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ABSTRACT

Friedel-based adsorbent was successfully prepared by the simple hydration reaction between
cement and Cl-bearing salt solution. X-ray diffraction and FTIR spectroscopy were used to
characterize the synthesized products and the adsorption behavior of products was exam-
ined by adsorption isotherm and kinetics. Furthermore, the inhibitive effect of Friedel-based
adsorbents on Microcystis aeruginosa (M. aeruginosa) was also investigated. The results indi-
cated that the adsorption isotherm could be fit well with Langmuir equations and the
adsorption process was followed first-order kinetics. Both the experimental and modeled
data indicated that Friedel-based adsorbent had a strong adsorption capacity of phosphate
and an effective inhibition on M. aeruginosa. A maximum inhibition rate of 99.32% was
achieved at the tenth day with an adsorbent dose of 4 g/L.

Keywords: Layered double hydroxides (LDHs); Friedel’s salt; Phosphate removal; M. aeruginosa
inhibition

1. Introduction

Phosphates are widely used in many industries,
such as water treatment, corrosion inhibitors, fertilizers
and pharmaceuticals, producing the effluents with
high concentrations of phosphorus every day.
Although phosphate is an essential nutrient for growth
of microorganisms in aquatic environments, excess
amount of phosphate discharge into surface waters can
stimulate plant growth, resulting in eutrophication. In

particular, it has been reported that an increase of
phosphate in the water column would cause
the growth of cyanobacteria blooms in eutrophic lakes
[1–3]. Therefore, it is urgent to seek the technology for
the effective removal of phosphate from wastewaters.

In the recent years, various methods have been
developed to remove phosphate, including biological
treatment, chemical precipitation and adsorption.
Among these methods, the adsorption technique using
various absorbents has been recognized as an effective
and potential method. Considerable attentions have
been paid on different types of low-cost materials for*Corresponding author.
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phosphate removal as adsorbents, such as oyster shell
[4], modified palygorskites [5], dewatered alum sludge
[6], metal-loaded orange waste [7] and modified
wheat residue [8]. However, the adsorption capacity
of phosphate or the adsorption time, seems not to be
ideal. The adsorption amount of phosphate in most
cases was less than 0.32mmol/g. Therefore, it is
highly desirable if a low-cost adsorbent can effectively
inhibit the algal growth and adsorb phosphate with a
high adsorption rate.

Layer double hydroxides (LDHs), with the general
chemical formula [M2þ

1�xM
3þ
x (OH)2]

x+(An�)x/n·mH2O,
are a family of anionic clay minerals, being composed
of cationic brucite layers and exchangeable interlayer
anions [9]. Various LDHs have been explored as
adsorbents to remove phosphate contaminants in
recent years [10–18]. For example, MgAlCl–LDH
[12,14] was reported to have a 100% removal of phos-
phate ([P] < 2 ppm) and 1.53mmol/g adsorption
capacity of phosphate. MgMn-3-300 [13], Mg(AlZr)–
LDH(CO3), and Mg(AlZr)–LDH(Cl) [16,18] were
proved to be selective toward phosphate ions even in
seawater and adsorbed ca 0.55mmol/g of phosphate.
These reports demonstrated that LDHs was a good
adsorbent for the removal of phosphate. Whereas
almost all these LDHs were prepared by coprecipita-
tion method using pure chemicals and this may be a
disadvantage for industrial application. Consequently,
it is necessary to find a kind of LDHs prepared with
cost-effective and easy method.

