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a b s t r a c t
In this work, a novel magnetic composite using crushed autoclaved aerated concrete (MCAAC) as a 
carrier was prepared and applied to low-concentration (1 mg/L) phosphate removal. The structural 
and physical properties of MCAAC were characterized by X-ray fluorescence, X-ray diffraction, 
Fourier-transform infrared spectroscopy, scanning electron microscopy, energy-dispersive X-ray 
spectrometry, and saturation magnetization. Relevant mechanisms for phosphate removal under 
different conditions were also investigated. The adsorption and precipitation were studied sepa-
rately to evaluate their roles in phosphate removal. The influence factors, including pH, calcium 
ion concentration, contact time, and Fe3O4 load, were studied and optimized. Results showed that 
MCAAC had been successfully synthesized and easily separated from the reaction mixture by a 
portable magnet. The phosphate removal rate by MCAAC reached 93.99% in the first 5 min and 
achieved reaction equilibrium (99.88%) in 120 min. The removal mechanism for low-concentration 
phosphate by MCAAC included a fast and large removal representing precipitation, then a slow 
and long removal due to adsorption. With the addition of phosphate, the pH and calcium ion con-
centration decreased in the suspension of MCAAC and hydroxyapatite (Ca5(OH)(PO4)3) formed on 
the surface of MCAAC, suggesting calcium phosphate precipitation may be a major mechanism 
in phosphate removal. Besides, comparison of the relative contribution of the adsorption and pre-
cipitation to the total removal of phosphate revealed that adsorption accounted for 20%–40%. The 
adsorption process was fitted to Langmuir model and pseudo-second-order kinetic model. All 
results demonstrated that MCAAC could be used as a promising material for low-concentration 
phosphate removal.
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Removal mechanism
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1. Introduction

Phosphate is often the limiting factor for primary pro-
duction by phytoplankton in lakes. Due to widespread 
development of industry and agriculture in China, the 
release of excessive amounts of phosphate is responsible 
for the eutrophication of receiving waters, which results 
in the deterioration of water quality and overall ecolog-
ical balance [1,2]. Hence, the removal of phosphate is paid 
more and more attention. To date, there have been vari-
ous studies focusing on the removal of phosphate from the 
middle- and high-concentration solution [3–5]. However, 
as low as 0.2 mg/L phosphate into the surface water would 
stimulate the growth of aquatic micro and macro organ-
isms and subsequently result in eutrophication [6,7]. Now 
phosphate at about 1 mg/L in the effluents from municipal 
sewage treatment plants can lead to eutrophication in rela-
tively stagnant water bodies. So the removal of low-concen-
tration phosphate should not be neglected. The commonly 
used methods to remove phosphate from wastewater include 
biological treatment [8], chemical precipitation [9,10], reverse 
osmosis [11], and adsorption [12–14]. Among these, adsorp-
tion and chemical precipitation are most widely accepted for 
low-concentration phosphate removal because of their high 
efficiency, low cost, and easy and simple operation. In this 
study, the methods of adsorption and chemical precipita-
tion were employed to remove low-concentration phosphate 
from the aqueous solution.

In recent literatures, magnetic tetroxide iron (Fe3O4) had 
been widely applied to environmental remediation espe-
cially for phosphate removal [15–17]. The strong magnetic 
property of such particles enables solid–liquid separation 
using a simple magnet. Thus, effective composites coated 
with magnetic iron had been widely investigated to remove 
phosphate [18–20].

Crushed autoclaved aerated concrete (CAAC, Fig. 1), 
a kind of residues from building material, is made of sim-
ple or even waste ingredients (sand and fly ash) and min-
eral binders (lime and cement). Because CAAC is filled with 
oxides of aluminum, iron, and especially calcium which can 
strongly absorb and form precipitate with phosphate, the 

investigation on the reuse of CAAC should be drawn atten-
tion to. The studies of CAAC as an adsorbent and crystalline 
material to purify and recover the wastewater containing 
phosphate [21–24] had been investigated. Our previous 
study [25] had manifested that CAAC got high removal effi-
ciency for low-concentration phosphate in alkaline condition 
(pH > 10) and obtained the better removal effect after modifi-
cation by NaOH in neutral pH value. Nevertheless, CAAC as 
a lightweight material especially ground into powder could 
easily float on the water, which resulted in the difficulty of 
solid–liquid separation after treatment. Additionally, mod-
ification using NaOH would lead to secondary pollution 
caused by the waste alkaline solution.

