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ABSTRACT

In this work, the species of the precipitate after P removal in the solution was investigated.
The characterization of calcined precipitates indicated that CaHPO,2H,O (DCPD) and
AlIPO, were the predominant phosphorous precipitates at pH 5.0; the phosphorous removal
was attributed to the formation of Cas(PO4);OH (HAP) at pH 11.0. Additionally, AIPO,,
DCPD, and HAP were formed in the neutral condition. This revealed that both Ca and Al
in hydrocalumite were responsible for P removal. Correspondingly, based on the composi-
tion analysis, the molar ratio of (Ca + Al)/P in the extractable phosphorous precipitates
increased from 1.05 to 2.21 with the increasing pH values. The results demonstrated that
the phosphorous removal efficiency was reduced as the species evolution of Ca and Al pre-
cipitates. This work therefore proposed that lower pH promoted the phosphorous removal

efficiency by Ca and Al consumption in LDH.
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1. Introduction

Phosphate, among the elements resulting in
eutrophication, attracts much attention as an excess
amount of phosphate (P), even at 0.5 mg/L, can lead
to abundant development of aquatic plants, growth of
algae, and destruction of the ecosystem in the water
[1,2]. In order to effectively remove P from the P-con-
taminated waters, chemicals such as aluminum, iron,

*Corresponding author.

and calcium salts are most commonly used [3-5].
Generally, there are two mechanisms involved in this
chemical treatment of phosphate, named the coagula-
tion/adsorption of aluminum (iron) hydroxide and
the precipitation of metal phosphates (aluminum
phosphate, iron phosphate, or hydroxyapatite
(Cas(PO,);OH, HAP) [6-8].

In order to get a better P removal, hydrocalumite
(Cap,Al-CI-LDH, Ca4AlL(OH){,Cl,-4H,O) has been
introduced. Recently, our group has found that the
maximum removal amount of P on Ca,Al-Cl-LDH
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was 135 mg P/g [9,10], the high removal efficiency of
phosphate was contributed to the dissolution-repre-
cipitation process after the complete dissolution of the
LDH [11,12]. Additionally, Ca- and Al-phosphate were
predominant precipitates responsible for removal of P
by Ca,Al-ClI-LDH. These species of precipitates were
influenced firmly by pH and initial concentration
of P. Based on this principle, multistep treatment
process were proposed for phosphate removal from
high-concentration phosphate wastewater, in which
Cas(PO4);OH (HAP) was produced at high pH, brush-
ite (DCPD, CaHPO,4-2H,0) and AIPO, were formed at
low pH [13]. This led to the increase of phosphate
removal amount due to the high Ca and Al
consuming efficiency.

However, in batch experiments, Al-phosphate pre-
cipitate was supposed to be a poor-crystallized AIPO,
that could not be well identified via X-ray diffraction
(XRD). Furthermore, at high phosphate concentration,
P removal percentage on Ca,Al-CI-LDH decreased in
the order: pH 5.0>pH 7.0 > pH 11.0. The reason for
such a reduction of P removal efficiency was not yet
clarified.

Herein, the study aimed to elucidate the phase
structure of P-Al combination and the percentage of
the constituents in precipitates formed at various pH
values in the P removal on Ca,Al-CI-LDH. For this
purpose, species of experimental precipitate was
identified after P removal in the solution; the effi-
ciency of Al and Ca in LDH on the P removal was
also explored.

2. Materials and methods
2.1. Materials

Ca,Al-CI-LDH was prepared with a co-precipita-
tion method as described previously [14]. In detail, at
first, the salt solution (50 mL) was prepared by mixing
two solutions of CaCl, (50 mmol) and AICl;-6H,O
(25 mmol). It was quickly added to the alkaline solu-
tion (100 mL), which contained 150 mmol of NaOH
under acute stirring in high-purity nitrogen for 1 h.

After aging with continuous stirring at 25°C for
18 h, the suspension subsequently passed through the
filter. The precipitate was further washed and air
dried at 100°C. For further test, the material was
pressed and crushed (mesh size 100). The ICP and
C/H/O element analysis further confirmed the purity
of CapAl-CI-LDH, and the formula is Ca;gAl
(OH)5,6C10_95(CO3)0_025‘2.5H20 (molecular we1ght is
275 g/mol). The XRD pattern of synthesized materials
was consistent with previous research (JCPDS No
78-1219), and the dgps-spacing is 0.776 nm [10].
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Pure P-Al precipitate was synthesized by precip-
itation, in which 3.086 g of AlCl;-5H,O was added to
300 mL of KH,PO, solution ([P]=1,000mg/L) in a
500-mL beaker under vigorous stirring for 24 h.
During this process, the pH value of the solution kept
4.0 constantly by NaOH or HNO; or solution
(0.01 mmol/L). Finally, the precipitates were collected
by centrifuge at 10,000 rpm for 15 min, followed by
80°C drying in a vacuum oven.

