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We previously reported that by adding aqueous ammonia to the nitric acid extract of dephosphorization slag, a 
solid with enhanced concentrations of calcium and phosphorus, could be recovered. The present study shows that a 
considerable amount of manganese and iron also remains, however, which creates difficulties in directly reusing the 
recovered solid. The recovered material was again dissolved in nitric acid and the resultant filtrate was passed through 
a cation exchange resin that mostly removed various cations from the yield of an aqueous phosphoric acid solution. 
The recovery of phosphoric acid was confirmed via 31P NMR. Furthermore, when calcium nitrate was added to this 
aqueous solution, calcium hydroxyapatite, which was converted to calcium phosphate after the calcination at 1073 K. 
Phosphoric acid, calcium hydroxyapatite, and calcium phosphate are raw materials that are used to produce various 
industrial products containing phosphorus, and the suggested process greatly improves the technology for recovering 
phosphorus-containing materials that are mostly used as fertilizer. 

Introduction 

 Phosphorus is a depleted resource, and the 
technology for its recovery from various unused waste is 
being developed worldwide (Ohtake and Tsuneda, 2019). 
The recycling of phosphorus could be considered an 
advanced example of the regeneration of other resources. 
Such technological developments, however, have mostly 
produced recovered phosphorus that is used as fertilizer. 
Use of the recovered phosphorus as fertilizer is 
important, when the low absorption rate of phosphorus 
by plants is considered, its use as fertilizer tantamount to 
discarding it in the soil. Furthermore, phosphorus is a raw 
material for products that ranged from matches to 
advanced materials such as LEDs, chemical products, 
and pharmaceuticals (Ohtake et al., 2017). The 
phosphorus recovered by conventional techniques, 
however, could not be used in the manufacturing 
processes of those products. The current phosphorous 
industry is supported by technologies using phosphate 

rock as a raw material. The phosphate rock is composed 
mainly of calcium phosphates such as calcium phosphate 
(Ca3(PO4)2) and calcium hydroxyapatite 
(Ca10(PO4)6(OH)2) in particular (Sugiyama et al., 2019; 
2020). Phosphoric acid (H3PO4), which is the base 
material for industrial phosphorus-containing products, 
is produced from the phosphate rock through both wet 
and dry processes (Al-Fariss et al., 1992; Dorozhkin, 
1996; 1997). Therefore, if phosphoric acid and phosphate 
rock equivalents such as calcium phosphate and calcium 
hydroxyapatite could be recovered from unused waste, 
these materials could be directly used in the conventional 
processes for the current phosphorus industry. The 
current study shows that it is possible to establish a 
phosphorus recycling process that advances current 
resource recycling. Our group previously undertook the 
recovery of phosphate rock equivalent from chicken 
manure that was difficult to dispose of and was not being 
used effectively anywhere in the world. That undertaking 
clarified that calcium phosphate and calcium 
hydroxyapatite could be easily recovered by ammonia-
treatment of the nitric acid extract from the incineration 
ash of chicken manure (Sugiyama et al., 2019; 2020) and 
form composted chicken manure (Sugiyama et al., 2016). 
We found that chicken manure could be used as a new 
phosphorus resource. The unused resource that has 
received the most attention in Japan as a new source of 
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phosphorus is the dephosphorization slag released during 
steel processing, since it contains phosphorus that 
amounts to approximately 80% of the phosphorus 
imported in the form of phosphate rock by Japan. Most 
of the slag, however, could not be efficiently used and 
has been relegated to use as roadbed materials (Kubo et 
al., 2010). Unfortunately, when the dephosphorization 
slag was treated in the same manner as chicken manure, 
a solid with concentrated phosphorus and calcium 
concentrations was obtained, and considerable amounts 
of manganese and iron could not be removed (Sugiyama 
et al., 2014). Therefore, this recovered solid could not be 
used to directly supply the current phosphorous industry.  
  The present study was focused on recovering 
phosphoric acid and calcium phosphate from 
dephosphorization slag, which was not possible in our 
previous study (Sugiyama et al., 2014) where the 
dephosphorization slag was treated using the 
conventional methods of combining the dissolution with 
aqueous nitric acid and the subsequent precipitation with 
aqueous ammonia to recover a solid. This product 
contained considerable amounts of manganese and iron 
along with calcium and phosphorus. In the present study, 
the recovered solid was again dissolved in aqueous nitric 
acid and the resultant solution was passed through a 
cation exchange resin to remove unnecessary cations, 
followed by the formation of phosphoric acid. Then, 
calcium nitrate was added to this solution in order to 
ascertain whether calcium phosphate could be produced.
  
