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ABSTRACT

The aim of this study was to prepare a cross-linked cerium(Ill)-loaded alginate bead
(denoted as SA-Ca-Ce) and to apply it to remove phosphate from aqueous solution. The
adsorption behaviors were investigated by the batch experiments at various experimental
parameters including contact time, initial phosphate concentration, solution pH, tempera-
ture, and coexisting anions. The results showed that the Langmuir model is more suitable
than the Freundlich model for well elucidation of the experimental data, and the maximum
adsorption capacity is calculated to be 41.39 mg/g at 318 K. The adsorption of phosphate,
which followed pseudo-second-order kinetics, is a chemisorption process. The phosphate
adsorption had a slight decrease with the increasing of pH. The coexistence of other anions
in solutions has an adverse effect on phosphate adsorption with the extent following the
order: HCO; >SO?™ > CI™. The phosphate adsorption mechanism was also investigated by
scanning electron microscopy, Fourier transform infrareds spectroscopy. The electrostatic
interactions and Lewis acid ligand were manifested to be two main mechanisms for phos-
phate adsorption onto SA-Ca-Ce. All the results indicated that the SA-Ca-Ce has a consider-
able potential for the phosphate removal from contaminated waters.
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1. Introduction

Eutrophication, which leads to the abundance of
aquatic plants, growth of algae, and depletion of dis-
solved oxygen, has become a global environmental
problem [1]. Recent studies have confirmed that the
amounts of soluble phosphate in water body from
households, agriculture, and industries are the main
cause for eutrophication; thus controlling the dis-
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charge of wastewater containing phosphate can be an
effective way to control eutrophication [2,3]. Various
methods have been applied to remove phosphate from
water and wastewater, including chemical precipita-
tion, biological processes [4], ion exchange [5,6], and
adsorption [7,8]. Among them, adsorption is consid-
ered to be one of the most attractive approaches with
the advantage of high removal efficiency, simple
operation, and economy in application, wherein
development of high-quality phosphate adsorbents is
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the key. In the last decade, numerous phosphate
adsorbents have been studied including dolomite [9],
polymeric ligand exchanger [10], aluminum and alu-
minum (hydroxide) [11,12], zeolites [13], blast furnace
slag [14], red mud [15,16], mesoporous silicates
[11,17], iron oxides [18], fly ash [19], and so on. How-
ever, these adsorbents often suffer from the shortage
of low adsorption capacities, separation inconvenience,
and the complicated preparation process [20,21].
Therefore, efforts still need to be made to investigate
the new and promising adsorbents.

The rare earth adsorbents have been attracting
more and more attention for their high affinity to
phosphate, high adsorption capacity, little pollution,
easy operation, and other merits [22]. But the cost is
very high and the collection is difficult by the direct
use of rare earth compounds to deal with the phos-
phate wastewater. In recent years, considerable
amount of work has been done on developing
composite adsorbents based on rare earth elements for
the removal of phosphate. For example, lanthanum-
doped vesuvianite [23], cerium-impregnated fibrous
protein [24], lanthanum/lanthanum hydroxide-doped
activated carbon fiber [20,25], expanded graphite
loaded with lanthanum oxide [26], and mixed
lanthanum/aluminum-pillared montmorillonite [27].
However, the treatment of waste adsorbent has always
been a persistent problem.

On the other hand, there is a growing interest in
the biopolymer in the form of beads or granules with
optimum size, rigidity, and porosity characteristics
[28] for the wastewater treatment. Alginate, a
biodegradable, biocompatible, and low-cost biomate-
rial, is a linear polyuronate obtained from marine
algae that contains variable amounts of d-manuronic
acid and l-guluronic acid, which can be cross-linked
using calcium ion. Cross-linked alginate material exhi-
bits strong mechanical strength and have been applied
to the removal of hazardous ions [29].

