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Abstract 
 
 
This study investigates the stabilisation of electric arc furnace dusts 
(EAFD), a multi-elements toxic waste, influenced by pH.  The challenge is 
to understand the solubility of metal-bearing phases according to pH. 
 
Solubilization tests at different pHs (3-5-7-10-13) were run on EAFD mixed 
with 0, 25, and 75% of cementitious materials. The concentration of 
metals (Cr-Ni-Pb-Zn) were analysed in leachates.  
 
The analyses revealed that Cr was fixed at pH <5, Pb between pH 5 and 
10, and Ni and Zn at pH >10.  The metal-bearing phases were determined 
by X-Ray Diffraction (XRD), Scanning Electron Microscopy and 
geochemical modeling. The Zn and Ni-bearing phases were (Ni,Zn)Fe2O4, 
(Zn,Mo)O and Ni(OH)2.  No Pb-bearing phase was observed but Pb(OH)2 
was predicted by the model.  Hydrocalumite, identified by XRD, and 
Cr(VI)-ettringite and CaCrO4, predicted by the model, were the probable 
Cr-bearing phases.  
 
Cementitious materials have been effective for the reduction of metal 
concentrations in the leachates. 
 
 
1. Introduction 
 
 
EAFD is a listed hazardous waste under Resource Conservation and 
Recovery Act (RCRA) in United States and under the Transportation of 
Dangerous Goods Regulations (TDGR) in Canada.  High levels of several 
contaminants cause it to fail the Ontario Regulation 347 leachate 
extraction procedure [1].  Thus, the untreated disposal of these industrial 
solid toxic wastes is an environmental risk. Chromium (VI) is particularly 
problematic because it must initially be reduced before fixed in an 
insoluble phase.  
To mitigate chromium contamination from EAFD, this study investigates 
the stabilisation and solidification process (S/S).  This process aims to limit 
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the solubility of metals.  Precipitate secondary phases (metal-bearing 
phases) allowed decreasing the solubility of metals. The identification of 
secondary phases is often not possible because the quantities are too low 
to be detected by ordinary means (X-Ray Diffraction or Scanning Electron 
Microscope analyses). The geochemical modeling is a tool to help the 
determination of possible metals-bearing phases.   
 
 
The immobilisation of Cr in cement matrices can occurs in many ways. Cr 
(III) can precipitate as Cr(OH)3 and/or be substituted in cement hydrates 
such ettringite (3CaO•Al2O3•3CaSO4•32H2O) and calcium 
monosulfoaluminate hydrate (3CaO•Al2O3•CaSO4•12H2O) or in calcium 
silicate hydrate (C-S-H) [2].  Cr (VI), which primarily occurs as CrO4

2- in 
alkaline solutions [3,4], can substitute for the SO4

2- in ettringite [5] and in 
monosulfate [2,4].  The substitution of Cr (III) for Al (III) in calcium 
aluminate hydrates formed by the hydration of GGBFS is also possible [6]. 
GGBFS has a reducing potential that would create an environment where 
the Eh values (-200 to -400 mV) will be more reducing than in a system 
composed mainly of Portland cement (100 to 200 mV) [6,7].  
 
 
However, several studies have shown that there is no solubility control on 
chromium in cement-based S/S technology [8,9,10,11].  Thus Cr, in 
particular Cr (VI), remained free in the leachate.  To solve this problem 
with conventional cement-based S/S process, it is possible to use GGBFS 
which develops, according to many authors, phases able to exert a 
solubility control on chromium [3,6,8,10,11,12,13]. 
 
 
A recent study on chromium binding isotherms by Laforest and Duchesne 
[14] has shown that GGBFS and ordinary Portland cement (OPC) were 
both effective to fix Cr (VI). The OPC exerted a better solubility control for 
Cr concentrations in solution higher than 1 000 mg/L, while the GGBFS 
was more efficient at low Cr concentrations.  For samples in solution with 
initial Cr (VI) concentrations between 1 000 to 50 000 mg/L, the Cr-
bearing phases identified were CaCrO4, CaCrO4•2H2O, calcium silicate 
hydrates (C-S-H) and calcium aluminate hydrates (hydrocalumite 
(C4AH13)). 
 
