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ABSTRACT

A novel steel slag-based material (SSM) was prepared, based on the powdered steel slag and
modified by hydrothermal treatment to improve its activity for phosphate removal. The
phosphate removal and recovery with the SSM and the modified steel slag-based material
(MSSM) as seed crystal were evaluated, and the reuse performance of the MSSM was investi-
gated. The results showed that the hydration activity of the MSSM could be improved by
hydrothermal modification, which might be attributed to the releasing of OH™ and Ca*
from MSSM after the hydrothermal treatment is in favor of the calcium phosphate crystalli-
zation. The MSSM as a seed crystal could be used repeatedly about 20 times in this experi-
ment, and the residual phosphate concentrations were all below 0.5mg/L with the initial
concentration of 10 mg/L. The X-ray diffraction pattern of the reaction products revealed that
the crystallinity of the products increased with increasing reaction time and the diffraction
peaks well matched with that of hydroxyapatite (HAP). The scanning electron micrograph
and energy dispersive X-ray spectroscopy analysis showed that the products existed in a
globular form and had a Ca/P molar ratio of 1.66, close to the theoretical value (1.67) of
HAP.
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1. Introduction

As a limiting nutrient for alga growth, phosphorus
is considered as a major cause for water eutrophica-
tion [1]. Therefore, phosphate removal from wastewa-
ter is an essential way to protect water from pollution.
Moreover, phosphorus is also an important natural
resource to modern agriculture and industry, which
will run out in the coming 100 years [2], resulting in
an urgent exploration for a new phosphorus source.

*Corresponding author.

Consequently, phosphorus recovery from wastewater
by crystallization process has been widely investigated
to realize the sustainable utilization of phosphorus
resources recently [3—4].

The crystallization process is dependent on the
supersaturation of the solution [5]. Seed-induced crys-
tallization could happen at low supersaturation by
addition of seed crystal, which lowers the interfacial
energy and triggers the crystallization process [6]. In
recent years, most studies focused on phosphorus
recovery from highly concentrated phosphate wastewa-
ter, of which the crystallization could be obtained easier
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due to the highly supersaturation of the solution. How-
ever, investigations into the phosphorus recovery from
low phosphate concentration wastewater are rarely
reported in the literature. Theoretically, it is possible to
recover phosphate from low phosphate concentration
wastewater through the crystallization of calcium phos-
phate, because the solubility product of hydroxyapatite
(HAP) is very low (Ksp:107“4) [71, which is suitable
for crystallization with low supersaturation.

Several materials have been used as seed crystal
for phosphate recovery, such as sand [8], mineral apa-
tite [9], tobermorite [10], and converter steel slag [11].
It is well known that the physicochemical property of
seed crystal is a crucial influence factor to induce crys-
tallization. Therefore, it is very important to select an
effective and economical seed material for the crystal-
lization of calcium phosphate.

Recently, steel slag has attracted a great attention
for the treatment of wastewater due to its favorable
adsorption performance. The use of steel slag or mod-
ified steel slag with different methods in phosphate
removal has been reported in several literatures [12-
14]. However, most of these researches focused on the
performance of phosphate adsorption by powdered
steel slag, but ignored the phenomenon that a large
amount of solid waste is produced in the adsorption
process, which is not suitable for the engineering
application. Therefore, it is necessary to develop a
novel method to avoid the adverse effect in the appli-
cation of steel slag.

Steel slag is an industrial waste derived from steel-
making process, which is a compound mixture of
some main oxides such as CaO, Fe,Os;, Si0O,, ALO;3,
and MgO. Steel slag has the ability to release OH™
ions, porous structure, and large specific surface area
[12], as well as the specified hydration activity, which
could generate the high-alkalinity calcium silicate
hydrates (C-S-H) [15], such as tobermorite and xonot-
lite [16,17]. These high-alkalinity calcium silicate
hydrates (C-S-H) are in favor of calcium phosphate
crystallization for phosphate removal and recovery.

