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ABSTRACT

The different removal behavior of orthophosphate (OP) over the CaFe-layered double
hydroxides (CaFe-LDH) was investigated. The results displayed that the existence of Ca**
in the solution could promote the phosphorus removal, the removal efficiency could reach
100% with 1.473 mmol P/g LDH. The kinetics fitting parameters showed that the removal
process of OP was in accordance with the secondary dynamic equation, and it changed
from the homogeneous reaction to heterogeneous reaction according to Elovich equation.
Moreover, Freundlich isothermal adsorption equation preferably described the removal pro-
cess of OP, indicated that it was a complicated process including physical and chemical
adsorption. The main removal mechanism was the formation of hydroxyapatite by PO;"
and Ca®* dissolved from LDHs, and ferrihydrite could also strengthen the OP removal

effect via the formation of surface complexes.
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1. Introduction

Due to the extensive application in a wide range of
industrial and agricultural activities, such as synthetic
detergents, pesticide, and fertilizer, excess discharge of
phosphorus into rivers and lakes caused water body
eutrophication [1,2], which arouse wide concern for
water quality and human health. Phosphate was com-
monly found in sewage in the forms of orthophosphate
(OP) (H,PO,, HPO;, and PO]"), polyphosphates
(P07, P30;5,, and (PO;)""), and metaphosphate
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(phospholipids, etc.) [3]. As the main existence of OP
(more than 50% of total phosphorus) in sewage, OP
removal has been paid great attention for many years,
especially OP removal techniques [4,5].

Among many techniques, chemical coagula-
tion/precipitation has been regarded as the most
effective method and has attracted much attention.
Relevant researches focused on the choice and prepara-
tion of efficient adsorbent, or the behavior and influ-
encing factors of phosphorus adsorption. The common
adsorbent mainly included metal salts, oxide and
hydroxide of calcium, aluminum, iron, and magnesium
[6-8]. Some industrial wastes or by-products (such as
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alum sludge [9], fly ash [10], furnace slag [11], and red
mud [12].) were also utilized as cheaper adsorbent for
OP removal, but always accompanied with the com-
plex reaction process. As a result, it was desirable to
find more efficient material for OP removal.

Layered double hydroxide (LDH) was a novel
adsorbent with layered structure which had strong
adsorption ability, anions exchange property, and
higher exchange capacity [13]. So the structural
features of LDH were conducive to OP removal, espe-
cially to severe OP-contaminated water fields. Badred-
dine et al. [14] had confirmed the ion exchange
between different phosphate ions (H,PO,, HPO; ,
and PO}", etc.) and chloride of the as-prepared ZnAl-
Cl-LDH. Compared the adsorption capabilities of
various LDHs with different metal hydroxide layers,
Ca-based LDH seemed to be significant in shorter
reaction time, and the metal phosphate product was
more stable in thermodynamics [15]. Radha et al. [16]
revealed that there was a two-step process in the
anion exchange reactions of Ca-based LDH, and its
mechanism was known as the dissolution-reprecipita-
tion. Some researchers had proved that intercalation
and precipitation were the main ways of Ca-based
LDH to remove dissolved anion effectively, one way
was intercalation of anion into the interlayer spacing,
and the other was the precipitation of dissolved Ca**
with anion [17-19]. Additionally, Seida and Nakano
[20] found that Fe-based LDH also expressed better
effect for phosphate fixation through coagulants by
the released cations and/or hydroxides. Specially, the
removal efficiency was largely increased with larger
buffering capacity.

CaFe-LDH was a kind of Ca-based LDH and
could be simply synthesized. Sipiczki et al. [21] had
formed CaFe-LDH in a co-precipitation method and
studied the effect of Ca(ll)/Fe(Ill) ratios on the
stability of LDH. CaFe-LDH had been utilized to
remove pyrophosphate with a maximum removal
capacity of 4.54 mmol P/g LDH within 24 h [22]. In
addition, CaFe-LDH revealed a higher removal
amount of triphosphate (1.82 mmol P/g LDH) com-
pared with MgFe-LDH in our previous work [23]. So
CaFe-LDH was utilized to treat OP polluted
wastewater based on the superiority of LDH in
phosphate removal.