 
2. Purposes 
 
 
The purpose of this study is to investigate the potential of GGBFS and 
OPC in fixing Cr ions and selected heavy metals (Ni, Pb and Zn) leached 
from the EAFD. The challenge is to understand the solubility of metal-



 

bearing phases according to pH. Iron was not the subject of a particular 
follow-up despite its important content in the EAFD (28%). Cr, Ni, Pb and 
Zn were studied due to their important quantities in the EAFD and also 
because these metals appear on the list of regulated toxic metals.  
 
 
3. Materials 
 
 
The GGBFS was provided by Algoma Steel (Sault Ste-Marie, Canada). 
This slag, cooled quickly, is largely in a glassy form with a small proportion 
of merwinite and of solid-solution of the melilite family.  An ordinary Type I 
cement was used in this study. The chemical compositions of the solid 
materials are given in Table 1.       
The EAFD was supplied by Atlas Stainless Steels (Sorel, Canada) and 
was obtained in the summer of 2000.  Table 1 presents the chemical 
composition of the major oxides of the EAFD tested in this work.  The 
EAFD has a bimodal size distribution. Particle sizes ranged from less than 
2.8 µm to greater than 176 µm. The majority (94%) of the particles were 
smaller than 5.5 µm in diameter.  Magnetite was the main phase present 
in the EAFD, along with chromite.  Most grains were identified as 
franklinite-magnetite-jacobsite solid solutions.  
 

Table 1. Chemical composition of materials 
Oxides  

(% mass) CaO SiO2 MgO Al2O3 MnO Fe2O3 K2O TiO2 Na2O LOI* Total 

GGBFS 37.31 36.77 13.91 7.77 1.02 0.85 0.43 0.36 0.31 -1.49 97.23 
OPC 62.49 19.75 2.62 4.41 0.05 2.92 0.89 0.17 0.28 1.90 95.48 
EAFD 6.59 5.76 4.25 0.74 5.88 39.56 0.48 0.16 1.01 3.67 68.10 

*LOI= loss on ignition 
 
 
4. Methods 
 
 
4.1. Toxicity Characteristic Leaching Procedure (TCLP)  
 
The Toxicity Characteristic Leaching Procedure (TCLP) (EPA (Method 
1311)) [15] is a standard leaching test to determine the degree of toxicity 
of waste. TCLP was run on the EAFD sample. 
 
 
 
 
 
 



 

4.2. Solubilization tests at different pHs  
 
Solubilization tests at different pHs (3-5-7-10-13) were run on EAFD mixed 
with 0, 25, and 75% of cementitious materials The formulations used are 
presented in Table 2.   
 
The samples were placed in 60 ml high density polyethylene containers 
and mounted horizontally on a Plexiglass carousel immersed in a 
temperature bath at 25°C ± 0.5°C.  The carousel was rotated between 10 
and 20 rpm for 72 hours without interruption.  The 3 days required to 
reach equilibrium were retained in accordance with Perkins and Palmer 
[14] whose studied the solubility of chromate hydrocalumite. The authors 
adopted a reaction time of 14 days and mention that this time is well after 
the 2 days necessary to reach the steady-state concentrations of species 
being analyzed. To establish the pH values where metals were 
precipitated in an insoluble phase, leachants were made up solutions with 
NaOH and HCl at pH 3, 5, 7, 10 and 13. The pH was adjusted twice a day 
by an HCl or NaOH addition to maintain the initial pH value of the 
immersion solution.  
 
 

Table 2. Mixture characteristics of monolithic specimens 
 
 
 
 
 
 
 
 
 
4.3. Chemical analysis method 
 
Solution samples were filtered through 0.22 㯀m membrane filters and 
acidified with HCl for cation analyses (Cr, Ni, Pb and Zn) on a Perkin 
Elmer Aanalyst 100 Atomic Absorption Spectrophotometer (AAS).  The 
AAS detection limits for Cr, Ni, Pb and Zn are 0.078, 0.14, 0.19 and 0.018 
mg/L, respectively.  All solutions were kept at 4°C until analysis.  
 
