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ABSTRACT

The excellent precursor of fluor-hydroxyapatite composites (FHA) was prepared by hydrothermal method
using fluorine-contained silica (F-SiO;) and hydrated lime (HL) as raw materials. And a new adsorbent
FHA was obtained and employed as an adsorbent for the removal of Cd2t from aqueous solution. Series
of adsorption properties of FHA for the removal of Cd?* from aqueous solution were investigated at vari-
ous conditions. The influence of different adsorption parameters, such as solution pH, initial concentration
of Cd?*, temperature and contact time on the adsorption efficiencies of FHA for Cd** were studied and
discussed. The results showed that the adsorption process was in agreement with the Langmuir isotherm
model and pseudo-second-order kinetic model. The Langmuir adsorption isotherm constant correspond-
ing to adsorption amount, g,;, was found to be 236.41 mg/g. Various thermodynamic parameters such as
AGO, AHO and AS° were calculated, which indicated the spontaneous and endothermic nature of the ad-
sorption process. At the appropriate conditions, FHA was an excellent adsorbent for the removal of Cd**+
from aqueous solution. And it was confirmed that the adsorption mechanism of Cd?* by FHA was mainly

determined by ion-exchange and monolayer chemical adsorption.
© 2016 Published by Elsevier B.V. on behalf of Taiwan Institute of Chemical Engineers.

1. Introduction

The effluents containing cadmium are produced in industries
including metal plating, batteries, plastic, pigments, nonferrous
mining and smelting, etc.,[1,2] which migrating into water sources
and farmlands pose a serious threat to plants, animals and even
human beings because of the bioaccumulation, irreversibility and
toxicity of cadmium ion. Thus, scholars have paid much attention
for the removal and recovery of cadmium, and various methods
such as chemical precipitation [3], reduction-oxidation [4], ion-
exchange [5], forward osmosis [6], biological process [7] have been
introduced for the removal of cadmium from aqueous solution.
Among the different methods described above, adsorption process
is attractive due to its merits of efficiency, economy and simple op-
eration, and lots of studies on this process have been carried out
[8-10].

Hydroxyapatite (Caq(PO4)s(OH);, HA) work as a novel envi-
ronmentally functionalized ideal material because of its special
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crystal structure, high stability, low water solubility, availability
and low cost, has shown excellent ions adsorbability and exchange-
ability [11-14], which is characterized with high-efficiency adsorp-
tion amount for most of heavy metals in water, such as Cd%* [15],
Cu?t [16], Zn?*, Pb2*, Co?* [17], Cr8* [18], Cr3+, Ni2t+ [19], Fe3+t
[20], As>* [21], etc.

At present, the silica containing 10% soluble fluoride is a
solid waste discharged from the fluorine factory on a large scale.
There are no effective management approaches to the dispose
of fluorine-contained silica (F-Si0,), so the released fluoride may
cause severe ecological and environment issues [22]. In this work,
the authors try to introduce fluorine into HA to improve the ad-
sorption performance of FHA for metal ions, because the diame-
ter of fluorine ion is less than hydroxyl and the lattice of FHA is
more compact [23]. And a little of fluorine is embedded in FHA,
which cannot decreases permeability in a large degree because of
the high specific surface area of FHA. In contrast, FHA with a com-
pact structure can improves the adsorbent stability slightly. It may
be a useful approach to deal with the F-SiO, by converting it into
the adsorbent FHA. Furthermore, a systematic study of parameters
such as solution pH, initial concentration of Cd?*+, temperature and
contact time were carried out in order to elucidate the adsorption
behavior of Cd%+ onto FHA as well as the desorption of Cd%* from
this material by different eluents.

1876-1070/© 2016 Published by Elsevier B.V. on behalf of Taiwan Institute of Chemical Engineers.
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2. Materials and methods
2.1. Materials

Fluorine-contained silica (F-SiO,) with the amount of fluoride
approximately 10% and 8.1 m?/g specific surface area was obtained
from a fluorine plant of Yunnan in China. Hydrated lime (HL),
Potassium dihydrogen phosphate (KH,PO4) and cadmium metal
powder were purchased from Chengdu Kelong Chemical Co. Ltd.
(China). Deionized water was produced by Aquapro making water
machine (ABZ1-1001-P) in laboratory.