The main objective of this study was to prepare a
novel adsorbent by impregnating cross-linked alginate
with Ce’" (maximum abundance in rare earth ele-
ments) and analyze the performance of the adsorbent
for removing phosphate from water. The composite
adsorbent was processed to a granular shape via drop-
sphere-forming method, which has the adsorption
capacity of 41.39 mg/g at the optimal conditions.
Alginate bead can maintain stable network structure at
the acidic region. What is more, it is worth noting that
micro-rare earth ions have beneficial effects on plant
growth [30], so the adsorbent after P saturated adsorp-
tion can be recycled and used as cheap and degradable
phosphate/Ce®* compound fertilizer without further
treatment. The objectives of this investigation are as
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follows: (i) to prepare a novel cerium(Ill)-loaded
hyper-cross-linked alginate (SA-Ca-Ce) bead adsor-
bent; (ii) to systematically study the adsorption
characteristics SA-Ca-Ce bead in batch experiment as a
function of pH, coexisting anions, contact time, ion
concentration, and temperature; (iii) to reveal the
mechanisms of phosphate adsorption onto SA-Ca-Ce
bead. Results of this research demonstrate that SA-Ca-Ce
bead has excellent properties in the phosphate
removal.

2. Experimental procedures
2.1. Materials

All the chemicals including sodium alginate (SA),
anhydrous calcium chloride, cerium nitrate, sodium
sulfate, sodium chloride, and sodium fluoride were
reagent grade from Sinopharm Chemical Reagent Co.,
Ltd, (China), and used without further purification.

2.2. Preparation of SA-Ca-Ce beads

The SA solution was obtained by dissolving SA
(2 g) into deionized water (100 ml) slowly through
magnetic stirring. Then, the alginate colloidal solution
was left for 30 min to let the bubbles disappear.

As shown in Fig. 1, the preparation method of
SA-Ca-Ce bead was as follows: After being defoamed,
SA solution was dripped into the 0.05 mol/L CaCl,
solution with 50 mL medical syringe without the
needle. An optimal drop height to obtain spherical
beads was 6.0 cm [31]. The products formed in the
CaCl, solution were the cross-linked SA-Ca beads.
These beads were left in the CaCl, solution for 12 h,
so that the gelation process had enough time to be car-
ried out in the whole bead. After the curing period,
the beads were washed three times with distilled
water to remove the unbound Ca”*. SA-Ca-Ce beads
were prepared by soaking SA-Ca beads in the cerium
nitrate solution (0.02 mol/L) for another 12h. To
avoid the collapse of the internal structure, the wet
beads (SA-Ca-Ce) were stored in 0.01 mol/L HCI
solution and used without drying [32].

2.3. Characterization of the SA-Ca-Ce bead

Surface morphologies of SA-Ca-Ce beads and
SA-Ca-Ce-P (SA-Ca-Ce after phosphate adsorption)
beads were observed by a scanning electron micro-
scopy (SEM) using a SU8010 instrument (Hitachi Co.
Ltd, Japan). Fourier transform infrared (FT-IR) mea-
surements (mid-infrared absorption spectrum) were
performed on a VERTEX 70 instrument (Bruker Co.
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Fig. 1. The preparation process diagram of SA-Ca-Ce beads.

Ltd, GER). Information about the surface charge of
this material was obtained by zeta potential measure-
ments using a nano ZS90 instrument (Malvern Co.
Ltd, UK).

2.4. Phosphate adsorption experiments with SA-Ca-Ce
beads

The stock phosphate solution (100 mg/L) was
obtained by dissolving 0.8788 g of dihydrogen phos-
phate (KH,PO,) in a 2-L volumetric flask using deion-
ized water. All solutions for the phosphate removal
experiments were prepared by an appropriate dilution
from the stock solution. Adsorption processes for the
phosphate removal experiments were conducted as
follows: Adsorption was carried out by adding 0.02 g
(dry weight) of the adsorbent into 20 mL vial with
10 mL of P solution. The vials were placed in a
thermostatic shaker bath for several predetermined
temperatures and shaken at 120 rpm. At the end of
adsorption process, the solutions were filtered and
tested for P concentration.