 
4.4. Mineralogical characterisation 
 
The mineralogy characterisation was made by X-Ray Diffraction (XRD) 
and Scanning electron microscope (SEM) analyses.  Specimens were 
analyzed by a Siemens D5000 X-Ray diffractometer using Cu Kα radiation 
generated at 20 mA and 40 kV.  The specimen was step-scanned as 

Formulation % GGBFS %OPC %EAFD 
                         EAFD  0 0 100 
25 GGBFS :75 EAFD 25 0 75 
75 GGBFS :25 EAFD 75 0 25 
     25 OPC :75 EAFD 0 25 75 
     75 OPC :25 EAFD 0 75 25 



 

random powder mounts from 2-62.8° 2θ at 0.02° 2θ steps integrated at 1.2 
s step-1.  XRD analysis can detect crystalline phases presented on the 
order of about 5% by mass or more.  Specimens were observed also 
under a JEOL 840A SEM equipped with an energy dispersive X-ray (EDX) 
analysis system. 
 
 
5. Results and discussion 
 
 
5.1. TCLP results 
 
The TCLP results and the heavy metals content of EAFD are presented in 
Table 3.  Total Cr (9.7 mg/L) and the Cr (VI) (6.1 mg/L) concentrations are 
over the value of Toxicity Characteristic Regulatory Level (Table 3) while 
the Pb concentration is under the regulatory level.  Ni and Zn 
concentrations are not regulated by the TCLP but Zn reaches high 
concentration (93.9 mg/L).  We did not run TCLP on stabilized mixtures 
with OPC and GGBFS because we judged that this test is not appropriate 
for S/S formulations.  Indeed, the final pH of the TCLP test (4.93) is very 
low relative to the pH of S/S products (approximately 13).   
 
 

Table 3. Heavy metals content and TCLP results for EAFD 
Heavy metals [Cr Total] [Cr (VI)] [Ni] [Pb] [Zn] 
EAFD (%mass) 10.9 - 4.1 1.4 5.2 
TCLP results (mg/L) 9.7 6.1 2.3 0.4 93.9 
TCRL (mg/L) 5.0 - - 5.0 - 

TCLP: Toxicity Characteristic Leaching Procedure 
TCRL: Toxicity Characteristic Regulatory Level [15] 

 
 
5.2. Solubilization test results 
 
The Fig. 1 shows the solubilization test results after 3 days of reaction at 
fixed pHs. The graphs on the right side of the Fig.1 are the modeled 
results obtained by MINTEQA2 and are discussed in the next section 
(5.2.1).  Chromium was not found in leachate at low pH, < 5.  Starting from 
a pH value of 5, Cr was increasingly free in solution with higher pHs.  The 
maximum Cr concentration in solution was observed for the EAFD sample 
at pH 13. At high pHs, both binders (with a similar percentage) offered 
comparable performance in fixing Cr ions.  
Lead was not found in leachate for pHs between 5 and 10, for all mixtures.  
At low pHs, GGBFS (with a large percentage; 75 GGBFS: 25 EAFD) was 
more effective than OPC in reducing Pb concentrations. At pHs higher 
than 10, the OPC had a slightly better performance than GGBFS in 



 

reducing Pb concentrations. The Pb solubility is lower between pH values 
of 5 and 10.  
Zn concentrations decreased gradually from pH 3 to 7. For pH 7 or higher, 
Zn concentrations were under the detection limit. The GGBFS and OPC 
decreased the amount of Zn in solution in a similar way.   
Ni showed exactly the same behaviour as Zn, with a decrease in 
concentration from pH 3 to 7. As for Zn, Ni was under the detection limits 
for pH equal or higher to 7.  
According to these results and knowing that the pH existing in the pore 
solutions of cement-based materials (are approximately 13), the 
75 OPC: 25 EAFD formulation was the better mixture to stabilize EAFD.  
However, the concentrations of Cr are high (9 mg/L).  The 75 OPC: 25 
EAFD sample will also presents a good performance if the pH decreases.  
The XRD analysis revealed that the 75 OPC: 25 EAFD sample is 
composed of calcite, portlandite, nickel zinc iron oxides ((Ni,Zn)Fe2O4), 
magnesioferrite (MgFe2+