 
1. Experimental  
 

 Dephosphorization slag was supplied from a steel 
plant in Japan. The composition of the slag was analyzed 
using X-ray fluorescence (XRF; Supermini 200WD, 
Rigaku Co.) and the results are described in Table 1. The 
composition of the present slag was similar to that 
previously used, which was supplied from another steel 
plant in Japan (Sugiyama et al., 2011; 2014).  
 
Table 1 Composition of dephosphorization slag 

estimated by XRF spectroscopy 
Composition [%] 

Mg Al Si P Ca Ti Mn Fe 
1.69 1.39 15.8 2.72 49.5 2.37 7.89 18.6 

 
 In the present study, dephosphorization slag was 
treated via a first round of dissolution and precipitation 
followed by a second round of dissolution and cation 
removal, and then by a process for the formation of 
calcium phosphates. All chemicals were purchased from 
FUJIFILM Wako Pure Chemical Co. and used as 
supplied. In the first dissolution process, 1.0 g of the 
dephosphorization slag (particle less than 355 m)was 
dissolved in 100 mL 0.5 M HNO3 at 293 K. This aqueous 
solution was stirred at 130 rpm for 0.2 h. The resultant 

solution was filtered to obtain the residue (solid (I)) and 
the filtrate (solution (a)). In the precipitation process, 
aqueous ammonia was added to solution (a) at 200 rpm 
for 0.5 h to adjust the solution pH = 4. The solution was 
then let stand for an additional 0.5 h without stirring to 
allow a precipitate (solid (Ⅱ)) to form. This aqueous 
solution was filtered to obtain the precipitate (solid (Ⅱ)) 
and the filtrate (solution (b)). In the second dissolution 
process, solid (Ⅱ) was dissolved in 100 mL 0.5 M HNO3 
at 293 K, and the resultant solution was then stirred at 
200 rpm for 1 h, followed by filtration to obtain the 
residue (solid (Ⅲ)) and the filtrate (solution (c)).  In the 
cation removal process, solution (c) was passed through 
5.0 g of a strong acid cation exchange resin (PK216LH, 
Mitsubishi Chemical Co.) in a burette at a flow rate of 2.5 
mL/min. Into 50 mL of this resultant solution (solution 
(d)), 0.236 g of Ca(NO3)2

.4H2O was dissolved and the 
solution was stirred with aqueous ammonia at 200 rpm 
for 0.5 h to adjust the pH to 7. The resultant solution was 
let stand for an additional 0.5 h without stirring to allow 
a precipitate to form. The precipitate was separated via 
filtration and then dried at 353 K for 24 h. Finally, the 
dried solid (solid (IV)) was calcined at 1,073 K for 5 h to 
obtain the final solid (solid (V)). Solids (I)–(V) were 
analyzed via XRF and/or X-ray diffraction (XRD; 
SmartLab/RA/INP/DX, Ragaku Co.) spectrometry using 
Cu K radiation (45 kV, 150mA).  Solutions (a)–(d) were 
analyzed using inductively coupled plasma atomic 
emission spectrometry (ICP-AES, SPS3520UV, SII 
Nanotechnology Inc.). Furthermore, solution (d) was 
analyzed using 31P NMR (ECA600, JEOL) at 242.95 
MHz of 31P resonance frequency with an external 
reference of 85% H3PO4 solution at 0 ppm at room 
temperature.  
 