2.2. Preparation of precursor and FHA

Precursor was prepared as follows: F-SiO, and HL were mixed
together with different Ca/Si molar ratio. The mixture was stirred
for the formation of suspension in proper water/solid mass ratio,
and transferred to a PTEE-lined hydrothermal reactor heated at dif-
ferent temperatures for 8 h. Then the precursor was obtained after
filtering, washing, and drying at 105 °C for 6 h.

FHA composites were prepared as the following methods: At
25°C and pH of 9.0, the precursor was slowly added to KH,PO,4
solution and stirred for 10 h. Then FHA composites were obtained
after filtering, washing, and drying at 105 °C for 6 h.

2.3. Parameters that could affect the adsorption process

Stock solutions of Cd%* (1000 mg/l) were prepared by dissolv-
ing appropriate amount of the cadmium powder in HCl solution
(0.06 mol/l) and HNOs3 solution (7.2 mmol/l). Working solutions
ranging from 10 to 60 mg/l of Cd2* were prepared by diluting the
stock solutions.

In order to study Cd2t removal efficiencies and advantages of
the adsorption process, various parameters such as the kind of pre-
cursor, solution pH, initial Cd%* concentration, solution tempera-
ture and contact time that could affect the process must be opti-
mized.

2.4. Desorption experiments

In order to estimate the reversibility of Cd?t adsorption, des-
orption studies were carried out. Adsorbents (0.1g) loaded with
Cd2?+ were regenerated in 50 ml of eluents (HCA, Ca(NO;),, EDTA-
2Na and NaOH) on a rotary shaker at 130 r/min and 25 °C for 10 h,
the concentration of Cd2* in the eluents were measured to inves-
tigated the desorption efficiency.

2.5. Analysis

Brunauer-Emmett-Teller (BET) surface area of samples was
measured from N, adsorption isotherms by homemade adsorption
instrument according to Chinese national standard (GB/T 19,587-
2004). Surface morphology and internal structure of samples were
observed by S-4800 scanning electron microscope (Hitachi, Japan).
Elemental composition of samples was analyzed by energy disper-
sive spectrometer (Hitachi, Japan).

The concentration of Cd?t was detected by dithizone spec-
trophotometry method (GB 7471-87) with the ultraviolet spec-
trophotometer (UV-1100) [24,25]. The lowest detectable concen-
tration for Cd?t of this method was 0.001mg/l and the lin-
ear equation of standard curve (Y=3.8571X-0.0004, the correla-
tion coefficient of 0.9991) was obtained in the experiment. Ad-
sorption amount of cadmium (qe, mg/g) loaded in FHA after ad-
sorption experiments and the removal percentage (Removal %) of
Cd2* in aqueous solution could be calculated using the following

equations.
Co—C)xV
o= GV 1)
Removal (%) = COC_Ce x 100% 2)
0

Where C, (mg/l) is the equilibrium cadmium concentration in so-
lution, Cp (mg/l) is the initial cadmium concentration, m (g) is the
mass of adsorbent, and V (L) is the volume of the solution.

3. Results and discussion
3.1. Characterization of precursor and FHA

Precursor, fluorine-contained calcium silicate, was prepared us-
ing F-SiO, and HL with different Ca/Si molar ratio (0.4, 0.7 and
0.9), temperature (120, 140 and 160°C) and reaction time (8 h),
the relationship between the specific surface area and experiment
conditions of precursor was shown in Table 1.The precursor with
high specific surface area was benefit to the formation of FHA
with higher specific surface area and better adsorbability for Cd%+.
When the Ca/Si molar ratio and temperature remained unchanged,
the specific surface area of precursor increased with increasing the
reaction time from 6 to 8 h. However, there was no significant
change in the specific surface area when the reaction time was ex-
tended to 10 h. So reaction time of 8 h was chosen to preparation
of precursor in all experiments. According to Table 1, the molar
ratio of Ca/Si was the most significant effect on the specific sur-
face area of precursor and the hydrothermal temperature was also
an important influence factor. The reason could be explained that
the precursor structure changes with the variation of Ca/Si mo-
lar ratio and temperature, which had been discussed in the pre-
vious work [26]. And a developed space connected mesh structure
was obtained with the Ca/Si molar ratio of 0.7 and temperature
of 120-140 °C, which was beneficial to formation of the precursor
with high specific surface area. Therefore, the optimized parame-
ters affecting the process were as follows: molar ratio of Ca/Si was
0.7, hydrothermal temperature was maintained from 120 to 140 °C,
and reaction time was 8 h.

