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Removal kinetics of phosphorus through use of basic oxygen furnace slag (BOF-slag)
was investigated through batch experiments. Effects of several parameters such as
initial phosphorus concentration, temperature, BOF-slag size, initial pH, and BOF-slag
dosage on phosphorus removal kinetics were measured in detail. It was demonstrated
that the removal process of phosphorus through BOF-slag followed pseudo-first-order
reaction kinetics. The apparent rate constant (kobs) significantly decreased with
increasing initial phosphorus concentration, BOF-slag size, and initial pH, whereas it
exhibited an opposite trend with increasing reaction temperature and BOF-slag dosage.
A linear dependence of kobs on total removed phosphorus (TRP) was established with
kobs = (3.51 ± 0.11) × 10−4 × TRP. Finally, it was suggested that the Langmuir–Rideal (L–R)
or Langmuir–Hinshelwood (L–H) mechanism may be used to describe the removal
process of phosphorus using BOF-slag.
© 2015 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

Phosphorus is an essential nutrient for the growth of plants
and animals. However, the enrichment of phosphorus in water
bodies including rivers, lakes, and lagoons can give rise to
abnormal growth of hydrophytes, which results in the deteri-
oration of water quality and finally leads to eutrophication.
Thus, phosphorus should be removed from domestic and
industrial wastewater before being discharged into the surround-
ing environment. Constructed wetland systems (CWS) have been
demonstrated as an effective treatment method for phosphorus
removal (Barca et al., 2013; Johansson-Westholm, 2006; Shilton et
al., 2006; Vohla et al., 2011). The selection of the materials
for wetland substrates plays a key role in designing the CWS (Drizo
et al., 2006). Many low cost and easily available materials such as
natural minerals (limestone (Johansson-Westholm, 2006), zeolites
(Johansson-Westholm, 2006), bauxite (Johansson-Westholm, 2006),
o-Environmental Science
and dolomite (Karaca et al., 2006)) and industrial by-products such as
fly ash (Cheung and Venkitachalam, 2000; Li et al., 2006), dewatered
alum sludge (Yang et al., 2006), coal cinders (Wang et al., 2010), iron
oxide tailings (Zeng et al., 2004), and blast furnace slag (Gong et al.,
2009; Oguz, 2005; Kostura et al., 2005) have been assessed for their
capacity to sequester phosphorus.

In the last decades, the by-products (basic oxygen furnace slag and
electric arc furnace slag) from the steel industry have attracted
considerable interest from researchers to investigate them as appro-
priate wetland substrates through various methods such as batch
tests (Bowden et al., 2009; Barca et al., 2012; Jha et al., 2004, 2008; Xiong
et al., 2008; Xue et al., 2009), column tests (Cha et al., 2006;
Claveau-Mallet et al., 2012, 2013; Yang et al., 2009) and field tests
(Barca et al., 2013; Lee et al., 2010; Shilton et al., 2006). Basic oxygen
furnace slag (BOF-slag) is derived from the refining of iron in a basic
oxygen furnace,whereas electric arc furnace slag (EAF-slag) originates
from melting recycled scrap in an electric arc furnace (Barca et al.,
s, Chinese Academy of Sciences. Published by Elsevier B.V.
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2013). Steel slag consists of heterogeneous oxide materials and is
primarily composed of species containing iron, calcium, aluminum
and silicon (Xue et al., 2009).

According to the results of different studies, the removal rate of
phosphorus by steel slag greatly varied in the range of 37%–100% and
its phosphorus removal capacity drastically fluctuated from 0.13 to
89.9 mg P/g (Barca et al., 2012, 2013; Bowden et al., 2009;
Claveau-Mallet et al., 2013; Drizo et al., 2006; Li et al., 2013; Wang et
al., 2010; Xiong et al., 2008; Yang et al., 2009). These large
discrepancies significantly depended on various factors such as
exposure duration of phosphorus to steel slag, temperature, phos-
phorus concentration, wastewater pH, steel slag dosage, steel slag
size, and chemical composition of steel slag. There have been two
popular mechanisms for phosphorus removal by steel slag. A
number of researchers have concluded that the main mechanism
of phosphorus removal was related to CaO-slag dissolution followed
by Ca–P precipitation (Barca et al., 2012, 2013; Bowden et al., 2009;
Claveau-Mallet et al., 2012, 2013; Drizo et al., 2006). Nevertheless,
other studies have suggested the adsorption of phosphorus onto
metal oxides/oxyhydroxides on the surface of steel slag to be a
primary phosphorus removalmechanism (Jha et al., 2008; Pratt et al.,
2007a,b; Xiong et al., 2008; Xue et al., 2009).

