BH,0,, (A) B400, (v) B600, (¢) B800 and (O) B1000.
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Table 3 Table 4
The results of equilibrium data fitting using Langmuir equation Maximum Co?* sorption capacities for a range of low-cost sorbents
Sorbent Xm (mmol/g) Ki. (dm?/mmol) R? Xm.exp (Mmol/g) Sorbent Sorption capacity (mmol/g) Ref.
B 0.248 3.343 0.985 0.234 Anaerobic granular sludge 0.209 [26]
BH,0, 0.469 3.128 0.992 0.447 Coir pith 0.218 [27]
B400 0.495 6.608 0.996 0.490 Arca shell 0.132 [28]
B600 0.342 6.868 0.995 0.340 Seaweeds 0.350 [29]
B800 0.195 2.893 0.954 0.197 Activated carbon 0.236 [30]
B1000 0.078 3.602 0.984 0.077 Tobermorite 0.178 [31]
Natural zeolites 0.244 [32]
Kaolinite 0.016 [33]
e Hydrated manganese dioxide 0.210-0.682 34
where Q. (mmol/g) and Ce (mmol/dm?3) denotes the equilibrium S;,nthetic g 0300 {35}
concentrations of sorbate in the solid and the liquid phase, Xm, HAP 0.343 [13]
(mmol/g) is the maximum sorption capacity, and K; (dm3/g) is the Treated animal bones 0.078-0.495 This study

Langmuir constant related to the energy of adsorption.

The results of linear fitting are presented in Table 3. High cor-
relation coefficients were obtained for all investigated systems
(R%>0.954), and the calculated capacities corresponded with the
experimentally obtained values.

The maximum Co?* removal capacities of differently treated
animal bones, B400 and BH,0, in particular, were comparable or
better than the capacities of many other sorbent materials, reported
for single metal batch conditions (Table 4).

The amounts of Ca?* cations released per gram of each
bone sorbent at equilibrium increased with the increase of the
amounts of Co2* sorbed (Fig. 7b). The molar ratios between CaZ*
released and Co?* sorbed, were relatively constant, making func-
tionalities between released and sorbed cations linear (Fig. 7c).
However, slopes of those lines fluctuated significantly between
sorbents—decreased in the order BH,0, (1.06)>B400 (0.76)>B
(0.64)>B600 (0.63)>B1000 (0.12)>B800 (0.09), which indicated
that the participation of ion-exchange mechanism decreased in the
same way.

With the increase of the amount of cation sorbed a contin-
uous final pH decrease was observed, regardless of the sorbent
type (Fig. 7d). It also must be noted that using B800 and B1000
samples and solution of the lowest Co%* concentration, values

of pHgna >8 were obtained meaning that Co(OH), precipita-
tion might have occurred. The comparison of specific cation
sorption contribution, calculated as a difference between pHpzc
and pHgp, values at the maximum amount of Co®* sorbed,
increased in the following order B600 (0.84)>B400 (0.99)>B
(1.04)>BH;0, (1.10)>B1000 (2.75)>B800 (2.99). Therefore, the
contribution of specific cation sorption increased in the same
order.

As the stability of HAP phase increase with the increase of solu-
tion pH [26], final pH values >7 obtained for B and B400-1000
samples may be the main reason for lower Ca2* release and molar
ratios Ca/Co< 1. This is particularly obvious for B800 and B1000
samples, which, on the other hand, exhibited the highest partici-
pation of specific cation sorption.

3.5. Correlation between treatments, physicochemical properties
of bone samples and Co?* sorption capacities

Comparing the results from Tables 1 and 3, the correlation
between physicochemical properties of bone samples and Co%*
sorption capacities can be established. The amounts of Co2* sorbed
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Fig. 8. Relative percentages of Co%* ions desorbed from sample B (a), BH0; (b), B400 (c), B600 (d), B800 (e) and B1000 (f). Leaching solutions: (1) pH 2, (2) pH 5, (3) pH 7,
(4) pH 9, (5) 0.001 mol/dm3 Ca(NO3),, (6) 0.01 mol/dm3 Ca(NO3), and (7) 0.25 mol/dm? Ca(NOs),.
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Table 5
Leaching solutions initial pH values and final pH values obtained after desorption of
Co?* ions

Composition Initial pH  Final pH
B BH,O0, B400 B600 B800 B1000

Distilled water 2.00 519 5.14 534 547 582 571
Distilled water 5.00 6.61 6.46 672 678 693 6.75
Distilled water 7.00 6.79 6.50 6.85 6.89 7.04 6.86
Distilled water 9.00 6.88 6.85 696 698 7.18 6.98
Ca 0.001 mol/dm?®  5.55 6.39 6.31 644 653 679 668
Ca 0.01 mol/dm? 5.49 6.27 6.18 638 649 666 6.61
Ca 0.25 mol/dm? 5.36 6.19 6.14 6.28  6.41 659 648

increased with the increase of S, values, with an exception of sam-
ple B which exhibited lowest specific surface area and moderate
sorption. This may be explained by the fact that organic phase of
sample B, unlike in other treated samples, had high amounts of
polar and negatively charged functional groups (Fig. 3) which were
acting as binding sites for Co%* ions.

