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"The Institute of Nuclear Sciences “Vinca”, Belgrade, Serbia
2Faculty of Technology and Metallurgy, Belgrade, Serbia

Abstract: The effect of particle size, bone char mass, initial pH, and metal
concentration on the kinetics of Sr** sorption by bone char was studied and
discussed. Considering the sorbed amounts of Sr>*, solution pH changes, changes
of Ca’* concentrations and Ca /St molar ratios, with time, it was concluded that
surface complexation reactions are dominant in the first, more rapid stage of the
sorption process, while the contribution of the ion-exchange mechanism increases
with time and becomes more significant in the second, slower phase. Under all
investigated experimental conditions, the pseudo-second-order model was found
to provide high correlation coefficients and the equilibrium amounts of Sr>*
sorbed comparable to the values obtained experimentally.

Keywords: Bone char, kinetic models, sorption kinetics, Sr**

INTRODUCTION

Strontium is the fifteenth most abundant element on earth that is com-
monly found in nature in the form of the sulfate mineral celestite (SrSQOy)
and the carbonate strontianite (SrOs) (1). It has 16 known isotopes: four
of them are stable while twelve others are radioactive. As a metal, stron-
tium is used in the production of glass for color television tubes and
ferrite magnets, while its salts are used for the production of optical
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materials. Radioactive isotope *°Sr (beta emitter; t 1228 y)is used as a
radioactive tracer in medical and agricultural studies, as a radiation
source in industrial thickness gauges, and for the treatment of eye
diseases and bone cancer.

28y is also one of the most important radioactive isotopes in the
environment that originates as a by-product of the fission of uranium
and plutonium in nuclear reactors and in nuclear weapons and enters
the environment via above ground nuclear testing, nuclear plant
accidents, and leakage from radioactive waste sites (2).

Due to the elements being sufficiently similar chemically, the human
body absorbs strontium as if it was calcium. It is rapidly absorbed from
the gastrointestinal tract or the lungs into the bloodstream and is subse-
quently deposited in bones (3). While stable strontium is considered
relatively nontoxic to humans (4), *°Sr, known as a “bone-seeker”,
(5,6) becomes a continuing source of ionizing radiation and may cause
anemia and oxygen shortages, and at extremely high concentrations it
is even known to cause bone cancer and leukemia.

The sorption studies of Sr** are fundamental for nuclear waste
management and environmental protection, therefore different sorbents
have been considered for Sr** immobilization: bentonite (7), kaolinite
(8) zeolite (9,10), ferric oxide (11,12), tobermorite (13), hydroxyapatite
(14,15), goethite (16), etc.

During the past ten years extensive research has been carried out to
find low-cost, high capacity sorbents of biological origin for the removal
of metal ions. One of them is bone char—a mixed compound sorbent
produced from the destructive distillation of dried, crushed animal bones
in which carbon is distributed throughout a porous structure of poorly
crystalline hydroxyapatite (Ca;q(PO4)s(OH), or CaHAP) (17). The main
cation removal mechanisms by CaHAP are recognized to be ion-
exchange reaction with calcium ions of the apatites, dissolution of
CaHAP followed by the precipitation of metal-containing phosphate
phases, and specific cation sorption on the CaHAP surface (18). While
CaHAP has a good ability to remove inorganic cations (and in a lesser
extent anions) the carbon component of the bone char can also remove
some organic components.

Traditionally bone char has been used to decolorize sugar solutions
in the sugar refining industry and for fluoride anion removal from aqu-
eous solutions (19). More recently it has been studied as an immobiliza-
tion agent for heavy metals such as Cu®", Cd*" and Zn*" (20-23) and
radionuclides: 12*Sb**, 124Sb>", 12Eu" (24), as well as U(VI) (25). Bone
char was also found to be a promising additive for the reduction of bioa-
vailability of Pb>" in a polluted soil, through transformation of soil Pb*"
from non-residual to the residual fraction (17).
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The good retention properties of bones towards *’Sr ions, which
cause health problems in humans, represent, on the other hand, a benefit
in respect to *’Sr removal from aqueous media by bone based sorbents.
In our previous study the maximum sorption capacity of bone char
towards Sr** was found to be 0.273 mmol/g, which is higher in respect
to various low-cost sorbents. The influence of pH on the sorption was
studied as well as the influence of pH and Ca®" content on Sr*" deso-
rption from bone char surface (26).