Herein, the current study was purposed to (1)
investigate the dissolution characteristic of CaFe-LDH;
(2) explore the removal behavior of OP on synthesized
CaFe-LDH; (3) analyze solution component and solid
products after the reaction; (4) identify the OP
removal mechanism over CaFe-LDH according to
adsorption kinetic and isothermal adsorption experi-
ment. Four adsorption kinetic equations and two
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isotherms adsorption equations would be used to
simulate the adsorption data of OP.

2. Materials and methods
2.1. Synthesis and hydrolysis of CaFe-LDH

CaFe-LDH was prepared by coprecipitation
method reported elsewhere [21]. The hydrolysis was
performed in a 250 mL plastic bottle with 100 mL dou-
ble-distilled water (pH 11.0, adjusted by nitric acid
and sodium hydroxide in advance), and 0.1g
CaFe-LDH. The bottle was placed at 25+1°C in a
shaking water bath. Sampling was carried out at 1, 5,
10, 20, 30 min, 1, 1.5, 2, 4, 6, 8, 12, 24, 36, and 48 h,
respectively. The solution samples were filtrated for
further determination of Ca®* and Fe®* concentration.

2.2. Removal of OP by CaFe-LDH

The effect of time on OP removal was recorded at
the initial OP concentration ([OP]) of 1.473, 3.235,
5.339, 6.542, and 8.248 mmol/L. The removal reaction
was performed in a beaker with 1.0 g CaFe-LDH and
1,000 mL sodium phosphate solution of five concentra-
tions. Nitric acid and sodium hydroxide were used to
adjust pH to 11.0. The mixed solution was put on a
magnetic stirrer at room temperature. Fifteen sampling
time points were same as those in 2.1. Then these
samples should be filtered with 0.45 pm filtration
membrane and stored for measurement of pH and
[OP].

The isotherm of OP removal was carried out in
250 mL plastic bottle with 0.1g CaFe-LDH and
100 mL OP solution with various initial [OP], ranging
from 2.58 to 8.39 mmol/L, and the initial pH was
adjusted to 11.0. After 48 h stirring by a magnetic stir-
rer at room temperature, samples should be filtered
with 0.45 micron filtration membrane to determinate
the pH, [OP], Ca®*, and Fe®* concentration. And the
solid product was drying at 70°C in a vacuum oven
for further analysis.

2.3. Analysis and characterization methods

An Elico digital pH meter (PHS-3C) was acquired
to measure the pH value with a combined glass elec-
trode (E-201-C). The OP concentration was determined
by the ion chromatographic method. The ion chro-
matograph (ICS-1100, Diane Co.), was equipped with
a reagent-free controllers (RFC-30) for eluent genera-
tion, which could provide the eluent concentration in
the range of 0.1-100 mM, at a flow rate from 0.01 to
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3.00 mL/min with a maximum operating pressure of
21 MPa. The concentrations of Ca®* and Fe’* were
detected by inductively coupled plasma-atom emis-
sion spectrometer (ICP-AES, Prodidy, Leeman Co.).
Adopting a D\MAX-2200 X-ray diffractometer
(Rigaku Co.) to monitor the solid product, with Cu Ka
radiation and 2 of 1.5406 A at 40 kV and 100 mA. The
scanning rate was set to 8°/min from 5° to 80° (26). The
solid sample was mixed and grinded with KBr to make
preforming, which was further characterized with the
FTIR spectrum (Thermo, Scientific 380 FTIR) in the

range of 4,000-400 cm ™' with resolution of 4 cm™".

3. Results and discussion
3.1. Dissolution characteristics of CaFe-LDH

The XRD pattern and FTIR spectrum of synthesized
CaFe-LDH had been reported in our previous work [22].
Its structure was similar to hydrocalumite with three
typical planes of (003), (006), and (110) [24,25]. A
weak diffraction peak at 26 of 29.4° identified the exis-
tence of CaCOj;, which might be caused by little dissolu-
tion of CO; from air during the synthetic process.

The strong band at 3,585 cm™! referred to lattice
water molecules and the O-H stretching vibration
(vo1). The band near 1,620 cm™! was assigned to
dir.o-x. In addition, two bands at 742 and 575 cm™!
were observed to be the M-O vibrations, in which M
is referred to Ca or Fe. Also the stretching vibration of
CO%™ at 1,480 cm ™' indicated CO, dissolution during
the synthesis process of CaFe-LDH, which was consis-
tent with the XRD pattern.

