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a b s t r a c t

The objective of the present study was the evaluation of differently treated bovine bones for Co2+ removal
from aqueous media. Powdered bones (B), as well as samples prepared by H2O2 oxidation (BH2O2) 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 Co2+ was studied in batch
conditions as a function of pH, contact time and Co2+ concentration. Initial pH values in the range 4–8 were
found optimal for sorption experiments. Equilibrium time of 24 h was required in all investigated systems.
The maximum sorption capacities differ significantly from 0.078 to 0.495 mmol/g, whereas the affinity
towards Co2+ decreased in the order: B400 > BH2O2 > B600 > B > B800 > B1000. The pseudo-second-order
model and Langmuir theoretical equation were used for fitting the kinetic and equilibrium data, respec-
tively. Ion-exchange with Ca2+ and specific cation sorption were identified as main removal mechanisms.

The amounts of Co2+ desorbed from loaded bone sorbents increased with the decrease of pH as well as

2+ conce ◦
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. Introduction

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

Various biological materials were studied with the main aim
o develop a cheap, reliable and more effective alternative to tra-
itional treatment methods for metal-containing effluents. Most
esearch has been carried out with microbial biomass, chiefly bac-
eria, algae and fungi [2]. More recently, waste materials from
ood and agricultural industry (wool, rice, straw, coconut husks,
xhausted coffee, waste tea, orange peel, animal bones, eggshells,
tc. [3]) are being considered as sorbents. Differently treated ani-
al bones were also subjected to immobilization studies of metal

ations such as Cu2+, Cr3+, Pb2+, Zn2+, Sr2+ [4–8], and radionuclides:

24Sb3+, 124Sb5+, 152 Eu3+ [9] as well as U(VI) [10].

Bones consist about 30% by weight of organic compounds,
ainly fibrous protein collagen, while the remaining 70% repre-

ent inorganic phase composed of defect, poorly crystalline, cation
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ntration. Heating at 400 C was found to be an optimal treatment for the
agent.

© 2008 Elsevier B.V. All rights reserved.

nd anion substituted hydroxyapatite Ca10(PO4)6(OH)2 (HAP)
11].

Generally, HAP was found to be a suitable sorbent for heavy
etals and radioisotopes due to low water solubility, high stability

nder reducing and oxidizing conditions, high specific surface area
nd good buffering capacity [12]. The main cation removal mech-
nisms by HAP are ion-exchange reaction with calcium ions of the
patite, dissolution of HAP followed by the precipitation of metal-
ontaining phosphate phases, and specific cation sorption on the
AP surface [12]. Animal bones, therefore, represent a source of
iogenic apatite and a cost-effective alternative to synthetic HAP.

In contrast to other heavy metals and radionuclides, no data
f Co2+ sorption by animal bones was found in literature. Cobalt
ontaining effluents arise from the metallurgical industries while
adioactive isotope, 60Co, is a frequent constituent of liquid radioac-
ive waste.

Considering good sorption properties of synthetic HAP powder
owards Co2+ [13], the main aim of this study was to evaluate bone
rigin sorbents as Co2+ immobilization agents. Sorption efficiency
f powdered bones, as well as of samples obtained by chemical oxi-
ation and temperature treatments, was studied and compared at

ifferent pH, contact times and initial metal concentrations, while
he stability of Co-loaded bone products was tested in the solutions
f different pH and Ca2+ concentration. The correlation between
reatments, physicochemical characteristics and sorption proper-
ies was established.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:sdimovic@vin.bg.ac.yu
dx.doi.org/10.1016/j.jhazmat.2008.08.013
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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.
80 S. Dimović et al. / Journal of Haz

. Materials and methods

.1. Preparation of bone sorbents

Bovine (femur) bones were collected from local butchers shop.
he bones were cleaned from meat and cut by circular saw to peaces
f approximate size 2–5 cm. Subsequently, bones were boiled in dis-
illed water for 2 h, in order to remove fat this process was repeated
hree times. The bones were then transferred to the oven for drying
t 80 ◦C. After 24 h, they were divided into six parts of about 300 g
ach. First part, denoted as B, was just milled and sieved, and the
raction of particles size 45–200 �m was used in further experi-

ents. Second part, named BH2O2, was treated with an oxidation
gent (30% H2O2) in order to remove the organic phase of the bone.
he H2O2 solution was changed daily and heated up to the boiling
emperature, three times a day. The process was stopped after 7
ays, when no visible reaction occurred, and the sample was dried
or 24 h, at 80 ◦C. The remaining four parts, denoted as B400–B1000,
ere annealed in an electric furnace under ambient condition, at

our different temperatures (400, 600, 800 and 1000 ◦C), for 4 h.
ample BH2O2 as well as B400–B1000 were milled and sieved in
rder to collect the same particle size as for sample B.