To date, researchers have focused on the investigation
of phosphorus removal capacity of steel slag as well as the
mechanism. However, few studies have been performed to deter-
mine the kinetics of phosphorus removal by steel slag. Jha et al.
(2008) suggested that a first order rate expression was more
appropriate than the pseudo-second order equation for the data
obtained from batch experiments. The phosphorus removal data of
CWS with steel slag as filter substrates can be also well explained
employing the model of Kadlec and Knight, which originated from
the first-order kinetics equation proposed by the U.S. Environmen-
tal Protection Agency to model pollutant removal in CWS (Barca et
al., 2013). It should be pointed out that the understanding of
phosphorus removal kinetics using steel slag is still limited. The
study of phosphorus removal kinetics can substantially contribute
to the understanding of the whole process and the mechanism of
phosphorus removal by steel slag.

In this work, therefore, the kinetics of phosphorus removal by
BOF-slag was analyzed in detail through batch experiments. Fresh and
reacted BOF-slag was characterized using an X-ray diffractometer
(XRD) and scanning electron microscope (SEM) equipped with
an energy dispersive spectrometer (EDS) system. Effects of several
parameters, including initial phosphorous concentration, temperature,
steel slag size, initial pH, and steel slag dosage, on the reaction rate of
phosphorus removal were investigated. A quantitative relationship
between reaction rate of phosphorus removal and total removed
phosphorus was also established. Finally, Langmuir–Hinshelwood
(L–H) and Langmuir–Rideal (L–R) mechanisms were discussed and
used to describe the phosphorus removal process, which may help
reveal the mechanism of phosphorus removal by steel slag.
1. Experimental

1.1. Materials

BOF-slag was from Anshan Iron and Steel Group Corporation
in Liaoning province of China. The chemical composition of
BOF-slag was analyzed using X-ray fluorescence (XRF). The
composition of BOF-slag was mainly CaO (47.08%), Fe2O3

(36.12%), SiO2 (8.04%), and MgO (4.94%), with small amount
of MnO (1.99%), Al2O3 (0.78%), TiO2 (0.56%), P2O5 (0.30%), Cr2O3

(0.15%), SrO (0.03%), and Nb2O5 (0.02%). This is similar to steel
slag used in previous studies (Barca et al., 2013; Bowden et al.,
2009; Claveau-Mallet et al., 2012). To obtain samples with
different sizes (0–0.038, 0.038–0.045, 0.045–0.058, 0.058–0.106,
0.106–0.180 mm), BOF-slag was ground into fine powders and
sieved through sieves of different mesh sizes.

1.2. Batch experiments

A series of batch tests was conducted to investigate the
influence of several parameters on the kinetics of phosphorus
removal by BOF-slag. Synthetic wastewater with different
initial phosphorus concentrations (50, 75, 100 and 125 mg P/L)
was prepared using tap water and KH2PO4 as the phosphorus
source. Then, BOF-slag with different sizes was added to
beakers containing 250 mL synthetic wastewater. The
BOF-slag dosage varied in the range 0.0–2.0 g. The solution in
the beaker was continuously stirred for 4.0 hr employing a
stirring apparatus with a temperature control system. The
reaction temperature could be exactly controlled from 293 to
313 K. The initial solution pH was adjusted to desired values
using 0.05 mol/L HCl and 0.05 mol/L NaOH. The pH was
measured using a pHmeter (PHS-3C Model, Shanghai Precision
& Scientific Instrument Co.Ltd, Shanghai, China). The solution
was sampled at certain time intervals and centrifuged at 3000 r/
min for 5.0 min to separate BOF-slag from the liquid phase.

1.3. Kinetics analysis

TheLangmuir–Rideal (L–R)mechanism isusuallyused todescribe
heterogeneous reaction processes. This mechanism indicates
the reaction between liquid phase phosphorus ([Pliq]) and active
species ([AS]) on the surface of BOF-slag as shown in Eq. (1).

