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Abstract The removal and recovery of phosphate from water
by calcium-silicate composite (CSC) and alkali-treated calci-
um-silicate composite (ASC) was investigated. ASC had a
higher specific surface area and total pore volume, and exhib-
ited better performance of phosphate adsorption than CSC. In
the batch mode adsorption studies, the isotherm adsorption
experiments data fitted well the Langmuir isotherm model
and the maximum adsorption capacities were 120 and
73.0 mg/g for ASC and for CSC, respectively. For the kinetic
study, the experimental data fitted very well the pseudo-
second-order kinetic model. The uptake of phosphate could
be performed well over a wide pH range, from 3.0 to 13.0 for
ASC and from 4.0 to 13.0 for CSC. The adsorption of phos-
phate by ASC was very selective even with 10 times higher
concentration of other coexistent anions. For the adsorption of
low phosphate concentration (10 mg/L), ASC could efficient-
ly remove phosphate at the dosage of 0.8 g/L, while CSC was
even difficult to remove phosphate at the dosage of 4.0 g/L.
Phosphate fractionation results and FTIR spectra showed that
phosphate-Ca complex was formed through phosphate
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adsorption process. The adsorbed phosphate could be success-
fully desorbed by 2% citric acid solution, indicating that the
adsorbent after adsorbed phosphate could be reusable as fer-
tilizer in the agricultural field.

Keywords Phosphate - Calcium-silicate composites -
Adsorption - FTIR - Phosphate fractionation

Introduction

Excessive application of phosphorous fertilizers has led to
serious water pollution such as ecological imbalance, promot-
ing the growth of unwanted algae and related algal toxins,
which are a threat to human health and ecological environ-
ment (Paer]l 2008; Smith 2003). Phosphorus is also an essen-
tial element for the growth of crops, and it is not abundant in
the farmland at present. Furthermore, phosphate rock is a non-
renewable resource and it is predicted that the current global
reserves will be consumed in next 100 years (Cordell et al.
2009). Since the phosphorus cycle on earth does not occur in
gaseous form, it is difficult to return phosphorus to land after it
enters into water bodies through wastewater discharge or sur-
face runoff. Therefore, it is necessary to remove phosphate
from water to avoid serious environmental problems, and the
gradual depletion of phosphorus resources also urges us to
investigate the recovery methods of phosphate from water.
Several physicochemical and biological treatments have
been investigated for removing phosphate from water, and
adsorption is superior to other treatments in terms of econom-
ical operation, simplicity of design, and high removal efficien-
cy (Hamoudi and Belkacemi 2013; Huang et al. 2008; Su et al.
2013; Xie et al. 2014b). More importantly, adsorbed phospho-
rus may be recovered by desorption process, and the desorbed
phosphorus can be used as fertilizer for agriculture (De-
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Bashan and Bashan 2004; Sengupta and Pandit 2011).
Therefore, the use of a proper adsorbent is the key to ensure
removal and recovery efficiency of phosphate from water.

The utilization of industrial wastes and natural materials as
adsorbent to remove phosphate in the water, has received big
interest in the scientific field and several reports have de-
scribed their application (Babatunde and Zhao 2010; Lii
et al. 2013; Mezenner and Bensmaili 2009; Rout et al. 2014,
Xu et al. 2009). The greatest advantages of using those adsor-
bents are their cost-effectiveness and waste resource utiliza-
tion. However, most industrial wastes and natural materials do
not have effective phosphate adsorption capacities unless they
are modified by some chemical treatments (Agyei et al. 2002;
Cheung and Venkitachalam 2000; Wu et al. 2006; Xie et al.
2014a).

Shells are very abundant in the world and a large number of
shells are discarded as solid waste by marine product manu-
factures. It is widely known that CaCOs, a main component of
shell, can adsorb phosphate from water (Martis et al. 1989;
Millero et al. 2001). However, Yeom has used scallop shell as
adsorbent to adsorb phosphate from water, the adsorption ca-
pacity was relatively low (Yeom and Jung 2009). A significant
amount of waste glass is also produced every year, and the
main component of glass is SiO,. Some studies have reported
that calcium-silicate composites could remove phosphate
from water through adsorption process (Renman and
Renman 2010; Xuechu et al. 2009). Thus, waste glass and
shells can be combined to make a novel adsorbent for the
reduction of phosphate concentration in water.