2. Results and Discussion 
 

2.1  First dissolution and precipitation processes 
 According to our previous study (Sugiyama et al., 
2011; 2014), the reaction conditions for the first 
dissolution and precipitation processes were adjusted to 
that used in the present study. Under the present 
conditions, the minimum concentration of nitric acid and 
the dissolution times were set in the first dissolution 
process to allow the elution of phosphorus from the 
dephosphorization slag to reach equilibrium, while the 
optimal values for solution pH and treatment times for 
precipitate formation by the addition of aqueous 
ammonia were used in the precipitation process. As 
shown in Table 2, under the present dissolution 
conditions, 0.584 and 6.04 mmol/100 mL of phosphorous 
and calcium, respectively, were dissolved into solution 
(a) from the slag (1.0 g) in 0.5 M HNO3 solution (pH = 
0.48) in the first dissolution process. The elution of both 
elements was suitable for a precipitate formation that 
would approximate the phosphate rock equivalent in the 
following precipitation process. However, unsuitable 
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elements such as magnesium, aluminum, manganese and 
iron were simultaneously detected in amounts of 0.457, 
0.185, 0.423 and 0.423 mmol/100 mL, respectively, in 
solution (a), as reported in our previous study (Sugiyama 
et al., 2014).  
 
Table 2 Concentration (mmol/100 mL) of each element 

in solutions (a) and (b) and the corresponding 
precipitation efficiency (P.E. %) 

Sol. Mg Al P Ca Mn Fe 
(a) 0.457 0.185 0.584 6.04 0.423 0.995 
(b) 0.388 0.017 0.001 5.83 0.409 0.003 

P.E. 15.1 90.9 99.9 3.6 3.5 99.7 
 
 After the first dissolution process, 0.17 g of residue 
(solid (I)) was recovered, and the compositions of each 
element in solid (I) are described in Table 3. With the 
exceptions of calcium, phosphorus and silica, the 
compositions of other elements in the dephosphorization 
slag (Table 1) were in concentrated forms in the solid (I). 
However, each element was not selectively separated. In 
fact, the XRD of solid (I) was not significantly different 
from that of dephosphorization slag, and the XRD peaks 
due to Fe2O3 (PDF 01-076-8401), CaMgSiO4 (PDF 00-
035-0590), Ca2SiO4 (PDF 01-086-0401) and -
Ca3(PO4)2 (PDF 00-009-0348), were detected, as shown 
in Figure 1.  
 
Table 3 Composition of solid (I), as estimated by XRF 

spectroscopy 
Composition [%] 

Mg Al Si P Ca Ti Mn Fe 
3.50 3.84 16.0 2.10 19.9 10.3 6.98 37.3 

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 XRD patterns of dephosphorization slag and  

 solid (I)  
 
 To recover the precipitate from solution (a) through 
the precipitation process, aqueous ammonia was added to 
solution (a) to obtain 0.363 g of the precipitate (solid (Ⅱ)) 
and solution (b) at pH = 4. Table 2 shows the 
concentration of each element in solution (b) together 
with the corresponding precipitation efficiency. The 
precipitation efficiency (P.E.) was calculated using Eq. 
(1). 

 
P.E.(%) = (1-Cb/Ca) × 100                                          (1) 
 
In Eq. (1), Ca and Cb refer to the concentration (mmol/100 
mL) of the corresponding elements in solutions (a) and 
(b), respectively. During the experiment to determine Cb, 
the volume of the reference solution changed in the range 
of 100 + 3 mL. Therefore, an error with several percent 
in P.E. could be estimated. As shown in Table 2, the 
precipitation efficiencies of aluminum, phosphorus and 
iron were evidently greater, while the corresponding 
amount of calcium was also precipitated since the 
concentrations of calcium in solutions (a) and (b) were 
extremely higher. This indicated that the precipitate 
(solid (Ⅱ)) consisted mainly of these four elements. 
Although the XRD patterns of solid (Ⅱ) were amorphous, 
as shown in Figure 2, AlPO4 (PDF 01-073-6179), Fe2O3 
(PDF 00-001-1053), and CaFe3(PO4)O (PDF 01-078-
7784) were detected from solid (Ⅱ) following calcination 
at 1,073 K for 5 h, as expected from Table 2. It should be 
noted that the phosphorus eluted from the 
dephosphorization slag in the first dissolution process 
was almost recovered in solid (Ⅱ). Furthermore, the XRD 
patterns of solid (Ⅱ) were completely different from those 
of the dephosphorization slag, indicating that the second 
dissolution process of solid (Ⅱ) may have been 
influenced by the removal of unwanted elements.  
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 2 XRD patterns of solid (Ⅱ) before and after  

calcination at 1,073 K for 5 h 
 
2.2  Second dissolution and cation removal processes  

 To remove unwanted elements from solid (Ⅱ) 
through the second dissolution process, 0.363 g of solid 
(Ⅱ) was again dissolved in 0.5 M HNO3 and was 
separated as the residue (0.118 g; solid Ⅲ) and filtrate 
(solution (c)). Table 4 shows the concentration of each 
element in solid (Ⅲ) detected using XRF and Figure 3 
shows the XRD patterns of solid (Ⅲ).  
 