.2. Characterization of bone sorbents

Sample B was characterized by thermal decomposition mea-
urement, using a SDT Q-600 instrument (TA Instruments). The
ample (10.549 mg) was heated in a standard alumina 90 �l pan, in
00 ml/min flow of dynamic air in the temperature range 20–900 ◦C
t a heating rate of 20 ◦C/min.

All prepared sorbents were analyzed by X-ray diffraction (XRD),
sing a Bruker D8 Advance diffraction system, with Cu K�1.2
adiation in theta/theta reflection geometry. The patterns were reg-
stered in the 2� range from 8◦ < 2� < 60◦ with a scanning step size
f 0.05◦ and an acquisition time of 4 s/step.

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

IR spectral examinations were performed by Bomem MB
00 FTIR spectrometer. The spectra were recorded in the
000–500 cm−1 region, collecting 10 scans per spectrum, with a
esolution of 4 cm−1, using potassium bromide pellet technique.
ellets were prepared using 1 mg sample/15 mg KBr.

The batch equilibration technique, described in the literature in
etail [14], was applied for the point of zero charge (pHPZC) deter-
ination, using 0.1 M KNO3 as a background electrolyte, in initial

H range 1–12.

.3. Sorption/desorption experiments

Efficacy of bone sorbents for Co2+ immobilization was compared
n a batch system. Solutions of different Co2+ concentrations were
repared from Co(NO3)2·6H2O (Merck) and distilled water. PVC
asks, containing suspensions with solid to liquid ratio 1:200, were
gitated in a horizontal shaker at constant speed of 120 rpm and
mbient temperature (20 ± 1 ◦C).

Unless sorption parameter was the process variable, the
2+
ollowing conditions were applied: initial Co concentration

× 10−3 mmol/dm3, initial pH 5, time of equilibration 24 h. The
ffect of sorption parameters was investigated by varying:

initial pH in the range 1–12.
Materials 164 (2009) 279–287

contact time in the range 15 min to 48 h.
initial Co2+ concentration in the range 10−4 to 6 × 10−3 mol/dm3.

After separation of sorbents from the liquid phase by filtration
hrough blue-band filter paper (Quant, Grade 391) the final solution
H values were measured. The exact initial and final concentrations
f Co2+ were determined by an atomic absorption spectrometer
PerkinElmer Analyst 200), as well as concentrations of Ca2+ ions,
eleased from the sorbents to the liquid phase.

For desorption studies, bone particles were firstly loaded with
o2+ ions by equilibrating the sorbents with the 6 × 10−3 mol/dm3

o2+ solution, at solid to liquid ratio 1:200, for 24 h. Solid residues
ere washed with distilled water in order to remove the unsorbed
etal ions attached to the surface. The particles were then dried at

05 ◦C, transferred to PVC flasks and shaken with different leach-
ng solutions, at solid to liquid ratio 1:200 for 24 h. After filtration,
he metal concentration measurements in the supernatants were
erformed.

Leaching solutions of pH 2, 5, 7 and 9 were prepared using dis-
illed water and appropriate amounts of 0.01 mol/dm3 HNO3 or
OH. Furthermore, 10−3, 10−2 and 2.5 × 10−2 mol/dm3 Ca(NO3)2
olutions were used.

