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A B S T R AC T

The objective of this study was to investigate phosphate removal from aqueous solutions using 
slag microspheres produced from converter furnace steel slag (CFSS) via a slag atomizing pro-
cess. Batch and column experiments were performed to examine phosphate removal effi ciency 
of the slag microspheres. X-ray fl uorescence analysis indicated that the slag microspheres were 
composed of calcium (40.7%) and iron (25.1%) as well as silica (SiO2), magnesium, aluminum, and 
manganese. X-ray diffractometer patterns demonstrated that srebrodolskite (dicalcium ferrite,
Ca2Fe2O5), magnetite (Fe3O4), and hematite (Fe2O3) were the major constituents of the slag 
microspheres. Based on kinetic experiments, the reaction reached equilibrium after around 9 h. 
Based on equilibrium experiments, the maximum removal capacity was 10.95 mgP g−1 from the 
Langmuir−Freundlich isotherm model. When the solution pH was increased from 3.2 to 9.2, the 
removal capacity decreased by one order of magnitude from 3.16 ± 0.04 to 0.35 ± 0.15 mgP g−1. 
This indicates that adsorption on metal hydroxide surfaces may play a major role in the phos-
phate removal process using slag microspheres. The decreasing tendency of removal capacity 
with increasing pH may be attributed to the surface charge of the slag microspheres, which 
have a point of zero charge (PZC) of 7.6. These results also demonstrated that nitrate (NO3

–), 
chloride (Cl–), and sulfate (SO4

2–) had minimal effects on the removal of phosphate at anion 
concentrations ranging from 0 to 100 mM while bicarbonate greatly interfered with the removal 
of phosphate resulting in a 87% reduction of the removal capacity. In column experiments, a 
phosphate removal capacity of 2.27 mgP g−1 was achieved (initial phosphate concentration = 
200 mgP l−1). This study demonstrates the potential use of slag microspheres as granular fi lter 
media in fl ow-through systems for phosphate removal.

Keywords:  Slag microspheres; Phosphate removal; Sorption; Batch experiment; Column 
experiment

1. Introduction

Low cost and widely available adsorbents for con-
taminant removal can be obtained from agricultural and 
industrial by-products. Iron/steel slags are produced 

in large quantities as by-products of iron/steel manu-
facturing processes. Iron/steel slags are classifi ed into 
blast furnace iron slag (BFIS) and basic oxygen furnace 
steel slag (BOFSS). BFIS is produced during the iron 
production process, in which iron ores react with lime 
as a fl uxing agent in a blast furnace to generate molten 
iron. BFIS is primarily composed of silica (SiO2) and 
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 alumina (Al2O3) along with calcium and magnesium 
oxides (CaO, MgO). BOFSS is generated during the 
steel-making process in which molten iron is converted 
into steel using oxygen in a basic oxygen furnace. BOFSS 
has a similar chemical composition to BFIS but has 
higher iron and manganese oxides contents (FeO, MnO). 
BOFSS is further divided into converter furnace steel 
slag (CFSS) and electric arc furnace steel slag (EAFSS), 
depending on the type of furnace from which it is gener-
ated. Iron/steel slags are commonly used as road bed 
materials, cement additives, landfi ll cover materials, 
and contaminant adsorbents [1–3].

The pollution of water bodies by phosphorus, an 
essential macronutrient, is a widespread environmental 
problem, causing eutrophication in lakes and seas and 
posing a serious threat to aquatic environments. Iron/
steel slags have been used by several researchers to inves-
tigate the removal of phosphate from aqueous solutions 
[4–12]. Some researchers have used BFIS to evaluate 
phosphate removal in synthetic wastewater and the sec-
ondary effl uent from activated sludge processes using 
column experiments [13,14], the phosphate removal 
mechanism and hydroxyapatite [Ca10(OH)2(PO4)6] for-
mation from calcium-phosphate precipitation [15], the 
effects of pH, temperature, agitation rate, and dosage 
of BFIS on phosphate removal [16,17], methodologi-
cal aspects of BFIS application in phosphate removal 
strategies using batch and pilot-scale experiments in 
phosphate solutions and municipal wastewater [18], 
and the effect of hydrated lime addition on the phos-
phate removal effi ciency [19]. Others have utilized 
BOFSS for the removal of phosphate from aqueous 
solutions to investigate the phosphate retention capac-
ity of EAFSS using long-term column experiments in a 
synthetic phosphate solution [20,21], phosphate recov-
ery from wastewater using CFSS via hydroxyapatite 
crystallization [22–24], phosphate removal by slag fi lter 
at a full-scale treatment plant [25], and the phosphate 
adsorption characteristics on BOFSS as a function of pH, 
ionic strength, and initial P concentration [3,26]. These 
studies demonstrated that iron/steel slags are valuable 
industrial by-products, which can be used for phosphate 
removal from aqueous solutions via adsorption and/or 
precipitation mechanisms. Phosphate can be adsorbed 
on metal (Al, Fe) hydroxides on the surfaces of slags. 
Also, phosphate can form stable phosphate precipitates 
such as hydroxyapatite (Ca10(PO4)6(OH)2) with calcium 
ions [3,8].

