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ABSTRACT

Si-substituted carbonate hydroxyapatite (Si-CHAP) was obtained by embedding silicate and carbon-
ate into hydroxyapatite prepared from egg-shell via sonochemistry coprecipitation. Batch experi-
ments were performed to investigate the effect of contact time, solution pH and temperature on the
adsorption of Cu* by Si-CHAP. Our results showed that the maximal adsorption capacity, Q, of Cu*
reached to 246.80 mg g at pH 5.7, and at 90 min contact time under 313 K. Adsorption kinetics fol-
lowed pseudo-second order. The equilibrium process fit the Langmuir isotherm model and the max-
imum adsorption capacity of Si-CHAP for Cu?* was found to be 273.51 mg g™. The thermodynamic
studies showed that the adsorption of Si-CHAP on Cu?* was a spontaneously endothermic process.
Si-CHAP was characterized by using FTIR, XRD and SEM-EDS. The mechanism of Cu** adsorption
by Si-CHAP may include ion exchange, precipitation and electrostatic interactions. Furthermore, the
well stability properties of the Si-CHAP adsorbent were confirmed through desorption assays. These
results showed that Si-CHAP has the potential to become a cheap and efficient adsorbent to remove
Cu?* from aqueous solutions.
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1. Introduction

Copper (Cu) is an essential element to all living organ-
isms (plants, animals, and humans) as it is a key constitu-
ent of some metalloenzymes and metalloproteins [1], and
participates in the energy metabolism [2]. However, high
concentration of Cu* can cause various diseases such as
vomiting, diarrhea, hemolytic jaundice, kidney failure, ner-
vous system damage and even cancer [3]. Thus, the max-
imum acceptable concentration of Cu** in drinking water
were recommended at 2 mg L™ by the World Health Orga-
nization (WHO) [4]. The recommendation of China regard-
ing the safe amount of Cu* is 1 mg L™ in drinking water
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(Standards for drinking water quality, GB 5749-2006). The
US Environment Protection Agency (USEPA) sets the cop-
per concentrations in industrially discharged wastewater at
<1 mg L™ as a daily average (4.5 mg L' maximum daily)
and state and local regulations further limit copper concen-
trations to between 10 and 100 ug L' (USEPA Regulation 40
CFR 413) [5(a)]. According to EU regulations, the maximum
permissible concentrations (MPC) of copper is 0.5 mg L™.
The standards of the Russian Federation generally imply
that the MPC values is 0.1 mg L™ for copper [5(b)].
However, the preparation or usage of Cu, including
metallurgy, electroplating, dyeing, pigments and antimi-
crobial, inevitably generate wastewater containing high
concentrations Cu?". To remove the hazardous effect of Cu**
on ecosystem and public health from wastewaters, various
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treatment methods and technologies were reported, includ-
ing chemical oxidation or reduction [6], chemical precipi-
tation [7], membrane separation [8], ion exchange [9] and
adsorption [10]. Among these methods, adsorption is one
of the most effective, practical and economical methods
for removing the heavy metals owing to its low cost, high
adsorption efficiency, simple design and strong operability
for metal ions [10]. Recently, various environment-friendly
sorption materials such as chitosan [11], agricultural wastes
[12], vermiculites [13], birnessite [14], and activated carbon
[15] have been regarded as good new synthetic compounds.

Hydroxyapatite (HAP) has recently been found to
be an environment-friendly adsorbent due to its particu-
lar crystal-chemical structure [16]. Previous studies have
shown HAP can remove heavy metal ions like Cu, Zn, Cd
and Pb ions from aqueous solutions [17,18]. To enhance
the adsorption capacity of HAP, carbonate-substitution
was investigated and the obtained carbonate-substituted
hydroxyapatite (CHAP) was reported to have higher effi-
ciency in the removal of heavy metals than HAP [19]. More-
over, we investigated the effect of Ca/P molar ratios on the
adsorption of Cr(VI) by nano-CHAP and have found the
adsorption capacity enhances with the increase of Ca/P
molar ratio [20]. On the other hand, recent research shows
that the surface area of HAP can be enhanced by adding of
SiO 4-substitutions [21]. However, the adsorption behavior
of heavy metals on Si-substituted carbonate hydroxyapatite
(Si-CHAP) is largely unknown.