To solve the abovementioned problems, magnetic crushed 
autoclaved aerated concrete (MCAAC), a novel material, 
coated with ferroferric oxide (Fe3O4) prepared by the copre-
cipitation of Fe3+ and Fe2+ with waste alkaline solution was 
presented in this study. The process of preparation included 
a neutralization step of the waste alkaline solution and addi-
tion of magnetism. The two steps not only prevented the gen-
eration of waste alkaline solution, but also attained a high 
efficiency and recovery for low-concentration phosphate 
removal. This paper describes the synthesis and properties 
of MCAAC, particularly in relation to the characteristics and 
removal mechanism for low-concentration phosphate.

2. Materials and methods

2.1. Materials

CAAC used in this experiment was obtained from a 
building material factory in Guangzhou, China, and ground 
to pass through a 100-mesh sieve. The main chemical com-
positions of CAAC obtained by X-ray fluorescence (XRF) are 
silicon, calcium, aluminum, iron, and small amount of other 
elements (Table 1). SiO2 (48.11%) and CaO (28.59%) are the 
main constituents of CAAC.

2.2. Preparation of NCAAC

The CAAC modified by sodium hydroxide solution 
(NCAAC) was prepared under the following reaction condi-
tions: reaction time 2 h, liquid/solid ratio 6 mL/g (150 mL/25 g), 
2 M solution of NaOH, and temperature of 25°C. After being 
cooled down to room temperature, NCAAC was washed 
with doubly distilled water three times and twice with eth-
anol, then dried in an oven at 45°C, and ground to pass 

Fig. 1. Crushed autoclaved aerated concrete (CAAC).

Table 1
Chemical composition of CAAC

Compound (%) CAAC

SiO2 48.11
Al2O3 8.25
Fe2O3 5.39
CaO 28.59
MgO 0.74
K2O 0.72
Na2O 0.19
SO3 0.67
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through a 100-mesh sieve. The waste alkaline solution after 
centrifugation and modified products were stored in airtight 
containers for later experiments.

2.3. Preparation of Fe3O4

Fe3O4 was prepared through the coprecipitation of Fe3+ 
and Fe2+. First, the solution of ferric chloride (FeCl3·6H2O) 
and ferrous sulfate (FeSO4·7H2O) with molar ratio of 4:3 was 
prepared and mixed together. Then the pH of the mixture 
was adjusted to 11 using waste alkaline solution. After being 
stirred at 60°C and crystallized at 70°C for 1.5 h, respectively, 
the mixture was separated with the aid of a permanent mag-
net and washed with deionized deoxygenated water several 
times till the pH value close to neutral. Finally Fe3O4 was pre-
pared to magnet fluid of 50 wt% with deionized deoxygen-
ated water, and then dried in a vacuum oven at 105°C and 
ground to pass through a 100-mesh sieve.

2.4. Preparation of MCAAC

The procedure for the synthesis of the MCAAC is illus-
trated in Fig. 2. Briefly, 1.5 g of ethyl carbamate and 5 mL 75% 
of ethanol were firstly mixed into a dilute binder in beaker. 
1.5 g NCAAC and 0.5 g Fe3O4 was fully mixed in mortar then 
added in beaker for bonding. After being dried and ground 
in a similar manner to NCAAC, MCAAC was prepared.

2.5. Methods

Experiments were carried out by shaking 50 mL of 1 mg/L 
KH2PO4 (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 removal to achieve 
equilibrium in pre-experiments) at 25°C. The pH was adjusted 
to a given value by adding HCl 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 Ca2+ concentra-
tions were confirmed by calcium-Ethylenediamine tetraacetic 
acid titrimetric method. The pH in aqueous solution was 

measured by using a pH meter with glass electrode. The 
residue after centrifugation was dried in an oven at 45°C 
and stored in airtight containers for later characterization. 
Deionized water, 1, 5, 10, 15, 20, 25, and 30 mg/L phosphate 
solution were used in the test, respectively, to conduct the 
following similar procedure, and the supernatants were used 
to determine pH and concentrations of Ca2+ ions. All experi-
ments were conducted in duplicate, and the average values 
were used for data analysis.