Three samples of FHA were indexed as A, B and C in the pro-
duction of precursor by changing the temperatures from 120, 140
and 160 °C with Ca/Si molar ratio of 0.7 and reaction time of 8 h.
Another two samples of FHA were indexed as D and E in the pro-
duction of precursor by changing the Ca/Si molar ratio from 0.4
and 0.9 with temperature of 140 °C and reaction time of 8 h.

The results plotted in Fig. 1 clearly showing that samples B and
D had significant adsorption amount and removal percentage for
the removal of Cd2*. This was might be explained that the higher
specific surface area of samples B and D (128.4 and 119.5 m?2/g)
shown in Fig. 2 than others provided more adsorption and ion-
exchange sites, which improved the adsorbability of adsorbents.
Judging from the SEM images showed in Fig. 2, it could also be
confirmed that precursors with high specific surface area conduced
to the formation of FHA with rod-like and developed space con-
nected structure. Therefore, the samples B was chosen for adsorp-
tion in this study and used for further adsorption experiments.

3.2. Effect of pH

Solution pH was adjusted by NaOH (1.0mol/l) and HCl
(1.0 mol/l). The pH value in the range of 2.0-8.0 was chosen based
on the reason that Cd%* started to precipitate when the pH was
higher than 8.0 [14,27]. The relationship between solution pH and
Cd2+ adsorption amount was presented in Fig. 3. It was found
that the adsorption amount of FHA for Cd2* was highly dependent
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Table 1
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Relationship between preparation conditions and the specific surface area of precursor.

Samples  Ca/Si molar ratio  Temperature (°C)  Reaction time (h)  Surface area (m?/g)
1 0.4 120 6 65.25
2 0.4 120 10 80.12
3 0.4 120 8 79.30
4 0.7 140 8 122.50
5 0.9 160 8 69.87
6 0.4 140 8 55.27
7 0.7 120 8 143.80
8 0.9 140 8 52.85
9 0.4 160 8 43.25
10 0.7 160 8 106.40
1 0.9 120 8 79.22
120 100
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Fig. 1. The adsorption effects of FHA for Cd?*. Amount of adsorbent FHA, 0.3 g/I; initial Cd** concentration, 50 mg/l; agitation speed, 130 r/min; solution pH, 5.0; adsorption

time, 10 h; solution temperature, 25 °C.

Fig. 2. SEM images of samples (B, D and E).

on pH, which was attributed to the fact that solution pH affected
the solubility of metal ions and ionization state of the functional
groups presented on the adsorbents [28].

Wu et al. [29] mentioned that the surface groups (=Ca-OH,*
and =P-0~) of HA were highly depended on protonation and de-
protonation by H™ and OH~ in aqueous solution, therefore, the
surface groups changed with the difference in pH value. Further-
more, the positively charged =Ca-OH,* and neutral =P-OH sites
prevailed on FHA surface in acidic solutions making surface charge
of FHA positive, whereas neutral =Ca-OH and negatively charged
=P-0O~ species predominated in alkaline solutions causing FHA
surface to become negative. On the other hand, in the pH range

from 2.0 to 8.0, cadmium was mainly in the form of Cd%+ in aque-
ous solution. As the pH value increased, the number of negatively
charged active sites also increased resulting in an increase in ad-
sorption amount [28]. This is because the electrostatic attraction
increased with the increasing pH value.

It was well known that Ca’* in HA could be easily ion-
exchanged with many other metal ions [30]. The peak of cadmium
appeared in the EDS spectra (Fig. 4) indicating FHA loaded with
Cd2+, furthermore, the calcium atomic ratio decreased sharply af-
ter FHA loading with Cd?* according to Table 2. Combing with Fig.
4 and Table 2, it was concluded that this phenomenon was due to
the ion-exchange mechanism on the adsorption of FHA for Cd2*,
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Fig. 3. The effect of solution pH on the adsorption of Cd?>* onto FHA. Amount of ad-
sorbent FHA, 0.3 g/I; initial Cd?* concentration, 60 mg/l; agitation speed, 130 r/min;
adsorption time, 10 h; solution temperature, 25 °C.