Table 4 Composition of solid (Ⅲ) estimated by XRF 

spectroscopy 
Composition [%] 

Mg Al Si P Ca Ti Mn Fe 
0.07 0.23 98.4 0.00 0.16 0.37 0.00 0.82 
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 Table 4 and Figure 3 reveal that solid (Ⅲ) was 
amorphous SiO2 (PDF 01-086-1561) and most of the 
phosphorus remained in solution (c), which indicated that 
the silica could be separated from solid (Ⅱ) could be 
achieved in the second dissolution process. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 XRD pattern of solid (Ⅲ) 
 
 Table 5 shows the concentration of each element in 
solution (c), as detected using ICP-AES. The 
concentrations of aluminum, phosphorus, and iron in 
solution (c) (0.147, 0.572, and 0.921 mmol/100 mL, 
respectively as shown in Table 5) approximated those in 
solution (a) (0.158, 0.584, and 0.995 mmol/100 mL, 
respectively, as shown in Table 2). On the other hand, the 
concentrations of magnesium, calcium, and manganese 
in solution (c) (0.002, 0.176, and 0.007 mmol/100 mL, 
respectively, as shown in Table 5) were evidently lower 
than those in solution (a) (0.457, 6.04, and 0.423 
mmol/100 mL, respectively, as shown in Table 2). This 
indicated that the aluminum, phosphorous, and iron in 
solution (c) were almost separated from magnesium, 
calcium, and manganese in solid (Ⅲ) during the second 
dissolution process. Therefore, to enrich the 
concentration of phosphorous in solution (Ⅲ), the 
separation of aluminum and iron from solution (c) was 
conducted in the following cation removal process. 
 
Table 5 Concentration (mmol/100 mL) of each element 

in solutions (c) and (d) 
Sol. Mg Al P Ca Mn Fe 
(c) 0.002 0.147 0.572 0.176 0.007 0.921 
(d) 0.000 0.001 0.478 0.004 0.001 0.005 

 
 In the cation removal process, solution (c) was 
passed through a strong acid cation exchange resin to 
obtain solution (d). The concentrations of each of the 
elements in solution (d) are also summarized in Table 5. 
In solution (a) (Table 2), various elements other than 
phosphorus were present at concentrations higher than 
that of phosphorus. In solution (d) (Table 5), however, 
phosphorus was the main component, while the 
concentrations of other elements were reduced to about 
1/100 or lower than the concentration of phosphorus. The 
above information indicates that it is likely that pure 
phosphoric acid was formed in solution (d). Therefore, 
the 31P NMR of solution (d) was measured and compared 
with that of commercially available phosphoric acid 

(H3PO4). A single 31P NMR peak was detected from 
solution (d) at -0.015 ppm (Figure 4 (a)) and at 0.000 
ppm from the commercially available phosphoric acid 
(Figure 4 (b)). Since the chemical shift and splitting 
pattern due to the 31P NMR signal are sensitive to the 
cation species in the structure (Clayden, 1987; Missong 
et al., 2016; Zheng et al., 2017), Figure 4 reveals that 
solution (d) contained fairly pure phosphoric acid.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 31P NMR of solution (d) and commercially  

available H3PO4   
 
 Table 6 shows the recovery rate of phosphorus in 
solutions (c) and (d) based on that of solution (a). In the 
present study, we started the experiment with 100 mL of 
solution (a) and obtained 98 and 95 mL of solutions (c) 
and (d), respectively. Therefore, the actual amount of 
phosphorus in each solution (P in Table 6) was 
determined from the phosphorus concentration (Conc. P 
in Table 6) of each solution and from the volume of each 
solution (V in Table 6). The recovery rate (Recovery in 
Table 6) was determined by dividing the actual amount 
of phosphorus recovered by the percentage of 
phosphorus in solution (a). Based on solution (a), 
phosphorus was obtained as phosphoric acid with a high 
recovery rate of 77.8%. 
 