All chemicals and reagents were used 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 deionized water. Deionized 
water was used for preparing all the solutions.

2.6. Characterization

The chemical compositions of CAAC were determined 
by energy-dispersive XRF (PW2404, PHILIPS Company). 
The X-ray diffraction (XRD) patterns were recorded using 
BRUKER D8 ADVANCE (Germany). Fourier-transform infra-
red spectroscopy (FT-IR) spectra were obtained by Nicolet 
6700 (USA). The physicochemical properties of the materials 
were determined using scanning electron microscopy (SEM) 
(Zeiss Ultra 55, Germany), and energy-dispersive spectrome-
try (EDS) (Oxford X-Max 50, a manufacturer’s product model 
of energy-dispersive spectrome try, was made by Germany) 
techniques. The hysteresis loops of samples are determined 
by vibrating sample magnetometer (VSM) which is made in 
Quantum Design, USA, and is MPMS (SQUID) XL-7 type.

3. Results and discussion

3.1. Characterization

The XRD patterns of the samples, including CAAC, 
NCAAC, pure magnetic Fe3O4 prepared with waste alkaline 
solution, and MCAAC before and after phosphate removal, 
are investigated in Fig. 3. The main crystalline phases in 
CAAC are quartz (SiO2, 21.0°, 26.8°, 39.6°, 50.3°, 60.1°), tober-
morite (Ca5Si6O16(OH)2.4H2O, 29.1°. 29.6°), gypsum (CaSO4, 
25.6°) and limestone (CaCO3, 38.8°). The characteristic 

Fig. 2. The synthetic route of MCAAC.
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diffraction peaks appeared in pure Fe3O4 at 30.2°, 35.1°, 43.5°, 
54.1°, 57.4°, 63.1° could be assigned to [220], [311], [400], 
[422], [511], and [440] planes of magnetite (JCPDS card NO. 
19-0629), respectively. The XRD pattern of MCAAC main-
tained the characteristic diffraction peaks of CAAC. The 
diffraction line at 2θ angle of 30.20° and 35.05° in MCAAC 
corresponded to magnetite [26,27], which indicated that Fe3O4 
had been successfully gained and attached to the CAAC. 
Therefore, the synthesized MCAAC included the property of 
CAAC and magnetism. Meanwhile, the proportion of Fe3O4 
in MCAAC only accounted for 25% theoretically, and, there-
fore, characteristic peaks of Fe3O4 were weak and broadened 
[28]. Comparison of MCAAC before and after phosphate 
removal showed the appearance of two sharp and intense 
peak characteristics of hydroxyapatite (HAP, 2θ = 31.4° and 
31.9°) [3,29,30]. This result was similar to our previous study 
[25], which suggested that the main removal mechanism of 
phosphate by MCAAC is also according to the following 
equation:

5Ca2+ + 3HPO4
2− + 4OH− → Ca5(OH)(PO4)3↓ + 3H2O (1)

5Ca2+ + 3H2PO4
1− + 7OH− → Ca5(OH)(PO4)3↓ + 6H2O (2)

Indeed, calcium phosphate compounds such as trical-
cium phosphate (Ca3(PO4)2) and calcium hydrogen phos-
phate (CaHPO4) should be formed under alkaline condition. 
However, they are not observed in the XRD pattern. One 
reason is that due to their higher soluble phase than HAP, 
they will transform to HAP even if they are formed [3]. 
Another is possibly that they form amorphous insoluble pre-
cipitates which are not detected by XRD. Besides, the iron 
phosphate compounds are also not appeared in XRD, pos-
sibly due to that the content of iron in samples is not high 
enough to combine well with phosphate groups to form crys-
tal. Additionally, the reflections of limestone, gypsum, and 
tobermorite are partly reduced or even absent after reaction, 
which explains that the ordered structure of them is partially 

destroyed. Because of that, the Ca2+ can be released from 
MCAAC to solution and the insoluble substances (such as 
CaCO3 and Ca5Si6O16(OH)2·4H2O) in MCAAC will transform 
to HAP due to its lower solubility. According to the analyses, 
phosphate can be recovered by two aspects. On one hand, 
HAP once formed will not be easily released in a short time 
due to its low solubility, which increases the phosphate 
recovery in reaction. On the other hand, the samples with 
magnetism maintain the phosphate recovery after reaction.

