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Abstract:

A method is described to accurately measure the compressibility of liquids using an analytical
ultracentrifuge. The method makes use of very large pressure gradients, which can be generated in the
analytical ultracentrifuge at high speeds to induce a maximum compression signal. Taking advantage of
the new Optima AUC, which offers 10 micron radial resolution, a novel calibration centerpiece for
measuring rotor stretch, and a speed ramping procedure, even the weak compressibility of liquids like
water, typically considered to be incompressible, could be detected. A model using the standard
expression for the secant-average bulk modulus describing the relative compression of a liquid in the
analytical ultracentrifuge is derived. The model is a function of the loading volume and the hydrostatic
pressure generated in the analytical ultracentrifuge, as well as the secant-average bulk modulus. The
compressibility of water and toluene were measured and the linear secant-average bulk modulus and
meniscus position were fitted. In addition to the measurement of the compressibility of liquids,
applications for this method include an improved prediction of boundary conditions for multi-speed
analytical ultracentrifugation experiments to better describe highly heterogeneous systems with
analytical speed-ramping procedures, and the prediction of radius-dependent density variations.
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Introduction:

Analytical ultracentrifugation (AUC) is a first-principle method for determining the hydrodynamic
properties of macromolecules. Sedimentation velocity (SV) experiments are used to measure the partial
concentration, the sedimentation coefficient, and the diffusion coefficient of each solute in a mixture.
From the sedimentation and diffusion coefficients additional information can be derived, such as the
frictional ratio, or anisotropy [1], the molar mass, the partial specific volume, and the hydrodynamic
radius [2]. The sedimentation and diffusion transport occurring in SV experiments is modeled by finite
element solutions of the Lamm equation [3, 4], using high resolution optimization approaches [1, 5, 6,
7, 8]. Any error in the transport coefficients will propagate to errors in the calculations of molar mass,
anisotropy and partial specific volume [9]. Errors in these observations result not only from
measurement errors caused by the instrument [10], but also from errors in the boundary conditions used
to solve the Lamm equation [11, 12]. Measurement errors caused by the instrument can be mitigated by
using appropriate calibration tools, and proper operation can be validated by implementing reliable
reference standards [9, 10]. Boundary conditions for solutions of the Lamm equation include
conservation of mass, as well as radial positions of the meniscus and the bottom of the AUC cell, and



are affected by rotor stretch and imprecision in the radial position detection. In addition, the meniscus
position is affected by compressibility of the solvent; as rotor speed increases, so does the hydrostatic
pressure, causing an outward displacement of the meniscus position. For multi-speed experiments, each
rotor speed will result in a different meniscus position, as the rotor stretches and the solution column
compresses. A challenge arises from the fact that the simulation of each speed step requires precise
simulation of the previous speed step in order to arrive at the appropriate concentration distribution in
the AUC cell at each radial point and time point in the multi-speed experiment. This means that the
boundary conditions of each speed step always differ, but must match the experimental data collected at
each step. This is only possible if both the rotor stretch and the compression of the solution column are
correctly considered for each speed. For a multi-speed experiment, fitting of the last speed requires
accurate simulation of all previous speed steps, which can only be done if the previous speed steps are
known, and their boundary conditions, acceleration rates, rotor speeds, and durations can be properly
simulated. Proper consideration of these variables will increase the reproducibility and remove
significant systematic errors that would otherwise be observed when fitting multi-speed experiments
[11]. For quality control applications employing AUC in the biopharma environment, where Good
Manufacturing Practices (GMP) must be followed, appropriate corrections for systematic errors are
essential to achieve GMP validation. Previous studies have shown that errors in the modelling of
sedimentation experiments that result from compressibility of aqueous solvents can lead to the
underestimation of sedimentation coefficients by ~1 % at speeds below 45 000 rpm. This
underestimation increases by 2 — 5 % with increasing rotor speed [13]. To aid in the proper calibration,
a calibration centerpiece for the analytical ultracentrifuge was developed, and used to determine rotor
stretching profiles in the AUC. Measurements on multiple rotors indicated that the rotor stretch from
titanium AUC rotors contributes a translocation of the boundary conditions of up to 305 microns at
maximum speed [9]. In this work the contributions of compressibility are considered, and a theory is
developed to predict the magnitude of this effect for AUC sedimentation velocity experiments.