2.2. Batch experiments

The phosphate removal was conducted in 100 mL
KH,PO; solution ([P]=1,000mg/L, 32.3 mmol/L)
with 0.10 g dosage of Ca,Al-CI-LDH. The pH value
in the solution was constant, respectively at 5.0, 7.0,
and 11.0 throughout the experiment, adjusted by
NaOH or HCI solution (0.01 mmol/L). The whole pro-
cess of phosphate removal was performed at 25 + 1°C,
well shaken in the water bath for 24 h. At the end of
the experiment, the suspension passed through
0.22 ym micropore membrane, and the solid was col-
lected. After washing and air dried at 100°C, the solids
and the solution was stored for further determination.
Sample calcination was performed at 300, 700, and
860°C for 8 h in a furnace, respectively. The calcined
solids were milled for further characterization.
Triplicates were conducted for all the experiments.

2.3. Chemical fractions of P from precipitate

For the three bulk samples, the phosphorous was
extracted to identify the important host sites. By series
of increasingly strong reagents to remove recalcitrant
forms, various phosphorous was identified in accor-
dance with previous method [6], modified by Williams
et al. [15]. The phosphorous species included calcium
phosphate (Ca-P), aluminum phosphate (Al-P), iron
phosphate (Fe-P), and the occluded phosphate (O-P).
More precisely, Ca-P was categorized as Ca,-P (dical-
cium phosphate), Cag-P (octacalcium phosphate), and
Cajp-P (10-calcium phosphate). After 0.2 g of solid
sample was transferred into 100 mL flasks, the
separation of each fractionation procedure was con-
ducted at 20-25°C with (1) 0.5 mol/L NH4Ac (pH 4.2)
for 1h (Ca,-P and Cag-P); (2) 0.1 mol/L NaOH and
0.05 mol/L Na,CO; for 4 h (Al-P); and (3) 1.0 mol/L
HCI for 1h (Cayo-P). Triplicates were conducted for
all the experiments. Accordingly, the fraction of
phosphorous bound to Ca was the total P in calcium
phosphates extracted by NH Ac and HCIl, whereas
Al-associated phosphorous AIPO, extracted by
NaOH—Na2CO3.
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2.4. Chemical and physical characterization

The pH value was determined with the combined
glass electrode (Model CL 51) by Elico digital pH
meter (Model LI-120). The measurement of phosphate
concentration followed the molybdenum blue colori-
metric method, determined at 700 nm wavelength in a
UNICO UV-spectrophotometer (4802UV/VIS). The
metal concentrations were measured by the Induc-
tively Coupled Plasma-Atom Emission Spectrometer
(ICP-AES, Prodigy, Leeman Co.). The Element Analy-
sis (EA3000, Leeman Co.) was introduced to detect the
carbon, hydrogen, and oxygen components in LDH.
The LDH was also analyzed by powder XRD on the D
\MAX-2200 X-ray diffractometer (Rigaku Co.). The Cu
Ka radiation (4 = 0.15406 nm) was employed with the
scanning rate of 8°/min from 5° to 80° (26). The TG
and DTA profiles of each sample were collected by
the STA 449C thermo-gravimetric/differential thermal
analyzer (TG/DTA, NETZSCH) in N, atmosphere at
the ramping rate of 2°C/min from 30 to 900°C.

3. Results and discussion
3.1. Identification of AIPO, in synthesized P-Al precipitate

In our previous work [13], the theoretical phospho-
rous species in Ca,Al-LDH precipitate was simulated
by the PHREEQC program. It was reported that
AIPO,4, Caz(POy4),, and hydroxyapatite were the pri-
mary  phosphorous  precipitates at pH<7.0,
7.0<pH <9.0, and pH >9.0, respectively. Although
AIPO, was formed in simulation, it was not recog-
nized by XRD in the experimental precipitate. To con-
firm the formation of AIPO, at pH <7.0, the solid
samples are calcined to crystallize the possible amor-
phous AIPO, phase. The proper temperature of the
calcination was first obtained by TG/DTA analysis of
synthesized AIPO,.
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Fig. 1. TG/DTA curve of pure AIPO,.
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Fig. 1 illustrated the significant mass loss of 26.4%
from 100 to 250°C in the TG curve with an exothermal
peak at 168°C in DTA curve. This was attributed to
the water loss on AIPO,. For temperatures higher than
300°C, although the TG curve was relatively stable,
there were two exothermal peaks at 663 and 833°C
detected by DTA, demonstrating two phase transition
processes of pure P—Al precipitate.

