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Abstract

Dynamic light scattering (DLS) stands as a powerful and well-established
experimental technique for accurately determining transport and further
thermophysical properties of pure fluids and fluid mixtures across a broad
range of thermodynamic states. DLS, in contrast to conventional tech-
niques relying on macroscopic gradients, proves particularly useful for
determining thermal and mutual diffusivities near or within the two-phase
region and in proximity to the critical point — where gradient-based tech-
niques falter. Despite its utility, the DLS technique has limitations under
certain conditions. It is not always possible to observe the expected
number of signals or to unambiguously classify the signals obtained
from experiments with respect to thermal and mutual diffusivities.
Generally, the capabilities and limitations of DLS for the simultaneous
determination of thermal and mutual diffusivities of fluid mixtures have
not yet been fully explored.

This thesis aims to highlight which factors influence the feasibility of a
simultaneous determination of thermal and mutual diffusivities in homo-
geneous molecular fluid mixtures through DLS. The focus is primarily on
binary fluid mixtures, but certain aspects related to multicomponent
mixtures are also discussed. Considering both theory and the experimental
implementation of DLS, this thesis explores selected model systems
consisting of methane and propane as well as binary mixtures of liquids
with dissolved gases, facilitating fundamental investigations into different
influencing factors. It also delves into various systems relevant for process
and energy technologies which often have a technical nature. This includes
systems relevant to the anticipated transition into a renewable energy
economy, such as mixtures related to biofuels, electrolytes, and liquid
organic hydrogen carriers, and to the geological storage of hydrogen.
Additionally, mixtures related to natural gas and polymer melts with dis-
solved blowing agent are explored by DLS. Investigations are conducted
across a wide range of thermodynamic states, encompassing temperatures
between (280 and 560) K, pressures between (0.030 and 20) MPa, and
compositions spanning mole fractions between about (0.002 and 0.995).
This endeavor not only significantly expands the database of reliable diffu-
sivity data but frequently showcases, for the first time, the applicability of
DLS to the respective system.

The accessibility of specific diffusivities is strongly related to the location
of the investigated thermodynamic state point relative to the phase
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Abstract

envelope of the mixture. In most cases, the simultaneous determination of
thermal and mutual diffusivities hinges primarily on the signal-to-noise
ratio, as well as the amplitudes and temporal spacing of the individual con-
tributions. Drawing on insights gained from the various studies, an over-
view of the types of accessible diffusivities and their related uncertainties
in different fluid classes and thermodynamic fluid states is presented.
Relative experimental uncertainties of the diffusivities typically range
between (0.6 and 15)%, but can also be as high as 100% under certain con-
ditions. Additionally, a signal attribution strategy is developed, which is
universally applicable to any binary fluid mixture.
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Kurzdarstellung

Die Dynamische Lichtstreuung (DLS) ist eine leistungsfihige und eta-
blierte experimentelle Technik zur genauen Bestimmung von Transportei-
genschaften sowie weiterer thermophysikalischer Eigenschaften reiner Flu-
ide und deren Gemische tiber weite Zustandsbereiche. Im Gegensatz zu
konventionellen Techniken, die auf makroskopischen Gradienten basieren,
erweist sich die DLS als besonders niitzlich fiir die Bestimmung von
Temperaturleitfahigkeit und Massendiffusionskoeffizienten in der Nahe
oder innerhalb des Zweiphasengebietes sowie in der Nahe des kritischen
Punkts - wo gradientenbasierte Techniken versagen. Trotz ihrer weiten
Anwendbarkeit stofdt die DLS unter bestimmten Bedingungen an ihre
Grenzen, liber die hinaus es nicht moglich ist, die erwartete Anzahl von
Signalkomponenten zu beobachten oder die aus den Experimenten gewon-
nenen Signale beziiglich Temperaturleitfahigkeit und Massendiffusionsko-
effizienten eindeutig zu klassifizieren. Bislang wurden die Mdglichkeiten
und Grenzen der DLS im Hinblick auf die gleichzeitige Bestimmung von
Temperaturleitfihigkeit und Massendiffusionskoeffizienten in Fluidgemi-
schen noch nicht vollstandig erforscht.

Ziel der vorliegenden Arbeit ist es, zu einem besseren Verstandnis der
Faktoren beizutragen, die die gleichzeitige Bestimmung von Temperatur-
leitfahigkeit und Massendiffusionskoeffizienten in homogenen molekula-
ren Fluidgemischen mittels DLS beeinflussen. Der Schwerpunkt liegt dabei
in erster Linie auf bindren Fluidgemischen, aber auch bestimmte Aspekte
hinsichtlich der Untersuchung von Mehrkomponentengemischen werden
diskutiert. Unter Berticksichtigung sowohl der Theorie als auch der experi-
mentellen Umsetzung der DLS werden in dieser Arbeit ausgewdhlte
Modellsysteme bestehend aus Methan und Propan, sowie bindre Gemische
aus Fliissigkeiten mit darin gelosten Gasen untersucht, um grundlegende
Untersuchungen verschiedener Einflussfaktoren durchzufithren. Dariiber
hinaus werden verschiedene in der Verfahrens- und Energietechnik
relevante Systeme untersucht, die oft einen technischen Charakter aufwei-
sen. Dies beinhaltet Systeme, die im Zusammenhang mit dem angestrebten
Ubergang zu einer erneuerbaren Energiewirtschaft stehen, wie z. B.
Biokraftstoffe, Elektrolyte, fliissige organische Wasserstofftrager sowie der
geologischen Speicherung von Wasserstoff. Dartiber hinaus werden
Gemische mit Bezug zu Erdgas sowie Polymerschmelzen mit darin gelos-
tem Treibmittel mittels DLS untersucht. Die Untersuchungen werden in
einem breiten Spektrum thermodynamischer Zustinde durchgefiihrt, das

ix



Kurzdarstellung

Temperaturen von (280 bis 560) K, Driicke zwischen (0,030 und 20) MPa
und Zusammensetzungen mit Molanteilen zwischen etwa (0,002 und
0,995) umfasst. Dieses Vorhaben erweitert nicht nur die Datenbank zuver-
lassiger Diffusionsdaten erheblich, sondern zeigt oft auch erstmalig die An-
wendbarkeit der DLS auf das jeweilige System.

Die Zugdnglichkeit spezifischer Diffusivititen wird von der Lage des unter-
suchten thermodynamischen Zustandspunkts relativ zur Phasengrenz-
kurve des Gemisches beeinflusst. In den meisten Fallen hiangt die gleich-
zeitige Bestimmung von Temperaturleitfahigkeit und Massendiffusionsko-
effizienten in erster Linie vom Signal-Rausch-Verhdltnis sowie von den
Amplituden und zeitlichen Abstinden der einzelnen Signale ab. Auf der
Grundlage der aus den verschiedenen Studien gewonnenen Erkenntnisse
wird ein Uberblick iiber die Arten der zuginglichen Diffusivititen und die
zugehorigen Unsicherheiten fiir verschiedene Fluidklassen und thermody-
namische Fluidzustande aufgezeigt. Die relativen experimentellen Unsi-
cherheiten der Diffusivitaten liegen typischerweise zwischen (0,6 und 15)%,
konnen aber unter bestimmten Bedingungen auch bis zu 100% betragen.
Zusatzlich wird in dieser Arbeit eine Strategie zur Signalzuordnung entwi-
ckelt, die universell aufjedes bindre Fluidgemisch anwendbar ist.
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Symbols, Indices, and Abbreviations