The FT-IR spectra of samples including CAAC, NCAAC, 
and MCAAC are displayed in Fig. 4. These samples belong to 
hydrated material, and water adsorption bands at 1,616 cm–1, 
1,660 cm–1, and in the range of 3,000–3,600 cm–1 indicated it. 
The bands at 464 cm–1 and 973 cm–1 were assigned to TiO4, 
doable ring, and T–O bending, respectively (T = Si and Al). 
Another band observed at 674 cm–1 was due to Si–O–Ca 
bond. The CO3

– band was detected at around 1,448 cm–1. 
A new characteristic peak related to Fe–O–Fe band of iron 
oxide appeared at 580 cm–1 [26], which indicated that Fe3O4

 

had been successfully attached on CAAC and supports the 
XRD analysis. In addition, the FT-IR spectra of MCAAC after 
phosphate removal exhibited new peak at 1,100 cm–1 (corre-
sponding to the PO43– vibration), which corresponded to the 
characteristic bands of HAP observed in XRD. Similarly, the 
presence of iron and other calcium phosphate compounds 
was not distinctly observed in the FT-IR spectra correspond-
ing to the XRD analysis.

The SEM micrographs of CAAC, NCAAC, and MCAAC 
before and after phosphate removal are shown in Fig. 5. 
Fig. 5(a) shows the magnified SEM micrograph of CAAC 
included a large amount of irregular sheet particles mostly 
composed of calcium–silicate–hydrate. These irregular par-
ticles might be hollow particles filled with smaller pieces 
which were linked with the inner part of the particles. After 
modified by NaOH, the surface of NCAAC in Fig. 5(b) was 
coated with some pieces of crystalline materials whose sizes 
became more uniform compared with Fig. 5(a), possibly 
because of NaOH dissolving SiO2 on the surface of CAAC. 
Fig. 5(c) reveals that the surface of MCAAC grew a num-
ber of uneven particles and became aggregative and rough 
compared with Fig. 5(b), which could be conjectured that 

Fig. 3. X-ray diffraction patterns of (a) CAAC, (b) NCAAC, 
(c) pure Fe3O4, (d) MCAAC, and (e) MCAAC after phosphate 
removal.

Fig. 4. FT-IR spectra of (a) CAAC, (b) NCAAC, (c) MCAAC, and 
(d) MCAAC after phosphate removal.



193W. Li et al. / Desalination and Water Treatment 140 (2019) 189–198

Fe3O4 attached to the surface of NCAAC. After phosphate 
removal, the surface of MCAAC in Fig. 5(d) looks like a 
tightly wrapped sphere.

EDS mapping analysis (Fig. 6) is performed to deter-
mine the chemical composition of the crystalline materials 
adhered to the surface of MCAAC. The EDS mapping analy-
sis depicted in selected area (Fig. 5(d)) shows that the crystal 
on the surface of MCAAC appeared the elements of Ca and 
P, which supported the XRD and FT-IR analyses. In addition, 
other types of elements such as iron (Fe) and aluminum (Al) 
were also detected in EDS mapping analysis, which may 
explain that these metal ions were the component element 
of MCAAC or formed as amorphous insoluble precipitate on 
the surface of MCAAC. The presence of silicon (Si) was prob-
ably due to the dissolution of silicates in the MCAAC. The 
appearance of carbon (C) and oxygen (O) might be attributed 
to co-crystallization of calcium carbonate due to the carbon-
ate alkalinity, and the reaction equation is as follows:

Ca2+ + HCO3
– + OH− → CaCO3↓ + H2O (3)

The magnetization measurement determined with 
VSM (Fig. 7) displays that the saturation magnetization of 
MCAAC is about 0.6 emu/g. The magnetic curve showed 
no remanence and coercivity, which indicated that MCAAC 
had good super-paramagnetic property [31]. This value 
ensured that MCAAC had sufficient magnetic property to 
be attracted by a permanent magnet [32]. The separation 
ability of the MCAAC by an external magnet is demon-
strated in Fig. 7. When a magnet was placed at one side of 
the bottle, homogeneously mixed MCAAC magnetic pow-
der in bottle had been completely collected to the side close 
to magnet. Furthermore, the MCAAC could be separated 
from the solution with the help of an external magnet. This 
vivid phenomenon not only clearly confirms that MCAAC 
magnetic powder can be easily recovered by an external 
magnet but also verifies the results of characterization.

