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ABSTACT: The feasibility of separating metal from chromium contaminated soils was investigated.  Soil samples were mixed 
with 15% by weight of carbon as a reducing agent and different percentages of sand to neutralize the basic oxides in soils as the 
metal separation was observed only when sand was added.  At 15% sand content and higher, a pool of melted metal was formed 
underneath the slag for some tests.  As much as 30% by weight of metal was extracted from the initial mass of soils collected from 
two sites when their mixtures contained 20% by weight of sand.  At this composition, the least dissolution of metal in the oxide 
phase was also reported.  The composition of metal depend on original composition of the soil.  On average the metal phase 
contained ~ 90% of Fe, Cr, and Ti combined.  Readily available tools such as phase and viscosity diagrams, were also used to 
predict the behavior of the compositions upon melting.  They proved to facilitate selecting proper mix compositions to achieve 
optimum metal separation 

RÉSUMÉ: La faisabilité de séparer le métal des sols contaminés par du chrome a été étudiée. Les échantillons de sol ont été 
mélangés avec 15% en poids de carbone en tant qu'agent réducteur et différents pourcentages de sable pour neutraliser les oxydes 
basiques dans les sols puisque la séparation du métal n'a été observée que lorsque du sable a été ajouté. Avec une teneur en sable 
de 15% et plus, un bassin de métal fondu a été formé sous le laitier pour certains essais. Jusqu'à 30% en poids de métal ont été 
extraits de la masse initiale des sols prélevés sur deux sites lorsque leurs mélanges contiennent 20% en poids de sable. A cette 
composition, la moindre dissolution de métal dans la phase d'oxyde a également été rapportée. La composition du métal dépend de 
la composition originale du sol. En moyenne, la phase métallique contenait ~ 90% de Fe, Cr et Ti combinés. Des outils facilement 
disponibles tels que des diagrammes de phase et de viscosité ont également été utilisés pour prédire le comportement des 
compositions lors de la fusion. Ils se sont révélés faciliter la sélection de compositions de mélange appropriées pour obtenir une 
séparation optimale du métal 
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1. INTRODUCTION 

Hexavalent chromium is a well-known carcinogenic substance 
that is present in over 2 millions tons chromium contaminated 
soils in Hudson County, New Jersey.  Due to the appearance of 
sand-like material, the chromium ore processing residue was 
considered a suitable for landfills and foundation fills (Bruke, 
et al., 1991). Though most chromium exists in soils as its 
trivalent state, small percentages of hexavalent chromium was 
also observed. Over 150 sites in Hudson County, New Jersey 
were classified as hazardous waste sites and left vacated 
rendering no comemercial value. The analysis of chromium 
coantaimanted soils collected from 10 locations in Hudson 
county showed on average the composition of 23% Fe2O3, 24% 
CaCO3, 23% SiO2, 13% Al2O3, 6% MgO, and 5.6% Cr2O3 
(Kamolpornwijit, 2000). A Detailed study of the engineering 
properties of chromium contaminated soil was presented in 
Kamolpornwijit,  et al., 2015. Chromium contaminated soils 
can be separated into 2 groups: one with high iron 
concentrations (>20%) referred to as magnetic spinel and the 
other having low iron but high silica or calcium contents.  Iron 
oxide is present in soils as a solid solution of spinel with a 
formula of BO.A2O3, where B represents divalent cation (Mg2+, 
Fe2+, etc.) and A is trivalent cation (Fe

3+
, Al

3+
, and Cr

3+
, etc.). 

Iron oxide constitutes natural chromite ores, FeO.Cr2O3, which 
is the raw chromium source for the chromate extraction. During 
a chromate extraction, soda ash and lime are added at 1000-
1200C to oxidize trivalent to hexavalent chromium.  Equation 
1 elucidates one of the reactions in chromate extraction.  From 
this reaction, hexavalent chromium is leached out in the form 
of sodium chromate. 
  