Latin symbols

Symbol

a

b

Co

CNa(l

Description Unit
thermal diffusivity m*s™
Fit parameter

fit parameter; offset or base line in correla-
tion function

fit parameter; amplitude of signal related to
concentration fluctuations in the correla-
tion function

fit parameter; amplitude of signal related to
temperature fluctuations in the correlation
function

concentration mol-m3
weight or mass fraction

speed of light in vacuo m-s™

kg of sodium chloride per kg of water

specific heat capacity at constant pressure ~ J-K™-kg™

sound speed m-s™
specific heat capacity at constant volume J-K*kg™
mutual or Fick diffusion coefficient m>s™
apparent diffusion coefficient m*s™
effective diffusivity m*s™
eigenvalue of the Fick diffusion matrix m>s™

with i = 1 or 2 for a binary mixture

unidentified diffusivity, with i =1, 2 for a m2s!
binary mixture

components of the Fick diffusion matrix m*s™
with i and j =1 or 2 for a binary mixture

xiii



Symbols, Indices, and Abbreviations

D mixed diffusivity m*s™

Dy barodiffusion coefficient m>s-Pa™
Dsale salt diffusion coefficient m>s™
Deeir self-diffusion coefficient m>s™

Dr thermal diffusion coefficient m?s™ K™

(also referred to thermodiffusion coefficient
in the literature)

E electric field V-m™

G(7) second-order or intensity correlation W>m™
function

g?(7) normalized second-order or

intensity correlation function

normalized time correlation function of the

94(7) hydrodynamic fluctuations observed
I intensity or radiative flux W-m™
Iitq) amplitude of signal related to fluctuations

in temperature or concentration
fc linearized diffusion flux mol-m=s™
K thermodynamic quantity defined in the text
k coverage factor
ks Boltzmann constant J-K™
km mass transfer coefficient m-s™
kr thermal diffusion ratio
k wave vector m™
L mean free path length m
Le Lewis number
Lehar characteristic length m
M; molar mass of the component i g-mol™
N number of (spherically symmetric)

molecules or scatterer

Xiv



Nair
ne

Nfluid

Pe
Pr

=

5(q,Am)

S(Aw)

Sc
Sh

Symbols, Indices, and Abbreviations

Avogadro constant

refractive index of air

number of components

refractive index of the fluid

Nuflelt number

Péclet number

Prandtl number

pressure

modulus of the wave or scattering vector
scattering vector

distance from the origin to the
point of observation

Rayleigh ratio = I.-I;™
space variable

generalized dynamic structure factor
spectral power density

entropy per unit mass
Schmidt number
Sherwood number
Soret coefficient
measurement duration
temperature

time

velocity

flow velocity

=p,V-u

variable thermodynamic quantity

mole fraction

mol™

Pa

m—l

W-Hz™

JK kg

I—l

K

m-s™

m-s™



Symbols, Indices, and Abbreviations

z complex Laplace variable

z, propagating modes

z non-propagating modes

Greek symbols

Olei average molecular polarizability
of component i

S solutal expansion coefficient

Pr thermal expansion coefficient

r spectral width of Lorentzian contribution

y angle between the electric vector of the plane
polarized incident light and R,

ox fluctuating quantity x

£ dielectric constant of the medium

s dynamic viscosity or shear viscosity

v bulk viscosity

G incident angle

2 scattering angle

K coupling parameter

Ke thermal conductivity

A wavelength of fluctuations

Ao wavelength of laser in vacuo

7, chemical potential difference between
two components in a mixture

v kinematic viscosity

" longitudinal viscosity =(4/37,-7,)p,'

1) arbitrary function to describe disturbances of

the experimental correlation functions

CvVim™
Pa:s

Pa:s

rad

rad

W-m*K™

J-mol™

m>s™

Pa-s-m3kg™



Yol density of pure component or mixture
T delay time
c characteristic decay time, mean lifetime,
or relaxation time
1) angular frequency
Wo angular frequency of laser in vacuo
Aw change in angular frequency
Indices
ad. adiabatic
C concentration fluctuations
d critical
I incident
LO local oscillator
S scattered
t temperature fluctuations
0 in vacuo
o mean equilibrium value
Abbreviations
A aperture
ACF autocorrelation function
AOT-TP  Institute of Advanced Optical Technologies -
Thermophysical Properties
BSC beam splitter cube
CF correlation function
DCM dicyclohexylmethane
DEF double exponential fit

Symbols, Indices, and Abbreviations

kg-m™3
s

S

rad-s™
rad-s™

rad-s™



Symbols, Indices, and Abbreviations

DLS dynamic light scattering
DM dichroic mirror

DPM diphenylmethane

EoS equation of state

G gaseous region

GF linear grey filter

IL ionic liquid

L liquid phase

LO local oscillator

LOHC liquid organic hydrogen carrier

M mirror

ND neutral density filter

PBS polarization beam splitter
PMT photomultiplier tube

PS polystyrene

RID refractive index difference
SaCe sample cell

SC supercritical phase

SEF single exponential fit
SNR signal-to-noise ratio

2P two-phase region

A2 lambda-half wave plate
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1 Introduction

The pursuit of increased efficiencies in the conversion, transport, and stor-
age of energy has never been more economically and practically crucial.
This scenario is fueled by the steadily escalating global demand for availa-
ble energy and the anticipated transition into a renewable energy economy,
all geared towards mitigating energy-related carbon emissions. Within the
spectrum of industries, the highly diverse chemical sector stands out with
the highest energy demand [1]. Specifically, the production of ammonia,
which is of great importance in the fertilizer industry, constitutes about 2%
of global energy usage, as outlined by a 2021 report from the International
Energy Agency [2]. Given this background, the development and improve-
ment of sustainable processes have assumed a position of immense inter-
est. Consequently, precise knowledge of the thermophysical properties of
fluids and fluid mixtures has emerged as a critical factor in numerous fields
associated with energy and chemical engineering. This knowledge plays a
pivotal role in designing and optimizing efficient processes and their cor-
responding apparatuses. Key among these properties are the transport
properties, including kinematic viscosity v, thermal diffusivity a or thermal
conductivity &, and mutual diffusivities of corresponding working fluids.
These properties enable the characterization of momentum, heat, and mass
transfer. In technical applications, v determines the characteristics of lub-
ricants [3] and the power requirements of pumps and mixers [4], a governs
heat transfer rates [5], and molecular diffusive mass transport, expressed in
terms of the Fick or mutual diffusion coefficient D, for binary mixtures,
often serves as the rate-limiting step in biological or chemical reactions [6-
9]. The significance of v, a, and D, is highlighted by their role in defining
several dimensionless engineering numbers that help elucidate various
phenomena linked to heat and mass transfer as well as fluid dynamics. To
give a few examples, the Lewis number Le = a-D,," is of great importance
for understanding and interpreting combustion phenomena where it exerts
a significant influence on the speed of premixed flames [10]. The Prandtl Pr
= ra™ and Schmidt Sc = v-D,, " numbers provide a means of incorporating
transport properties into convective transport processes and have, for in-
stance, a distinct effect on the temperature field within the combustion
chamber [11]. The mass transfer related Péclet number Pe = lhar-urDy7,
where .y is the characteristic length and ur is the flow velocity, serves as
an indicator of whether advective or diffusive mass transport is the domi-
nating phenomenon [12]. The Nufielt number Nu = a-lhak" is, for
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example, used to analyze the heat transfer performance between a flowing
fluid and a wall, such as in heat exchangers [13]. Similarly to Nu for heat
transfer, for mass transfer the Sherwood number is defined as Sh =
km:lhar-Dy ™" where kn represents the mass transfer coefficient. Sh is, for in-
stance, a useful parameter for analyzing the efficiency of mass transfer
across the gas-liquid interface in a gas absorption process [14].

