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a b s t r a c t

The influence of equilibration conditions and hydroxyapatite (HAP) physico-chemical properties onto
retention of Cu2+ ions was studied in batch conditions. The amount of cation removed from the solu-
tion increased with increasing pH, reaching almost 100% at pH 3, 4 and 7 for 5 × 10−4, 10−3 and
5 × 10−3 mol/dm3 solutions, respectively. Contact time necessary for reaching equilibrium was found to
increase with the increase of Cu2+ concentration. Kinetic and equilibrium data were best described by
pseudo-second-order kinetic model and Langmuir theoretical model. The calculated values of separation
factors and Gibbs free energy change confirmed that the sorption was spontaneous and thermody-
namically feasible at room temperature. The experiments conducted using HAP samples with different
physico-chemical characteristics have revealed that the amounts of sorbed Cu2+ depended mainly on the

2+
specific surface area and crystallinity of the applied powders. Desorption of Cu was more efficient in
acidic conditions than in the solution of competing cation—Ca2+. The samples with higher sorption capac-
ities also demonstrated higher stability; consequently, from the aspects of both higher sorption and lower
desorption, utilization of low-crystalline HAP samples with high specific surface area was superior for
immobilization of Cu2+ ions. Taking into account molar Cu/Ca ratios, observed final pH changes, copper
speciation in the function of pH and the results of X-ray diffraction analyses, conclusions about sorption

xperi

r
w

m
d
o
a
[
d
m
fl
[

t
m

mechanisms at different e

. Introduction

Copper is a heavy metal widespread in the environment, with
he average concentrations in the earth’s crust and soil of 24–55
nd 20–30 mg/kg, respectively [1]. However, due to various human
ctivities, the amount of Cu2+ in the environment increases every
ear. The largest sources of copper pollution are metal mining
nd manufacturing, as well as petroleum refining, coal mining and
anufacturing of cement, lime, concrete, paper, wood, glass and

eramic products.
In small concentrations this element is essential for living organ-

sms. Furthermore copper deficiency may cause various effects
n human health such as anemia, osteoporosis, decreased glu-
ose tolerance, arthritis, cardiac arrhythmias and neurological
roblems [2]. On the other hand, excess copper in cells causes

oxicity, as the redox properties, essential for its function in
uproenzymes, can also result in marked reactive oxygen species
ormation that can damage lipids, nucleic acids and proteins
3]. Therefore, Cu2+ containing effluents from various industries

∗ Corresponding author. Tel.: +381 11 8066439; fax: +381 11 2455 943.
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mental conditions were derived.
© 2008 Elsevier B.V. All rights reserved.

equire special treatment before their discharge into receiving
aters.

Sorption technologies, as a method for the removal of heavy
etals from wastewaters, have gained much attention in the last

ecade due to their simplicity, low cost and high efficiency [4]. Vari-
us mineral sorbents have been evaluated as potential Cu2+ removal
gents from aqueous media, such as clinoptilolite [5], bentonite
6], palygorskite [7], kaolinite [8], aluminum hydroxide and oxyhy-
roxides [9]. Furthermore, a potential application of various organic
aterials: activated carbon [10], peanut hull pellets [11], dried sun-

ower leaves [12], sugar beet pulp [13], Capsicum annuum seeds
14], etc., for Cu2+ removal has been considered as well.

Apatite materials of different origin (mineral, biological and syn-
hetic) were fund to be potential sorbents for numerous heavy

etals and radionuclides [15,16]. Ion-exchange with Ca2+ from
patite crystal lattice, dissolution/precipitation and specific cation
orption were identified as main removal mechanisms, depending
n the cation type. In comparison to other divalent, toxic, heavy

etals such as Pb2+, Cd2+ and Zn2+, much less attention has been

aid to Cu2+ immobilization by apatites in the scientific litera-
ure. The understanding of Cu2+ interaction with apatite is not only
mportant for finding better ways to treat contaminated sites, but
t is also useful for understanding the processes which occur at

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:marijasljivic@vin.bg.ac.yu
dx.doi.org/10.1016/j.cej.2008.08.003
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he phosphate rock–Cu2+ solution interface, and phenomena that
ake place when this cation interacts with bones and teeth which
onsist mainly of apatite [17]. Cu2+ sorption was studied using: car-
onate hydroxyapatite derived from eggshell waste [18], bone char
19], spent animal bones [20], phosphate rocks [21] and synthetic
owder [22]. Although apatite sorbents were, in general, evalu-
ted as promising agents for Cu2+ removal from aqueous media,
he comparison of sorption capacities and main operating sorption

echanisms is difficult due to the presence of various apatites and
ther solid phases in phosphate rocks and bone materials.