 4FeCr2O4+2Al2O3+4MgO + 4CaO + 6SiO2 + 8NaCO3+ 7O2  
         2Fe2O3+8Na2CrO4+4MgCO3+4CaCO3+2Al2(SiO3)3 (1) 
 

After oxidation and leaching of chromium, iron oxide along 
with rock-forming materials, added chemicals, and completely or 
partially oxidized ore were left as extraction residues.  Since the 

oxidation occurs at high temperatures, diffusion and reaction of 
oxides possibly produces other intermediate products. These 
residues were used as fill material in construction due to the lack of 
knowledge in the toxicity of hexavalent chromium. The major 
phases of chromium contaminated soils were identified as spinel, 
calcium carbonate, and silica (Kamolpornwijit, 2000).   

On the contrary, when compared to chromate extraction 
condition, hexavalent chromium can be reduced to trivalent 
chromium and/or metallic chromium under a reducing 
environment to make chromium contaminated soil safe. Prior 
to the reduction of chromium oxide, iron oxide has to be 
reduced to metallic iron, according to their relative stabilities 
calculated from their free energy.  A reduction study of iron 
oxide in soils was conducted by Kamolpornwijit, 2000. Using 
solid carbon as a reducing agent, the partial reduction of iron 
oxide to metallic iron was observable at 1100C with 
FeO.MgO as a remaining phase (Kamolpornwijit, 2000).  The 
complete reduction to metal occurred at 1200C along with a 
formation of MgO as white crystals on top of samples and on 
the crucible.  The easily reduced forms of iron oxide in soils 
were first reduced at lower temperatures. At higher 
temperatures, the reduction of hardly reduced spinel, for 
example magnesioferrite, proceeded. At 1400C, the addition 
of 15% carbon by weight was required for a complete 
reduction. Though the formation of metal was confirmed 
during the analysis of the samples, there was no visual 
physical separation of slag and metal at the testing condition 
soil samples mixed with 15% carbon and heated to 1400C 
for one hour.  The reduction of iron oxide was very rapid at 
this temperature, therefore, the limiting step for the iron 
droplet formation would be the grain growth and the 
separation of metal.  The high viscosity of the melt prohibited 
the gravity separation and possibly the agglomeration of iron 
droplets.  The samples after the test remained in a solid state 
with signs of sintering.   

Addition of silica (acid oxide) can help neutralize calcium 
content (basic oxide) in the sample upon melting, which 
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 would result in the increase of fluidity and lowering of the 
melting point allowing for better metal separation.   

With higher temperatures and longer reaction times, 
1450C for two hours and 1500C for one hour with 20% 
carbon addition, the formation of metal was reported.  The 
presence of tiny shinny specks were observable throughout 
the sample after the test.  There were tiny metal balls 
embedded wihtin the sample mass which was covered with 
white crystals of MgO. The sample melted and adhered to the 
alumina crucible. The observation by Environmental 
Scanning Electron Microscope (ESEM) and Energy 
Dispersive Spectrometer (EDX) confirmed the separation of 
iron from the oxide mass. Figure 1 shows the morphology a 
metal ball and surrounding oxide phases (Kamolpornwijit, 
2000). The Fe and Cr compositions of metal phase were 
respectively 68.5% and 6.4% while Fe and Cr compositions 
of oxide  phase were respectively 2% and 0%.   
 

               
            a) metal droplet                            b) oxide phase 

Figure 1  Morphology of Metal Droplet and  Oxide Phase 
 

The composition of soil dictated the melting temperature and 
the viscosity of the melt.  By adjusting the soil composition so that 
it melted at low temperatures and had low viscosity in the melted 
metal, metal separation could be achieved.  Soils were rich in 
calcium carbonate, which transformed into calcium oxide, a basic 
oxide, at >700C.  Addition of SiO2, an acid oxide, would 
neutralize basic oxide and lower the melting temperature and 
viscosity of the molten oxide (slag).  Phase diagrams graphically 
described the otherwise complicated behavior of slag at different 
temperatures. The phase and viscosity diagrams can be used to 
estimate the melting temperature of the melt and the possibility of 
metal separation at the selected composition.   The study of metal 
separation can be faciliated to a certain degree by the use of these 
tools.  This approach will also be discussed herein. 

