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Abstract

Phosphorus recovery from dephosphorization slag generated during steelmaking has enormous potential to secure a stable
supply of phosphate. Because P and Fe in slag are concentrated in different mineral phases, P can be recovered by separa-
tion of the P-bearing phase, and the residue can be reutilized in steel plant at the same time. In the present study, we adopted
selective leaching of P and investigated the effects of leaching parameters on the dissolution behavior of slag. It was deter-
mined that with the decrease in particle size and increase in stirring speed, the P dissolution ratio increased significantly.
When particle size was less than 53 pm and stirring speed exceeded 200 rpm, most of the P-bearing C,S—C;P solid solution
was dissolved and separated. Increasing temperature and decreasing the mass ratio of slag to liquid had a slight influence
on promoting P dissolution, while the Si dissolution was significantly suppressed in the case of high temperature and mass
ratio due to the formation of silica gel. The P dissolution ratio reached 84.9%, and the Fe dissolution was negligible. Through
selective leaching, the residue primarily consisting of magnesioferrite could be used as a flux in steelmaking process. The
shrinking core model was successfully used to describe the dissolution kinetics of P. As temperature increased, apparent
rate constant increased slightly. The calculated activation energy was 9.23 kJ/mol, demonstrating that the P dissolution was
controlled by diffusion in the residue layer.
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Graphical Abstract

Most of the P-bearing solid solution in dephosphorization slag was dissolved and the dissolution of Fe-bearing phase was
negligible, achieving selective leaching of P. The P dissolution from slag was controlled by diffusion in the residue layer.
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Introduction

Phosphorus (P) is a vital element for all living organisms,
and a significant ingredient of commercial fertilizers. With
the increase in the world’s population, the agricultural sec-
tor requires large amounts of phosphate fertilizer to boost
food production [1]. However, the reserve of high-grade
phosphate ores, which is the primarily raw material to pro-
duce phosphate fertilizer, will be depleted in the future,
and the price of phosphate ores is continuously increasing
[2]. To secure a stable supply of P and achieve sustainable
development of society, new phosphate sources urgently
need to be exploited. Recently, considerable attentions
have focused on P recovery from waste materials and
industrial by-products, such as wastewater, sewage sludge,
and slag [3-5].

In iron and steel industry, iron ores contain a small
amount of phosphate, and the P content is increasing
owing to the utilization of iron ores with a deteriorating
quality [6]. Because P is a detrimental element in steel,

it is oxidized and removed from hot metal in steelmak-
ing process by dephosphorization [7]. Dephosphorization
slag principally consists of a CaO-SiO,—Fe O slag sys-
tem, and the P,O5 content is approximately 3.0 mass%
[8]. Although the P,0O5 content in dephosphorization slag
is far lower than that in phosphate ores, the total amount
of P contained in slag is considerable because the annual
production of steelmaking slag is huge, over 1.0 billion
tones globally [9]. From another perspective, steel plant
expects to remove P from slag because the existence of
P,05 hinders the reutilization of steelmaking slag as a flux
or feedstock in metallurgical process [10]. If P,O5 can be
effectively removed, it will not only reduce slag genera-
tion and save resources, but also make a great contribu-
tion to environmental protection. Therefore, separation and
recovery of P from dephosphorization slag is considerably
significant to both steel and phosphate industries.

In dephosphorization process with the multi-phase slag,
the dephosphorization product of 3Ca0O-P,0; reacts with
the saturated 2Ca0-SiO, to form a 2Ca0-Si0,-3Ca0-P,0;
(C,S—C;P) solid solution [11]. Because most of the P,O5
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was distributed in the C,S—C;P solid solution, P recovery
from dephosphorization slag essentially depends on extrac-
tion of the C,S—C;P solid solution. Some methods aimed to
extract solid solution from dephosphorization slag have been
widely reported by using the difference in physicochemical
properties between solid solution and other phases. Kubo
et al. [12] investigated the recovery of the nonmagnetic solid
solution from the Fe-bearing CaO-SiO,-Fe,O phase in a
strong magnetic field. Li et al. [13] proposed a method of
super gravity to separate solid solution by using the differ-
ence in density. Koizumi et al. [14] studied the separation of
the P-bearing 2Ca0-SiO, phase and Fe-bearing liquid phase
by capillary action in the sintered CaO.

