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Supercritical fluid extraction of metals in the presence of complexing agents for environmental monitoring,
cleanup, and metals processing is now being extensively researched, and there is a need for solubility
data of metal complexes. In this paper, the method used is the combination of a study of chromatographic
retention over a wide range of pressures at 40, 50, 60, and 70 °C, followed by selected direct solubility
measurements, to provide a comprehensive set of solubility results obtained with minimum effort. The
method relies on the assumption that an inverse relationship exists between chromatographic retention
and solubility in the mobile phase. This assumption is checked in this study. Results are presented for
the solubility of ferrocene in supercritical carbon dioxide and a nickel complex, (5,7,12,14-tetramethyl-
2,3:9,10-dibenzo[b,i][1,4,8,11]tetraazacyclotetradecine)nickel(II)], in supercritical carbon dioxide modified

with 10 vol % methanol.

Introduction

Supercritical fluid extraction (SFE) of metals is now
being regarded as a serious possibility, with potential
applications in the analysis of environmental samples, for
the cleanup of metal-contaminated industrial sites, and for
the processing of metal ores and separation of metal
mixtures. In order for the metal ions to be soluble in
environmentally friendly solvents such as pure and modi-
fied supercritical carbon dioxide, the metal ions must be
present as electrically neutral complexes, and this gives
rise to the possibility of selective extraction due to the
different affinity of particular complexing agents for dif-
ferent metal ions. In this context, a considerable amount
of work has been carried out in the supercritical fluid
chromatography (SFC) of metal complexes (Carey et al.,
1994; Iso et al.,, 1994; Blake et al., 1994; Chester et al.,
1994), supercritical fluid solubility of metal complexes
(Laintz et al., 1991; Johnston and Lemert, 1991; Beckman
et al., 1993; Marshall and Wang, 1994), and SFE of metal
compounds in the presence of complexing agents (Chester
et al,, 1994; Brauer et al., 1994; Laintz and Tachikawa,
1994; Alzaga et al., 1994; Alcaraz et al., 1994). For the
design of an analytical process, detailed knowledge of
solubility is required, and this paper gives an economical
method for measuring these data.

The degree of retention of a solute in SFC, as measured
by the capacity fadctor, 2/, is at least qualitatively inversely
related to the solvating power of the mobile phase for that
solute: the more soluble it is in the mobile phase, the less
it will be retained. In some situations at constant tem-
perature, the solubility of solid solutes in the mobile phase
can to a good approximation be inversely proportional to
the capacity factor (Bartle et al., 1988; Bartle et al., 1989).
When this is the case, chromatographic retention can be
used to measure solubilities relatively rapidly, and this has
been used for supercritical fluids. In one study, chromato-
graphic retention has been used to obtain pressure thresh-
olds for the solubilities of various compounds at different
temperatures (Smith et al., 1987). In another, solubilities
have been obtained at lower pressures in a supercritical
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fluid by using retention measurements and vapor pressure
measurements (Barker et al., 1988), also used to obtain
the solubility of some polyaromatic hydrocarbons in su-
percritical carbon dioxide (Bartle et al., 1990). The rela-
tionship used is

S=C/F (1)

where S is the solubility (per unit volume), & is the
chromatographic capacity factor defined in terms of the
retention volume, Vg, and the void volume of the column
and the connecting tubes, Vr,, by

, (VR - VM)
¥=—g— 2)

and C is a constant for a particular column, solute, and
temperature, given by

C = A, [B/RT] (3)

In eq 3, A and B are constants for a particular column and
temperature. The validity of eqs 1 and 3 relies on assump-
tions, justifiable in particular circumstances which have
been discussed previously (Bartle et al., 1990). However,
the validity of these equations can be tested by making a
limited number of direct solubility measurements to obtain
values of C at various temperatures, to check that C is
indeed a constant at a particular temperature, and to show
that C obeys eq 3 over a range of temperature. Having
checked the validity of these equations and obtained values
of C, a relatively rapid series of SFC experiments can then
be made to generate solubilities from eq 1. In practice and
for convenience, as seen below, the quantity S (Vg — Vy)
= CVy, rather than C, is calculated, as V) is also a constant
for a particular column and chromatograph and the same
arguments apply. ‘

Experimental Section

SFC was carried out on a packed column chromatograph
(Hewlett-Packard), fitted with a variable flow valve, al-