In this study, we introduced a new calcium-silicate com-
posite adsorbent (CSC), which was made from waste glass
and shells. CSC shows a certain performance of phosphate
adsorption in water while its efficiency is not very high, so it
is necessary to improve its phosphate adsorption performance
by its modification. The aim of this study was to obtain an
efficient adsorbent from CSC for the removal and recovery of
phosphate from water. For this purpose, alkali-treated calci-
um-silicate composite (ASC), prepared by CSC, was investi-
gated for its phosphate adsorption potential. For comparison,
the CSC was also examined.

Materials and methods
Materials

CSC used in this study was offered by Murakami Corporation
in Japan. For ASC preparation, a traditional refluxing method
was used, in which 10 g CSC was added to 50 mL of 2 M
NaOH at 98 °C for 24 h. After cooling the reaction solution to
room temperature, modified sample was washed three times
with pure water and twice with dehydrated ethanol. ASC was
then dried in an oven at 60 °C overnight. CSC and ASC were

ground to pass through a 150-mesh (with the diameter of
106 um) sieve and stored in containers.

The bulk chemical composition of CSC and ASC was an-
alyzed by X-ray fluorescence analysis (RIX 2100, RIGAKU,
Japan). BET surface area and total pore volume were mea-
sured by using nitrogen adsorption-desorption method
(BELSORP -mini II, MICROTRACBEL, Japan). For pH val-
ue of adsorbent, 0.1 g of the adsorbents were added to 50 mL
of pure water and shaken for 120 h, and the pH values were
measured by using a pH meter (D-51, HORIBA, Japan). The
infrared spectra of raw material and phosphate-complexes ma-
terial were measured by FTIR spectrophotometer (IR Affinity-
1, SHIMADZU, Japan). The phosphate solution was made by
K,HPO, (analytical grade, Kanto Chemical Corp., Japan)
with pure water. The batch adsorption experiments were con-
ducted in triplicate and the mean data were reported in this

paper.
Kinetic study

The kinetic adsorption experiment was performed in 500 mL
flasks with 300 mL phosphate solution and 0.6 g of the adsor-
bents. The initial concentration of phosphate was 500 mg/L
and the flasks were stirred at 25 °C for 168 h at 100 rpm. After
each specific adsorption time, 1 mL sample was taken and
centrifuged at 5000 rpm for 10 min. Phosphate concentration
of supernatant was measured by UV-spectrophotometer (UV-
2550, SHIMADZU, Japan) using the molybdenum-blue
ascorbic method (Rice et al. 2012).

Adsorption isotherms

The adsorption isotherms experiment was performed in
100 mL flasks with 50 mL of phosphate solution with different
initial phosphate concentration (20-500 mg/L) and 0.1 g of the
adsorbents. Suspensions were stirred at 100 rpm for 120 h at
25 °C in a constant temperature shaker to achieve equilibrium.
After 120 h, the suspension was centrifuged at 5000 rpm for
10 min. The amounts of phosphate adsorbed per unit mass of
adsorbents were calculated by the following equation:

Q. = (Co=C.)V/m (1)

where Cy and C, are the initial and equilibrium phosphate
concentrations in milligram per liter, respectively. V is the
solution volume in liter, and m is the dry mass of adsorbents
in grams.

Effect of solution pH

The effect of solution pH on the phosphate adsorption exper-
iment was studied in the same way as the kinetic adsorption
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experiment. The solution pH was adjusted from 2.0 to 13.0
with 0.1 M HCl and 0.1 M NaOH. After 120 h of shaking, the
suspensions were centrifuged, and the equilibrium phosphate
concentration as well as equilibrium solution pH was mea-
sured. Since the equilibrium time was too long in this study,
the phosphate concentration at 24 h was also measured in the
same way, showing the removal efficiency of phosphate over
a wide pH range in a relatively short time.