The need for reliable transport properties, specifically for a and/or mutual
diffusivities, is becoming increasingly apparent when examining processes
in diverse application areas, involving various fluid classes and thermody-
namic states. For example, knowledge regarding a and mutual diffusivities
is generally required for optimizing separation processes [15-18] and cata-
lytic reactions [19,20], which entail heat and mass transfer within fluid mix-
tures or across phase boundaries. The conversion of carbon monoxide (CO)
and hydrogen (H.) from fossil or renewable resources into liquid fuels and
waxes via heterogeneous catalytic Fischer-Tropsch synthesis is a promi-
nent example [21]. Here, the heat removal capacity and internal diffusion
restrictions often act as limiting factors [22]. Additionally, diffusive mass
transfer plays a significant role in enhanced oil recovery, wherein a light
gas, such as carbon dioxide (CO,), is injected into the oil reservoir to induce
swelling and reduce the viscosity of the oil-rich phase [23,24]. To elucidate
the dynamics of the evaporation process of multicomponent fuel droplets
in direct injection engines after injection, precise knowledge of a and mu-
tual diffusivities is essential to describe the intra-droplet heat and mass
transfer [25]. In connection with the transition toward a renewable energy
economy, electrolytes have become a crucial fluid class with substantial im-
portance in numerous applications, including energy storage [26-28] and
energy conversion [29,30]. The efficiency of such processes relies heavily on
ion mobility and, thus, on the molecular transport of mass within the elec-
trolyte [31,32], which can be described using mutual diffusivities. Further-
more, several processes related to the large-scale application of H.-technol-
ogies, such as production, distribution, and storage, demand accurate a and
mutual diffusivity data. For example, in the chemical storage of H, using
liquid organic hydrogen carriers (LOHCs), exact knowledge of transport
properties is essential for optimizing the design of catalyst materials
involved in the hydrogenation and dehydrogenation processes [33]. Simi-
larly, in the geological or subsurface storage of H,, a field currently under
detailed research, knowledge about diffusion in corresponding mixtures is
necessary for modeling, designing, and optimizing the related processes,
e.g., for estimating the leak rate of the storage facility [34-37]. The examples
provided represent only a limited selection of the many applications that
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require reliable data on transport properties. In this context, additional
studies emphasize the importance of thermophysical property data with
small uncertainties to prevent the design of undersized or oversized equip-
ment, resulting in poor operations or increased capital costs [38-41].

In principle, there are three main approaches that help derive the required
transport property data: experiments, simulations, and correlations or pre-
diction models. Given the limitless number of possible working fluids,
alongside a vast range of temperatures T, pressures p, and compositions,
conducting experimental investigations of all possible process-relevant
thermodynamic conditions is not feasible. Consequently, considerable ef-
forts have been made to develop phenomenological approaches for eluci-
dating heat, mass, and momentum transfer. However, corresponding cor-
relations and prediction models are often only applicable within a specific
range of fluid classes and/or thermodynamic states [42—48]. This limitation
is partly due to the poor availability of experimental diffusivity data, crucial
for establishing and applying phenomenological approaches to practical
problems. In recent years, the increase in computational power has resulted
in substantial efforts being devoted to developing theoretical methods for
determining transport properties, such as molecular or atomistic simula-
tion approaches that describe fluid behavior on a molecular or microscopic
level [49-51]. These approaches offer clear advantages, including signifi-
cantly lower costs compared to experimental approaches, the ability to
study thermodynamic states not accessible experimentally, and potential
insights into fluid structures at a molecular level. These insights can help
to understand the influence of the molecule structure and inter- and intra-
molecular interactions on the studied thermophysical properties. Nonethe-
less, the success and reliability of such simulations depend strongly on the
description of the pairwise inter- and intramolecular interactions between
atoms, which can be expressed by force fields. For the development and,
more importantly, the validation of these force fields, that is, the theoreti-
cal boundary condition, reliable experimental data remain indispensable.
In summary, while experiments are not necessarily the first choice for
obtaining transport property data, given their associated costs and time
requirements, they serve as the foundation for all other available methods.

Given the crucial need and wide range of applications for experimental a
and mutual diffusivity data with small uncertainties, numerous publica-
tions and monographs delve into various methods and techniques for the
direct and indirect determination of diffusivities in fluids and fluid mix-
tures. Some commonly used methods for determining a include the laser
flash method [52], laser-induced gratings or forced Rayleigh scattering
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[53,54], hot-disk and (transient) hot-strip methods [55,56], and the transi-
ent hot-wire technique [57,58]. Additionally, techniques based on thermal
wave interferometry [59], the Angstrom method [60], thermal lensing
methods [61], and various thermographic methods [62], are also employed.
Frequently, a is obtained indirectly using the relation a = xe-p ™" ¢, where
prepresents density and ¢, denotes specific heat capacity at constant p. For
determining D, or self-diffusion coefficients Ds.rr of species in the mixture,
which are also referred to in the literature as intradiffusion coefficients,
several experimental approaches are documented in the literature. Notably,
approaching infinite dilution, D, and Ds.rr of the solute in the mixture con-
verge to the same value [63-65]. Related measurement methods can be
broadly categorized into stationary, quasi-stationary, and transient meth-
ods. Examples include methods based on Taylor dispersion [66], Raman
spectroscopy [67], interferometry [68], nuclear magnetic resonance spec-
troscopy [69,70], Fourier-transform infrared spectroscopy [71], collapsing
small bubbles [72], chromatography [73], steady flow methods [74], re-
stricted diffusion [75], galvanostatic polarization [76], Moiré pattern anal-
ysis [77], pressure decay [78], beam deflection techniques [79], and non-
equilibrium fluctuations analysis [80] (for instance, via the shadowgraph
method). Each approach for determining either a or Dy, has its merits and
drawbacks. Overview articles are given, for instance, by Cernuschi et al.
[81], Huang [82], Johnson and Babb [83], Dunlop et al. [84], and Winkel-
mann [85]. Importantly, most conventional experimental techniques for
studying diffusivities have four major disadvantages. The primary draw-
back is that virtually all these techniques rely on analyzing the relaxation
of macroscopic T, p, and c gradients. These gradients must be large enough
to cause a measurable effect, yet small enough to induce minimal disturb-
ance in the system under investigation. The application of macroscopic gra-
dients often introduces additional flow contributions, that is, advection,
which is mostly indistinguishable from pure diffusive contributions. These
disturbance effects can result in systematic errors in the analysis, leading
to potential overestimation of diffusivities and changes in the thermody-
namic state. This complication is exacerbated in the vicinity of a phase tran-
sition or near the critical point. Here, even minor changes in the thermo-
dynamic state can render reasonable measurements impossible. This is be-
cause, among other factors, the thermal expansion coefficient increases
rapidly in the region around the critical point, resulting in a large Rayleigh
number [86,87]. Nevertheless, information collected in these regions is of
great scientific importance for both a fundamental understanding of the
behavior of transport and other thermophysical properties as well as for
establishing corresponding correlations and prediction models. Another
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disadvantage of many techniques is their limited applicability. For instance,
some techniques can only be applied to a certain range of fluid classes or
fluid states, require previous knowledge of other fluid properties, or only
provide D or a composition-independent average diffusion coefficient.
Furthermore, most conventional techniques necessitate calibration, which
typically requires an appropriate fluid with well-known properties. How-
ever, unlike transport properties such as k. [88,89] and viscosity [90,91],
there are no internationally agreed-upon reference systems, standardized
equipment, or universally established approach for measuring D.. Thus,
considering the complexity of the systems of interest nowadays, alongside
associated problems with boundary conditions and assumptions made, er-
roneous measurements are indeed very likely. The last disadvantage to be
discussed here concerns the center of mass changes in experiments that
rely on the analysis of macroscopic gradients. Therefore, the results ob-
tained for mutual diffusivities depend on the reference frame used [92-94].
This is a factor which must be considered, especially when comparing the
results acquired through different techniques.