© 1995 American Chemical Society



1218 Journal of Chemical and Engineering Data, Vol. 40, No. 6, 1995

Table 1. Directly Measured Solubilities, S4, Retention
Volumes, Vg, and Values of the Constant CVy for
Ferrocene in Supercritical Carbon Dioxide

conditions Si(gmL~Y)  Vg/mL CVw/mg

134.1 bar, 40 °C 4.77 x 1073 4.23 7.68 x 1073
244 .4 bar, 40 °C 9.13 x 1073 3.42 7.31 x 1073
335.5 bar, 40 °C 1.21 x 1072 3.28 8.04 x 1073

av: 7.68 x 1073
134.1 bar, 50 °C 3.80 x 1073 5.05 9.61 x 1073
244.4 bar, 50 °C 1.11 x 1072 3.51 1.10 x 1072
335.5 bar, 50 °C 1.33 x 1072 3.15 8.40 x 1073

av: 9.68 x 1072
134.1 bar, 60 °C 2.42 x 1073 7.09 1.07 x 1072
244 .4 bar, 60 °C 1.30 x 1072 3.60 1.20 x 102
335.5 bar, 60 °C 1.75 x 1072 3.19 9.11 x 1073

av: 1.06 x 1072
134.1 bar, 70 °C 1.38 x 1073 10.40 1.05 x 1072
244 .4 bar, 70 °C 1.49 x 1072 3.63 1.24 x 1072
335.5 bar, 70 °C 2.07 x 1072 3.18 8.15 x 1073

av: 1.03 x 1072

lowing a constant flow rate, pressure, and temperature to
be maintained. Samples were introduced via a timed-split
injection valve using a 5 uL sample loop.

Ferrocene obtained from the Aldrich Chemical Co., 98
% pure, was used for SFC as a 1.072 g dm=3 (5.76 x 1073
mol dm™3) solution of ferrocene in heptane (Fisons HPLC
grade). For the measurements on ferrocene, a flow rate of
2.0 mL min~! (measured at the pump) of CO; (BOC
speciality gases, liquid withdrawal, without helium head
pressure) was used with an octyldecylsilyl-bonded silica (5
um) column (Hewlett-Packard, Hypersil, P/N 799160D-574,
200 mm long with 4.6 mm internal diameter). Retention
times for ferrocene were obtained at average pressures over
the column from 97 to 366 bar and temperatures of 40, 50,
60, and 70 °C.

A nickel complex, 5,7,12,14-tetramethyl-2,3:9,10-dibenzo-
[6,i1(1,4,8,11)tetraazacyclotetradecine)nickel (II), synthe-
sized at British Nuclear Fuels was used as a 2.406 g dm~3
(6.00 x 1072 mol dm™3) solution in chloroform (Fisons
HPLC grade). Anal. Calcd for Ni[C2H2N,41: C, 65.87; H,
5.53; N, 13.97. Found: C, 66.32; H, 5.61; N, 13.88. 'H
NMR (CDCl;, chemical shifts in freshly prepared solutions
(6, ppm, relative to TMS)): complex pattern, 6.73, 6.72,
6.71, 6.69, 6.60, 6.58, 6.57, 6.56 (8H, aromatic); 4.88 (2H,
methylene); 2.10 (12H, methyl). For the nickel complex, a
similar combined flow rate of 2.0 mL min~! of 10 vol %
methanol (Fisons HPLC grade) modified CO; and flowed
into a similar octyldecylsilyl-bonded silica (5 xm) column
(phase separations, S50DS2 142632, 250 mm long with 4.6
mm internal diameter). Retention times for the nickel
complex were obtained at average pressures over the
column of 161—372 bar and the same temperatures as for
ferrocene.

Pressure drops along the columns were 30—40 bar, and
the average pressure was used in presenting the results.
The effect of a pressure drop along the column on densities
and capacity factors has been discussed (Bartle et al., 1989).
It was shown that this is most important near the critical
density, and at 134 bar and 70 °C (the worst case) a 2%
error would be introduced. Retention times were converted
to retention volumes using volume flow rates on the column
obtained from pump flow rates, and densities obtained from
a published equation of state for pure carbon dioxide (Span
and Wagner) and the Peng—Robinson equation of state for
the methanol—CO; mixtures (loaded on the instrumental
software of the SFC) were used. Values of 2.65 and 6.73
mL were used for Vi for the ferrocene and nickel complex
work, respectively.