The understanding of the removal mechanism is fundamental
n properly designing and operating sorption processes, therefore
n this study synthetic calcium hydroxyapatite (Ca10(PO4)6(OH)2,
AP) samples were used as Cu2+ sorbents. The aims of this study
ere to investigate both the influence of equilibration conditions

contact time, pH and Cu2+ concentration) as well as HAP physico-
hemical properties on Cu2+ sorption, in order to evaluate main
orption mechanisms at different experimental conditions, and to
stimate the reversibility of Cu2+ immobilization by HAP using
eaching tests. Presented results have potential application in opti-

ization of HAP matrix, as well as equilibrium conditions, for Cu2+

mmobilization.

. Materials and methods

.1. HAP sorbents

As sorbents, synthetic HAP samples were used (denoted in this
tudy as HAP1-8). They were prepared by neutralization of Ca(OH)2
ith H3PO4 [23], at various temperatures, mixing speeds, con-

entrations of reactants, H3PO4 addition rates, and with/without
nert atmosphere and precipitate aging, in order to produce pow-
ers with different physico-chemical characteristics. In addition,
he commercial HAP (DNA grade Bio-Gel HTP) supplied by Bio Rad
aboratory, Richmond, CA, was used (denoted as HAP9).

.2. Bach sorption procedure

.2.1. Influence of the sorption conditions
The influence of pH, contact time and initial cation concen-

ration on Cu2+ removal from aqueous solutions was studied in a
atch system, using one of the HAP samples denoted as HAP5. Solu-
ions of Cu2+ ions were prepared by dissolving an adequate mass of
u(NO3)2·3H2O (Merck, p.a.) in distilled water. PVC flasks, contain-

ng 20 ml of Cu2+ solution and 0.1 g of HAP sample were agitated on
horizontal shaker with a constant speed of 120 rpm, at room tem-
erature (20 ± 1 ◦C). The sorption experiments were carried out in
ystems without pH control; more precisely, only initial pH values
ere adjusted (adding 0.1 mol/dm3 HNO3 and KOH), thus equilib-

ium pH values were governed mainly by a buffering capacity of
he sorbent itself. The conditions under which experiments were
onducted are given in Table 1.
After sorption, the solid phase was separated from the solu-
ion using the blue-band filter paper (Quant, Grade 391). The
xact initial Cu2+ concentrations, as well as the Cu2+ and Ca2+

oncentrations after the sorption were measured by PerkinElmer
nalyst 200 Atomic Absorption Spectrometer (AAS). The flame type

A
H
a
(
o

able 1
xperimental conditions for the study of the effect of process parameters onto Cu2+ sorpt

pH

ffect of pH 2–10
ffect of contact time 5
ffect of initial Cu2+ concentration 5
ng Journal 148 (2009) 80–88 81

as air/acetylene, while absorption wavelengths were 327.4 and
22.7 nm for Cu2+ and Ca2+, respectively. Initial and final pH values
ere measured with a glass electrode pH meter (Inolab, WTW).

he amount of the sorbed Cu2+ was calculated as the difference
etween the solution concentrations before and after the sorption.
he relative standard deviations of AAS measurements were less
han 3%.

.2.2. Influence of the physico-chemical properties of the sorbent
A single point sorption experiments were conducted to pro-

ide a comparison of the sorptive capacity of 9 HAP sorbents.
n order to assure that HAP properties are the only system vari-
ble, all experiments were performed at the same time, using the
ame Cu2+ solution (initial Cu2+ concentration 10−2 mol/dm3, ini-
ial pH 5). The batches containing 0.1 g of different sorbents, and
0 ml of solution were shaken for 24 h with the agitation speed of
20 rpm. Sorption experiments were conducted in duplicate, and
he average values of Cu2+ sorbed, Ca2+ released and final pH are
resented.

X-ray diffraction (XRD) analyses of different HAP-Cu products
ere performed to determine the structural changes after metal

ation sorption. A Philips PW 1050 instrument, with Cu K�1.2 Ni-
ltered radiation was used, while the patterns were registered in
he 2� range 10–60◦ with a scanning step size of 0.05◦.

.3. Batch desorption procedure

Desorption of Cu2+ ions from HAP was investigated as a func-
ion of the quantity of Cu2+ sorbed, as well as a function of HAP
haracteristics. For that purpose, solid residues obtained after Cu2+

orption from the solutions of different initial concentrations by
AP5, and the residues derived after sorption on different HAP

amples were considered. Solids were rinsed with distilled water
nd dried at 105 ◦C for 24 h. As apatite materials are known for
heir excellent buffering properties, aggressive acid leaching solu-
ion, TCLP 2 (pH 2.93) proposed by EPA, was used [24]. In addition,
eversibility of Cu2+ sorption by various HAP samples was investi-
ated using 10−2 mol/dm3 Ca(NO3)2 solution, at initial pH 5.