Theory:

Compressibility is a fluid property related to the bulk modulus, denoted by K, reflecting the value of
the bulk modulus at ambient pressure. The bulk modulus is a measure of a material's resistance to
compression, and is an inherent property of all liquid and solid materials. The bulk modulus changes
as a function of pressure, which can be measured in an analytical ultracentrifuge. In response to
external pressure, a liquid will compress, which leads to a change in volume. If the force varies across a
solution column, the solution will develop a density gradient. In the analytical ultracentrifuge, the force
changes along the radial axis as a function of column height and distance from the rotor center. The
centrifugal force is given by w’r, where r is the distance from the rotor center, and w is the angular
velocity. At 60,000 rpm, the maximum speed possible in the Optima AUC, the observed force equals
262,000 g at 6.5 cm (the cell’s center), and 290,000 g at 7.2 cm (the cell’s bottom). Hence, the observed
volume change is a function of the solvent’s bulk modulus, the height of the solution column, and the
rotor speed. An expression can be derived that predicts the observed volume change in an analytical
ultracentrifuge cell. This volume change can then be fitted to data collected in an analytical
ultracentrifuge. Typically, a fluid is considered to be incompressible because it already is in a
compressed state. However, since the AUC can generate forces approaching 300,000 g when running at
its highest speed, the compression of liquids, in particular those of low density, can be observed. The
consideration of solvent compressibility is relevant to both organic solvents and aqueous solutions.
Since hydrodynamic modelling of sedimentation velocity experiments by whole boundary methods
requires precise boundary conditions, a quantitative approach that takes into account solvent
compressibility is required. Experimentally, in a multi-speed experiment the shift of the meniscus
position of the solution column in an AUC analytical cell can be used as a marker of this effect. The



standard deviation of repeat measurements of the meniscus position at a single speed is typically less
than the magnitude of the radial resolution of the Optima AUC instrument, which is 0.001 cm. In
addition to the change in volume due to compressibility, the observed meniscus position also shifts due
to the stretching of the rotor. In order to predict a correct meniscus position, it is therefore necessary to
model both effects. As described earlier [9], the shift in the radial position due to rotor stretch can be
reliably modelled by a second order polynomial (Equation 1):

r, = ro+s,(rpm) + s,(rpm)’

Equation 1
where 7; is the shift in radial position due to rotor stretch, and s; are the first and second order stretch
coefficients. The change of the volume as a function of pressure and the compressibility of the solvent
can be described by a simple linear-secant modulus equation, as given in Equation 2 [14]. For most
liquids, and within the pressures observed in the ultracentrifuge, a linear approximation explains the
change in bulk modulus well as a function of pressure:

K, ,—P
V=V,——
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Equation 2
where V) is the volume at zero pressure, and V' the observed volume at pressure P. Ksq is the secant-
average bulk modulus of the liquid from ambient pressure to P. For the magnitudes of pressures
generated in the analytical ultracentrifuge (typically less than 0.3 kbar, see Figure 1), this equation
describes the compressibility of most liquids well enough using just the first order term shown here.
Higher order P terms are required when pressures are significantly higher in other applications besides
analytical ultracentrifugation [15]. The volume of the solution column in the sector-shaped
compartment is given by:
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Equation 3

where / is the height, or pathlength of the centerpiece, 4 is the angle of the sector (6=2.5 degrees for a
standard Beckman epon 2-channel centerpiece), 7, is the radius at the bottom of the cell, and 7, is the
radius of the meniscus. Since the dimensions of the centerpiece do not change as a function of rotor
speed, and the absolute position of the centerpiece merely gets shifted, it is important to note that both
the bottom of the cell and the meniscus position need to be corrected for the rotor stretch, which
amounts to subtracting 7, (see Equation 1), before the volume change is calculated, leading to the rotor-
stretch corrected volume, V.:
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Equation 4