To efficiently extract a P-rich substance suitable for fer-
tilizer production, Kitamura lab [15, 16] proposed selective
leaching of the P-bearing solid solution from dephosphoriza-
tion slag since it was readily soluble in a weak acid solution
in comparison to other mineral phases. In previous studies
[17-19], to achieve an improved selective leaching of P, slow
cooling and oxidization of the molten slag was adopted to
increase the dissolution ratio of C,S—C;P solid solution and
suppress the dissolution of Fe-containing phases. It was deter-
mined that most of the P in slag was dissolved while the Fe
dissolution ratio was very low. In view of the reutilization of
residue and reducing production costs, we chose hydrochloric
acid (HCI) which is readily available in industry as a leach-
ing agent [20]. Following leaching, the phosphate dissolved in
leachate was precipitated by adjusting pH, and then recovered
as a substitute for phosphate rock which is widely used in ferti-
lizer production [19]. The proposed process for comprehensive
utilization of dephosphorization slag is shown in Fig. 1. By
using selective leaching, no waste is discharged during steel-
making and a new phosphate source is developed. Previous
results adequately demonstrated that selective leaching, which
was perceived as an efficient and low-cost method, exhibited

Hot metal
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\

De-Cslag <«  Decarburization

‘ P-rich leachate
v

Molten steel Precipitation =*> P source

Fig. 1 Flowsheet of a waste-free steelmaking process

a technical advantage in P recovery from dephosphorization
slag.

Although the effects of slag composition and treatment con-
ditions on selective leaching of P have been studied, we have
not yet investigated the leaching kinetics of P from dephos-
phorization slag. Therefore, in this work, we systematically
studied the influences of dominating leaching parameters, such
as particle size, temperature, stirring speed, and mass ratio of
slag to liquid, on the dissolution behavior of slag at a constant
pH in the HCI solution. The main objective of this study is to
obtain the optimum leaching conditions for selective leaching
of P, reveal the rate-limiting step, and provide theoretical basis
for its future industrial application.

Materials and Method
Dephosphorization Slag Preparation

The synthesized dephosphorization slag whose composition
is similar to industrial slag is used as raw material. Because
the slag containing Fe,O; exhibited a higher dissolution ratio
of P [18], Fe,05 was used as the iron oxide. As described in
previous study [20], the mixed chemical reagents were put in
a high-purity MgO crucible and heated to 1823 K to form a
homogenous liquid slag in a resistance furnace. After holding
at this temperature for 60 min, the molten slag was cooled
to 1623 K at a speed of 3 K/min to precipitate solid solu-
tion. Then, the slag was cooled to 1273 K at a speed of 5 K/
min and taken out of furnace. After cooling, the slag sample
was crushed and sieved to collect various size fractions for
the following acid leaching. The crystalline phases in dephos-
phorization slag were identified by X-ray diffraction (XRD).
The morphology of slag and composition of mineral phases
were determined by electron probe microanalysis (EPMA).
The inductively coupled plasma-atomic emission spectrometry
(ICP-AES) analysis after performing aqua-regia digestion was
used for determining the concentration of target elements in
slag. Using these results, we calculated the actual composition
of synthesized slag, as listed in Table 1. This dephosphoriza-
tion slag contains 3.29 mass% P,Os and has a relatively low
basicity.

