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abstract
This study compared the two novel technologies “calcium phosphate fluidized-bed crystalliza-
tion (FBC) process” and “adsorption” which used an amorphous iron oxide BT-1 as the adsorbent 
for treating an industrial wastewater with high concentration of phosphate (1,000 mg P L–1). In 
the adsorption process, most of phosphorus was adsorbed rapidly initially and then reached the 
thermodynamics equilibrium in 24 h. The phosphate adsorptive capacity of BT-1 was 2.03 mmole/g 
when the PO4

3– equilibrium concentration was conditioned at 8.23 mM. The adsorption process fol-
lowed the Langmuir and Temkin adsorption isotherm. In the FBC process, the optimum pH range 
was wider (pH > 5.3) for the total removal of phosphate than that for crystallization (optimum pH 
= 5.3–5.9). The total removal efficiency and crystallization ratio of phosphate were about 90% and 
60%, respectively, in the optimum pH range. The EDS analysis showed that the Ca–P crystal prod-
ucts had an approximate 1:1:6 molar ratio of Ca:P:O. The XRD diagrams confirmed the crystal type 
of FBC product in a highly phosphate concentrated system was diacalcium phosphate dehydrate 
(CaHPO4 · 2H2O, DCPD), which was different from the general calcium phosphate crystal content, 
hydroxyapatite (Ca5(PO4)3OH, HAP), produced by FBC process.

Keywords: Fluidized bed crystallization; Adsorption; Phosphate removal; Hydroxylapatite; Di-
calcium phosphate dehydrate

1. Introduction

Phosphate is one of the major causes of the water 
eutrophication, because it is often the limiting nutrient 
for primary production in fresh water and marine. Phos-
phate removal from the wastewater becomes the serious 
problem in recent years. It is also a topic gradually deeply 
concerned of countries all over the world. The world 
health organization (WHO) especially established the 

committee for this, in order to research its origin cause 
of formation and make the countermeasure. 

Phosphate removal from wastewater has been widely 
investigated. For example, chemical precipitation, biologi-
cal methods, crystallization, advanced chemical precipi-
tation, ion exchange, magnetic, adsorption, tertiary, and 
sludge treatment [1,2]. Among them, biological method 
is widely accepted at industrial level but it needs high 
capital cost. Chemical precipitation is also widely used 
but it produces lots of chemical sludge. Consequently, the 
later research aim would tend to more competitive and 
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economic technologies such as fluidized bed crystalliza-
tion (FBC) and adsorption. 

In the adsorption technology, the utilization of indus-
trial wastes or byproducts for phosphorous removal has 
been given a great attention [3]. Those low cost adsorbents 
include fly ash [4–7], blast furnace slag [8,9], red mud [10–
13], alum sludge [14,15], and other materials [16–23]. This 
study used an industrial waste-amorphous iron oxide 
(BT-1) which was produced by the fluidized-bed reactor 
Fenton (FBR-Fenton) as the adsorbent to treat phosphate 
wastewater. The source of the stock phosphate waste-
water was obtained from the Al-etching procedure of a 
certain TFT-LCD factory in Taiwan. On the other hand, as 
the best of our knowledge, this is the first time to investi-
gated calcium phosphate FBC technology in the treatment 
of such highly phosphate concentrated (1,000 mg P L–1) 
in the word. The aim of this study is to find the optimum 
condition of pH value by FBC technology. 

2. Materials and methods

2.1. Materials and analytical method

Stock solution of the phosphate wastewater was 
obtained from the Al-etching procedure of a certain 
TFT–LCD factory in Taiwan. Content of this wastewater 
included PO4

3–, Cl–, NO3
–, SO4

2–, and CH3COO–, etc. Work-
ing solutions were prepared to desire value by diluting 
the stock solution with D.I. water. All the experiment trails 
were carried out in the nature pH value of the diluted 
solution at 303 ± 2 K. The pH value is 2.1 ± 0.1. All other re-
agents used in the experiments were in analytical quality.

The BT-1 adsorbent was air-dried and then sieved 
to give a 0.25–0.50 mm size using standard sieves. The 
pH value was measured by standard method with 10g 
adsorbent placed in 20 ml of D.I. water. The BET surface 
area (m2/g), micro-pore area (m2/g), external surface area 
(m2/g), total pore volume (cm3/g), adsorption average 
pore diameter (A) were analyzed by surface area and 
porosity analyzer (Micromeritics ASAP 2010). Morphol-
ogy of BT-1 was determined using a scanning electron 
microscope (SEM) (EOL JSM-6700F). As to the atomic 
composition, it was elucidated by energy dispersive 
spectra (EDS) spectrometer (Oxford INCA-400). The 
identification and crystallization of BT-1 was measured 
by X-ray diffraction (XRD) using a counter diffractometer 
(Rigaku RX III) with Cu Kα radiation. The accelerating 
voltage and current were 40 kV and 20 mA. The fraction of 
iron content was determined by atomic adsorption spec-
trophotometer (GBC Sens A) and undergoes the standard 
method. Phosphate concentration was measured by ion 
chromatography analysis (IC, 732 IC Detector, A Supp 1 
column, Metrohm).

