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ABSTRACT

In this study, crashed autoclaved aerated concrete (CAAC) was recycled as a solid waste for
the removal of low concentration of phosphate (1 mg/L). The effects of dissolved calcium
(Ca®") and pH on phosphate removal were investigated. The materials including calcium
chloride (CaCl,) and calcium carbonate (CaCOj;) were selected to investigate the removal
mechanism of low concentration of phosphate by CAAC. X-ray fluorescence, X-ray diffrac-
tion patterns, FT-IR, SEM, and EDS analyses were used to characterize the surface shape,
contained elements, and internal structure of CAAC. Results showed that the removal rate of
phosphate was increased according to the increase in pH. The CAAC showed poor effect on
phosphate removal at acidic condition, but had great removal efficiency in the pH range of
10-12 due to the formation of hydroxyapatite (HAP, Cas(OH)(PO4);) corresponding to
characterization. Dissolved calcium and insoluble calcium compounds in CAAC can combine
with the phosphate and hydroxyl groups to form HAP in alkaline condition and subse-
quently remove the phosphate. SEM images exhibited the surface of CAAC including some
pieces of irregular crystal. After phosphate removal, its surface was covered with a layer of
agglomerations confirmed to be HAP according to characterization. To avoid adjusting the
pH of solution to strong alkalinity, CAAC was modified by sodium hydroxide solution
(NaOH) to increase its activity. Modified products showed a high efficiency for phosphate
removal (98.67%). Collectively, the present results demonstrated that the employment of
crystallization using CAAC could be a promising technology for the advanced treatment of
phosphate from low concentration in municipal secondary effluent.

Keywords: Crashed autoclaved aerated concrete; Low concentration of phosphate; Removal
mechanism; Hydroxyapatite; Modified

1. Introduction nitrate are the major nutrients causing eutrophication,
where the former is more important. Moreover,
phosphate concentration is a significant factor to con-
trol the growth of algae. Now, the presence of trace
amounts of phosphate (even less than 1 mg/L) in trea-
*Corresponding author. ted wastewater from municipalities and industries is

The environmental issue of eutrophication has
become the world matter of concern. Phosphate and
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often responsible for eutrophication, which gives rise
to short- or long-term environmental and esthetic
problems in lakes, areas, and other confined water
bodies. Several studies have shown that the discharge
of 0.2 mg/L phosphate into the surface waters would
stimulate the growth of aquatic micro- and macro-
organisms in nuisance quantities and subsequently
result in eutrophication [1,2]. In order to meet the
effluent quality standards, advanced treatment for sec-
ondary effluent is required. In wastewater treatment
technology, various techniques have been used in
phosphate removal. Among these, chemical and bio-
logical methods have been successfully applied [3-7].
However, the chemical way results in a large amount
of reagent consumption, operation cost, and sludge
production and the biological treatment occupies a
large area of lands with high investment. Accordingly,
exploring a sustainable and affordable technology for
the advanced treatment of low concentration of phos-
phate in secondary effluent is necessary.

Crystallization may serve as a promising solution
for phosphate removal. One of the main advantages is
that the crystal only generate on the surface of
crystalline nucleus, which will not produce a large
quantity of sludge. When crystalline reaction is used
for phosphate removal, the selection of materials as
crystalline nucleus is an important factor. Among
these, most of mineral materials containing calcium
(such as convert slag and Polonite) are widely
employed to remove phosphate [8-15]. The mecha-
nism of crystallization is that calcium, phosphate, and
hydroxyl ions can react with each other to form
alkaline hydroxyapatite (HAP, Cas(OH)(PO4)3). The
reaction equation is as follow:

5Ca*" + 3HPO;™ 4 4OH~ — Cas(OH)(POy),| +3H,0
(1

5Ca*" +3PO;” + OH™ — Cas(OH)(POsy), | 2)

As shown in above equations, the PO,-P in the
aqueous solution phase can be continuously removed
from solution by bonding with the calcium (Ca**) and
hydroxyl ion (OH"). It is illustrated that Ca®* and
OH™ are the important parameters for phosphate
removal. Furthermore, HAP once formed would not
be easily released in a short time due to its low solu-
bility, which can attain the goal of phosphate removal
and recovery.

Autoclaved aerated concrete (AAC, Fig. 1), a
widely used building material, is made of simple or
even waste ingredients (sand and fly ash) and mineral
binders (lime and cement). In view of its characteris-
tics of higher calcareous materials, its porous, and
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Fig. 1. Autoclaved aerated concrete (AAC).

alkaline conditions, AAC with a certain range of
particle diameter size has been reported to purify and
recover the phosphate in wastewater [16-20]. To date,
however, little research has been conducted on the uti-
lization of AAC for the advanced treatment of low
concentration of phosphate.