Direct solubility measurements were obtained using an
SFE system built in-house consisting of a dual pumping
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Figure 1. Temperature dependence of CVy for ferrocene in
supercritical carbon dioxide.

system (ISCO Model 100D syringe pumps), extraction cell,
and solvent-trapping system. The ISCO syringe pump has
on electronically controlled stepping motor which gives a
high flow rate accuracy. Errors in flow rate mostly result
from the error in the density of the fluid in the pumps
which is estimated to be £0.5%. The efficiency of the
solvent trap was evaluated (Bartle et al., 1995). The pure
metal complex was loaded in the extraction cell mixed with
glass beads (Alltech Associates, 60/80), and pure COg or
10 vol % methanol modified CO; flowed through the cell
with a flow rate of 0.2 mL min™!, measured as liquid at
the pump at 5 °C. Temperatures were indicated on the
controls of the commercial oven, were checked using a
thermometer, and were found to be accurate to 0.5 °C.
The accuracy of the pressure measurement devices was
£2% of the full scale of the pump, and the pressure
measurement devices were calibrated before any solubility
measurements were taken. After equilibrium had been
reached, the solution of the metal complex, trapped in
methanol for ferrocene and chloroform for the nickel
complex, was collected for periods of 15 min and the total
amount of the complex obtained in each period determined
by UV absorption. The amount of supercritical fluid was
determined by the flow rate and density at the pump(s)
and the solubility in terms of grams per unit volume of
supercritical fluid using calculated densities in the extrac-
tion cell as used above. An average of at least four
experiments was used for each solubility determination.

Results and Discussion

Ferrocene. Direct Solubility Measurements. Direct
measurements of the solubility of ferrocene in pure super-
critical carbon dioxide were made at three pressures at
each of four temperatures to cover the range of SFC
measurements and are given in the second column of Table
1. The precision of direct solubility measurements was
determined by obtaining the percentage relative standard
deviation of the four measurements; this averaged +3%
and varied from 0.4% to 9.1% in the worst case.

Values of the Constant CVy. SFC retention measure-
ments were carried out at the same temperatures as the
direct solubility measurements over a range of pressures.
Those results at the same pressure as the direct solubility
measurements are given in the third column of Table 1.
The quantities S(Vg — Vi) = CVy are then calculated and
given in the fourth column. Agreement of the values is
obtained at a given temperature, indicating the validity of
eq 1. Average values for CVy were then obtained at each
temperature and are also given in Table 1. To check the
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Table 2. Solubilities (g mL™!) Obtained by Retention, S, and Directly, Sy, for Ferrocene in Supercritical Carbon
Dioxide
40°C 50 °C 60 °C 70 °C
P/bar S Sq Se Sy S, Sq Se Sq
97.5 2.07 x 1073 5.82 x 10~¢ 3.01 x 10* 2.22 x 107
117.3 3.86 x 108 2.13 x 10-3 1.06 x 10-8 594 x 10~
134.1 5.04 x 1073 4.77 x 10~8 3.84 x 1078 3.80 x 1073 2.29 x 1078 2.42 x 1078 1.41 x 1073 1.38 x 1078
153.9 6.29 x 1073 5.47 x 1078 3.95 x 1078 2.75 x 1078
183.9 7.82 x 10~3 7.50 x 1073 6.45 x 1073 5.36 x 1073
214.1 8.89 x 1073 9.27 x 1078 8.58 x 1073 8.34 x 1078
244.4 1.03 x 1072 9.13 x 1073 1.07 x 1072 1.11 x 102 1.07 x 1072 1.30 x 102 1.12 x 1072 1.49 x 1072
274.9 1.16 x 10~ 1.23 x 1072 1.30 x 102 1.48 x 1072
305.0 1.31 x 1072 1.36 x 1072 1.48 x 1072 1.74 x 1072
335.5 1.27 x 1072 1.21 x 1072 1.84 x 102 1.33 x 1072 1.88 x 1072 1.75 x 1072 2.05 x 1072 2.07 x 1072
366.3 1.48 x 1072 2.06 x 1072 2.26 x 1072 2.40 x 1072
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Figure 2. Solubility, S, of ferrocene in supercritical carbon dioxide
at (O) 40 °C and (O) 70 °C obtained using chromatography. The
solid symbols show direct measurements for comparison.

validity of eq 3, values of In CVy, using the averaged
values, are plotted versus 1/T in Figure 1, and a reasonable
straight line is obtained.

Solubility Results Obtained from Chromatography.
Using the calculated average values of CVy, from Figure
1, the total range of values of Vg, obtained from SFC were
converted to solubility data, S, and are shown in Table 2.
Comparison is made with direct solubility measurements,
84, for each isotherm, to indicate accuracy. Figure 2 gives
plots of the highest and lowest isotherms. Differences
between direct an indirect solubility measurements give
an indication of the overall experimental error. For nine
of the points this averaged 4.5%. For three of the points
high differences were obtained, indicating that these
measurements should be given less importance. The
overall error in the nine direct measurements and all the
indirect measurements we believe to be around +9%.