While sorption equilibrium studies provide valuable information
about sorption capacities, the sorption Kkinetic describes reaction
pathways. In the literature a great deal of attention has been paid in
order to clarify the kinetics of heavy metal cations sorption by bone
char (20,27-29), whereas no data exist on Sr>" sorption kinetics.

The main objectives of the present study were:

1. to investigate the effects of various sorption parameters (initial
concentration of Sr>*, bone char particles size, bone char mass, and
solution pH) on the kinetics of Sr>* immobilization by bone char,

2. to evaluate main sorption mechanisms, based on the solution
pH changes, Sr*" and Ca®" concentrations changes as a function
of time, and

3. to test different theoretical models and compare their applicability
regarding investigated system.

MATERIALS AND METHODS
Bone Char

The bone char used in this study was supplied by Imperial-Oel-Import.
The physical and chemical properties of the sample were provided
by the manufacturer (Table 1). The point of zero charge (pHpzc) of bone
char, determined by batch equilibration technique, using 0.1 mol/dm?
KNOj; as inert electrolyte, was found to be 8.4 (26).

Furthermore, the sorbent was analyzed by X-ray diffraction (XRD),
using a Philips PW 1050 diffraction system, with CuKoa; , Ni-filtrated
radiation. The patterns were registered in the 26 range 10-100° with a
scanning step size of 0.02°.

Prior to sorption experiments, bone char was rinsed with distilled
water, dried at 105°C for 24 h, and then allowed to cool in the desicca-
tor. The dried sorbent was then milled and sieved into different
particle sizes.
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Table 1. Physico-chemical properties of bone char (source: Imperial-Oel-Import)

Chemical composites Limits (wt.%)
Acid insoluble ash <3
Calcium carbonate 79
Calcium sulphate 0.1-0.2
Carbon 811
Iron as Fe,O3 <0.3
Total phosphate as P,Os 30
Water soluble phosphate as P,Os 0.003
Phosphate soluble in 2% citric acid 16.5
Hydroxyapatite 70-76

Physical properties
Moisture <Swt.%
Total surface area 80-120m?%/g
Carbon surface area 40-60m?/g
Pore size distribution 7.5-60 000 nm
Pore volume 0.225cm’/g

Sorption Experiments

In order to investigate parameters influencing kinetics of Sr*" immobili-
zation by bone char such as: initial concentration of Sr*T, particles size,
bone char mass, and solution pH, sorption experiments were conducted
in a controlled batch system. All chemicals were commercial products
(p.a.) used without purification. Strontium solutions of desired concen-
trations were prepared from Sr(NO;), (Merck), by dissolving the exact
quantities of strontium salts in distilled water. The initial pH values of
the solutions were adjusted by adding 0.01 M HNO; or KOH. Particular
amounts of sorbent were weighed and put into PVC flasks containing
20.00ml of desired solution. The PVC flasks with suspensions were
placed on a horizontal shaker, and after specified periods of time, ranging
from 15min to 48h, the sorbent was separated from the solution by
filtration through blue-band filter paper (Quant, Grade 391).

Unless a process parameter was the system variable, the following
conditions were used: 0.1 g of bone char, bone char particle size 45—
250 pm, initial Sr** concentration 6x 10> mol / dm’, solution pH 5, agita-
tion speed 120 rpm, and temperature 20°C.

The initial Sr>* concentrations, as well as the Sr>* and Ca** concen-
trations after the sorption were determined by a Perkin—Elmer Analyst
200 Atomic Absorption Spectrometer. The flame type was air/acetylene,
while absorption wavelengths were 460.7 and 422.7nm for Sr*" and
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Ca®", respectively. Initial and final pH values were measured with an
Inolab, WTW glass electrode pH meter.

