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Abstract

A precise and accurate indirect analytical method for the assessmeptsofuility in molten (Lb.e2Ko.38)2COz and (Lip52Nay.45)2COs
is described. The method is based on the oxidation gfSt); (added in excess to the melt) by the oxygenate species, which are formed
inside the melt when it is in contact with oxygen gas, and subsequent determination of trace amount of Cr(VI) in withdrawn frozen melts by
flame atomic absorption spectrometry (FAAS). The samples (1.0-2.0 g) are dissolved in dilute hydrochloric acid at room temperature. The
speciation of Cr(VI) is carried out by complexation with ammonium pyrrolidine dithiocarbamate (APDC), followed by extraction into methyl
isobutyl ketone (MIBK), which is introduced directly into the flame. Optimisation of the flame composition provided maximum Cr signal
in organic phase under lean acetylene-air flame. The separation and preconcentration parameters such as sample volume/extractant volum
ratio, pH sample solution, chelating concentration and extraction time are evaluated. Under the optimised conditions Cr(VI) is efficiently
separated from Cr(lll), which exceeded 200-folds. The results of the analysis of synthetic samples using standards in MIBK medium give
rise to recoveries of 98-99%. The Cr(VI) detection limit 0k4.0-6 g L~* using 12.5-fold preconcentration and relative standard deviation
of 1% at the 0.10 mgt?! level are obtained. The sampling-to-sampling reproducibility was typically 3-5% relative standard deviation. By
changing the preconcentration factor and the dilution of the sample melt, it is possible to analyse oxygen concentrations in molten alkali metal
carbonates as low as 1:5107° mol O, per gram melt.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction sis of dissolved oxygen in molten carbonates. Several meth-
ods have been used for the analysis of dissolved oxygenate
The knowledge of oxygen solubility in (b.52K0.38)2COs species in molten carbonates. A katharometer-based analy-

and (Lip52Nag.48)2CO3 eutectic melts is of great interest sis of gases evolved from quenched samples of melt have
in the technology of molten carbonate fuel cells (MCFCs), been developefl,2]. Others have used amperometric titra-
because the cathode performance mostly depends on thision with NaSOz powder[3] or addition of an excess of
physico-chemical property. In fact, the oxidant gas)(@ay Cra(SOy)3 powders and chromate determination by standard
dissolve into the electrolyte (molten carbonates) as molec-iodometric[4] or spectrophotometric analygis]. A com-
ular oxygen, peroxide or superoxide, which are then avail- mon feature of all these measurements is that they are in-
able for the cathodic reduction. In general, literature infor- variably plagued by large data uncertainties since the low
mation on oxygen solubility in molten alkali carbonates is solubility values of oxygen in the carbonate melts (of the or-
sparse and sometimes conflicting due to the experimentalder of some fraction of 1& mol O, per gram molten alkali
difficulties involved in such measurements. In the course of metal carbonates at 65Q) challenge the detection limits
past years, a number of methods have been used for analyef the above mentioned analysis methods. It is worth men-
tioning that very recently a new more sensitive method has
been proposed based on addition of excess uranium dioxide

* Corresponding author. Tek:39-6-30483815; fax:39-6-30486357.  followed by titration of urinate$6], although the practica-
E-mail addresssilvera@casaccia.enea.it (S. Scaccia). bility of this method appears rather questionable considering
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the use of radioactive reagents. Therefore, there is a needenmark). For calibration, standard buffer solutions from
of more sensitive analytical methods for the assessment ofAldrich were used. The pH of the sample solutions was var-

oxygen solubility in molten alkali metal carbonates. ied up to 3.0 with 1M NHOH.
In the present paper, we propose an indirect ana-
lytical method for the assessment of; Golubility in 2.2. Reagents and standard solutions