3.2. Effect of different Fe3O4 loading

The content of iron in MCAAC is an important param-
eter to test the recovery of phosphate and material. At the 
same time of adding magnetism to material, the variation of 

Fig. 5. SEM micrographs of (a) CAAC, (b) NCAAC, (c) MCAAC, 
and (d) MCAAC after phosphate removal.

Fig. 6. EDS mapping analysis graph of MCAAC after phosphate removal.

Fig. 7. Magnetization curve of MCAAC.
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phosphate removal should be noticed. Fig. 8 reveals that the 
optimum content of iron in MCAAC accounts for 25% of total 
mass, which was corresponding the removal rate of 99.24%. 
However, the removal rate showed the tendency of decline 
when the content of iron exceeded 25% and reached the min-
imum at the content of 40% (93.19%). It was because that the 
increase of iron content would cover the surface of CAAC to 
block mutual contact area, which could influence the crystal-
lization of HAP and individual adsorption.

3.3. Development of pH

The development of pH in MCAAC suspension with time 
is shown in Fig. 9. At the first 5 min, the pH of MCAAC after 
reaction in deionized water was 8.71, but with an addition of 
1 and 5 mg/L of phosphate, the pH values decreased immedi-
ately to 7.21 and 7.13, respectively. Then, the pH values grad-
ually increased with contact time and reached a peak value at 
2 h. The final pH value of the MCAAC after reaction in deion-
ized water was 10.18, while samples treated with a solution 
containing 1 and 5 mg/L phosphate had final pH values of 

9.74 and 9.27, respectively. The high pH value of MCAAC 
in deionized water was due to dissolution of Ca2+ from the 
sample into the solution. When phosphate was reacted with 
the MCAAC, a large amount of Ca2+ was removed from the 
solution, resulting in the precipitation of calcium phosphate. 
The formation of calcium phosphate suppressed the change 
of pH.

3.4. Changes in calcium concentration and pH due to phosphate 
removal

It is suggested that phosphate removal depends on the 
dissolution of calcium ions (Ca2+) from MCAAC. In order to 
find out the relationship between pH and dissolution of Ca2+ 
from MCAAC, a series of batch tests were performed. The 
results are presented in Fig. 10. The Ca2+ concentration and 
pH in MCAAC suspension was decreased with the addition 
of phosphate. Phosphate removal was accompanied by a 
reduction in the Ca2+ ion concentration and pH value, cor-
responding to the formation of HAP according to the char-
acterizations. Phosphate may be removed by adsorption, 
but the results were not consistent with adsorption, a most 
important phosphate retention mechanism. With adsorption, 
it was difficult to explain the concomitant decrease of Ca2+ 
concentration that occurred as a result of phosphate addition. 
It was expected that the MCAAC containing large amounts 
of calcium and iron would adsorb phosphate and promote 
the precipitation of calcium and iron phosphates [10]. The 
concentration of phosphate declined more rapidly due to its 
direct precipitation with calcium.

3.5. Mechanism of low-concentration phosphat removal by 
MCAAC

Adsorption is another significant mechanism for phos-
phate removal. In order to compare the relative contribu-
tion of adsorption and precipitation to phosphate removal, 
the phosphate removal experiments of acidic (pH = 2) and 
neutral (pH = 7) conditions are presented in Table 2 and 
Fig. 11. At the acidic conditions, the initial and final pH val-
ues before and after reaction were adjusted and kept steadily 

Fig. 8. Effect of Fe3O4 loading on phosphate removal.

Fig. 9. Development of pH in MCAAC suspension with 
deionized water and 1 and 5 mg/L of phosphate solutions.