Acid Leaching Experiments

As described in previous studies [17, 20], leaching experi-
ment was carried out in a Teflon container with 400 mL of
distilled water, which was immersed in a constant tempera-
ture water bath. The slag sample was ground and screened to

Table 1 Actual composition

C t CaO
of the synthesized omponen :

Si0, Fe,0, P,0;

MgO MnO ALO4

dephosphorization slag (mass%)

Content 31.19

19.86

27.79 3.29 10.24 4.58 3.05
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different size portions (<53 pm, 53—105 pm, 105-150 pm, and
150-210 pm). Agitation was provided by mechanical stirring,
with a stirring speed ranging from 20 to 300 rpm. The mass
ratio of slag to solution varied from 1:100 to 1:10. During
leaching, due to the increase of pH attributed to the Ca dis-
solution from slag, HCI solution was continuously added to
the solution to decrease pH to a constant value by using a pH
electrode and PC-controlled pump system. The optimum pH
with a value of 3 determined previously was used in this study
[20]. The leaching temperature ranged from 278 to 333 K. At
selected time intervals, a certain amount (5 mL) of slurry was
withdrawn and filtered by membrane filter (<0.45 pm). The
concentrations of main elements in the filtered solution were
analyzed using ICP-AES. After 120 min reaction, the slurry
was filtered to collect residue. Following drying, the mass of
residue was weighted, and its morphology and mineral com-
position were characterized by EPMA and XRD. The chemical
composition of residue was determined using the same method
for slag analysis.

Results
Mineral Composition of Dephosphorization Slag

The main components in dephosphorization slag were
CaO, SiO,, and Fe,03, resulting in the formation of silicate

X500  1Bpm

15.8kY

g cop

Fig.2 EPMA image of the synthesized dephosphorization slag

minerals and ferrite minerals. The typical morphology of
mineral phases and their average chemical composition are
presented in Fig. 2 and Table 2, respectively. The mineral
phases were primarily categorized by three kinds of color
(light gray, gray, dark gray). The light gray phase mainly
containing Fe,O; and MgO was regarded as magnesiofer-
rite; the gray phase principally consisted of CaO, SiO,, and
MgO, with a rough molar ratio of 3.0:1.9:1.0, which was
considered as merwinite [Ca;Mg(SiO,),]. The dark gray
phase which primarily contained CaO and SiO, and had
a relatively high P,O5 content was referred to as C,S—C;P
solid solution. MnO and Al,0; was mainly distributed in
magnesioferrite which had extreme low contents of CaO and
Si0,. It was remarkable that P,O5 was concentrated in the
C,S—C,P solid solution, and its content was approximately
three times higher than that of average content in slag, while
Fe,0, was enriched in magnesioferrite. This difference is the
fundamental factor that allows the separation of phosphorus
and iron in slag.

Dissolution Characteristic of Dephosphorization
Slag

A series of leaching experiments with various parameters
were conducted, and the change in the P concentration with
leaching time was obtained. The dissolution ratio of each
element from slag was defined as follows:

1000 Cy - V - My

nx =

Wxo MMy M
where 7y is dissolution ratio of element X from slag; Cy is
the X concentration in solution, mg/L; V is the final volume
of leachate, L; M is the molar mass; wx is the mass percent
of MO in slag; m is the mass of input slag, g.

Figure 3a presents the effect of particle size on the P dis-
solution ratio with a mass ratio of 1:100 and stirring speed of
200 rpm at 298 K. Dissolution reaction mainly occurred in
the early stage, resulting in a rapid increase of P dissolution
ratio; after 60 min, the P dissolution ratio increased slightly.
Particle size had a significant effect on P dissolution. It is
shown that as particle size increased, the P dissolution ratio
decreased. In addition, smaller particles could reach a cer-
tain dissolution ratio in a shorter time. In the case of particle
size ranging from 150 to 210 pm, the P dissolution ratio was
only 35.7% after 120 min, indicating that a large amount

Table 2 Average composition of

. o Phase CaO SiO, Fe,0; P,05 MgO MnO AlO;4
each phase in dephosphorization
slag (mass%) 58.8 27.5 1.0 9.1 2.4 1.1 0.1
50.9 33.7 0.7 2.2 11.6 0.8 0.1
3 1.4 0.2 64.3 0.0 17.0 9.8 7.4
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of P-bearing solid solution hidden in slag particle did not
dissolve. When particle size decreased to less than 53 pm,
the P dissolution ratio increased to 81.6% after 120 min,
demonstrating that most of the P-bearing solid solution was
dissolved.

