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ABSTRACT: In this paper, the temperature dependence of Cr(III) oxidation
in high temperature processes and the subsequent Cr(VI) leaching was studied
using synthetic mixtures. It was experimentally shown that in the presence of
alkali and alkaline earth salts, oxidation of Cr(III) takes place, consistent with
thermodynamic calculations. Heating of synthetic mixtures of Cr,O; and Na,
K, or Ca salts led to elevated leaching of Cr(VI); in the presence of Na, more
than 80% of the initial Cr(II) amount was converted to Cr(VI) at 600—800
°C. Kinetic experiments allowed explanation of the increase in Cr(VI) leaching
for increasing temperatures up to 600—800 °C. After reaching a maximum in
Cr(VI) leaching at temperatures around 600—800 °C, the leaching decreased
again, which could be explained by the formation of a glassy phase that
prevents leaching of the formed Cr(VI). By way of illustration, Cr(VI)
formation and leaching was evaluated for a case study, the fabrication of
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ceramic material from contaminated sludge. Based on the proposed reaction mechanisms, countermeasures to prevent Cr
oxidation (addition of NH,H,PO,, heating under inert atmosphere) were proposed and successfully tested for synthetic mixtures

and for the case study.

Bl INTRODUCTION

In our recent research, we observed that (i) when expressed as
a fraction of the total Cr content, Cr(VI) leaching from bottom
ash of a fluidized bed waste incinerator was six times higher
than from fly ash, and that (ii) when contaminated sludge was
heated in order to obtain a ceramic material, leaching of the
mobile and toxic Cr(VI) exceeded the regulatory limit value, at
some temperatures (600—700 °C) even by SO times. As Cr(VI)
leaching from the unheated material was below the limit value,
this indicates that Cr(VI) is formed during thermal treatment.
Several papers report on elevated Cr leaching or on oxidation
of Cr(IlI) to Cr(VI) and subsequent leaching after high
temperature processes but do not explain its causes. After
thermal treatment of contaminated sludge in view of
recycling,l’2 combustion of waste, coal, or biomass,>~’ and
after other high temperature processes such as cement
production,®'? elevated Cr or Cr(VI) leaching was observed.
Moreover, Cr(VI) formation may be responsible for enhanced
corrosion of stainless steel during high temperature processes.''
It is well-known that Cr(VI) is more mobile than Cr(III),"
so increased leaching observed in the literature is probably
related to oxidation of Cr(III) to Cr(VI). Moreover, Cr(VI) is
highly toxic and is ranked as the second most important
oxyanion (after arsenic) on the CERCLA 2011 Priority List of
Hazardous Substances. Reaction 1, the oxidation of Cr(III) to
Cr(VI) in the presence of ambient air does not occur at
temperatures below 1500 °C,"* as will be shown by
experiments and thermodynamic calculations in this paper.
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3
Cr,0, + =0, < 2CrO
23 2 2 3 (1)

Therefore,- hypothesized that Cr(II) (ie., Cr,0,) is
oxidized to Cr(VI) in the presence of oxygen and CaO
according to reaction 2. This hypothesis was based on TGA
observations, where a weight gain was observed starting at a
temperature of around 500 °C.

Cr,0, + 2Ca0 + %oz © 2CaCrO, @

Other researchers™'"'*~'® pointed out that in the presence of

salts of alkali and other alkaline earth metals, the oxidation of
Cr(1II) to Cr(VI) by oxygen is also made possible. Whereas
Cr(III) oxidation and subsequent Cr(VI) leaching was thus
mentioned on several occasions, a systematic description and
explanation of the dependence on the oxidation temperature is
still lacking. The goal of this paper is to present a framework for
understanding Cr(VI) formation in the presence of salts of
alkali and alkaline earth metals and its subsequent leaching.
Therefore, apart from reactions 1 and 2, three other reactions,
3-S5, will be considered:
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Cr,0, + 4NaOH + %oz < 2Na,CrO, + 2H,0

3)
3
Cr0O,; + 4KOH + EOZ < 2K,CrO, + 2H,0 @)
Cr,O +2MO+§O < 2MgCrO
23 g 5 2 gLry, (s)

Synthetic mixtures are used to study the temperature
dependence of the described reactions, and the results are
compared with thermodynamic calculations. The synthetic
mixtures are also used to carry out kinetic experiments. By way
of illustration, the formation of Cr(VI) during thermal
treatment of contaminated industrial sludge is quantified and
explained. It is shown that a better understanding of the
reactions responsible for Cr oxidation may afford effective
countermeasures against Cr(VI) formation and leaching.

