PHYSICAL REVIEW LETTERS 120, 145701 (2018)

Densification of Supercritical Carbon Dioxide Accompanied
by Droplet Formation When Passing the Widom Line

Vitaliy Pipich1 and Dietmar Schwahn®"
lForschl,mgszentrum Jiilich GmbH, Jiilich Centre for Neutron Science (JCNS) at Heinz Maier-Leibnitz Zentrum (MLZ),
Lichtenbergstrafie 1, D-85748 Garching, Germany
*Technische Universitiit Miinchen, Forschungs-Neutronenquelle Heinz Maier-Leibnitz (FRM 1I),
James-Franck-Strafie 1, D-85748 Garching, Germany

® (Received 20 November 2017; revised manuscript received 23 January 2018; published 5 April 2018)

Thermal density fluctuations of supercritical CO, were explored using small-angle neutron scattering
(SANS), whose amplitude (susceptibility) and correlation length show the expected maximum at the
Widom line. At low pressure, the susceptibility is in excellent agreement with the evaluated values on the
basis of mass density measurements. At about 20 bar beyond the Widom line, SANS shows the formation
of droplets accompanied by an enhanced number density of the supercritical fluid. The corresponding
borderline is interpreted as a Frenkel line separating gas- and liquidlike regimes.
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Introduction.—Supercritical carbon dioxide (CO,) is a
relevant solvent in industrial application. It is classified as a
“green” solvent because of its nontoxicity, chemical sta-
bility, and reusability [1]. Among many other studies there
are extensive small-angle neutron scattering (SANS)
experiments studying the solution properties of polymers
in supercritical CO, [2]. This Letter presents a SANS study
about supercritical CO,, exploring thermal density fluctu-
ations as a function of external pressure along an isothermal
pathway.

The pressure-temperature plane of the CO, phase dia-
gram is shown in Fig. 1. The gas-liquid and liquid-solid
phase boundaries are plotted as bulky solid lines [3].
The coordinates of the critical point are T = 31 °C and
P-=73.8 bar. Beyond the critical point, one has the
supercritical fluid region. In classical thermodynamics,
one learns that supercritical fluids represent a homogeneous
phase, allowing a continuous transformation of the gas
phase to the liquid phase without passing the first
order phase transition line. Supercritical fluids, however,
show more complex phase behavior, as has been shown
quite recently in the context of the Widom and Frenkel lines
[4,5]. The Widom line, plotted as dashed line, represents a
continuation of the gas-liquid line beyond the critical point
and is defined as the maximum of thermodynamic response
functions. It does not represent a singularity and therefore
no borderline of second order phase transition [6]. In our
case, the Widom line is evaluated from the compressibility
taken from [3] [see also Eq. (S-1) in the Supplemental
Material [7] ], as this parameter is measured in scattering
experiments. The Frenkel line is defined as a borderline
separating the two dynamically distinct phases of gas- and
liquidlike behavior [4,8-10]. In the gas- and liquidlike
regimes, the motion of molecules is purely diffusive and
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diffusive as well as solidlike vibrational, respectively. A
similar borderline (Fisher-Widom line) was proposed by
Fisher and Widom, defining gas- and liquidlike regimes
on basis of the, respectively, monotonic and oscillatory
asymptotic decay of the pair correlation function [11,12].
Three Frenkel lines are copied in Fig. 1, evaluated from
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FIG. 1. Temperature-pressure plane of the CO, phase diagram.
The bulky solid lines show the liquid-solid and gas-liquid phase
boundaries and the critical point. The dashed line shows the
Widom line derived from isothermal compressibility [3], whereas
three Frenkel lines derived from MD simulations are depicted by
dashed-dotted lines. The Frenkel line depicted with solid circles
and squares was derived from isochoric heat capacity in [8], with
triangles from the velocity autocorrelation function in [10], and
with the purely dashed-dotted line on the basis of a Lennard-
Jones fluid [Fig. 18(a) of [4]]. The positions of SANS meas-
urement are shown by the open stars and the experimental
Frenkel line is indicated by the arrow.
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molecular dynamic (MD) simulation. The Frenkel line,
depicted as solid squares and spheres, was determined on
the basis of isochoric heat capacity (Figs. 4 and 8 in [8]),
the dashed-dotted line was evaluated for a Lennard-Jones
fluid [Fig. 18(a) in [4] ], and the triangles on the basis of the
velocity autocorrelation function [Fig. 2(a) in [10] ].