AS½ � þ Pliq
� �

→Products ð1Þ

The kinetics of Eq. (1) can be described using Eq. (2).

d Pliq
� �

dt
¼ −kΙΙ � AS½ � � Pliq

� � ð2Þ

where, kII is the second order rate constant. A pseudo first-order
kinetics can be assumed by replacing kII × [AS] with kobs, which
is the apparent rate constant.

d Pliq
� �

Pliq
� � ¼ −kobs � dt ð3Þ

Eq. (4) derives from the integration of Eq. (3).

1
t
ln

Pliq
� �

0

Pliq
� �

t

 !

¼ kobs ¼ k II � AS½ � ð4Þ

Thus, kII can be obtained through linear fitting of kobs as a
function of [AS].

Additionally, the Langmuir–Hinshelwood (L–H) mecha-
nism may also occur during the phosphorus removal process
using BOF-slag. According to this mechanism, the reaction
can occur when active species on the surface of BOF-slag
encounter phosphorus adsorbed on adjacent sites. The kobs
can be expressed by the following equation in the L–H
mechanism,

kII SS½ �KAS AS½ �
1þ KAS AS½ � ¼ kobs ð5Þ
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Fig. 1 – X-ray diffractometer (XRD) pattern of fresh and reacted
BOF-slag under conditions with BOF-slag (0.038–0.045 mm) of
1.0 g, initial phosphorus concentration of 100 mg/L, initial pH
of 7.0, and temperature of 298 K.
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where, kII is the second order rate coefficient, [SS] is the
number of adsorption sites for active species of BOF-slag, KAS

is the liquid-surface equilibrium constant of active species
of BOF-slag, and [AS] is the total number of active species.
kII[SS] can be approximated as the maximum rate coeffi-
cient kmax

I experimentally obtained at high BOF-slag dosage.
Therefore, Eq. (6) can be obtained through replacing kII[SS]
with kmax

I in Eq. (5).

kImaxKAS AS½ �
1þ KAS AS½ � ¼ kobs ð6Þ

The parameters kmax
I and KAS can be obtained through

fitting kobs as a function of [AS] using Eq. (6). It should be
pointed out that [AS] can be replaced with BOF-slag dosage
due to their positive relationship.

1.4. Analysis methods

The change of phosphorus concentration with reaction
time was measured according to the ammonium molybdate
spectrometric method using a UV–Visible spectrophotometer
(UV–vis, UV-2550, SHIMADZU, Kyoto Japan). The change in
Ca2+ concentration when BOF-slag was introduced into tap
water was detected by the atomic absorption spectrometric
method (AAS, TAS-990, Beijing Purkinje General Instrument
Co. Ltd, Beijing, China). Batch test data were modeled to
analyze the phosphorus removal kinetics. The mineral
compositions of fresh and reacted BOF-slag were investigated
through XRD (X' Pert Pro, PANalytical, Almelo, Netherlands)
with Cu Kα radiation at 40 kV and 300 mA. The scanned range
was 2θ = 10°–90° with a step of 2θ = 0.05° and 1 sec/step.
SEM-EDS (SSX-550, SHIMADZU, Kyoto, Japan) were used to
investigate the morphology and elemental composition of
fresh and reacted BOF-slag. The specific surface area of
BOF-slag with different sizes was measured by a laser particle
size analyzer (BT-9300S, Dandong Bettersize Instruments Ltd.,
Dandong, China).
2. Results

2.1. Changes of composition and morphology of BOF-slag

Fig. 1 showsXRDpatterns of fresh and reacted slag. According to
the XRD results, fresh BOF-slag primarily consisted of calcium-
and iron-bearing mineral phases including srebrodolskite,
calcium silicate, merwinite, fayalite, bredigite, lime, wustite,
and so on. The presence of these minerals indicates that the
fresh BOF-slag has the potential to remove phosphorus from
wastewater through adsorption or precipitation. Compared to
the pattern of fresh BOF-slag, intensities of some peaks of the
reacted BOF-slag decreased, which can be ascribed to the
hydrolysis of Ca2Fe2O5, Ca2SiO4, Ca14Mg2(SiO4)8, Ca3Mg(SiO4)2,
CaFe2O4, CaO, and FeO. After the introduction of BOF-slag (1.0 g)
into tap water (250 mL) without phosphate, the Ca2+ concentra-
tion in tap water increased by 18.2 mg/L, further proving the
hydrolysis of species containing calcium inBOF-slag. It has been
previously shown that Ca14Mg2(SiO4)8 was the first calcium
oxide that dissolved during the phosphorus removal process
using furnace slag (Kostura et al., 2005). Barca et al. (2012)
confirmed that Ca2+ and OH− from BOF-slag hydrolysis followed
a pseudo-first-order kinetics model. Notably, no peaks related
to Ca-phosphate precipitates were found in the XRD pattern,
which may be attributed to several reasons. On the one hand,
the mass of Ca-phosphate precipitates may be lower than the
detection limit of XRD. On the other hand, the Ca-phosphate
precipitates may be amorphous. Of course, there also may not
be any formation of Ca-phosphate precipitates.