B MATERIALS AND METHODS

Synthetic mixtures were prepared by mixing S wt % of Cr(III)
oxide (Cr,O;, Sigma-Aldrich) with 95 wt % of potassium
hydroxide (KOH, Merck Eurolab), sodium hydroxide (NaOH,
Fisher), magnesium oxide (MgO, Sigma-Aldrich), or calcium
oxide (CaO, Chem-Lab). The finely divided mixture was
homogenized by thoroughly mixing, and 1 g was placed on
sand in a ceramic crucible. The crucibles were placed in a
muffle furnace that was heated with a heating rate of
approximately 10 °C/min until the desired temperature
(100—1100 °C) was reached. They were kept at this
temperature for half an hour and afterward allowed to cool in
the furnace. For kinetic experiments, the mixtures were
introduced in a preheated muffle furnace at the desired
temperature, removed from the oven after a given time period
(1 min to 12 h), and allowed to cool at room temperature.

Industrial sludges originating from the cleaning of soils (with
different origin and contaminants, but all mainly inorganic),
were dried at 105 °C until constant weight, ground, and then
mixed in equal quantities. After homogenization, an appropriate
amount (about one-third of the sludge mass) of water was
added to allow good pelletization. Spherical pellets with an
average diameter of 1.5 cm and an average weight of 5 g were
produced and dried at 105 °C. The pellets were then
introduced in the oven using the “rapid sintering”'” technique.
This method requires that the samples are placed in a
preheated oven at the desired temperature and kept at this
temperature for a given period, in this case at temperatures
between 200 and 1100 °C for half an hour. After this period,
the samples were removed from the oven and allowed to cool
at room temperature.

After cooling, the samples were ground and leached with
double deionized water (Millipore Milli-Q) on a shaking device
(Gerhardt Laboshake, 160 rpm) for 24 h with a liquid/solid
ratio of 10 (pellets) or 100 (synthetic mixtures, a higher ratio
was chosen to ensure that leaching was not limited by
solubility). After leaching, the samples were filtered over a 0.45
um membrane filter (Chromafil), and the relevant metal
concentrations were measured by ICP-MS (Thermo Xi series).
Cr(VI) concentrations were measured spectrophotometrically
(Shimadzu 1601) using the diphenylcarbazide method.

To study the effect of phase crystallinity on the leaching of
Cr, pure K,CrO, was heated for 30 min at temperatures
ranging from 500 to 1100 °C, and after cooling, the sample was
leached for 24 h with ultrapure water at an L/S ratio of 1000.
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In experiments to prevent Cr(III) oxidation, an excess (twice
the weight of the mixture) of NH,H,PO, was added to a 5%
Cr,0;—95% NaOH mixture, which was then heated at 800 °C
for 10 min. To contaminated sludge, 7% NH,H,PO, was
added, and the sample was heated at 700 °C for 30 min. To test
heating under an inert atmosphere, a sample of the
contaminated sludge was heated at 700 °C for 30 min in a
furnace through which a constant stream of nitrogen was
flowing.

The crystal structure of the samples was determined by XRD
(Philips PW1830) using monochromated Cu Ka radiation,
generated at 45 kV and 30 mA. Measurements ranged from 260
= 5° to 75° with a step size of 0.02°.

Thermodynamic calculations were performed using data
from the FactSage database and relevant literature sources'® 72
for data that were not in the FactSage database.

B RESULTS AND DISCUSSION

Synthetic Samples. In Figure 1, the ratio of the Cr(VI)
amount leached after heating to the initial Cr amount in the
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Figure 1. Leaching of Cr(VI) as a function of heating temperature in
the presence of NaOH, KOH, CaO, or MgO or without other oxides/
hydroxides added.

synthetic samples is plotted against the heating temperature. As
all Cr(VI) salts that might be formed in these experiments are
very soluble over a broad pH range, and Cr(III) salts are hardly
soluble at neutral and alkaline pH values, the ratio of Cr(VI)
leaching to total Cr could be considered an indication of the
total Cr(III) amount that has been oxidized to leachable Cr(VI)
after heating. At high temperatures however, this is not correct,
as will be shown later. From the graph, it appears that Cr,0; as
such is not oxidized. Also, the presence of MgO leads to little
oxidation: at 1100 °C, only 3.5% of the initial Cr(III) amount is
leached as Cr(VI).