The Cu-loaded powders were placed into the PVC flasks con-
aining 20 ml of the leaching solution and shaken for 24 h, at room
emperature. The suspensions were than filtered and the final pH
alues and Cu2+ concentrations in the liquid phase were quantified.

. Results and discussion

.1. Physico-chemical properties of HAP samples

The major physico-chemical properties of HAP powders are
isted in Table 2 [23].

The variation of the synthesis parameters caused variation in
hysico-chemical properties of obtained samples. The values of
pecific surface area (Sp) were in the range from 24 to 72 m2/g.

s molar Ca/P ratio of 1.67 is characteristic for pure stoichiometric
AP, results from Table 2, indicated that all samples, except HAP4
nd HAP8, were calcium deficient. The fractions of crystalline phase
Xc) ranged from 0.19 to 0.9, while the points of zero charge (pHPZC)
f all nine samples varied between 6.1 and 6.6.

ion

Contact time Initial Cu2+ concentration (mol/dm3)

24 h 5 × 10−4, 10−3, 5 × 10−3

15 min to 48 h 5 × 10−4, 10−3, 5 × 10−3

24 h 10−4 to 10−2
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Table 2
Physico-chemical properties of HAP powders [23]

Sample Sp (±1 m2/g) Ca/P (±0.03) pHpzc (±0.1) Xc

1 41 1.59 6.1 0.69
2 72 1.62 6.4 0.28
3 67 1.60 6.2 0.36
4 60 1.67 6.5 0.72
5 58 1.59 6.6 0.63
6 72 1.55 6.5 0.19
7
8
9
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of H ions, and the increased solubility of the HAP sorbent. For
the highest metal concentration studied, sorbed amount of Cu2+

increased from pH 2 to 4, remained constant in the range of 4–6,
significantly increased from pH 6 to 7 and than remained constant
to pH 10.
47 1.65 6.6 0.72
24 1.70 6.6 0.90
64 1.53 6.6 0.28

Investigation of the influence of various sorption parameters
as conducted using one representative sample—HAP5. This pow-
er was selected as it was slightly Ca-deficient, like most of the
amples prepared from aqueous solutions. Furthermore, given that
he major differences between samples were observed compar-
ng the values of specific surface areas and crystallinity, we picked
AP5, which exhibited moderate Sp and Xc values.

.2. Effect of pH

One of the most important parameters influencing sorption pro-
esses is pH, which controls not only dissociation of sorbent surface
ites, but also the solution chemistry and the speciation of the metal
ations.

The excellent buffering properties of synthetic HAP powders
re well known, i.e. the addition of HAP will increase the pH of
cidic and decrease pH of alkaline solutions to the constant final
alue (pHPZC), as a result of sorption of either H+ or OH− ions from
he solution by surface active sites [25]. For the solutions of elec-
rolytes (such as KNO3) which are inert in respect to HAP surface,
he buffering pH range of synthetic samples is 4–10 [23,26]. The
HPZC value of sample HAP5, determined in KNO3 solution was 6.6
Table 2). Practical meaning of pHPZC is that the sorbent will be
ositively charged for pH values below PZC, and negatively for pH
bove PZC.

Metal cations in aqueous solution convert to different hydroly-
is products, depending on the solution pH. In the case of copper,
major difficulty in predictions of the chemical behavior with

espect to complexation, adsorption, and precipitation processes is
lack of convincing equilibrium data for the second hydrolysis equi-

ibrium. According to the experimental work of Vuceta and Morgan
27] a hydrolysis constant for the formation of Cu(OH)2 is closer to
he value proposed by Spivakovski and Makovskaya log ˇ = −13.7
28] than to the value proposed by Mesmer and Baes log ˇ = −17.3
29]. Using the value of log ˇ = −13.7, the dominant species in the
H range 2–5 are Cu2+ ions. At pH 6 there are three species in equi-

ibrium: Cu2+ (in large quantity) and CuOH+ = Cu(OH)2 (in small
uantity), while at pH > 6 insoluble hydroxide Cu(OH)2 is dominant.

Final pH values, amounts of Cu2+ sorbed and Ca2+ released after
nteraction of Cu2+ with HAP sorbent are presented in Fig. 1a–c,
espectively.

In respect to the pHPZC value of the sample determined in inert
lectrolyte, the pHPZC values obtained as points where pHfinal vs.
Hinital plots crosses the line pHfinal = pHinitil, were lower for Cu2+

olutions and decreased from ∼5.8 to ∼4.6 with the increase of
u2+ concentration from 5 × 10−4 to 5 × 10−3 mol/dm3 (Fig. 1a).
he decrease of pHPZC value was caused by the specific sorption of

ositively charged species on protonated sorbent active sites from
hich H+ ions were liberated into the solution [30].