2. EXPERIMENTAL APPROACH 

Soils studied in this section were collected from four sites: 
site A, site B, site C, and site D in North Jersey.  Soil from 
sites A, C and D had high iron concentrations (>20%) as 
magnetic spinel and site B represented the low iron 
concentrated chromium contaminated soils. They were mixed 
with 15%  powdered carbon by weight (a reducing agent) and 
different percentages of sand.  The mixtures weighing 0.5-0.7 
gm with particle size less than 75 m were placed in crucibles.  
Prior to and during the experiment, the furnace chamber was 
flushed with nitrogen at a rate of 200 CC/min.  

The high temperature furnace was made by Thermolene.  
Approximately 2-3 hours was taken to heat the chamber to 
1530C.  The heating rate was fast at low temperatures and 
slow at high temperatures.  The furnace was not designed for 
the removal or insertion of sample at high temperature thus 
ruling out the phase study at high temperatures.  To prolong 
the life of the furnace components, the samples were taken 
out after the oven reached the room temperature.  Upon 
cooling to a room temperature, weight percentages of each 
phase (differentiated by their physical appearances) were 
recorded.  The slag was grounded and further analyzed for its 
phases using X-ray Diffraction Spectrometer (XRD; Philips, 
X’Pert). In some batches, there were fine droplets of metal 

embedded within the slag mass, which did not allow clean 
separation and full quantification of metal produced. 
2.1 Phase Diagarams 

     Upon the reduction of iron oxides and the separation of metallic 
iron, the molten oxide contained major phases as CaO, MgO, SiO2, 
and Al2O3.  The slag composition of mixtures of soil and sand after 
the reduction can be estimated, assuming 1) the reduction of iron 
oxide to metal was rapid and only major band stable oxides 
remained, and 2) the dissolution of these elemental components in 
metal was negligible. 

As the metal separation was governed in part by viscosity of the 
melt, the liquefication of the melt was necessary. The liquidus 
isoterms in quaternary phase diagrams (Muan, 1965) can be used 
to estimate the melting temperature. The composition of solid 
solution bounded by the liquidus isotherm have liquidus 
temperatures lower than the given isotherm. These solid solutions, 
therefore, will melt when heated to the isotherm temperature. Soil 
from sites A, C and D mixed with less than 10% sand are located 
outside the 1500C isotherm.  The sample may partially melt and 
establish the equilibrium between the liquid phase and the first 
formed solid phase (the primary phase field).  For example, 
mixtures of soil from Site A with 0% and 5% sand fall into the 
primary phase field of spinel at temperature slightly higher than 
1550C.  The system at 1530C would be a mixture of liquid of 
different composition in equilibrium with spinel.  

The larger the difference between the furnace temperature 
and the liquidus temperature, the larger the chance of metal 
separation from the slag.  The liquid state is maintained until 
the temperature dropped to the liquidus surface, where the 
compound of primary phase started crystallizing.  The 
primary phase field is the phase area to which the initial slag 
compositions are bounded. As the temperature continually 
decreases, the primary phase compound crystallizes out and 
the composition of the liquid changes along the crystallization 
path. The liquid completely changes into solid when the 
temperature fall below the solidus temperature.   

Hence the phase diagram is a useful tool in understanding 
the behavior and property of slag at equilibrium at different 
temperatures. It is noteworthy to realize that the temperature 
change must be sufficiently small to maintain the state of 
equilibrium along the crystallization path.  Frequently the 
temperature changed rapidly and resulted in freeze-in 
metastable phases in the slag.  

 
2.2 Viscosity Diagram 

     The models with high accuracy for the prediction of slag 
viscosity were available for the binary mixture, i.e. the 
Weymann equation (Urbain, 1981), Hole Theory (Reddy, 
2001), and other structural related models.    The parameters 
in every model were calculated by fitting the model with 
available viscosity diagrams.   
 