The graph corresponding to Cr(VI) leaching after heating in
the presence of CaO, KOH, and NaOH shows a different
behavior. Due to the addition of CaO, 12% of the initial
amount of Cr(III) is leached as Cr(VI) between S00 and 600
°C. The presence of KOH leads to leaching of 49% at 800 °C,
and with the addition of NaOH even 79% of Cr(III) leaches as
Cr(VI) at 600 °C. The higher maximum leaching concen-
trations and the earlier start of increased Cr(VI) leaching for
NaOH and KOH (200—300 °C vs 500 °C) in comparison to
CaO can be explained by the lower melting temperature of

dx.doi.org/10.1021/es4001455 | Environ. Sci. Technol. 2013, 47, 5858—5863
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NaOH and KOH (318 and 406 °C, respectively) in comparison
to that of CaO (2572 °C), which improves contact between
(molten) hydroxides and Cr,O;. The three graphs show a
maximum at 600—800 °C. At higher temperatures, Cr(VI)
leaching decreases until it reaches values between 0.5 and 3% at
1100 °C. Thermodynamic calculations and kinetic experiments
were performed to explain this behavior.

Thermodynamics. The reaction Gibbs free energies for
reactions 1—S were calculated as a function of temperature and
are shown in Figure 2. The results indicate that the oxidation of
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Figure 2. Reaction Gibbs free energies as a function of temperature for
the formation reactions of chromates starting from Cr,03, or Cr,0;
mixed with NaOH, KOH, CaO, or MgO.

Cr,0;, Cr,05 + 3/,0, © 2CrO;, does not take place in the
temperature range studied (0—1200 °C), as the reaction Gibbs
free energy is positive over the entire range. Oxidation in the
presence of MgO is thermodynamically feasible for temper-
atures up to 650 °C, but the reaction Gibbs free energy is less
negative than for the reaction in the presence of CaO, KOH, or
NaOH. For the latter reactions, the reaction Gibbs free energy
is negative over the whole temperature range studied. These
results correspond very well with Figure 1 at the temperatures
where maximum leaching was observed (600—800 °C).

The reaction Gibbs free energies for the formation of the
respective chromates and chromites of calcium and sodium are
shown in Figure 3. The thermodynamic data show that in the
case of CaO, the formation of calcium chromate is favored over
the formation of calcium chromite at temperatures up to 1000
°C. At higher temperatures, there is a lack of accurate
thermodynamic data, but the trend of the Gibbs free energies
suggests that the formation of calcium chromite might become
dominant at temperatures higher than 1300 °C.

For sodium (shown as an example in Figure 3) and
potassium (not shown), the reaction Gibbs free energies for
chromite formation are much higher than for chromate
formation, meaning that the formation of chromates is favored.

Kinetics. Thermodynamics alone does not suffice to
describe the shape of the curves in Figure 1. Reaction Gibbs
free energies as a function of temperature, as in Figure 2, do not
explain the increase or the decrease of the Cr(VI) leaching as a
function of temperature in Figure 1. Therefore, a kinetic study
was performed using the synthetic mixture of Cr,O; and
NaOH, which showed the highest leaching in the earlier tests.
Kinetic studies were performed in two temperature intervals:
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Figure 3. Reaction Gibbs free energy as a function of temperature for
the formation of calcium and sodium chromates and chromites.

(1) at 300, 500, and 700 °C, where the Cr(VI) leaching from
Figure 1 increases as a function of temperature, and (2) at 700,
800, and 900 °C, where the Cr(VI) leaching decreases again.

In Figure 4, the leaching of Cr(VI) as a function of heating
time is shown for three different temperatures: 300, 500, and
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Figure 4. Cr(VI) leaching as a function of heating time for three
temperatures (300—700 °C) for a 95% NaOH—5% Cr20; mixture.

700 °C. For a given heating time (e.g, 30 min), the leaching
increases from 300 to 700 °C, and maximum leaching is
reached faster at higher temperatures. At 300 °C, the Cr(VI)
leaching is 52% of the initial Cr content after 60 min; at 500
and 700 °C, the leaching reaches 83 and 89%, respectively. The
higher leaching at 500 and 700 °C after 60 min is related to the
fact that above the melting temperature of NaOH (318 °C)
contact between molten NaOH and Cr,O; improves, resulting
in a higher leaching for the time intervals shown. The leaching
ratios after 30 min from Figure 4 can be related to those from
Figure 1 at the same temperatures. It can be concluded that
kinetics are able to explain the oxidation behavior up to 700 °C.