In contrast, dynamic light scattering (DLS) is a technique that can over-
come these limitations and, from a theoretical point of view, even allows
the simultaneous determination of a and mutual diffusivities in fluid mix-
tures. DLS, also known as photon correlation spectroscopy or quasi-elastic
light scattering, is a contactless, non-invasive, optical method based on
rigid working equations derived from classical hydrodynamic theory [95-
97]. The diffusivities are absolutely determined by analyzing the dynamics
of statistical microscopic fluctuations in T or entropy and ¢ within the bulk
of fluid mixtures in macroscopic thermodynamic equilibrium, without re-
quiring any calibration procedure [96,98]. The basic justification for these
relationships is Onsager's regression hypothesis [99,100], which states that,
on a statistical average, the microscopic fluctuations are governed by the
same transport equations as those for macroscopic systems. Fluctuation
analyses are commonly performed in the time domain by calculating the
second-order or intensity correlation function (CF) of the scattered light as
a function of delay time 7 [101]. Hence, for a binary mixture, the mean char-
acteristic decay times or mean lifetimes of the two observable types of fluc-
tuations in T and c obtained from the CF are governed by the correspond-
ing transport properties, namely thermal diffusivity a and Fick or mutual
diffusion coefficient D,. For multicomponent mixtures with n. compo-
nents, scattered-light intensity is modulated by fluctuations in T governed
by a, alongside the fluctuations in concentration c related to n. - 1 inde-
pendent mass fluxes described by the Fick diffusion matrix with (n. - 1)
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entries or diffusion coefficients. Thus, for a multicomponent mixture with
n. components, DLS gives access to a and the n. — 1 eigenvalues of the Fick
diffusion matrix [102,103].

Under most circumstances, DLS presents distinct advantages in compari-
son to conventional or standard techniques. DLS is versatile, applicable to
any fluid or fluid mixture in any thermodynamic state and phase, and gives
access to diffusivities over several orders of magnitude. DLS induces almost
no energy input into the sample, is not prone to calibration errors, and de-
termination of diffusivities typically takes 10 min for equimolar solutions
and 1.5 h in the dilute range [104]. Due to its applicability in macroscopic
thermodynamic equilibrium, DLS does not induce shift of the center of
mass and is well-suited for determining thermophysical properties near the
critical point as well as near or in the two-phase or multi-phase region,
where gradient-based techniques fail. Numerous studies in the literature
(see Chapter 2) affirm that DLS is a powerful and well-established tech-
nique for accurately determining diffusivities in mixtures of various fluid
classes under process relevant conditions. For completeness, it should be
mentioned that further properties are discernible by applying DLS to the
bulk or interface of fluids and fluid mixtures [98]. These properties include
sound speed and attenuation [105], the Landau-Placzek ratio [106] (which
combines isobaric and isochoric heat capacities), activity coefficients of so-
lutions [107,108], or v or dynamic viscosity and interfacial tension [109,110].
Furthermore, DLS has become a standard technique for characterizing
macromolecular systems, including polymer solutions [11-115], biological
systems [116,117], colloidal suspensions and dispersions [118,19], and partic-
ulate systems [120,121]. However, as this thesis focuses on the simultaneous
determination of @ and mutual diffusivities, these topics will not be dis-
cussed further. Despite its utility, both experimental and theoretical stud-
ies in the literature have reported limitations of the DLS technique for de-
termining diffusivities under certain conditions. For binary mixtures, it is
not always possible to observe the expected number of signals or to unam-
biguously classify the signals obtained from experiments with respect to a
and D,, [122-128]. For multicomponent mixtures, there is an ongoing debate
on how many mass diffusive modes can be resolved experimentally by DLS
for specific mixtures and how they can be interpreted [103,129,130]. To date,
the capabilities and limitations of DLS for the simultaneous determination
of a and mutual diffusivities of fluid mixtures have not yet been compre-
hensively explored.

This cumulative thesis aims to highlight which factors influence the feasi-
bility of a simultaneous determination of a and mutual diffusivities by DLS
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in the bulk of homogeneous molecular fluid mixtures. The focus is primar-
ily on binary fluid mixtures, but certain aspects related to multicomponent
mixtures are also discussed. To allow identification of limiting factors, both
theory and experimental implementation of DLS are considered. A diverse
range of systems and thermodynamic states is experimentally explored.
This includes model or reference systems as well as technical systems rele-
vant to process and energy technology. The research also delves into novel
systems, for which the applicability of DLS has not yet been demonstrated.
Drawing on insights gained from the various studies, an overview of the
types of accessible diffusivities will be presented and a signal attribution
strategy will be developed. The information collected within this thesis will
be further used to facilitate a discussion on the range of accessible diffusiv-
ities and achievable uncertainty levels. Owing to the cumulative nature of
this thesis, the results and discussion are primarily based on published
studies. Accordingly, the corresponding list of publications is provided
below. Each publication includes a brief statement regarding the authors’
contributions. The structure of the thesis unfolds as follows: First, begin-
ning with a historical overview, it outlines the current status of DLS
applicability for simultaneous diffusivity determination. Subsequently,
aspects related to the theory and experimental implementation of DLS
are introduced, incorporating the signal attribution strategy developed in
this work. Finally, the key findings are summarized, referencing the follow-
ing publications.

Publications

A. Piszko, M.; Wu, W.; Will, S.; Rausch, M. H.; Giraudet, C.;
Froba, A. P. Thermal and Mutual Diffusivities of Fuel-Related
Binary Liquid Mixtures under Pre-Combustion Conditions.
Fuel 2019, 242, 562-572.

Author’s contribution: The author was responsible for executing and eval-
uating the experimental investigations, as well as actively participating in
the planning and writing of the entire publication.

B. Berger Bioucas, F. E.; Piszko, M.; Kerscher, M.; Preuster, P.;
Rausch, M. H.; Koller, T. M.; Wasserscheid, P.; Froba, A. P.
Thermal Conductivity of Hydrocarbon Liquid Organic Hydro-
gen Carrier Systems: Measurement and Prediction. J. Chem.
Eng. Data 2020, 65, 5003-5017.
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Author’s contribution: The author was responsible for the planning, execu-
tion, and evaluation of the DLS experiments. F. E. Berger Bioucas con-
ducted the thermal conductivity measurements. Furthermore, the author
composed all parts of the publication related to the DLS experiments in the
bulk of fluids, alongside supporting the writing of the entire publication.

C. Piszko, M.; Batz, K.; Rausch, M. H.; Giraudet, C.; Froba, A.
P. Diffusivities of Binary Mixtures Consisting of Carbon
Dioxide, Methane, and Propane by Dynamic Light Scattering.
J. Chem. Eng. Data 2020, 65, 1068-1082.

Author’s contribution: The author was responsible for planning, executing,
and evaluating the experimental investigations and calculations, with ad-
ditional support from K. Batz. Moreover, the author contributed to the
planning and writing of the entire publication.

D. Piszko, M.; Giraudet, C.; Fréba, A. P. Diffusivities of an
Equimolar Methane—Propane Mixture Across the Two-Phase
Region by Dynamic Light Scattering. Int. ]J. Thermophys.
2020, 41, 1-25.

Author’s contribution: The author took charge of planning, executing, and
evaluating the experimental investigations and calculations. Additionally,
the author was involved in the planning and writing of the entire publica-
tion.

E. Piszko, M.; Kankanamge, C. J.; Rausch, M. H.; Klein, T.;
Froba, A. P. Dynamic Light Scattering for Studying Mutual
Diffusion Coefficients in Electrolyte Systems Comprised
Entirely of Ions. ]. Electrochem. Soc. 2020, 167, 133502

Author’s contribution: The author was responsible for planning, executing,
and evaluating the experimental investigations, with support from C. J.
Kankanamge. Additionally, the author participated in the planning and
writing of the entire publication.
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F. Piszko, M.; Lenahan, F. D.; Hahn, S.; Rausch, M. H.; Koller,
T. M.; Klein, T.; Froba, A. P. Diffusivities in Binary Mixtures
of n-Hexane or 1-Hexanol with Dissolved CH,, Ne, Kr, R143a,
SFs, or R236fa Close to Infinite Dilution. ]J. Chem. Eng. Data
2021, 66, 2218-2232.