Influence of coexistent anions and adsorption in lake
water

Experiments were conducted in 200 mL flask with 0.2 g ad-
sorbents and 100 mL of 1 mmol/L (95 mg/L) phosphate solu-
tion with and without other anions (SO427, NO;5, CI,
HCOj;"). The concentration of each anion was adjusted to
2.5 mmol/L, in which the total molar concentration of coexis-
tent anions was 10 times higher than phosphate. The flasks
were shaken for 120 h in the same way as the kinetic adsorp-
tion. Phosphate concentrations at 24 and 120 h were measured
after centrifugation.

In order to illustrate further performance of ASC and CSC
for phosphate adsorption in the presence of natural coexisting
ions, sample solution from Lake Teganuma (Abiko, Japan) was
taken and filtered through 0.45 um membrane filter to remove
suspended solid. A certain amount of K,HPO,4 was then spiked
to the lake water sample to give an initial phosphate concentra-
tion of 10 mg/L. The solution with the same phosphate con-
centration was also prepared by using pure water to compare
with the lake water sample. Both lake water and pure water
samples were shaken for 120 h in the same way as the kinetic
adsorption experiment, and phosphate concentration at 24 and
120 h were determined after centrifugation.

Effect of adsorbent dosage

Adsorbent dosage is directly related to the economic benefits
of wastewater treatment. Adsorbent dosage experiment was
conducted in 200 mL flasks with 100 mL of 10 mg/L phos-
phate solution and adsorbents dosage varying from 0.5 to 4 g/
L for CSC and from 0.2 to 2 g/L for ASC. Considering about
low concentration of phosphate solution and economical ben-
efit, we only took samples at 24 h. After 24 h shaking in the
same way with kinetic adsorption, the concentration of phos-
phate solution was measured after centrifugation.

Phosphate desorption

Phosphate at the concentration of 500 mg/L was adsorbed by
ASC and CSC for 120 h to confirm that a certain amount of
phosphate could be adsorbed by adsorbents. After washing
three times with pure water, the adsorbed phosphate on each
sample was desorbed by 2% citric acid at room temperature
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for 2 h with liquid/solid ratio of 100 mL/g. After citric acid
treatment, the concentration of phosphate in the citric acid
solution was measured after centrifugation.

Phosphate fractionation

Phosphate adsorption by ASC and CSC was conducted using
500 mg/L phosphate solution in the same way as phosphate
desorption experiment. After washing three times with pure
water, the pre-treated adsorbents were used for phosphate frac-
tionation experiments, as described by the modified phosphate
fractionation method of Hieltjes and Lijklema through follow-
ing steps (Hieltjes and Lijklema 1980): (i) loosely bound-
phosphorus (LB-P): pre-treated adsorbents were washed with
1 mol/L. NH4Cl solution twice at pH 7 for 2 h, and the extract-
ed phosphate was denoted as LB-P; (ii) alkali-soluble phos-
phorus (NaOH-P): the adsorbents treated by step 1 were
washed with 0.1 mol/L NaOH solution for 16 h and the ex-
tracted phosphate was represented as NaOH-P; (iii) acidic-
soluble phosphorus (HCI-P): the adsorbents treated by step 2
were washed with 0.5 mol/L HCI solution twice for 2 h and
the desorbed phosphate was named as HCI-P; (iv) residual
phosphorus (Residual-P): the final residual phosphate was ob-
tained after the adsorbent treated by step 3.

Results and discussion
Materials characterization

The chemical composition of ASC and CSC is given in
Table 1. The main contents of adsorbents were SiO,, CaO

Table 1 Chemical compositions and physical properties of calcium-
silicate composites