The pressure at a given radius r can be expressed by the well-known formula expressed in Equation 5
[13].

plr)=pw’(r’=r,)2
Equation 5

Where p is the density of the liquid. During an experiment, the volume above a radius r also
compresses, changing the total volume and the meniscus r,. This can be simulated numerically by
discretizing the volume, and iteratively solving Equation 3 to determine a radius for each volume
element, applying Equation 5 to determine the pressure, applying Equation 2 to determine the volume,



and finally updating the meniscus from the new total volume for the next iteration. Convergence is
reached when the meniscus position for the compressed solution column does not change on the next
iteration (practically, within a specified tolerance). Given experimental conditions (such as rotor speeds
and rotor stretch coefficients) and an initial volume ¥} and the secant-average bulk modulus Ksa, the
compression can be simulated as described above and compared with experimental data. To find the
best fitting compressed volume and bulk modulus, a search algorithm is used. Our current
implementation utilizes a bisection method iteratively and alternatively on V) and Ksq to find a best fit
to the experimental data. A nonlinear least squares gradient search method could also be used and may
converge faster. A routine to accomplish this task will be included in UltraScan [16]. It is important to
recall that the bulk modulus for a particular liquid varies as a function of pressure, and therefore it is
not constant across the radial range of the solution column in the AUC (see Figure 1). Hence, only the
secant-average bulk modulus can be directly observed when measuring changes of volume by
monitoring the change in the meniscus position in the ultracentrifuge. This effect is noticeable when
datasets with different column heights are compared (see Figure 2). Since the average pressure
observed in a particular cell is also a function of the solution column length, it explains that different
average bulk moduli can be observed when the loading volume varies from cell to cell.

Materials and Methods:

All experiments were performed using the Beckman Coulter Optima AUC™ at the Canadian Center for
Hydrodynamics (CCH) at the University of Lethbridge, Alberta, Canada. All measurements were
performed in the AN60Ti rotor, capable of a maximum speed of 60,000 rpm. Experiments were
performed in 12 mm epon charcoal centerpieces (Beckman Coulter, Indianapolis, USA), using sapphire
windows. Approximately 0.46 ml of each solution was loaded into each sector, the maximum amount
of volume that can be filled into a 12-mm standard double sector centerpiece, while still being able to
observe a meniscus. By filling both sectors of the cell, two samples per cell can be measured. All scans
were collected on a Beckman-Coulter Optima AUC using UV/visible optics, operated in intensity
mode, and collecting data in the visible range at 410 nm, which maximizes the peak of the meniscus

signal for both water and toluene. Previously reported density and K, bulk modulus are shown in Table
1.

Table 1: Properties of water and toluene at 20° Celsius.

Solution | Density (g/cm?) Bulk Modulus (Kj, 1x10° N/m?) Reference
Water 0.998234 2.17 17,18, 19
Toluene 0.87 0.89 20

The rotor speed was started at 3,000 rpm and changed to 60,000 rpm, over 58 steps of 1,000 rpm
increases. The radial scanning interval was set to 0.001 cm, the AUC's maximum resolution, taking at
least 5 scans for each speed after waiting for 15 minutes to ensure rotor stretch equilibration at each
speed. To test the reversibility of the observed volume change after reaching 60,000 rpm, a reverse
measurement was immediately performed, where the speed was reduced in 58 increments of 1,000 rpm
to 3,000 rpm. To determine the rotor stretch coefficients, a calibration centerpiece can be measured
prior to or during the experiment to determine the rotor stretch coefficients (see Equation 1) as
described in [9]. The rotor stretch was subtracted from the experimental data before analyzing the bulk
modulus and volume of each sample (Figure 3). All experiments were performed at 20°C, and for all
calculations a density of 0.998234 g/ml was assumed for pure water, and 0.87 g/ml for toluene. The cell
bottom was measured by scanning a centerpiece on a high resolution flatbed scanner (3,200 DPI),
assuming a 6.5 cm center at rest, and using Euclidian geometry to measure the cell bottom position



(7.1897 cm).