Table 2

EDS analysis: elemental composition of FHA before and after Cd2+ adsorp-

tion.
Elements Before adsorption After adsorption

Weight (%)  Atomic (%)  Weight (%)  Atomic (%)

Oxygen 46.18 63.94 49.66 68.53
Fluorine 3.16 3.69 2.95 3.44
Silicon 9.56 7.54 10.41 8.42
Phosphorus 13.02 9.31 11.06 7.93
Calcium 28.08 15.52 18.37 9.73
Cadmium - - 7.55 1.89

Based on Fig. 3, the tremendous change of adsorption amount
(5.11-181.19 mg/g) with the pH range of 2.0-8.0 suggested the ad-
sorption mechanism should be the ion-exchange and the electro-
static during the adsorption process. Moreover, the optimum pH
value for Cd®+ adsorption was found to be in the range of 7.0-8.0.
And the pH range of 5.0-8.0 could be used in the real process of
Cd2+ adsorption, because there were a good adsorption amount in
the pH range of 5.0-8.0 and the real process usually worked under
weak acidic conditions.

Ca
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3.3. Effect of initial Cd?>* concentration and adsorption isotherms

The effect of initial Cd?t concentration on the adsorption of
Cd2+ was shown in Fig. 5. It indicated that the amount of Cd%+
adsorbed onto FHA increased as the initial Cd%* concentration in-
creased. However, the tendency of Cd2* adsorption amount in-
creased steadily in the initial concentration up to 30 mg/l and then
increased slowly. The reason for this phenomenon was that a cer-
tain amount of FHA provided enough adsorption sites with lower
initial Cd2+ concentration before the maximum (conditions of sat-
uration), and when the initial Cd®* concentration was elevated,
large numbers of Cd?t competitively adsorbed on the same ad-
sorption sites provided by FHA beyond the maximum resulting in
the reduction of adsorption rate per unit adsorbent. In addition,
it was found that the removal efficiencies of Cd2* were more than
81% in different initial concentrations, especially those at the initial
concentrations of 30 mg/l closed to 98%. Therefore, it was expected
that FHA was an excellent adsorbent for the removal of Cd%* con-
centration below 30 mg/l.

Analysis of the equilibrium data is important to develop an
equation which accurately represents the results and can be used
for the design purposes [31]. Several isotherm models have been
used to describe the equilibrium between metal ions adsorbed
onto the adsorbent and metal ions in the solution.

The Langmuir isotherm model assumes a monolayer adsorp-
tion onto a homogenous surface where the binding sites have
equal affinity and energy, and no interaction between the adsorbed
species [32]. The linear form of Langmuir isotherm equation is
given by Eq. (3):
GC_1 .G )
de  Kigm dm
Where ¢, (mg/g) is the equilibrium concentrations of metal ions
in the adsorbents, C. (mg/l) is the equilibrium concentrations of
metal ions in the liquid phases, q;; (mg/g) is the maximum adsorp-
tion amount representing monolayer coverage of adsorbent with
adsorbate, and K (I/mg) is the Langmuir coefficient related to sur-
face adsorption energy. A dimensionless constant R;, which reflects
the essential characteristic of Langmuir model, can be obtained as
follow [33]:

1
T 14+ Ki.Cy 4)
Where Cy (mg/l) is the initial concentrations of metal ions in aque-
ous solution.

The Freundlich sorption isotherm model assumes that the ad-

sorption of metal ions occurs on a heterogeneous surface by mul-
tilayer adsorption and that the amount of adsorbate adsorbed

R;

10
EkeV

Fig. 4. EDS spectra of FHA (a) before and (b) after Cd%* adsorption.
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Fig. 5. The effect of initial Cd%* concentration on the adsorption of FHA for Cd2*. Amount of adsorbent FHA, 0.3 g/l; agitation speed, 130 r/min; solution pH, 7.0; adsorption

time, 10 h; solution temperature, 25 °C.

Table 3

Langmuir, Freundlich and DKR parameters for adsorption of Cd?* onto FHA at different temperatures.

T/°C  Langmuir isotherm Freundlich isotherm DRK isotherm Measured g. (mg/g)
R gm (mg/g) K (Img) R R K (mglg) n7' R dm (mgfg)  E (KJ/mol)

15 0.9988 145.56 0.80 0.1114 0.9411 17.78 0.34 0.9949 168.99 791 137.16

25 0.9961 167.50 1.91 0.0255 0.8187 26.70 0.29 0.8705 141.97 9.13 162.03

35 0.9984 189.39 2.20 0.0149 0.8347 31.73 0.36 0.8854 270.25 8.45 177.89

45 0.9675 236.41 2.01 0.0082 0.9475 4433 0.51 0.9606 408.85 7.91 193.84

increases infinitely with an increase in concentration [34,35]. The
equilibrium data is correlated with the Freundlich isotherm by Eq.