Author’s contribution: The author was responsible for planning, executing,
and evaluating the experimental investigations, with support from S. Hahn.
The simulations were performed by F. D. Lenahan, and the author partici-
pated in the planning and writing of the entire publication.

G. Piszko, M.; Schaible, T.; Bonten, C.; Froba, A. P. Mutual and
Thermal Diffusivities in Polystyrene Melts with Dissolved
Nitrogen by Dynamic Light Scattering. Macromolecules
2021, 54, 5662-5672

Author’s contribution: The author was responsible for planning, executing,
and evaluating the experimental investigations. Additionally, the author
participated in the planning and writing of the entire publication.

H. Lenahan, F. D.; Piszko, M.; Klein, T.; Froba, A. P. Diffusivities
in Binary Mixtures of n-Decane, n-Hexadecane, n-Octaco-
sane, 2-Methylpentane, 2,2-Dimethylbutane, Cyclohexane,
Benzene, Ethanol, 1-Decanol, Ethyl Butanoate, or n-Hexanoic
Acid with Dissolved He or Kr Close to Infinite Dilution.
J. Chem. Eng. Data 2022, 67, 622-635.

Author’s contribution: The author was responsible for the planning, execu-
tion, and evaluation of the experimental investigations. The simulations
were performed by F. D. Lenahan, with the author writing all parts of the
publication related to the experiments. Additionally, the author partici-
pated in the planning and writing of the entire publication.

L. Piszko, M.; Lenahan, F. D.; Fried], L.; Klein, T.; Froba, A. P.
Mutual and Thermal Diffusivities in Mixtures of Cyclohex-
ane, n-Hexadecane, n-Octacosane, or n-Hexanoic Acid with
Carbon Dioxide Obtained by Dynamic Light Scattering and
Molecular Dynamics Simulations. J. Chem. Eng. Data 2022,

67, 3059-3076.
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Author’s contribution: The author was responsible for the planning, execu-
tion, and evaluation of the experimental investigations. Experimental in-
vestigations were supported by L. Friedel, and simulations were performed
by F. D. Lenahan, who also wrote the corresponding parts of the publica-
tion. The author wrote other parts and participated in the planning and
writing of the entire publication.

]. Piszko, M.; Lenahan, F. D.; Dennstadt, C.; Klein, T.; Froba,
A. P. Mutual and Thermal Diffusivities in Binary Mixtures of
n-Hexane or 1-Hexanol with Krypton, Ri43a, or Sulfur
Hexafluoride by Using Dynamic Light Scattering and Molec-
ular Dynamics Simulations. J. Chem. Eng. Data 2023, 68,

1343-1357.

Author’s contribution: The author was responsible for the planning, execu-
tion, and evaluation of the experimental investigations. The experimental
investigations were supported by C. Dennstadt. F. D. Lenahan performed
the simulations and wrote the corresponding parts of the publication. The
author wrote the other parts and participated in the planning and writing
of the entire publication.

K. Piszko, M.; Schmidt, P. S.; Rausch, M. H.; Froba, A. P. Ther-
mal Diffusivity and Fick Diffusion Coefficient in Mixtures of
Hydrogen and Methane by Dynamic Light Scattering. Int. ].
Thermophys. 2023, 44, 146.

Author’s contribution: The author was responsible for the planning, execu-
tion, and evaluation of the experimental investigations. The experimental
investigations were supported by P. S. Schmidt. The author participated in
the planning and writing of the entire publication.

L. Piszko, M.; Schmidt, P. S.; Rausch, M. H.; Fréba, A. P. Diffu-
sivities in Water or Aqueous Solutions of Sodium Chloride
with Dissolved Hydrogen and Methane. Int. ]. Hydrogen
Energy 2024, 68, 499-510.

Author’s contribution: The author was responsible for the planning, execu-
tion, and evaluation of the experimental investigations. The experimental
investigations were supported by P. S. Schmidt. The author participated in
the planning and writing of the entire publication.
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This chapter provides an overview of the current status of DLS applicability
and limitations for accurately determining a and mutual diffusivities of
molecular fluid mixtures. Notably, the goal is not to present a comprehen-
sive historical review of all theoretical, experimental, and technical ad-
vances but rather to highlight crucial aspects. A broader historical context
of the DLS method’s evolution concerning the determination of thermo-
physical properties has been outlined by Froba [98]. Additionally, exhaus-
tive discussions on the modern theory of light scattering from bulk fluids
are available in the standard works of Pecora [95], Berne and Pecora [96],
and Chu [97]. These sources also proposed DLS as a unique diagnostic tool
for exploring the dynamics and structural properties of various systems.

First, a concise historical review is provided, tracing the early development
of DLS from its inception with bulk fluids, progressing towards the quanti-
tative analysis of the Rayleigh component within the characteristically
broadened spectrum of scattered light. This advancement enables the
determination of diffusivities by DLS. Following this historical perspective,
the discussion shifts to the examination of available experimental and
theoretical studies. The evaluation centers on the applicability and limita-
tions of DLS. Special emphasis is placed on the simultaneous determination
of a and mutual diffusivities, without claiming completeness or delving into
the interpretation of the diffusivity results and associated phenomena. The
topic-specific terms used in the following sections are elucidated in more
detail in Chapter 4.

2.1 Journey Towards the Quantitative Determination of
Diffusivities via DLS

In 1930, Gross [131] conducted light scattering experiments on several pure
homogeneous liquids (at large scattering angles 6, i.e., 9o°) under T sig-
nificantly distant from the critical temperature T.. They employed a mer-
cury lamp and a spectrum analyzer based on an echelon grating. In addition
to confirming the existence of the predicted Brillouin doublet [132], whose
components are symmetrically shifted from the frequency of the incident
light, Gross [131,133] spectroscopically revealed, for the first time, the exist-
ence of a third central, unshifted component in the spectrum of the scat-
tered light. In 1934, Landau and Placzek [134] used a quasi-thermodynamic
approach to present a theoretical explanation for the observed triplet
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2 State of the Art

structure of light scattered from bulk fluids. They concluded that the
unshifted contribution in the scattered light spectrum is governed by
statistical fluctuations in the entropy or T of the liquid at constant p. They
also predicted that the line should have a Lorentzian shape, with its width
representing a measure of the lifetime of the spontaneous fluctuations.
Thereafter, light scattering swiftly became an active research topic, and
numerous experiments were conducted. At that time, various spectral
discharge lamps were utilized for generating scattered light. Spectral anal-
yses were performed using various devices based, for example, on gratings,
Lummer-Gehrcke plates, or Fabry-Pérot interferometers. These ap-
proaches all utilized a pre-detection filtering scheme, whereby scattered
light is first spectrally filtered, either spatially or temporally, before meas-
uring the intensity at a certain frequency or angular frequency . However,
applying a pre-detection filtering scheme, while seemingly straightforward
for analyzing scattered light spectra, faced challenges. The width of the
unshifted component, known as the Rayleigh line, is in the order of MHz
or less for many fluids. This is often beyond the resolving power of such
instruments. Thus, and given the limited linewidth and intensity of the
available light sources, as a result, the achievable resolution and signal
quality in these early experiments often hindered detailed investigations
that would have allowed a sound analysis and interpretation of the spectral
distribution of scattered light.