Fig. 10. The pH and Ca2+ concentration as a function for the 
amount of phosphate added.
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at about 2. The removal of phosphate by MCAAC, CAAC, 
and Fe3O4 were investigated to the contribution of adsorption 
processes of phosphate. The samples treated with a solution 
containing 1 mg/L phosphate at the pH of 2 had final removal 
rate of 71.99%, 39.12%, and 19.16% for Fe3O4, MCAAC, and 
CAAC, respectively. It was obvious that phosphate removal 
by MCAAC had visibly improved compared with CAAC 
without modification, which suggested that the addition of 
Fe3O4 partly contributed to phosphate removal. At the pH 
of 7, phosphate removal by MCAAC in aqueous solution 
increased rapidly and reached 93.99% within 5 min due to its 
direct precipitation with calcium but considerably reduced 
(20.11%) compared with that the pH of 2. This was because 
that though insoluble calcium compounds or iron oxide in 
MCAAC would be dissolved to release calcium and iron ion 
under acidic condition, the phosphate groups (H3PO4) in 
aqueous solution hardly bonded with Ca2+ and Fe3+/Fe2+ to 
form precipitates. It could be considered that physical adsorp-
tion of MCAAC played a dominating role in acidic condi-
tions instead of precipitation. The phosphate removal using 
MCAAC greatly increased in the pH range of 7–10.26, where 
the HPO4

2– and PO4
3– were the primary phosphate groups, 

and the high pH could cause PO4–P to precipitate quantita-
tively as calcium and iron phosphates. Additionally, CaHPO4 
and Ca3(PO4)2 would transform into HAP due to their lower 
solubility. The results indicated that the reduction of pH of 
the solution by the acid treatment significantly affected phos-
phate removal and implies adsorption processes accounted 
for 20%–40% of the total removal of phosphate. The possible 

adsorption mechanism for the removal of phosphate using 
MCAAC could be an adsorption process through the ligand 
exchange between phosphate and hydroxide groups on the 
surface of the hydroxylated Fe and Al oxides. Phosphate 
adsorption through ligand-exchange reactions could be pre-
dominant when the surfaces of Fe and Al oxides were pro-
tonated, which resulted in the surfaces positively charged. 
This explanation could be supported by the fact that iron and 
aluminum oxides had higher adsorption capacity for phos-
phate [33]. The results and characterizations show that the 
calcium phosphate precipitation should be a predominate 
mechanism for the low-concentration phosphate removal.

3.6. Phospate adsorption kinetics study

The prediction of batch adsorption kinetics is one of 
the significant aspects, which can explicate the mecha-
nism of adsorption and its potential rate-limiting steps 
that include mass transport and chemical reaction pro-
cesses [34]. To understand reaction pathways and the time 
needed to achieve the equilibrium, the kinetic data are dealt 
with several kinetic models including pseudo-first-order 
and pseudo-second-order rate models, which are the most 
likely models to evaluate the adsorption mechanism. The 
pseudo-first-order model or Lagergren first-order model is 
written in the following equation:

lg(qe–qt) = lgqe–k1t (4)

where qt and qe are the amount of phosphate adsorbed (mg/g) 
at time t and equilibrium, respectively; k1 is the rate constant 
of pseudo-first-order model (min–1); and t is the time (min).

Pseudo-second-order model is derived on the basis of the 
sorption capacity of the solid phase, described as Eq. (4):

t
q k q qt e e

= +
1

2
2

t
 (5)

where k2 is the pseudo-second-order rate constant 
(g/mg·min).

The kinetics of phosphate removal by MCAAC is shown 
in Fig. 11 as a function of contact time from 5 to 120 min in 
acidic condition (pH = 2). Result showed that phosphate 
removal rate by MCAAC was quite rapid in first 30 min, and 
then the trend became smooth until equilibrium was attained 
up to 120 min.

Table 3 summarizes the kinetic parameters of phosphate 
adsorption on MCAAC. Plots of pseudo-first-order and 
pseudo-second-order are shown in Fig. 12. The correlation 
coefficients of the pseudo-second-order adsorption kinetic 
models presented higher values (R2 = 0.999) than those of 
the pseudo-first-order one. The theoretical equilibrium 
adsorption capacity (qe,cal = 0.041) in the second-order kinetics 
equation was closer to the equilibrium adsorption capacity 
(qe,exp = 0.039) obtained from the experiment, which indicated 
the pseudo-second-order adsorption kinetic models was more 
suitable to describe this adsorption process. These results 
illustrated that the adsorption of phosphate on MCAAC likely 
occurred through chemisorption where sharing or exchange 
of electron takes place between phosphate and the functional 

Table 2
Effect of different samples on phosphate removal

Samples Initial pH Final pH Phosphate removal rate (%)

CAAC 2.00 2.05 19.16
MCAAC 2.00 2.08 39.12
Fe3O4 2.00 2.04 71.99
MCAAC 7.02 10.26 99.21

Fig. 11. Change of phosphate removal rate with MCAAC, CAAC, 
and Fe3O4 in the pH of 2 or 7 (initial phosphate concentration, 
1 mg/L; contact time, 120 min; and dose of samples, 10 g/L).
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groups of MCAAC [35]. In the pseudo-second-order process, 
an initial surface reaction occurred until all the surface 
sites were occupied. Subsequently diffusion and molecular 
reorganization could take place at the surface for additional 
complexation [36].