The sorbed amounts of Sr*" were calculated from the mass balance
equation:

q=(AC-V)/M (1)

where q (mol/g) is the sorbed amount, AC (mol/dm?) is the difference in
Sr** concentration before and after the experiment, V (dm®) is the
volume of solution and M (g) is the mass of bone char.

RESULTS AND DISCUSSION
Characteristics of Bone Char Sorbent

From Table 1 it can be concluded that the main componsent of bone
char is CaHAP (>70wt.%), while carbon and CaCO; presents 8-11
and 7-9 wt.%, respectively. However, it should be noted that although
present in a relatively small amount, carbon phase has a large specific
surface area in respect to the total surface area (40-60 mz/ g vs.
80-120m” /g, respectively). The XRD analyses of bone char (Fig. 1) have
confirmed that poorly crystalline CAHAP is a main constituent of the
inorganic phase. In addition, the presence of p-tri-calcium-
phosphate, calcium-carbonate, and a small amount of well crystalline
quartz was observed.

Effect of Particle Size

In order to examine the effect of particle size on the sorption process,
the dried bone char was crushed and sieved into different size fractions:
45-200, 200-250, 250-300 um. It was obvious from the result shown in
Fig. 2a, that the uptake of Sr>" is a two-step process with initial rapid
phase (up to 6h of contact), followed by a slower uptake. The minor
increase of the amount of Sr>" sorbed at equilibrium (from 0.251 to
0.263 mmol/g) was observed, with the bone char particle size decrease,
in the investigated range.

The variation in particle size, in the investigated ranges, appeared to
have no influence on the time required to reach equilibrium. For all
particle sizes the time required to reach equilibrium, at applied experi-
mental conditions, was about 24 h. Using horizontal shaker at 120 rpm
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Figure 1. XRD pattern of bone char.

equilibrium times were higher than practical residence times of waste-
water treatment processes (usually a few hours). Therefore, optimization
of stirring conditions (type of agitation device, agitation speed, etc.) is
required, in order to exploit the full sorption capacity of bone char in
shorter time periods.

Figure 2b, shows that uptake of Sr** was followed by release of Ca®*
ions from CaHAP phase of bone char, indicating the existence of ion-
exchange mechanism. Furthermore, the molar ratio between released
and sorbed metal cations as a function of time was calculated and
presented in Fig. 2c. This ratio increased with time, for all investigated
particle sizes, up to the value of approximately 0.5.

Another significant parameter, related to the sorption mechanism,
is solution pH. All initial pH values were adjusted to 5, while final
pH values were measured as a function of time and are presented in
Fig. 2d. Final pH values generally increased with time, reaching
value of approximately 7.3 at equilibrium. However, solution pH after
addition of bone char sorbent would increase up to 8.4 (pHpzc) in the
absence of Sr*" ions. Solution pH values lower in respect to pHpzc
indicated the specific cation sorption, which can be presented by the
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following surface reactions:

=POH + Sr*==POSr" + H' (2)
=PO™~ + Sr*==POSr" (3)
=CaOH + Sr*==CaOSr" + H' (4)
=COOH + Sr*==C00Sr" + H* (5)

where equations 2-5 describe reactions between Sr** from the solution
with CaHAP and carbon phase surface groups, respectively.

On the basis of the sorbed amounts of Sr**, solution pH changes,
changes of Ca®" concentrations and Ca/Sr molar ratios, with time, it
could be concluded that surface reactions (Eqs. 10-13) were dominant
in the first stage of the sorption process, while the contribution of the
ion-exchange mechanism became more significant after 6h of contact.
Considering Ca/Sr molar ratios at equilibrium, it was evident that about
50% of sorbed Sr*" replaced Ca”" in the inorganic phase of bone char.

Effect of Bone Char Mass

The effect of different bone char mass on the sorption of Sr*" was
investigated for the doses of 0.1g, 0.2g, 0.3g, and 0.5g in 20ml of Sr*"
solution. It was noticed that although the total amount of Sr** removed
from the solution was higher when the bone char mass increased, the
removed amount calculated per 1g of sorbent decreased from 0.263 to
0.147 mmol/g (Fig. 3a). Factors that could have contributed to this adsor-
bent concentration effect might have been a shortage of metal concentra-
tion in solution and a lower adsorptive capacity utilization for higher
concentrations of a sorbent, i.e. unsaturation of sorption sites (30).