2.2. Experimental procedures

In the adsorption process, the surface of BT-1 absor-

bent was rinsed impurity or ash by clean water until the 
adsorbent has already cleaned completely. Then, the 
absorbent was dried at room temperature for more than 
2 days. 1 L of 1,000 mg P L–1 solutions was treated with 1, 
2, 5, 10 and 20 g of BT-1 adsorbent, respectively. Samples 
were kept for equilibration in a Jar-test isothermal reactor 
after 72 h. The temperature and the stirring speed were 
kept at 303 ± 2 K and 150 rpm. The changing amount of 
anion concentration in the solution with time was ana-
lyzed by ion chromatography analysis (IC).

On the other hand, the crystallization process was 
carried out in a FBR reactor (0.6 L) with a recycle pump 
for mixing (Fig. 1). The solution pH was adjusted by 
perchloric acid and sodium hydroxide using a pH meter 
(Action, A211). After predetermined quantity of SiO2 
support was put into the reactor, phosphate wastewater 
(1,000 mg P L–1) and CaCl2 solution with 2.0 molar ratio 
of Ca/P were pumped into the reactor and stirred with 
the recycle pump. 

3. Results and discussion

3.1. The adsorption process

3.1.1. Adsorbent properties

The main compound of BT-1 adsorbent was iron oxide 
which was a disposable byproduct from the industrial 
FBR-Fenton reactor. Table 1 shows the physical properties 
of BT-1. The morphology of the SEM analysis showed in 
Fig. 2 compares the surface structure of BT-1 absorbent 

Fig. 1. Schematic diagram of a fluidized bed reactor.
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before and after absorption process. Accordingly, the orig-
inal BT-1 represented a lot of roughly structural breakage. 
It is rational to believe that this kind of porosity structure 
is the main reason of its high surface area and capability 
for phosphate adsorption. After adsorption process, a lot 
of irregular forms appeared in its surface structure and 
the morphology was observed slightly smoother.

The EDS data before and after adsorption are shown 
in Table 2. Before adsorption, no phosphorus content was 
observed, while the weight of phosphorus at the surface 
increased from 0% to 8.07% after adsorption. On the other 
hand, due to the very complicated composition of the 
working solution, this result also implied that BT-1 had 
selective ability in phosphate absorption. 

3.1.2. Adsorptive capacity of BT-1 adsorbent

Fig. 3 shows the phosphorus removal percentages 
using BT-1 adsorbent increase dramatically in the first 
8 h for 1, 2, 5, 10 and 20 g/L concentrations of BT-1, and 
reach to an equilibrium stage gradually at about 48 h. 

The phosphate adsorptive capacity was calculated 
by Eq. (1):

Table 1
Physical properties of BT-1 adsorbent

Properties Value

Average particle size (µm) 500
pH 2.22
Bulk density 1.47
Particle density 3.17
BET surface area (m2/g) 178.23
Micro-pore area (m2/g) 25.57
External surface area (m2/g) 152.66
Total pore volume (cm3/g) 0.12
Adsorption average pore diameter (A) 27.23
Fraction of iron content (%) 0.45

(b)(a)

Fig. 2. SEM micrograph (5000×) of BT-1 before (a) and after (b) adsorption.

Table 2
The EDS analysis of BT-1 before and after phosphate adsorption

Element Before After

Weight (%) Atomic (%) Weight (%) Atomic (%)

C 4.56 11.05 3.24 7.38
O 31.99 58.2 36.64 62.62
S 1.39 1.26 1.18 1.01
Fe 54.39 28.34 43.18 20.65
Pt 7.67 1.14 8.68 1.22
P — — 8.01 7.12

( )0 /e adsq C C m= −  (1)

where q is the phosphate adsorptive capacity at equilib-
rium (mmole/g), C0 is initial phosphate concentration 
(mM), Ce is equilibrium phosphate concentration (mM) 
and mads is the dosage of adsorbent (g). The maximum 
phosphate adsorptive capacity of BT-1 in this study is 2.03 
mmole/g at the 8.23 mM PO4

3– equilibrium concentration.