(5):
(5)

Where K; is the Freundlich parameter related to the adsorption
amount, and n is the Freundlich parameter related to the intensity
of adsorption.

The Dubinin-Kaganer-Radushkevich (DKR) isotherm model has
been used to describe the adsorption of metal ions on clays [34].
The DKR equation is expressed as follow [36]:

Inge = Ingm — B[RT In (1 + 1/Co)]? (6)

Where B (mol?/J?) is the activity coefficient related to mean ad-
sorption energy, R (8.3145 J/(mol-K) is the gas constant, and T (K) is
the absolute temperature. Moreover, the constant 8 gives the mean
free energy E (KJ/mol) of adsorption per molecule of the adsorbate
for metal ions when it is transferred to the solid surface from bulk
solution, and the adsorption energy can also be computed using
the following relationship [37]:

1

N&T:

The Langmuir, Freundlich and DKR isotherm constants together
with the correlation coefficients were presented in Table 3. From
Table 3, the R; values for the Langmuir model were all smaller
than 1.0 suggesting it was a favorable adsorption of FHA for
Cd?* in aqueous solution. Furthermore, the correlation coefficients
(R? > 0.96) for Langmuir isotherm model was found good agree-
ment between theoretical model and experimental results in this

Inge = InK; + %lnCe

E= (7)

work better than the Freundlich isotherm model (R? > 0.81) and
DKR isotherm model (R? > 0.87), indicating that the adsorption of
Cd2* on FHA was well described by the Langmuir isotherm. The
reason could be attributed to the homogeneous nature of active
sites on the surface of FHA, and a monolayer adsorption occurred
between FHA and Cd?*. The Langmuir constant K; increased with
the increasing adsorption temperature suggesting that adsorption
amount of Cd?* was proportional to the temperature, which was
further evidenced by the maximum adsorption amount, g, value
was 236.41 mg/g at temperature of 45°C. And the phenomenon
appeared may be due to the decreasing of the activation energy
for Cd2*+ on FHA and the affinity of adsorption sites increasing as
the temperature increased, which would be further investigated in
a follow-up experiment. However, the correlation coefficients for
the Freundlich and DKR isotherm models were favorably at a cer-
tain temperature, demonstrating that the adsorption of Cd?* on
FHA could be described by these models partially. The numerical
value of n~1 (0.2-0.5) from Freundlich isotherm model demon-
strated that adsorption capacity was only slightly decreased at
lower equilibrium concentrations [38], and the isotherm did not
predict any saturation of the sorbent by the sorbate, thus infi-
nite surface coverage was predicted mathematically, indicating that
multilayer adsorption on the surface. And the adsorption energy E
(7.91-9.13 KJ/mol) from DKR isotherm model was calculated that
the adsorption type could be explained by physical adsorption and
ion-exchange.

The comparison of the maximum adsorption amount for Cd?+
on different adsorbents was summarized in Table 4. Although di-
rect comparison of FHA with other adsorbent materials was dif-
ficult, owing to the differences in experimental conditions, it was
found that the maximum adsorption amount of FHA was higher
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Table 4

Comparison of Cd?* adsorption onto FHA with other adsorbents.
Adsorbents ge (mg/g)  Reference
Apatite ™™ derived from fish bones 92.00 [8]
Moroccan stevensite 22.37° [37]
Impregnated Styrofoam 29.11 [38]
Melamine-formaldehyde-DTPA chelating resin 102.51 [39]
Poly (vinyl alcohol)/chitosan 126.06 [40]
Chitosan crosslinked with epichlorohydrin-triphosphate 83.75% [41]
PVA-immobilized Aspergillus niger 60.24 [42]
Kraft lignin 137.14 [43]
Black gram husk 39.99 [44]
Activated carbon (Filtrasorb) 307.50 [45]
One char 64.07 [46]
Nano-hydroxyapatite by microwave heating (H3;PO4, Ca(NOs),-4H,0) 88.50 [1]
nHAP purchased from Anpuruinano material company (Nanjing, China) 64.07 2]
Magnetic hydroxyapatite nanoparticles 127.80 [14]
Nano crystallite hydroxyapatite 142.86 [34]
Novel biopolymer-coated hydroxyapatite foams 35.52 [47]
Flour-hydroxyapatite composites 193.84 Present work