To investigate the influence of pH on phosphate
adsorption, initial pH of P solution with the concentra-
tion of 100 mg/L was adjusted from 2.0 to 6.0 using
1mol/L NaOH and HCl solution. Three sets of
adsorption kinetic experiments with different initial
concentrations (30, 60, and 100 mg/L, respectively)
were conducted by varying the contact time from 20
to 540 min at pH 2.0 and under 298 K. As for the
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equilibrium experiments, the similar aforementioned
experimental procedures over a range of initial phos-
phate concentrations from 10 to 100 mg/L were per-
formed at three temperatures (298, 308, and 318 K,
respectively). In addition, the effect of coexisting
anions on the phosphate adsorption process was also
explored by adding various competing anions of
SO;~, CI”, and HCO; (0.5 and 5 mol/L).

2.5. Analytical methods

The concentrations of the phosphate solutions
were determined by the ascorbic acid method. The
absorbance of the solutions was analyzed by UV-
1800PC spectrophotometer (Shanghai Mapada Instru-
ments Co. Ltd, China). The pH of the solution was
determined by Sartorius PB220 pH meter (Sartorius,
Ger).

The adsorption capability (Q., mg/g) of phosphate
in SA-Ca-Ce bead was calculated by the following
equation:

(Co — Ce)V
m

Qe = 1)

where Cy and C. (mg/L) are the initial and equilib-
rium liquid phase phosphate concentrations, respec-
tively; V (L) is the volume of the solution, and m (g) is
the mass of the adsorbent.
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2.6. Stability of the SA-Ca-Ce beads

To determine the loss rate of Ce®" and Ca*' after
adsorption process, the content of Ce’* and Ca®* in
the SA-Ce-Ca was investigated before and after the
addition of adsorbent in the P solution at 100 mg/L
with the dosage of 2 g/L. The residual solution was
collected after filtration at the end of the adsorption
process. The adsorbent was burned at 873K in an
oven, and the residue was dissolved with 1 mol/L of
sulfuric acid solution. Then, the concentration of Ce>*
and Ca”" in these solutions was analyzed by DGS-III
single channel scanning spectrometer instrument
(Shanghai Tailun Co. Ltd, China).

3. Results and discussion
3.1. Characterization

The SEMs of the cross section of SA-Ca-Ce at
before and after the phosphate adsorption (denoted as
SA-Ca-Ce-P) are shown in Fig. 2. As is shown, appar-
ent differences are found between the two images that
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SA-Ca-Ce exhibits a smooth cross section, while the
cross section of SA-Ca-Ce-P changed to a morphology
as cellular network after the phosphate adsorption,
which indicates that the bonds of cross-linking net-
work (SA-Ca-Ce) were broken and got new bonds
with the PO~ on the Ce**/Ca®" sites for a certain
degree in the process of adsorption. The EDS analysis
for element of adsorbent is shown in Fig. 2(c) and (d).
The results show that Ce®" should be the main sites to
form the cross-linked structure of alginate bead than
Ca®* ion owing to the relatively high content, which
make excellent mechanical property of the beads. Fur-
thermore, the element of phosphate is found in
Fig. 2(d), illustrating that phosphate had been
adsorbed into SA-Ca-Ce bead.

FT-IR spectra of SA-Ca-Ce bead and SA-Ca-Ce-P
bead are represented in Fig. 3, and Table 1 shows the
possible assignments for the FT-IR bands of the algi-
nate salts. From Fig. 3(a), the bands corresponding to
the presence of SA-Ca-Ce bead, namely at 3,315 cm™"
(vOH), 1,587 and 1,410 cm™' (vCOO"), and 820 cm™"
identified in the literature as the combination of three
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Fig. 2. SEM of (a) SA-Ca-Ce bead and (b) SA-Ca-Ce-P bead, EDS analysis of (c) SA-Ca-Ce bead and (d) SA Ca-Ce-P bead.
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Fig. 3. FT-IR spectra of SA-Ca-Ce and SA-Ca-Ce-P.

Table 1
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material (SA-Ca-Ce) is at about pH 3, indicating that
when pH >3, material surface charge is negative,
while material surface has positive charge below
pH 3.0.