At temperatures above 700 °C, the amount of leached
Cr(VI) for a residence time of 30 min (Figure 1) starts to
decrease again. Paoletti suggested that in the presence of CaO,
a possible explanation for the reduced Cr leaching at
temperatures above 850 °C could be the formation of calcium

dx.doi.org/10.1021/es4001455 | Environ. Sci. Technol. 2013, 47, 5858—5863
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Figure 5. Cr(VI) leaching as a function of heating time (A, 0—60 min; B, 0—12 h) for three temperatures (700—900 °C) for a 95% NaOH—5%

Cr20; mixture.

chromite, competing with the formation of calcium chromate.
However, the present thermodynamic calculations (Figure 3)
indicate that chromite formation in the presence of alkali and
alkaline earth salts is less favorable than chromate formation at
temperatures up to 1200 °C, so that the decrease in Cr(VI)
leaching cannot be explained by the formation of these
chromites.

Figure SA and B show the results of kinetic experiments at
three different temperatures (700, 800, and 900 °C) for
residence times between 1 min and 12 h. In Figure SA, an
enlargement of Figure SB for residence times up to 60 min is
shown. For all three temperatures, a maximum in leaching is
observed (81—91%). Again, the maximum is reached faster at
higher temperatures, in agreement with the observations from
Figure 4. After the maximum has been reached, the Cr leaching
decreases significantly at 800 and 900 °C. After 60 min at 900
°C, the Cr leaching is reduced to 6% and at 800 °C to 36%, but
at 700 °C it is still 80% of the initial amount of Cr.

In Figure 5B, results for residence times up to 12 h are
shown. From these results, it is clear that also at 700 °C, the Cr
leaching decreases, but this decrease starts later and is slower
than at 800 and 900 °C. After 12 h, the leached percentage of
the initial Cr amount is below 8% for all three temperatures.

As previously explained, thermodynamic calculations indicate
that chromates are still formed at these temperatures (700—900
°C). This is confirmed by observation of the color of the heated
samples: as Cr,0, is converted to CrO,>”, its color changes
from green to yellow. Although leaching at elevated temper-
atures (e.g., for the sample heated for 60 min at 900 °C) is low,
the samples are still as yellow as at lower temperatures where
high Cr(VI) leaching was observed, indicating that Cr(VI) is
present but does not leach. The decreased Cr(VI) leaching can
be explained as follows: after heating and removal of the
samples from the oven, the samples are rapidly cooled at room
temperature, resulting in the formation of an amorphous, glassy
chromate phase, from which leaching of Cr(VI) is prevented. It
is clear from Figure 5B that the formation of the glassy phase is
slower than the oxidation of Cr(III) to Cr(VI) at 700—900 °C.

The temperature at which Cr(VI) leaching starts to decrease
from Figure 1 can now be linked with the melting temperature
of the chromates. In the presence of NaOH, the leaching of
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calcium chromate starts to decrease after 600 °C; in the
presence of KOH, the decrease starts after 800 °C, whereas the
melting temperatures of Na,CrO, and K,CrO, are 792** and
980 °C,"" respectively. The temperature difference between the
points where the leaching starts to decrease is comparable to
the temperature difference between the melting points. The
presence of NaOH or KOH, which are known to be fluxing
agents, explains the fact that the temperatures at which the
leaching starts to decrease are lower for the synthetic mixtures
than for the pure compounds.

To confirm this theory, the leaching of pure K,CrO,, after
heating for 30 min at temperatures ranging between 500 and
1100 °C, was evaluated. The percentage of the total Cr amount
that is leached is shown in Figure 6. It can be concluded that at
temperatures above the melting temperature of K,CrO, (980
°C), the leaching of Cr is strongly reduced.

It can be concluded from this section that the increased
leaching concentrations for increasing temperatures up to 600—
800 °C shown in Figure 1 could be explained by kinetics. The
decrease in Cr(VI) leaching, observed after the maximum
leaching was reached, was explained by the formation of a
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Figure 6. Percentage of Cr(VI) leached after heating K,CrO, for 30
min at 500—1100 °C.
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glassy chromate phase, which was formed faster at higher
temperatures.

On the basis of reactions 2—S5, countermeasures to prevent
Cr leaching can be tested. First of all, if no oxygen is present
during heating, Cr(III) will of course not be oxidized to Cr(VI).
This possibility will be tested in the next section. Second, the
alkali and alkaline earth salts can also be bound to other
compounds (additives), to prevent them from participating in
reactions 2—3. As an additive, NH,H,PO, was chosen because
it is thermodynamically less stable than alkali and alkaline earth
phosphates, which are in turn more stable than their respective
chromates, so the alkali and alkaline earth metals would
preferably bind with phosphate, instead of participating in
reactions 2—S. The amount of NH,H,PO, that was added
(7%) was comparable to the total amount of Ca, Mg, Na, and K
in the sludge. The addition of NH,H,PO, reduced Cr leaching
from 92% (without addition, Figure SA) to only 1.4%. This test
shows that the earth and alkaline earth salts can be bound to
other compounds to prevent them participating in reactions
2—>5 that give chromates and is another proof that the proposed
reaction mechanisms are correct. This countermeasure will also
be tested in the next section.