Variations in bone char mass have showed the influence on the time
required to reach equilibrium: approximately 24 h was sufficient for lower
sorbent doses (0.1 and 0.2 g) while for higher doses (0.3 and 0.5 g) a slight
increase of sorbed Sr** was detected between 24 and 48 h.

The plots of Ca>" released and Ca/Sr molar ratios as a function of
time, for different bone char doses, are presented in Figs. 3b and 3c.
The amounts of Ca®" released increased with time and with the decrease
of the amount of sorbent added, following the shape of Sr*>" sorption
curves. The Ca/Sr molar ratios increased with time emphasizing the role
of ion-exchange mechanism in the second sorption step, but they were



09: 05 25 January 2011

Downl oaded At:

Kinetic Study of Sr>"™ Sorption in Bone Char

653

0.25 = -
n
o 7 |
& o204t o o
2} 1 m O A A
[}
0154 = A
€ @2‘ < v
€ 1 v
0.10 ng
T T T T T T T T T T T M
0 500 1000 1500 2000 2500 3000
(@)
0.14 ]
0.12 . .
1 | |
2 0.10- -
o~ -
S o008 . ° N
g 0.06- ° a
£ 1 wia v
004 R o v v
p WV
0.02 T T T T T T T T T T T
0 500 1000 1500 2000 2500 3000
t (min)
(b)
0.55 -
0.50 -
45 LI .
& 0.40 a
2L 035 ?62
Nm 4 v v v v
8 030 gv
0254 ¥
0.20 T T T J T T T T T T T
0 500 1000 1500 2000 2500 3000
©
8.0 -
754 XX xu X
] %o Q ¥ u
7.0 1 #l.
L 654
£ 607
L 55
504 @
T . T T T T . T . T T .
0 500 1000 1500 2000 2500 3000
t (min)
(d)

Figure 3. Effect of sorbent mass (l, 0.1g, 0,0.2g, A, 0.3g, VV, 0.5g) on the (a)
amount of sorbed Sr**, (b) amount of Ca®" released, (c) Ca*"/Sr*" molar ratio,
(d) final solution pH.



09: 05 25 January 2011

Downl oaded At:

654 S. Dimovic et al.

generally lower for higher bone char doses. The increase of final solution
pH (Fig. 3d) with the increase of bone char mass, was more obvious in
the first, more rapid step of Sr*" sorption, while the differences became
minor as the process reached equilibrium. The explanation may be found
in lower Sr*" sorption capacity utilization at higher mass dosages, result-
ing in more functional groups on the bone char surface available for
interaction with solution H*' ions. Consequently, at higher sorbent
concentrations final pH values were closer to pHpzc.

Effect of Initial Metal Concentration

The effect of the initial Sr>" concentration on the rate of sorption was
studied using solutions of 1x107* 1xs1073, 3x1073, and 6x107°
molSr*"/dm?. These results are presented in Fig. 4.

The necessary time to reach the equilibrium was a variable of the
initial concentration of Sr** (Fig. 4a): approximately 24 h for 6x1073
mol/dm?, 6h for 3x10~*mol/dm’, and approximately 3h for 1x10~*
mol/dm? and 10~*mol/dm”.

The sorption capacity at equilibrium increased from 0.0195 to
0.2633 mmol/g with an increase in the Sr** concentration from 1x10~*
to 6x10*mol/dm°.

The amounts of Ca* released, as well as molar Ca/Sr ratios (Figs. 4b
and 4c) increased both with the increase of contact time and the increase
of Sr** concentration. This is another clear indication of the participa-
tion of an ion-exchange mechanism.

Figure 4d shows sharp final pH increase, at the beginning of the
sorption process, governed by the buffering capacity of the sorbent.
However, the final pH values at high sorbate concentrations were lower
compared to solutions of low Sr*" concentration, confirming the increase
of specific cation sorption contribution with the overall increase of the
amount of Sr** sorbed. Equilibrium pH values decreased from 7.9 to
7.38 with increasing Sr** concentration from 10~ to 6x10~> mol/dm®.