In the present study, crushed autoclaved aerated
concrete (CAAC, Fig. 2), waste residues from the
manufacturing process of AAC, was used as original
experimental materials to remove low-concentrated
phosphate (1 mg/L). The specific objectives of this
study were to evaluate the mechanism of phosphate

Fig. 2. Crashed autoclaved aerated concrete (CAAC).
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removal, to investigate the major influencing factors
(Ca®* and pH), to qualitatively elucidate the phe-
nomenon of calcium phosphate precipitation through
a series of characterization. And to further improve
the removal rate of phosphate by modification.

2. Materials and methods
2.1. Materials and reagents

The standard phosphate solution with concentra-
tion of 1 mg/L-P which is close to the second effluent
was prepared from anhydrous KH,PO,.

CAAC wused in this study (Fig. 2) was obtained
from a building materials factory in Guangzhou,
China. The chemical composition of CAAC obtained
by X-ray Fluorescence (XRF) is shown in Table 1. The
most abundant components in CAAC are found to be
the oxides of SiO, (48.11%) and CaO (28.59%), which
are the constituents of CAAC framework. The CAAC
was used as a powder obtained by grinding and
sieving through a 100-mesh sieve.

CAAC modified by NaOH was prepared according
to the following reaction conditions: reaction time 2 h,
liquid/solid ratio 5mL/g (100 mL/20g), NaOH
concentration 2 M, and temperature 25°C. After 2 h
reaction, modified materials were recovered by cen-
trifugation and washed three times with distilled
water and twice with ethanol. Finally, the products
were dried in an oven at 45°C, ground to pass through
a 100-mesh sieve, and stored in airtight containers for
later experiments.

All chemicals and reagents used were of analytical
reagent grade. All glassware and sample bottles were
soaked in diluted hydrochloric acid (HCl) solution for
12 h, washed and then rinsed four times with deion-
ized water. Deionized water was used for preparing
all the solutions.

2.2. Experiment methods

Experiment was carried out by shaking 50 mL of
1 mg/1 KH,POy, (as P) solution at 200 rpm with 0.5 g of
materials in the bottles capped with glass screws for
2 h (reaction time of 2 h was found to be enough for
phosphate to achieve equilibrium in pre-experiments)
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at 25°C. The pH was adjusted to a given value by
adding HCI or NaOH. After being shaken for 2 h, the
suspensions were subsequently centrifuged and the
supernatants were determined for phosphate by
the molybdenum-blue ascorbic acid method. The Ca**
concentrations were confirmed by calcium-EDTA titri-
metric method. The pH in aqueous solution was mea-
sured using a pH meter with glass electrode. The
residue after centrifuged was dried in an oven at 45°C
and stored in airtight containers for later experiments.
All experiments were conducted in duplicate and the
average values were used for data analysis.

2.3. Analytical methods

The chemical composition of CAAC was deter-
mined by energy dispersive XRF (PW2404, PHILIPS
Company). The X-ray Diffraction patterns (XRD) were
recorded using BRUKER D8 ADVANCE (German).
FT-IR spectra were done by Nicolet 6700 (America).
The physicochemical properties of the CAAC before
and after reaction were determined using scanning
electron microscopy (SEM) (Zeiss Ultra 55, German)
and energy dispersive X-ray analysis (EDX) (Oxford
X-Max 50) techniques to microscopically investigate
the mechanism in phosphate removal.

3. Results and discussion

3.1. The influencing factors for the removal of low
concentration of phosphate using CAAC

3.1.1. Blank experimental effect

From Egs. (1) and (2), Ca®* and OH™ are the most
important factors for the formation of HAP in phos-
phate removal. Moreover, CAAC as an alkaline mate-
rial is composed mainly of stable calcium-silicate-
hydrate phases (CSH-phases), which are hard to be
dissolved. Therefore, CAAC in this study was added
into deionized water to investigate the variation of
Ca** concentrations and pH in solution.