The effect of some parameters such as contact time,
solution pH and temperature on the adsorption of Cu*
by Si-CHAP was studied. Furthermore, desorption assays
were performed to study the stability properties of the
Si-CHAP. The underlying mechanisms on copper sorption
by Si-CHAP were investigated by using scanning electron
microscopy coupled with energy dispersive spectrometer
(SEM-EDS), X-ray diffraction (XRD).

2. Materials and methods
2.1. Si-CHAP preparation

Si-CHAP was prepared by sonochemical co-precipita-
tion, a method as described previously [20,22]. In brief, egg-
shells (from Hengyang Normal University Canteen) were
rinsed three times with de-ionized water, and dried in the
oven at 353 K. Then, the treated egg-shells were ground and
sieved into powder (mesh size is 30).

With continuous ultrasound application, eggshell pow-
der was vigorously added to H,PO, (purity >85%, Hunan,
China) in a molar ratio 1:1. The temperature, pH value and
reaction time were kept at 303-313K, 3—4 and 2-3 h, respec-
tively. The reaction taken place according to the following

Eq. (1):
CaCO, + H,PO, = CaHPO, + CO,T + H,O 1)

Then Ca(OH), was added into the above mixtures with
keeping the temperature at 323-333K and pH 10.5-11.5
(adjusting pH by ammonia). Finally, highly dispersed
and gel-like nascent Hydroxyapatite (HAP) product was
obtained. Introduction of Na,SiO, and Na,CO, into the

nascent HAP product with concurrent use of continuous
ultrasound could effectively result in group substitution of
HAP by CO,* and SiO,*. The reactions were described by
the following chemical Eq. (2):

CaHPO, + Na,CO, + Na,SiO, + Ca(OH),—
Ca, (PO, (510,),(CO,) (OH), . (2)

The resulted suspension was collected, dried and
ground into powder (mesh size is 30), namely Si-CHAP.

2.2. Characterization of Si-CHAP

To study the crystallinity of the prepared Si-CHAP, pow-
der X-ray diffraction (XRD, Rigaku MiniFlex X-ray diffrac-
tometer, Japan) patterns were recorded. Fourier transform
infrared spectroscopic (FI-IR-8700, Shimadzu Corporation,
Japan) analysis was performed to identify the presence of
chemical functional groups in the Si-CHAP. Scanning elec-
tron microscopy (SEM, Hitachi]SM-5600LV) was conducted
to observe the surface microstructures. Energy dispersive
spectrometer (EDS:IE 300 X) was used for the elemental
analysis of the adsorbent.

2.3. Adsorption studies

All chemicals used were of analytical reagent grade. The
stock solution containing 1000.00+1 mg L™ Cu*" was pre-
pared by using Cu(NO,), with de-ionized distilled water.
Adsorption equilibrium assays were carried out by adding
0.60 g L Si-CHAP in 100 mL of Cu* solution at the desired
concentration in a thermostatic shaker with a constant
agitation speed of 150 rpm. To investigate the adsorption
isotherm, the contact time was varied from 15 min to 150
min at temperatures of 293, 303 and 313K, respectively. The
effects of initial solution pH on the removal efficiency were
investigated. The pH was adjusted from 1.5 to 7.5 by NaOH
and HNO, (dosage of 0.06 mg, contact time for 90 min, tem-
perature at 303K). When the equilibrium was reached, the
suspensions were filtrated, and the Cu*" concentration in
the filtrate was determined by the flame atomic absorption
spectrophotometer (FAAS) (PE700, PE Company, USA).