Parameters CSC ASC
SiO, (%) 54.3 45.8
CaO (%) 214 28.6
Na,O (%) 11.1 12.6
ALOs (%) 2.69 5.62
K50 (%) 1.13 0.38
Fe,05 (%) 0.81 1.12
MgO (%) 0.60 0.73
C (%) 5.08 5.04
S (%) 1.98 0.06
Total (%) 99.1 99.9
BET surface area (mz/g) 25.1 163
Total pore volume (cm®/ Q) 0.07 0.33
Pore diameter (nm) 9.26 114
pH 9.86 10.5
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and Na,O comprising 87% and 86.8% for ASC and CSC,
respectively. The contents of other metal oxides were very
low. However, the modification of CSC by NaOH resulted
in an increase of CaO from 21.4% to 28.6% and Al,O5 from
2.7% t0 5.6%. It also caused a decrease of SiO, from 54.3% to
45.8%. The results also showed that the specific surface area
of CSC was 25.1 m*/g, while the ASC was nearly 6.5 times
higher than the CSC. Similar trends were observed for total
pore volume, indicating that the value of ASC was almost 5
times larger than CSC. The results for specific surface area
and total pore volume suggest that ASC has considerably
more adsorption sites for phosphate and may have much more
chances to adsorb phosphate than CSC (Fontes and Weed
1996). Comparing with CSC, ASC also exhibited stronger
alkaline properties, which may result in some different adsorp-
tion processes.

Adsorption kinetics

The adsorption kinetics of phosphate for calcium-silicate com-
posites are shown in Fig. 1. The results indicated that the
adsorption of phosphate was relatively slow for ASC and
CSC, which needed 120 h to reach adsorption equilibrium
for both of them. This may be due to the small pore diameter
of adsorbents (Table 1). However, the adsorption speed of
ASC was much faster than CSC, and the amount of adsorbed
phosphate by ASC at 24 h was 82.3 mg/g, which was even
higher than equilibrium amount of adsorbed phosphate by
CSC (71.2 mg/g). The kinetics data had a good agreement
with the pseudo-second-order rate equation (r* > 0.99), imply-
ing that the phosphate adsorption by calcium-silicate compos-
ites was governed by a diffusion process (Ho and McKay
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Fig. 1 The kinetic adsorption of phosphate on calcium-silicate compos-
ites in pure water

1999). The pseudo-second-order model can be described as
follows:

dq,/dt = k(q,~q,) (2)

where ¢, and ¢, are the amounts of adsorbed phosphate at
equilibrium time and time 7 (mg/g), and the k is the equilibri-
um rate constant for the second-order kinetic adsorption
(g/mg. min). The parameters obtained by fitting data to the
second-order kinetic model are summarized in Table S1.

Adsorption isotherm

Adsorption isotherm results of different phosphate con-
centrations on ASC and CSC are given in Fig. 2. When
the initial concentration of phosphate was lower than
100 mg/L, almost all the phosphate could be adsorbed
and a very low residual phosphate concentration (less
than 10 mg/L) was detected in the solution, indicating
a high adsorption ability of phosphate for calcium-
silicate composites. It was also represented that the
amount of adsorbed phosphate increased with the equi-
librium phosphate concentration, but the adsorption rate
gradually decreased and eventually stopped as the ad-
sorption of phosphate leveled off. These results implied
that the adsorption sites had reached saturation. The ad-
sorption isotherm data could also be well fitted Langmuir
isotherm equation (r* > 0.99), indicating that the adsorp-
tion of phosphate by silicate-calcium composites was
chemical adsorption process, and the related constants
were given in Table S2. The maximum adsorptive
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Fig. 2 Adsorption isotherm of phosphate on calcium-silicate composites
in pure water
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capacity was 73.0 mg/g and 120 mg/g for CSC and
ASC, respectively. The adsorption capacity of ASC was
much higher than that of reported cost-effective adsor-
bent prepared from industries wastes and even higher
than that of many functionalized adsorbents focusing on
removing phosphate from wastewater (Kdse and Kivang
2011; Liu et al. 2008).

Figure 2 clearly showed that the adsorption capacity of
phosphate by ASC was much higher than CSC. The greater
adsorptive capacity of ASC would be owned to the higher
specific surface area and larger total pore volume. Previous
studies indicated that higher specific surface area and total
pore volume meant more adsorption sites on the surface and
inside of adsorbents (Lowell et al. 2004), resulting in a higher
phosphate adsorption capacity of ASC. CSC was mainly com-
posed of Si0,, CaO, Na,O, and Al,O3, and those components
would be activated in the process of alkaline reaction, which
increased the phosphate adsorption capacity of ASC.