The SANS experiments were performed at 45 °C and at
pressure fields between 60 and 460 bar, i.e., at T/T, =
1.046 and P/P. = 0.81-6.23, shown by the open stars in
Fig. 1, and determines the Widom line at 97 bar
(P/P:-=1.31) and the Frenkel line at about 120 bar
(P/Pc = 1.63). The Frenkel line was identified from the
formation of droplets and a number density larger than
predicted from equation of state theories.

Experimental.—The SANS experiments were performed
at KWS 1 operated by JCNS at MLZ (FRM II) in Garching
at a sample-to-detector distance of 1.70 m and a few times
at 7.70 m in order to reach smaller scattering angles [13].
The neutron wavelength was 5 A with AA/A = 10%. The
pressure cell was particularly designed for SANS experi-
ments, with two sapphire windows allowing a 4 cm
diameter area for neutrons to pass and a 0.4 cm thickness
for the gas. This cell allows a pressure up to 500 bar.
Temperature and pressure show an estimated absolute error
of £1 K and =£2 bar. The SANS data were corrected
for background scattering and detector efficiency and
calibrated in absolute units using a secondary standard.

Carbon dioxide (type 5.3) of purity better than 99.9993%
was purchased from Linde AG (Munich, Germany).
Relevant parameters of CO, for neutron scattering experi-
ments are compiled in Supplemental Material Table SI [7].
The covolume of CO, molecules is related to the van der
Waals parameter b being approximately four times larger
than the molecular volume {2 (see for e.g., Chapter 10.3 in
[14]). The coherent scattering length was determined from
the values of carbon and oxygen given in [15], according to
bco, = bc + 2bg. The incoherent scattering dX/dS)y, is
negligible (Supplemental Material Table SI).

Theoretical background.—Thermal density fluctuations
in supercritical CO, give rise to scattering of neutrons as
described by the Ornstein-Zernike (OZ) law in Eq. (1). The

dz/dQ(Q) = dz/dQ(0)/[1 + (£Q)*] (1)

differential macroscopic cross section dX/dQ(Q) repre-
sents the scattered intensity per unit volume in units of
cm™!. It is measured as a function of the modulus of
scattering vector Q determined as |Q| = (4z/4)sin(5/2)
from the neutron wavelength 1 and the scattering angle §.
dx/dQ(Q) delivers two parameters, namely, dX/dQ(0)
and the correlation length & of thermal fluctuations. The
structure facture factor S(Q) is connected to dX/dQ(Q)
via S(Q) = dX/dQ(Q)/K, with the contrast factor K =
n(P) x [bco,)* describing the interaction of neutrons and
the atoms of CO, [16]. The present experiment was

performed at constant volume V and temperature 7', which
means that the scattering of neutrons is caused by CO,
number density fluctuations.

The structure factor at Q =0, ie., S(Q=0), is a
susceptibility for which molecular gases and fluids are
determined according to Eq. (2) by the mean square

on

S(O> - <AN2>/<N> = kBTa—P TV,

(2)

deviation of molecular number N as well as the product of
the Boltzmann constant kg, absolute temperature 7, and
first derivative of the number density n(P)(= (N)/V) with
respect to P. Equation (2) represents a fluctuation dis-
sipation theorem as outlined in [14] (pp. 103 and 337). This
means that S(0) can be evaluated on basis of the isothermal
number density n(P) known from the equation of state
determination, such as found in [17].

At larger pressure fields, we observe the formation of
larger scattering units, which will be analyzed with the
scattering law of Eq. (3) formulated as a combination of

j—é (Q) = j—é (0) exp(—u?/3) + Py{[erf(u/\6)]’/ 0}
(3)

Guinier and Porod laws [16], representing a convenient
form analyzing a scattering pattern over a larger Q regime
[18]. The parameter u = R,Q determines the radius of
gyration R,, whereas d%/dQ(0) = ®VpAp? and Py =
2nSpAp? represent the scattering at Q =0 and the
Porod constant in the case of a smooth particle surface,
respectively. Both parameters determine the droplet volume
fraction @, volume Vp, and total surface Sp per unit
volume. The scattering contrast Ap? is determined from the
difference of the coherent scattering length densities of the
droplet D and supercritical fluid F, i.e., Ap = [pp — pF]
[15]. For CO,, one has pp p = np p X bco, (np p number
density of CO, in phase D and F) and therefore the
simplified expression Ap = pr[An/ng].