. Results and discussion

.1. Physicochemical properties of bone sorbents

The TGA/DTA plot recorded from powdered B sample (Fig. 1)
hows three distinctive successive weight losses with 56.33% inor-
anic residue available. Due to the release of absorbed water
olecules a weight loss of 7.37% was recorded at temperature inter-

al 20–200 ◦C, with the peak on the DTA plot positioned at 81 ◦C.
n the second step, a mass reduction of 25.31% could be associated

ith the decomposition of collagen that started after 200 ◦C and
ontinued up to 400 ◦C (DTA peak at 370.22 ◦C). In the tempera-
ure range 400–640 ◦C, with the peak at 471.87 ◦C, weight loss was
.11% due to combustion of the residual organic components. Addi-
ionally 1.88% of weight loss was observed in temperature range
40–900 ◦C, and can be attributed to the decomposition of carbon-
tes.
Fig. 1. DTA/TGA analysis of bone sample.
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Fig. 2. XRD patterns of bone sorbents: (a) B, (b

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

c = 1 − V112/300

I300
(1)

here I300 is the intensity of (3 0 0) reflection and V112/300 is the
ntensity of the hollow between (1 1 2) and (3 0 0) reflections, which
ompletely disappears in non-crystalline samples. The Xc values of
one samples are summarized in Table 1.

Treatment with H2O2 as well as heating up to 400 ◦C did not

reate notable changes of HAP original crystallinity. In contrast, HAP
rystallinity increased slowly from 400 to 600 ◦C, remarkably from
00 to 800 ◦C and remained almost constant from 800 to 1000 ◦C.
he XRD patterns of the powders obtained at 800 and 1000 ◦C were
imilar to the patterns of the well-crystallized synthetic HAP [14].

able 1
he fraction of crystalline phase, specific surface area and point of zero charge of
one samples

ample Xc Sp (m2/g) pHPZC

0.26 0.1 7.22
H2O2 0.27 83.0 6.83
400 0.27 85.0 7.37
600 0.36 71.7 7.50
800 0.93 7.0 10.15
1000 0.95 2.4 10.00

c
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O2, (c) B400, (d) B600, (e) B800 and (f) B1000.

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

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

The peaks at about 1090, 1040, 960, 601 and 570 cm−1 arised
rom different vibrations of PO4

3− group. In addition, the spec-
rum of sample B contained a band at 1160 cm−1 that can be
scribed to HPO4

2− group, while in the spectra of samples B600,
800 and B1000, in the region 1997–2200 cm−1 overtones and
ombinations of the PO4

3− modes were visible. The broad band
rom 3700 to 2500 cm−1, the most intensive in the spectra of B
nd BH2O2 sample, derived from stretching modes of hydrogen-
onded H2O molecules. Peaks at about 1410 and 1450 cm−1, and
ear 870 and 670 cm−1 could be attributed to the CO3

2− group.
he intensity of these peaks diminished with the temperature
ncrease. The OH− bands at 3572 and 629 cm−1 were clearly
isible only in the IR spectra of the heated samples B800 and
1000.

Additional peaks that came from the organic phase were
lso found. In the IR spectra of sample B, at 1547–1559, 1237

nd 665–669 cm−1 amide I, II and III bands, respectively, were
isible. The peaks at 2923 and 2981 cm−1 occurred due to vibra-
ions of –CH2 groups, while at 1744 cm−1 carbonyl groups were
etected. In the BH2O2 spectra, band at 1744 cm−1 was com-
letely removed, while other bands were present with the reduced
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poor regression coefficient (R2) 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
Fig. 3. FT-IR spectra of differently treated animal bones.

ntensities. Heating of the bone sample was found to be more effi-
ient approach in reducing the amount of organic phase, since
n the samples B400 and B600 small –CH2 and amide I bands

ere visible, while in B800 and B1000, only inorganic phase
emained.

The Sp values of various bone sorbents are listed in Table 1.
lthough the mineral phase of bone consists of nano-sized crystals
ith high surface area (100–200 m2/g) [17], merged with collagen
bers they give a structure of very high density, and consequently

ow surface area. Treatment with H2O2 and heating the bone sam-
le to 400 ◦C have produced a significant Sp increase, which can
e attributed to oxidation of bone organic compounds and their
artial removal from the pores of the inorganic skeletal material.
he decrease of Sp with the increase of temperature above 400 ◦C,
an be explained by an increase of HAP crystallite size (Fig. 2 and
able 1).

