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Abstract Steelmaking slag has been buried in coast to

provide nutrient elements, especially iron, into seawater for

the seaweeds’ growth. However, the solubility of iron is

extremely low under the oxic seawater conditions. In order

to stabilize soluble iron which is dissolved from steel-

making slag into seawater, the addition of gluconic acid

was investigated in the present study. By using two kinds

of synthesized steelmaking slag with different CaO/SiO2

ratios, the effect of gluconic acid on the dissolution be-

havior of various elements into seawater, while varying the

concentration of gluconic acid and pH, was studied. The

dissolution of Ca, Si, P, and Fe was greatly enhanced by the

addition of gluconic acid and their concentration increased

for increasing gluconic acid concentration. The dissolution

mechanisms of each element were discussed using their

stability diagrams and the dissolution reactions.

Keywords Recycling � Steelmaking slag � Coastal

environment � Gluconic acid � Seawater � Dissolution

behavior

Introduction

Utilization of steelmaking slag is indispensable for sustain-

able growth of the steelmaking industry. Steelmaking com-

panies are now seeking new technologies to reduce the

amount of steelmaking slag and meet the demand of trans-

forming the slag into a valuable resource. It has been reported

by Nakamura et al. [1] that phytoplankton grows positively

in cultures with the addition of steelmaking slag, which

indicates that steelmaking slag is an effective solution to sea

desertification. The latter is also called ISOYAKE or barren

grounds along the coastal areas and has been identified as a

serious environmental problem not only in Japan but also all

over the world. Many measures are used for recovering the

now extinct seaweed beds: one of the feasible long-term

candidates is steelmaking slag because of its reasonable cost,

sufficient quantity, adequate mineral concentration, and the

nature of its ionic structure [2, 3].

Among the bioactive trace metals, iron is an essential

micronutrient element for the multiplication of phyto-

plankton [1]. Futatsuka et al. [2, 4], Arita et al. [5], and

Sugie and Taniguchi [6, 7] have confirmed that nutrient

elements such as Fe, Si, and P can dissolve from steel-

making slag into seawater. However, in oxic seawater, the

solubility of iron is extremely low at the normal pH range

of seawater [5–9]. Hence, it is necessary to adopt an effi-

cient way to stabilize soluble Fe in seawater.

Hydroxycarboxylic acids such as sugar acids are gen-

erally released from phytoplankton. As one kind of sugar

acid, gluconic acid (HGH4) is biologically quite important

in living organisms [8]. High concentration of gluconic

acid (0.7–0.8 lM) was detected in surface seawater during

spring bloom in Funka Bay (Japan) coincident with the

elevated dissolved Fe(II) [8, 10, 11]. Therefore, it is of

great value to investigate the enhancement effect of
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gluconic acid on the dissolution of the elements from

steelmaking slag into seawater.

In the present study, the dissolution behavior of Ca, Si,

P, and Fe from steelmaking slag into seawater was inves-

tigated in laboratory-scale experiments, while varying the

concentration of gluconic acid and pH. The dissolution

mechanisms of the elements were also clarified by using

the solubility diagrams in seawater and the potential–pH

diagram of iron–water system. Moreover, the miner-

alogical phases of steelmaking slags before and after

shaking experiments were investigated by X-ray diffraction

(XRD).

Experimental

Materials

Two kinds of slags were examined in the present study and

are identical to those used in the previous work [3]; the

particle size was under 150 lm. The slags were prepared

by melting a mixture of produced CaO and FeO, and

reagent grade SiO2 and Ca3(PO4)2�xH2O, at 1723 K for

50 min, under Ar flow of 1 L/min, and quenching on a

steel plate by jetting Ar gas. Their compositions are shown

in Table 1. Under the synthesis conditions, slag S-1 was

completely melted, as predicted in the CaO–SiO2–FeOx

ternary phase diagram [12], while slag S-2 was partly

melted because of its high liquidus temperature.

The phases of slags S-1 and S-2 were characterized by

powder X-ray diffraction (XRD: M18XHF, Mac Science,

Japan) with a Cu-Ka radiation source (k = 1.5406 Å) at

40 kV and 200 mA over a range between 20� and 80�.
Figure 1 shows XRD patterns of the synthesized slags S-1

and S-2. XRD patterns revealed that slag S-1 was com-

posed of CaO�FeO�SiO2 phase, and slag S-2 was composed

of 2CaO�SiO2 phase and FeO phase. The phases detected

by XRD analysis were consistent with those predicted by

the CaO–SiO2–FeOx ternary system.