@ Springer

To fully understand slag dissolution, the dissolution ratio
of each element after 120 min was calculated and is shown
in Fig. 3b. In each case, the dissolution ratios of Ca, Si, and
P were far higher than those of Fe, Mn, and Al. The dis-
solution ratio of each element increased with the decrease
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in particle size; however, the Fe dissolution ratio was still
low, less than 0.5%, despite of small particle size. Because
Ca, Si, and P were primarily distributed in C,S—C;P solid
solution and merwinite, it indicated that these phases were
easily dissolved while the dissolution of magnesioferrite was
negligible. For the slag with particle size less than 53 pm,
besides P, almost all the Ca were dissolved, and the Si dis-
solution ratio reached 75.4%. More than 30% of Mg was also
dissolved, attributing to a large dissolution of merwinite.
These results show that decreasing particle size is crucial
to achieve an improved selective leaching of P from slag.

Effect of temperature on the change in the P dissolution
ratio from slag (<53 pm) with a mass ratio of 1:100 and
stirring speed of 200 rpm is shown in Fig. 4a. The chang-
ing trend of P dissolution ratio was similar as leaching time
increased at various temperatures. The P dissolution ratio
increased significantly during the first 30 min, and then
increased slowly until approaching a stable value. When
temperature varied from 278 to 333 K, the P dissolution
ratio increased from 80.6 to 84.8% after 120 min. Although
increasing temperature had a little improvement in the P dis-
solution ratio, it could accelerate P dissolution. Using the P
concentration at 5 min, we calculated the average P dissolu-
tion rate in 5 min. It showed that the P dissolution rate was
9.8 mg/(L-min) at 278 K, while it increased approximately
1.5 time at 333 K, reaching 14.5 mg/(L-min). Although acid
leaching reaction is an exothermic reaction, increasing tem-
perature still plays a certain role in promoting P dissolu-
tion, mainly because a higher temperature facilitates mass
transfer, and thus promotes the reaction between acid and
C,S—C;P solid solution.

Figure 4b shows the dissolution ratios of major elements
at various temperatures after 120 min. The Ca dissolution
ratio was the highest in each case. As temperature increased,
the Ca dissolution ratio increased slightly, in line with that
of P. Some researches previously reported that temperature
had a great influence on the iron loss of high-P iron ores and
steelmaking slag during acid leaching [6, 21]. However, in
this study, the Fe dissolution ratio was still very low regard-
less of temperature, illustrating that the Fe-bearing phase in
this slag was resistant to dissolution under this condition,
which was beneficial for following phosphorus recovery and
residue reutilization. Si showed a totally different dissolution
behavior with other elements. When temperature increased
from 278 to 333 K, the Si dissolution ratio decreased from
79.1 to 56.8%. Because this leachate contained less impu-
rities, appropriately increasing temperature facilitated P
recovery from leachate in this process.

Leaching experiments whose stirring speed ranged from
20 to 300 rpm were conducted to determine the effect of
agitation intensity, with mass ratio of 1:100 at 298 K. As
seen in Fig. 5a, stirring speed had a significant influence
on P dissolution, especially in the range of low stirring

speed. When stirring speed was set as 20 rpm, most of the
slag did not suspend in the solution while accumulated on
the bottom of reactor, resulting in an insufficient contact
between slag particles and solution. Thus, the P dissolu-
tion ratio was only 63.2% after 120 min. As stirring speed
increased, P dissolution was promoted, and the P dissolu-
tion ratio could reach a high level in a shorter time. The
reason was considered that improving stirring intensity
accelerated mass transfer and diffusion of reactants dur-
ing acid leaching. However, when stirring speed increased
from 200 to 300 rpm, the P dissolution ratio increased
slightly, indicating that mass transfer was not the limiting
factor at 200 rpm or above. From a perspective of energy
saving, stirring speed of 200 rpm was enough to ensure an
efficient P dissolution.

The dissolution behavior of various elements under differ-
ent stirring speeds is shown in Fig. 5b. The dissolution ratios
of Ca, Si, and P increased with the stirring speed, while Fe
did not dissolve. In the case of lower stirring speed (20 and
100 rpm), the slag dissolution was insufficient. To achieve
a better selective leaching of P, it is necessary to choose an
appropriate stirring speed to make slag particles fully con-
tact with acid solution.