SANS data.—CO, was measured at constant temperature
(45 °C) and external pressure fields between 60 and 460 bar.
Figure 2(a) shows the scattering data in Zimm representa-
tion measured at short sample-to-detector distance. The
data at and below 120 bar follow the Ornstein-Zernike
law (2) over the whole Q range, delivering the extrapolated
scattering cross section at Q =0 [dX/d2(0)] and the
correlation length & of thermal density fluctuations. At
150 bar and beyond, we observe at low Q a continuously
increasingly deviation from the OZ law, indicating for-
mation of new scattering centers of larger size. In Fig. 2(b),
these data are complemented with data obtained at larger
sample-to-detector distance, i.e., smaller Q. The data
were fitted with Eq. (3), considering the scattering from
thermal fluctuations depicted as dashed-dotted lines. The
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FIG. 2. Scattering data in (a) Zimm and (b) linear representa-
tion. The Zimm plot shows data from all pressure fields. At
120 bar and below the data are following straight lines, as
expected from thermal fluctuation. Beyond 120 bar, strong
deviation from the straight lines is observed. These data, together
with two data sets measured at larger detector-to-sample distance,
are depicted in (b) showing formation of droplets.

corresponding fits shown by the solid lines well describe
the scattering data.

Data analysis.—The parameters of the OZ fits are
depicted in Fig. 3(a), showing the extrapolated scattering
cross section dx/d€2(0) and correlation length & (see also
Supplemental Material Table SI [7]). Both parameters show
a distinct peak near 90 bar, indicating the nearby Widom
line. The solid line in Fig. 3(a) represents dX/d$(0)
evaluated on the basis of Eq. (2) from the first derivative
of n(P) with respect to the pressure P (On/0P|y ;) and
parameters in Table SII.

The number density n(P) was derived from the iso-
thermal (45 °C) mass density taken from [17] and plotted
together with On/OP|y ; as solid lines in Fig. 3(b),
determining the Widom line at 99.5 bar. Both values of
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FIG. 3. Susceptibility and correlation length of thermal density

fluctuations. (a) The data with solid circles and stars were
measured at 1.70 and 7.70 m detector-to-sample distances,
respectively. The solid line describing the susceptibility was
evaluated on the basis of the number density n(P) depicted in (b)
and determined from equation of state theory. The maximum of
On/OP|y p and d%/d2(0) of both figures represent the Widom
line at 45°C. The dash-dotted lines represent corrections of
n(P) above 120 bar on the basis of the SANS data, indicating a
larger number density. The vertical lines at 120 bar in (a) and
(b) represent the Frenkel line at 45 °C.

excellent quantitative agreement in the lower pressure
regime. However, beyond 120 bar, a larger “SANS” sus-
ceptibility between 23% and 88% is measured if compared
with the “equation-of-state”” values and which corresponds to
an enhanced CO, density of about 10% at P = 460 bar
(Supplemental Material Table SII). The enhanced densifi-
cation of supercritical CO, is accompanied by formation of
larger scattering centers, which we interpret as droplets. As
the SANS susceptibility was determined from the OZ law at
0 > 0.08 A™! [Fig. 2(a)], the larger On /0P|, and thereby
n(P) corresponds to the supercritical fluid. Both numbers
are depicted as dashed-dotted lines in Figs. 3(a) and 3(b), the
first one describing correctly the experimental SANS sus-
ceptibility. It has to be mentioned that the SANS suscep-
tibilities indicated by the star symbol in Fig. 3(a) were
measured at smaller Q after having finished all the “large” Q
experiments (solid circles) demonstrating dissolution of the
CO, droplets when passing back into the gaslike region.

The corresponding fit parameters of the droplets, such as
radius of gyration R, and extrapolated forward scattering
[dX/d2(0)], are plotted in. 4(a) and 4(b) versus pressure
and mass density, as well as compiled in Supplemental
Material Table SIII. The size of the droplets only slightly
increases from about 35 to 44 A, whereas the correlation
length declines from about 4.5 to 3.1 A similar to the
susceptibility when removed from the Widom line. The
triangle in Fig. 4 represents R, determined from the ratio of
d%/d€2(0) and the second moment of the scattered intensity
Q2 [Supplemental Material Eq. (S-2) and Tables SIII and
SIV] confirming the determined ones (solid circles) on the
basis of Guinier’s law (4).