In this paper, a steel slag-based material (SSM)
was prepared, and modified by hydrothermal method
to develop a suitable and effective seed crystal. The
phosphate removal performance by crystallization
with the hydrothermal modified steel slag-based mate-
rial (MSSM) as a seed crystal was investigated.
Finally, the surface structures of the SSM and MSSM
and the physicochemical properties of the crystalliza-
tion products were characterized by scanning electron
microscopy (SEM), XRD, and energy dispersive X-ray
spectroscopy (EDS), respectively, for the analysis of
phosphate crystallization.

2. Experimental
2.1. Preparation of SSM

The steel slag used in this study was generated
from the Jinan Iron and steel Co. Ltd., Jinan, China.
The materials were first crushed to homogeneous size
to satisfy the milling requirement, and then ground to
powdered steel slag by a ball miller and sifted
through a 200-mesh sieve. The SSM was obtained first
by mixing the powdered steel slag with Portland
cement in a volume ratio of 4:1, and then these mix-
tures were pelleted with water and cured in standard
condition to achieve enough intensity [18]. The chemi-
cal composition of powdered steel slag and cement is
given in Table 1.

The novel MSSM was procured from SSM through
hydrothermal modification with 6 M NaOH solutions
for 6h. The proportion of liquid-to-solid was 1:1, and
the temperature for hydrothermal treatment was
105°C. The treated products were washed with
distilled water and dried at 80°C for 12h before
experiments.

The phosphate stock solution containing 100-mg
P/L was prepared by dissolving potassium dihydro-
gen orthophosphate (KH,PO,) in distilled water. All
the desired experimental concentrations were pre-
pared by diluting the phosphate stock solution with
distilled water. The different pH of the experimental
phosphate solutions were adjusted with 0.1M HCI
and 0.1 M NaOH.

2.2. Experimental methods

The phosphate removal performance of SSM and
MSSM was studied using phosphate solution with a
concentration of 10mg/L. A defined volume of phos-
phate stock solution was diluted to 100-mL phosphate
solutions with distilled water for different experiment
concentrations. The pH of the solution was then
adjusted to the desired value, and a defined amount

Table 1

Chemical composition of steel slag and cement

Chemical composition Steel slag (SS) Cement
Calcium (as CaO) 40.9 20.8
Silica (as SiO5) 15.3 62.7
Alumina (as Al,O3) 3.6 6.6
Iron (as Fe,O3 and FeO) 30.1

Magnesium (as MgO) 5.6 13
Phosphorus (as P,05) 1.5
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of SSM was added. The mixtures were stirred at
120rpm for a certain time and kept at a constant tem-
perature (20°C). After the stirring process, the solution
was filtered through 0.45-pym membrane filter, and
then the phosphate concentrations and effluent pH
were analyzed.

The sustaining phosphate removal ability of the
MSSM was investigated by using 1g MSSM as seed
crystal in 100 mL phosphate solutions repeatedly, until
the residual phosphate concentration in the solution
was greater than 0.5mg/L. The 100-mL phosphate
solutions were prepared with initial phosphate con-
centration of 10mg/L, solution pH of 8.50, and initial
Ca/P of 2.0, and the reaction time was fixed at 2h in
every repetition. At the end of each reaction, the
added MSSM in the reaction solution was removed by
filtration initially, and then the residual phosphate
and pH in the filtrate were analyzed. The filtrated
MSSM was washed slightly for several times to wipe
off the residual phosphate, and then reused sequen-
tially in the next run.

2.3. Analytical methods

The solution pH was measured with a pH meter
(Sartorius Co., PB-10, Germany). An UV spectropho-
tometer (752s, China) was used to analyze the phos-
phate  concentration according to ammonium
phosphomolybdate volumetric method [19]. The
microstructures of SSM, MSSM, and the products gen-
erated from the phosphate removal were examined by
SEM equipped with EDS (SEM-EDS, Hitachi Co., S-
2500C, Japan) and the X-ray diffraction (XRD,
BRUKER-AXS Co., D8 Advance, Germany).