The amount Q, and Q, of the Cu* adsorbed onto
Si-CHAP were calculated by a mass balance relationship
using the following equations: Eq. (3) and Eq. (4):

Q. =(C-C)V/m ®)
Q,=(C,~C)V/m )

where Q (mg g™) is the equilibrium adsorption capacity; Q,
(mg g™) was the adsorption capacity at time t; C,and C, are
the initial and equilibrium concentration(mg L™) of Cu* in
solution; C, is the concentration of Cu? at time t (mg L); V
(L) is the volume; and m (g) is the weight of the adsorbent.

2.4. Kinetic study

To better understand the adsorption process, pseu-
do-first-order, pseudo-second-order and intraparticle dif-
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fusion models were used to describe the equilibrium data
for the Cu* adsorption on Si-CHAP. These models are
commonly used to simulate the adsorption behavior of pol-
lutants on solid surfaces [20,23,24]. The three models, equa-
tions can be written as Egs. (5)—(7):

Pseudo-first-order equation: Q,= Q (1 — exp(-K.t)) (5)
Pseudo-second-order equation: Q, = (tK,Q »)/(1 + tK,Q ) (6)

where K, (min™) and K, (g mg™ min™) are the rate constants

of first-order and second-order model, respectively.
Intraparticle diffusion can be estimated by using the

Weber-Morris intraparticle diffusion model [18]:

Q,=K, 15+C (7)

where K, (g mg™" min™*’) is the intraparticle diffusion rate
coefficient and C represents the boundary layer effect of
adsorption.

2.5. Adsorption isotherms

Langmuir and Freundlich isotherm models have been
widely used to describe adsorption data [23,24].

The Langmuir model assumes that maximum adsorp-
tion occurs at monolayer adsorption onto a surface, and
there is no transmigration of adsorbate in the plane of the
surface. The original form of Langmuir isotherm model is
given [25]:

Q=0Q,KC/1+K.C) (8)
where Q and K _ represent the maximum adsorption
L, o . .
capacity (mg g™) and the affinity adsorption constant (L
mg™). The essential characteristics of a Langmuir isotherm
can be expressed using a dimensionless separation factor
or an equilibrium parameter R, which is calculated by the
following Eq. (9) [20]:

R,=1/(1+K.C) ©)

The R, parameter is considered as a more reliable indi-
cator of the adsorption. The R, value may be interpreted for
four shapes: (i) unfavorable adsorption (R, > 1), (ii) linear
adsorption (R, = 1), (iii) favorable adsorption (0 < R, < 1),
(iv) irreversible adsorption (R, = 0).

Freundlich isotherm is usually used to heterogeneous
surface energy systems and based on the assumption that
the adsorption sites are distributed exponentially. The
equation is given by Eq. (10) [26]:
Q,=KCn (10)
where K. is the Freundlich dissociation constant (mg g™)
and n the Freundlich exponent. K and n constants depend
on temperature and properties of adsorbate and adsorbent.
They represent the adsorption capacity of adsorbent and
adsorption intensity, respectively [23]. The values of n less
than 1 represent a favorable adsorption [24].

2.6. Sorption thermodynamics

The adsorption thermodynamics parameters such as
Gibbs energy change (AG’), enthalpy change (AH’), and
entropy change (AS") were obtained using the following
equations [27]:

AG=-RTInK, (11)

anEq =AS°/R - AH°/(RT) (12)
in which AG®, AS°, AH’, R and T are gibbs free energy (J
mol™), entropy change (] mol™), enthalpy change (J mol™),
universal gas constant (8.314 | (mol K)™), and temperature
(K), respectively.