Actually, the synthetic CaFe-LDH would partially
dissolve in water. In the pre-test, 0.1 g CaFe-LDH was
mixed with 100 mL redistilled water. After 48 h, leach-
ing amount of Fe®* was below detection limit, indicated
the stable existence of Fe element in the layer structure.
Conversely, Ca”" released rapidly, as shown in Fig. 1.
Concentration of Ca”* increased dramatically within
the first 2 h and reached equilibrium after 8 h. The
dissolution quantity of equilibrium was about 230 mg
Ca/g LDH. According to some previous studies
[26,27], the existence of Ca®* in the solution could pro-
mote the phosphorus removal in the wastewater treat-
ment. The influence of dissolved Ca®>" on OP removal
had been considered in the following research.

3.2. Removal of OP on CaFe-LDH
3.2.1. Effect of reaction time

The effect of reaction time on the removal of OP
over CaFe-LDH is presented in Fig. 2. The variation
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Fig. 1. Release of Ca®* in the process of CaFe-LDH
dissolution.

trend of [OP] was similar for different initial concen-
trations with the increase in reaction time. The [OP]
declined fast at the beginning of the reaction, and then
flattened out wuntil equilibrium was reached. The
residual concentrations of OP were below detection
limit, 0.4229, 1.911, 3.089, and 4.625 mmol P/L, respec-
tively. The adsorption capacity of CaFe-LDH for OP
increased with the extension of time, and gradually
achieved equilibrium. The absorptive capacity was
1.473, 2.812, 3.428, 3.453, and 3.623 mmol P/g, respec-
tively. The adsorption equilibrium times were about 5,
24, 32, 36, and 40 h, respectively. Compared to higher
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Fig. 2. The effect of reaction time on the removal of OP by
CaFe-LDH.
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concentration, the adsorption reaction was able to
achieve a balance in a short time under lower concen-
tration. It was obvious that the reaction rate of OP
removal by CaFe-LDH was reduced with the
increased [OP]. From the perspective of adsorption
dynamics, the initial adsorption rate of CaFe-LDH was
considerably larger than desorption rate. Afterward,
the desorption rate gradually increased. Until the
adsorption and desorption rate were equal, the reac-
tion reached equilibrium.

In all tests, the removal efficiencies were 100%
(1.473 mmol P/g LDH), 86% (3.235 mmol P/g LDH),
64% (5.339 mmol P/g LDH), 52% (6.542 mmol P/g
LDH), and 43% (8.248 mmol P/g LDH) after equilib-
rium. It was evident that the increase in [OP] could
affect removal efficiency and extend the time of reach-
ing equilibrium.

3.2.2. Adsorption kinetic

The adsorption data of OP were simulated by
pseudo-first-order kinetic, pseudo-second-order kinetic,
intraparticle diffusion model, and Elovich equation, as
expressed in the following Egs. (1)-(4):

Gt = ge1[1 — exp(—kt)] M

3t = kagea®t/ (1 4 kaget) 2

g =Kt'?+C ®)
1 1

=i )+ me @

where t (h) refers to the reaction time, and g; (mmol/g)
is the adsorption amounts at time ¢. g.; (mmol/g), and
de (mmol/g) represent equilibrium absorption
capacity of first-order and second-order adsorption,
respectively. k; (1/h) and k; (g/mmol/h) refer to the
rate constant of first-order and second-order adsorp-
tion. C and K, (mmol/g/ h'/?) are the intercept and
rate constant of intraparticle diffusion equation. «

(mmol/g/h) and % (g/mmol) respectively represent

initial adsorption rate and desorption constant of
Elovich equation.