3O4) and hydrocalumite which appears like hollow 
rods by SEM observations (Fig. 2A).  No Cr and/or Pb-bearing phase was 
found.  However, the hydrocalumite is a possible Cr-bearing phase as 
previously noted in section 1.  GGBFS sample (75 GGBFS: 25 EAFD) was 
less efficient at pH 13 compared to OPC in fixing Cr ions. The XRD 
analysis of GGBFS sample showed that it was mainly amorphous, 
probably due to the presence of not hydrated phase according to the short 
reaction time (3 days) and the slow hydration of GGBFS.  It is composed 
of calcite which appeared mainly as the classic scalenohedron form 
(Fig. 2B), nickel zinc iron oxide and magnesioferrite.  No portlandite and 
hydrocalumite were observed on the GGBFS sample.   
 
 
5.2.1. Geochemical modeling 

 
Geochemical modeling was run to help the identification of the possible 
metal-bearing phases eludes detection by XRD and SEM techniques.  The 
relative amount of elements in solution and relative amount of predicted 
precipitated phases were evaluate  with the geochemical speciation model 
Visual MINTEQ version 2.30 (a program based on MINTEQA2 version 
4.0) [16].  It is important to note that certain simplifications were made to 
allow the prediction of the behaviour of heavy metals in contact or not with 
binders (GGBFS and/or OPC).  In the model, the composition of all solid 
materials (GGBFS, OPC and EAFD) was regarded as having completely 
been solubilized.  This was not the case in our experiment where some 
EAFD particles were still more or less intact after the leaching experiment.  
So, in the model the EAFD original phases identified by XRD or SEM and 
present in the database (spinel, periclase, magnetite, hematite and 
chromatite) were included like phases which will not dissolve completely 
during the equilibration.  Quartz, chalcedony and cristobalite were 



 

excluded from the model.  Also, some phases normally present in the 
hydrated binders are not included in the geochemical speciation model.  
For example, C-S-H is not included in the database of Visual MINTEQ 
version 2.30.  It is important to note that the goal of the modeling was not 
to reproduce exactly the concentrations of leachate but to reproduce the 
behaviour of heavy metals according to the different pH conditions and 
especially to identify the possible metal-bearing phases.  In the model, 
only the principal elements (H4SiO4, Ca(II), Al(III), Fe(II), CrO4

2-, Mn(II), 
Mg(II), Ni(II), Pb(II) and Zn(II)) of the solid materials were considered.   
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Fig. 1. Experimental and modeled results of leached metals as function of 

pH. 



 

 
 
The modeled results of leached metal as a function of pH are presented in 
Fig.1. The general tendency of the curves compared well with the 
experimental results.  The model was significant to estimate the behaviour 
of the heavy metals from EAFD according to the pH conditions and some 
general conclusions can be drawn.  The solubility decreased starting from 
a of pH 5 for Pb and from a pH of 7 for Zn and Ni.  Chromium presents an 
inverse behaviour with concentrations increasing from pH 5 to more basic 
environment. One modeled result differs from experimental one; modeled 
Pb concentrations were very low (insoluble) at pH of 13 compared to the 
experimental results.  The Pb-bearing phase proposed by the model was 
Pb(OH)2.  In spite of the high solubility of Pb(OH)2 at alkaline pH (133 
mg/L) [17], this lead hydroxide is a stable phase at alkaline pH when the 
concentration of lead ions is high [18].  In the real experiment, the partial 
solubilization of Pb’s EAFD and the probable incorporation of some Pb 
ions in C-S-H imply that the Pb ions concentration was probably not 
enough to precipitate Pb(OH)2.  This implies that some real phases 
incorporating Pb and having a solubility which increases at pH 13 were not 
included in the model.  This phase may be a lead carbonate where the 
Ca2+ can be release for the subsequent precipitation of portlandite and/or 
Cr(VI)-ettringite for example.  Lead carbonate (PbCO3) and basic lead 
carbonate (Pb3(CO3)2(OH)2), two phases not included in the model, are 
much less soluble than lead hydroxide [19].  The solubility of PbCO3 and 
Pb3(CO3)2(OH)2 in alkaline pH were 0.85 and 1.3 mg/L respectively [17].  
These existing phases in the EAFD would attenuate the solubilization of 
Pb.  
 