Thermal Treatment of Contaminated Sludge. The
contaminated sludge mainly contains tectosilicates (6.0%),
phyllosilicates (26.3%), quartz (31.2%), calcite (3.3%), and
organic material (11.6%); the remainder is other or amorphous
material. Cr(VI) leaching from the pelletized industrial sludge
as a function of heating temperature is shown in Figure 7. For
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Figure 7. Leaching behavior of Cr(VI) from industrial sludge fired at
temperatures between 200 and 1100 °C.

unheated samples and samples heated up to 500 °C, almost no
Cr(VI) leaching is detected. Also, no Cr(VI) was detected in a
pH-dependent leaching test of the unheated sample for the
relevant pH range (7—12.5), carried out in this study. From
500 °C on, Cr(VI) leaching increases and reaches about 25
mg/kg at 600—700 °C, thus exceeding the limit value for use of
waste material as a secondary raw material (0.5 mg/kg DM) in
Flanders™ significantly, almost 50 times. All of this indicates
that Cr(VI) is formed during thermal treatment. Around 13%
of the total amount of Cr present in the sludge (184 mg/kg) is
leached as Cr(VI) after heating at 600—700 °C. After heating
between 700 and 800 °C, the Cr(VI) leaching starts to
decrease, but only after heating at 1100 °C is the concentration
below the regulatory limit again.
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The behavior of the Cr(VI) leaching as a function of
temperature is rather similar to the behavior observed for
synthetic mixtures of Cr,O; with Ca, Na, or K salts (Figure 1).
This indicates that the elevated Cr(VI) leaching in the
thermally treated industrial sludge can be attributed to reactions
2—S. Moreover, XRD measurements of the samples showed
that the total amount of amorphous material is constant (about
30%) up to 1000 °C and increases to around 60% at 1100 °C.
The decrease in Cr(VI) leaching between 700 and 1000 °C can
thus not be explained by vitrification of the sample as a whole
but should be attributed to the chromates forming a glassy
phase from 700 °C on and preventing Cr from leaching, as
explained before. In the synthetic samples, Cr(VI) leaching
started between 200 and 500 °C, whereas for the contaminated
sludge it only started at 600 °C. This can be explained by the
presence of organic material in the contaminated sludge (11.5
wt %), which needs to be oxidized first, before Cr(IIl) can be
oxidized to Cr(VI).

The shape of the Cr(VI) leaching as a function of heating
temperature from Figures 1 and 7 is comparable to earlier
literature findings. Prokisch et al.* studied the speciation of
chromium during sludge incineration at temperatures between
200 and 1200 °C and observed Cr(IIl) oxidation to Cr(VI),
with a maximum in extractable chromate concentration at 500
°C. Wang et al.* studied thermally treated municipal solid waste
incinerator fly ash, spiked with Cr,0O;, between 600 and 1000
°C and observed elevated Cr(VI) leaching, with a maximum in
total Cr leaching at 900 °C. At 800 °C, the Cr,O; peak on the
XRD pattern was decreased, while the peak of K,CrO, was
increased. Chang et al.' sintered metal sludge from industrial
wastewater treatment plants mixed with mining residues at
temperatures between 850 and 1250 °C in order to obtain
lightweight aggregates. A maximum in Cr leaching was
observed at 950 °C, and the leaching was strongly reduced at
1250 °C. All of these observations, which were not or only
partly explained in literature, can now be explained with the
results from this paper.

The countermeasures described in the previous chapter can
also be tested for this industrial sludge. Heating under an inert
atmosphere at 700 °C for 30 min reduced Cr(VI) leaching,
which was 24.2 mg/kg (Figure 7) after heating in ambient air,
to 0.42 mg/kg.

A second method that was tested to prevent Cr oxidation is
the addition of NH,H,PO,, which was shown to be an effective
method for the synthetic samples. For the industrial sludge, the
measured Cr(VI) leaching was reduced from 24.2 mg/kg in an
untreated sample to only 0.018 mg/kg for a sample to which
NH,H,PO, was added and which was heated at 700 °C for 30
min.

Cr(VI) formation can thus be reduced by working under
inert atmosphere or by adding an appropriate compound that

binds the alkali and alkaline earth salts in the sample.
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