3. TEST RESULTS AND DISCUSSION 
 
3.1 Metal separation from Soils 

     The description of products and their weight percentages 
from each test batch of each soil are presented in Table 1.  
Further discussion is addressed separately for each soil. 

3.1.1 Site C and Site D Soils   

     Both test batches yielded extensive results in term of the 
metal separation.  For the 0% and 5% tests, the separation of 
metal was a very difficult task due to the fineness of the metal 
balls.  The metal balls incorporated within the solid phase, 
which caused the identification of metal phase from the XRD 
diffractograms.  The weight percentages of metal, therefore, 
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were less than the actual metal mass produced during the test.  
The lesser sign (<) was used with weight percentages of metal 
in the table to signify the easily separated metal mass.  The 
test results of both soils yielded very similar outcomes both in 
terms of metal separation and final phases. With no sand 
addition, there was metal formation but no metal separation, 
however, there were tiny shiny specks concentrating at the 

lower portion of the slag matrix. The metal pool formed 
underneath the slag at 15% sand addition and above. The slag 
adhered strongly to the graphite, or wetted the graphite 
crucible, when there was a metal pool.  According to the 
phase diagrams the 15%, 20%, and 25% have compositions 
where liquidus temperatures are below 1400oC with forsterite 
and pyroxene as the primary phase fields. 

With no sand addition, there was a formation of a dust with 
MgO as a major phase on top of the Site C soil.  The 0% test 
yielded metal, MgO (periclase), and MgAl2O4 (spinel), and 
3CaO.MgO.2SiO2 (merwinite), as major phases.  The result 
agreed well with the prediction from phase diagram where the 
0% fell at the boundary of the spinel and periclase primary 
phase fields.  It is worth mention again that the spinel has a 
formula of MgAl2O4.  However, the word “spinel” mentioned 
earlier was used as a name for a group of compound with a 
formula AO.B2O3.  To avoid confusion, the chemical formula 
will be used instead of the mineral names.   The major phases 
changed to MgO and CaO.MgO.SiO2 (monticelite) at 5% 
sand addition, to 2MgO.SiO2 (forsterite) and 2CaO.MgO.2SiO2 
(akermanite) at 15% sand addition, and to 2MgO.SiO2 (forsterite) 
and Ca(Mg, Al)(Si, Al)2O6 (Diopside) at 20 and 25% sand addition.  

The final phase identification agreed fairly well with the phase 
diagram.  
    The phases of Site D mixtures at different temperatures, 
were similar to those from Site D mixtures.  They both had 
similar compositions and are plotted close to each other on 
the phase diagrams. Nonetheless, soils from Site C seemed to 
have larger ratio of the intensity of diopside/forsterite than 
that from Site D. The addition of sand appeared to be 
beneficial to the reduction of iron oxide and also the metal 
separation for soils containing difficult to reduce spinel.  
Lekatou and walker, 1997 found that silica addition, at 
1400C, promoted the reduction of the difficult to reduce 
MgO.Cr2O3 by forming stable oxides of MgO and SiO2. The 
addition of silica at 1300C had no influence on the reduction 
since the solid state of silica inhibited its reaction with MgO.   

Table 1. Description of Test Results at 1530C and 15% carbon addition. 
Soil Sand (%) Final phase Weight (%) Magnetic property Metal 