Friedel’s salt (Ca4Al2(OH)12Cl2(H2O)4 or 3CaO·A-
l2O3·CaCl2·10H2O), also called chloride hydrocalumite,
is a major and stable hydration product of cement/
concrete subjected to sea water, and thus, it can be
easily and cheaply made via the simple cement hydra-
tion reaction with Cl-bearing salt solution [19,20]. In
our previous research, Friedel’s salt was confirmed to
have a strong fixation capacity of heavy metals from
electronic sludge wastes [21,22]. In particular, it can
adsorb almost 1.45mmol/g of CrO2�

4 [23]. Therefore,
it was considered to be a low cost and easily available
adsorbent material for phosphate, which has the simi-

lar structure to CrO2�
4 . In this research, Friedel-based

adsorbent was prepared by the simple hydration reac-
tion between cement and Cl-bearing salt solution. The
structure of adsorbent was analyzed in detail by
means of powder X-ray diffraction and FTIR. Then,
the adsorption behave of phosphate was characterized
with the adsorption kinetics and isotherm. In addition,
under the phosphate-deficient condition, the growth
of algae was inhibited. It would be expected that
Friedel-based adsorbent can effectively inhibit the

growth of the algae, the inhibitive effect of the
Friedel-based adsorbent on the growth of Microcystis
aeruginosa was also considered.

2. Materials and methods

2.1. Preparation and characterization of the adsorbent

Friedel-based adsorbent was prepared via the
simple hydration reaction between cement and
Cl-bearing salt solution. In brief, fondo aluminate
cement CA50, NaCl and Ca(OH)2 were mixed with
water at a proper proportion. The mixture was aged at
cement incubator for 7 days and then dried at 100˚C for
24 h. As a contrast, pure Friedel’s salt was synthesized
by precipitation method as reported elsewhere [24].

The synthesized Friedel-based adsorbent and pure
Friedel’s salt were identified with the powder X-ray
diffraction pattern recorded on a Dmax/RB diffractom-
eter (Rigaku Co.) with Cu Ka radiation (k= 0.15418 nm)
at 34 kV and 20mA, and the FTIR spectrum collected on
a Perkin–Elmer 380 FTIR in the range of 4,000–400 cm�1

with resolution of 4 cm�1 using the KBr pellet
technique.

2.2. Adsorption of phosphate

In all adsorption tests, 2.00 g/L of Friedel-based
adsorbent was used. To investigate the adsorption
equilibrium, a series of phosphate solutions were pre-
pared by dissolving KH2PO4 (AR) with the initial
phosphate concentration from 4.00 to 9.00mM and
adjusting the initial pH 7.0 with dilute HCl or NaOH
solution. In brief, 50mL of phosphate solution and
0.100 g of Friedel-based adsorbent were added into a
100mL sealed plastic vial, and then, it was shaken at
a speed of 150 rpm in a thermostatic water bath at 25
± 1˚C. After 72 h adsorption, the remaining phosphate
concentration was determined.

To examine the adsorption kinetics of phosphate
over Friedel-based adsorbent, the initial phosphate
concentration of 0.032 and 0.32mM with the initial pH
of 7.0 was selected and the adsorption was conducted
under the similar conditions. At the selected time
points, the mixture was filtered through a 0.45 lm fil-
ter for the phosphate concentration determination. All
the experiments were carried out in triplicate. with
the reproducibility within ±5%.

The phosphate concentration was determined
spectrophotometrically at 700 nm, following the
molybdenum blue method [25] in a Unic UV-spectro-
photometer (4802 UV/VIS).
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2.3. Analytical procedure of algal inhibition

M. aeruginosa was obtained from Wuhan Institute
of Hydrology, Chinese Academy of Science. The
composition of the BG-11 medium was used in algal
growth tests [26]. The algal seeds were cultured in the
incubator with illumination (Model GZX-150BS-III) for
10days under a photon flux density of 2000 lux
provided by white lamps with a light/ dark cycle of
14: 10 h at 30± 1˚C. Flasks were shaken for three times
every day by hand during the maintenance and exper-
imental stages.

M. aeruginosa cell were counted on a compound
microscope (Nikon 400) using a hemocytometer after
preservation in Lugol’s iodine. The initial biomass in
this experiment indicated the cell numbers immediately
counted after treatment (i.e. day 0). Then, all the sam-
ples were continuously cultured, and the final biomass
showed the cell numbers at the end of the tenth day.