The advent of the Laser in 1960, providing a high intensity and narrow
linewidth light source, along with the development of optical post-detec-
tion beating spectroscopy in the early 1960’s [135], marked a significant ad-
vancement. Optical post-detection beating spectroscopy had a resolving
power w-Aw™ several orders of magnitudes greater than the best Fabry-
Pérot spectrometer (w-Aw™ ~ 107). Consequently, this enabled the quanti-
tative study of spectra governed by fluctuations in the bulk of fluids. In this
context, especially the development of a setup using a helium-neon laser in
combination with optical heterodyne detection techniques, exhibiting an
optical resolving power of w-Aw™ = 10", was a milestone. This setup was
presented by Cummins et al. [136] in the early part of 1964. Cummins et al.
[136] investigated dilute solutions of monodisperse polystyrene molecules,
demonstrating that the observed broadening of the spectrum depends both
on the size of the scatterers and on the angle of observation. The earliest
attempts at quantitative spectral measurements aiming to determine
transport properties were performed in fluid systems near their critical
point by Alpert et al. [137,138] (for a nearly equimass cyclohexane (C¢H,,)-
aniline mixture) and by Ford and Benedek [139] (for pure sulfur
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hexafluoride (SFs)), both in 1965. The study by Alpert et al. [137,138] was
inspired by Pecora [140], who suggested that experiments near T. in a
binary liquid mixture could provide accurate information about the c fluc-
tuations, because they become large and slow in the near-critical region
[141,142]. Alpert [137] not only confirmed Pecora’s [140] assumption, but also
observed that the measurement signal related to ¢ fluctuations is very
strong in the immediate vicinity of the critical point and that it rapidly loses
intensity with increasing distance. Due to the very strong scattered light
signal in the immediate vicinity of the critical point, explained by the
divergence of isothermal compressibility leading to large p fluctuations,
many of the measurements were performed using the so-called homodyne
method. Using the homodyne method, it is assumed that only light
scattered by the sample is detected. In the following years, light scattering
experiments on bulk fluids near the critical point were extensively per-
formed [143-149].

The first attempts to investigate pure fluids and binary fluid mixtures far
from their critical point began in 1966, spearheaded by researchers such as
Lastovka and Benedek [150], Aref'ev et al. [151], Bergé et al. [152], Dubois et
al. [153], and Dubois and Bergé [154]. To compensate for the expected low
signal-to-noise ratio (SNR), most studies focused on specific systems
selected for their high degree of scattering. They leveraged smaller ¢ to
increase the scattering volume (and, thus, the number of scatterers) and
applied heterodyne detection schemes. Utilizing the heterodyne method,
light scattered by the sample is superimposed with coherent reference light
at the detection unit and may allow signal enhancement. Around the same
time, Mountain [155-157] verified the results of Landau and Placzek [134]
concerning the triplet structure of light scattered from bulk fluids by
considering a coupling of the internal degrees of freedom of molecules with
the translational degrees of freedom of a fluid. Additionally, in 1969, Moun-
tain and Deutch [158] and Blum [102] provided a theoretical description of
the Rayleigh-Brillouin spectrum for binary solutions and multicomponent
fluids in the hydrodynamic regime using the approach suggested by Landau
and Placzek [134]. In 1970, Bergé et al. [152] were the first to demonstrate
the simultaneous determination of a and D,, via DLS for a binary mixture
of carbon disulfide (CS,) and acetone (CsH¢O) using heterodyne photon
beating spectroscopy. Additionally, by observing both Lorentzian lines
simultaneously, it was possible to evaluate the total integrated intensity
ratio of the light scattered through c fluctuations I. and T fluctuations I:.
For the CS,-C3H4O mixture, they found that I.-[;" = 2, indicating that the
contribution of ¢ fluctuations to the scattered light signal has an amplitude
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twice that of T fluctuations. In a follow up study, DuBois and Bergé [154]
conducted further quantitative measurements on the intensity ratio,
defining it as the Rayleigh ratio % = I.-I;". They also demonstrated that a
theoretical estimation of #is possible and discussed some associated influ-
encing factors. Although some of these early experimental research activi-
ties affirmed the feasibility of applying light scattering techniques to bulk
fluids and fluid mixtures for determining diffusivities and %, their limited
results did not conclusively establish DLS as a reliable and efficient tool for
such purposes.

Technological advances, including the introduction of high-intensity
argon-ion lasers in 1964, increased quantum efficiency of detection units
(for example, single photon counting detectors like photomultiplier tubes
(PMTs)), the establishment of autocorrelation techniques, and later the
introduction of digital correlators played a crucial role in expanding these
early research activities. In the first half of 1970s, the first results and data
were presented that indicated that DLS from bulk fluids offered an accurate
and convenient method for determining a in most pure liquids, along with
a and/or D, in a wide range of binary mixtures [126,159-161]. Jamieson and
Walton [159] specifically determined D,, of binary liquid mixtures compris-
ing linear alkanes, primary alcohols, nitrobenzene, CS,, and C;H¢O at infi-
nite dilution and as a function of composition. They demonstrated that
DLS provides results with uncertainties in the range of 5%, allowing for the
study of the effects of ¢, chain length, and H, bonding on D,,. Gulari et al.
[126] conducted investigations on various pure fluids and binary liquid mix-
tures as a function of composition at T = 293 K and compared their data
with those obtained through conventional techniques. Apart from deter-
mining a of pure fluids, they demonstrated, for two out of the eight inves-
tigated systems, that a simultaneous determination of a and D,, was possi-
ble. For the remaining six systems, only D,, could be obtained in the mix-
tures. The authors suggested that the refractive index difference (RID)
between the pure components is the major limitation of DLS for determin-
ing a and D, simultaneously. The reported uncertainties for a and D,, were
approximately (5 and 3)%. They posited that smaller uncertainties in the
diffusivities could be obtained with increasing RID between the two com-
ponents as well as by approaching equal composition of the two compo-
nents. Corti and Degiorgio [160] explored a of pure liquid C;HO, benzene
(CsHs), and toluene (CcHsCH;) at T~ 298 K. They discussed various exper-
imental difficulties related to laser power and intensity stability, PMTs, cor-
relators, and the measurement of the & in connection with achievable un-
certainties. Additionally, they demonstrated that the measurement time
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for a single CF can be reduced from 2 h to 10 min [126] by using a fast digital
correlator operating in real-time. Czworniak et al. [161] obtained D, for u
binary liquid mixtures of simple organic liquids as a function of composi-
tion at T = 293 K with uncertainties between (5 and 15)%. They also pro-
vided a theoretical interpretation of the composition-dependent behavior
of D,.

In addition to its extensive application in studying the decay rate of critical
fluctuations [142,162-170], various theoretical and experimental aspects of
the DLS technique related to determining diffusivities have witnessed con-
tinuous development over the subsequent four decades. The following sec-
tions provide a brief overview of these developments, along with a more
detailed literature review focusing on the applicability of DLS for simulta-
neously determining a and mutual diffusivities. Various studies reported
since the 1980s will be assessed, considering the type of system and ther-
modynamic conditions investigated. First, studies focusing on determining
a of pure fluids and fluid mixtures will be discussed, followed by an exami-
nation of research on D, in binary fluid mixtures. Thereafter, the evaluation
will extend to studies focusing specifically on the simultaneous determina-
tion of a and D, in binary fluid mixtures. Before delving into the investiga-
tion of multicomponent mixtures, this thesis will provide an overview of
diffusivities obtainable near the critical plait point. Notably, the various as-
pects discussed are closely interlinked, and the division into sections is
primarily for the sake of structure and readability.

2.2 Thermal Diffusivity of Pure Fluids and Fluid
Mixtures

The majority of DLS studies in the literature focus on determining a of pure
fluids and fluid mixtures. Apart from a few studies, such as that by Bohidar
and Chopra [171], a substantial number of publications stem primarily from
research groups led by Leipertz [125,172-193] and Straub [194-201], who
both contributed significantly to the development of the DLS method for
routine applications. Additionally, research groups led by Nishikawa [202-
205] and, more recently, He. [206-216], Wu [217,218], and Ma [219,220], have
employed the DLS method as a convenient tool for determining a.