Slags are not stable but expand in water due to the 
hydration of free CaO from slags [26,27]. To produce 
granular fi lter media with mechanical strength and sta-
bility, slags can be further processed via slag atomizing 
technology. During processing, the amount of free CaO in 
the slags is reduced while slag microspheres are formed.

The objective of the present study was to investigate 
the removal of phosphate from aqueous solutions using 
slag microspheres produced from CFSS via a slag atom-
izing process. Batch and column experiments were per-
formed to evaluate the removal of phosphate in the slag 
microspheres.

2. Materials and methods

2.1. Slag microspheres

Slag microspheres supplied by Ecomaister, Korea 
were passed through US standard sieve (Dong Ah Test-
ing Machine Co., Seoul, Korea) numbers 30 and 16, and 
only the fraction with grain sizes of 0.60−1.18 mm was 
used in the subsequent experiments. The true density 
and bulk density of slag microspheres were determined 
using the Korean Standard Testing Method (KS F2504 
and KS F2505, respectively), and the porosity was cal-
culated using the true density and bulk density. A fi eld 
emission scanning electron microscope (FESEM) com-
bined with an energy dispersive X-ray spectrometer 
(EDS) analyses were performed to examine the surface 
structure of the slag microspheres by X-ray microanal-
ysis, as described previously [28]. Briefl y, specimens 
were mounted on metal stubs using carbon tape and 
were sputter-coated with platinum to a thickness of 
approximately 20 nm. The specimens were examined 
with a FESEM (Supra 55VP; Carl Zeiss, Oberkochen, 
Germany) at an accelerating voltage of 3 kV. In addition, 
the elemental composition was determined with an EDS 
(XFlash 4000; Bruker AXS, Berlin, Germany) combined 
with an electron microscope at an accelerating voltage 
of 15 kV. X-rays were collected using a detector fi xed at a 
take-off angle of 35°. In addition, the powdered form of 
the slag microspheres was characterized using a powder 
X-ray diffractometer (XRD D5005, Bruker AXS, Berlin, 
Germany) with Cu Kα radiation (1.5406 Å) at a scanning 
speed of 0.6° s−1. The chemical composition was inves-
tigated using an X-ray fl uorescence spectrometer (XRF-
1700, Shimadzu Co., Japan). The point of zero charge 
(PZC) was determined by measuring the zeta potential 
at various pH values, which were obtained using dilute 
HNO3 and NaOH.

2.2. Batch experiments 

Phosphate removal in the slag microspheres was 
evaluated by conducting kinetic and equilibrium batch 
experiments. The desired phosphate solution was pre-
pared by diluting the stock solution (1000 mgP l−1) made 
from potassium dihydrogen phosphate (KH2PO4) with 
deionized water and 20 mM KNO3. The slag micro-
spheres (1.0 g) were added into a 50 ml polypropylene 
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conical tube containing 30 ml of the phosphorus solu-
tion. The tube was shaken at 30°C and 100 rpm using 
a shaking incubator (Daihan Scientifi c, Korea). The 
high initial phosphorus concentration (200 mgP l−1) was 
selected based on the preliminary tests to quantify the 
performance of the slag microspheres in the removal 
of phosphate. The kinetic experiments were performed 
at an initial phosphorus concentration of 200 mgP l−1 
(Ph = 5.1). Then, samples were taken 1.5, 3, 6, 9, 12, 24, 
36, 48, and 60 h after the start of the reaction. The experi-
ments were performed in triplicate. Equilibrium tests 
were conducted with initial phosphorus concentrations 
ranging from 75 to 1000 mgP l−1. The samples were col-
lected 9 h post-reaction and fi ltered through a 0.45 μm 
membrane fi lter. The effects of the initial pH (3−10) and 
competing ions on the phosphorus removal were also 
investigated. NO3