To reduce production costs and improve dissolution effi-
ciency, we increased the mass ratio of slag to solution and
investigated the P concentration in the leachate. As shown
in Fig. 6a, dotted lines represent the P concentration in the
solution, and solid lines describe the calculated P dissolution
ratio. The P concentration in the leachate increased with the
mass ratio of slag to solution. When the mass ratio varied
from 1:100 to 1:10, the P concentration increased from 116.1
t0 926.8 mg/L after 120 min. The P dissolution ratio showed
similar variation trend under various mass ratios. However,
as the mass ratio increased, the P dissolution ratio decreased
slightly. In the case of mass ratio of 1:10, only 74.7% of P
was dissolved from slag. In addition, the P dissolution ratio
was extremely low in the beginning. This was because a
large amount of Ca was dissolved from slag, and the pH
control system was not incapable of supplying enough acid
solution to rapidly decrease solution pH to the target value.
Although increasing the mass ratio had a negative effect on
P dissolution, a large amount of P in slag was virtually dis-
solved even at a mass ratio of 1:10.

Figure 6b shows the dissolution ratios of major ele-
ments with various mass ratios. As mass ratio increased,
the dissolution ratios of Ca and P decreased slightly, and Fe
dissolution did not change, while Si dissolution was sup-
pressed significantly. When mass ratio increased to 1:10,
the Si dissolution ratio decreased approximately two times,
only 42.3%. Overall, increasing mass ratio of slag to liquid
was beneficial for improving productivity and following
phosphorus recovery, but inevitably sacrificed a portion of
P dissolution.

@ Springer



730

Journal of Sustainable Metallurgy (2020) 6:724-738

Fig.4 a Effect of temperature
on the change in the P dissolu-
tion ratio with leaching time; b
dissolution ratios of elements
from slag at different tempera-
tures after 120 min
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The morphology of residues under different leaching con-
ditions is present in Fig. 7, and Table 3 lists the compo-
sition of typical mineral phases on the residue surface.

@ Springer

Temperature (K)

Residue A consisted of some fine particles with holes and
bigger particles with single phase; the major phase on their
surface principally containing Fe, Mg, and Mn was mag-
nesioferrite; it was difficult to detect the P-bearing solid
solution and merwinite. In the case of large particle size,
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residue B presented a rough and porous surface; the white  Si content seemed to wrap around residue particles. These
phase was magnesioferrite; the major elements detected  results demonstrated that C,S—C;P solid solution and mer-
in these holes were Si and Fe. When mass ratio was high,  winite was readily dissolved compared to the magnesiofer-
there were two mineral phases found on the surface of resi-  rite. Most of the P in slag could be effectively separated.
due C, including magnesioferrite; the gray phase with high
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As shown in Fig. 8, XRD results revealed that the original
slag mainly consisted of magnesioferrite, solid solution, and
merwinite. Because calcium silicate (C,S—C;P) and merwin-
ite (C3MS,) had similar structures, their peaks were almost
identical. After leaching, the peaks associated with calcium
silicate and merwinite weakened significantly, whereas those
of magnesioferrite intensified, demonstrating that solid solu-
tion and merwinite was largely dissolved and magnesiofer-
rite remained in the residue, in line with above analysis.

@ Springer

Compared with residues B and C, the peaks associated with
calcium silicate and merwinite in the residue A were the
lowest, indicating that more solid solution was separated.
Due to removal of the P-bearing phase, the residue primarily
consisting of magnesioferrite had the potential to serve as a
flux in steelmaking process, which represented a major step
forward in utilization of steelmaking slag.