phase  
Remarks 

 0 Slag(gray) <97  Yes Yes  
  Metal >3 Yes Yes  
 5 Slag(gray) <95.7 Yes Yes  
  Metal >4.3 Yes Yes  
Site C 15 Slag(gray) 71.8 No Small  
  Metal 29.2 Yes Yes 25.4% of Site C soil 
 20 Slag(gray) 63.0 No Small  
  Metal 37.0 Yes Yes 32.7% of Site C soil 
 25 Slag(gray) 67.0 No Small  
  Metal 33.0 Yes Yes 30.8% of Site C soil 
 0 Slag(gray) <100 Yes Yes  
  Metal >0    
 5 Slag(gray) <84.9 Yes Yes  
  Metal >15.1 Yes Yes  
Site D 15 Slag(gray) 66.7 No Small  
  Metal 33.3 Yes Yes 25.4% of Site D soil 
 25 Slag(gray) 66.7 No Small  
  Metal 33.3 Yes Yes 30.8% of Site D soil 
 0 Glasslike droplet (black) Large No No  
  Dust (black) Small Yes Yes  
 10 Glasslike droplet (black) Large No No  
Site B  Dust (black) Small Yes Yes  
 20 Glasslike droplet (black) Large No No  
  Dust (black) Small Yes Yes  
 30 Glasslike droplet (black) Large No No  
  Dust (black) Small Yes Yes  
 0 Slag (dark gray)  Yes Yes  
 7.5 Slag (dark gray)  Yes Yes White dust 
 20 Slag (dark gray) 72.6 No Small  
  Metal & dust (black) 27.0 Yes Yes  
  Metal >4 Yes Yes  
 25 Slag (dark gray) 55.9 No Small  
Site A  Meta l& dust (black) 32.4 Yes Yes  
  Metal >11.7 Yes Yes 10% of Site A soil 
 27.5 Slag (dark gray) 70.9 No Small  
  Metal & dust (black) 4.9 Yes Yes  
  Metal >24 Yes Yes 18.2% of Site A soil 
 30 Slag (dark gray) 66.0 No Small  
  Metal & dust (black) 20.4 Yes Yes  
  Metal >13.5 Yes Yes 11% of Site A soil 
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      Based on qualitative XRF results, the least metal concentration 
in slag was found with 20% sand addition, Viscosity of Site C 15% 
sand, Site D 15% sand, Site C 25% sand were around 9, 4, and 8 
poise.  At these viscosities, the slag seemed to allow a good 
separation of metal and slag.  The slag composition of 2MgO.SiO2 
was also similar to the prediction of the good slag composition 
given by Yazawa and Hino, 1993, using regular solution model. 
There were convexities of the iso-activity lines at the intermediate 
compound of formula 2BO.SiO2, where B is basic oxide.  The 
intermediate compound of this formula should allow the least 
dissolution or reoxidation of wustite (FeO) into the slag matrix. 

3.1.2  Site B Soil.   

     All mixtures yielded two phases: glasslike droplet and dust.  
The glass phase comprised of diopside and glass.  The 
formation of glass implied the high viscosity of the melt.  
There was neither the metal separation nor the presence of 
tiny shiny specks as in the other soils.  The metal separation 
was not achievable with Site B soil.  

3.1.3  Site A Soil  

     For the tests with 20 and 25% sand, there were three distinct 
phases: the solid gray droplets, the dark black dust, and the small 
metal of different sizes separated from and embedded in mass of 
dark black dust.  There was a larger quantity of the gray phase with 
the larger quantity of sand addition, which started appearing as 10% 
sand.  The separation of metal balls was observable with 20 and 25% 
sand.  The inside wall of the graphite crucible with 0 – 15% sand 
showed the white dust deposition (MgO), no deposition with 20 
and 25% sand but there was observable metal separation.  
     Based on the diffractogram of the gray phase at 1530C phases 
of the slag were quite similar to those from Site C and Site D 
mixtures. The final phases were 2MgO.SiO2 (forsterite), and 
Ca(Mg, Al)(Si, Al)2O6 (Diopside) or MgO.SiO2 (enstatite). The 
dust was identified as a combination of carbon and Fe or Fe3Si. The 
dissemination of the tiny metal in the black dust did not allow the 
clean metal separation.  Both the dust and metal specks were 
attracted by magnet. The formation of metal dust and carbon was 
possibly caused by either coking or metal dusting due in part by 
carbon deposition.  
     The slag from the Site A mixture never wetted the graphite crucible 
unlike the slag from the Site C and Site D mixtures.  They hardly 
formed a single gray droplet, but several small droplets.  Though 
mixtures of soils from Sites A, C and D, were located on phase 
diagrams close to each other, the viscosities were different.  The 
viscosity of the Site A mixtures was found slightly higher than those for 
Site C and Site D mixtures.  At 15% sand addition, the approximated 
viscosities of soils from Sites A, C and D were 13, 4, and 9, respectively.  
The metal agglomeration might be affected by the viscous nature of the 
melt or the carbon particles.  Under a reducing environment, especially 
when activity of carbon is larger than 1, carbon deposition proceeds.  
Deposited carbon and iron can form cementite, Fe3C, which is an 
unstable phase.  Cementite further disintegrates into carbon particles 
and metal dust, which is further involved in the reaction at even a faster 
rate due to the larger surface area (Muller-Lorenz, et al., 1999).  Coking 
is an undesirable phenomena occurs during some process, i.e. direct 
reduction of iron oxide.   The carbon and Fe phases identified in the 
XRD diffractograms seemed to support the occurrence of coking for 
Site A mixtures. 

