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Abstract 
Differences in concentrations in leachates and leaching conditions were found in laboratory 

and field tests on electric arc furnace steel slag. Solid phases were assumed to control the 
leachate concentrations of chromium and barium. Geochemical modelling was used to indicate 
solubility controlling solid phases. The mineral BaSO4(c ) and solid solutions of Ba(S,Cr)O 4 
were predicted to control the concentrations of barium and chromium in the leachates, 
respectively. These solids were not expected to be present as primary minerals in the steel slag 
and were rapidly formed, within 6 hours. 

1. INTRODUCTION 

Steel slags are utilised in roads, as construction and paving materials, since its physical 
properties are similar to natural materials like gravel. Around 77%, equal to 19 Mtonnes, of 
the electric arc furnace (EAF) steel slag produced world wide was utilised in civil engineering 
during 1990.1 Environmental concerns regarding utilisation and landfilling of steel slag focus 
on the content of heavy metals and specially on the leachable quantities, where chromium have 
gained special attention due to its toxicity in the hexavalent state. 2 

The conditions under which the leachates are produced varies, depending on purpose, 
design and local conditions. Differences such as rate of infiltration, penetration of air through 
the material, and particle sizes of the material may influence the resulting concentrations of e.g. 
metals in the leachates. 3 Laboratory leaching tests represent conditions that may be different 
from the field situation. 4 Variations in concentration of more than one order of magnitude were 
found for chromium, vanadium and lead in leachates from EAF slag under different leaching 
conditions in field and laboratory tests (dilution was excluded). 3, 4 Interdependencies between 
the concentrations of chromium, barium, sulphur and calcium in leachates from steel slag were 
seen in an earlier study. 5 In addition, Fruchter et al. 6 found that solid solutions of barium, 
chromate and sulphate controlled the concentration of chromate in the leachates from fly ash 
(laboratory and field tests). 

The objective of this study was to test if the concentrations of chromium and barium in 
leachates from EAF steel slag in different leaching systems could be solubility controlled. 
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2. M A T E R I A L S  AND M E T H O D S  

2.1 Material and sample preparation. 
The material used was slag from scrap based production of  low alloyed steel in electric arc 

furnace. The slag was emptied below the furnace, excavated, and transported while still hot to 
an intermediate storage for cooling (water sprinkling). The non-magnetic, screened 0-300 mm 
fraction (sampled at one occasion) was used in all tests reported in this paper. The total 
composition of  the slag (average of  two test samples) is presented in Table 1. 4 (Digestion in 
LiBO 2 melt as well as HNO 3 in a Teflon bomb; 7, 8 analyses by Inductively Coupled Plasma 
Emission Spectrometry (ICP-AES) for major elements and Inductively Coupled Plasma Mass 
Spectrometry (ICP-MS) for As, Cd, Co and Pb). 

Table 1 
Total composition (mg/kg) of  the steel slag. 4 

Element Element 

Fe 242000 Zn t 244 

Ca 221000 Nb 198 

AI 219000 Sr 178 

Si 57700 Cu t 166 

Mg 45200 Zr 55.2 

Mn 39300 Ni t 45 

Cr 7760 Pb t 21.5 

P 4600 Mo 20.6 

Na 3700 Sn 17.5 

Ti 2800 Co t 5.8 

S 1260 As t 5.3 

V 1210 Cd I 0.45 

Ba 728 Be <1.2 

K 460 Hg t <0.41 

W 410 
1 Digestion in HNO 3 and Teflon bomb. 

2.2 Laboratory Leaching Tests. 
Leaching tests were carried out as column tests, pH static tests and single batch tests. 4, 5, 9 

The laboratory samples were air dried at 50 ~ and stored in closed containers until use. 
Oversized material, according to the specifications, was size reduced in a jaw crusher. Ultra 
pure water ( <0.2 mS/m) and 0.1 mM HNO 3 (column test) were used as leachant. Bottles and 
beakers of  polypropylene (PP) or polyethylene (PE) were used in the leaching tests and bottles 
of  PE were used for storage of  leachate samples. The column was made of polyacrylate. 
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Leachates were pressure filtered (N2) in a polytetrafluoroethylene (PTFE) coated stainless steel 
filtering device through a 0.45 lam cellulose nitrate filter (D 100 mm). 