The results of pHPZC determination are shown in Fig. 4.
The similar behavior of all investigated samples is obvious: final

H values increased as the initial pH has increased in the ranges
–4 and 10–12, while maintained constant in the initial pH range
–10. However, final pH values at the plateaus, from which points
f zero charge (pHPZC) were estimated (Table 1), differed signifi-
antly from 6.83 to 10.15. The pHPZC of all bone samples were higher
ith respect to the values obtained by the same method for vari-

us synthetic HAP samples [14]. Sample B, and those treated at
00 and 600 ◦C have demonstrated a small increase of pHPZC with
he increase of temperature, while samples heated at 800–1000 ◦C
ad extremely high pHPZC values due to CaO and MgO occurrence
Fig. 2).

.2. Effect of pH

The effect of initial pH on the sorption of Co2+ by bone origin

orbents is shown in Fig. 5a.

The predominant Co-species in the investigated pH range are
o2+ (pH < 8), and Co(OH)2 (pH > 8). Experimental data suggested
hat removal of cobalt from the liquid phase occurred due to sorp-
ion of Co2+ species up to pH 8, whereas enhanced removal at pH > 8

F
0
B
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near 100%) regardless of the sorbent type, can be explained by
recipitation of cobalt-hydroxide. Optimal sorption, for all consid-
red sorbents, was obtained in the initial pH range 4–8. Relatively
onstant amounts of Co2+ sorbed in this initial pH range was a
esult of stable final pH values, governed by buffering capacity of
he sorbents (Fig. 5b). The plateau parts of pHfinal versus pHinitial
lots were shorter when compared to the same experiment per-
ormed in inert electrolyte solution (Fig. 4), principally because of
o2+ hydrolysis. Furthermore, final pH values at the plateau parts of
hese plots were lower then the pHPZC values of each sorbent. The
imilar results were obtained for Co2+ sorption on synthetic HAP
13].

The amounts of Ca2+ released from inorganic phase of vari-
us bone sorbents showed comparable dependencies on initial pH
Fig. 5c). Ca2+ content decreased rapidly with the initial pH increase
rom 1 to 3, remained constant in the range 4–8 and decreased again
t pH > 8. Enhanced HAP solubility in acidic media [18] caused high
ischarge of Ca2+ ions, while in the pH range of importance for sorp-
ion process (4–8) Ca2+ release was mainly due to ion exchange with
o2+ ions. As Co2+ removal occurred at pH below the pHpzc, where
et surface charge of sorbent was positive, it can be concluded that
pecific cation sorption (e.g. ligand exchange) was also involved in
he overall sorption mechanism [19].

Further sorption experiments were conducted at pH 5 in order to
void dissolution of bone sorbents in acidic and Co2+ precipitation
n alkaline solutions.

.3. Effect of contact time

The removal of Co2+ ions by various bone sorbents as a function
f contact time is presented in Fig. 6a. It was observed that the
mounts of Co2+ sorbed increased with an increase in contact time
nd gradually reached constant values within 24 h.

The pseudo-first-order [20], pseudo-second-order [21] and
ntraparticle diffusion [22] models were tested to interpret the
xperimental data of investigated sorption processes. Based on the
ig. 4. The influence of the initial pH on the final pH values. Background electrolyte
.1 mol/L KNO3, sorbents: (�) B, (�) BH2O2, (�) B400, (�) B600, (�) B800 and (©)
1000.
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Both high correlation coefficients (R2 > 0.993) and good agree-
ment between experimental and calculated qe values indicated
that the pseudo-second-order kinetic model can represent the
sorption kinetics. Previous studies have also reported that the
ig. 5. Effect of initial pH on the amounts of Co2+ sorbed (a), final pH values (b) and
mounts of Ca2+ released (c). Sorbents: (�) B, (�) BH2O2, (�) B400, (�) B600, (�)
800 and (©) B1000.

he following linear form:

t

qt
= 1

k2q2
e

+ 1
qe

t (2)
here k2 (g/(mmol min)) is the pseudo-second-order rate constant,
e the amount of Co2+ sorbed (mmol/g) at equilibrium and qt is the
mount sorbed (mmol/g) at any time t. From the slopes and inter-
epts of the of t/qt versus t plots, k2 and qe values were calculated
Table 2). Furthermore, the initial sorption rates h (mmol/(g min)),

F
d
o
B
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hen t → 0, can also be calculated as follows:

= k2q2
e (3)
ig. 6. Effect of contact time: (a) amounts of Co2+ sorbed, symbols—experimental
ata, solid line—pseudo-second-order model fitting, (b) final pH values, (c) amounts
f Ca2+ released. Sorbents: (�) B, (�) BH2O2, (�) B400, (�) B600, (�) B800 and (©)
1000.
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Table 2
Pseudo-second-order model parameters for Co2+ sorption by bone sorbents

Parameter Sorbent
B BH2O2 B400 B600 B800 B1000

qe,exp. (mmol/g) 0.240 0.478 0.499 0.290 0.202 0.080
q
h
k
R

p
t
H
[

B

i
r
b
i
o
H
s
c

i
w

f

3

p
w
t
B

r
s

F
b
a

e (mmol/g) 0.243 0.479
× 102(mmol/(g min)) 0.67 3.47

2 (g/(mmol min)) 0.114 0.151
2 0.999 0.999

seudo-second-order model correlates well with the experimen-
al data on the sorption of divalent metal cation by synthetic
AP [23], Cr3+ by animal bones [7] and Sr2+ by bone char

8].
The highest initial sorption rates were obtained for samples

H2O2 and B400 which exhibited the highest surface area.
The plots of pH changes versus time (Fig. 6b), with a sharp

ncrease in the first 30 min of contact, were very similar to
esults obtained for Cu2+ sorption onto bone char [24]. The
uffering capacities of bone sorbents were responsible for pHfinal

ncrease. The order of equilibrium pH increase followed the
rder of pHPZC increase: BH2O2 > B > B400 > B600 > B800 > B1000.
owever, as equilibrium pH values were lower than corre-
ponding pHPZC, the existence of specific cation sorption was
onfirmed.

The amounts of ion-exchanged Ca2+ cations (Fig. 6c) also
ncreased with time, for all investigated sorbents, until equilibrium
as reached.

t
f

ig. 7. (a) Relationships between equilibrium Co2+ concentrations and the amounts of Co2+

etween equilibrium Co2+ concentrations and the amounts of Ca2+ released, (c) molar rat
mounts of Co2+ sorbed and final pH values. Sorbents: (�) B, (�) BH2O2, (�) B400, (�) B60
0.501 0.292 0.211 0.085
2.91 0.87 0.12 0.24
0.116 0.120 0.031 0.089
0.999 0.999 0.993 0.997

Based on kinetic data, the equilibration time of 24 h was chosen
or further study.

.4. Effect of initial Co2+ concentration

The sorption isotherms of Co2+ on various bone samples are
resented in Fig. 7a. Experimentally obtained sorption capacities
ere in the range 0.077–0.490 mmol/g, while affinity of the inves-

igated sorbents towards Co2+ decreased in the following order:
400 > BH2O2 > B600 > B > B800 > B1000.

The experimental results were fitted with the Langmuir theo-
etical model, which has provided a reliable description of many
ystems in which metal cations in solution undergo surface sorp-

ion or ion-exchange [25]. It can be expressed in a following linear
orm:

Ce

Qe
= 1

XmKL
+ Ce

Xm
(4)

sorbed, symbols—experimental data, solid line—Langmuir fitting, (b) relationships
ios between sorbed and released metal cations and (d) functionalities between the

0, (�) B800 and (©) B1000.
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Table 3
The results of equilibrium data fitting using Langmuir equation

Sorbent Xm (mmol/g) KL (dm3/mmol) R2 Xm,exp (mmol/g)

B 0.248 3.343 0.985 0.234
BH2O2 0.469 3.128 0.992 0.447
B400 0.495 6.608 0.996 0.490
B
B
B

w
c
(
L

r
(
e

a
b
f

b
a
r
t
H
s
(
t
s

u
t
s

Table 4
Maximum Co2+ sorption capacities for a range of low-cost sorbents

Sorbent Sorption capacity (mmol/g) Ref.

Anaerobic granular sludge 0.209 [26]
Coir pith 0.218 [27]
Arca shell 0.132 [28]
Seaweeds 0.350 [29]
Activated carbon 0.236 [30]
Tobermorite 0.178 [31]
Natural zeolites 0.244 [32]
Kaolinite 0.016 [33]
Hydrated manganese dioxide 0.210–0.682 [34]
S
H
T

o
t
s
a
i
(
c
o

t
s
r
s
p

3

F
(

600 0.342 6.868 0.995 0.340
800 0.195 2.893 0.954 0.197
1000 0.078 3.602 0.984 0.077

here Qe (mmol/g) and Ce (mmol/dm3) denotes the equilibrium
oncentrations of sorbate in the solid and the liquid phase, Xm

mmol/g) is the maximum sorption capacity, and KL (dm3/g) is the
angmuir constant related to the energy of adsorption.