 

 
Fig. 2. SEM pictures in secondary electrons of 75 OPC: 25 EAFD (A) and 
75 GGBFS: 25 EAFD (B) samples in basic solution (pH13) after 3 days. 

 
 
The modeled results confirm that the best results, according to the 
reduction in the concentration of contaminants, were obtained with the 75 



 

OPC: 25 EAFD sample for all values of pH.  At pH 13, the pH of the 
cement-based pore solution, the concentrations of Ni, Pb and Zn were 
null.  The concentration of Cr was under 3.5 mg/L.  The Cr(VI)-ettringite is 
precipitated for all sample at pH 13 (Fig. 3).  The model uses 99.9% of 
Ca2+ and 80.5% of CrO4

2- for the formation of Cr(VI)-ettringite.  The lack of 
Al is filled, by the model, by the solubilization of the spinels.  Thus, in this 
case, the formation of Cr(VI)-ettringite is function of the availability of Ca2+ 
for all samples. 
 
 
A difference between modeled and experimental values was observed 
between pH 3 and 5 where concentrations of Zn and Ni were stable in the 
modeled values while they were decreasing in the experimental ones.  
This tendency was also showed in the samples without binder for Zn and 
Ni (Fig. 1).  This is probably due to the formation of Ni or Zn carbonates.  
This confirms that some Ni and Zn-bearing phases are not included in the 
model.  The mineral saturation index calculations of the new precipitated 
phases show that a nickel hydroxide (Ni(OH)2) was probable Ni-bearing 
phase while zincite ((Zn,Mo)O was probable Zn-bearing phase. 
 
 
Lead presents different behaviours at high pH between modeled and 
experimental data.  For all mixtures, the calculated curves showed Pb 
concentrations decrease starting from pH 5.  According to the 
experimental results, Pb concentrations were almost nulls between the pH 
5 and 10, and then increased at pH 13. This concentration increasing was 
not found on the modeled curve. This supposes that certain phases are 
missing in the model and thus not included in the modeled results. The 
mineral saturation index calculations of the new precipitated phases show 
that PbCrO4 and Pb(OH)2 were probable Pb-bearing phases.  
 
 
The mineral saturation index calculations of the new precipitated phases 
show that PbCrO4, MgCrO4 and Cr(VI)-ettringite 
(Ca6[Al(OH)6]2(CrO4)3.26H2O) were probable Cr-bearing phases. The 
relative amounts of possible Cr -bearing phases are presented in Fig. 3 
according to pH values.  Modeling shows that the solubility of CaCrO4 is 
slightly under saturated conditions between the pH of 5 to 13, particularly 
between pH 7 and 10.  This phase, slightly under saturated conditions 
according to the model, was identified by XRD and SEM by Laforest and 
Duchesne [14].  The pHs where the Cr(VI)-ettringite is oversaturated 
varied with the sample and the precipitation can start from pH value of 
approximately 9 to 12.  These two phases (Cr(VI)-ettringite and CaCrO4) 
along with C-S-H are the most probable Cr-bearing phase in cement-
based material.  The model confirms the presence of Cr(VI)-ettringite.  
The hydrocalumite observed by XRD is not included in the model.  The 



 

chromate hydrocalumite (3CaO.Al2O3.CaCrO4.nH2O) is a more stable 
phase than the Cr(VI)-ettringite and it is a probable Cr-bearing phase. 
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Fig. 3. The modeled Cr-bearing phases precipitated according to the pH. 

 
 
6. Conclusions 
 
The analyses revealed that Cr was fixed at pH <5, Pb between pH 5 and 
10, and Ni and Zn at pH >10.  The metal-bearing phases were determined 
by X-Ray Diffraction (XRD), Scanning Electron Microscopy and 
geochemical modeling. The Zn and Ni-bearing phases were (Ni,Zn)Fe2O4, 
(Zn,Mo)O and Ni(OH)2.  No Pb-bearing phase was observed but Pb(OH)2 
was predicted by the model.  Hydrocalumite, identified by XRD, and 
Cr(VI)-ettringite and CaCrO4, predicted by the model, were the probable 
Cr-bearing phases.  
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