The observed phenomena were consistent with the reported results
on concentration dependant Cu?" and Cd>" sorption onto bone char
(27,31) where the ion-exchange rate of sorption was also found to
increase with time.

Effect of Initial pH

In order to avoid dissolution of the major constituent of bone char,
CaHAP, at pH<5 (32), and taking into account bone char large buffering
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capacity (26), the influence of the initial pH of the solution on the Sr*"
uptake was studied at pH values 5, 7, and 12. These results are presented
in Fig. 5.

The sorption capacity of bone char towards Sr*", at equilibrium,
increased from 0.2633 to 0.8845mmol/g with an increase of the initial
pH from 5 to 12 (Fig. 5a). Furthermore, there was only a slight difference
between sorption at pH 5 and pH 7. It was also noticed that the variation
in initial pH of the solution had no influence on the time required to
reach equilibrium (for all initial pH the time required to reach equili-
brium is about 24 h).

On the other hand, the amounts of Ca’' released increased with
time, but decreased with the increase of initial pH (Fig. 5b). The same
relationships were observed for Ca/Sr molar ratios (Fig. 5¢). These
results can be explained by the increased CaHAP stability with the
increase of solution pH (33), meaning that substitution of Ca®" with
Sr** was unfavorable process at elevated pH.

Figure 5d. shows the relationship between final pH values and time.
For initial pH 5 and 7, final pH changes with time were almost the same,
which explains the similarity between amounts of Sr*" sorbed and Ca*"
released. Conversely, for initial pH 12, the final pH values increased up
to 11.2. Since Sr** ions do not hydrolyze in the investigated pH range,
higher Sr*" uptake at elevated pH can be explained by alteration of bone
char surface charge. At elevated pH, the sorption of the OH™ species on
the surface of the bone char resulted in the appearance of negative surface
charge which promoted cation sorption. The similar increase of Sr*>* sorp-
tion in alkaline environment was obtained using synthetic CaHAP (15).

Modeling of Kinetic Data

Three simplified kinetic models including a pseudo-first-order, pseudo-
second-order, and intraparticle diffusion model were selected to follow
the sorption process of Sr>" by bone char, at different experimental
condition.

A pseudo-first-order kinetic model proposed by Lagergreen (34) and
the pseudo-second-order model derived by Ho and McKay (35) can be
presented in linear forms by equations 6 and 7, respectively:

ki
log(q1 — q:) = logq; — mt (6)

t 1 1

S 7
4% k3 @ @
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where ¢, and ¢, (mmol/g) are the amounts of Sr** sorbed on the surface
of the bone char at equilibrium, ¢, (mmol/g) is the amount sorbed at any
time t, whereas k; (min~') and k» (g/mmol min) are the rate constants for
pseudo-first and pseudo-second order reactions, respectively.

Kinetic parameters can be calculated from the intercepts and slopes
of the lines obtained by plotting log(gi—q,) versus ¢, and ¢/q, versus ¢.
Once the k>, and ¢, values are calculated, the initial sorption rates &
(mmol/g min) can be derived using the following expression:

h = log; (8)

The intraparticle diffusion equation, which refers to the theory pro-
posed by Weber and Morris (36), was considered in order to determine
the participation of intraparticle diffusion in the sorption of Sr*" by

log(qe-qt)
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Figure 6. Modeling kinetic data for different particle size (I, 45-200, @, 200-250

and A, 250-300 um) using: (a) pseudo-first-order, (b) pseudo-second-order and
(c) intraparticle diffusion model.
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bone char. The rate parameter for intraparticle diffusion, k;,, can be
defined as:

q:t = kintz‘l/2 (9)

where k;,, is the intraparticle rate constant (mmol/g min®?). According
to this model, the plot of uptake, ¢, versus the square root of time,
should be linear if intraparticle diffusion is involved in the sorption
process. If these lines pass through the origin then the intraparticle
diffusion is the rate controlling step. Furthermore, such plots may also
demonstrate a multilinearity (37), signifying that two or more steps take
place.
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Figure 7. Modeling kinetic data for different sorbent masses (I, 0.1g, @, 0.2 ¢,
A. 03g and V¥, 0.5g) using: (a) pseudo-first-order, (b) pseudo-second-order
and (c) intraparticle diffusion model.
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The linear data fitting using different theoretical models is presented
in Figs. 6-9, while calculated kinetic parameters and corresponding
correlation coefficients are listed in Tables 2-4.