(Lio.s2K0.38)2C0O3 and (Lip52Nag.48)2CO3 eutectic melts.
This study has been realized by applying a variation of the  All acids and reagents were of analytical-reagent grade.
redox titration method described 4] that exploits the Ultra-high purity water with a specific resistance of
oxidation of Cr(lll) ion (added in excess as ALB304)3) 18 MQcm obtained from a Milli-Q water purification sys-
to CrOs2~ by the oxygen species dissolved into the elec- tem (Millipore, Bedford, MA, USA) and filtered through a
trolyte. The precision of our method derives from the 0.22um membrane filter was used throughout.
fact that the trace amounts of Cr(VI) in withdrawn frozen Ammonium pyrrolidine dithiocarbamate (APDC) from
melts are being detected by a highly sensitive instrumental Merck was used for the preparation of 1-10% (m/v) solu-
technique such as the flame atomic absorption spectrom-tion by dissolving the appropriate amount in deionised wa-
etry after application of an extraction/preconcentration ter with stirring. The solutions were filtered, purified by ex-
step. traction with methyl isobutyl ketone (MIBK, pro analysis
The speciation of the hexavalent chromium is carried out Merck), and stored in a glass bottle. MIBK was saturated
by the well-known ammonium pyrrolidine dithiocarbamate with deionised water and was confirmed to have negligible
(APDC) complexation/methyl isobutyl ketone (MIBK) ex- blank levels of chromium.
traction techniqué7]. This technique allows in fact to sepa- A stock standard Cr(VI) solution (1000 mgL) was
rate the analyte from the interfering matrix constituents and prepared by dissolving the appropriate amount of potas-
to preconcentrate it in order to bring its concentration to a sium dichromate (Merck) (previously dried at 175D)
level suitable for the instrumental response. Althoughitis an in deionised water. A stock standard Cr(lll) solution
easy to use and economic technique, the separation of trac¢1000 mg L-1) was prepared by dissolving the appropri-
level of Cr(VI) from large amount of Cr(lll) has been not ate amount of CrGI6H,0 in deionised water. Working
addressed sufficiently in the literature. Among the atomic standard Cr(VI) solutions were prepared daily in the range
spectroscopy to be coupled to liquid—liquid extraction tech- 0.10-2.5mgL?! by appropriate dilution of the stock stan-
nique[8], FAAS is less prone to matrix interferences, other dard solution with 1% (v/v) hydrochloric acid. These
than fast and low-cost, compared to other more sensitive working standard solutions were extracted into MIBK af-
spectroscopic instrumentation like graphite furnace atomic ter complexation with APDC and used for optimisation of
absorption spectrometry (GFAA$)] and inductively cou- the flame composition and height of observation above the
pled plasma mass spectrometry (ICP-MS), where blockageburner. Working standard Cr(VI) solutions in the concentra-
of orifice nebuliser and difficulties in introducing organic tion range 0.01-0.20 mg1! were also prepared and sub-
solvent into the plasma limit its ug40,11]. This method mitted to the same separation/preconcentration procedure
allows to extend reliable oxygen solubility measurements as for the sample solution. A multi-element standard solu-
even at low MCFC temperatures. tion of Cr(VI) and Cr(lll) in the molar concentration ratio
1:200 was also prepared for the optimisation of separation
process. Appropriate amounts of lithium, potassium, and

2. Experimental sodium carbonate (Merck) were dissolved in water to make
0.50M Li+0.32M K and 0.46 M LH0.42 M Na solutions,
2.1. Apparatus respectively, and used as the blank solutions for interfering

studies. The impurities in the carbonate mixtures were all

A Varian 220FS flame atomic absorption spectrometer under the limit of detection of the proposed method.
equipped with a deuterium lamp for background correction
was used. A pneumatic nebuliser with a glass impact bead2.3. Procedure
and an air-acetylene burner were used. Cr hollow cathode
lamp was used. The most sensitive analytical wavelength at2.3.1. Solubility measurements
357.9nm was chosen for chromium measurements. Band- The measurements ofb@olubility were carried out using
width was 0.2nm. Integration time was 4s. Observation the apparatus schematically depictedrig. 1. Commercial
height was varied between 6 and 12 mm. The flame compo-salts of alkali metal carbonates (Merck, PA) were previously
sition was optimised as follows: the air flow rate was kept dried at 300C for 24 h in air and mixed in a planetary mill
constant while the acetylene flow rate varied between 1.5for 24 h. Two eutectic mixture of alkali metal carbonates
and 3.5mLmirL. were used in this study, namely 62 mol% CiOz+ 38 mol%