3. Results and discussion
3.1. FTIR analysis

FTIR was employed to quantify the hydroxyl, carbon-
ate, silicate and phosphate groups of the Si-CHAP, HAP
and eggshell. As shown in Fig. 1, a band at 3425 cm™ was
obscured by a broad band between 3200 and 3650 cm™,
which is assigned to the stretching mode of hydroxyl
group [28]. A weak band at 2123.4 cm™ can be assigned to
surface P-OH stretching modes [29]. A band in the 1990.4
cm™, possibly due to surface adsorbed HPO,* groups [28].
The bands at 1650 and 1458 cm™ correspond to carbonate
for the samples [30]. The typical absorption bands of the
PO,* group in Si-CHAP at 950120 cm™, 557 cm™ and 621
cm™ could be observed. The band appearing at 877 cm™ is
assigned to Si-O vibration modes, 796 cm™ is assigned to
5i-O-5i bending modes [31]. In the spectrum of HAP, typical
absorption bands of the PO,* group and hydroxyl group
are similar with Si-CHAP. In the spectrum of eggshell, the
most significant peak of intensity at 1417.6 cm™, strongly
associated with the presence of carbonate minerals within
the eggshell [32]. There is also one observable peak at about

eggshell
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Fig. 1. FTIR spectra of Si-CHAP, HAP and eggshell.
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875 cm™, which should be associated with out-plane defor-
mation mode, in the presence of calcium carbonate [32].

3.2. Effect of contact time

The effect of contact time on the removal of Cu* by
Si-CHAP at three temperatures (T = (293, 303 and 313) K)
is shown in Fig. 2. Two stages could be included: in the
first 30 min, the adsorption percentage increased rapidly;
thereafter, the adsorption rate decreased gradually, and the
adsorption reached an equilibrium at around 90 min. When
the contact time came up to 150 min, the Cu?*" removal rate
increased by about 1% from 90 min to 150 min at 293, 303
and 313 K (Fig. 2). The results could be explained by fol-
lowing;: first, this rapid adsorption could be attributed to a
larger surface area of the adsorbent being available for the
adsorption of the metals; then, the adsorption continued
at a slower rate and finally reached to the equilibrium due
to the saturation of adsorption sites on adsorbent surface
[33,34]. Thus, 90 min was chosen for our following exper-
iments. Furthermore, the adsorption curves indicated the
possible monolayer coverage on the adsorbent surface by
Cu?* because they were continuous, pseudo-smooth, single
and leading to saturation.

3.3. Effect of the pH

The earlier studies have shown that solution pH is an
important parameter influencing metal ions adsorption
because it affected the charge state of the adsorbent sur-
face and the species of adsorbate [20]. The effect of pH on
adsorption of Cu* onto the Si-CHAP was investigated by
varying the solution pH from 1.5 to 7.5 (Fig. 3). The distribu-
tion coefficient of copper species in the solution pH range of
1.0-14.0 was determined by using Visual MINTEQ 3.0 (Fig.
4). The dominant species of copper are Cu*, Cu,(OH)*,
Cu,(OH),*, Cu(OH),” and Cu(OH),* at the different solu-
tion pH values. As shown in Fig. 3, at pH < 5.7, the adsorp-
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Fig. 2. Effect of contact time on the adsorption of Cu* by Si-
CHAP (C, = 150 mg-L™", pH = 5.7, Si-CHAP dosage = 0.6 g-L7,
t =90 min).
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tion capacity of Si-CHAP increased sharply along with the
increase of the pH value. The reason is probably that, under
strong acidic conditions, copper existed mainly in the form
of Cu*, Cu,(OH),*, Cu,(OH)* (Fig. 4), H* competed with
them for adsorption sites; however, with the increase of pH
value, the competition from H* decreased and Cu** could be
adsorbed on the adsorbent quite easily. When the pH > 5.7,
the removal efficiency decreased slightly as pH increased,
possibly caused by the formation of soluble hydroxyl com-
plexes. The optimal pH of 5.7 was chosen for the adsorption
studies.