Since the 1980s, Leipertz, Fiebig, and Simonsohn, in collaboration with
other researchers, have presented numerous studies on the development
and applications of the DLS method for investigating thermophysical prop-
erties. Some of their early studies [172,183,187] described the development
of a DLS apparatus enabling fast and accurate determination of a of pure
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transparent liquids over T and p ranges between (293 and 423) K and (0.1
and 1) MPa. It is worth noting that two PMTs were used for signal detection
and the pseudo-cross CF was calculated, instead of using a single PMT and
calculating the autocorrelation function (ACF). This method, proposed by
Hiller and Simonsohn [221] in 1982, aims to limit distortions in the CF
caused by after-pulse and dead-time effects of the PMTs, enhancing the
overall signal quality. To validate their apparatus, Hendrix et al. [187] in-
vestigated C4HsCH; and methanol (CH;OH), both characterized by rela-
tively large scattering cross sections, leading to strong scattered light sig-
nals. Beside showcasing that DLS can yield a with uncertainties as low as
1%, they emphasized that deviations from the expected simple exponential
decay in the measured CF serve as a reliable criterion for detecting system-
atic biases in measurements that could compromise the accuracy of the
determined diffusivities. In subsequent work, the research group of
Leipertz used the DLS method for determining a of several pure refriger-
ants. Ibreighith et al. [188] explored the refrigerants 2,2-dichloro-1,1,1-triflu-
oroethane (Ri23), 1,1,1,2-tetrafluoroethane (Ri34a), 1-chloro-1,1-difluoro-
ethane (Ri42b), and 1,1-difluoroethane (Ri52a) in the liquid phase. Kraft and
Leipertz determined a of saturated Ri34a [188], Ris2a [189], pentafluoro-
ethane (Ri25) [190], and Round-Robin Ri34a [184], sometimes including the
vicinity of the critical point. Froba et al. investigated Ri43a [185,186],
1,1,1,3,3-pentafluorobutane (R365mfc) [191], and 1,1,1,2,3,3,3-heptafluoropro-
pane (R227ea) [192] in the saturated liquid and saturated vapor phases over
an extended T range between about (253 and 460) K, occasionally near the
critical point. In all these studies, the typical average relative uncertainties
of a were around 1%. In addition to refrigerants, Kraft et al. [193], Will et al.
[173], and Froba et al. [174,175] conducted investigations on C4HsCH; to ex-
pand the a database and test the accuracy of the method. They identified
signal quality as the most crucial factor impacting achievable single-point
accuracy. Signal quality is generally a function of the measurement dura-
tion, specific fluid under investigation, thermodynamic state, and experi-
mental setup. To achieve higher accuracy, they recommended studying
liquids with larger scattering cross section than C¢HsCH; and conducting
multiple measurements to partially average out the random errors arising
from angle measurement and evaluation procedure of the CF.

Somewhat in parallel to the research group led by Leipertz, the research
group led by Straub investigated a for pure fluids [194-200] and some
selected binary mixtures [194,195] by DLS, covering a substantial range of T
and p, including the vicinity of the critical point. Jany et al. [195,196] inves-
tigated a in pure CO,, SFe, ethane (C,Hs), nitrous oxide, and the refrigerant
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trifluoromethane (R23) as well as in mixtures of SF¢ with CO, or R23. They
explored the liquid and vapor phases along the saturation line, as well as
certain isotherms and the critical isochores. Their study range included T
between about (298 and 323) K, p up to about 7 MPa, and covered a p range
of 0.15 < p/p. < 2, where p. is the critical density. The lower limit was
attributed to the strongly decreasing scattering intensity at low p, while the
upper limit was determined by the capabilities of the apparatus used.
Kruppa et al. [197-199] devised a setup that could potentially facilitate
future investigations at high T, specifically above 350 K. They explored pure
chlorotrifluoromethane (Ri3), chlorodifluoromethane (R22), Ri34a, and
Ri52a at T ranging between about (290 and 425) K, slightly extending the
range of investigable p/p.. Pitschmann and Straub [200] conducted similar
investigations on the refrigerants difluoromethane (R32), Ri25, and Ri43a
at T between (300 and 390) K. For many of the examined fluids, a values
spanned a range of over four orders of magnitude. The corresponding
uncertainties typically were between (0.5 and 5)%, depending on the inves-
tigated state region. In addition to providing a data, the research group led
by Straub presented general guidelines for the experimental design, dis-
cussed limitations of DLS method applicability, and provided an estimate
of the individual experimental contributions to the total uncertainty of a.
They showed that by increasing laser power, utilizing smaller &, and
improving the optical setup, accurate measurements were possible over an
extended thermodynamic range, encompassing states points removed from
the vicinity of the critical point. Furthermore, they noted that the homo-
dyne technique was particularly applicable in the extended critical region
and that the DLS method was unsuitable for assessing the gas region at
about p < 100 kg:m3, as increasing errors can be expected due to the low
scattered light intensities. Regarding uncertainties, they evaluated influ-
encing factors such as multiple scattering, laser heating, and gravitational
influences, which become particularly important near the critical point.
They also explored the effect of frequency stability of the laser, the defini-
tion of the scattering vector, and the influence of uncertainty in the refrac-
tive index, as well as the determined decay time or mean lifetime of the
fluctuations on a. The research group led by Straub also showed that the
absolute value of the refractive index has only a minor influence on the
diffusivity result at small 6 and that, due to the statistical process, the
main source of errors lies in determining the decay time. To allow an accu-
rate estimation of uncertainties, they proposed performing six individual
measurements at different angles, with the final diffusivity value obtained
by averaging the individual results.
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The determination of a in liquid mixtures has also been of scientific interest
to the research group of Leipertz since the late 1980s. Their works are par-
ticularly relevant to this thesis, as they not only extend the applicability of
DLS and provide accurate diffusivities, but also systematically evaluate the
limitations of the DLS technique. Wu et al. [125,176] conducted a series of
investigations, aiming to evaluate the influence of the RID of the pure com-
ponents of binary mixtures on the determinability of a using DLS. Investi-
gations were conducted on binary liquid mixtures of C¢HsCH; and CsHe,
decalin, carbon tetrachloride (CCl,), or bromobenzene as well as mixtures
of C3H¢O and CCl,. The RIDs of the pure components are (0.3, 1.0, 2.5, 4.2,
and 7.4)%, respectively, and the mixtures were investigated as a function of
composition at about room T and atmospheric p. In liquid mixtures at
around room T, a is typically one to two orders of magnitude larger than
D,. Thus, the temporal spacing in the CF, which can be expressed by Le =
a-D.7, is relatively large. For mixtures with RIDs < 5%, % = I-I;"* was typi-
cally smaller than one. Therefore, the signal related to T fluctuations dom-
inated the experimental CF. Wu et al. [125,176] stated that in this case, the
additional contribution in the CF related to c fluctuations could be suffi-
ciently described by an additional linear term. However, they also state that
this simplification leads to unacceptable errors if I. exceeds I, that is, if the
RID exceeds 5%, as the contribution related to ¢ fluctuations becomes too
dominant. As an example, they stated that if I. = 3-I; and Le = 50, an error
of 2.5% can be observed in a. Thus, if the RID is surpassing 5%, either exact
knowledge of D, is required or the additional decay must be described with
suitable mathematical terms in the CF for accurately determining a. A
straightforward way would be fitting the CF with a sum of two exponentials,
enabling the simultaneous determination of a and D,. However, this
requires that the CF is calculated over a large time range while maintaining
a high temporal resolution to capture both signals related to T and c fluc-
tuations. This necessitated a correlator exhibiting a large number of corre-
lator channels to facilitate adjustment of a small sampling time. However,
such correlators were not commercially available at that time, as they usu-
ally possessed only 100 correlator channels, and would have been very ex-
pensive. To overcome this measurement difficulty, Wu et al. [176] con-
ducted two independent measurements of the CF in two different time
domains sequentially by employing the same apparatus.