pH of the aqueous solutions was measured with a SA520K,CO3; and 52 mol% L3COs + 48 mol% NaCOg, respec-
pH-meter (Orion, Beverly, MA, USA), using a C2005-8 tively. Fifteen grams of the mixtures were introduced in a
red rod combined pH electrode (Radiometer, Copenhagen,50 cn?® alumina crucible, placed in an alumina cell inside a
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Fig. 1. Schematic drawing of apparatus for oxygen solubility measurements: A, gas inlet; B, gas outlet; C, sampling pipette; D, gas-tight flange; E,
alumina tube sheathed thermo-coupled; F, furnace; G, alumina crucible; H, alumina cell and I, electrolyte.

furnace. The temperature inside the cell was raised t6@00 3. Results and discussion
under CQ at 100 mImirr® flow rate for 24 h and then to
600, 650 and 700C under the same atmosphere. When the 3.1. Optimisation of instrumental parameters
final temperature was reached the £@as was replaced
with a gas mixture of @ CO, of known composition (20/80, The organic solvent MIBK exhibits ideal combustion
50/50 and 80/20% (v/v)), which was kept to bubbling into properties in the flame, sometimes showing enhanced sensi-
the melt for 3h. Afterwards, the gas was stopped and a tivity and nebulisation efficiencfl2]. However, it has been
mixture of CQ/Ar of the same C@ partial pressure of the  observed that the efficiency of atomisation for chromium
gas composition was used as purge gas. Successively, abouh MIBK medium is diminished under the flame condi-
70 mg of Cp(SOy)3 (previously dried and finely grounded) tions where the maximum absorbance value is observed for
were carefully introduced through an alumina tube, previ- chromium in aqueous medium. Fig. 2 is showed the in-
ously immersed into the melt, as shown Fiig. 1. After fluence of the flame composition on the absorbance signal
equilibration for different times, approximately 1 g aliquots of 2.5mg L1 Cr(VI) in both aqueous and organic medium
of the molten carbonates was sampled using a pure aluminaat different high of observations above the burner head. The
pipette and sucked with a suction syringe (polypropylene sy- effect of acetylene flow rate and observation height seems
ringe, Aldrich). The sampled yellowish melt was transferred to be more significant for chromium in MIBK than in aque-
to an aluminium pan where solidified. Then, an accurately ous solution. However, the maximum absorbance signal
weighed sample between 1.0 and 2.0 g of withdraw frozen for Cr(VI) in MIBK is achieved with acetylene flow rate
melt was transferred to 25 mL covered beaker and dissolvedaround 1.5L min! and observation height of 8-12mm. A
in 2 mL of concentrated hydrochloric acid at room tempera- non-specific absorbance signal (0.010a.u.) of the organic
ture. After complete dissolution, the solution was transferred phase is observed at the wavelength of chromium. The
to 25 mL clean volumetric flask and made up to volume with background level is very low and easily corrected by using
deionised water. deuterium background correction system, which does not
affect the sensitivity.

2.3.2. Cr(VI) separation/preconcentration procedure

A measured volume of sample solution (25 mL) was trans- 3.2. Optimisation of the separation/preconcentration of
ferred to a volumetric flask (50mL) and added 5mL of Cr(VI)
1-10% (m/v) APDC solutions to obtain a 0.2—2% (m/v) fi-
nal concentration after dilution to 30 mL. The resulting so- It is well recognised that the separation of Cr(VI) from
lution was vigorously shaken by hand for 2min and then Cr(lll) by complexation with APDC under certain conditions
1-5mL of MIBK were added and again vigorously shaken (concentration of chelating agent and pH solution) is based
for different times (5—20 min). The organic phase was sepa- on their different affinity for the chelating agent. In fact,
rated in a 40 mL Pyrex-glass separating funnel and aspiratedCr(l11) has a slow rate of reaction with APDC to form a stable
directly into the flame of AAS. complex because it forms strong aqua/hydroxo complexes
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Fig. 2. The effect of acetylene flow rate on absorbance signal of 2.5thglr both in aqueous (black symbols) and organic (MIBK) (white symbols)
solutions at different observation heights: 6 m@)( 8 mm (J) and 12 mm (A).