Artificial seawater was made by dissolving a specific

amount of artificial seawater raw materials (‘‘Aqua-

marine’’supplied by BizScience company, Japan) into 20 L

distilled water and adjusting pH to around 8.2 by adding

0.13 mol/L NaOH solution. Its composition is shown in

Table 2.

The 0.12, 0.25, or 0.50 g/L gluconic acid–seawater so-

lution was prepared in advance before each experiment.

First, the pH of 50 % gluconic acid (analytic reagent grade,

Wako Pure Chemical Industries, Ltd., from 47.0 to 53.0

mass %, density: 1.24 g/cm3) was adjusted to 8.3 by NaOH

solution, and then this gluconic acid was diluted 100 times

by seawater to prepare the solution with 6.2 g/L and pH of

7.74. Subsequently, 0.12, 0.25, or 0.50 g/L gluconic acid–

seawater solution was synthesized and their final pH values

were 7.60, 7.47, and 7.45, respectively.

Shaking Procedure

The shaking experiments were conducted in batches, in the

same manner as that of the previous study [3]. The oscil-

lation speed was 160 cycles/min with an amplitude of

20 ± 5 mm, and the shaking time varied from 1 to 96 h

(4 days). One gram of slag was added into 100 mL of ar-

tificial seawater–gluconic acid solution in a 250 mL of

polyethylene bottle. The shaking experiments of 1 g slag/

100 mL seawater or 100 mL of seawater without slag were

also conducted for comparison. After shaking, the pH and

oxidation–reduction potential (ORP) of the shaking solu-

tion were measured immediately by a pH meter (IM-55G

Table 1 Compositions of synthesized slags (mass %)

slag FeO CaO SiO2 P2O5 CaO/SiO2

S-1 30.0 33.8 33.7 2.5 1.0

S-2 30.0 45.0 22.5 2.5 2.0
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Fig. 1 XRD patterns of

synthesized slags S-1 and S-2
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with GST 5731C probe, DKK-TOA Corp.) and an ORP

meter (HM-25R with PS-5111C probe, DKK-TOA Corp.).

The reference electrode of the ORP probe is Ag/AgCl, and

thus ORP values shown below are those after conversion

against the standard hydrogen electrode. Subsequently, the

solution was filtrated with a 0.45 lm Millipore membrane

filter. The concentrations of Ca, Mg, and Si were measured

by an inductively coupled plasma optical emission spec-

trometer (ICP-OES, Seiko Instruments Inc., SPS7800

Plasma Spectrometer), and the concentrations of Fe and P

were examined by the modified molybdenum blue spec-

trometric method and the modified 1,10-phenanthroline

spectrometric method, respectively. Furthermore, the

phases of the slags after shaking experiments were also

examined by XRD.

Results and Discussion

Variation of pH

Figure 2 shows the variation of pH with time for seawater

containing various concentrations of gluconic acid. For

both slags, pH increased dramatically in the beginning;

however, for prolonged shaking time, the pH increase was

only moderate for slag S-1 and stable around 10.1 for slag

S-2. As illustrated in our previous work [13], the buffering

action provided by the dissociation of gluconic acid is

negligible. In the case of slag S-1, pH increased with in-

crease of concentration of gluconic acid. The highest pH

value was approximately 9.0 with 0.4 g/L gluconic acid. In

the case of slag S-2, the variation of pH with the gluconic

acid concentration was not obvious, whereas pH was

slightly higher than that without addition of gluconic acid.

The pH of solution with slag S-2 was much higher than that

of slag S-1, which is the same as that in the previous work

[13].

Dissolution of Ca and Concentration Change of Mg

Figure 3 shows the dissolution behavior of Ca from slags

S-1 and S-2 into seawater with various concentrations of

gluconic acid. The concentration of Ca increased upon

increasing both the shaking time and the concentration of

gluconic acid, while it was much higher in the case of slag

S-2 than that of slag S-1. After 96 h shaking, the concen-

tration of Ca changed from 394 to 417 mg/L for slag S-1

and from 604 to 828 mg/L for slag S-2. For slag S-1, the

concentration of Ca in seawater with gluconic acid was

larger than that without gluconic acid, while for those so-

lutions with 0.25 and 0.50 g/L gluconic acid were similar.