Results:

The recorded meniscus positions displayed a characteristic shift of the meniscus as a function of rotor
speed, reproducibly showing the same minimum near the meniscus for scans performed at the same
speed (see Figure 4). A routine was developed in UltraScan [16] which averages the minima from each
scan shown in Figure 4 and reports the minimum positions at each speed. As can be seen in the zoom of
the meniscus region in Figure 4, individual scans at each speed are highly reproducible in reporting the
same meniscus position, an indicator for the robustness of this approach when using the Optima AUC.
The older Beckman Proteomelab models have a lower resolution (0.003 cm) and are far less
reproducible in their radial observations because they are not equipped with digital stepping motors,
and are likely not sufficiently reliable for this approach. Our results showed that meniscus
displacements below 10,000 rpm were either too small to be measured or not reproducible enough to be
included in our fitted data. Hence, we included data between 10,000-60,000 rpm only in our fits. A plot
of the observed speed-dependent meniscus positions for multiple samples of toluene and water with
different loading volumes are shown in Figure 5. A comparison of the forward and reverse speed
direction revealed minimal, but measurable differences, leading to slightly different values of V, that
consistently tended to be lower for the reverse direction (see Figure 6). One possible explanation could
be evaporation or micro-leakage, but the effect was smaller for toluene (0.5 um) than for water (24.9
and 22.4 um), even though toluene has a higher vapor pressure (22 mm Hg for toluene vs. 17.54 mm
Hg for water), suggesting that evaporation is unlikely the cause. Furthermore, the curvature of the plot
for the observed meniscus position as a function of rotor speed increased slightly, suggesting that the
bulk modulus also would change. This change was consistently observed across all samples. As
expected, the analysis of the rotor-stretch corrected data by the method described above provided a
lower secant-average bulk modulus for both solvents (see Table 1) as a result of the expected change in
the pressure when compared to the K, value. To emphasize the linearity of our observations, we plotted
the rotor-stretch corrected data against the square of the rotor speed, resulting in linear plots. An
example of the two-dimensional fit of the volume and secant-average bulk modulus for the forward and
reverse speed stepping of water and toluene is shown in Figure 7. The fitted values for the secant-
average bulk modulus, the meniscus position, and the volume at zero speed for all datasets are listed in
Table 2.

Table 2: Compressibility measurements of water and toluene at 20° Celsius. Sample names refer to the
position in the cell (1-4, cell 1B leaked), the channel (A or B), Toluene (T) or Water (W), and forward
(F) or reverse (R) speed direction.

Sample: |K., N/m?® x 10° | Bottom pressure (bar): | Volume (ml): | Meniscus (cm): | A Density g/cm®
1A (T, F) 0.719 278.396 0.422 5.964 0.016719
1A (T, R) 0.722 278.177 0.422 5.965 0.016625
2AW, F) 1.26 342.343 0.453 5.866 0.013420
2A (W, R) 1.39 341.779 0.452 5.869 0.012125
2B (W, F) 1.06 346.383 0.458 5.849 0.016154
2B (W, R) 1.18 345.648 0.457 5.852 0.014422
3A (T, F) 0.735 285.661 0.434 5.929 0.016784
3A (T, R) 0.750 285.418 0.433 5.928 0.016416