The surface of fresh and reacted BOF-slag was examined
by SEM and EDS analyses. The morphology of fresh and
reacted BOF-slag exhibited differences, as shown in Fig. 2a
and c. The surface of the reacted BOF-slag seemed to be
covered with finely distributed layers. According to Fig. 2b, the
EDS results confirmed that the surface of fresh BOF-slag was
mainly composed of O, Ca and Fe. However, as shown in
Fig. 2d, the fine layers on the reacted BOF-slag predominantly
consisted of O, Ca, Fe, Si, and P. This suggests that the fine
layers may be related to the interaction of phosphorus with
species on BOF-slag.

2.2. Phosphorus removal kinetics

Fig. 3a shows temporal changes of phosphorus with different
initial concentrations. Phosphorus concentration exhibited
a significant decrease upon the addition of BOF-slag. It
was observed that phosphorus with initial concentration of
50 mg/L had been completely removed at the reaction time of
60 min, demonstrating that BOF-slag is an efficient substrate,
as proposed by previous studies (Barca et al., 2012, 2013;
Claveau-Mallet et al., 2012, 2013). The temporal removal trend
of phosphorus greatly decreased with increasing initial
concentration from 50 to 125 mg/L. In particular, the evolution
of phosphorus with different initial concentrations showed an
exponential pattern, suggesting that the removal reaction of
phosphorus by BOF-slag may be reasonably described by
pseudo-first-order kinetics. Therefore, the batch experimental
data may be fitted using a pseudo-first-order exponential
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function as shown in Eq. (3) or (4). Fig. 3b displays the linear
correlation between the natural logarithm of phosphorus
concentration and reaction time. Jha et al. (2008) also found
that the first-order equation was appropriate to describe the
removal process of phosphorus bymixtures of steel-making slag
with Al(OH)3. Additionally, the data of phosphorus removal
through simulated CWS can be also well analyzed using
the model derived from the first-order kinetics equation (Barca
et al., 2013). Therefore, these results demonstrate the pseudo-
first-order reaction nature of phosphorus with BOF-slag.

As shown in Fig. 4a, kobs exhibited a noticeable decrease
trend with increasing initial phosphorus concentration. kobs
was 5.79 × 10−2 min−1 at initial phosphorus concentration
of 50 mg/L, whereas it was only 0.39 × 10−2 min−1, lower by
93.3%, at initial phosphorus concentration of 125 mg/L. kobs
drastically decreased from 5.79 × 10−2 to 1.25 × 10−2 min−1

with increasing initial phosphorus concentration from 50 to
75 mg/L, with only slight further decrease when the initial
phosphorus concentration was more than 75 mg/L.

Temperature can affect the removal efficiency of phos-
phorus, as already shown in field experiments with steel slag
as filter medium (Barca et al., 2013; Shilton et al., 2006). It
has been observed in practice that the efficiency decreased
drastically during winter and then began to gradually increase
during spring (Barca et al., 2013; Shilton et al., 2006). However, little
is known about effects of temperature on phosphorus removal
kinetics. Fig. 4b shows an increase trend for kobs with increasing
temperature. kobs at temperature of 313 Kwas larger by 47.6% than
that at temperature of 293 K. Although kobs almost remained
unchanged in the range of 293–303 K, it exhibited a significant
increase with increasing temperature from 303 to 313 K.

The change trend of kobs with increasing BOF-slag size was
investigated as shown in Fig. 4c. kobs significantly decreased
with increasing BOF-slag size in the range of 0.00–0.180 mm.
kobs was 3.8 × 10−3 min−1 and lower by 28.0% at BOF-slag size of
0.106–0.180 mm than that at BOF-slag size of 0.00–0.038 mm.