Since the dissolved amount of Ca from slag S-1 was small,

the dissolution behavior of Ca was largely influenced by

other elements contained in seawater. In the case of slag S-

2, the increment of Ca concentration was followed by the

concentration of gluconic acid. The dissolution of Ca from

slag into seawater is expressed by reaction (1) [14–16].

CaO (in slag)þH2O � Ca2þ þ 2OH� ð1Þ

Dissolution of CaO is enhanced by the complexation

reaction between Ca and gluconic acid such as reaction (2)
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Fig. 2 Variation of pH with

time for seawater containing

various concentrations of

gluconic acid. Gluconic acid (g/

L): 0, 0.12,

0.25, 0.50, Seawater

Table 2 Chemical composition of artificial seawater

Constituent Concentration (mg/L)

NaCl 24,534

MgCl2�6H2O 11,112

Na2SO4 4094

CaCl2�2H2O 1535

KCl 695

NaHCO3 201

KBr 101

SrCl2�6H2O 43

H3BO3 27

NaF 3
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[17]. Hence, pH increased with increasing the concentra-

tion of gluconic acid for slag S-1.

Ca2þ þ GH�
4 � CaðGH4Þþ logK2 ¼ 1:22 ð298KÞ ½17�

ð2Þ

where GH4
- is the symbolic form of gluconate ion.

Despite the significant dissolution of Ca from slag S-2

on adding gluconic acid, pH was still constant around 10.1,

which is attributed to the precipitation of Mg2? contained

in the original artificial seawater. Figure 4 shows the

concentration change of Mg in seawater during shaking of

slags S-1 and S-2, with seawater containing various con-

centrations of gluconic acid.

With slag S-1, the concentration of Mg changed in a

small range between 1172 and 1217 mg/L, which is close

to that of seawater. With slag S-2, the concentration of Mg

decreased upon increasing both the shaking time and the

concentration of gluconic acid. The smallest concentration

of Mg was 918 mg/L after shaking for 96 h with 0.50 g/L

gluconic acid.

Magnesium hydroxide has relatively lower solubility

compared to calcium hydroxide and thus Mg2? in the

seawater precipitates as Mg(OH)2 by the substitution re-

action (3) when pH reaches a certain value [3, 14–16].

Hence, the concentration change of Mg shows an opposite

trend to that of Ca for slag S-2.

CaO in slagð Þ þ H2O þ Mg2þ
� Ca2þ þ Mg OHð Þ2ðsÞ

ð3Þ

Figure 5 shows the relationship between the concentra-

tions of Ca and Mg during shaking of slags S-1 and S-2. In

the case of slag S-1, shown in Fig. 5a, the concentration of

Mg was not affected by the increase in the concentration of

Ca. In the case of slag S-2, shown in Fig. 5b, the concen-

tration of Mg decreased linearly with increasing the con-

centration of Ca, regardless of gluconic acid concentration.

However, the slopes of the linear regression lines are dif-

ferent for the solutions with and without gluconic acid,

which is due to the formation of magnesium–gluconate

complex according to reaction (4) [17]. Since the soluble

Mg concentration becomes higher, the slope of the linear

regression line between Ca and Mg concentrations with

gluconic acid is larger (less steep) compared to that without

gluconic acid.

Mg2þ þ GH�
4 � Mg GH4ð Þþ logK4 ¼ 0:70 ½17� ð4Þ

The concentrations of Ca and Mg are shown in the

solubility diagrams of Ca and Mg in Fig. 6 [3]. The con-

centrations of Ca and Mg for slag S-1 are below the

saturation line of Mg(OH)2. Therefore, pH increased

slightly but the concentration of Mg did not change with

the dissolution of Ca. The concentrations of Ca and Mg for

slag S-2 are located above the saturation line of Mg(OH)2;

hence, the concentration of Mg decreased, and pH was

maintained at approximately 10.1 during the dissolution of

Ca.