Influence of solution pH

The influence of solution pH on the adsorption of phos-
phate by ASC and CSC was investigated in a wide pH
range from 2.0 to 13.0 and the results are given in Fig. 3.
The values of the solution pH at 24 h and 120 h are also
presented in Table 2. When the adsorption of phosphate
attained equilibrium, adsorbents exhibited well adsorption
capacity over a wide pH range, from 3.0 to 13.0 for ASC
and from 4.0 to 13.0 for CSC. The trend of phosphate
adsorption by ASC slightly decreased with the increase
of pH, while the phosphate adsorption by CSC obviously
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Fig. 3 Adsorption of phosphate on calcium-silicate composites under
different pH conditions. Triangle ASC, circle CSC, open symbol 24 h
adsorbed phosphate, solid symbol 120 h adsorbed phosphate
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Table 2 The pH value of phosphate solution before and after
adsorption reaction

Initial solution pH 24 h—-CSC 24 h-ASC 120 h—-CSC 120 h-ASC
2.00 2.09 2.50 2.15 2.54

3.01 7.01 9.79 7.07 9.86

4.00 7.23 9.95 7.37 9.99

5.02 7.34 10.01 7.46 10.05

6.02 7.48 10.03 7.57 10.09

7.01 9.13 10.26 9.20 10.30

8.02 9.98 10.52 10.00 10.60

9.01 10.03 10.61 10.12 10.69
10.00 10.11 10.72 10.16 10.77
11.02 10.19 10.87 10.27 10.86
12.00 11.39 11.74 11.37 11.71

13.00 12.92 12.87 12.85 12.86

increased with the increase of pH from 3.0 to 5.0 and then
slightly decreased with the further increase of pH from 6.0
to 13.0. However, for the adsorption time at 24 h, the ad-
sorption of phosphate by ASC decreased with the increase
of pH from 3.0 to 12.0 and then increased again with pH
from 12.0 to 13.0. For CSC, the amount of adsorbed phos-
phate even reached equilibrium at 24 h with pH from 3.0 to
7.0 and also increased sharply with pH from 12.0 to 13.0.

As widely recognized, pH has a significant effect on
the determination of the concentration of phosphate spe-
cies in the solution. The relationship between phosphate
species and pH values is shown in the following equations
and also the speciation diagram is illustrated in Fig. 4
(Clifford 1961).

H3POy~H,PO,” +H'Y  pK; =2.13
HyPO, «HPO +H"  pK, =7.20
HPO4* PO + HF pK; =12.33

According to Fig. 4, it is clear that HPO,*>  and PO,>~
were the main phosphate species involved in the adsorp-
tion reaction by ASC as the pH. of solution was from
9.8 to 12.8 (initial pH 3.0-13.0). A growing number of
OH could compete with phosphate during the adsorp-
tion process, resulting in a slightly decrease of phosphate
adsorption when the pH value increased (Das et al.
2006). It is also shown that H,PO, and HPO,> were
the main phosphate species involved in adsorption reac-
tion by CSC when the pH, of the solution was from 7.1
to 7.6 (initial pH 3.0-6.0), while HPO,> and PO,
were the main species when the pH. of the solution
was higher than 9.2 (initial pH 7.0). The different con-
centration of phosphate species led to the different phos-
phate adsorption amount under different pH by CSC.
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Fig. 4 Distribution of phosphate
species as a function of pH value
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When the initial pH was from 3.0 to 7.0, phosphate ad-
sorption was very fast and reached equilibrium in 24 h,
and this might be due to the easier adsorption of H,PO,
by CSC. At the initial pH of 13, the concentration of
PO, became dominant phosphate species and phos-
phate adsorption increased in 24 h, implying that PO,*~
was removed faster than other phosphate species by
calcium-silicate composites. When the initial solution
pH was 2.0, the adsorption of phosphate was nearly zero.
Since the solution had a large amount of H*, those might
have reacted with the alkaline adsorbents and lost their
ability to adsorb phosphate.
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Influences of coexistent anions on phosphate adsorption