The point of zero charge (pH,,.) is defined as the pH at
which the total surface charges become zero as described pre-
viously [35]. The point of zero charge (pH,,,.) is an important
parameter used to describe variable-charge surface of adsor-
bent. If the optimal pH > pH,,., adsorbent surface would
have a net negative charge and predominantly exhibits an
ability to adsorb cations; If the optimal pH < pH,, ., adsor-
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Fig. 3. Effect of pH on the Cu* sorption by Si-CHAP (C, = 150
mg-L7, Si-CHAP dosage = 0.6 g-L 7, t = 90 min, T = 303K.).
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Fig. 4. Ratio of copper hydroxy complex ions to pH.
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bent surface would have a positive charge and appeals to
adsorb negative ion [36]. Thus, the experiments were car-
ried out in ten Erlenmeyer flasks with stopper cork which
containing 50 mL of 0.01 M NaNO, solution. The initial pH
(pH,) in the range of 1.0-10.0 was adjusted by 0.1 M NaOH
or 0.1 M HNO, solutions in each Erlenmeyer flask. 0.2 g
Si-CHAP was added to each flask, which were kept for 48 h
with intermittent manual shaking to attain the equilibrium.
The difference of the initial and final pH (pH,) values (ApH
= pH, - pH)) was plotted against the pH.. The point of inter-
section of the resulting curve with abscissa, at which ApH =
0, showed the pHpzc. The observed pH,,,. for Si-CHAP was
4.42, which is less than the optimal pH 5.7. Therefore, the
Si-CHAP surface is net negatively charged, which is favor-
able in complexing Cu** on the sorbent surface.

3.4. Kinetic studies

The kinetic parameters in Egs. (5)—(7) could be derived
from the fitted curves. The nonlinear curve plots of Q,
against ¢ were fitted to determine the rate constants and
correlation coefficients for the first, second-order kinetic
models (Figs. 5a,b), respectively. The straight-line plots of
Q, against t”° were used to determine the rate constants and
correlation coefficients for intraparticle diffusion kinetic
models (Fig. 5¢). The kinetic parameters are listed in Table 1.

As seen in Table 1, at three temperatures, calculated
adsorption values (Q_) of the first, second-order kinetic
models showed a compliance with the experimental data
(Q,,)- However, the maximum value of the correlation
coefficient (R?) of Cu* was 0.7333 in the pseudo-first-order
model at 313K. The smallest value of correlation coefficients
(R?) was 0.9789 in the pseudo-second-order model at 293K.
The correlation coefficients (R?) for the intraparticle diffu-
sion model were found to be 0.9023, 0.9300, 0.8249 at 293,
303, 313 K respectively. Thus, the kinetics of Cu** adsorption
on the Si-CHAP closely followed the pseudo-second-order
with higher correlation coefficient (R?).

3.5. Adsorption isotherm

Fig. 6 shows the effect of initial Cu** ion concentration
(C,, 50200 mg L) and different temperature (293K, 303K,
and 313K) on the adsorption capacity (Q) (mg g™). It is clear
that the adsorption capacity increases with increasing initial
Cu? ion concentration, as well as with the increase of tem-
perature. This is most likely due to a greater availability of
adsorbate ions in the vicinity of the adsorbent [18,37].

Next, Langmuir and Freundlich adsorption isotherms
[Egs. (8)-(10)] were used to analyze the experimental data
at various temperatures (Langmuir and Freundlich adsorp-
tion isotherms were indicated by the solid lines in Figs.
7a and b, Experimental data were indicated by the dotted
lines in Fig. 7a and their parameters are shown in Table 2.
According to the shapes of the curves in Fig. 7a (dotted
lines), the isotherms corresponding to Cu** adsorption may
be classified as L-type of the Giles classification [38]. The
L-type isotherm suggests a relatively high affinity between
Cu? and Si-CHAP. This also indicates that no strong com-
petition occurs for the adsorption sites between solvent
molecules and adsorbate molecules.
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Fig. 5. Plots of pseudo-first-order kinetic equation (a), pseudo-sec-
ond-order kinetic equation (b) and intraparticle diffusion equa-
tion (c). (C,= 150 mg-L™, pH = 5.7, Si-CHAP dosage = 0.6 g-L™).