–, Cl–, SO4
2–, and bicarbonate solutions 

were prepared by dissolving KNO3, KCl, K2SO4, and 
KHCO3, respectively, in deionized water. These samples 
were also collected 9 h post-reaction and fi ltered through 
a 0.45 μm membrane fi lter. The phosphate was analyzed 
by the ascorbic acid method [29]. The phosphate concen-
tration was measured at a wavelength of 880 nm using 
a UV–vis spectrophotometer (Helios, Thermo Scientifi c, 
Waltham, MA, USA). The pH was measured with a pH 
probe (9107BN, Thermo Scientifi c, Waltham, MA, USA). 
The amount of phosphorus adsorbed on the slag micro-
spheres (q, mgP g−1) was calculated using the following 
equation:

q C
V
m

×( )C C−C C−  (1)

where Ci and Cf are the initial and fi nal concentrations 
of the phosphorus in solution (mgP l−1), respectively, V 
is the solution volume (l), and m is the mass of the slag 
microspheres (g).

2.3. Column experiments

Column experiments were performed using a Plexi-
glas column (inner diameter = 5.0 cm, bed depth = 
30 cm) packed with quartz sand (particle size = 0.5−2.0 
mm; mass of fi lter media = 1020 g) and slag microspheres 

(mass of fi lter media = 1380 g). Prior to the experiments, 
the packed column was fl ushed upward using a HPLC 
pump (Series  pump, Scientifi c Systems Inc., State Col-
lege, PA, USA) operating at a rate of 2.0 ml min−1 using 
fi ve bed volumes of deionized water until steady state 
fl ow conditions were established. Then, the phosphate 
solution was introduced to the packed column at the 
same fl ow rate. Portions of the effl uent were collected 
using an auto collector (Retriever 500, Teledyne, City of 
Industry, CA, USA) at regular intervals and the phos-
phate was analyzed using the ascorbic acid method [29]. 
The mass of phosphate removed per unit mass of the 
slag microspheres in the column [phosphate removal 
capacity of the slag microspheres, qa (mgP g−1)] was 
determined using the following equation:

q
C

Ma = cap

f

 (2)

where Mf is the mass of the slag microspheres and Ccap 
is the column capacity for phosphate removal at a given 
fl ow rate and infl uent phosphate concentration.

3. Results and discussion

3.1. Characteristics of the slag microspheres

The physical properties and chemical compositions 
of the slag microspheres are presented in Table 1. The 
slag microspheres were composed of calcium (40.7%) 
and iron (25.1%) as well as SiO2, magnesium, aluminum, 
and manganese. The microspheres had a true density of 
3.56 g cm−3 and a porosity of 0.363. Digital and FESEM 
images along with the EDS patterns are shown in Fig. 1.
The slag microspheres were black and were round in 
shape with rough surfaces. The EDS pattern indicates 
that Ca was evident at peak positions of 3.69 and 4.01 
keV as K alpha and K beta X-ray signals, respectively. Fe 
was found at peak positions of 0.70, 6.40, and 7.06 keV as 
L alpha, K alpha, and K beta X-ray signals, respectively. 
In addition, Mg and Al were found at 1.25 and 1.48 keV, 
respectively, as K alpha X-ray signals. The XRD pattern 
demonstrated that srebrodolskite (dicalcium ferrite, 
Ca2Fe2O5), magnetite (Fe3O4), and hematite (Fe2O3) were 
the major constituents of the slag microspheres (Fig. 2).