Dissolution of Si

The dissolution behavior of Si from slags into seawater

containing gluconic acid is shown in Fig. 7. Depending on

the CaO/SiO2 ratio of slag, the dissolution behavior of Si

was quite different. In the case of slag S-1 with the CaO/

SiO2 ratio of 1, the concentration of Si increased upon

increasing both the shaking time and the concentration of

gluconic acid. After 96 h shaking, the concentrations of Si

were 5.13, 10.58, 15.80, and 20.13 mg/L in seawater with

0, 0.12, 0.25, and 0.50 g/L gluconic acid, respectively. The

concentration of Si monotonically increased with increas-

ing the concentration of gluconic acid. In the case of slag

S-2 with the CaO/SiO2 ratio of 2, the concentration of Si

reached a maximum at the beginning of shaking, and then

it decreased abruptly toward stable values. In general, the

concentration of Si increased with increasing the concen-

tration of gluconic acid. In the case of seawater, the soluble

Si concentration varied from 0 to 2.09 mg/L. However,

there is no Si element in the artificial seawater as shown in
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Fig. 3 Dissolution behaviors of

Ca from slags S-1 and S-2 into

seawater with various

concentrations of gluconic acid.
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0.50, Seawater
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Table 2, and thus this result is attributed to an analytical

error.

The solubility diagram of Si is used to clarify the dis-

solution mechanism of Si from steelmaking slag into sea-

water as shown in Fig. 8 [3]. Although the dissolution of Si

from steelmaking slag into seawater was enhanced by

adding gluconic acid, it is still equilibrated with silicon

hydrates as shown in the diagram.

For slag S-2, Si concentration is located in the region

between H2SiO3 and H4SiO4 saturation lines, and its spe-

cies is HSiO3
-. Thus, the dissolution of Si from slag S-2

into seawater can be deduced by reactions (5) and (6) [3, 4,

18]:

2CaO � SiO2 sð Þ þ 3H2O � H2SiO3 sð Þ þ 2Ca2þ þ 4OH�

logK5 ¼ �26:6 298 Kð Þ ½4�
ð5Þ

H2SiO3 sð Þ � Hþ þ HSiO�
3 logK6 ¼ �11:8 298 Kð Þ ½4�

ð6Þ

With the fast dissolution of Ca from slag S-2 into sea-

water, according to reaction (5), solid H2SiO3 is formed.

Then the concentration of Si increases as the reactions (5)

and (6) proceed. On the other hand, Ca ion is supplied by

the dissolution of some other phases. Subsequently, another

reaction (7) becomes significant when the reactions (5) and

(6) reach a certain extent.

HSiO�
3 þ 2Ca2þ þ 3OH�

� 2CaO � SiO2 sð Þ þ 2H2O

logK7 ¼ 24:5 298 Kð Þ ½4�
ð7Þ

When the reactions (5), (6), and (7) reach the steady

state with the extension of the shaking time, the
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concentration of Si becomes stable. Furthermore, due to the

complexation reaction between Ca and gluconic acid,

gluconic acid helps the reaction (5) proceed forward;

hence, the concentration of Si increases with increasing the

concentration of gluconic acid.

For slag S-1, the Si concentration is also located in the

region between H2SiO3 and H4SiO4 phases, while Si

mainly exists as H2SiO3
0. The dissolution of Si from slag

S-1 into seawater is expected to be similar to that from slag

S-2, which is the initial formation of silicon hydrate fol-

lowed by the gradual dissolution into seawater. However,

the reaction (7) is not taking place for slag S-1 because of

the lower concentration of Ca, and thus, the concentration

of Si monotonously increases with increasing shaking time.

Moreover, the enhancement of the dissolution of Si by

gluconic acid can be attributed to the formation of silicon

hydrate. Since gluconic acid is a weak polybasic acid, it is

easier to give H? to the solid silica than water [reaction (5)]

at the alkaline environment. Therefore, the larger concen-

tration of gluconic acid is more favorable to form silicon

hydrate which has larger solubility. Under the present

shaking conditions, the chelate between silicon and glu-

conic acid is expected not to form because both of them

exist as anions.

Dissolution of P

The dissolution behavior of P from slags into seawater with

various concentrations of gluconic acid is shown in Fig. 9.