In order to investigate the influence of coexistent anions on
adsorption of phosphate by ASC and CSC, the amount of
adsorbed phosphate with and without the presence of other
common anions (SO,2~, NO5~, CI", HCO; ) is given in
Fig. 5. The results indicated that the coexistent anions had a
strong effect on inhibiting phosphate adsorption by CSC, de-
creasing the adsorption amount from 45.2 to 28.5 mg/g. For
ASC, there was no obvious effect on phosphate adsorption,
indicating that ASC had a high selective adsorption ability of
phosphate.
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Fig. 6 The adsorption of phosphate on calcium-silicate composites in
pure water and lake water

@ Springer



8216

Environ Sci Pollut Res (2017) 24:8210-8218

The phosphate adsorption in eutrophic lake water was also
examined by CSC and ASC with the initial phosphate con-
centration of 10 mg/L. For comparison, the phosphate adsorp-
tion in pure water was also prepared with the same phosphate
concentration and the experimental results were indicated in
Fig. 6. The residual concentration of phosphate was very high
after using CSC, but ASC could remove nearly 100% phos-
phate from both pure water and lake water, and the residual
phosphate concentration was even lower than 0.05 mg/L,
which could limit the growth of algae in the eutrophic water
(Conley et al. 2009). Therefore, eutrophic lake water with
relatively high concentration of phosphate can be treated by
ASC so as to prevent algal growth.

Adsorbent dosage

The influence of adsorbent dosage on phosphate adsorp-
tion was studied by varying dose from 0.5 to 4.5 mg/L for
CSC and from 0.2 to 2.0 mg/L for ASC with an initial
phosphate concentration of 10 mg/L to simulate real waste
water. Increased adsorbent dosage meant a greater surface
area and larger numbers of adsorption sites to remove
phosphate. However, compared to the high concentration
of phosphate in the solution, a lower phosphate concen-
tration may be more difficult to be removed by adsorbents
due to the lower probability of collision with adsorption
sites (Wu et al. 2006). As shown in Fig. 7, the removal
rate of phosphate initially increased quickly with the in-
creased dosage of ASC, and reached nearly 100% at the
adsorbent dosage of 0.8 mg/L. For CSC, although the
percentage of phosphate removal also increased with
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Fig. 7 Adsorption and removal efficiency of phosphate on calcium-
silicate composites as a function of adsorbent dosage. 7riangle ASC,
circle CSC, open symbol residual concentration of phosphate, solid
symbol removal efficiency
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increasing adsorbent dosage, the removal rate was very
low with much higher dose. The latest lakes environmen-
tal quality standards for phosphorus in Japan are deter-
mined to be 0.1 mg/L, namely the concentration of phos-
phate was nearly 0.3 mg/L (dotting line in Fig. 7). As
shown in the figure, the dose needed to reach this goal
was 0.8 g/L for ASC and more than 4.0 g/L for CSC. This
indicates that the ASC has a better phosphate adsorptive
capacity than CSC even in the low phosphate concentra-
tion solution.

Phosphate recovery

The fertilizer control act of Japan has defined the citrate
solubility (soluble in 2% citric acid solution) as criteria
of solubility of nutrients in the soil (Moriyama et al.
2001), which means that if the phosphate adsorbed ad-
sorbents can be desorbed by 2% citric acid solution,
phosphate can be released in the true soil and used as
fertilizer. Therefore, 2% citric acid was used to desorb
saturated phosphate on adsorbents and the desorption re-
sults were shown in Table 3. The results indicated that
phosphate adsorbed on calcium-silicate composites could
be successfully desorbed by 2% citric acid with recovery
rate of more than 96%. Accordingly, phosphate adsorbed
by calcium-silicate composites may be used as fertilizer
for agriculture as it has high desorption rate by 2% citric
acid.