3.1.3. Adsorptive model of BT-1 adsorbent for phosphate

The model of the phosphate adsorption isotherm 
experiments are shown in Fig. 4. Three isotherms, as 
described in Eqs. (2)–(4), were used for fitting the ex-
perimental data. The Freundlich isotherm model is an 
empirical equation based on the sorption occurred on a 
heterogeneous surface. It shows the relationship between 
the amount of phosphate adsorbed by the BT-1 adsorbent 
(mg g–1) and the equilibrium concentration of phosphate 
(mg l–1) in solution. It is given as:

1/ n
F eqe K C=  (2)

where qe is the phosphate adsorptive capacity at equilib-
rium (mmole/g), Ce is equilibrium phosphate concentra-
tion (mM). The mechanism and the rate of adsorption are 
functions of the constants n and KF. A value of n between 
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Fig. 3. Effect of BT-1 concentration on the phosphate removal.

1 to 10 means a good adsorbent used. The Freundlich 
equation can be linearized by taking logarithms and 
constants can be determined.

The most widely used isotherm equation for modeling 
the adsorption data is the Langmuir equation, which is 
valid for monolayer sorption onto a surface with a finite 
number of identical sites, and is given by Eq. (3).

( )/ 1L m e L eqe K q C K C= +  (3)

where KL is the adsorption equilibrium constant repre-
sents the affinity of binding sites, and qm is the maximum 
phosphate adsorptive capacity (mmol g−1). The qm and 
KL can be determined from the linear plot of Ce/qe vs. Ce.

Temkin equation is given as:

lnT eqe K B C= +  (4)

where KT is the equilibrium binding constant correspond-
ing to the maximum binding energy and constant B 
relates to the heat of adsorption.

Fig. 4 displays the qe vs. Ce plots and curve fittings for 
each isotherm, in which the values of KF and n, KL and qm 
and KT and B were calculated and listed in Table 3 along 
with associated correlation coefficients (R2). It reveals that 
both the Langmuir and Temkin models have the better 
fittings than the Fruendlich model dose. According to 
these parameters, the BT-1 has a surface with high affin-
ity for phosphate and is an excellent adsorbent used for 
adsorptive phosphate removal.

3.2. FBC technology 

Fig. 5 illustrates the effect of pH on the concentration, 
total removal efficiency and crystal ratio of phosphate by 
FBC technology, respectively. The solution pH strongly 
affects the total removal efficiency of phosphate which 
increases with increasing pH and reaches to a plateau for 

pH > 5.3. About 95% of the maximum total removal ef-
ficiency of phosphate was obtained at pH 6.05. However, 
the crystallization ratio of phosphate shows different 
tendency. Although it also has a plateau for pH > 5.3, 
it dramatically decreases as pH > 5.9. The optimum pH 
range for crystallization is therefore from 5.3 to 5.9. In 
the optimum pH range, the total removal efficiency and 
crystallization ratio of phosphate are about 90% and 60%, 
respectively. 

EDS analysis (Fig. 6) shows that the molar ratio of 
Ca:P:O of FBC crystallized product approximates to 1:1:6, 
which was alluded to the XRD result (Fig. 7). The crystal 
type of FBC products was confirmed to be a diacalcium 
phosphate dehydrate (CaHPO4·2H2O, DCPD) phase in 
this study. The DCPD phase may be the major species in 
a highly phosphate concentrated system, rather than the 
hydroxyapatite (Ca5(PO4)3OH, HAP) in previous studies 
[24,25] which was generally produced in FBC process.

4. Conclusions

1. In adsorption process, BT-1 was demonstrated as an 
excellent phosphate adsorbent with adsorptive capac-
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Fig. 4. Phosphate adsorption isotherm model (Fruendlich, 
Langmuir, Temkin) for BT-1.

Table 3
Parameters of Fruendlich, Langmuir and Freundlich adsorp-
tion isotherm models for phosphate on BT-1 adsorbent

Freundlich Langmuir Temkin

R2 0.9148 R2 0.9805 R2 0.9844
KF 0.6592 KL 0.4102 KT 3.7177
n 1.8619 qm 2.3164 B 0.5321
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Fig. 5. Total removal and crystal ratio of phosphate with dif-
ferent pH values by FBC. 

Fig. 6 .The EDS data of Ca–P crystal.

Element Weight% Atomic%
C K 2.88 5.55
O K 48.44 70.02
P K 14.99 11.19

Ca K 20.17 11.64
Pt M 13.52 1.60
Total 100.00

ity of 2.03 mmole/g at the 8.23 mM PO4
3– equilibrium 

concentration. 
2. In FBC technology, it is suitable to deal with high con-

centration phosphorus waste water via heterogeneous 
crystallization. The crystallization ratio was over 60% 
for Ca/P = 2.0 and the 99% of phosphate removal 
was obtained as the optimum pH range 5.3–5.9. The 
species of crystallized product was evidenced to be 
a diacalcium phosphate dehydrate (CaHPO4·2H2O, 
DCPD) phase. 

Fig. 7. The XRD diagram of support, Ca–P crystal and 
CaHPO4·2H2O standard material.
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