Furthermore, plateau parts of pHfinal vs. pHinitial plots became
horter (∼4 to ∼6) when compared to inert electrolyte [23], sug-
esting that the buffering capacity of HAP became less significant

F
H
(
s

ng Journal 148 (2009) 80–88

n Cu2+ solutions. The sharp increase in final pH was observed for
nitial pH 6–7, followed by a slow increase at higher initial pH val-
es.

Fig. 1b, demonstrates the quantity of Cu2+ removed in the pres-
nce of HAP vs. solution pH. For lower initial Cu2+ concentrations
emoval rate was slightly suppressed at pH 2–3, while relatively
onstant and pH independent in the range of 4–10. In pH range 2–3
ower sorption of Cu2+ ions was caused by the competing effect

+

ig. 1. Effect of initial pH on (a) final pH values, (b) amounts Cu2+ sorbed by
AP5 and (c) amounts of Ca2+ released. Experimental conditions: 5 × 10−4 mol/dm3

�), 10−3 mol/dm3 (�) and 5 × 10−3 mol/dm3 (�) Cu(NO3)2, contact time 24 h,
olid/solution ratio 1:200.
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In the presence of HAP, nearly 100% of Cu2+ removal was
chieved at pH 3, 4 and 7 for 5 × 10−4, 10−3 and 5 × 10−3 mol/dm3

olutions, respectively.
Another important factor for estimation of Cu2+ sorption mech-

nism is the quantity of Ca2+ ions released from HAP crystal lattice.
he amounts of Ca2+ desorbed increased with the increase of
u2+ initial concentration, while decreased with initial pH increase
Fig. 1c).

Taking into account molar Cu/Ca ratios, observed final pH
hanges and copper speciation in the function of pH, conclusions
bout sorption mechanism can be derived.

In the initial pH interval 2–4, the Cu/Ca molar ratios for all inves-
igated sorbate concentrations were <1, suggesting that, due to
nhanced HAP dissolution, more cations were released in respect
o the amount of cations sorbed. In the buffering pH range (4–6)
he Cu/Ca ratios were ∼1. As Cu2+ cations were dominant species
p to pH 6, ion-exchange or dissolution of HAP and precipitation of
u-bearing solid phase could be anticipated as dominant mecha-
isms, whereas final pH decrease in respect to PZC value confirmed
xistence of another bonding mechanism-specific cation sorption.
or pH > 6, the Cu/Ca molar ratios were >1. Because of increased
AP stability in alkaline solutions [31], ion exchange or dissolu-

ion/precipitation sorption mechanisms were insignificant, while
recipitation of Cu(OH)2 became the main reason for enhanced Cu
emoval at pH > 6.

In order to avoid precipitation of copper at pH > 6, or HAP disso-
ution at pH < 4, the initial pH 5 was chosen for further experiments.

.3. Effect of contact time

The influence of contact time was investigated in the range of
5 min to 48 h, for different initial Cu2+ concentrations (5 × 10−4,
0−3 and 5 × 10−3 mol/dm3). After separation of solid from liquid
hase, final pH values, Cu2+ and Ca2+ concentrations in the solution
ere measured as the dependent variables of time. This function-

lity is presented in Fig. 2.
The kinetics of Cu2+ removal by HAP was a two-step pro-

ess (Fig. 2a). At the beginning of the sorption, the number
nd availability of HAP surface active sites, as well as the high-
st driving force for the mass transfer, caused the rapid Cu2+

ptake. This rapid phase of Cu2+ sorption was followed by a
lower increase of the amount of cation sorbed, where, due to
radual occupancy of active sites and decreasing Cu2+ concen-
ration in the liquid phase, sorption became less efficient. The
ime necessary for achieving equilibrium increased with the ini-
ial Cu2+ concentration increase: 180 min for 5 × 10−4, 360 min for
0−3 and approximately 24 h for 5 × 10−3 mol/dm3, respectively.
he amounts of Cu2+ sorbed at equilibrium increased with the
ncrease of initial Cu2+ concentration as well. Practical residence
imes in water purification processes are significantly shorter than
he equilibrium times, observed under experimental conditions
pplied in this study. Therefore, additional optimization of stir-
ing conditions (type of agitation device, agitation speed, etc.) is
equired, to improve the kinetic feasibility of Cu2+ removal by
AP.

Along with the Cu2+ sorption, release of Ca2+ cations from HAP
rystal lattice was observed (Fig. 2a). The molar Cu/Ca ratios were
1 for the lower Cu2+ concentration (5 × 10−4 and 10−3 mol/dm3)
nd slightly above 1 for 5 × 10−3 mol/dm3 of Cu2+. These data con-
rmed that Cu2+ sorption by HAP included either ion-exchange

ith Ca2+ or dissolution/precipitation.