in agueous solutionfl3,14]. On the other hand, Cr(VI) is  month if the pH of the sample solution is kept between 1.8
reduced by carbammate to Cr(lll) and forms with APDC and 3.0[15]. The efficiency of extraction of Cr(VI) aqueous
two type of complexes, denoted in literature as Cr(VI)-PDC, solutions containing Cr(l1l) 200-folds excess has been study
which are both extracted in MIBK. Therefore, optimisa- as a function of the acidity of the aqueous phasé&iin 3is
tion of the extracting conditions like the acidity of the sam- showed the effect of aqueous solution pH on the efficiency
ple solution, the chelating agent concentration, the shak- of extraction process. As can be seen any remarkable effect
ing time needed to establish the distribution of the complex of aqueous solution acidity up to pH 3.0 has been noted
Cr(VI)-PDC between the aqueous and organic phases andn the extraction process. Therefore, the pH of the sample
the sample volume/MIBK volume ratio is mandatory. solution in the range 1-2 has been not changed in further
It is known that the pH of the sample solution on the study.
agueous-organic extraction process is very important be- The complexation efficiency with APDC has been stud-
cause the formation of the metal complex mostly dependsied as a function of concentration of ligand reagent. In the
on the form of the complexing agent at a given pH. It has range of concentration studied (0.2-2% (m/v)) a quantita-
been reported that the complex Cr—APDC is stable over 1 tive extraction efficiency has been observed being the recov-

99,0 1 L & ®

98,8

98,6 1

98,4 1

Efficiency extraction/%

98,2

98,0

97,8

0,5 1,0 1.5 2,0 2,5 3,0 3,5
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Fig. 3. The effect of acidity of 0.1 mgt! Cr(VI) sample solution on efficiency of extraction process.
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Table 1 Table 3
Recovery of preconcentrated Cr(VI) synthetic sample sol@ition Recovery of Cr(VI} in synthetic sample solutions in presence of foreign
- elements
Volume of  Preconcentration Cr(VI) (10-6g) Recovery (%)
MIBK factof D EE—— Foreign elements Foreing elements Recovery (%)
Added  Found concentration
5.0 5.0 125 123 08 (molL™)
25 10.0 25.0 24.8 99 Li* 0.50, 0.46 98
2.0 12.5 31.2 30.9 99 K+ 0.32 99
- - Nat 0.42 99

a \olume of synthetic sample solution 25mt and Cr(VI) concen- cl- 1 o)
tration 0.10 mg 2.

b Calculated as volume of sample solution/volume of MIBK ratio. a Cr(VI) concentration 0.10 mgt!.
Table 2

Recovery of Cr(VI) in synthetic sample solutions containing Cr(lll) Recovery t(?St from synthetic samplgs spiked with Cr('“)
200-folds excess and Cr(VI) in a molar up to 200:1 gives rise to quantita-
tive extraction of Cr(VI) in the range 98-99% as shown in

aConcentration of Cr(VI) (10%g) Recovery (%)

syntethic Cr(VI) . Table 2. _ _

solution (mg 1) Added Found Although APDC does not form complex with alkali metal
0.002 0.625 0.612 08 like Li*t, KT and Na as well with CI~ anions their influence
0.010 3.12 3.10 99 on the preconcentration process was evaluated by recovery
0.020 6.25 6.18 99 test and the results reportedTiable 3. As it can be seen any

a \olume of synthetic sample solution 25 mt. interference of foreign elements has been observed, being
b Preconcentration factor 12.5. the Cr(VI) recovery within 99%.

ery between 99 and 100%, therefore a solution of 1% (m/v) 3.3. Analytical figures of merit
APDC has been used thereafter.