The dissolution behavior of P greatly depended on the

CaO/SiO2 ratio of slag. In the case of slag S-1, the con-

centration of P increased upon increasing both the shaking

time and the concentration of gluconic acid. After 96 h

shaking, the concentrations of P were 0.460, 1.358, 1.854,

and 2.289 mg/L in seawater with 0, 0.12, 0.25, and 0.50 g/

L gluconic acid, respectively. In the case of slag S-2, the

soluble P was not detected in seawater without gluconic

acid. The maximum concentration appeared in the begin-

ning, and then P concentration decreased dramatically in

the initial shaking period or even dropped below the de-

tection limit. Comparing the dissolution behaviors of P

from slags S-1 and S-2, the P concentration from slag S-2 is

much lower than that from slag S-1, which reveals that

slags with larger CaO/SiO2 ratio effectively hinder the

dissolution of P.

Figure 10 shows the solubility diagram of P together

with the concentration of P dissolved from slags S-1 and

S-2. The entire P concentration is located in the region

between 2CaO�P2O5 and Ca3(PO4)2 saturation lines, and

the soluble species is HPO4
2-. Thus, the dissolution of P

can be expressed as reaction (8) [3].

For slag S-1, the chelation on the soluble Ca2? is pro-

vided by gluconic acid, which makes reaction (8) proceed

forward. Hence, the concentration of P becomes larger with

larger concentration of gluconic acid.

2CaO � P2O5 sð Þ þ H2O � 2HPO2�
4 þ 2Ca2þ

logK8 ¼ �12:1 298 Kð Þ ½4�
ð8Þ

For slag S-2, reaction (9) takes place simultaneously to

control the concentration of P.
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3CaO �P2O5 sð Þþ2H2O�2HPO2�
4 þ3Ca2þþ2OH�

logK9 ¼�34:6 298 Kð Þ½4�
ð9Þ

Reaction (9) proceeds backward when the concentration

of Ca dissolved from slag S-2 increases dramatically (de-

spite the chelation of soluble Ca2? provided by gluconic

acid), which subsequently results in the decrease of the P

concentration in seawater. Therefore, the concentration of

P decreases with increasing the shaking time.

Dissolution of Fe

The dissolution behavior of Fe from slags into seawater

with various concentrations of gluconic acid is shown in

Fig. 11. The soluble Fe was not detected in the seawater

without gluconic acid for both slags S-1 and S-2. The CaO/

SiO2 ratio of slag determines the dissolution behaviors of

Fe from slags into seawater. In the case of slag S-1, the

dissolution of Fe increased with increasing the shaking

time as well as concentration of gluconic acid. After 96 h

shaking, the concentrations of Fe were 12.12, 18.72, and

24.74 mg/L in seawater with 0.12, 0.25, and 0.50 g/L

gluconic acid, respectively. In the case of slag S-2, the

concentration of Fe decreased quickly before 12 h and then

further decreased gradually with shaking time. After 96 h

shaking, the concentrations of Fe were 0.01, 0.33, and

1.28 mg/L with 0.12, 0.25, and 0.50 g/L gluconic acid,

respectively.

The variations of the ORP during the shaking of slags

S-1 and S-2 with seawater containing various concentra-

tions of gluconic acid are shown in Fig. 12. The ORP

fluctuated in the initial shaking period and this phe-

nomenon was smaller for shaking with slags compared to

shaking of seawater. At the same time, the ORP in the case

of shaking with slag S-2 was much smaller than that with

slag S-1. Increasing the concentration of gluconic acid

decreased the ORP.

The potential–pH diagram of iron–water system at

298.15 K with 10-6 mol/L soluble iron is shown in Fig. 13

[3] together with the measured ORP. The ORP of the

shaking solution is located in the stable region of Fe2O3

phase, which implies that the concentration of soluble Fe is

extremely low. However, the measured soluble Fe con-

centration in seawater with gluconic acid is much higher

than that predicted by the potential–pH diagram of iron–

water system.