2 The Langmuir maximum amount.
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Fig. 6. Linear fit of experimental data obtained by plotting of In K; versus 1/T for Cd?* adsorption onto FHA at different initial Cd?* concentrations. Amount of adsorbent

FHA, 0.3 g/I; agitation speed, 130 r/min; solution pH, 7.0; adsorption time, 10 h.

than most adsorbents presented in Table 4. Therefore, it could be
concluded that FHA had a considerable potential advantage for the
removal of Cd?* from aqueous solution.

3.4. Effect of temperature and adsorption thermodynamics

The effect of temperature on the adsorption of Cd?t onto FHA
from Table 3 showed that the adsorption amount increased as the
temperature increased, suggesting that the adsorption process was
endothermic in nature [28].

Thermodynamic parameters (AG®, AH® and AS?) are calculated
by Van't Hoff equation:

AS®  AHO
ll'le = T - W (8)
AGO = —RT ll'le (9)

The linear fit of thermodynamics for the adsorption process was
shown in Fig. 6 and the thermodynamic parameters were given in
Table 5. The enthalpy change AH® > 0.21 K]J/mol indicated the en-
dothermic nature of the adsorption for Cd2*. The Gibbs free energy

AGY < —1.38 KJ/mol at various temperature indicated the feasibil-
ity of the process and spontaneous nature of the adsorption. Fur-
thermore, the AG? values decreased with an increase in temper-
ature, suggesting an increased trend in the degree of spontaneity
and feasibility of Cd?t adsorption. The values of AS? > 39.74 KJ/mol
suggested that the degree of freedom increased at the solid-liquid
interface during the adsorption. The reason for this phenomenon
was that the surface of FHA existed enough adsorption sites which
were activated to complex Cd*t in solution with increase in tem-
perature, and the activation energy of adsorption for Cd?* was de-
creased, resulting in the increased affinity of the FHA for Cd%* and
the randomness in the adsorbent-pollutant system [39].

3.5. Effect of contact time and adsorption kinetics

The effect of contact time on the adsorption of Cd%* onto
FHA was shown in Fig. 7 and the adsorption kinetics was es-
tablished. It was found that the amount of Cd%* adsorbed onto
FHA increased with an increase in contact time, and higher re-
moval efficiencies were obtained in 15 min. Moreover, the initial
Cd2+ concentration had an evident effect on the adsorption pro-
cess to reach the equilibrium. The time needed for the initial Cd%*+
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Table 5
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Thermodynamics parameters for Cd>* adsorption onto FHA at different initial Cd?>* concentrations.

Concentration of Cd?* (mg/l)  AG® (KJ/mol)

AHO (KJ/mol)  AS? (J/(mol-K))

288K 298K 308K 318K
10 —3.0962 —3,6547 —3.8228 —4.1725 0.2074 441467
20 —2.5871 —3.6111 —3.7931 —3.9428 0.2852 44.8858
30 —2.1823 —3.3975 —3.5610 —3.8503 0.3355 43.7850
40 -1.3815 —2.3137 —3.2436 —3.5609 0.3915 39.7367
T ————— &
35 e gl A
100 e Y
A
4
80 - ‘
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g "
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Fig. 7. The effect of contact time on the adsorption of Cd** onto FHA. Amount of adsorbent FHA, 0.3 g/I; agitation speed, 130 r/min; solution pH, 5.0; solution temperature,

25°C.

Table 6

Kinetic parameters for Cd?* adsorption onto FHA at different initial Cd** concentrations.

Concentration (mg/l)  Pseudo-first-order kinetic

Pseudo-second-order kinetic

Measured q. (mg/g)

qe (mg/g)  K; (1/min)  R;? qe (mg/g)  Kp (g/(mg:min))  h (mg/(g-min))  Ry?
10 2.56 0.0063 06751  19.96 0.0389 15.50 1.0000  19.8858
40 18.63 0.0056 0.8306 6536 0.0035 14.95 0.9996  67.6000

concentration of 10 mg/l to reach the equilibrium was 30 min,
while it took about 300min for initial Cd** concentration of
40 mg/l. Therefore, the time needed for various initial Cd*+ con-
centrations was chosen for 10h to reach the adsorption equilib-
rium.