As shown in Fig. 3, at the condition of solid/liquid
ratio of 10 g/L (0.5 g/50 mL), the Ca®* concentration
and pH in aqueous solution increases with the exten-
sion of time and reaches equilibrium at about 30 and
20 min, respectively. The result shows that though

Table 1

Chemical composition of CAAC

Compound (%) SiO, Al,O3 Fe,O3 CaO MgO K,O Na,O SO;
AAC 48.11 8.25 5.39 28.59 0.74 0.72 0.19 0.67
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CAAC is composed mainly of stable CSH-phases, it
can release a faction of dissolved calcium and alkalin-
ity when soaked in solution, which facilitates the
formation of calcium phosphate precipitations.

3.1.2. Ca®* effect

From Eq. (1), it is shown that Ca®" is one of
important factors for the formation of HAP in
phosphate removal. Hence, the effect of additive Ca%*
concentration on phosphate removal was investigated
in Fig. 4.

The pH of KH,PO, solution was adjusted to
neutral before adding CaCl,. As shown in Fig. 4, the
removal rate of phosphate increases slowly with the
increase in Ca”* concentration. The result indicates
that only increasing Ca®* concentration is unable to
improve the removal rate effectively in the present pH
value.

3.1.3. pH effect

The pH is another important factor for the forma-
tion of HAP in phosphate removal. As shown in Egs.
(1) and (2), the PO4-P can be continuously removed
from the solution by combining with the Ca** and
OH". According to the XRD analysis, CAAC is made
up of insoluble compounds containing calcium and
silicon which are possible to transform into another
more difficult dissolved substance (HAP) under cer-
tain conditions. Therefore, these insoluble calcium
compounds and dissolved calcium ion were indepen-
dently investigated to determine the mechanism of
CAAC in phosphate removal. In this study, CaCO;
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Fig. 3. Variation of Ca?* concentrations and pH in blank
experiment.
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Fig. 4. Effect of Ca®* concentration on phosphate removal.

and CaCl, were selected. The effect of pH on
phosphate removal for above materials was shown in
Fig. 5. The initial pH of solution was 2.87 without
adjusting by HC] or NaOH.

As shown in Fig. 5, the removal rates of phosphate
for three materials generally increase with the increase
in pH. In addition, the phosphate removals for three
materials are greatly effective when the pH is higher
than 10 and reach maximum value of 12. The results
show that CaCl, and CaCO; have a high efficiency for
phosphate removal in the pH range of 10-12, which is
ascribed to the formation of HAP. Similarly, CAAC
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Fig. 5. Effect of pH on phosphate removal for three
materials.
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also has a same effect on phosphate removal. The
following series of analyses are to further illustrate the
removal mechanism of phosphate for CAAC.

When the pH increases from 2 to 4 and 10 to 12,
the slope is much larger than that in the pH range of
4-10, where the removal rate is kept steady. At the
pH of 2, though insoluble calcium compounds in
CAAC such as CaCOj; will be dissolved to release
Ca”*, the phosphate groups in aqueous solution exist
as H3PO, which hardly bonds with Ca®". Besides, the
surface charge of CAAC is also influenced at strong
acidic condition. When the pH increases from 2 to 4,
the phosphate removal increases, which can be
considered that physical adsorption of CAAC plays a
dominating role for phosphate removal in this pH
range. In the pH range of 4-10, the removal rate is
kept steady, which may be explained by that physical
adsorption of CAAC reaches equilibrium and this pH
range is unable to meet the requirements for the
formation of HAP. In this range, H,PO,; and HPO3~
are the primary phosphate groups in solution, which
can combine Ca®* to form calcium phosphate
compounds (such as CaHPO,), but hard to form
crystalline precipitation due to their low solubility.
The removal rate of phosphate greatly increases in the
pH range of 10-12, where the high pH can cause
PO4,P to precipitate quantitatively as calcium
phosphates [8].

The result shows that if the pH reaches certain
value, dissolved calcium ion and insoluble calcium
compounds in CAAC will transform into HAP by
combining the phosphate and hydroxyl groups to
achieve the aim of phosphate removal. In the range of
10-12, HPO; is the main phosphate groups with a
faction of PO}~ in solution and the major reactions are
shown in Egs. (1) and (2).

Among the equations, the Eq. (1) is the most
important. However, this pH range for the formation
of HAP in the removal of low concentration of phos-
phate differed from the previous research [14], where
the optimal pH range was 8.0-9.5. This distinction is
possibly attributed to the difference of material and
reaction conditions. In general, the above results
indicate that there is a strong relationship between
pH and phosphate removal. The removal rate is
relatively efficient at alkaline conditions which are
benefit to the formation of HAP. Collectively, the
removal mechanism of low concentration of phos-
phate for CAAC includes physical adsorption and
crystalline precipitation, where the latter is more
significant. When the dosage was 10 g/L, initial
phosphate concentration was 1mg/L, and the pH
was in the range of 10-12, CAAC showed great effect
on phosphate removal.
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3.2. Characterization

SEM, XRD, FT-IR, and EDS analyses were con-
ducted to investigate the physicochemical properties
of CAAC before and after phosphate removal. These
series of characterization are to further determine the

removal mechanism of low concentration of phosphate
by CAAC.