3. Results and discussion
3.1. Characteristics of SSM and MSSM

The SSM prepared in this experiment has a bulk
density of 1.0975g/cm’ with a grain size of 3-5mm.
The surface properties of SSM and MSSM were char-
acterized with XRD. The XRD patterns are shown in
Fig. 1.

Fig. 1 indicates that the main phases of SSM are
dicalcium silicate (C,S), tricalcium silicate (C3S), and
CaO-FeO-MgO solid solution (RO phase), of which
C,S and C3S have potential hydration activity. After
the hydrothermal treatment (the MSSM), the peaks of
C,S and C3S turn weak, with the formation of calcium
hydroxide (Ca(OH),) and amorphous calcium silicate
hydrate gel (C-S-H) [20] which make the peaks to
become wide and inconspicuous. It was reported that
the C-S-H could stimulate the aggregation of calcium
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Fig. 1. X-ray diffraction diagram SSM and MSSM (SSM:
steel slag-based material; MSSM: modified steel slag-based
material).

phosphate on its surface [21] and improve the phos-
phate removal. At the same time, the Ca(OH),
released from MSSM could supply the Ca** and OH™
for the formation of calcium phosphate [22]. There-
fore, the hydrothermal treatment of SSM might be
more effective for the crystallization of calcium phos-
phate when compared with MSSM, and this will be
discussed in the following paragraphs.

3.2. Phosphate removal of SSM and MSSM

The phosphate removal capacity of SSM and
MSSM as seed crystal in 1000mL phosphate solutions
was examined in this study. The solution supplied
with an enough phosphate for removing, as well as a
compared test without seed crystal was conducted
synchronously. The dosage of SSM and MSSM was
1g/L, the initial phosphate concentration was
10mg/L, and the solution pH was adjusted to 6.80,
which was approximate to that of domestic wastewa-
ter. The residual phosphate and effluent pH were ana-
lyzed at regular intervals. The results are shown in
Fig. 2(a) and (b).

Fig. 2(a) shows that the residual phosphate concen-
tration decreases with the increasing of reaction time.
The residual phosphate concentration in the solution
with the SSM as a seed crystal is lower than that of
the compared test, but greater than that of solution
with the MSSM as a seed crystal. This result indicates
that the existence of seed crystal could promote the
reaction rate of phosphate precipitation, and the crys-
tal-inducing ability could be highly improved by the
hydrothermal modification. The residual phosphate
concentration tends to stabilise after 48 h. The effluent
pH of different reaction times in Fig. 2(b) could
explain this phenomenon. The effluent pH remaining
stable in the solution without seed crystal was lower
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Fig. 2. Phosphate concentration (a) and pH value (b) in the
reaction solution with or without seed crystal (Initial P:
10mg/L, initial solution pH =6.80).

than the solution with SSM and MSSM as seed crystal,
which could not meet the requirement for crystalliza-
tion. However, both SSM and MSSM can release OH™
ions and the solution pH will be increased, which
could promote the phosphate crystallization. More-
over, the ability to release OH™ and Ca*' ions of
MSSM was significantly improved by hydrothermal
treatment, resulting in a promising phosphate removal
performance in the solution, with the MSSM as seed
crystal. It was reported that the solution pH had a
great influence on the specification of the participants
and the base uptake in the crystallization reaction for
phosphate recovery [6]. It is concluded that the phos-
phate removal rate is closely related to the solution
pH.

Furthermore, it was also observed in the experi-
ment that the amount of the reaction products
increased with the increasing of reaction time. The
appearance of the MSSM had good sphericity and
uniform grain sizes distribution. In the course of the
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reaction, there were huge amounts of white precipi-
tates generated on the surface of the MSSM and
increased with the reaction time.