As listed in Table 1, the model simulation was
carried out with five initial [OP] conditions. According
to the higher correlation coefficient (R*), pseudo-sec-
ond-order kinetic model fitted better than the other
models with the experimental data at higher initial
concentrations, but R? values were small at lower
concentrations (1.473 and 3.235 mmol P/g LDH). It
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indicated that the mechanism of CaFe-LDH for OP
removal was complicated, including surface adsorp-
tion, and the precipitation of PO, and Ca** dissolved
from LDHs. So it could not simply be described by
pseudo-second-order or pseudo-first-order kinetic
equation. Additionally, R* of Elovich equation became
larger at higher concentrations, demonstrated the
homogeneous reaction converted to heterogeneous
reaction.

As the rate constant (k;) of pseudo-second-order
kinetic model decreased with the increase in [OP], the
reaction needs longer time to achieve equilibrium.
This was consistent with the result, as shown in Fig. 2.
Furthermore, the initial adsorption rate a of Elovich
equation had a significant decrease as the [OP]
increased, corresponding to the longer equilibrium
time.

3.3. Isothermal adsorption
3.3.1. Analysis of solution component

The adsorption isotherm of OP is illustrated in
Fig. 3. It could be figured out that the adsorption
amount gradually increased from low concentrations
to high ones and became stable from 4.0 mmol/g. The
removal efficiency of different initial [OP] was 99.82,
95.73, 88.04, 77.92, 67.79, 60.28, 54.30, 51.71, 46.51, and
43.68%.

As the original pH was 11.0, the solution pH
values were all ranged from 12 to 12.3 after the reac-
tion reaching equilibrium, which suggested the
dissolution of CaFe-LDH. When [OP] varied from 2.22
to 3.05 mmol/g, the concentration of Ca** decreased
from 0.152 mmol/L to 0, hydroxyapatite was formed
by precipitation of Ca and OP. According to theoreti-
cal calculations (Ca/p=5/3 in the precipitation),
information of hydroxyapatite needed 0.152 mmol of
Ca®" and 0.09 mmol PO;~ (per gram LDH). However,
the increment of practical adsorption amount was
about 0.70 mmol P/g, which was much greater than
theoretical value. Thus, there must be other OP-
fixation functions of CaFe-LDH. Besides, the concen-
trations of Fe’* in the solution were always close to
zero after reaction. It could be assumed that there was
no formation of FePO,.

The isotherms data were simulated by Langmuir
and Freundlich models. Egs. (5) and (6) were listed as
follows:

Qe = mece/(l + bce) 5)

Q. = KeC V™ 6)
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Table 1
The adsorption kinetic parameters of OP on CaFe-Cl-LDHs
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Concentration (mmol P/g LDH)

Equation
1.473 3.235 5.339 6.542 8.248
Pseudo-first-order equation ki (1/h) 2.77 0.831 1.71 0.511 0.490
ge1 (mmol/g) 1.31 2.16 2.79 2.87 2.99
R? 0.2600 0.4584 0.8177 0.8775 0.8793
Pseudo-second-order equation k; (g/mmol/h) 4.37 1.24 2.60 0.616 0.637
ez (mmol/g) 1.39 2.34 2,97 3.22 3.31
R? 0.5096 0.6070 0.9147 0.9436 0.9464
Elovich equation a (mmol/g/h) 3.97 x 10% 13.87 10.20 2.22 2.26
% (g/mmol) 4.25 8.90 12.18 13.74 14.14
R? 0.8461 0.8371 0.9814 0.9323 0.9536
Intraparticle diffusion equation K, (mmol/g/h'’?) 4.20 9.76 11.35 14.56 14.77
C 24.64 26.02 40.31 21.22 23.93
R? 0.6902 0.8627 0.7080 0.8778 0.8828
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Fig. 3. Adsorption isotherm of OP on CaFe-LDH.

where Q. and Q,, (mmol/g) refer to the equilibrium
adsorption capacity and the maximum loading corre-
sponding to complete coverage of the surface by
solutes. C. (mmol/L) presents the equilibrium concen-
tration. b (L/mmol) is Langmuir coefficient. K¢ and n
are Freundlich constants.