Column tests were performed on test samples of grain size of 0-20 mm (columns with the 
diameter 0.1 m and height 0.9 m) with inflow in the bottom at a flow rate corresponding to a 
leachate to solid (L/S) ratio of 0.1 per day (maintained by a peristaltic pump, Gilson, Minipuls 
3). 4 A 1.2 lam glass fibre filter was placed in the column at the outlet as a pre-filter. The 
outflow leachate was further passing through a 0.45 lam filter and accumulated in a closed 
bottle under N2-atmosphere. Accumulated samples at L/S-ratios of approximately 0.1, 0.3, 0.7, 
1.0, 2 and 4 were taken out. 

The pH static tests were carried out at L/S=5 for 24 hours on test samples of grain size 0-4 
mm (75-150 g)under continuous measurement and adjustment of pH by a titrator (Radiometer 
TIM 90) to +0.05 units, with either 0.1-0.5 M HNO 3 or 0.5 M NaOH. 5 The leachates were 
mixed with a PTFE coated propeller. The beakers were covered but not air tight during the 
test. 

Single step batch tests were carded out at L/S ratios 1.7 and 4.25 for 3, 6, 24, 48, 168 or 
336 hours with end over end rotation (10 rpm) on grain sizes 0-1 mm and 0-8 mm. 9 Care was 
taken to minimise the head space in the bottles (100 or 250 ml). The tests were carried out in a 
two level factorial design 1~ with the parameters L/S ratio, grain size and time. The factorial 
design was evaluated according to an additive model based on the saturation indices, defined 
below, and based on 2 standard deviations (SD). 

2.3 Lysimeter. 
A lysimeter of the size 3.0 x 3.0 x 1.2 m 3 made of plywood and covered with pre-formed 

HDPE liner was filled with approximately 10 m 3 slag corresponding to 21 tonnes of material. 4 
The percolate was collected at the centre of the bottom. A geotextile attached to a synthetic 
draining layer on top of the bottom liner prevented particles from entering the leachate 
collecting system. The percolates were continuously flow measured and proportionally 
sampled by a tipping bucket system placed indoors in the basement of a nearby building. The 
sampled leachate was stored in a bottle under argon gas to prevent CO 2 uptake and oxidation. 

2.4 Test Road. 
The slag was used as road base material in a 50 m long section of an unpaved road (width 5 

m and average height 2 m). 3 The test part was divided into two sections: one with the 0-300 
mm size fraction and the other with the fraction 11-300 mm where material of grain size below 
11 mm had been removed. Two leachate collection units (lx4 m 2 at 3% slope) were placed in 
each section at depths of 0.5 and 1.5 m below the road surface. The leachates were collected in 
a similar system as in the lysimeter but the leachates were stored open to the atmosphere. 
Samples for pH measurements were taken directly from the tipping bucket. The experimental 
program in this study was started 1.5 years after the test road was built. 

2.5 Leachate Analysis. 
Leachates were analysed with respect to pH, redox potential (Pt and calomel electrodes) 

and concentration of elements (ICP-AES, ICP-MS). Chromium was in some cases analysed by 
Atomic Absorption Spectrophotometer with Graphite Furnace (AAS-HGA). Sulphate was 
analysed by ion chromatography in the leachates from lysimeter, test road and batch tests. In 
the other leachates it was assumed that all sulphur were present as sulphate. Alkalinity was 
measured by titration with 0.1 M HCI (not in the batch test leachates). 
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2.6 Geochemical  model. 
The geochemical code MINTEQA2 version 3.11 was used for speciation calculations. 11 