3.2. Adsorption properties
3.2.1. Effect of pH on adsorption of phosphate

The effect of initial pH on the phosphate removal
was shown in Fig. 5, where the pH range of 2.0-6.0
was considered only, because that alginate beads
become unstable due to swelling under the condition

Peak assignment of absorption bands of SA-Ca-Ce and SA-Ca-Ce-P spectra obtained by FT-IR

Na/Ca-alginte bands (cm™) Peak assignment

Na/Ca-alginte bands (cm ™) Peak assignment

3,315 v(OH)hydrogen bonded
2,922 v(CH)

1,729 v(PO)

1,625/1,587 v(COO")

1,410 v(COO")

1,306/1,243 v(COO)

1,023/997 ©(CO), 3(CCO), 5(CC)
887/876 v(CO), §(CCH)

820 ©(CO), 8(CCO), $(CCH)
610 B(PO;")

possible vibrational modes (tCO + 8CCO + 3CCH), can
be observed [33]. Compared with SA-Ca-Ce bead,
some new peaks were appeared in SA-Ca-Ce-P,
including the P-O stretching vibration at 1,729 cm™’,
PO;  in-plane flexural vibration at 610 cm™' and a
signal stretch at 900-1,200 cm™! corresponding to the
VPO region [34], which further confirmed the
successful adsorption of phosphate.

To obtain information about the surface charge of
this material, zeta potential measurements were car-
ried out at various pH values (pH 1.0-6.0). As shown
in Fig. 4, it can be found that the zero potential of the

2
) \\\.

-—____n___-—-_._____.

Zeta potential (mV)

Fig. 4. Zeta-potential of SA-Ca-Ce beads.

of alkaline. It is shown that the phosphate adsorption
capacity of the SA-Ca-Ce bead had a slow decline
with the increasing solution pH. It is well known that
PO]™ as a kind of anion is more likely to be attracted
by positively charged surface. As previously stated,
material surface is positively charged when pH < 3, so
that pH 2 is regarded as the optimum pH condition.
Moreover, it is worth noting that there is still a certain
adsorption capacity even at pH below 3.2, which

30 4

25

20

Adsorption capacity (mg/g)
-
-

2 4 6
pH

Fig. 5. Adsorption capacity of initial pH on phosphate
adsorption in beads. Initial phosphate concentration of
100 mg/L, adsorbent dosage 2.0 g/L and temperature =
298 K.
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should be due to the Lewis acid ligand interactions
existed between the adsorption sites and phosphate.

3.2.2. Adsorption kinetic studies

Kinetic studies were carried out to determine the
phosphate removal from solution by SA-Ca-Ce beads.
Fig. 6(a) illustrates the change of adsorption amount
as a function of initial phosphate concentration (30, 60,
100 mg/L) and contact time. All three curves exhibit
the same trend. The maximum phosphate adsorption
amount is found to be 12.0, 18.9, and 27.25 mg/g for
different initial concentrations at room temperature,
respectively. The adsorption process was divided into
two stages: When contact time is less than 4h, the
adsorption capacity increased rapidly and then
reached equilibrium.

Kinetic data were then represented by the
pseudo-first-order and second-order models as Egs.
(2) and (3):

kit
1 —q) =logge — 2
08 (7 = 1) = log e — 5252 @
t 1 t
t_ 1t ®
0 kegz - qe
(a)®
25 h—
20 .
% 15 4 .
i‘ 10 o A = . -
5 T #— Img'y
*— 60mg'y
0 ] +— 100mg/g
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Time(min}
(c) =4
«10: ® imgl
| & 60mglL
] & 100mgL
a 04
E 20 E
&
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where g. (mg/g) and g; (mg/g) are the amount of
phosphate adsorbed on sorbent at equilibrium and at
time f (min), respectively; k; is the adsorption rate con-
stant of pseudo-first-order adsorption, k, (g/mg min)
is the equilibrium rate constant of pseudo-second-
order adsorption [35,36]. The pseudo-first-order and
the pseudo-second-order plots for the adsorption of
the phosphate on the adsorbent are shown in Fig. 6(b)
and (c), respectively.

The values of kinetic parameters as well as corre-
sponding correlation coefficients are shown in Table 2.
According to a high value of the correlation coefficient
(R? > 0.999), it can be concluded that pseudo-second-
order adsorption model is more suitable for the
description of the adsorption kinetics of phosphate on
SA-Ca-Ce bead, indicating that the adsorption of phos-
phate is a chemisorption process [37].