3. Results and discussion

3.1. Structural features of the adsorbent

X-ray powder diffraction patterns of the prepared
adsorbents are shown in Fig. 1(A). Sharp and strong
diffraction peaks of Friedel’s salt appeared at 7.94,
2.87, 3.98, and 3.83 Å on the simple hydration product,
similar to the pure Friedel’s salt. Some weak reflec-
tions of the unreacted Ca(OH)2 and NaCl were also
observed in the hydration product. Therefore, the sim-
ply prepared adsorbent was a mixture, with Friedel’s
salts as the main phase and we call it Friedel-based
adsorbent. In addition, both the pure and impure
materials were confirmed by the FTIR spectrum
(Fig. 1(B)). Though, compared with the pure Friedel’s
salt, there were some vibrations excursion, the pattern
of Friedel-based adsorbent showed all the characteris-
tic vibrations of the Friedel’s salt, such as 3,630 and
3,500 cm�1 (mOH in structural water), 1,650 cm�1 (dH2O

in interlayer water), and 793 and 536 cm�1 (M–O
vibrations and M–O–H bending in lattice) [24,27].
Furthermore, the band at 1,420 and 1,470 cm�1 due to

the stretching vibration of CO2�
3 indicated the adsorp-

tion of CO2 from air during the synthesis [28]. As a
conclusion, the Friedel-based adsorbent can be
successfully prepared by simple cement hydration
reaction with Cl-bearing salt solution.

3.2. Removal of phosphate

Synthesized Friedel-based adsorbent exhibited a
strong removal capacity on phosphate. The adsorption
isotherm and kinetics were conducted to determine
the maximum adsorption capacities and rate,
respectively.

3.2.1. Adsorption isotherms

Fig. 2 shows the adsorption isotherm of Friedel-
based adsorbent. The equilibrium adsorption amount
of phosphate over the mineral (mmol P/g) was
increased quickly at the equilibrium phosphate con-
centration below 0.003mM. Then, the increase in the
adsorption capacity was insignificant, with a further
increase of the equilibrium phosphate concentration.

The adsorption data at the equilibrium were
analyzed with Langmuir model, and the fitting
parameters were listed in Table 1. The higher adsorp-
tion capacity was reflected by the Langmuir parame-
ter Qm (the maximum adsorption amount), which was
ca. 3.22mmol/g. Such an adsorption capacity of
Friedel-based adsorbent is also higher than that of
most LDH materials and other low-cost absorbents
reported elsewhere, as observed in Table 2.
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Fig. 1. The XRD pattern (A) and FTIR spectrum (B) of the
synthesized adsorbent, where a represent the pure
Friedel’s salt and the b represent the Friedel-based
adsorbent.
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3.2.2. Adsorption kinetics

As removal efficiency at low phosphate concentra-
tion is very important in the processing of the actual
wastewater, with markedly low concentration of phos-
phates. The adsorption kinetics was further investi-
gated at the initial concentration of 0.032 and
0.32mM. Fig. 3 shows the time-dependent adsorption
profile of phosphate at the initial pH=7.0. Obviously,
phosphate adsorption on Friedel-based adsorbent took

place within the first 10min mainly and then reached
the saturate plateau. Increasing the adsorption time to
more than 10min seemed to bring no further benefit.

The kinetic data were well fitted to the first-order
Lageren equation and the parameters are presented in
Table 3. The very similar rate constants (k) at the
initial [P] = 0.032 and 0.32mM (1.04–1.13L/min) indi-
cated the similar adsorption behavior. At the same
time, the k values also actually revealed that phos-
phate adsorption was a very fast process because the
calculated adsorption time for the half equilibrium
amount was only 0.6–0.7min (i.e. t1/2 = 0.693/kmin).
In addition, a higher percentage (>97% for [P]
= 0.032mM and >99% for [P] = 0.32mM) of phosphate
was removed and the equilibrium concentrations were
all below 0.0007mM. Therefore, the Friedel-based
adsorbent was a potentially effective adsorbent for
phosphate removal, with a large phosphate adsorption
capacity and high adsorption rate.