The pH of the solution also varied with time (Fig. 2b). Com-
ared to the initial pH 5, general increase of final pH was observed
or lower Cu2+ concentrations (5 × 10−4 and 10−3 mol/dm3) reach-
ng equilibrium values of 5.87 and 5.72, respectively. Conversely,

w
o
(
s

ig. 2. Effect of contact time on (a) amounts of Cu2+ sorbed and Ca2+ released
hollow symbols) and (b) final solution pH. Experimental conditions: initial pH 5,
olid/solution ratio 1:200, initial pH 5, Cu2+ concentrations 5 × 10−4 mol/dm3 (�),
0−3 mol/dm3 (�) and 5 × 10−3 mol/dm3 (�).

or the initial concentration of 5 × 10−3 mol/dm3, pH decrease was
etected with the equilibrium value of 4.57. However, all final pH
alues were lower then pHPZC value of the HAP sample, verifying
hat the replacement of superficial H+ ions with Cu2+ contributed
o the overall sorption mechanism, especially for high metal con-
entrations.

The contact time of 24 h was chosen for the further sorption
xperiments.

.3.1. Kinetic modeling
The experimental results were analyzed using two most

idely applied kinetic models for fitting sorption kinetic data:
seudo-first-order equation proposed by Lagergren [32] and
seudo-second-order model proposed by Ho and McKay [33]. The
etailed derivations of these equations are described in the cited

iterature, while the linear forms of pseudo-first- and pseudo-
econd-order equations are given by following equations:

og(qe − qt) = log(qe) − k1 × t

2.303
(1)

t

q
= 1

2
+ t

q
(2)
t k2 × qe e

here t (min) is the contact time, qe and qt (mmol/g) are amounts
f sorbed Cu2+ at equilibrium and time t, and k1 (1/min) and k2
g/mmol min) are the rate constants of pseudo-first- and pseudo-
econd-order kinetics, respectively.
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ig. 3. Linear fitting of the kinetic data by (a) pseudo-first-order kinetic model and
b) pseudo-second-order kinetic model. Cu2+ concentrations 5 × 10−4 mol/dm3 (�),
0−3 mol/dm3 (�) and 5 × 10−3 mol/dm3 (�).

The initial sorption rate h (mmol/g min) can be obtained using
alculated values of pseudo-second-order constant and equilib-
ium sorbed amounts, by the following expression:

= k2 × q2
e (3)

rom the slopes and intercepts of the linear dependencies which
re presented in Fig. 3a and b, rate constants and the amounts of
u2+ sorbed at equilibrium, were calculated (Table 3).

Comparing the results of kinetic data fitting (Table 3) it can
e concluded that for Cu2+ sorption by HAP pseudo-second-order
odel provided better correlation coefficients, and more realistic

e values—closer to the values obtained experimentally. Pseudo-

rst-order model correlation factors were lower, while calculated
quilibrium amounts of the sorbed Cu2+ presented only about 50%
f the real value.

The calculated k2 values decreased from 0.884 to
.037 g/mmol min, with the increase of sorbate concentra-

c

c
(
t

able 3
mounts of Cu2+ sorbed at equilibrium (qe), sorption rate constants (k1 and k2) and corre
inetic models

u2+ (mol/dm3) Peudo-first-order Pseudo-secon

R2 qe (mmol/g) k1 (min−1) R2 q

× 10−4 0.763 0.039 1.67 × 10−2 0.999 0
× 10−3 0.811 0.088 9.26 × 10−3 0.999 0
× 10−3 0.811 0.260 2.53 × 10−3 0.998 0
ig. 4. Sorption isotherm for Cu2+ onto HAP5—the functionality between equilib-
ium Cu2+ solution concentration and amounts of Cu2+ sorbed (�), Ca2+ released
�) and final pH values (�). Experimental conditions: pH initial 5, equilibration time
4 h, solid/solution ratio 1:200.

ion (Table 3) whereas initial sorption rates were constant
0.007 mmol/g min) for 5 × 10−4 and 10−3 mol/dm3 and increased
o 0.009 mmol/g min for the highest Cu2+ concentration
5 × 10−3 mol/dm3).

Processes that were found to comply with the pseudo-second-
rder kinetic model include different sorption mechanisms such as
urface complexation, ion-exchange and dissolution/precipitation
34–36], therefore, the significant correlation between experimen-
al data and a pseudo-second-order kinetic model is useful for
he purpose of comparison and qe prediction, but is unlikely to
escribe the actual sorption mechanism. According to the liter-
ture, the fact that the pseudo-second-order kinetics is the best
t model for certain sorbent/sorbate system indicates that the
orption rate depends on the concentration of sorbate at the sor-
ent surface and that chemical sorption is the rate-controlling step
37].