Nickel Complex. Direct Solubility Measurements
and Values of the Constant CVy. Using the same
procedure as for ferrocene, measurements for the nickel
complex in supercritical carbon dioxide modified with 10
vol % methanol were obtained and are given in Table 3.
For the nickel complex the percentage relative standard
deviation of the four direct solubility measurements aver-
aged +6% and varied from 2% to 13% in the worst case.
Values of CVy were also calculated and given in the fourth
column and again can be seen to be reasonably constant
at a given temperature. Average values of CVy were then
calculated and are given in Table 3. Again the validity of
eq 3 was checked by plotting values of average In CVy
versus 1/T in Figure 3, and a reasonably straight line is
obtained.

Solubility Results Obtained from Chromatography.
Solubilities, S., were then calculated using the average

Figure 3. Temperature dependence of CVy for the nickel complex
in supercritical carbon dioxide modified with 10 vol % methanol.

Table 3. Directly Measured Solubilities, S4, Retention
Volumes, Vg, and Values of the Constant CVy for the
Nickel Complex in 10 vol % Methanol Modified
Supercritical Carbon Dioxide

conditions Sa(g mL™1)  Vy/mL CVy/mg

161.1 bar, 40 °C 1.05 x 1073 50.39 458 x 1074
252.6 bar, 40 °C 1.70 x 1075 32.20 4.35 x 1074
342.3 bar, 40 °C 2.20 x 1078 26.86 4.43 x 1074

av: 4.45 x 1074
161.1 bar, 50 °C 1.00 x 1075 55.22 484 x 1074
252.6 bar, 50 °C 2.01 x 1075 29.82 4.66 x 1074
342.3 bar, 50 °C 2.45 x 1075 25.36 4,67 x 1074

av: 4.69 x 1074
161.1 bar, 60 °C 8.02 x 1078 67.95 491 x 107¢
252.6 bar, 60 °C 2.44 x 1075 28.89 5.42 x 1074
342.3 bar, 60 °C 3.13 x 1078 21.90 4.75 x 1074

av: 5.02 x 1074
161.1 bar, 70 °C 7.21 x 1078 97.14 6.52 x 1074
252.6 bar, 70 °C 3.44 x 1075 30.05 8.04 x 10~¢
342.3 bar, 70 °C 5.77 x 1075 18.98 7.07 x 1074

av: 7.21 x 104

values of CVy and a range of retention volume data. A
comparison of calculated solubilities, S., and directly
measured solubilities, Sy, is given in Table 4. Figure 4
gives plots of the highest and lowest isotherms of solubility.
For the nickel complex for nine of the points the overall
experimental error averaged 7%. For three of the points
high differences were obtained, indicating that these
measurements should be given less importance. The
overall error in the nine direct measurements and all the
indirect measurements we believe to be around +14%.
Correlation of the Solubility Data. Supercritical
fluid solubilities are difficult to predict and correlate, and
so a simple method (Bartle et al.,, 1991) was used to
correlate the data presented here. Although the fit to the
data is not as good as could be desired, only three
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Table 4. Solubilities (g mL~1) Obtained by Retention, S., and Directly, S4, for the Nickel Complex in 10 vol % Methanol

Modified Supercritical Carbon Dioxide

40 °C 50 °C 60 °C 70 °C
P/bar S, Sa S. Sq4 S. Sd S. Sd
161.1 9.53 x 1076 1.05 x 1075 1.04 x 1075 1.00 x 1075 9.37 x 107¢ 8.02 x 1076 6.96 x 1078 7.21 x 108
191.6 1.18 x 1075 1.41 x 1075 1.46 x 1075 1.29 x 1075
221.9 1.41 x 1075 1.80 x 1075 2.01 x 1075 1.96 x 1075
252.6 1.63 x 1075 1.70 x 1075 2.18 x 1075 2.01 x 1075 2.59 x 1075 2.44 x 1075 2,69 x 1078 3.44 x 1075
283.3 1.83 x 1075 2.55 x 1075 3.16 x 107% 3.49 x 1075
314.0 1.99 x 1075 2.64 x 1078 3.72 x 1075 4.31 x 1075
342.3 2.06 x 10-5 2.20 x 1075 2.70 x 1073 2.45 x 1075 3.78 x 1075 3.13 x 1075 5.13 x 1075 5.77 x 1075
372.3 2.01 x 1073 2.65 x 1075 3.85 x 1075 5.59 x 1075
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Figure 4. Solubility of the nickel complex in superecritical carbon
dioxide modified with 10 vol % methanol at (O) 40 °C and (O) 70
°C obtained using chromatography. The solid symbols show direct
measurements for comparison.