For all kinetic parameters the values of r3 of pseudo-second-order
kinetic model for Sr** sorption were extremely high (Table 3) and were
followed by the values of pseudo-first-order 3 (Table 2) and intraparticle
diffusion equation, r;,, (Table 4). Moreover, the equilibrium sorption
capacities predicted by the pseudo second-order model were very close
t0 Geexp, While g values of pseudo-first-order model were 2-10 times
lower. Therefore, even though the values of r,”> were relatively high, sorp-
tion of Sr>" by bone char did not follow a first-order kinetics model. A
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Figure 8. Modeling kinetic data for different Sr>* concentrations (W, 1074, A,
107 @, 3x107> and W, 6x1073 mol/dm3) using: (a) pseudo-first-order, (b)
pseudo-second-order and (c) intraparticle diffusion model.
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Figure 9. Modeling kinetic data for different initial pH (. 5, @, 7 and A, 12)
using: (a) pseudo-first-order, (b) pseudo-second-order and (c) intraparticle diffu-
sion model.

good correlation with the pseudo-second-order model was also reported
for Sr** sorption by synthetic CaHAP (15), zeolite (9,10) tobermorite
(13), and brewery’s waste biomass (38). A good correlation between
experimental data and a pseudo-second-order kinetic model is principally
useful for the purpose of comparison and q. prediction, whereas deriving
conclusions on actual sorption mechanism is difficult taking into account
that sorption processes which were found to obey this model, include dif-
ferent sorption mechanisms and their combinations, (such as ion-
exchange, surface complexation and dissolution/precipitation (39-41).
The pseudo-second-rate constants were the most affected by alkaline
conditions and by variation of sorbent/sorbate ratio (Table 3). In pH
interval 5-7 the pseudo second-order rate constants and initial sorption
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Table 2. Pseudo-first-order kinetic equation parameters

Pseudo first-order kinetic equation

Variable Qeexp (Mmol/g)  q; (mmol/g)  k;-10° (min~") r?

45-200 um 0.260 0.093 4.03 0.924
200-250 pm 0.252 0.149 6.84 0.973
250-300 pm 0.250 0.141 5.67 0.959
0.1g 0.260 0.093 4.03 0.924
02g 0.194 0.083 4.14 0.953
03g 0.178 0.063 1.37 0.903
05g 0.147 0.048 1.14 0.953
1-10~*mol/dm?* 0.018 0.002 15.04 0.996
1-107*mol/dm? 0.106 0.021 15.80 0.916
3-10~ mol/dm? 0.176 0.107 7.99 0.987
6-10~ mol/dm* 0.260 0.093 4.03 0.924
pH=5 0.260 0.093 4.03 0.924
pH=7 0.264 0.081 4.33 0.904
pH=12 0.863 0.270 4.19 0.939

rates remained almost even, whereas at initial pH 12 decreased and
increased respectively. This was a confirmation of different sorption
mechanism of Sr*" at elevated pH. The much faster initial sorption rate

Table 3. Pseudo-second-order kinetic equation parameters

Pseudo second-order kinetic equation

Variable q2 (mmol/g) k, (z/mmol'min) h-10? (mmol/gmin) 13

45-200 pm 0.265 0.137 0.963 0.999
200-250 um 0.261 0.130 0.886 0.999
250-300 pm 0.254 0.136 0.874 0.999
0.1¢g 0.265 0.137 0.963 0.999
0.2¢g 0.200 0.139 0.557 0.999
0.3¢g 0.178 0.152 0.483 0.999
0.5¢ 0.148 0.155 0.339 0.998
1-10~*mol/dm? 0.019 4.296 0.163 0.999
1-107> mol/dm? 0.119 0.495 0.707 0.999
3-10* mol/dm? 0.183 0.178 0.597 0.999
61072 mol/dm* 0.265 0.137 0.963 0.999
pH=5 0.265 0.137 0.963 0.999
pH=7 0.266 0.137 0.964 0.999

pH=12 0.889 0.0445 3.513 0.999
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Table 4. Intraparticle diffusion kinetic equation parameters