Saturation indices (SI) were derived from the calculated ion activity products (IAP) and 
solubility products (Ks) for the relevant minerals (SI=log IAP-log Ks). Input data were 
measured pH, Eh and concentrations of inorganic substances in the leachates (AI, As, Ba, Ca, 
Cd, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, Pb, SO42-, Si, V and Zn). The pH measurements in 
the batch test leachates were not reliable due to disturbances of Na. The pH values for these 
leachates were instead obtained from the calculations (ion balance assumed). The redox 
potential and the pH were not allowed to change in the simulations and solids were not 
allowed to precipitate. Redox reactions were specified for Fe(II)/Fe(III), Mn(II)/Mn(III) and 
Cr(III)/Cr(VI). The state of oxidation was fixed for V(V), As(V), Cu(II) and S(VI). The 
temperature used was 25 ~ The thermodynamic data base provided by the code was used 
with amendments as shown in Table 2. Further changes in the data base were addition of Mo 
and revision of the constants for hydroxides of Cr(III) and Cu(II). 12-14 

Table 2 
Selected stability constants amended or chan~;ed in the data base. 15 

Mineral K s 

Ba(S0.77Cr0.23)O4 - 10.13+0.07 

Ba(S0.96 Cr0. 04)O4 -9.79+0.06 

BaSO 4 -9.78+0.06 

3. RESULTS AND DISCUSSION 

The differences in leaching conditions between the tests are illustrated by the differences in 
pH, Figure 1. Leachates from the laboratory systems were alkaline, while neutral from the 
lysimeter. The test road showed pH values comparable to those from the laboratory tests in the 
0-300 mm material while the 11-300 material gave pH values between the laboratory tests and 
the lysimeter. 

The leachate compositions were also differing between the tests, see Table 3. Chromium 
concentrations were highest in the lysimeter and test road with 11-300 mm material, while 
barium concentrations were highest in the laboratory tests and the test road with 0-300 mm 
material. The conclusion was that different chemical conditions were dictating the leaching 
systems and that geochemical modelling was necessary to further understand the mechanisms 
controlling the leachate concentrations. 
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Figure 1 pH in the leachates from different tests on steel slag. 

Table 3 
Concentrations in leachates (mg/l) from the different laboratory and field tests. Parenthesis 
mark maximum values measured previously but not used in this study. 3 

Element Ca S ( t o t )  S O 4 2 - - S  Ba Cr 

Batch test <1 mm 255-910 <0.16-2.62 <0.1-0.8 0.11-51 <0.0005-0.030 

Batch test <8 mm 130-280 1.1-5.0 0.3-3.2 0.41-3.8 <0.0005-0.075 

pH static 94.9-1900 3.08-10.5 NA 0.26-3.61 0.0031-0.060 

Column 108-236 1.38-18.3 NA 0.32-1.21 0.013-0.13 

Lysimeter 35.4-54.8 5.4-49 5-97 0.072-0.12 0.086-0.73 

Test road 0-300 mm 350-900 NA(6.9) 0.2-13 7.2-15.6 0.024-0.048 (0.10) 

Test road 11-300 mm 9.1-170 NA(30) 0.9-11 0.20-0.51 0.032-0.081 (0.66) 

NA= not analysed 

Results from the speciation calculations expressed as SI versus pH are given in Figure 2 for 
BaSO4(c), gypsum, witherite, and in Figure 3 for BaCrO 4 and barium sulphate/chromate. The 
barium concentrations in the leachates appeared to be controlled by barium sulphate for all 
leachates except those from the batch test with grain sizes <1 mm. Gypsum did not limit 
sulphate. The steel slag is produced in a reducing system where sulphates are not likely 
formed. 16 Less than half of the sulphur content was analysed as sulphate in most (75%) of the 
leachates from batch tests. Sulphate minerals could be formed aider oxidation and were likely 
formed as secondary minerals. The high SI values for BaSO 4 in some column and test road 
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leachates could possibly reflect an overestimation of the SO42--S fraction. However, this was 
not confirmed. Co-precipitation with Sr was proposed by Fruchter et al. 6 to explain over 
saturation of BaSO 4. This could not be confirmed in this study since Sr was not analysed. 