Intraparticle diffusion mechanism is one of the
most limiting factors which controlled adsorption
kinetics [38,39]. In order to determine the actual rate-
controlling step involved in the phosphate adsorption

process, the well-known Weber-Morris equation was
applied as Eq. (4) [39]:
e =kt +b @
(b) 151 ,
1wl %
05
0.0
7 05
? -1.0 4 " 30mglg
i ® 60mgg
-1.5 4 & 1D0mglg
20
25 1 .
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Time(min}
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EmgL I,
25 A& |00mgL i . =
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20 e
% . » » .
= 15 .
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Fig. 6. (a) effect of contact time and initial concentration, adsorbent dosage 2.0 g/L, pH 2.0 and temperature = 298 K, (b)
pseudo-first-order plots, (c) pseudo-second-order plots and (d) intraparticle diffusion model plots for adsorption of

phosphate on the adsorbent.
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Table 2
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Comparison of the first- and second-order adsorption rate constants and experimental values for different initial phos-

phorus concentrations

First-order kinetics

Second-order kinetics

Initial concentration Cy (mg/L) ky (min™h) Je(can (Mg/g) R? k» (g/(mg min)) Jecan (Mg/ Q) R?

30 0.01 6.09 0.717 0.004 12.36 0.999
60 0.01 11.92 0.952 0.002 19.58 0.999
100 0.01 14.95 0.972 0.002 28.15 0.999

where g; is the adsorption capacity (mg/g) at time ¢, ¢
is the contact time (min), b (mg/g) is the intercept,
and k; is the intraparticle diffusion rate constant (mg/
g min®?), which can be calculated from the slope of
the linear plots of g, vs. t°°.

For using solid adsorbent, the adsorption process
may be controlled by one or more steps, such as bulk
diffusion, boundary layer (film) or external diffusion,
pore diffusion, surface diffusion, and adsorption onto
the pore surface. Generally, the adsorption rate is con-
trolled by outer or inner diffusion, or both. Multi-lin-
ear plots are observed in Fig. 6(d), indicating that two
steps took place during phosphate adsorption onto
SA-Ca-Ce beads. At early stage of the adsorption,
phosphate in aqueous solution was transported onto
the surface of SA-Ca-Ce beads (film diffusion), and
then, phosphate was transported and adsorbed on the
interior surface of the SA-Ca-Ce beads. That means
outer diffusion and inner has a combined influence on
adsorption rate. The intercept and slope values of two
straight lines as well as R” values are listed in Table 3.
As shown in Table 3, the intercept values b, are 10.28,
14.32, and 24.74 (mg/g), corresponding to various ini-
tial phosphate concentrations (30, 60, and 100 mg/L,
respectively). This indicates that the boundary layer
thickness increased with increasing initial phosphate
concentration from 30 to 100 mg/L.

Table 3

3.2.3. Adsorption isotherm models

Phosphate adsorption isotherm was obtained by
varying the initial concentration of phosphate
(10-200 mg/L) at three different temperatures.
Absorption isotherm is described in Fig. 7(a), where g,
increases sharply at low equilibrium concentrations,
and becomes flat at higher values of C.. Fig. 7(a) also
reveals that the adsorption capacity of SA-Ca-Ce bead
increased with temperature. Langmuir and Freundlich
equations were applied to describe the adsorption iso-
therm data by linear regression forms:

% — L + <i>c
4o QoKyr Q) ¢

log g. = log K¢ + %log Ce

%)

(6)

where C. (mg/L) is the concentration of the phosphate
solution at equilibrium, g. (mg/g) is the amount of the
phosphate absorbed by per unit of the adsorbent, and
Qo (mg/g) and K; (L/mg) are Langmuir constants
related to the maximum monolayer adsorption and
the energy of the adsorption for an adsorbent material,
respectively, which are obtained by the fitting curve of
Ce/ge vs. C. (as shown in Fig. 7(b)). Kr (mg/g) and n

Intraparticle diffusion model for phosphate adsorption for different initial concentrations