3B (T, F) 2.40 259.464 0.340 6.055 0.004608
3B (T, R) 2.51 259.318 0.394 6.055 0.004386
4A (W, F) 1.66 342.188 0.453 5.867 0.010111
4A (W, R) 1.95 341.62 0.452 5.870 0.008584
4B (W, F) 1.22 349.927 0.463 5.834 0.014111
4B (W, R) 1.33 349.401 0.462 5.837 0.012962
1A (W,F) 2.22 302.649 0.400 6.033 0.006856
1A (W,R) 2.18 302.537 0.400 6.034 0.006976
1B (T,F) 0.96 268.724 0.408 6.010 0.012355
1B (T,R) 1.08 268.219 0.407 6.012 0.010921
2A (W,F) 1.11 173.558 0.230 6.551 0.007876
2A (W,R) 1.74 173.069 0.229 6.553 0.004986
3A (W,F) 1.53 325.835 0.431 5.935 0.010766
3A (W,R) 1.61 325.448 0.430 5.937 0.010206
3B (T,F) 0.75 291.676 0.443 5.898 0.017372
3B (T,R) 0.79 291.121 0.442 5.901 0.016245
4A (W,F) 1.33 188.838 0.250 6.492 0.007116
4A (W,R) 1.54 188.487 0.249 6.498 0.006146
Discussion:

We report here a novel use of the Beckman Optima analytical ultracentrifuge for the measurement of
the compressibility of liquids. To quantify the compressibility, we report the measurement of the
secant-average bulk modulus of liquids which can compare the compressibility of different liquids
under identical conditions (same rotor speed variations, same column lengths, same temperature). The
ultracentrifuge can generate sufficiently high pressures to cause liquids to compress to a degree that can
be accurately measured thanks to the high radial resolution afforded by the latest generation of
analytical ultracentrifugation instruments, the Beckman Optima AUC, which provides 0.001 cm radial
resolution. As is shown in Figure 7, our two-dimensional fitting approach for secant-average bulk
modulus and sample volume produces a linear correlation between meniscus position and the square of
the rotor speed. From the results reported in Table 2 for multiple measurements with different loading
volume, we observe the following trends:

1. As expected, toluene consistently reports a lower bulk modulus than water, indicating stronger
compressibility than water.

2. There is a small reduction in volume for the reverse direction visible for all samples, suggesting a
consistent change in the sample. The observed change appears to be more significant for water. We
did not find an explanation for this observation.

3. A longer solution column provides better signal on the compressibility, as stronger pressures are
generated, causing more compression. This increase in pressure consistently leads to an increase in
the secant average bulk modulus.

4. Our model predicts the expected pressure variation across the solution column and calculates a
secant average bulk modulus over the entire column, reflecting changes in the compressibility of