Figure 14 [11] shows the solubility diagram of Fe with

the shaking results. Soluble Fe during shaking of slag S-1 is

in equilibrium with FeO and Fe(OH)2 phases but larger

than the equilibrium values. The soluble Fe species is

considered to be Fe2?. On the contrary, the soluble Fe

during shaking of slag S-2 is higher than the equilibrium

value for Fe(OH)3 and the soluble Fe species would be

Fe(OH)4
-. This excess portion is attributed to the formation

of iron–gluconate complexes.

For slag S-1, ferrous ion and gluconate ion form com-

plex as reaction (10) suggests [20].
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Fe2þþGH�
4 �Fe GH4ð Þþ logK10 ¼1:0 298 Kð Þ½20� ð10Þ

For slag S-2, ferric ion and gluconate ion form a series

of complexes with the increase of pH according to the

following reactions (11–14) [17, 19–21]:

Fe3þ þ GH�
4 � Fe GH4ð Þ2þ

logK11 ¼ 17:1 298 Kð Þ ½17; 20�
ð11Þ

Fe GH4ð Þ2þ
� HFe GHð Þ þ 2Hþ

logK12 ¼ �4:6 298 Kð Þ ½20�
ð12Þ

HFe GHð Þ � Fe GHð Þ�þHþ logK13 ¼ �4:0 298 Kð Þ ½20�
ð13Þ

Fe GHð Þ�þOH�
� Fe GHð Þ OHð Þ2�

logK14 ¼ �13:3 298 Kð Þ ½20�
ð14Þ
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At higher pH regime, Fe3? hardly exists, and it is prone

to turn into Fe(GH)-and Fe(GH)(OH)2-anions, and thus

the concentration of Fe with slag S-2 is smaller than that

with slag S-1. On the other hand, the equilibrium constants

of ferric-gluconate complexation reactions (11–14) de-

crease with increasing pH, which is another reason for the

gradual decrease of soluble Fe with increase in shaking

time. In addition, the ferric–gluconate complex is pho-

toactive at large pH condition. Therefore, the gradual de-

crease in the concentration of Fe with time is due to the

rapid photodegradation of the complex [22].

XRD Analysis of Steelmaking Slags

The XRD patterns of slags S-1 and S-2 before and after

shaking experiments are shown in Figs. 15 and 16, re-

spectively. The main peak positions in the diffraction

patterns of the slags after shaking experiments are the same

as those before shaking, which suggests that the main

phases of slags do not change. Therefore, CaO�FeO�SiO2

phase and 2CaO�SiO2 and FeO phases mostly affect the

dissolution behaviors of elements from slags S-1 and S-2,

respectively.

Conclusions

The enhancement effect of gluconic acid on the dissolution

of steelmaking slag into seawater was investigated by

shaking experiments of slag and seawater with various

shaking times and gluconic acid concentrations.

Because of the Ca–gluconate complex, pH for shaking

slag S-1 increased upon increasing both the shaking time

and the concentration of gluconic acid. On the contrary, pH

for shaking slag S-2 was constant around 10.1 independent

of the concentration of gluconic acid, which is due to the

simultaneous buffering action of Mg2? contained in the

original seawater.

Dissolutions of Ca, Si, P, and Fe were enhanced by the

addition of gluconic acid, but they largely depended on the

CaO/SiO2 ratio of slag. In the case of slag S-1 with the

CaO/SiO2 ratio of 1, the concentrations of Ca, Si, P, and Fe

increased upon increasing both the shaking time and the

concentration of gluconic acid. In the case of slag S-2 with

the CaO/SiO2 ratio of 2, the concentration of Ca increased

upon increasing both the shaking time and the concentra-

tion of gluconic acid, while those of Si, P, and Fe decreased

upon increasing the shaking time or decreasing the con-

centration of gluconic acid. The enhancement effect of

gluconic acid on the dissolution of Si is due to the for-

mation of silica hydrate having larger solubility; that on the

dissolution of P is due to the masking action of Ca, which

is beneficial to the existence of soluble P; and that on the

dissolution of Fe is attributed to the formation of iron–

gluconate complexes.
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89(4):482–488

17. Sawyer DT (1964) Metal-gluconate complexes. Chem Rev

64(6):633–643

18. Yokoyama S, Suzuki A, Izaki M, Umemoto M (2009) Elution

behavior of electronic arc furnace oxidizing slag into fresh water.

Tetsu-to-Hagané 95(5):434–443
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