Table 1
Physical properties and chemical compositions of the slag microspheres used in this study

Physical properties Chemical compositions (%)

Particle size 
(mm)

True density 
(g cm−3)

Bulk density 
(g cm−3)

Porosity 
(−)

SiO2 Al2O3 CaO MgO Fe2O3/FeO MnO

0.60−1.18 3.56 2.27 0.365 10.3 2.0 40.7 8.8 25.1 1.0
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3.2. Removal kinetics

The kinetic removal data of phosphate in the slag 
microspheres is shown in Fig. 3. In the initial phase, the 
phosphate concentration decreased quickly from 200 to 
142 mgP l−1 after 3 h. The average percentage removal 
of phosphate after 3 h was 29%. The reaction reached 
equilibrium at around 9 h with a corresponding phos-
phate concentration of 111 mgP l−1. At that time, the 
average removal percent was 44%. The kinetic removal 
data were analyzed by applying pseudo fi rst-order and 
pseudo second-order models [30,31], as shown below:

q q k teq −qq −( )⎡⎣⎡⎡ ⎤⎦⎤⎤1 1exp  (3)

1 1
2q q q

k t2
tq e

= +  (4)

In these equations, qt is the amount of phosphate 
removed at time t, qe is the amount of phosphate 
removed at equilibrium, k1 is the pseudo fi rst-order rate 
constant, and k2 is the pseudo second-order velocity 
constant. The kinetic model parameters are provided in 
Table 2. In the pseudo fi rst-order model, the value of k1

was 0.35 1 h−1 while the value of qe was 2.73 mgP g−1. 
In the pseudo second-order model, the value of k2 was 

Fig. 1. (a) Digital image, (b) fi eld emission scanning electron micrograph (FESEM) image (bar = 100 μm), (c) FESEM image 
(bar = 2 μm), and (d) X-ray spectrum (EDS) of the slag microspheres.

Fig. 2. X-ray diffraction pattern (XRD) of a powdered form of 
the steel slag microspheres.
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Fig. 3. Kinetic batch data and model fi t for phosphate removal 
by the slag microspheres (initial phosphate concentration = 
200 mgP l−1).
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0.18 g mgP−1 h−1. The value of qe was 2.93 mgP g−1, which 
is slightly higher than that obtained from the pseudo 
fi rst-order model. Based on the correlation coeffi cients 
(R2), the pseudo fi rst-order model described the kinetic 
data better than did the pseudo second-order model.

3.3. Equilibrium isotherms

The equilibrium isotherms of phosphate in the slag 
microspheres are presented in Fig. 4. The equilibrium 
data were analyzed using the Freundlich, Langmuir, 
and Langmuir–Freundlich isotherm models represented 
by the following equations, respectively:

q a Cn
Fa e  (5)

q
q a C

a Ce
La e

L eC
=

+1
 (6)

q
q a n

ne

S

S
=

+
( )a CSa e

( )a CS eC1
 (7)

Here, Ce is the concentration of phosphate in the 
aqueous solution at equilibrium, aF is the distribution 
coeffi cient, n and ns are the Freundlich and Langmuir–
Freundlich constants, respectively, aL and aS are the 
Langmuir and Langmuir–Freundlich constants related 
to the binding energy, respectively, and qm is the maxi-
mum mass of phosphate removed per unit mass of the 
slag microspheres (removal capacity). The parameter 
values determined by fi tting the models to the observed 
data are provided in Table 3. In the Freundlich model, 
the distribution coeffi cient (aF) was 0.65 l g−1 while 
the Freundlich constant (n) was 0.38. In the Langmuir 
model, the Langmuir constant (aL) was 0.009 l mgP−1 with 
a phosphate adsorption capacity (qm) of 6.65 mgP g−1. 
In the Langmuir–Freundlich model, the Langmuir–
Freundlich constants (aS and nS) were 0.002 l mgP−1 and 
0.56, respectively. The phosphate adsorption capacity 
(qm) was determined to be 10.95 mgP g−1. The correla-
tion coeffi cient (R2) of the Langmuir–Freundlich model 
(0.95) was greater than those of the Freundlich (0.94) and 
Langmuir (0.93) models, indicating that the Langmuir–
Freundlich model appropriately describes the equilib-
rium sorption data. The phosphate adsorption capacity 
(qm = 10.95 mgP g−1) is within the values of the other 
slag adsorbents reported in the literature (0.38–15.70 
mgP g−1). For example, Xiong et al. [32] reported that a 
maximum phosphate adsorption capacity of steel slag 

Fig. 4. Equilibrium batch data and model fi t for phosphate 
removal by the slag microspheres.