Intraparticle diffusion equation

Variable Kini- 10> (mmol/g-min'/?) Fint2
45-200 um 1.977 0.770
200-250 pm 1.960 0.771
250-300 um 1.952 0.805
0.1g 1.977 0.770
0.2¢g 1.740 0.794
0.3¢g 1.434 0.791
0.5¢g 1.069 0.947
1-10~*mol/dm? 0.053 0.876
1-107* mol/dm? 0.554 0.779
3.107* mol/dm’? 1.860 0.638
6-10~° mol /dm* 1.977 0.770
pH=5 1.977 0.770
pH=7 1.968 0.770
pH=12 5.782 0.784

at pH 12 was a result of electrostatic attraction forces that occurred
between negatively charged sorbent and Sr>* ions. For example, the same
electrostatic forces were found to be responsible for the increase of initial
sorption rate in disperse dyes/alunite system (42).

Generally, the values of k; increased while the initial sorption rates /
decreased with a decrease of initial Sr*" concentration as well as with the
increase of bone char mass (Table 3). The decrease of Sr** concentration
and increase of bone char mass both resulted in an increase of a
sorbent/sorbate ratio, i.e. increase of surface area and number of avail-
able sites for sorption. The similar trends in k, and /i changes with the
variation of sorbent dose and sorbate concentration were reported for
other sorption systems (43,44). The variation of particle sizes in the inves-
tigated range did not cause noticeable effect on the pseudo-second-order
rate constant, while the initial sorption rates slightly increased with a
decrease of the bone char particle size (Table 3), which was also a result
of the larger surface area of smaller particles per same mass of sorbent.

For all investigated kinetic parameters, the intraparticle diffusion
model has shown the lowest correlation with experimental data consider-
ing the overall reaction period (Table 4). These results suggested that
intraparticle diffusion was not a controlling step in Sr>* sorption by bone
char. Furthermore, owing to the varying extent of sorption in the initial
and final stages of the experiment, plots of ¢, versus /> could be divided
into two straight lines with different slopes (dashed lines in Figs. 6¢, 7c,
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8c, and 9c.) signifying that two types of mechanisms were operating in the
removal of Sr”". At the beginning of sorption there was a linear region
representing the more rapid surface loading, followed by the second
linear region representing pore diffusion (30). The intraparticle diffusion
step took place after approximately 360 min, except for lower Sr** con-
centrations (10~ and 10_4m01/dm3) where initial surface loading was
finished after 180 min. However, intraparticle diffusion still was not the
controlling step because the lines did not pass through the origin of the
graphs.

CONCLUSIONS

Bone char is a heterogeneous sorbent, composed mainly of carbon and
CaHAP, and therefore capable for both physical and chemical sorption.
The kinetics of Sr** sorption by bone char was influenced by the varia-
tion of process parameters. The amounts of Sr*" sorbed per 1g of bone
char, at equilibrium, increased with the increase of initial Sr** concentra-
tion and pH, and decreased with the increase of bone char particle size
and bone char mass. Equilibrium times depended on concentration and
bone char dose (increase with the increase of Sr*" concentration and
increase of bone char dose) while other parameters, in the investigated
ranges, appeared to have no influence. Surface complexation reactions
were found to be responsible for the first, rapid sorption step, while the
role of the ion-exchange mechanism became more important in the
second, slower phase.

Comparing different kinetic models, under all investigated experi-
mental conditions the overall sorption process was best described by
the pseudo-second-order model. The same model was also successfully
used for the calculation of the amounts of Sr** sorbed by bone char,
at equilibrium.

Under experimental conditions applied in this study equilibrium
times are higher than practical residence times of wastewater treatment
processes (usually a few hours). Therefore, optimization of stirring con-
ditions (type of agitation device, agitation speed, etc.) is required, in order
to exploit the full sorption capacity of bone char in shorter time periods.
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