From Table 2, the correlation coefficients (R?) for the
Langmuir model were (0.9538, 0.9554, and 0.9568), which
were much higher than those of the Freundlich model
(0.8927, 0.8891, 0.8428) at (293, 303, and 313) K, respectively.
R, value drops between 0 and 1 in all experimental systems,
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Table 1
Kinetic model parameters for adsorption of Cu** onto Si-CHAP
at different temperature

Kinetic models Parameters 293K 303K 313K
Pseudo-first Qm_p (mg g™ 234.375 243451 246.800
order Q. (mg g?) 232271 242.020 245.818

K, (min™) 01228 0.1300 0.1298

R? 0.6317 0.6495 0.7333
Pseudo-second- Q_,(mgg™) 228.580 253.197 257463
order K,(g (mgmin)’) 09245 1.0054 11116

R? 09789 09932 09835
Intraparticle K, (mgg'min®%) 09813 0.8227 0.7810
diffusion C (mgg?) 222,515 233.856 237999

R? 09023 09300 0.8249

300
189 é:?
o

60

C Q
° QO/\'L o g
4 A\ P

Fig. 6. Effect of initial Cu* ion concentration (C,) and tempera-
ture on the adsorption capacity (Q,) (mg g™). (pH = 5.7; t = 90
min; Si-CHAP dosage = 0.6 g/L).

which indicates favorable adsorption of the copper process.
Lower R, values at higher initial Cu** concentrations and
temperature showed that adsorption was more favorable at
higher concentration and appropriate temperature. Thus,
the adsorption data could be best described by the Lang-
muir model, which suggesting porous Si-CHAP had a large
of surface areas with monolayer adsorption sites for cop-
per [39,40]. The maximum adsorption capacity (Q,), and
the adsorption constant (Keq), were found to increase for an
increase in the solution temperatures from 293 to 313K. The
increase of the adsorption with the increase of temperature
indicates that the adsorption is endothermic in nature [41].
According to Langmuir isotherm equation,the theoretical
monolayer maximum uptake capacities (Q, ) of Si-CHAP is
273.52mg g at 313 K.

3.6. Thermodynamic studies

The linear plot of InK , versus 1/T is shown in Fig. 8.
Based on Egs. (11)—(13), the calculated thermodynamic
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Fig. 7. Langmuir adsorption isotherm (a) and Freundlich adsorp-
tion isotherm (b). (pH = 5.7; t = 90 min; Si-CHAP dosage = 0.6 g/L).

parameters for the adsorption of copper by Si-CHAP com-
posite are given in Table 3. The negative Gibbs energy (AG®)
values of Cu?* adsorption at various temperatures indicate
the feasibility and spontaneous nature of the adsorption.
Decreased AG® value with increasing temperature suggests
that higher temperature contributes to the adsorption pro-
cess. AH” and AS° of adsorption were 21.59 k] mol™” and
119.42 J-mol™-K, respectively (Table 3). The positive value
of AH" implies the endothermic nature of Cu** adsorption by
Si-CHAP composite, which is supported by the increase in
the adsorption capacity. The positive value of AS’ suggests
the freedom of Cu?* ions during adsorption and the high
degree of randomness at the solid-liquid during adsorption
process [18,42].

3.7. Elution/adsorption and recycling studies

The reusability of Si-CHAP for Cu** adsorption was
evaluated through many cycles of the adsorption/desorp-
tion. To this end, the Cu-adsorbed Si-CHAP sample (303K)
was mixed with 100 ml of 0.1 M HNO, solution for 180 min
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Table 2
Equilibrium model parameters for adsorption of Cu** onto Si-CHAP at different temperature
Equilibrium models Parameters 293K 303K 313K
Langmuir isotherm Q, (mgg" 256.104 265.631 273.515
K, (Lg" 2.2319 2.7773 3.9385
R? 0.9538 0.9554 0.9568
R, 0.002-0.009 0.001-0.007 0.001-0.005
Freundlich isotherm K, (mg g™ 164.305 175952 190.660
1/n 0.1581 0.1595 0.1510
R? 0.8927 0.8891 0.8428
Ca
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Fig. 8. Enthalpy determination curves for the sorption of copper
ion onto Si-CHAP.