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

0 100 200 300 400 500 600 700 800 900
Ce (mgP/L)

q e
 (

m
gP

/g
)

Observed data

Freundlich
Langmuir
Langmuir-Freundlich

Table 2
Kinetic model parameters for the pseudo fi rst-order and pseudo second-order models in the kinetic batch experiments 
(initial phosphate concentration = 200 mgP l−1)

Model parameter Pseudo fi rst-order model Pseudo second-order model

k1 (1 h−1) qe (mgP g−1) R2 k2 (g mgP−1 h−1) qe (mgP g−1) R2

Value 0.35 2.73 0.99 0.18 2.93 0.92

Table 3
Equilibrium isotherm parameters obtained from equilibrium batch experiments for the Freundlich, Langmuir, and 
Langmuir–Freundlich isotherm models

Freundlich Langmuir Langmuir–Freundlich

aF (l g
−1) n R2 qm (mgP g−1) aL (l mgP−1) R2 qm (mgP g−1) as (l mgP−1) ns R2

0.65 0.38 0.94 6.65 0.009 0.93 10.95 0.002 0.56 0.95
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of 5.3 mgP g−1 and Bowden et al. [26] reported a phos-
phate adsorption capacity of basic oxygen steel slag of 
8.39 mgP g−1.

3.4. Effects of solution pH and competing anions

The results of phosphate removal using slag micro-
spheres under various solution pHs are shown in Fig. 5.
The phosphate removal was sensitive to pH under the 
given experimental conditions. The removal capacity 
(qe) was the highest at a pH of 3.2 with a value of 3.16 ± 
0.04 mgP g−1, which gradually decreased to 2.09 ± 
0.10 mgP g−1 at a pH of 6.8. Then, the removal capac-
ity dropped sharply to 0.91 ± 0.04 mgP g−1 at a pH of 
7.7 and decreased continuously to 0.35 ± 0.15 mgP g−1 
at a pH of 9.2. Overall, the removal capacity decreased 
one order of magnitude as pH increased from 3.2 to 
9.2. Phosphate adsorption on metal surfaces of (Al, Fe) 
hydroxides decreases with increasing pH [26]. It was 
demonstrated that the phosphate removal capacity of 
basic oxygen steel slag increased with increasing pH 
when phosphate removal occurred through precipita-
tion rather than adsorption [26]. This demonstrates that 
adsorption to metal hydroxide surfaces plays a major 
role in our experiments for phosphate removal in the 
slag microspheres.

The decreasing tendency of the removal capacity 
with increasing pH obtained in this study agrees well 
with other the results of other studies [3,6,15]. This 
phenomenon can be attributed to the surface charges 
of the slag microspheres. As shown in Fig. 6, the PZC 
of the slag microspheres was around 7.6. Below the 
PZC, the microspheres were positively charged and 
therefore, the adsorption of phosphate anions to the 

slag microspheres was favorable via electrostatic 
attractions. As the pH was increased to the PZC, the 
slag microspheres became less positively charged, 
causing the adsorption of phosphate to become less 
favorable. Above the PZC, the slag microspheres 
became more negatively charged with increasing pH 
and therefore, the adsorption of phosphate became 
more unfavorable due to electrostatic repulsion.

During experiments, the solution pH increased 
and reached a fi nal (equilibrium) pH of 7.9–9.6 (Fig. 5), 
mainly due to the release of hydroxyl ions (OH−) from 
the slag microspheres that were exchanged for phos-
phate anions. The adsorption of phosphate ions to the 
slag microspheres can be described by a ligand exchange 
mechanism [3]. In the adsorption process, phosphate ions 
can replace OH− on the surfaces of the slag microspheres, 
forming inner-sphere complexes including monoden-
tate, bidentate, and binuclear complexes [33,34]. Also, 
this mechanism can be referred to as a Lewis acid-base 
interaction in which phosphate ions (Lewis base) are 
adsorbed on the surface sites (Lewis acid) of the slag 
microspheres [34,35]. Additionally, electrostatic (Cou-
lombic) interactions can occur between the positively 
charged surfaces of the slag microspheres and negatively 
charged phosphate ions, forming an outer-sphere com-
plex [34,36].