Furthermore, the extent of sorption decreased with the increase
of apatite crystallinity in the range 0.26-0.95. The specimens with
the similar X. values (B, B400 and BH,0,) differed in the sorbed
amount of Co?*, pointing out the role of bone organic phase: lower
content of organic matter correlates with the higher sorption capac-
ity.

The relationship between sorption capacities and pHpzc values
of bone sorbents was generally poor. Low sorption capacities of
powders with extremely high pHpzc values (B800 and B1000) were
more likely related to other characteristics, such as low S, and high
Xe.

Previously reported results of the influence of synthetic HAP
physicochemical properties (such as Ca/P ratio, solubility, pHpzc,
Sp. Xc, fluoride and carbonate substitutions, etc. [14,36,37]) onto
sorption of divalent cations, have revealed that specific surface area
is the most important factor determining sorption capacities. Our
study supports these results. The optimal treatment for the produc-
tion of Co2* immobilization agent was found to be heating at 400 °C,
since this sample exhibited the highest S, value. The Sp of H;0,
treated sorbent was somewhat lower when compared to B400,
nevertheless, this treatment was also efficient in organic phase dis-
sociation and oxidation and the production of high capacity Co%*
sorbent.

3.6. Desorption study

The desorption efficiency of Co-loaded bone sorbents, tested
using various leaching solutions, is presented in Fig. 8. It is obvious
that Co%* desorption was highly pH and Ca?* concentration-
dependent, exhibited the same trend for all sorbents: increase with
the pH decrease and Ca2* concentration increase.

Desorption of Co2* was the most pronounced in solution of pH
2 (18-32%). Conversely, in alkaline media (pH 9) only about 1-3%
of Co%* was removed from bone sorbents. Under various pH condi-
tions the most stable were B800 and B1000 Co-loaded products. The
buffering properties of bone samples were responsible for increas-
ing pH of acidic leaching solutions and decreasing pH of alkaline
solution (Table 5).

Desorption in CaZ* solutions showed the highest percentages
in the case of BH,0, sample and the lowest for B800 and B1000,
following the same pattern as the contribution of ion-exchange in
the overall sorption mechanism of investigated sorbents (Section
3.4).

Results from the present desorption study revealed that high
amounts of previously sorbed Co2* cations stayed attached to the
bone sorbents surfaces, under all investigated experimental condi-

tions, meaning that spent animal bones will require disposal rather
than regeneration.

4. Conclusion

This investigation has demonstrated that animal bones, a waste
product from meat industry, represent a suitable precursor mate-
rial for the production of high capacity Co?* sorbents. Bones were
treated with an oxidation agent or annealed at different tem-
peratures in order to evaluate the optimal treatment conditions.
Physicochemical characterization of obtained products revealed
that heating at 400 °C and chemical oxidation process caused par-
tial removal of bone organic components with preservation of the
poor apatite phase crystallinity, while heating at higher temper-
atures, especially T>600°C, caused sintering of HAP nanocrystals
and decrease of specific surface area.

Co%* removal efficiency by various bone sorbents was com-
pared at different experimental conditions. Optimal sorption was
obtained in the wide initial pH range 4-8, due to the excel-
lent buffering properties of investigated materials. The kinetic
data were well fitted with pseudo-second-order kinetic model
and have revealed that, under applied experimental conditions,
approximately 24 h was needed for attaining sorption equilibrium.
The Langmuir isotherm described all equilibrium data adequately.
The calculated maximum sorption capacities, which decreased
in the order: B400 (0.495 mmol/g) > BH,0, (0.469 mmol/g)>B600
(0.342 mmol/g)>B (0.248 mmol/g)>B800 (0.195 mmol/g)>B1000
(0.078 mmol/g), indicated that treated animal bones, particularly
B400 and BH,0,, have comparable or better sorption capaci-
ties than various low-cost sorbents and synthetic HAP. Since the
Co?* sorption capacities were positively correlated with the lower
crystallinity of the inorganic apatite phase and higher specific
surface area, the optimal treatment for the production of Co2*
immobilization agent was found to be heating of animal bones at
400°C.

The leaching studies demonstrated the great stability of Co-bone
products. Desorbed amounts of Co2* increased with pH decrease as
well as with the increase of competitive cation (Ca%*) concentra-
tion, while the highest amounts of Co%* leached from various bone
powders (18-32%) were obtained under acidic conditions (pH 2).
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