the type of liquid under investigation, rotor speed, and the column height.
5. The outlined approach will accurately model the compression of the solution column, and provide
reliable boundary conditions for the simulation of multi-speed sedimentation velocity experiments.
6. Our model reports the density variation as a function of radius, which can be used to more
accurately model the solvent density corrections for s.,» values observed at different positions in
the cell. The density change between ambient conditions and 60,000 rpm at the bottom of the
solution column are approximately 1.9% for toluene and 1.3% for water.
We propose that the compressibility of solvents employed in multi-speed experiments could be
characterized by measuring them with different loading volumes, using the described approach to
determine their secant-average bulk modulus as a function of column height. The obtained correlation
between secant-average bulk modulus and the loading volume can be fit to an interpolating function to
provide Ksq for any V), of interest, predicting the expected meniscus offset from the theoretical
meniscus at rest under ambient conditions for any speed and any loading volume. This offset must be
added to the offset from the rotor stretch function to arrive at the correct meniscus position for any
speed. These offset values, in turn, will provide accurate boundary conditions for fitting multi-speed
sedimentation velocity experiments to finite element solutions of the Lamm equation. Furthermore, if
the density increment for each radial position predicted by our model is large enough to cause a
measurable difference in sedimentation speed between ambient conditions and at the bottom of the cell,
finite volume modules could be used to model the local effect of increased density towards the bottom
of the cell.
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Figure 1: Plot of the pressures in bar generated inside the analytical ultracentrifugation cell as a
function of rotor speed in a water sample with a meniscus at 5.8270 cm and cell bottom at 7.1897 cm.
The average pressure (red line) is obtained by integrating the pressure along the radial dimension,
and maximum pressure (blue line), observed at the bottom of the cells solution column. Since the
pressure changes as a function of radial distance as well, a different average bulk modulus will be
determined for the same substance as the column height varies between experiments.
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Figure 2: Comparison of solvent compression as a function of column height. Displacements shown
have had their fitted meniscus position at zero speed subtracted for easier comparison. Data shown
are for toluene with a meniscus position of 5.928 (red) and 6.052 (blue). A longer column (larger V)
results in a steeper curvature due to higher average hydrostatic pressure (also see Figure 1), resulting
in a different secant-average bulk modulus.
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Figure 3: Rotor stretch correction of compressibility data: All measurements (toluene, blue) are
convoluted with the rotor stretch (black line) which needs to be subtracted first to interpret the effect
of compressibility to obtain a rotor stretch corrected dataset (red). For easier comparison, the rotor
stretch function is offset by the meniscus position at zero RPM for this dataset (magenta line).
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Figure 4: Meniscus positions of toluene measured in the analytical ultracentrifuge in intensity mode
at rotor speeds from 10,000 rpm (orange, left) — 60,000 rpm (green, right). A shift to the right is
clearly visible, with slightly increasing spacing, corresponding to the quadratic increase in rotor force
and the solution compressibility.
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Figure 5: Meniscus positions measured from the forward-speed experiments with toluene and water
samples as a function of speed from 10,000 rpm — 60,000 rpm (filled circles). The numbers in the
legend indicate the meniscus positions observed at 3,000 rpm, a second order polynomial fit is shown
for each data set that is extrapolated to the predicted meniscus position at zero rpm (solid lines). A
slight increase in the curvature is apparent with increasing column length due to the increase in

pressure (also see Figure 1 and Figure 2).
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Figure 6: Comparison of the compressibility of water between the forward (red) and reverse (blue)
speed direction experiments. Consistently, a shorter solution column is observed in the reverse speed
direction, leading to a slightly larger meniscus position.
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Figure 7: Two-dimensional fits for volume and secant-average bulk modulus of toluene (green:
forward speed, black: reverse speed) and water (rved: forward speed, blue: reverse speed). Rotor
stretch was subtracted before the fit. When plotted against the square of the rotor speed the data
exhibit linear characteristics. The slope is proportional to the bulk modulus, while the intercept at
zero RPM indicates the fitted meniscus position and volume of the cell. Forward and reverse speed
directions generate slight differences in fitted volume and bulk modulus as indicated by slightly
different slopes and intercepts. The amount of observed change is larger for water than for toluene
(also compare Figure 6).







1 Gorbet G., T. Devlin, B. Hernandez Uribe, A. K. Demeler, Z. Lindsey, S. Ganji, S. Breton, L. Weise-
Cross, E.M. Lafer, E.H. Brookes, B. Demeler. A parametrically constrained optimization method for
fitting sedimentation velocity experiments. Biophys. J. (2014) Vol 106(8), ppl1741-1750
dx.doi.org/10.1016/j.bpj.2014.02.022

2 Demeler B., Nguyen TL, Gorbet GE, Schirf V, Brookes EH, Mulvaney P, El-Ballouli AO, Pan J,
Bakr OM, Demeler AK, Hernandez Uribe BI, Bhattarai N, and RL Whetten. Characterization of
Size, Anisotropy, and Density Heterogeneity of Nanoparticles by Sedimentation Velocity. Anal
Chem. 2014 Aug 5;86(15):7688-95.

3 Cao W, Demeler B. Modeling analytical ultracentrifugation experiments with an adaptive space-time
finite element solution of the Lamm equation. (2005) Biophys J. 89(3):1589-602.