According to the correlation coefficient (R?) values
in Table 2, Freundlich isotherms equation was well fit-
ted with the experimental results than Langmuir, with
good correlation coefficient (R*=0.93), which could
better describe the removal process of OP, and
Freundlich characteristic constant (1/n) was 0.07. How-
ever, it was conducive to adsorb when 1/n was
between 0.1 and 0.5. This indicated that adsorption

Table 2

The adsorption isotherm parameters of OP on CaFe-LDH
Freundlich Langmuir

1/n K; R? Om b R?
0.07 3.27 0.93 3.38 457.8 0.73

was not the main removal performance. Combined
with solution components analysis in Fig. 3, it was
concluded that the removal reaction was a compli-
cated process including chemical adsorption and pre-
cipitation, and the main reaction was precipitation of
Ca”* and PO} .
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3.3.2. Characterization of solid products

The XRD patterns of the synthesized LDH and
solid products are depicted in Fig. 4. The pattern for
hydroxyapatite (Ca;o(PO4)s(OH), (PDF #09-0432)) was
identified predominantly in three solid products with
characteristic peak at 26 from 20° to 40°. With the
increase in initial [OP] (from 2.581 to 7.712 mmol P/g
LDH), the characteristic peak was enhanced more
obviously, illustrated that the formation of crystalline
Ca1g(POy)(OH), depended on initial [OP] and
supported by precipitation of Ca®* and PO; ions
dispersed in the solution.

The broad peak at 26 from 30° to 40° and 60° to 65°
in three solid products indicated that the amorphous
ferrihydrite (FesO,(OH)-4H,O, PDF 29-0712) was
present [28,29]. Because the characteristic peak of
ferrihydrite weakened with the increase in [OP], it
could be speculated that there was complexation
between OP and ferrihydrite on the surface, which
had also been mentioned in other research [30]. It was
supposed to be another pathway for OP removal by
CaFe-LDH besides the chemical precipitation of Ca**.

The mineral phase of products after the removal of
OP was further confirmed by the FTIR spectrum in
Fig. 5. New absorption peaks appeared at 1,054, 604, and
560 cm~! when the initial [OP] was 2.581 mmol P/ g
LDH (0.1 g CaFe-LDH was added to 100 mL OP solution
with the concentration of 80 mg P/L). Compared with
previous studies [31,32], it could be seen that the band in
the range of 1,010~1,110 cm™" represented the v3 vibra-
tion of PO, ", and the bands at the range of 560-610 cm ™
referred to the v4 and vl vibration of PO; in
Cao(POy(OH),. These results were consistent with the

0----Ca19(PO,)6(OH),

5.161mmolP/gLDH

Relative intensity (a.u.)
£

2.581mmolP/gLDH

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
206 (degree)

Fig. 4. XRD pattern of products after OP removal on CaFe-
LDH at different initial concentrations.
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Fig. 5. FTIR spectra of the products after OP removal on
CaFe-LDH at different initial concentrations.

XRD pattern, proved the main removal path was the
precipitation of PO~ and Ca®>" with the formation of
hydroxyapatite.

Compared with the FTIR spectrum of synthesized
CaFe-LDH, it could be seen from the FTIR spectrum
of solid production that the characteristic vibration
(vo_p) of the constitutional water in CaFe-LDH shifted
from 3,585 cm ' to smaller wave band, which was
closer to the band of oxhydryl in ferrihydrite [33]. It
might indicate more production of Fe-O-H during the
removal process of OP by CaFe-LDH. Moreover, the
peak of ferrihydrite in the product was weaker than
LDH, declared that Fe participated in the removal of
OP in the form of ferrihydrite via surface complexing
with phosphate, which strengthened the removal
effect [34,35].

4. Conclusions

In this work, the different removal behavior of OP
over the CaFe-LDH was investigated. More dissolu-
tion of Ca®" in the solution promoted the phosphorus
removal, and the increase in [OP] affected removal
efficiency and extend the time of reaching equilibrium.
The kinetics fitting parameters showed that the
pseudo-second-order kinetic model gets better agree-
ment with the removal process of OP. According to
Elovich equation, the reaction changed from the
homogeneous to heterogeneous at the higher concen-
trations. Furthermore, Freundlich isotherms equation
preferably described the removal process of OP, which
indicated that the reaction was a complicated process
including chemical adsorption and precipitation. The
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main removal mechanism was the precipitation
between PO} and Ca®* dissolved from LDHs with
the formation of hydroxyapatite. And Fe participated
in the removal of OP in the form of ferrihydrite via
surface complexing with OP, which strengthened the
removal effect.
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