Accordingly, AIPO, was calcined at 300, 700, and
860°C for 8 h respectively to obtain the completed
transition phase that could be identified by the XRD
characterization. Fig. 2 shows the XRD pattern of
amorphous AIPO; in the calcined sample before 300°C
as the broad peak at 15-40° (26). In contrast, well-crys-
tallized AIPO, reflection was obtained in the XRD
result of samples after calcination of 700°C. This sug-
gested that the transition from amorphous to crystal
AIPOy could be obtained after the calcination above
700°C. Moreover, the tridymite-like AIPO, (JCPDS No
51-1674) and quartz-like AIPO, (JCPDS No 11-0500)
were predominant [16-18] after 700 and 860°C calcina-
tion, respectively. This was consistent with the result
of TG/DTA, indicated the phase transformation of
tridymite-like AIPO, to quartz-like AIPO, This
observation indicated that after the calcination at
860°C, the stable crystal AIPO, could be obtained. As
a result, the calcination of the experimental precipitate
was carried out at 860°C.
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Fig. 2. XRD patterns of amorphous Al-P (a), calcined at
300°C (b), 700°C (c), and 860°C (d).
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3.2. Identification of AIPOy in experimental precipitate

Due to the complete dissolution of Ca,Al-Cl-LDH,
it was not observed in each precipitate after phospho-
rous removal, and there was no obvious pattern of
AlIPO, at pH 5.0 and 7.0. It was reported that in the
presence of AI’* in the acidic phosphate solution, a
poor-crystallized AIPO, precipitate was formed with
broad peak at 25-35° (26) [13]. Similarly for the treat-
ment of pH 5.0, amorphous AIPO, was proposed in
the current work. Furthermore, HAP was identified at
pH 7.0, revealing that partial phosphorous was
precipitated in HAP rather than DCPD, different from
the results in simulation. It was worth noting that Al
(OH); was observed at pH 7.0 and 11.0, indicating no
partial Al involved in the phosphorous precipitation.

However, as has been predicted, the calcined
precipitate exhibited the formation of AIPO,. As
shown in Fig. 3, Caz(PO4), was observed in all cal-
cined samples, which was due to the decomposition
of hydrated P-Ca precipitate by high-temperature cal-
cination. This accordingly suggested that there was
hydrated P-Ca precipitate formed in the experimental
precipitate, such as DCPD when the pH value was
less than 7.0 and HAP at pH > 7.0. More importantly,
the crystal AIPO, was identified predominantly in
both calcined samples from precipitates when pH
value was 5.0 and 7.0, indicating the transition of
amorphous AIPO, to its crystal phase, which was
similar to that in the case of synthesized AIPO,. As a
result, the amorphous AIPO, in the experimental
precipitate at pH 5.0 and 7.0 was proposed.
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Fig. 3. XRD characterization of the calcined precipitate at
860°C.
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3.3. The efficiency of Al and Ca in LDH on the P removal

Interestingly, the experimental composition of Ca
and Al in the precipitate was estimated by phosphorous
chemical extraction. As also listed in Table 1, the molar
proportion of P-Al to total precipitate decreased from
56.6 to 5.80% with pH value increasing from 5.0 to 11.0.
In the meanwhile, P-Ca value increased correspond-
ingly to 94.2%. The results showed the similar molar
ratio of (Ca + Al)/P at pH 5.0 in both experimental and
simulated precipitate. However, the (Ca + Al)/P value
in the experimental precipitate was not consistent with
that of simulation at pH 7.0 and 11.0. The inconsistence
of (Ca + Al)/P was contributed to the different evolu-
tion of Ca and Al precipitate between the experimental
and simulated cases. For instance, HAP was identified
at pH 7.0 [13], revealing that partial phosphorous was
precipitated in HAP rather than DCPD, different from
the results in simulation.