Fig. 4d shows that kobs greatly decreased with increasing
initial pH from 3.0 to 7.0. kobs was 8.3 × 10−3 min−1 at initial pH
of 3.0 but it was 4.8 × 10−3 min−1 and lower by 42.2% at initial
pH of 7.0. As seen in Fig. 4e, although great differences existed
in initial pH, the final pH remained stable around pH of 7.5–7.8
after reaction for 4.0 hr. Yang et al. (2009) also observed a
similar phenomenon during the phosphorus removal prog-
ress using converter slag and coal cinders. The increase of pH
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can be ascribed to the hydrolysis of components containing
metals (Barca et al., 2012; Xue et al., 2009), which has been
illustrated in Fig. 1. It should be pointed out that Ca2+ and
Mg2+ in tap water under alkaline conditions can react with
OH− or PO4

3− to form awhite precipitate without the addition of
BOF-slag. This may influence the measurement of phospho-
rus and lead to the impracticability conducting experiments
at pH higher than 8.0.

As seen in Fig. 4f, kobs exhibited a great increase with
increasing BOF-slag dosage. However, kobs did not linearly
depend on BOF-slag dosage. kobs at BOF-slag dosage of 2.0 g
increased by 53.3% when compared to that at BOF-slag
dosage of 0.5 g.

The results mentioned above definitely demonstrate that
the parameters including initial phosphorus concentration,
temperature, BOF-slag size, initial pH, and BOF-slag dosage
have important influences on the kinetics of phosphorus
removal by BOF-slag.

2.3. Relationship between kobs and total removed phosphorus

It has been widely demonstrated that several parameters
including slag size, initial pH, and slag dosage, have signifi-
cant effects on the phosphorus removal capacity (Bowden et
al., 2009; Xiong et al., 2008; Xue et al., 2009; Yang et al., 2009).
As seen from Fig. 4b, total removed phosphorus (TRP) tended
to increase with increasing temperature. As shown in Fig. 4c
and d, TRP decreased with increasing BOF-slag size and
increasing initial pH from acidity to neutral, respectively.
TRP gradually increased with increasing BOF-slag dosage,
while the removed phosphorus per unit mass exhibited an
opposite trend (Fig. 4f). This indicates that some of the
BOF-slag cannot reach its potential to sequester phosphorus
at higher dosage. Phosphorus removal capacity varied in
the range of 11.4–20.3 mg/g under the varying conditions in
this work. However,maximumphosphorus removal capacity
has been reported to range from 0.13 to 89.9 mg/g. This great
difference can be ascribed to the variation of main parame-
ters such as contact time of phosphorus with slag, temper-
ature, initial phosphorus concentration, pH, ratio of slag to
solution, particle size, and structure and composition of slag,
which can affect the results of batch experiments (Barca
et al., 2012).

Based on careful comparison, it was found that the change
trend of kobs was similar to that of TRP under the corresponding
reaction conditions. This suggests that there may be a certain
relationship between kobs and TRP. As shown in Fig. 5, kobs
linearly increased with increasing TRP, and the slope was (3.51 ±
0.11) × 10−4 min−1·mg−1. Thus, a quantitative dependent rela-
tionship between kobs and TRP can be simply established and
expressed as kobs = (3.51 ± 0.11) × 10−4 × TRP. Therefore, TRP
can be roughly estimated as long as kobs has beenmeasured.
This will provide convenience in obtaining the phosphorus
removal capacity (PRC) of BOF-slag, since long-term tests
are usually required to obtain the PRC of steel slag.

2.4. Applicability of L–R and L–H mechanism for phosphorus
removal kinetics

Fig. 6 shows the fitted results of kobs as a function of BOF-slag
dosage according to the L–R and L–Hmechanisms, R2 of which
was 0.965 and 0.964, respectively. According to the fitted results,
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kII, kmax
I , and KAS were (4.5 ± 0.38) × 10−3, (1.49 ± 0.38) × 10−2,

and (0.58 ± 0.31) min−1·g−1, respectively. In view of the fitted
results, both the L–R and L–Hmechanisms canwell describe the
kinetics of phosphorus removal by BOF-slag. This leads to
difficulty in picking out one or the other mechanism.