3.2  Metal Phase   

     A metal from Site C soil with 25% sand was observed by 
the ESEM and analyzed for the composition using EDX.  The 
compositions varied from one location to another (see Table 
2).  The composition ranged from very high iron content to 
very high titanium content.  During the field application, 
metal is periodically tapped or drained from the furnace.  The 

quality of metal can be well controlled by adjusting the slag 
composition.  The separation of metal after the solidification, 
similar to this research, does not allow for controlling slag 
properties as much as when tapping the metal in liquid state.  
The study of quality of metal in this research was only 
preliminary and requires further investigation.    
Table 2. Compositions of Metal at Different Locations 

Areas 
Concentration (% wt) 
Fe Cr Ti Si Ca Al Mg 

Area a) 87.8 7.4 1.9 2.9 - - - 
Area b) 27.9 7.2 44.3 7.7 6.7 3.4 2.8 
Area c) 41.0 26.6 21.9 4.6 1.9 4.1 - 
Area d) 90.9 2.5 1.9 4.7 - - - 

4.   SUMMARY AND CONCLUSIONS  

Soils from four sites were mixed with different sand additions and 
15% carbon.  There was no metal agglomeration from all soils 
when no sand was added.  Mixtures of soil from Sites C and D 
yielded metal pool with 15-25% sand addition at 1530oC.  At 5% 
sand, there was metal separated in the  form of tiny metal droplets 
embedded in the slag matrix.  The addition of sand promoted the 
reduction of Site A soils, which did not attain complete reduction 
during the reduction study.  Sand is beneficial is two possible ways: 
lowering the melting temperature of the mass, and combining with 
MgO from the difficult to reduce spinel.  There was metal 
separation as metal droplets, though not as metal pool, from Ste A 
mixtures with 20% sand and above.  The slag from Site A did not 
agglomerate but form several slag droplets separated by metal and 
dust, unlike the formation of a single piece of slag from Site C and 
Site D. It is more likely that Site A mixtures have higher viscosities 
than that from Sites C and D mixtures. Coking occurred in Site A 
mixtures causing metal dusting. The slag from Sites A, C and D 
shared similar major phases as forsterite and diopside.  There was 
no metal separation for soils from Site B, a representative of soils 
having low iron concentrations and being non-magnetic. The metal 
separation of soil can be predicted qualitatively based on their 
melting temperatures estimated from phase diagrams of pure 
oxides in a quaternary system, CaO-MgO-SiO2-Al2O3.  Soils from 
Sites C and D produced 30 % metal, by weight of the initial soil, at 
the 20% sand addition with the least concentrations of Fe and Cr in 
slag.  The metal phase showed local variations.  Nonetheless, the 
combined content of Cr, Fe and Ti, in all phases was around 90%.  
The separated metal therefore might have a potential for recycling 
to steel industry.  Further research is required to verify the 
application of extracted metal in the industry and to characterize the 
metal phase in detail.  
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