Table 5. Parameters To Be Used in Predicting
Solubilities from Eqs 4 and 5

complex BB/(kg m~3) a /K1)
ferrocene 0.0838 17.6 6090
nickel complex 0.0192 19.3 9810

parameters for each compound are needed to predict a
value at any pressure and temperature in the experimental
range.

The correlation equation used is

In(xp/p®) = A’ + B'(p = p,op) 4

where x is the mole fraction solubility, p is the pressure,
p° is a standard pressure of 1 bar, and p is the density of
the solution (which is approximated by the density of
the pure solvent). prer is a reference density for which a
value of 700 kg m~3 was used here. This is used so that
the value of A’ refers to a density close to the experimental
values, avoiding the large variations caused by extrapola-
tion to zero density. B’ is a constant, and A’ is given by

A'=a+bT (5)

The fitting procedure used was to fit each isotherm by
least squares to eq 4 to obtain values of A” and B’. The
values of B’ were then averaged for each compound, and
the values given in Table 5 were obtained. Using these
averaged values of B’ the isotherms were then refitted to
obtain new best values of A’. These values were then
plotted against 1/7T for each compound, as shown in Figures
5a and 6a, and values for ¢ and b were obtained from a
least-squares fit of eq 5, which are given in Table 5. For
these calculations a published equation of state for pure
carbon dioxide (Span and Wagner, 1995) and the Peng-
Robinson equation of state for the carbon dioxide and

1000 x
-
T

D50 100 150 200 250 300 350 400
P/ bar
)
Figure 5. Correlation of the solubility in mole fraction, x, for
ferrocene. Graph a shows a plot of A’ versus 1/T. Graph b shows
comparison of predicted curves (lines) and experimental points:
(m) 70 °C; (®) 60 °C; (a) 50 °C; (x) 40 °C.

methanol (loaded on the instrumental software of the
supercritical fluid chromatograph) were used.

Finally, using eqs 4 and 5 and the parameters in Table
5, predicted solubilities were compared with experimental
values in Figures 5b and 6b. Although the fitting of
individual isotherms to eq 4 was very good, averaging of
the parameters to predict the whole temperature range is
less successful, as can be seen. However, the equations
give a ready method of obtaining approximate solubilities
at any temperature and pressure (density).

Conclusions

This study demonstrates the feasibility of obtaining a
large number of reasonable quality solubility results in
supercritical fluids, using rapid chromatographic measure-
ments and a small number of direct measurements. For
both ferrocene and the nickel complex there is a good
agreement between directly measured solubilities (S4) and
chromatographic retention solubilities (S.). The method
was found to be applicable to a complex whose solubility
was known to be high and one with much lower solubility,
requiring a modifier. The precision of the results is
estimated to vary from 5% at low pressures to 20% at
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Figure 6. Correlation of the solubility in mole fraction, x, for the
nickel complex. Graph a shows a plot of A" versus 1/T. Graph b
shows comparison of predicted curves (lines) and experimental
points: (@) 70 °C; (®) 60 °C; (a) 50 °C; (x) 40 °C.

higher pressures, where high solubilities and low retention
times give rise to higher experimental errors.

The results indicate that the ferrocene complex is more
soluble than the nickel complex at similar temperatures
and pressures. Indeed, the nickel complex is essentially
insoluble in pure supercritical carbon dioxide and requires
the addition of 10 vol % methanol to achieve a measurable
solubility. These results can be interpreted in terms of the
respective structure of the two compounds.

Ferrocene is a bis(p-cyclopentadienyl)iron complex, (p-
CsHs):Fe, in which all the metal 3d, p, and s orbitals are
participating in bonding to the cyclopentadienyl ligands.
All the molecular bonding orbitals are filled such that no
free coordination sites are available on the iron, resulting
in ferrocene having properties resembling those of aromatic
compounds. This includes high solubility in nonpolar
solvents.

The structure of the nickel complex is rather different,
since the metal ion is not as effectively “wrapped up” by
‘the ligand as in the ferrocene case. The complex is a near
square planar system, with all but the 3d.;: orbital
involved in bonding. The coordinatively unsaturated “faces”
of the nickel probably account for its very low solubility in
pure supercritical carbon dioxide.

It is possible for planar Ni(II) complexes to react with
adducts to form octahedral MXL,; systems. Presumably the
increase in solubility of the nickel complex when a modifier
is present is due to methanol solvating the two available
trans sites, and hence reducing the polarity of the complex.
However, the metal is still not as effectively enveloped by

the ligand as for iron, as indicated by the low solubility
compared to ferrocene.
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