The two-phase solutions have been shacked for different Calibration graphs against seven standard solutions both
times and the separated organic phase introduced directlyin agueous and in MIBK medium have been constructed in
into the flame. It has been established that a time of 5min the range of concentration 0.10-2.5 ng'L The figures of
is sufficient for a 100% extraction of Cr(VI)-PDC complex merit are tabulated ifiable 4. The calibration curves are lin-
into MIBK. For shaken time of less than 5 min, the percent- ear over the entire concentration range studied with correla-
age of extraction was within 80—-90%. tion coefficient () better than 0.9999 and the intercepts does

The preconcentration study has been carried out using anot significantly deviate from zero at 95% confidence level.
volume of 25mL of 0.1mgL?! Cr(VI) standard solution ~ The precision of the analytical method, expressed as rela-
and volumes of MIBK solution between 2 and 5mL. The tive standard deviation, is less than 1% at the 0.20 migL
efficiency of the preconcentration process, expressed as perlevel. The sample-to-sample reproducibility, calculated by
cent recovery, has been evaluated by measuring the amounanalysis of five samples, is within 3-5%, therefore the rel-
of Cr(VI) in the organic phase (extractant) and in the re- ative standard deviation of 4—6% is the cumulative error in
maining aqueous phase (Table 1). It has been found thatthe sampling and analytical measurem¢gh€. Method de-
2mL of volume of organic phase has able for extracting tection limit is calculated as three times the standard devi-
quantitatively all Cr(VI1) complex, thus that the maximum ation of the mean of seven replicates of the reagent blank
12.5 preconcentration factor (calculated as ratio of volume divided by the slope of the calibration graph obtained in
of sample solution/volume of MIBK) may be reached. both aqueous and MIBK medium. The Cr(VI) detection

The effect of an excess of Cr(lll) on the extraction pro- limit using 12.5-fold preconcentration has been found to be
cess of Cr(VI)-APDC complex has been also evaluated. 0.004 mg L.

Table 4

Characteristic parameters of the calibration curves against standard Cr(VI) solutions both in aqueous and MIBK medium obtained by FAAS
MIBK Aqueous

Correlation coefficientr? (n = 7) 0.99998 0.99997

Equation of the regression lines (abs vs. concentration (ML y = 0.08887x+ 9 x 10~* y =0.07577x+ 5 x 10~*

s = standard deviation of the slope 5 x 10°° 4 x 10°°

sa = standard deviation of the intercept 3 x 104 5x 1074

Working linear range (mgt?) 0.10-2.5 0.10-2.5

Detection limit (3s) (mgL?1) 0.05 0.05

Detection limit (3s) using 12.5-fold preconcentration (mg) 0.004 -
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Fig. 4. Time dependence of,Golubility in (Lips2Nap.48)2COs eutectic melt at 650C and 20/80 (v/v) Q/CO;.

3.4. Analysis of melts and oxygen partial pressure) are reportedables 5 and 6,
respectively. From these data it is seen that the oxygen con-
The establishment of the equilibrium conditions are very tent in the frozen sampled melt is a function of the oxygen
important for determining the solubility value. The oxy- partial pressure above the melt and temperature. In general,
genate species that are postulated to be formed inside theour results are consistent with those of earlier stuglie$)]
melt when it is in contact with oxygen gas are: molecular showing a distinct tendency for oxygen to be more soluble
oxygen, peroxide and superoxide ions. According to Broers in Li—K than in Li-Na carbonate melts. The gathered oxy-
et al.[4] the quantitative reaction of Cr(lll) takes place with gen concentration varied within one order of magnitude.
all forms of dissolved oxygen. For sake of simplicity, in the Therefore, by changing the dissolution of sample melt and
following equilibrium only reaction with the molecular oxy- the preconcentration factor is possible to analyse oxygen
gen is considered: concentrations in molten alkali metal carbonates as low as
%02 +crit 4+ gc%z— o Cro2 + gCOz ) 1.5x 109 mol O, per gram molten alkali metal carbonates.