The results of linear fitting are presented in Table 3. High cor-
elation coefficients were obtained for all investigated systems
R2 > 0.954), and the calculated capacities corresponded with the
xperimentally obtained values.

The maximum Co2+ removal capacities of differently treated
nimal bones, B400 and BH2O2 in particular, were comparable or
etter than the capacities of many other sorbent materials, reported
or single metal batch conditions (Table 4).

The amounts of Ca2+ cations released per gram of each
one sorbent at equilibrium increased with the increase of the
mounts of Co2+ sorbed (Fig. 7b). The molar ratios between Ca2+

eleased and Co2+ sorbed, were relatively constant, making func-
ionalities between released and sorbed cations linear (Fig. 7c).
owever, slopes of those lines fluctuated significantly between

orbents—decreased in the order BH2O2 (1.06) > B400 (0.76) > B
0.64) > B600 (0.63) > B1000 (0.12) > B800 (0.09), which indicated
hat the participation of ion-exchange mechanism decreased in the

ame way.

With the increase of the amount of cation sorbed a contin-
ous final pH decrease was observed, regardless of the sorbent
ype (Fig. 7d). It also must be noted that using B800 and B1000
amples and solution of the lowest Co2+ concentration, values

o

b
s

ig. 8. Relative percentages of Co2+ ions desorbed from sample B (a), BH2O2 (b), B400 (c)
4) pH 9, (5) 0.001 mol/dm3 Ca(NO3)2, (6) 0.01 mol/dm3 Ca(NO3)2 and (7) 0.25 mol/dm3 C
ynthetic
AP

0.300 [35]
0.343 [13]

reated animal bones 0.078–0.495 This study

f pHfinal > 8 were obtained meaning that Co(OH)2 precipita-
ion might have occurred. The comparison of specific cation
orption contribution, calculated as a difference between pHPZC
nd pHfinal values at the maximum amount of Co2+ sorbed,
ncreased in the following order B600 (0.84) > B400 (0.99) > B
1.04) > BH2O2 (1.10) > B1000 (2.75) > B800 (2.99). Therefore, the
ontribution of specific cation sorption increased in the same
rder.

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

.5. Correlation between treatments, physicochemical properties
2+
f bone samples and Co sorption capacities

Comparing the results from Tables 1 and 3, the correlation
etween physicochemical properties of bone samples and Co2+

orption capacities can be established. The amounts of Co2+ sorbed

, B600 (d), B800 (e) and B1000 (f). Leaching solutions: (1) pH 2, (2) pH 5, (3) pH 7,
a(NO3)2.
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Table 5
Leaching solutions initial pH values and final pH values obtained after desorption of
Co2+ ions

Composition Initial pH Final pH

B BH2O2 B400 B600 B800 B1000

Distilled water 2.00 5.19 5.14 5.34 5.47 5.82 5.71
Distilled water 5.00 6.61 6.46 6.72 6.78 6.93 6.75
Distilled water 7.00 6.79 6.50 6.85 6.89 7.04 6.86
D
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C
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p
o
l
d
a
a
T
T
i
(
(
B
t
C
c
s
i
4

p
w
t
p

A

r
1

R

istilled water 9.00 6.88 6.85 6.96 6.98 7.18 6.98
a 0.001 mol/dm3 5.55 6.39 6.31 6.44 6.53 6.79 6.68
a 0.01 mol/dm3 5.49 6.27 6.18 6.38 6.49 6.66 6.61
a 0.25 mol/dm3 5.36 6.19 6.14 6.28 6.41 6.59 6.48

ncreased with the increase of Sp values, with an exception of sam-
le B which exhibited lowest specific surface area and moderate
orption. This may be explained by the fact that organic phase of
ample B, unlike in other treated samples, had high amounts of
olar and negatively charged functional groups (Fig. 3) which were
cting as binding sites for Co2+ ions.