.4. Effect of initial solute concentration

The influence of the initial solute concentration on the sorp-
ion process was presented by a sorption isotherm (Fig. 4) which
escribed the relationship between equilibrium concentration of
u2+ at HAP surface (Qe) and equilibrium concentration of Cu2+ in
he solution (Ce).

The amounts of sorbed metal cations increased with the
ncrease of initial solution concentrations until the equilibrium was
chieved. After that, the removal of Cu2+ became independent of
he initial cation concentration, due to occupancy of all active sites
n HAP surface. The experimentally derived maximum sorption

apacity of HAP5 sample was 0.582 mmol/g.

The sorption of Cu2+ from the solutions of different initial con-
entrations, was followed by Ca2+ aqueous concentration increase
Fig. 4), however, the Cu/Ca molar ratios for initial Cu2+ concen-
rations higher than 10−3 mol/dm3 were slightly lower than 1.

sponding correlation coefficients (R2), for pseudo-first- and pseudo-second-order

d-order qe,exp. (mmol/g)

e (mmol/g) k2 (g/mmol min) h (mmol/g min)

.094 0.884 0.007 0.094

.189 0.189 0.007 0.185

.509 0.037 0.009 0.498
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Table 4
Correlations coefficients and sorption parameters obtained using Langmuir, DKR
and Freundlich model

Model Equation Sorption Parameters

Langmuir Ce
Qe

= Ce
qm

+ 1
qmKL

R2 0.998
qm (mmol/g) 0.585
KL (L/mmol) 5.062

DKR ln Qe = ln qm − ˇ × ε2 R2 0.855

ε = R × T × ln
(

1 + 1
Ce

)
qm (mmol/g) 0.902
ˇ (mol2/J2) 2.621 × 10−9

Freundlich ln Q = ln K + n × ln C R2 0.828
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comparable to the results of Cu2+ sorption on various ion-
exchangers: natural kaolinite −20.16 kJ/mol [8], natural vermic-
ulate −29.29 kJ/mol [40] and synthesized zeolite −23.23 kJ/mol
[42].
e e
K (mmol1−n dm3n g−1) 0.392
n 0.296

inal pH values decreased with the increase of Cu2+ concentra-
ion. This sorbate concentration dependant relationship between
sorbed metal quantity, a pH change and a quantity of released

a2+, confirmed the presence of two sorption mechanisms: spe-
ific cation sorption and displacement of Ca2+ ions from HAP crystal
attice.

.4.1. Equilibrium data modeling
The experimental equilibrium data were fitted using Langmuir,

KR and Freundlich models (Table 4). Sorption parameters are
s follows: qm (mmol/g) is the maximum sorption capacity, KL
dm3/mmol) the Langmuir constant related to the energy of adsorp-
ion, ˇ (mol2/kJ2) the DKR constant related to adsorption energy,
(kJ/mol) the Polanyi potential, and K (mmol1−n dm3n g−1) and n

re the Freundlich constants related to the capacity and intensity
f the sorption process. Graphical illustration of the linear data fit-
ing is given in Fig. 5, while calculated sorption parameters and the
egree of correlation between the sorption data and applied models
re given in Table 4.

It is obvious from Table 4, that the highest correlation coeffi-
ient was obtained using Langmuir model, suggesting that the Cu2+

ons were sorbed by HAP in a monolayer. Furthermore, the qm value
alculated by this equation corresponded well with the experimen-
ally obtained sorption capacity. Langmuir isotherm was approved
o be useful for calculation of the theoretical sorption capacity in

any mineral sorbent/metal ion systems [38–40].
Knowing the Langmuir constant, KL, the dimensionless separa-

ion factor (RL) can be derived using the expression [41]:

L = 1
1 + KL × C0

(4)

here C0 (mol/dm3) denotes the initial solution concentration.
RL values indicate that the sorption process is: unfavorable for

L > 1, linear for RL = 1, favorable for 0 < RL < 1, or irreversible for
L = 0.

For initial Cu2+ concentration range 10−4 to 10−2 mol/dm3, used
n this study, calculated RL values were between 0.665 and 0.019,

hich indicated that the Cu2+ sorption by HAP5 sample was favor-
ble.

Furthermore, the value of Gibbs free energy change (�G◦) points
ut if the process is feasible and unforced. �G◦ can be calculated
sing the equation:

G◦ = −R × T × ln KL (5)

◦
here �G (kJ/mol) is standard free energy change, R
8.314 J/mol K) the universal gas constant, and T (K) is absolute
emperature.