Adsorption mechanism

In general, adsorbed phosphate by adsorbent is divided
into four species: (i) loosely bound-phosphorus (LB-P);
(ii) alkali-soluble phosphorus (NaOH-P); (iii) acidic-
soluble phosphorus (HCI-P); and (iv) residual phosphorus
(Residual-P). LB-P is very easy to fall off from the adsor-
bent and is mainly due to physical adsorption; NaOH-P
and HCI-P indicate the phosphate mainly adsorbed by
Fe,03, AlLO; and CaO, MgO, respectively (Hieltjes and
Lijklema 1980). The results of phosphate fractionation
were given in Table 4. Most adsorbed phosphate by ad-
sorbents was HCI-P with 96.0% for CSC and 96.2% for
ASC. Since the content of MgO was very low for
calcium-silicate composites, most phosphate should be
adsorbed by CaO. Other researches have also reported

Table 3  Recovery of adsorption phosphate by 2% citric acid

Adsorbent Adsorption (mg/g) Desorption (mg/g) Recovery rate (%)

CSC 68.4 66.5 97.2
ASC 123 118 96.1
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Table 4  Results of phosphate fractionation
Adsorbents LB-P NaOH-P HCI-P Residual-P

q (mg/g) % q (mg/g) P q (mg/g) % q (mg/g) %
CSC 0.63 0.90 1.11 1.58 67.18 95.97 1.08 1.55
ASC 0.68 0.55 1.33 1.09 117.47 96.24 2.59 2.12

that phosphate would form precipitation on the surface of
adsorbent as calcium phosphate when the solution has a
certain amount of Ca®* under slightly alkaline condition
(Karageorgiou et al. 2007, Xuechu et al. 2009). In order
to further illustrate the adsorption mechanism, FTIR spec-
tra was used for structural analysis of adsorbents with and
without phosphate complex (Fig. 8). For CSC, a strong
band centered at 1450 cm ™' significantly weakened and a
band at 877 cm™ ' disappeared after adsorbing phosphate.
The main FTIR band of CaO and CaCOj appeared at
1430-1480 ¢m™' and 877 cm_l, respectively, indicating
the decrease of CaO and CaCOj; with the phosphate ad-
sorption. Meanwhile, the main FTIR band of phosphate-
Ca complex appeared at 603 cm™ ' and 564 cm ™', demon-
strating the precipitation of calcium phosphate formed
through adsorption process (Jastrzgbski et al. 2011, SUN
et al. 2005). For ASC, the FTIR band at 877 cm™' disap-
peared after modifying CSC with NaOH, implying that
CaCOj; had been alkalified. Even though the band of
CaO at 14301480 cm™ ' did not change too much after
adsorption reaction for ASC, it still weakened slightly.
Most importantly, the phosphate-Ca band appeared
strongly at 603 and 564 cm ', which showed that the
calcium phosphate had been formed (Jastrzgbski et al.
2011). Therefore, it can be concluded that the phosphate
adsorption by calcium-silicate composites is due to the

generated phosphate-Ca complex and the main phosphate
adsorption should be described as:

5Ca’" + OH™ + 3HPOs* —Cas(PO4),(OH) + 3H"
3Ca* + 2HPO4> —Cas(POy), + 2H

Conclusions

To develop the phosphate adsorption removal and recovery
efficiency from water, a novel adsorbent ASC was modified
by CSC with alkaline-thermal treatment. The performance of
removing phosphate by ASC was much better than that of the
CSC, and the maximum amount of adsorbed phosphate
reached 120 and 73.0 mg/g, respectively. Both calcium-
silicate composites exhibited a very well adsorption capacity
of phosphate over a wide pH range. ASC had a great selective
phosphate adsorption capacity even in the solution that the
molar concentration of other anions was 10 times higher than
phosphate. Besides, ASC was also more efficient in treating
natural eutrophic water bodies than CSC and it could reduce
phosphate concentration from 10 to 0.02 mg/L to control the
eutrophication problem. The adsorbed phosphate could be
recovered more than 96% by 2% citric acid solution for both

Fig. 8 FTIR spectra of a CSC, b 0
ASC, ¢ CSC with adsorbed
phosphate, and d ASC with \\
adsorbed phosphate 50
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adsorbents, implying that adsorbed phosphate could be used
as fertilizer for agriculture. Therefore, ASC is a promising
adsorbent for the removal and recovery of phosphate from
water, especially for the eutrophic water bodies.
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