It has been demonstrated that pH has extremely important
effects on mechanisms of phosphorus removal by steel slag.
The adsorption of phosphorus to metal oxide surfaces plays
a critical role at pH lower than 7.5, while Ca-phosphate
precipitation is the dominant removal mechanism at pH
higher than 8.0 (Bowden et al., 2009; Khelifi et al., 2002; Søvik
and Kløve, 2005). According to the pH (7.5–7.8) after the
reaction for 4.0 hr (Fig. 4e), the adsorption to metal oxide
surfaces in BOF-slag should account for most of phosphorus
removal for solutions with initial pH of 3.0–7.0.

XRF and XRD results have determined that BOF-slag is rich
in Fe and Ca oxide. It is well known that Fe and Ca play
important roles in phosphorus removal by steel slag. The
mechanism of Fe for phosphorus removal has been suggested
to be an adsorption process onto Fe oxides/hydroxides (Pratt
et al., 2007a). The adsorption process of phosphorus can also
occur through ligand exchange between phosphate and
hydroxide groups on the surface of silicon and aluminum
oxides in steel slag (Xue et al., 2009). The existence of P together
with Fe and Si in fine layers on the reacted BOF-slag suggests
the occurrence of these adsorption processes (Fig. 2b, d). As
mentioned above, these adsorption processes were main
removal paths for phosphorus, which supports the application
of the L–R or L–H mechanism to phosphorus removal by
BOF-slag. Additionally, the hydrolysis of components contain-
ing calcium such as CaO, Ca14Mg2(SiO4)8, Ca2Al2SiO7, Ca2SiO4,
and Ca3SiO5 can lead to the release of Ca and the
increase of pH (Cha et al., 2006; Claveau-Mallet et al.,
2012, 2013; Kostura et al., 2005). Under basic conditions,
the mechanism of Ca in phosphorus retention was the
formation of various Ca-phosphate precipitates including
amorphous calcium phosphate (ACPs), dicalcium phosphate
(DCP), dicalcium phosphate dihydrate (DCPD), octocalcium
phosphate (OCP), tricalcium phosphate (TCP), and hydroxyap-
atite (HAP) (House, 1999; Valsami-Jones, 2001). Previous studies
generally suggested that these Ca-phosphate precipitates were
derived from the liquid phase reaction of calcium with
phosphate (Barca et al., 2012, 2013; Claveau-Mallet et al., 2013).
In fact, the dissolution of Ca may be incomplete or reach an
equilibrium between the liquid phase and the BOF-slag surface.
Moreover, the solubility of Ca-phosphate precipitates is far less
than the components containing calcium. Thus, the adsorbed
phosphatemay capture the undissolved Ca on adjacent surface
sites, resulting in the formation of Ca-phosphate precipitates.
This may also take part in the reaction of the adsorbed
phosphorus and active species on BOF-slag in L–H mechanism.
Further studies may be necessary to better determine the
applicability of the L–R or L–H mechanism for the phosphorus
removal process.
3. Discussion

It is time to step back and discuss the effects of several
parameters on phosphorus removal kinetics. As shown in
Fig. S1, the natural logarithm of kobs linearly decreased with
increasing reciprocal temperature in the range of 303–313 K.
According to the Arrhenius equation, an apparent activa-
tion energy (Ea) and pre-exponential factor (A) can be calculat-
ed, and were (3.35 ± 0.67) × 104 J/mol and (2.44 ± 0.01) ×
103 min−1, respectively. Positive Ea further suggests that the
increase of temperature can accelerate phosphorus removal
by BOF-slag.
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The distribution coefficient (KD, cm3/g) of phosphorus on
BOF-slag and in solution can be described by the following
equation (Oguz, 2005),

KD ¼ V
M

ð7Þ

where, V is the solution volume of phosphorus on BOF-slag
andM is the phosphorus mass of BOF-slag. Standard enthalpy
(△H0) and standard entropy (△S0) can be calculated from the
slope and intercept of linear regression of ln(KD) against 1/T
(Eq. (8)),

ln KDð Þ ¼ ΔS0

R
−
ΔH0

RT
ð8Þ

where, T (K) is the absolute temperature and R (J/(mol·K)) is the
gas constant. The standard free energy (△G0) can be obtained
from Eq. (9).