Table 4 lists the average composition of residues under dif-
ferent leaching conditions. Compared with the composition of
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Fig.7 EPMA images of resi-
dues under different leaching
conditions
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COMP

Table 3 Average composition

: . Ca Si Fe P Mn Mg
of major phase on the residue

surface (mass%) Residue A 1 0.9 0.0 48.4 0.0 9.1 8.9
2 0.5 0.3 432 0.0 7.4 11.5
Residue B 1 0.5 0.3 443 0.0 7.3 10.8

2 22 32.8 52 0.6 0.8 0.6

Residue C 1 0.8 1.5 42.4 0.2 6.6 9.7

2 32 28.8 6.5 0.8 0.9 1.1

m magnesioferritt @ calcium silicate (C,S-C;P) A merwinite (CsMS,)
AN Sl
ma® A 8
[ A® m N
\ Residue A (<53 um)
«__A l;jL._
‘ Residue B (150-210 um)
‘ Residue B (mass ratio=1:10)
20 50 55 60
26 (degree)

Fig.8 XRD patterns of original slag and its residues

original slag, the CaO and P,05 contents decreased while the
Fe,O; content increased correspondingly. In the case of large
particles, the P,O5 content in the residue was still high due to
an insufficient dissolution of solid solution. The SiO, content
in the residue C was relatively high, resulting from a lower Si
dissolution ratio, and the P,O5 content was 1.61%. Because a
better selective leaching was achieved, residue A containing
0.84% P,05 and 61.73% Fe,O; could be used in steel plant.
Therefore, decreasing the mass ratio of slag to solution was
beneficial for residue reutilization.
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Table 4 Average composition
of residues under different

CaO  Si0, Fe,0, P,0; MgO MnO ALO,

leaching conditions (mass%)
(<53 pm, mass ratio=1:100)

Residue B 23.31
(150-210 pm, mass ratio=1:100)

Residue C 5.30

(<53 pm, mass ratio=1:10)

Residue A 1.04 6.33

61.73 0.84 14.45 9.27 6.34

15.82 38.29 2.92 9.59 5.90 4.17

22.76 47.97 1.61 10.01 7.17 5.18
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Fig.9 Mass fraction of each phase in slag in comparison to those of
the dissolved slag and residue

Discussion
Dissolution Behavior of Mineral Phases

To gain insight into selective leaching of P, we calculated
the mass fraction of each phase in slag by using the same
method described in previous paper [20] and compared
these results with the mass fractions of residue and dis-
solved slag. As shown in Fig. 9, slag was comprised of
approximately 30% of solid solution, 30% of merwinite,
and 40% of magnesioferrite. The results in Fig. 3b showed
that solid solution had a higher solubility in acid solution
and the solubility of magnesioferrite was extremely low.
Because of a higher Mg dissolution ratio, it was concluded
that merwinite was easily dissolved, similar with dical-
cium silicate, which was also confirmed by Zhu et al. [22].
In the case of particle size between 150 and 210 pm, only
26.8% of slag was dissolved, far lower than the sum of
mass fractions of solid solution and merwinite, indicating
that these phases did not dissolve well. This was because
a part of solid solution and merwinite was wrapped in
the particle and could not contact with acid solution. As
particle size decreased, the mass fraction of dissolved slag
increased significantly. When particle size was less than
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53 pm, more than half of slag was dissolved, and this value
approached the sum of mass fractions of solid solution and
merwinite, illustrating that most of these phases was dis-
solved, and the residue principally consisted of magnesi-
oferrite. Therefore, to achieve a better selective leaching,
slag should be ground to smaller particles and make each
phase fully contact with acid solution.

Dissolution Behavior of P and Si

When we investigate the effect of mass ratio of slag to lig-
uid, it is necessary to estimate the saturated P concentration
in leachate and the possibility of phosphate precipitation.
Because of a high Ca concentration, the reactions between
Ca®* and phosphate ions in leachate were considered.
CaHPO,-2H,0 and Ca,y(PO,)4(OH), were the common
precipitates present in this system, and their reactions were
expressed in Eqgs. (2) and (3) [17, 20]. In this acidic solution,
phosphate ions primarily existed in the form of H,PO,™ [23].
We assumed activity coefficients of ions as 1, and then cal-
culated solubility lines of these two kinds of precipitates
at pH 3. In Fig. 10, CaHPO,-2H,0 had priority to precipi-
tate, and the saturated P concentration decreased with the
increase in Ca concentration. Leaching results with different
mass ratios were also plotted in this figure. In the case of
mass ratio of 1:10, the Ca and P concentrations in leachate
were the highest, reaching 18,306.4 mg/L and 926.8 mg/L,
respectively. The result for this leachate located below the
solubility line of CaHPO,-2H,0, indicating that phosphate
precipitation hardly occurred, and phosphate ions could sta-
bly exist in this leachate. Therefore, selective leaching of P
could be achieved in a broad range of concentration.