For the Cu2+/HAP system, negative value of �G◦ (−21.132 kJ/mol)
ndicated that the process was thermodynamically feasible

F
F
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nd spontaneous. The obtained �G◦ value was in the range
f magnitudes, characteristic for ion-exchange processes and
ig. 5. Experimental data fitting using linear forms of Langmuir (a), DKR (b) and
reundlich (c) isotherms.
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Table 5
The amounts of Cu2+ sorbed, Ca2+ released and pH values after metal sorption on
different HAP samples

Sample Final pH Cu (mmol/g) Ca (mmol/g) Cu (mmol/m2)

1 4.20 ± 0.04 0.436 ± 0.006 0.338 ± 0.001 0.011
2 4.38 ± 0.10 0.795 ± 0.031 0.714 ± 0.007 0.011
3 4.38 ± 0.01 0.651 ± 0.025 0.651 ± 0.044 0.010
4 4.42 ± 0.01 0.593 ± 0.011 0.600 ± 0.009 0.010
5 4.40 ± 0.07 0.582 ± 0.018 0.570 ± 0.014 0.010
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Table 6
Correlation between HAP physico-chemical properties and Cu2+ sorption

HAP physico-chemical
properties

Correlation with Cu2+ sorption (R)

Sp 0.959
C
p
X

t
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c
h
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u
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4.32 ± 0.07 0.792 ± 0.018 0.742 ± 0.014 0.011
4.40 ± 0.06 0.486 ± 0.020 0.470 ± 0.001 0.010
4.42 ± 0.05 0.270 ± 0.013 0.275 ± 0.002 0.011
4.24 ± 0.01 0.792 ± 0.015 0.686 ± 0.006 0.012

.5. Correlation between HAP properties and Cu2+ sorption

In order to establish the influence of HAP physico-chemical
roperties on the Cu2+ sorption process, equilibrium experiments
n 9 HAP samples under the same experimental conditions were
erformed. The values of Cu2+ sorbed, Ca2+ released and final
H with deviations from average value obtained by working in
uplicate (Table 5), showed differences in HAP powders sorption
roperties.

While the initial pH of Cu2+ solution was 5, after the metal
orption, decrease of final pH was observed (4.20–4.42). The sorp-
ion capacities of different synthetic HAP samples ranged from
.270 to 0.795 mmol/g. Real comparison of HAP samples efficiency

n Cu2+ removal to the literature data on other sorbent materi-
ls is difficult, due to dissimilar experimental conditions applied
pH, solid/solution ratio, temperature, etc.). For example, reported
apacities of various commercial carbons are 0.410–0.964 mmol/g
10], bone char 0.709 mmol/g [19], phosphate rock 0.114 mmol/g
43], zeolites 0.404 mmol/g [44], kaolinite 0.234 mmol/g [8], sun-
ower leaves 1.407 mmol/g [12] and peanut pellets 0.189 mmol/g
11].

Along with the variation of the amount of Cu2+ sorbed
y HAP samples, variation of released Ca2+ was also observed
0.275–0.742 mmol/g). The ratios between sorbed and desorbed

etal cations (Cu/Ca), ranged from 0.98 to 1.29, for various samples,
onfirming that the release of Ca2+ ions was a part of the sorption

echanism.
Three HAP samples with different physico-chemical properties

ere chosen for the structure analysis. The XRD patterns of sam-
les HAP2, HAP5 and HAP8, after interaction with 10−2 mol/dm3

u2+ solution, are presented in Fig. 6. Unchanged crystal struc-

ig. 6. XRD patterns of Cu-loaded samples HAP2, HAP5 and HAP8 (unmarked peaks
elong to HAP phase; arrows denotes the position of major libethenite Cu2(PO4)(OH)
eaks).

a
s
p
a

3

F
c
o
p
c

d
r
i

w
s
s
a

c
F

a/P −0.706
Hpzc 0.014
c −0.934

ure of synthetic HAP after Cu2+ sorption [22] as well as the
ppearance of peaks attributed to a new solid phase—libethenite,
u2(PO4)(OH) [21], were reported in the literature. In Fig. 6,
he positions of the most characteristic libethatite peaks are

arked. In the case of HAP2 sample (0.759 mmol Cu2+/g), approx-
mately 5% of the libethenite was detected. Due to broad HAP5
RD peaks and lower sorption capacities of HAP5 and HAP8
amples (0.582 and 0.275 mmol Cu2+/g, respectively), it was
nfeasible to detect libethenite. However, as XRD cannot nor-
ally detect phases at concentration of approximately 1% of

he sample matrix, the precipitation of a new crystalline phase
ould not be excluded. Therefore, beside ion-exchange with Ca2+

ons, Cu2+ may be sorbed via dissolution/precipitation mecha-
ism.

The relationships between physico-chemical properties of HAP
owders and Cu2+ sorption capacities were examined by correla-
ion analysis. The linear correlation coefficients are presented in
able 6.