The scattering from the droplets at Q = 0 depends on
their volume and volume fraction, as well as on scattering
contrast, as outlined in the theoretical part. The dashed line
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FIG. 4. Radius of gyration and scattering intensity at Q = 0 of
the droplets versus pressure (a) and density (b). R, indicated by A
was determined from the ratio of dX/dQ(0) and Q2 (see
Tables SIII and SIV in the Supplemental Material). The fit of
dx/df2(0) with an exponential (dashed line) is a guide for the
eye, showing constant values above 250 bar. The zero intensity at
120 bar corresponds to a density of 0.658 g/mL. The arrow
shows the position of the Widom line at 99.5 bar and
0.487 g/mL.
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in the lower part of Fig. 4 represents an exponential fit
serving as guide for the eye; it starts at 120 bar and becomes
fairly constant beyond 250 bar. As the droplets are rather
constant in size, the increase of droplet scattering is mainly
determined from the product of droplet volume fraction @,
and scattering contrast Ap”>. The second moment Q2 in
Supplemental Material Table SIII allows evaluation of
droplet volume fraction @, in the case of known number
densities of both phases [Supplemental Material Eq. (S-2)].
In the present case, we do not know np,(P) nor the volume
fraction @, of the droplets. According to Eq. (S-2) we can
only give a relationship between @, and the absolute value
of n;(P) according to ®, = A/[An/ng]* with An =
(np —ngp) and A:=Q2/(2n’p%), assuming a small ®.
For a 10% difference of np with respect to np, and
considering the parameter A in Supplemental Material
Table SIV, we evaluate an average droplet volume fraction
of 0.4%.

Summary and discussion.—The essential result of the
present SANS experiment is the observation of a phase
transition at a pressure field slightly above the Widom line.
The change of phase appears as a formation of low
concentration droplets of about 100 A diameter and a
10% increase of particle number density of the supercritical
fluid at 460 bar if compared with the predicted one from
equation of state theories [17]. We interpret this phase
boundary as the Frenkel line.

Recent experimental studies confirm structural changes
in supercritical fluids. Acoustic waves combined with MD
simulation and inelastic x-ray scattering in supercritical
argon shows sharply enhanced positive dispersion when
crossing a line identified as the Widom line [5]. Another
study determined interatomic distances of supercritical
argon performing x-ray diffraction in a Q range from 1
t0 6.5 A~' [19]. A continuous change of molecular distance
was reported when passing the Frenkel line. A pathway
along the Frenkel line was chosen, first in the liquidlike
regime and then after passing the Frenkel line in the gaslike
regime. In this way, a stronger variation of the position of
interference peak was detected in the gaslike regime,
thereby indicating different molecular densities on both
sides of the Frenkel line. Such structural change confirms
our observation of enhanced CO, number density when
passing the Frenkel line [19,20]. To our knowledge, droplet
formation was not observed before. Both mentioned experi-
ments are not sensitive to larger objects because their
experiments were performed at too large Q on the order
of ~1 A7%.

Several MD simulations were undertaken to determine
the Frenkel line of supercritical CO,, as depicted in the
phase diagram (Fig. 1) [4,8,10]. The Frenkel line by Fomin
et al. has been determined on the basis of isochoric heat
capacity (see Figs. 4 and 8 in [8]) and is depicted with solid
squares and circles. These data differ from the Frenkel line
determined by Yang et al. [10] (solid triangle) using the

velocity autocorrelation function as the criterion; their
Frenkel line already starts at 0.7-0.87 - at P, showing
a similar slope as the former one, but shifted to about 160 K
lower temperature. The third Frenkel line (dashed-dotted
line) was evaluated for a Lennard-Jones fluid and taken
from Fig. 18(a) in [4]; it crosses 45 °C at about 138 bar, very
near to the SANS value. A Frenkel line of supercritical CO,
was also determined by Bolmatov et al. on the basis of the
speed of sound, as shown in Figs. 5 and 6 in [20], showing
a similar shape as the Widom line, but shifted to slightly
larger temperature.

A comparison of the Frenkel lines in Fig. 1 shows that
MD simulations deliver very uncertain results, which seem
to strongly depend on the criterion used. This situation
particularly underlines the relevance of experimental proof
such as performed in the present Letter. This experiment,
however, can only be a first step. More SANS experiments
are necessary in order to determine the Widom and Frenkel
lines at several temperatures beyond 7. Those experi-
ments are demanding, as the Frenkel line represents a
borderline of continuous structural transition, as shown for
the droplet formation in Fig. 4. Narrow pressure steps in
combination with good statistical accuracy of the SANS
data are needed in the region of the Widom line and
structural transition. Such data may help to find a proper
criterion for MD simulation, as well as clarify the relation-
ship between the lines named after B. Widom and J.
Frenkel.
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