Furthermore, the concentration of Al ([Al]) left in
solution after P removal increased with increasing pH.
Specifically, [Al] at pH 5.0, of 2.13 mg/L suggested
that 96.1mg/g of Al in the precipitate due to
98.2 mg/g of total Al in LDH. The amount of P-Al
was 110 mg/g as AIPO, was predominant in the pre-
cipitate (Fig. 3). This indicated that 56.6% of P
removed was attributed to AIPO, precipitate.

In comparison, the efficiency of Al on P removal
was limited at higher pH. At pH?7.0, there was
48 mg/g of P removed in AIPO, as 27.8% of P-Al in
the solid sample. Accordingly, the amount of Al bond
to P was 41.9mg/g. On the other hand, [Al] was
6.20 mg/L in the solution, indicating 92 mg/g of total
Al in the precipitate. This demonstrated that about
45% of Al contributed to P removal. The rest Al was
in AI(OH); formed in the precipitate according to the
result of XRD (Fig. 2). Moreover, the efficiency of Al
further decreased with increasing pH. At pH 11.0, the
amount of Al in the precipitate was 49.5 mg/g, equili-
brating 48.7 mg/L of Al in the solution. 49.6% of Al in
the solution was attributed to the formation of soluble
AI(OH), @ (n > 3) at higher pH [19]. As no AIPO,
was observed in the precipitate, partial P was proba-
bly adsorbed on AI(OH);. This resulted in 5.80% of P
associated with Al in the chemical extraction. There-
fore, the contribution of Al to phosphorous removal
was much higher under low-pH condition than that of
high-pH environment.

The amount of P-Ca was 82, 125, and 121 mg/g
when the pH value was 5.0, 7.0, and 11.0, respectively.
Besides, the concentration of Ca ([Ca]) in the solution
decreased from 145 to 0.16 mg/L with the increasing
pH value, the residual [P] increased. The results indi-
cated that the consumption of Ca increased as up to
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Table 1
The proportion of P-Ca and P-Al contents in precipitates

Theoretical Practical
[All [Ca] Residual P

pH (Ca+AD/P Ca/Pc, (mg/L) (mg/L) P-Al(%) P-Ca(%) (Ca+ AlD/P Ca/Pc, concentration (mmol/L)
50 1.02 1.00 2.13 145 56.6 434 1.05 1.10 26.1
70 1.01 1.00 6.20 294 27.8 722 1.48 1.44 26.7
11.0 241 1.67 48.7 0.16 5.80 94.2 221 1.68 26.9
99.9% of Ca in the precipitate due to 262 mg/g of total ~Acknowledgements

Ca in LDH, the removal efficiency of P decreased.

At pH 5.0, the molar ratio of Ca to P-Ca(Ca/Pc,)
was 1.10, similar to that of Ca/P in DCPD. The results
showed that the consumed Ca was in DCPD form at
acidic solution. The similar conclusion was also found
when pH value was 11.0. The Ca/Pc, was 1.68, close
to 1.67 in the theoretical Ca/P simulation in HAP,
showing that the consumed Ca was predominantly in
HAP. Both observations were consistent with the
results of XRD identification (Fig. 2).

In comparison, the Ca/Pc, was 144 at pH7.0,
between those theoretical values of DCPD and HAP.
This meant that both DCPD and HAP were formed in
the collected sample. As a result, it was supposed that
about 30% of consumed Ca was in DCPD and the rest
in HAP. This observation suggested that the formation
of HAP decreased the efficiency of Ca on P removal at
basic solution.

4. Conclusions

The species of the precipitate after P removal in
the solution was investigated. After the complete dis-
solution of LDH, Ca was precipitated in CaH-
PO,2H,0 (DCPD) at low pH while in hydroxyapatite
(HAP) at relative high pH. For Al, amorphous AIPO,
was predominant in the collected sample at pH 5.0,
which was supported by the XRD result of the sample
after thermal calcination. With pH increasing to 11.0,
the formation of AI(OH); was attributed to Al precip-
itation. Moreover, the chemical extraction and the con-
centration of ions in solution demonstrated that the
consume efficiency of Al and Ca was higher at low
pH than at high pH as the (Ca+.Al)/P increased
from 1.05 to 2.21 with pH increasing. Accordingly, the
formation of AIPO, and DCPD was inhibited at high
pH, responsible for the reduction of P removal effi-
ciency. Therefore, our result suggested that better P
removal effect should be obtained in acidic solution
on Ca,Al-LDH as higher Al and Ca consume
efficiency at low pH.
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