In spite of many mathematical models were proposed to in-
terpret the transport of solutes inside adsorbent, the complexity
of mathematical models made them inconvenient in practice [48].
The rate models generally evaluated by the pseudo-first-order (Eq.
(10)) and pseudo-second-order (Eq. (11)) [49]:

In(ge — q¢) = Ingqe — Kyt (10)
t 1 t

== — 11
qt KZQEZ qe ( )

Where q. (mg/g) is the amount of Cd2* adsorbed onto FHA at
equilibrium, q; (mg/g) is the amount of Cd?+ adsorbed onto FHA
at time t (min), K; (min~1) is the constant of the pseudo-first-
order equation, and K, (g/(mg-min)) is the constant of the pseudo-
second-order equation. Additionally, h (mg/(g-min)) is the initial
adsorption rate of pseudo-second-order kinetic model which can
be calculated using h =K,qe2.

The kinetic models were applied to fitting experimental data,
the results were presented in Fig. 8 and Table 6. Based on Fig.
8 and Table 6, the pseudo-second-order kinetic model provided
preferable match between theoretical and experimental g. val-
ues, and showed a better correlation for experimental data. These
results indicated that the chemisorption involving valence forces
through the sharing or exchange of electrons between adsorbent
and metal ions is rate-limiting step in adsorption process of FHA
for Cd2* [50-52]. The calculated h and K, values were higher at
low initial Cd%+ concentration, suggesting that the adsorption pro-
cess was much faster at low initial Cd2* concentration.

3.6. Desorption experiment

In order to investigate the potential of FHA for real application,
desorption of the adsorbed Cd?+ from adsorbent was studied by
the batch method using different kinds of eluents including HAc,
Ca(NO3),, EDTA-2Na and NaOH. The efficiencies of different elu-
ents to release Cd%* from loaded FHA were shown in Table 7. It
was observed that the highest desorption value for Cd2* (45.09%)
was obtained using HAc solution, while the amount desorbed from
the NaOH solution was the lowest. This phenomenon could be ex-
plained that FHA existed stably in alkaline solution rather than in
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Fig. 8. The linearized pseudo-first/second-order kinetic plots for Cd?+ adsorption under different initial concentrations. Amount of adsorbent FHA, 0.3 g/l; agitation speed,

130 r/min; solution pH, 5.0; solution temperature, 25 °C.

Table 7
Desorption of Cd?* from loaded FHA adsorbents.

Eluents Initial pH  Finial pH  Desorbed (%)
HAc (0.01 mol/l) 3.34 3.67 45.09
Ca(NOs3); (0.01 mol/l) 5.95 6.01 31.24
EDTA-2Na (0.01 mol/I) 4.57 4.36 6.63
NaOH (0.01 mol/l) 11.88 11.51 1.43

acidic solution. Furthermore, the favorable amount of Cd%* des-
orbed in the Ca(NOs3), solution was 31.24% due to the reversible
process of cationic exchange between the FHA adsorbents surface
and the solution [11].

4. Conclusions

The economic adsorbent FHA based on fluorine-contained sil-
ica (F-SiO,) from fluorine industry was prepared, characterized and
used for the removal of Cd2* from aqueous solution, which elimi-
nated the fluoride pollution and changed waste into valuable. FHA
with rod-like and developed space connected structure exhibited
good mass transfer property, excellent adsorbability and fast kinet-
ics for Cd%+ in aqueous solution. Some factors affecting the adsorp-
tion process such as solution pH, initial Cd%* concentration, con-
tact time and temperature were studied. The equilibrium data of
Cd2* were best fitted the Langmuir isotherm, and the adsorption
kinetics followed the pseudo-second-order kinetic model. Accord-
ing to the results of effects of pH, adsorption isotherms and kinet-
ics, the adsorption mechanisms of FHA were mainly determined
by ion-exchange and monolayer chemical adsorption. Besides, the
thermodynamic parameters depicted the endothermic nature of
adsorption and the process was spontaneous. Desorption experi-
ments indicated the most efficient eluent used for desorption of
Cd2+ was HAc with more than 45% of Cd%* released. In this work,
FHA provided a potential application in the treatment of wastewa-
ter because of its excellent adsorption performance.
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