Ca’* + H,PO; +2H,0 = CaHPO, - 2H,0 + H* logK = -0.70

2
10Ca®* + 6H,PO; + 2H,0 = Ca,,(PO,) (OH),
+ 14H* logK = —52.86 3)

During leaching at a high mass ratio or temperature, the
dissolution behavior of Si showed an interesting phenom-
enon. Because almost all the Ca was dissolved, it demon-
strated that most of the solid solution and merwinite was
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Fig. 10 Solubility lines of calcium phosphates at pH 3 and leaching
results

dissolved, while the Si dissolution ratio was far lower than
that of Ca. The dissolved Si existed in the form of H,SiO;” in
the solution and monosilicic acid could polymerize to form
discrete particles [23, 24]. Colloidal silica is a stable aque-
ous dispersion or sol of discrete amorphous silica particles
having diameters of 1-100 nm. They may remain for long
time without significant settling or loss of stability. Silica
sols can be destabilized by aggregation, gelation, crystalliza-
tion, or particle growth plus settling. Aggregation occurs by
coagulation in which colloidal silica particles collide or by
flocculation in which particles become linked by bridges of
flocculating agent [24]. In this study, when mass ratio was
high, the Si concentration was high, resulting in the forma-
tion of large amounts of colloidal silica particles. They were
easier to collide and aggregate than that in the dilute solu-
tion. The Si-rich phase detected on the surface of residue C
could confirm this. In addition, it was reported that aggrega-
tion and precipitation of colloidal silica particles was favored
by high temperature [25]. Therefore, in these conditions,
the aggregated colloidal silica particles could form silica
gel, and then precipitated, resulting in a lower Si dissolution
ratio. The removal of Si by forming silica gel was beneficial
for the following P recovery from leachate.

Kinetics Analysis

For a reaction between solid and liquid, its rate is generally
controlled by diffusion through the product layer, the chemi-
cal reaction on particle surface or a mixed of diffusion and
chemical reactions. The overall reactions for slag dissolution
can be expressed as follows:

Table 5 Regression coefficients for kinetics models

Parameters 1-(1-x)' 1-
31— +2(1-x)

<53 pm 0.8734 0.9611
53-105 pm 0.9361 0.9912
105-150 pm 0.9444 0.9969
150-210 pm 0.9435 0.9928
278 K 0.8816 0.9717
298 K 0.8734 0.9611
318K 0.8953 0.9736
333K 0.8735 0.9706
2Ca0 - Si0, — 3Ca0 - P,05 + 8H*

_ 2+ N0 -

=5Ca"" + H28103 + 2H2PO4 + HZO 4)

Ca;Mg(Si0,), + 8H' = 3Ca™ + Mg™* + 2H,SiO] + 2H,0.
®)
Considering that slag can be viewed as spherical par-
ticles and slag particle gradually shrunk, shrinking core
model is selected in this study. The unreacted residue
around the core is considered as the solid diffusion layer.
When the diffusion of reagent through the residue layer
is the rate-controlling step, Eq. (6) of the shrinking core
model is achieved to describe the dissolution kinetics. If
the leaching process is controlled by the surface chemical
reaction, the rate of reaction of shrinking core model can
be expressed as Eq. (7) [26-28].