ΔG0 ¼ ΔH0−TΔS0 ð9Þ

As seen in Fig. S2, KD exhibited a linearly increasing
relationship with the increase of temperature. △H0 and △S0
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Fig. 6 – Plot of kobs versus BOF-slag (0.038–0.045 mm) dosage
under conditions with initial phosphorus concentration of
100 mg/L, initial pH of 7.0, and temperature of 298 K.
were calculated to be (5.70 ± 2.39) × 104 J/mol and (2.34 ±
0.77) × 102 J/(mol · K), respectively. Positive △H0 confirmed
that the adsorption of phosphorus on BOF-slag was an
endothermic process. According to Eq. (9),△G0 would decrease
with the increase of temperature. These results suggest that
the adsorption of phosphorus on BOF-slag is easier at higher
temperature. Thus, changes of kobswith increasing temperature
may be related to the effects of temperature on the adsorption
process of phosphorus to active sites.

Generally, the smaller the size of BOF-slag, the greater
the specific surface available for phosphorus adsorption. As
summarized in Table S2, the specific surface area of BOF-slag
exhibited a significant increase with the decrease of BOF-slag
size. The specific surface area of BOF-slag with the size of 0.0–
0.038 mm was larger by a factor of 2.63 than that of BOF-slag
with the size of 0.10–0.180 mm. In particular, kobs had a
positive linear correlation with the specific surface area of
BOF-slag (Fig. S3). Before being crushed and ground, metal
oxides/hydroxides and silicon oxides are embedded in large
BOF-slag particles. More metal oxides/hydroxides and silicon
oxides are exposed with decreasing BOF-slag size during
the grinding process. This can provide more active sites for
phosphorus adsorption and result in the increase of kobs with
decreasing BOF-slag size.

It has been observed that the zeta potential of BTM
(BOF-slag treated by milling) and BTA (BOF-slag treated by
acid) showed a variation of surface charge from +85.8 to −40.7
and +80.2 to −35.6, respectively, when pH increased from 2.0
to 13.0 (Xue et al., 2009). This suggests that the BOF-slag
surface can carry more negative charges at higher pH, which
would significantly promote the repulsion of the negatively
charged species in solution (Xue et al., 2009). Therefore, the
decrease of kobs with increasing initial pH was ascribed to the
greater repulsion between phosphate groups and negatively
charged surface sites.

Due to the existence of adsorbent particle–particle inter-
actions, the decrease of the removed phosphorus per unit
masswith the increase of BOF-slag dosage can be ascribed to the
sorbent concentration effects in solid–water interface adsorp-
tion. In other words, the experimentally measured partition
coefficient of a given system may decrease with increasing
sorbent concentration, which has been observed in a number of
adsorption systems and attempted to be explained by a series of
models (Volce andWeber, 1985; Zhao andHou, 2012; Zhao et al.,
2013). Thus, kobs may be nonlinearly dependent on BOF-slag
dosage when BOF-slag dosage is high enough to enhance the
sorbent concentration effects. Finally, it should be pointed out
that more investigations are necessary to better understand
the effects of various parameters such as temperature and pH
on the kinetics and mechanisms of phosphorus removal by
BOF-slag.
4. Conclusions

The batch experimental data obtained could be well fitted
using the pseudo-first-order reaction model, demonstrating
that the removal process of phosphorus by BOF-slag followed
pseudo-first-order reaction kinetics. The apparent rate con-
stant (kobs) significantly decreased with increasing initial
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phosphorus concentration, BOF-slag size, and initial pH,whereas
it exhibited an opposite trend with increasing temperature and
BOF-slag dosage. kobswas 5.79 × 10−2 min−1 at initial phosphorus
concentration of 50 mg/L while it was only 0.39 × 10−2 min−1 at
initial phosphorus concentration of 125 mg/L. kobs decreased by
28.0% and 42.2%with increasing BOF-slag size from 0.00–0.038 to
0.106–0.180 mm and initial pH from 3.0 to 7.0, respectively. kobs
increased by 47.6% and 53.3% with increasing temperature from
293 to 313 K and BOF-slag dosage from 0.5 to 2.0 g, respectively.
The quantitative relationship between kobs and TRP can be
simply established through kobs = (3.51 ± 0.11) × 10−4 × TRP. Fi-
nally, it was suggested that either the Langmuir–Rideal (L–R) or
Langmuir–Hinshelwood (L–H) mechanism may be appropriate
for describing the removal process of phosphorus by BOF-slag.
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