The effects of anions (NO3
−, Cl−, SO4

2−, and HCO3
2−) 

on the removal of phosphate in the slag microspheres 
are shown in Fig. 7. NO3

−, Cl−, and SO4
2− had minimal 

infl uence on the removal of phosphate in the slag micro-
spheres at concentrations ranging from 0 to 100 mM 
where the phosphate removal capacity (qe) remained 
around 2.75–2.84 mgP g−1. This result is similar to that 
of a previous report [3] which showed that the infl u-
ences of NO3

−, Cl−, and SO4
2− on the phosphate removal 

Fig. 5. Effect of solution pH on phosphate removal capacity 
of the slag microspheres (initial phosphate concentration = 
200 mgP l−1). The numbers in parenthesis are the fi nal solu-
tion pH values.
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in basic oxygen furnace slag were not signifi cant at 
anion concentrations ranging from 100 to 1000 mg l−1. 
Meanwhile, bicarbonate (HCO3

2−) greatly interfered 
with the removal of phosphate in the slag microspheres. 
At a HCO3

2− concentration of 20 mM, the value of qe 
decreased to 2.20 mgP g−1, which is a 21% reduction of 
the phosphate removal capacity compared to the reduc-
tion at 0 mM (2.78 mgP g−1). At a HCO3

2− concentration 
of 100 mM, the value of qe decreased further to 0.36 
mgP g−1 (87% reduction). Our results demonstrate that 
the slag microspheres could selectively remove phos-
phate from an aqueous solution. However, the negative 
impact of HCO3

2− on the phosphate removal in the slag 
microspheres should be considered.

3.5. Phosphate removal in fl ow-through columns

The breakthrough curves (BTCs) for phosphate 
removal by the sand and slag microspheres are presented 
in Fig. 8. The performance of the slag microspheres in 
the phosphate removal was compared with that of the 
sand, the most commonly used as granular fi lter media. 
The breakthrough data are presented in terms of the rel-
ative concentration of phosphate as a function of time. It 
should be noted that the slag microspheres (grain size = 
0.60−1.18 mm) produced no hydraulic problems (e.g., 
clogging) in the given experimental conditions. Under 
conditions of C0 = 1 mgP l−1 and Q = 2.0 ml min−1 in sand, 
the BTC increased sharply, reaching the initial phosphate 
concentration after around 1 d. Under the same experi-
mental conditions, the BTC for the slag microspheres 
remained constant at relative concentrations near zero 
for up to 14 d. At C0 = 200 mgP l−1 and Q = 2.0 ml min−1, 
the BTC for the slag microspheres increased rapidly, 
reaching 0.73 of the relative concentration after around 

0.5 d and then remained at 0.6–0.7 of the relative concen-
tration for up to 14 d. The removal capacity (qa) of the 
slag microspheres in the column experiments was deter-
mined to be 2.27 mgP g−1 with C0 = 200 mgP l−1, which 
is lower than the removal capacities obtained from the 
batch experiments. Other researchers who conducted 
column experiments reported a phosphate retention 
capacity of 1.35 mgP g−1 for EAFSS [20] and 8.39 mgP g−1 
for basic oxygen steel slag [26].

4. Conclusions

In this study, slag microspheres were used to remove 
phosphate from aqueous solutions. The results of batch 
experiments indicated that the slag microspheres were 
effective in the removal of phosphate. The phosphate 
removal capacity decreased with increasing pH, indi-
cating that adsorption to metal hydroxide surfaces may 
play a major role in the phosphate removal by the slag 
microspheres. The decreasing tendency of the removal 
capacity with increasing pH can be attributed to the 
surface charge of the slag microspheres, which had a 
PZC of 7.6. The phosphate removal capacity was not 
affected by NO3

−, Cl−, or SO4
2−  but was infl uenced by 

bicarbonate. The results of column experiments dem-
onstrated the potential use of the slag microspheres as a 
granular fi lter media in fl ow-through systems for phos-
phate removal.
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Fig. 7. Effects of competing anions on the phosphate removal 
capacity of the slag microspheres (initial phosphate concen-
tration = 200 mgP l−1).
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