3.7. Adsorption isotherms study

The phosphate adsorption isotherm of MCAAC in 
acidic condition (pH = 2) is shown in Fig. 13. The phosphate 
adsorption capacity considerably increased with the phos-
phate concentrations of applied solution increasing from 1 to 
30 mg/L, which indicated that MCAAC had a certain affinity 
for the phosphate removal from solution. The isotherm data 
on phosphate adsorption were fitted to two two-parameter 

equations (Langmuir and Freundlich model). The Langmuir 
model assumes that a monolayer adsorption occurs on a uni-
form surface, which has sites of identical energy and each 
adsorbate molecule occupy one single site with no interaction 
[37]. The linear form equation of this model can be defined as 
follows:

C
q q K

C
q

e

e m L

e

m

= +
1

 (6)

where qe is the adsorption capacity of phosphate at equilib-
rium concentration (mg/g); qm is the maximum adsorption 
capacity of adsorbent (mg/g); Ce represents the equilibrium 
concentration of the adsorbate, and KL is the Langmuir con-
stant which is related to the affinity of binding sites (L/mg).

The Freundlich isotherm predicts the non-ideal and 
reversible adsorption, which happens on an energetically 
heterogeneous surface, and the capacity of solute adsorbed 
on adsorbent enhances infinitely with increase in the concen-
tration [38]. The logarithmic form of the Freundlich isotherm 
is represented by the following equation:

ln ln lnq K
n

ce F e= +
1

 (7)

where KF (mg/g); n are Freundlich constants related to the 
capacity and intensity of adsorption, respectively.

The fitting plots based on isotherm models for adsorp-
tion of phosphate are shown in Fig. 14. Individual adsorption 
parameters and the correlation coefficients were obtained 
by plotting the experimental data in the two different 

Table 3
The pseudo-first-order and pseudo-second-order model adsorption constants, calculated and experimental Qe values for phosphate 
removal

Sample First-order model Second-order model
Qe,exp (mg/g) K1 (min–1) Qe,cal (mg/g) R2 Qe,exp (mg/g) K2 (min–1) Qe,cal (mg/g) R2

MCAAC 0.039 0.031 0.029 0.968 0.039 4.675 0.041 0.999

Fig. 12. Adsorption kinetics study of (a) pseudo-first order model 
and (b) pseudo-second order model for phosphate removal by 
MCAAC.

Fig. 13. Phosphate adsorption isotherm of MCAAC.
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isotherm models, as presented in Table 4. Results showed 
that both Langmuir and Freundlich equations were suitable 
for the description of phosphate adsorption isotherm by 
MCAAC, but the Langmuir equation gave a better fit than 
the Freundlich equation according to their correlation coef-
ficient, which meant a monolayer adsorption. The maximum 
adsorption capacity values measured from the Langmuir iso-
therm model is 0.744 mg/g for phosphate, which is close to 
the experimental observation.

4. Conclusion

In this work, a novel MCAAC as a carrier had been 
successfully synthesized and employed to separate 
low-concentration phosphate present in the water system. 

Results showed that the phosphate removal by MCAAC was 
most successful at neutral pH value. Meanwhile, the factors 
including pH value and calcium ion concentration exerted 
a positive influence on phosphate removal. The mechanism 
for phosphate removal by MCAAC included the physical 
adsorption and calcium–phosphate precipitation, where 
the latter was more significant. According to the results of 
characterization, HAP (Ca5(OH)(PO4)3) was formed on the 
surface of MCAAC after phosphate removal. The isotherm 
studies elaborated that the adsorption of phosphate fitted to 
Langmuir model and pseudo-second-order kinetic model. 
Finally, the MCAAC with its excellent purification capacity 
and easy separation advantage could be a promising mate-
rial for the removal of phosphate in low concentration from 
aqueous solution.
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