3.3. Algal inhibition

To investigate the effect of inhibitor on the algal
growth, one sample was kept as the control, the others
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Fig. 3. Phosphate adsorption kinetics over Friedel-based
adsorbent.

Table 3
The parameters of adsorption kinetic curve of phosphate
on the Friedel-based adsorbent

Lageren equation Qt=Qe(1� exp(�kt))

Conc. (mM) k/(1/min) Qe/(mg/g) R2

0.032 1.13 0.016 0.9999

0.32 1.04 0.16 1.0000
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Fig. 2. Phosphate adsorption isotherms over Friedel-based
adsorbent.

Table 2
The adsorption capacities of phosphate onto different
adsorbents

Adsorbents Capacity
(mmol/g)

Reference

Ca3Fe–CO3–LDH 0.93 [10]

Mg2AlCl–LDH 1.53 [14]

Mg2Al–CLDH 1.43 [15]

Mg3(AlZr)–Cl–LDH 1.84 [16]

Mg3(AlZr)–CO3–LDH 2.42 [16]

Modified palygorskites 0.27 [5]

Metal-loaded orange waste 0.45 [7]

HyFeAl–Mt0.5 0.66 [29]

Furnace slag 1.06 [30]

Table 1
The parameters of adsorption isothermal of phosphate on
the Friedel-based adsorbent

Langmuir Qe=QmCe/(b+Ce)

Fitting parameters Qm/(mmol/g) b R2

Value 3.22 5829.57 0.9785
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were treated by putting 2 or 4 g/L dosages of inhibi-
tor into the algal solution, respectively. The initial cell
numbers was approximately 165.87� 104 cells/mL.
After adsorption, all the samples (control plus treated)
were continuously cultured for ten days. Samples
from all cultures were collected every day in order to
evaluate the inhibition of the growth.

The growth curves of the samples with and with-
out adsorbent are presented in Fig. 4. When the inhib-
itor was added, the biomass would be changed with
the time. The cell numbers of the control sample were
gradually rising, the trends of the others were similar,
the cell numbers were reduced. The percentage of
inhibition increases with increasing amount of adsor-
bent from 2 to 4 g/L. The maximum inhibition rate of
99.32% was achieved at the tenth day with an adsor-
bent dose of 4 g/L. This implies that the more the
dosages of adsorbent, the higher inhibiting efficiency
was obtained. However, it was observed that the
effect of adsorbent dosages on inhibiting M. aeruginosa
is not so significant by comparing two samples. This
might be explained that M. aeruginosa would be died
with the duration time at phosphorus-deficient condi-
tion, at the same time, the adsorption of lower doses
was also quick and exhausive, so excessive dosage
has insignificant influence on the inhibitive effect of
M. aeruginosa.

4. Conclusions

The present results demonstrated that Friedel-
based adsorbent can be used as an effective adsorbent
for the removal of phosphate. Some conclusions could
be drawn from as follows:

(1) The adsorbent can be successfully prepared by
the simple hydration reaction between cement
and Cl-bearing salt solution, with Friedel’s salts
as the main phase.

(2) The adsorption isotherm could be fitted well
with Langmuir equations and the maximum
adsorption capacity of 3.22mmol/g was
observed. In addition, a higher percentage
(>97%) of phosphate was removed at initial [P]
= 0.032 and 0.32mM with a high adsorption
rate.

(3) Friedel-based adsorbent had an effective inhibi-
tion on M. aeruginosa. A maximum inhibition
rate of 99.32% was achieved at the tenth day
with an adsorbent dose of 4 g/L.
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