Table 6 Concentrations of phosphorus, solution volumes, 

and amounts of phosphorus for each solution 
together with the recovery rate of phosphorus in 
solution (c) and (d)  

Sol. 
Conc. P V P Recovery 

[mmol/100 mL] [mL] [mmol] [%] 
(a) 0.584 100 0.584 – 
(c) 0.572 98 0.561 96.0 
(d) 0.478 95 0.454 77.8 

 
2.3  Formation process for calcium phosphates   
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 Since the current phosphorous industry depends on 
the use of phosphate rock as a raw material, it is 
important to confirm that phosphate rock equivalents 
such as calcium phosphate (Ca3(PO4)2) and calcium 
hydroxyapatite (Ca10(PO4)6(OH)2) can be obtained from 
dephosphorization slag. Furthermore, if calcium 
phosphate can be obtained by reacting solution (d) with a 
calcium source, the solution (d) would be confirmed as 
an aqueous phosphate solution. Therefore, solution (d) 
was reacted with calcium nitrate, followed by filtration 
and drying to obtain 0.020 g of a white solid (solid (IV)). 
The XRD of solid (IV) showed weak peaks probably due 
to Ca10(PO4)6(OH)2 (PDF 00-055-0592), while 
crystallization had not progressed, as shown in Figure 5. 
Thus, solid (IV) was calcined at 1,073 K to obtain solid 
(V). The XRD pattern of solid (V) matched the reference 
pattern of -Ca3(PO4)2 (PDF 01-073-4869). As shown in 
Table 7, solid (V) consisted mainly of calcium and 
phosphorus, while amounts of aluminum, silica, titanium, 
manganese, and iron were 1/10 lower contents than that 
of phosphorus. Phosphate rock consists of calcium 
phosphate and calcium hydroxyapatite, and this result 
revealed that phosphate rock equivalent can be obtained 
from dephosphorization slag. Furthermore, it was 
confirmed that solution (d) was a relatively high-purity 
aqueous phosphoric acid. 
 
 
 
 
 
 
 
 
  
 
 
 
Fig. 5 XRD pattern of solids (IV) and (V) 
 
Table 7 Composition of solid (V) estimated by XRF 

spectroscopy 
Composition [%] 

Mg Al Si P Ca Ti Mn Fe 
0.00 0.15 2.72 27.6 64.2 2.01 0.75 2.55 

 
 
Conclusions   

 

 The results of this study show that 
dephosphorization slag treated first by a dissolution 
process followed by a precipitation process and a second 
dissolution process, and, ultimately, the process for 
cation removal process that affords a high-purity aqueous 
phosphoric acid solution. In the first dissolution process, 
1.0 g of dephosphorization slag was added to an aqueous 
nitric acid solution and most of the slag (0.83 g) was 
dissolved in the aqueous solution. The constituent 

elements in the slag, however, could not be selectively 
dissolved. In the precipitation process, aqueous ammonia 
was added to the aqueous solution, and 0.363 g of solid 
was precipitated. In this process, aluminum, phosphorus, 
calcium, and iron were concentrated in this solid, and the 
structure of the solid obtained here was quite different 
from that of the dephosphorization slag. In the second 
dissolution process, this solid was again added to an 
aqueous nitric acid solution. The insoluble residue at this 
time was amorphous silica, and most of the silicon in the 
dephosphorization slag could be removed from the 
aqueous filtrate in this process. In the cation removal 
process, when the aqueous filtrate obtained in the second 
dissolution process was passed through a strong acid 
cation exchange resin, major constituent elements other 
than phosphorus were removed from the aqueous 
solution as it passed through the resin. 31P NMR 
confirmed that the aqueous solution obtained here was a 
phosphoric acid aqueous solution of relatively high 
purity. It was also clarified that, when calcium nitrate was 
added to this aqueous solution, calcium phosphate and 
calcium hydroxyapatite, which are phosphate rock 
equivalents, could be obtained. The present study 
establishes dephosphorization slag as an effective new 
phosphorus resource that could be used by the current 
phosphorus industry.   
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