4 Cao, W and Demeler B. Modeling Analytical Ultracentrifugation Experiments with an Adaptive
Space-Time Finite Element Solution for Multi-Component Reacting Systems. Biophys. J. (2008)
95(1):54-65

5 Brookes E, Demeler B. Parsimonious Regularization using Genetic Algorithms Applied to the
Analysis of Analytical Ultracentrifugation Experiments. GECCO Proceedings ACM 978-1-59593-
697-4/07/0007 (2007)

6 Kim H, Brookes E, Cao W, Demeler B. Two-dimensional grid optimization for sedimentation
velocity analysis in the analytical ultracentrifuge. Eur Biophys J. 2018 Oct;47(7):837-844.

7 Demeler B, Brookes E, Nagel-Steger L. Analysis of heterogeneity in molecular weight and shape by
analytical ultracentrifugation using parallel distributed computing. Methods Enzymol. 2009. 454:87-
113.

8 Demeler B and E. Brookes. Monte Carlo analysis of sedimentation experiments. Colloid Polym Sci
(2008) 286(2) 129-137

9 Stoutjesdyk M, Henrickson A, Minors G, Demeler B. A calibration disk for the correction of radial
errors from chromatic aberration and rotor stretch in the Optima AUC™ analytical ultracentrifuge.
Eur Biophys J. 2020 May 9. doi: 10.1007/s00249-020-01434-z.

10 Zhao H, et al. A Multilaboratory Comparison of Calibration Accuracy and the Performance of
External References in Analytical Ultracentrifugation. PLoS One. 2015 May 21;10(5):e0126420.
doi: 10.1371/journal.pone.0126420. eCollection 2015.

11 Gorbet GE, Mohapatra S, Demeler B. Multi-speed sedimentation velocity implementation in
UltraScan-II1. Eur Biophys J. 2018 Oct;47(7):825-835.

12 Williams TL, Gorbet GE, Demeler B. Multi-speed sedimentation velocity simulations with
UltraScan-III. Eur Biophys J. 2018 Oct;47(7):815-823. doi: 10.1007/s00249-018-1308-0. PMID:
29748855

13 P. Schuck. A model for sedimentation in inhomogeneous media. II. Compressibility of aqueous and
organic solvents. Biophysical Chemistry. 108 (2004) 201- 214

14 Hayward, A. T. (1967). Compressibility equations for liquids: a comparative study. British Journal
of Applied Physics, 18, 965-977.

15 Hayward, A. T. (1967). Compressibility equations for liquids: a comparative study. British Journal
of Applied Physics, 18, 965-977.

16 Demeler B., and G. Gorbet. Analytical Ultracentrifugation Data Analysis with UltraScan-III. Ch. 8§,
In Analytical Ultracentrifugation: Instrumentation, Software, and Applications. Eds: Uchiyama S.,
Stafford W. F. and T. Laue. Springer, 119-143 (2016)

17 Millero, F. J., Curry, R. W., & Drost-Hansen, W. (1969). Isothermal Compressibility of Water at
Various Temperatures. Journal of Chemical and Engineering Data, 14(4), 422-425.

18 Fine, R. A., & Millero, F. J. (1973). Compressibility of Water as a Function of Temperature and
Pressure. J. Chem. Phys., 59, 5529.



19 Kell, G. S. (1975). Density, Thermal Expansivity, and Compressibility of Liquid Water from 0 C to
150 C: Correlations and Tables for Atmospheric Pressure and Saturation Reviewed and Expressed
on 1968 Temperature Scale. Journal of Chemical and Engineering Data, 29(1), 97-105.

20 Daridon, J.-L., & Bazile, J.-P. (2018). Computation of Liquid Isothermal Compressibility from
Density Measurements: An Application to Toluene. Journal of Chemical and Engineering Data, 63,
2162-2178.