A good agreement existed between sorbed amount of Cu2+ ions
nd specific surface area (R = 0.959) as well as HAP crystallinity
R = −0.934). The Cu2+ uptake was directly proportional to the spe-
ific surface area and inversely to the sorbent crystallinity. The
ighest Cu2+ sorption capacities were obtained for the powders
AP2 and HAP6, which exhibited highest Sp and lowest Xc val-
es (Table 2). The quantity of Cu2+ sorbed per square meter of HAP
Table 5) was almost constant (0.011 ± 0.001 mmol/m2). The varia-
ions in HAP stoichiometry (Ca/P ratio) and especially pHPZC values,
n the investigated ranges, did not show notable correlation with
he metal sorption. High correlation coefficients between sorption
nd HAP specific surface area, were also determined for Cd2+, Zn2+

nd Sr2+ cations [45]. The results implied that parameters of HAP
ynthesis, for this specific application, should be chosen in order to
roduce powders with high Sp (i.e. low reaction temperature; no
ging of precipitate [23]).

.6. Desorption

The results of leaching experiments are presented in
igs. 7 and 8. The percentages of desorption are relative vales
alculated in respect to the amount of Cu2+ sorbed. Desorption
f bonded Cu2+ ions depended on the amount of metal cation
reviously sorbed, HAP characteristics and the leaching solution
omposition.

Desorption from the same sample (HAP5), loaded with Cu2+ at
ifferent levels (Fig. 7), has shown that the percentages of Cu2+

eleased in acidic solution increased from 20 to 50% with the
ncrease of sorbed amount of metal from 0.017 to 0.601 mmol/g.

The absolute amounts of metal desorbed increased in the same
ay from 1.11 to 96.65 mg/dm3. The buffering properties of the

orbent participated in the desorption process, as well as in the
orption. In comparison with initial pH of TCLP solution, pH values

fter desorption were in the range of 4.16–3.95.

The desorption processes was dependant on the physico-
hemical properties of the sorbents. These results are shown in
ig. 8.
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ig. 7. Desorption of Cu2+ ions from variously loaded HAP5 sample: aqueous Cu2+

oncentrations (�); relative percentages (�). Leaching solution—TCLP2.

Stability of the HAP-Cu products was higher in the solutions
f competing cation, than in acidic media. In the TCLP2 solution
8–57% of Cu2+ ions were removed from different HAP samples,
hile leaching experiments with 10−2 mol/dm3 Ca(NO3)2 showed

2+
hat the Cu desorption was only 8–16% in respect to the quan-
ity of the sorbed cation. The equilibrium pH values were in the
ange of 4.02–4.11 and 5.04–5.47, for TCLP2 and Ca(NO3)2 solutions,
espectively.

ig. 8. Desorption of Cu2+ ions (aqueous Cu2+ concentrations (�) and relative per-
entages (�)) from various HAP samples: (a) leaching solution—TCLP2; (b) leaching
olution—10−2 mol/dm3 Ca(NO3)2.
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Generally, the absolute amounts of Cu2+ released increased with
he increase of the quantity initially sorbed by HAP, whereas des-
rption percentages decreased (Fig. 8a and b). The results implied
hat samples with higher sorption capacities also demonstrated
igher stability, consequently the utilization of low-crystaline HAP
amples, with high Sp values, was superior for immobilization of
u2+ ions.

. Conclusions

Sorption of Cu2+ ions by HAP depended on equilibration condi-
ions as well as on HAP properties. Presented experimental results
ave shown that:

1. Sorbed amount of Cu2+ generally increased with the increase of
pH reaching near 100% at pH 3, 4 and 7 for 5 × 10−4, 10−3 and
5 × 10−3 mol/dm3 solutions, respectively. The pHPZC value of HAP
sorbent decreased with the increase of initial Cu2+ concentration.

. Contact time necessary for reaching sorption equilibrium
increased with the increase of initial Cu2+ concentration.
Experimental data were well characterized by pseudo-second-
order model. Calculated values of pseudo-second rate constant
decreased with the increase of Cu2+ concentration, while equilib-
rium sorbed amounts of Cu2+ and initial sorption rates increased.

. The sorption isotherm was well defined by Langmuir theoreti-
cal model, while the values of separation factors and Gibbs free
energy change of sorption indicated that the process is sponta-
neous and thermodynamically feasible at room temperature.

. Cu2+ sorption was positively correlated with HAP specific surface
area, and negatively with HAP crystallinity. The influence of Ca/P
molar ratios and pHPZC values of HAP powders on Cu2+ sorption
was less significant.

. Obtained HAP-Cu products were more stable in the solution of
competing cation, than in acidic environment (8–16 and 48–57%
desorbed, respectively).

. Sorption of Cu2+ by HAP was followed by Ca2+ release and final
pH decrease, therefore the sorption mechanism was complex,
including at least ion-exchange and formation of surface com-
plex compounds. Dissolution of HAP followed by a precipitation
of libethenite may have also contributed to the overall sorption
mechanism.
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