Whole process

First stage

Second stage

Initial concentration b k; by ki1 b, ki

Co (mg/L) (mg/g) (mg/(gmin®?)) R*>  (mg/g) (mg/(gmin”’) R* (mg/g) (mg/(gmin®®) R*
30 7.14 0.24 0.824 547 0.45 0.97 10.28 0.07 0.937
60 11.26 0.37 0.946 10.26 0.48 097 14.32 0.21 0.925
100 17.20 0.50 0917 15.83 0.64 098 24.74 0.11 0.956
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Fig. 7. (a) Isotherms of phosphate on SA-Ca-Ce bead, (b)

adsorption isotherms.

are the constants of a Freundlich isotherm characteriz-
ing the adsorption capacity and intensity of adsorp-
tion, respectively, which are obtained by fitting the
curve of log g. vs. log C,, as shown in Fig. 7(c).

The estimated adsorption constants with correla-
tion coefficient obtained from the isotherm are listed
in Table 4. In terms of the correlation coefficients R
values, the experimental data could be well fitted to
the Langmuir isotherm model rather than the Fre-
undlich model, indicating that the adsorption process
occurred on the surface of SA-Ca-Ce should be mono-
layer adsorption. The maximum adsorption capacity
calculated by Langmuir model is 41.39 mg/g. A com-
parative study of our prepared SA-Ca-Ce to several
reported rare earth compounds is performed in
Table 5. It is evident that the SA-Ca-Ce should have
high affinity for phosphate.
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linear Langmuir adsorption isotherms and (c) Freundlich

Table 5

Maximum adsorption capacities for the phosphate onto
various rare earth compounds

Adsorbent Adsorption capacity (mg/g) Refs.
EG-LaO 10.03 [26]
La-Ves 6.7 [23]
ACF-LaFe 29.44 [20]
ACF-LaOH 15.3 [25]
LaAl-PILC 8.9 [27]
SA-Ca-Ce 41.39 This work

3.2.4. Thermodynamic analysis

Valuable information of the adsorption process can
be obtained through the thermodynamic parameters

Table 4
Comparison of Langmuir and Freundlich adsorption isotherm models

Langmuir Freundlich
Temperature (K) Qo (mg/g) Ky (L/mg) R? n Kr (mg/g) R?
298 35.37 0.08 0.988 217 4.49 0.865
308 40.50 0.09 0.999 2.24 5.87 0.886
318 41.39 0.13 0.992 2.36 712 0.831
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Table 6
Thermodynamic parameters for the adsorption
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Initial concentration

Thermodynamic parameters

T (K) Co (mg/L) K. AG” (kJ/mol) AH °(k]/mol) AS° (k] /(molK))
318 10 6.94 —5.12 25.21 0.096

308 10 5.85 —4.52

298 10 3.67 -3.22

including change in the Gibbs free energy (AGY),
enthalpy (AH"), and entropy (AS°). AG® is the funda-
mental criterion of spontaneity. Adsorption process
can be considered as an endothermic process if AH" is
positive, and AS° reflects the degree of disorder and
random during adsorption process.

As well known, AG® is related to the equilibrium
constant by the classical van’t Hoff equation [40]:

AG®° = —RTInK; (7)

where R is the universal gas constant (8.314 J/mol K),
and T is absolute temperature in Kelvin. The apparent
equilibrium constant K. of the adsorption is defined as
[41,42]:

K, === (8

where C,4,. is the concentration of phosphate on the
adsorbent at equilibrium (mg/L), and C. is the equi-
librium concentration of phosphate (mg/L) in solu-
tion. The value of K. can be obtained in the lowest
experimental phosphate concentration.

The relationship of AH® and AS° can be calculated
by the following equation:

AH° n AS°
RT R

InK, = — )

where AH® and AS® are calculated from the slope and
intercept of the linear plot of In K. vs. 1/T.

Adsorption experiments were conducted at 298,
308, and 318 K, respectively. Thermodynamic parame-
ters obtained are listed in Table 6. From Table 6, the
negative values of AG’ confirm the spontaneous nature
of the adsorption. In addition, positive values of AH"
suggest that the interaction of phosphate adsorbed by
SA-Ca-Ce is endothermic, which is supported by the
increasing adsorption capacity of phosphate with the
rising of temperature.