3.2.1. SEM analysis

The surfaces of the CAAC before and after phos-
phate removal are depicted in Figs. 6 and 7, respec-
tively. Fig. 6 shows the magnified SEM micrograph of
CAAC before phosphate removal contains a number
of irregular sheet particles mostly composed of
CSH-phases according to XRD analysis. These sheet
particles might be hollow particles filled with smaller
pieces which are linked with the inner part of the
particles. Fig. 7 shows the surface of CAAC after
phosphate removal is covered with a layer of
agglomerations. This phenomenon could be explained
by that phosphate removal using CAAC may firstly
go through a process of flocculent precipitation then
the calcium phosphate crystalline precipitation will
generate on the surface of CAAC to change its superfi-
cial shape [15]. According to the XRD and FT-IR
analyses presented below, the appearance of these
agglomerations were due to the formation of HAP.

3.2.2. XRD analysis

XRD analysis was conducted to investigate the
variation in the crystal structure of the materials

Fig. 6. SEM micrograph of CAAC before phosphate
removal.
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Fig. 7. SEM micrograph of CAAC after phosphate removal.

deposited on the CAAC during the phosphate
removal reaction. Fig. 8(a) and (b) shows the XRD pat-
terns for CAAC before and after phosphate removal,
respectively. The XRD analysis was performed over a
26 range of 10-70".

As shown in Fig. 8(a), the crystalline phases pre-
sent in CAAC were quartz (5iO,) and tobermorite
(CasSigO016(OH)»-4H,0), gypsum (CaSO,4), and lime-
stone (CaCOg3). The peaks in the 26 range from 20° to
35° indicated the presence of amorphous component.
The amorphous components may contain calcium,

HAP
2 LM@JL‘JWWW
% 1-5i0,
E ] 2-Ca,Si,0,,(OH), * 4H,0
3-CaS0,
4-CaCo,

10 20 30 40 50 60 70
2Theta

Fig. 8. XRD patterns of CAAC (a) before and (b) after
phosphate removal.
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iron, and aluminum, which were confirmed in EDS
mapping analysis presented below. Comparison of
Fig. 8(a) and (b) shows the appearance of two sharp
and intense peaks characteristic of HAP (26 =31.4°
and 31.9°) after phosphate removal. Additionally, the
reflections of limestone, gypsum, and tobermorite
were partly reduced or even absent after reaction,
which explained that the ordered structure of them
were partially destroyed. Because of that, the
Ca*" could be released from CAAC to solution and
the insoluble substances (such as CaCO; and
CasSig0q4(OH),-4H,O) in CAAC will transform
another precipitation (HAP) with lower solubility.
XRD results reveal that growth of crystalline HAP on
the CAAC causes the amount of order in the particles
to increase as phosphate crystallization reaction
progresses.

In addition to HAP, the presence of calcium phos-
phate compounds such as tricalcium phosphate
(Cag(POy);) and calcium hydrogen phosphate
(CaHPO,) was not observed in the XRD pattern due
to their lower solubility. According to above analyses,
the crystal of HAP will be generated on the surface of
CAAC in phosphate removal.

3.2.3. FT-IR analysis

The FT-IR spectra of the CAAC (before and after
phosphate removal) were recorded between 400 and
4,000 cm ™" in Fig. 9(a) and (b), respectively. The banks
at 464, 973 cm™! are assigned to TiO,4, doable ring and
T-O bending, respectively (T=Si and Al). The charac-
teristic band related to Fe-O-Fe bond of iron oxide
must be appearing at 580 cm™'. Another band

(a)

(b)

Transmittance(%)

. . . . —
500 1000 1500 2000 2500 3000 3500 4000 4500
Wavenumber(cm : )

Fig. 9. FT-IR spectra of the CAAC (a) before and (b) after
phosphate removal.
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observed at 674 cm™' is due to Si-O-Ca bond. The
CO; band is detected at around 1,448 cm™ . In addi-
tion, the adsorption bands at 1,616 and 1,660 cm™ ! are
related to interstitial bonded water. The FI-IR spectra
of CAAC after phosphate removal exhibits new peaks
at 1,100 cm ™! (corresponding to the PO4% vibration)
and at 3461, 3670 cm ' (corresponding to the OH
stretching vibration), which correspond to the charac-
teristic bands of HAP [15]. Similarly, the presence of
other calcium phosphate compounds such as
Caz(POy); and CaHPO, is not distinctly observed in
the FT-IR spectra of Fig. 9(b) corresponding to the
XRD analysis. In a word, the results of FT-IR analyses
manifest that the low-concentrated phosphate in
wastewater could be removed and immobilized by the
formation of HAP.