After addition of an excess of Cr(lll) the oxygenates come
in contact with it by chemical diffusion and consequently 1pe 5
formation of Cr(VI). Therefore, the time needed to bring the Results of oxygen concentration (fomolg-1) in Li—K carbonates at
Cr(VI) concentration to a constant value has been found. It different temperatures and oxygen partial pressures
is worth to note that the Cr(lll) is oxidised only by the oxy- 600°C 650°C 700°C
genates present into the melt as showed by a parallel run
using Ar as gas atmosphere. Any trace of Cr(VI) has been

0,/CO;, (ViV)

X . 80/20 0.070+ 0.003 0.160+ 0.005 0.200+ 0.010
detected when an inert gas surrounds the riéit. 4 shows 50/50 0.040+ 0.002 0.080+ 0.004 0.110+ 0.005
the dependence of oxygen content dissolved in the eutec- 20/80 0.025+ 0.001 0.035+ 0.001 0.050+ 0.002

tic Li-Na carbonate (preV|Ol_Jst sa_turated with 20/80 (y/v) Mean standard deviation of five melt samples.

0,/CO, at 650°C) as a function of time. The concentration

of oxygen has been calculated on the basis of the Cr(VI)

FAAS determination and taking into account the reaction Table 6

(1). The equilibrium solubility is defined as the value of oxy- Results of oxygen concentration (10molg™*) in Li-Na carbonates at
gen concentration that does not vary more than 5% over thedifferent temperatures and oxygen partial pressures

time. It can be immediately appreciated frétig. 4 that the 600°C 650°C 700°C

apparent @ concentration reaches a stationary value after 0,/CO, (V)

45min. 80/20 0.051+ 0.002 0.125+ 0.005 0.180+ 0.005
The results of the determination of oxygen in the frozen  50/50 0.045+ 0.004 0.065+ 0.003 0.075+ 0.003

(Lio2K0.38)2CO3 and (Lips2Nao.48)2COz eutectic melts 20/80 0.025+ 0.001 0.030+ 0.001 0.050+ 0.002

sampled under different conditions (such as temperaturemean+ standard deviation of five melt samples.
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4. Conclusions [2] T. Nishina, Y. Masuda, I. Uchida, in: M.-L. Saboungi, H. Kojima, J.
Duruz, D. Shores (Eds.), Molten Salts Chemistry and Technology,
The assessment of oxygen solubility in molten The Electrochemical Society Proceedings, Series 93-9, Pennington,
. . NY, 1993, p. 424.
(!—|0.62KO.38)2CO3. a'nd (Lio.52Nao.48)2CO3 has been Car'_ [3] M. Schenke, G.H.J. Broers, J.A.A. Ketelaar, J. Electrochem. Soc.
ried out by an indirect method, based on the separation 113 (1966) 404
of Cr(VI) (formed in situ oxidation of Cr(lll) by the oxy- [4] G.H.J. Broers, M. Schenke, H.J.J. van Ballegoy, in: Extended Ab-

genate species present into the melt) as APDC complex stract No. 1177, 20th ISE Meeting, Druzhba, Bulgaria, September
and successively preconcentrated/extracted in MIBK and 1977

analysed by FAAS. The method is simple and fast allowing ! (Si\é\éG)STé?S’ W:M. Vogel, S. Kapelner, J. Electrochem. Soc. 129

to determine accurately and precisely oxygen concentration (g} v.a. volkovich, T.R. Griffiths, D.J. Fray, R.C. Thied, J. Nucl. Mater.
in molten alkali metal carbonates as low as £.50~? mol 282 (2000) 152.

Oz per gram molten alkali metal carbonates. The proposed [7] K.S. Subramanian, Anal. Chem. 60 (1988) 11. _
methodology may be also applied to the determination of [8] M.J. Marques, A. Salvador, A. Morales-Rubios, M. de la Guardia,

S . Fresenius J. Anal. Chem. 367 (2000) 601.
oxygen solubility in molten alkali metal salts. [9] J.L. Burguera, M. Burguera, Spectrochim. Acta B 56 (2001)

1801.
[10] J. Wang, E.H. Hansed, J. Anal. At. Spectrom. 17 (2002) 1284.
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