3.2.5. Competing effect of co-existing anions

The effect of coexisting anions (SO;~, Cl°, and
HCO3) on phosphate adsorption was examined. As
shown in Fig. 8, the three competitive anions have dif-
ferent adverse effects in the phosphate removal. The
inhibition in phosphate adsorption follows the order:
HCO; >S0O;™ > Cl'. Fig. 8 also reveals that there is a
decrease in the phosphate removal when the concen-
tration of the competitive ions increases from 0.5 to
5.0 mol/L. This can be attributed to the charge attract-
ing, which is an important mechanism for the phos-
phate adsorption in this material. Thus, coexistence of
anion will compete with the adsorption sites, leading
to the decrease in the adsorption capacity and in
which the HCOj possesses the highest affinity for the
adsorption sites. In addition, a higher concentration of
coexisting anions exhibited a much stronger competi-
tive effect.

3.3. Adsorption mechanisms

From the above analysis, the highly affinity for
SA-Ca-Ce bead toward phosphate may account for the
existence of the electrostatic and Lewis acid-base
interactions between the Ce’" sites and the target
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Fig. 8. Effect coexisting anions on phosphate adsorption,
phosphate concentration of 100 mg/L, adsorbent dosage
2.0 g/L and temperature = 298 K.
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Fig. 9. Mechanism of phosphate uptake on SA-Ca-Ce bead.

anions in solution. The schematic description of the
mechanism for phosphate adsorption on SA-Ca-Ce
bead is illustrated in Fig. 9.

At the pH 2 (below the pH,,J), SA-Ca-Ce bead
represents positive-charged surface, leading to a
strong electrostatic force toward anionic phosphate in
the solution to form the outer sphere complex. Fur-
ther, the oxygen anions of phosphate coordinate with
the unoccupied orbital existed in the Ce®* sites due to
Lewis acid-base interaction.

With the increase of adsorption time, the phos-
phate is gradually diffused to the interior of the
bead, more and more phosphates were adsorbed by
the cerium active sites with chemical bonding. Mean-
while, coordinate bonds that for forming the cross-
linked structure of SA were disconnected due to
competitive effect of the oxygen anions of phosphate
so that the partly cross-linked chain of the SA-Ca-Ce
bead was broken which can be observed in the
SEMs.

3.4. Stability

After adsorption of phosphate, the loss rate of Ce®*
and Ca*' in the SA-Ce-Ca was 0.037 and 0.051%. It is
an acceptable level of metal ion release, indicating that
the adsorbent is stable in this process. The reason can
be explained that most of the metal ions (Ce®* and
Ca®") are combined firmly in the interior of the bead,
the phosphate would transfer into adsorption sites
and form undissolved substance with metal ion in situ
at the adsorption process, which is difficult to release
into the water. Moreover, it is noted that the prepared
SA-Ce-Ca has been washed with a large amount of
deionized water for the complete removal of the

___‘_\_ Quter sphere complex

Electrostatic

adherent metal ion, which can also help reduce the
loss of Ce®" and Ca*" after adsorption process.

4. Conclusion

In this study, a cross-linked cerium(IIl)-loaded
alginate bead (SA-Ca-Ce) has been prepared success-
fully via a simple drop-sphere-forming method and
acted as a highly efficient adsorbent for the phosphate
removal. After adsorption, the P-adsorbed SA-Ca-Ce
was conveniently separated from the aqueous solution
due to the granular shape and could be used for plant
fertilizer. The adsorption process followed pseudo-sec-
ond-order kinetics and the adsorption rates were
found to be controlled by the external diffusion at the
initial stage followed by the intraparticle diffusion
during the subsequent period. The adsorption equilib-
rium data could be better described by Langmuir iso-
therm model and the adsorption capacity of
phosphate could achieve 41.39 mg/g under the opti-
mal conditions. Thermodynamic constants supported
spontaneous, endothermic, and entropy-driven nature
of phosphate adsorption on SA-Ca-Ce. According to
the study about competing effect of coexisting anions,
the inhibition of coexisting anions in phosphate
adsorption follows the order: HCOj; >SO; >CI™.
Electrostatic interactions and Lewis acid-base interac-
tion may play the main role in phosphate adsorption
from the FT-IR and SEMs analysis.
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