Furthermore, the extent of sorption decreased with the increase
f apatite crystallinity in the range 0.26–0.95. The specimens with
he similar Xc values (B, B400 and BH2O2) differed in the sorbed
mount of Co2+, pointing out the role of bone organic phase: lower
ontent of organic matter correlates with the higher sorption capac-
ty.

The relationship between sorption capacities and pHPZC values
f bone sorbents was generally poor. Low sorption capacities of
owders with extremely high pHPZC values (B800 and B1000) were
ore likely related to other characteristics, such as low Sp and high

c.
Previously reported results of the influence of synthetic HAP

hysicochemical properties (such as Ca/P ratio, solubility, pHPZC,
p, Xc, fluoride and carbonate substitutions, etc. [14,36,37]) onto
orption of divalent cations, have revealed that specific surface area
s the most important factor determining sorption capacities. Our
tudy supports these results. The optimal treatment for the produc-
ion of Co2+ immobilization agent was found to be heating at 400 ◦C,
ince this sample exhibited the highest Sp value. The Sp of H2O2
reated sorbent was somewhat lower when compared to B400,
evertheless, this treatment was also efficient in organic phase dis-
ociation and oxidation and the production of high capacity Co2+

orbent.

.6. Desorption study

The desorption efficiency of Co-loaded bone sorbents, tested
sing various leaching solutions, is presented in Fig. 8. It is obvious
hat Co2+ desorption was highly pH and Ca2+ concentration-
ependent, exhibited the same trend for all sorbents: increase with
he pH decrease and Ca2+ concentration increase.

Desorption of Co2+ was the most pronounced in solution of pH
(18–32%). Conversely, in alkaline media (pH 9) only about 1–3%

f Co2+ was removed from bone sorbents. Under various pH condi-
ions the most stable were B800 and B1000 Co-loaded products. The
uffering properties of bone samples were responsible for increas-

ng pH of acidic leaching solutions and decreasing pH of alkaline
olution (Table 5).

Desorption in Ca2+ solutions showed the highest percentages
n the case of BH2O2 sample and the lowest for B800 and B1000,
ollowing the same pattern as the contribution of ion-exchange in

he overall sorption mechanism of investigated sorbents (Section
.4).

Results from the present desorption study revealed that high
mounts of previously sorbed Co2+ cations stayed attached to the
one sorbents surfaces, under all investigated experimental condi-
Materials 164 (2009) 279–287

ions, meaning that spent animal bones will require disposal rather
han regeneration.

. Conclusion

This investigation has demonstrated that animal bones, a waste
roduct from meat industry, represent a suitable precursor mate-
ial for the production of high capacity Co2+ sorbents. Bones were
reated with an oxidation agent or annealed at different tem-
eratures in order to evaluate the optimal treatment conditions.
hysicochemical characterization of obtained products revealed
hat heating at 400 ◦C and chemical oxidation process caused par-
ial removal of bone organic components with preservation of the
oor apatite phase crystallinity, while heating at higher temper-
tures, especially T > 600 ◦C, caused sintering of HAP nanocrystals
nd decrease of specific surface area.

Co2+ removal efficiency by various bone sorbents was com-
ared at different experimental conditions. Optimal sorption was
btained in the wide initial pH range 4–8, due to the excel-
ent buffering properties of investigated materials. The kinetic
ata were well fitted with pseudo-second-order kinetic model
nd have revealed that, under applied experimental conditions,
pproximately 24 h was needed for attaining sorption equilibrium.
he Langmuir isotherm described all equilibrium data adequately.
he calculated maximum sorption capacities, which decreased
n the order: B400 (0.495 mmol/g) > BH2O2 (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
400 and BH2O2, have comparable or better sorption capaci-
ies than various low-cost sorbents and synthetic HAP. Since the
o2+ sorption capacities were positively correlated with the lower
rystallinity of the inorganic apatite phase and higher specific
urface area, the optimal treatment for the production of Co2+

mmobilization agent was found to be heating of animal bones at
00 ◦C.

The leaching studies demonstrated the great stability of Co-bone
roducts. Desorbed amounts of Co2+ increased with pH decrease as
ell as with the increase of competitive cation (Ca2+) concentra-

ion, while the highest amounts of Co2+ leached from various bone
owders (18–32%) were obtained under acidic conditions (pH 2).
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