3.2.4. EDS mapping analysis

EDS mapping analysis was performed to deter-
mine the chemical composition of the crystalline
materials adhered to the surface of CAAC. The EDS
mapping analysis, depicted in Fig. 10, reveals that the
surface of flocculent precipitation appears the ele-
ments of Ca and P, which support the XRD and FI-IR
analyses. In addition, other types of elements such as
iron (Fe) and aluminum (Al) are also detected in EDS
mapping analysis, which may partly formed as amor-
phous insoluble precipitation on the surface of CAAC
according to the XRD analysis. The presence of silicon
(5i) was probably due to the dissolution of silicates in
the CAAC. The appearance of carbon (C) and oxygen
(O) might be attributed to co-crystallization of calcium
carbonate due to the carbonate alkalinity and the reac-
tion equation is as follow:

Ca?* + HCO®>™ + OH™ — CaCO; | + H,O 3)

0 2 4 6 8 10 12

Fig. 10. EDX mapping analysis graph of CAAC after
phosphate removal.
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3.3. Results of characterization

The results of the XRD, FT-IR, SEM, and EDS
analyses indicated that a principal ingredient of the
flocculent substances were HAP whose formation are
the predominant removal mechanism of low concen-
tration of phosphate using CAAC. Based on the above
analyses, CAAC with high content of calcium has the
potential to be a cost-effective crystalline nucleus
material for phosphate removal.

3.4. CAAC modified by sodium hydroxide solution

The results of the above studies have shown that
CAAC has a high efficiency in the removal of low
concentration of phosphate at strong alkaline condi-
tions. Actually, it is impossible to adjust the pH of
solution to strong alkalinity. Thus, CAAC in this study
was modified by NaOH to increase its activity. NaOH
can dissolve SiO, on the surface of CAAC to facilitate
its physical adsorption. In addition, the above analyses
show that alkaline condition is beneficial for phos-
phate removal. SEM micrographs of CAAC after
modified by NaOH are shown in Fig. 11.

As shown in Fig. 11, the surface of modified
CAAC was coated with some pieces of crystalline
materials whose sizes become more uniformly com-
pared to Fig. 6. Effects of CAAC on phosphate
removal before and after modification were compared
in table 2.

As shown in table 2, the removal rate of phosphate
could reach a relative higher level (98.67%) using the
modified CAAC. This is due to that the CAAC after
modification by NaOH could further increase its

Fig. 11. SEM micrograph of CAAC after modified by
NaOH.
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Table 2
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Effects of CAAC on phosphate removal before and after modification

Materials Initial pH Effluent pH Removal rate of phosphate (%)
CAAC 7.00 8.77 53.51
Modified CAAC 7.00 11.12 98.67

alkalinity, which is shown by the effluent pH. Besides,
in this pH range, HPO, as the main phosphate group
could bond with Ca®" and OH™ as HAP or other cal-
cium phosphate precipitations. In a word, CAAC
modified by NaOH showed a great increase in the
removal of phosphate.

4. Conclusion

CAAC as a solid waste was employed to investi-
gate the removal of low concentration of phosphate
(1 mg/L). The Ca®* and pH played the critical roles in
phosphate removal. When soaked in solution, CAAC
can release dissolved calcium and alkalinity. The
removal rate of phosphate was increased according to
the increase in the pH. The removal mechanism of
phosphate using CAAC includes physical adsorption
and crystalline precipitation of HAP confirmed by
XRD, FT-IR, and EDS mapping analyses, where the
latter is more important. Dissolved calcium released
by CAAC can combine with POs-P and OH™ to form
HAP. In addition, insoluble calcium compounds in
CAAC can transform into HAP due to its lower solu-
bility. CAAC after modification by NaOH had a high
efficiency on phosphate removal (98.67%). Based on
above results, CAAC with high content of calcium has
the potential to be a new highly efficient and cost-
effective material for the advanced treatment of low
concentration of phosphate in secondary effluents.
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