Table 3
Thermodynamic parameters for sorption of Cu?* onto Si-CHAP

T (K) AG'(KJ-mol?) AH°(KJ-mol?) AS°(J-mol™K') R?
293 -1340 21.59 119.42 0.9547
303 -14.59

313  -15.79

at room temperature to remove the adsorbed Cu?*. Then,
the adsorption/desorption was recycled six times by the
same procedure. It was found that the adsorption efficiency
for Cu* by recycled Si-CHAP was 95.84%, 91.61%, 88.81%,
86.43%, 83.29% and 80.95%, corresponding to the six cycles,
respectively. That the adsorption efficiency was reduced to
91.61% in cycle 2 and 88.81% in cycle 3 indicated partial pore
structure might be collapsed during the recycling process.
EDS image of the recycled Si-CHAP showed that the major-
ity of the Cu?* adsorbed by Si-CHAP have been removed by
desorption methods (Fig. 9), indicating that ion exchange
was one of the principle mechanism for the removal of Cu*
and it was in accordance with the thermodynamic studies.
Thus, this suggested that the Si-CHAP performed quite
well for adsorption/elution Cu* from aqueous solution
and may be feasible in its application on a large scale.

Fig. 9. EDS analysis of Si-CHAP during recycling: with (a) or
without Cu** (b) desorption.

3.8. Mechanisms studies

Divalent cations removal by the ability of hydroxy-
apatite can be explained by two possible reaction mecha-
nisms (ion-ion exchange and dissolution-precipitation) [43].
Mechanisms such as ion exchange, surface complexation,
precipitation or substitution of Ca in hydroxyapatite by
metal during recrystallization (coprecipitation) have been
proposed previously [44]. Combined with the above stud-
ies, we speculated that the adsorption of Cu** by Si-CHAP
may involve in three possible mechanisms.

The first possible mechanism is ion exchange reaction
between Cu** adsorbed and Ca** of Si-CHAP. XRD patterns
of Si-CHAP showed that after adsorption of Cu*, the posi-
tions of peaks were similar to that of before adsorption, but
there was a decrease in the intensity and an increase in the
width at around 26 = 32°(Fig. 10). Lin et al. also suggested
the crystal structure may lead to the abnormal shift of the
diffraction peak position and the diffraction peak intensity
change [45]. The ion exchange interactions can be presented
as follows [46]:

Ca,(PO,),,,(5i0,),(CO,) (OH),  + mCu*—
 F mCa? (13)

Cumcalo-m(PO4)6-X-y(5104)X(C03)y(OH)2-X+
The second possible mechanism is surface complexation
and electrostatic sorption. The solution pH has a significant
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Fig. 10. XRD patterns of Si-CHAP (S1) and after adsorption of
Cu* (S2).

effect on the surface charge of the adsorbent. Reactions
involved in the surface reactions of Si-CHAP that relate to
pH variation can be listed as follows [19]:

Ca-OH* < Ca-OH’ + H+
P-O- + H+ < P-OH°

At lower pH (pH < pH,,. pH,,. = 4.42), Ca-OH*
and neutral P-OH® would be the dominant elements at
Si-CHAP surfaces. As a result, the surface of the sorbent is
net positively charged. Increased net positive charge is less
favorable in complexing Cu?** on the sorbent surface than
the net negative charge sites. Thus, increased net positive
charge of the Si-CHAP surface in the pH range of 1.7-3.7
may be the cause of reduced Cu?* removal (Fig. 3). P-OH
surface groups (at 2123.4 cm™ from IR in Fig. 1) from the
protonation of surface PO,* groups may form acidic phos-
phate ions (HPO,* and H,PO,") to maintain surface charge
balance. Since surface P-OH groups have been identified
as an adsorption site [47], it is reasonable to deduce that
they could serve as the predominant adsorption site for
Cu*. Therefore, the surface complexation reaction can
contribute to a removal of copper by the following general
reactions:

P-OH + Cu* — P-O-Cu* + H*

when pH close to or higher than the pH, . the domi-
nant surface elements are P-O- and Ca-OH’. Thus, Cu* is
adsorbed on the surface of Si-CHAP by the electrostatic
attraction at the beginning of the adsorption behavior,
which is coincidence with the reported elsewhere [48].
Finally, the surface precipitation and co-precipitation
mechanism. As seen from the SEM in Fig. 11, the surface
of Si-CHAP is rough and has lots of ravines and gullies,
which suggests that Si-CHAP has a large of adsorption
surface area. Compared with the SEM before adsorbing
Cu* (Fig. 11a), the SEM after adsorption showed that

[ K
Time :16:38:29
Date :12 May 2017

A 3
e m T
- “ -
Mag= 5000KX SignalA=SE2 EHT=120kv WD=6amm {08108

Time :11:14:59

(b)

Fig. 11. SEM of before the adsorption (a)and (b)adsorption equi-
librium on the Si-CHAP.

the adsorption of Cu** mainly appeared at the surface
(Fig. 11b). This indicated that Cu®* removal occurred on
the outer surface of Si-CHAP and it was probable for the
formation of Cu precipitates. The pH dependence (Fig. 3
and Fig. 4) also suggested the possibility of precipitation.
Sposito et al. [49] have shown that the coprecipitates of
heavy metals are possible at long-term contacts. Li et al.
[50] indicated that the compositions of calcium-deficient
Na-containing carbonate hydroxyapatite modified with
Cu* and Zn?** displays a predominant dissolution-precipi-
tation or coprecipitation mechanism and at the same time,
adsorption and diffusion mechanism maybe also exist by
means of ICP, XPS and FTIR.

In summary, the mechanisms involved in Cu?** sorption
by Si-CHAP may be divided into three parts (Fig. 12): 1) ion
exchange followed by surface complexation; 2) Cu precip-
itation or co-precipitation and 3) electrostatic interactions
between surface charge of Si-CHAP and copper ions in
solutions.



R. Zeng et al. / Desalination and Water Treatment 116 (2018) 137-147 145

3.9. Comparison of adsorption capacity with other adsorbents

The maximum monolayer adsorption capacities (Q,)
of Cu?* onto the Si-CHAP was compared with the other
adsorbents reported in previous studies and the values
are shown in Table 4. Comparatively, Q values in this
study are significantly higher (only with one exception)
than the reported adsorbents (Table 4), suggesting that
Si-CHAP is a potential adsorbent for removal Cu®* from
aqueous solutions.

4. Conclusions

In this study, Si-CHAP prepared from egg shell exhib-
ited a high capacity for adsorption of Cu®* from aqueous
solution. The optimum pH value was 5.7 and the adsorp-
tion reached equilibrium at 90 min. Kinetics studies showed
that the pseudo-second order model fitted better for the
adsorption of Cu* bySi-CHAP. The sorption isotherms
followed Langmuir model with a high adsorption capac-

1.Ion exchange and surface complexation

O = \ S

~3.Electrostatic
Sorption

(O [cu?/Cuy(OH)*/Cuy(OH) 2 |

. [ Exchangeable cation Ca?*,Mg?* |

@ |C0,*,8i0,+,PO,>, OH- |

2.Precipitation .
and co-precipitation i

Fig. 12. The schematic illustration of Cu*adsorption mecha-
nisms on Si-CHAP.

Table 4

ity of 273.51 mg g™ at 313 K. The thermodynamic studies
showed that the adsorption of Cu?* over Si-CHAP is an exo-
thermic and spontaneous process. The results from IR, SEM
and XRD showed that adsorption of Cu® led to changes in
Si-CHAP, not only on the surface but also in the structure.
The mechanism of Cu? adsorption on Si-CHAP included
ion exchange, precipitation and electrostatic interactions.
Furthermore, the well stability properties of the Si-CHAP
adsorbent were confirmed through desorption assay. These
results indicated that Si-CHAP may be an effective, alterna-
tive, low cost and environmentally friendly adsorbent for
the rapid removal of Cu*from aqueous solutions.
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