Barium carbonate (witherite) could be an additional candidate controlling barium. The Sis 
for witherite, see Figure 2, were pH dependent, and all the calculated systems were falling into 
the same pH dependency pattern. The high Sis for witherite in the test road with 0-300 mm 
material could be due to in-growth of carbonate during the exposure to the open air. The Sis 
for witherite in the column leachates were lower than for BaSO 4 and thus less likely to control 
the barium concentrations. 

Barium chromate was the chromium mineral in the MINTEQA2 database showing Sis 
closest to zero. However, these were too low to indicate solubility control of the chromium 
concentrations (see Figure 3). 

Rai et al. 15 found that solid solutions of barium, sulphate and chromate were obtained from 
over saturated solutions of these components. They also determined the stability constants and 
ratios between sulphate and chromate in the solid solutions. The introduction of these stability 
constants into the MINTEQA2 database resulted in calculated Sis close to 0 for all leachates 
except from the batch tests on <1 mm material, see Figure 3. The Sis of the Ba(S,Cr)O 4 solid 
solutions were close to those for barium sulphate, but different from the Sis for barium 
chromate. Neither of the solid solutions with 4% and 23% chromium, respectively, could be 
regarded as dominant in the control of chromium concentrations. Fruchter et al. 6 also found 
that these solid phases appeared to control the leachate concentrations of chromium in their 
studies on coal fly ash. 

Chromium is likely found in Cr20 3 or Cr-(Fe,Mg)-oxides in the slag. 2 Chromates were 
likely formed after oxidation. The measured redox potential was used to assess the partitioning 
between Cr(III) and Cr(VI) in the leachates. The Cr(VI) activity at pH 4-6 was 23, 9 and 11 
magnitudes lower, respectively, than the Cr(III) activity. In spite of these low modelled 
activities the calculated Sis for the Ba(S,Cr)O 4 solution with 4% chromium were close to 
saturation. 

The factorial design evaluation of the Sis from the batch tests leachates gave as result that 
BaSO4(c ) and the Ba(S,Cr)O 4 phases might be solubility limiting (i.e. SI-0 within the 
confidence interval of 3 SD) for the tests on <8 mm samples (see Table 4). For the small grain 
size <1 mm samples only BaSO 4 (c) (only L/S=I.7) appeared to represent saturation. There 
was no time effect on SI for these solids. 

Table 4 
Predicted intervals for SI (3 SD) based on factorial design interpretation of the batch tests. 

BaCrO 4 

BaSO 4 (c) 

Ba(S0.96,Cr0.04) 

Ba(So 77,Cro 9"~) 

Grain size 0-1 mm Grain size 0-8 mm 

No L/S effect L/S 1.7 L/S 4.25 No L/S effect L/S 1.7 L/S 4.25 

[-3.40, -1.83] [-2.79, -1.22] 

[-1.81, 0.93] [-2.93,-0.191 

[-2.22,-0.211 [-1.46, 0.551 

[-2.13, -0.25] [-1.30, 0.58] 

[-1.72, 1.021 [-1.81, 0.931 
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4. CONCLUSIONS 

It is indicated from this study that concentrations of barium and chromium may be 
controlled by the solubility of well defined solid phases. The mineral BaSO 4 and solid solutions 
of Ba(S,Cr)O 4 were predicted to control the concentrations of barium and chromium in the 
leachates, respectively. Solubility controlled conditions were rapidly achieved, within 6 hours, 
in the batch test. None of these phases were expected to exist as primary minerals in the steel 
slag. However, the presence of these predicted solids associated with leached slags need to be 
verified. 
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