6bDC
1-3(1 -0 +2(1 -x) = ZPtzkdl )
pBro
bk,C
1-(1-0" = —Lt=1k1, )

I5: 0}

where x is the P dissolution ratio, Cp is the P concentration
in leachate (g/cm3), D is the diffusion coefficient in the resi-
due layer (cmz/s), b is the stoichiometric coefficient, r is the
initial radius of slag particle (cm), 7 is the leaching time (s),
pg is the solid density (g/cm?), k. is the chemical rate con-
stant (cm/s), k4 and k, are the apparent rate constants (1/s)
which are calculated from Eqgs. (6) and (7), respectively.
To determine the kinetic parameters and rate-control-
ling step of selective leaching of P from dephosphorization
slag, the P dissolution ratio with various particle sizes and
at different temperatures was analyzed based on shrinking
core model, respectively. Because slag dissolution primar-
ily occurred in the beginning, we selected the leaching

@ Springer
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with different particle sizes; b at different temperatures

results in 30 min. Leaching results were fitted with Eqs.
(6) and (7). The calculated correlation coefficients (R%)
are listed in Table 5. The highest regression coefficient
was obtained for the type of diffusion control. There was
a good correlation between the P dissolution ratio and
Eq. (6), and nearly zero point intercepts were obtained,
as shown in Fig. 11. These results illustrated that the dis-
solution rate of P from slag was controlled by diffusion
in the residue layer. The apparent rate constants (k,;) were
calculated as slopes of the straight lines. With the increase
in particle size, the diffusion rate decreased significantly.
A higher temperature resulted in a higher diffusion rate.
Equation (6) reveals that in the case of diffusion control,
apparent rate constants are directly proportional to 1/72. Fig-
ure 12 plots the apparent rate constant obtained in Fig. 11a
as a function of 1/d2, where d is the diameter of initial slag
particle. It showed a linear relationship between k, versus
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Fig. 13 Arrhenius plot of In k4 against 1/T

1/d?, confirming that the diffusion in the residue layer was
the rate-controlling step.

Using the apparent rate constants k, obtained by applica-
tion of Eq. (6), the Arrhenius plot was obtained. As shown
in Fig. 13, the Arrhenius plot was a straight line constructed
with the In k,; against 1/7, and its slope was (— E,/R). The
activation energy calculated in this study was 9.23 kJ/mol.
In some leaching studies [27-29], high value of activation
energy generally indicates that the chemical reaction would
be the rate-controlling step and low activation energy indi-
cates that the diffusion in the product layer could be rate-
controlling step. The activation energy of a diffusion-con-
trolled process was characterized as being 4.18 to 12.56 kJ/
mol, while the activation energy for a chemically controlled
process was usually greater than 41.86 kJ/mol [30]. As the
activation energy was 9.23 kJ/mol, this result proved that the
P dissolution from slag was controlled by diffusion in the
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residue layer. In this case, two diffusion processes competed
in determining the reaction rate: (1) diffusion of H" from
HCI; (2) diffusion of H,PO,™ produced by the surface chem-
ical reaction. The diffusion rate of H* was presumed to be
fast due to its relatively small size compared to H,PO,™ [29].
Accordingly, the diffusion of H,PO,~ was considered as the
rate-controlling step of dissolution reaction.

Conclusion

To efficiently recover P and reutilize P-removal residue, we
adopted selective leaching of P from dephosphorization slag.
In the present study, the effects of leaching parameters on
the dissolution behavior of slag in the HCI solution were
investigated. It was determined that with the decrease in
particle size and increase in stirring speed, the P dissolu-
tion ratio increased significantly, and a higher dissolution
rate was obtained. When particle size was less than 53 pm
and stirring speed exceeded 200 rpm, most of the P-bear-
ing C,S—C,P solid solution was dissolved, achieving an
improved selective leaching of P.

Increasing temperature and decreasing the mass ratio of
slag to liquid had a slight influence on promoting P dissolu-
tion, while the Si dissolution was significantly suppressed in
the case of high temperature and mass ratio due to the forma-
tion of silica gel. The P dissolution ratio could reach 84.9%,
and the Fe dissolution was negligible. Because C,S—-C;P
solid solution and merwinite was dissolved sufficiently, the
residue primarily containing magnesioferrite could be used
as a flux in steel plant.

A shrinking core model with diffusion in the product
layer as the rate-controlling step was successfully used
to describe the dissolution kinetics of P. As temperature
increased, apparent rate constant increased slightly. The cal-
culated activation energy was 9.23 kJ/mol, demonstrating
that the P dissolution from slag was controlled by diffusion
in the residue layer.
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