3.3. The sustaining phosphate removal by MSSM

The results of investigation of sustaining phos-
phate removal ability are shown in Fig. 3.

It can be observed in Fig. 3 that the MSSM cycling
can be used about 20 times until the effluent phos-
phate concentration exceeds 0.5mg/L, which meets
the requirement of national criterion of wastewater
discharge of China. It is also observed that the effluent
pH is high at the initial phase, but appears to declin
with the increase of reuse time. The residual phos-
phate concentration increases rapidly when the efflu-
ent pH is close to 8.0, indicating that the solution
alkalinity does not meet the requirement of the cal-
cium phosphate crystallization.

3.4. Characteristics of the crystallization products

As mentioned above, large amounts of precipitates
generated in the aqueous solution, X-ray diffraction
(XRD), and SEM and EDS (SEM-EDS) were used to
analyze the characteristics of the precipitates. The
results are shown in Figs. 4 and 5.

3.4.1. XRD analysis

Fig. 4 shows the XRD patterns of the reaction
products produced at the reaction time of 2h, 12h,
24h, and 48h, respectively. It is considered that the
characteristic diffraction peaks of pure HAP are
20=25.8°, 32.1°, and 49.6° [15]. It can be observed in
Fig. 4 that the crystallinity of the products increases
with the increasing of reaction time. At the initial
phase, a number of crystal nucleuses generate in the
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Fig. 3. Sustaining phosphate removal ability of the MSSM
and variation of effluent pH (Initial P: 10mg/L, initial
solution pH =8.50, initial Ca/p =2.0).
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Fig. 4. XRD patterns of crystallization products at different
reaction times with MSSM as seed crystal.

solution and form the precursor of HAP. Then, the
growing up of nucleation and the transformation of
other forms calcium phosphate enhance the diffraction
peaks gradually. The diffraction peaks become

kel
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Fig. 5. SEM (a) and EDS analysis and (b) of crystallization
products at 48 h with MSSM as seed.

remarkable when the reaction time is 48h and match
with the special diffraction peaks of pure HAP.

Montastruc et al. [23] reported that the calcium
phosphate crystallization was a quite complex subject
involving various parameters. There are several dif-
ferent forms of crystallized calcium phosphate, such
as DCPD(CaHPO,2H,0), DCPA(CaHPO,), TCP(Cas-
(PO4)2), ACP(Ca3(PO4)2), and HAP(Caw(PO4)6(OH)2)
The result in Fig. 4 illustrates that the HAP does not
form directly in the calcium phosphate crystalliza-
tion, in which other forms of precursors should be
formed first, and then transform into HAP at about
24h.

3.4.2. SEM-EDS analysis

The reaction products obtained at 48h were ana-
lyzed by SEM-EDS (Fig. 5). As shows in Fig. 5, the
samples exist in a globular form with small particle
size. In addition, the EDS spectrum reveals that the
precipitates mainly consist of Ca and P, with a Ca/P
molar ratio of 1.66, which is very close to the theoreti-
cal value of Ca/P (1.67) of HAP, indicating that the
crystal is HAP.

4. Conclusions

The prepared SSM served as a seed crystal that
could carry out a little higher phosphate removal rate
than that of the compared test without seed addition.
The hydration activity of the SSM can be improved as
the Ca(OH), and C-5-H gel formed by using hydro-
thermal modification, which are effective to promote
the calcium phosphate crystallization. The MSSM,
which can release more OH™ and Ca®" after the
hydrothermal modification, has an effective and sus-
taining phosphate removal ability, indicating that this
novel material has the potential to be employed as an
efficient seed crystal in the process of phosphate
removal and recovery from wastewater. The XRD and
SEM-EDS analysis reveals that the phosphate
removed from the reaction solution with the MSSM as
seed crystal mainly generates into the globular HAP
with Ca/P molar ratio of 1.66, and crystallinity of the
products increases with the increasing of reaction
time.
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