Similar to Wu et al. [125,176], Froba et al. [177] obtained a of the binary re-
frigerant mixture R507 (50wt%. Ri25-50wt.% Ri43a) and proved, for the
first time, the applicability of DLS for determining a in ternary systems by
examining the refrigerant mixture R404A (44wt.% Ri25-52wt.% Ri43a-
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4wt.% Ri34a). Heller et al. [181] assessed R417A (50wt.% Ri34a-46.6wt.%
R125-3.4wt.% n-butane (R600)) and R417B (79wt.% Ri25-18.25wt.% Ri34a-
2.75wt.% R600). Froba et al. also explored binary and ternary mixtures of
Ri25-Ri43a [179], R410A (50wt.% Riz5-50wt.% R32) [178], R407C (25wt.%
Ri25-23wt.% R32-52wt.% Ri134a) [178], as well as of 1,1,1,3,3-pentafluorobu-
tane (R365mfc) and perfluoropolyether (Galden® HT 55) [180]. Further-
more, Froba et al. [182] demonstrated, for the first time, that a is also ob-
tainable in the quaternary mixtures of Ri25-R143a-R32-R134a via DLS. In
all these studies, the refractive indices of the pure components had compa-
rable values. Thus, only one signal related to T fluctuations was fitted and
the contributions of the c fluctuations to the CF were treated as low-ampli-
tude disturbances and considered by including an additional linear term in
the fitting process. Most of the measurements were performed at small ¢
both in the saturated liquid and vapor phases at T between about (293 and
344) K, often including the liquid-vapor critical point. The typical average
relative uncertainties of a were about 1%.

In the early 2000s, the research group of Nishikawa [202-205] focused
mainly on ascertaining the temporal evolution of T fluctuations and on
determining a of pure supercritical fluids such as ethylene, fluoroform,
CH;0OH, C,H;OH, CO,, and xenon. Most of the studies were conducted
near the critical point, and aimed to analyze the influence of the relations
between H, bonding, viscosity, and molecule type in each fluid on a.

From 2014 onwards, the research groups around He [206-216], Wu [217,218],
and Me [219,220] applied the DLS method extensively as a convenient tool
for determining a of various pure fluids at T between about (290 and 690)
K and p up to about 1 MPa. The research group around He focused prima-
rily on fluids relevant to combustion technology, such as fuels and fuel
additives. They evaluated a of C,H;OH [206], ethyl decanoate [207], and
ethyl myristate [209] in the compressed liquid phase; CO, [210] in the com-
pressed liquid and supercritical phases; ethyl heptanoate [2u1] in the com-
pressed liquid and saturated liquid phases; 2-methoxy-2-methylpropane
[212], 2-ethoxy-2-methylpropane [213], and 2-methoxy-2-methylbutane
[213] in the compressed liquid, saturated liquid, and saturated vapor
phases; pentane [214,215] and dibutyl ether [216] in the saturated liquid, sat-
urated vapor, and supercritical phases; and di-isopropyl ether [208] in the
saturated liquid, saturated vapor, supercritical, and compressed liquid
phases. The research group around Wu measured a of the refrigerants
2,3,3,3-tetrafluoroprop-1-ene (Ri234yf) [217] and trans-1,3,3,3-tetrafluoro-
prop-1-ene (Ri234ze(E)) [217] under saturation conditions, and trans-1-
chloro-3,3,3-trifluoropropene (R1233zd(E)) [218] and dodecafluoro-2-
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methylpentan-3-one (Noveci230) [218] in the saturated liquid phase at T
between about (298 and 393) K. The research group around Ma obtained a
of the refrigerants 3,3,3-trifluoropropene (Ri243zf) [220] and Ri233zd(E)
[220] close to saturation conditions and for several methyl esters and ethyl
esters [219], used as fuel additives, in the compressed liquid phase at T be-
tween about (303 and 473) K. In these studies, the average relative uncer-
tainties in a were between about (1 and 3)%.

2.3 Mutual Diffusion Coefficient in Binary Fluid
Mixtures

Most of the studies in the literature focus on determining D, in the liquid
phase. Starting in 1981, Bohidar and Chopra [171] delved into aqueous solu-
tions of urea, dextrose, sucrose, sodium chloride (NaCl), ammonium
nitrate, and zinc sulphate, as well as binary liquid mixtures of C;HsO and
H,O or C¢He, CsHs and CCl, or CH;0H, as well as CH;0H and CCl, as a
function of mixture composition at T between about (307 and 311) K. The
measurements conducted at & between (8 and 19)° generally took between
(0.5 and 1) h, with typical uncertainties of D, ranging between (1 and 2)%.
Schmitz et al. [128] explored mixtures of 2-butoxyethanol and H.O at dif-
ferent compositions and as a function of T between about 285 K and that
of liquid-liquid phase separation, which was in the range of 323 K for these
mixtures. ACFs were obtained at & between (35 and 145)°. A statement
regarding the uncertainties has not been provided. To study the effect of
molecular association on D,;, McKeigue and Gulari [222] investigated the
binary liquid mixtures of CH;OH and C¢Hs or CS, as well as C;H;OH and
CsHs or CS,. DLS experiments were performed over the entire ¢ range and
for T from approximately (298 to 353) K. ACFs were calculated at different
6% between (4 and 18)° using a homodyne detection scheme. Since I. was
significantly greater than I; in concentrated solutions, under most circum-
stances they could determine the D,, with low uncertainty by performing a
single exponential fit (SEF). In dilute solutions, I. and I; had comparable
magnitudes, necessitating the experimental CF to be fitted by a double
exponential fit (DEF). Additionally, they observed that the amount of scat-
tered light was greatly reduced in dilute solutions compared to concen-
trated solutions, resulting in a smaller SNR and, thus, generally higher
experimental uncertainty. Consequently, McKeigue and Gulari [222] con-
cluded that the achievable uncertainty of D, is approximately 1% in con-
centrated solutions and approximately 5% for samples where the mole frac-
tion x of either component is below about 0.05. Krahn et al. [104] measured
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the D, in binary liquid mixtures of CH;OH, CsHg, n-hexane (n-Ce¢H,,),
C5HgO, and CS, at T between (293 and 298) K and x between about (0.03
and 0.97). ACFs were obtained at & in a heterodyne detection scheme
wherein heterodyning was performed by using window flares. Since a and
D, for the investigated systems differed by some orders of magnitude, they
claimed that they were able to fit the experimental correlator data with a
single exponential. However, the signal contribution resulting from T fluc-
tuations can be expected to have a non-negligible influence, especially for
low and high c. They demonstrated that the determination of D,, required
approximately 10 min for equimolar solutions and 1.5 h in the dilute range.
Uncertainties of D,, were about 2% in the ranges of o < x <o0.1and 0.9 <x <
1and 0.5% in equimolar solutions. Like many other authors, they observed
a decrease in scattering intensity in dilute solutions, leading to larger
uncertainties, and pointed out that the main limitation of DLS is a suffi-
cient RID of the pure components. Siddiqi et al. [223] examined binary lig-
uid mixtures of CS, with CCl,, C4H,,, or C¢HsCHs, as well as of pyridine and
H,O at T = 293 K. For these systems, the measurements in the two diluted
areas of x < o.1and x > 0.9 could not be conducted as the amplitude related
to ¢ fluctuations in the CF was too small. Same as other researchers, the
authors found that the amplitude of the ¢ fluctuations was dependent on
the RID of the two components, since the amplitude is a function of the
partial derivative of dielectric constant with respect to c. For equimolar
solutions the partial derivative was at its maximum, and its value decreased
with dilution toward the two ends of the composition range. Most im-
portantly, they also observed that this limitation did not apply to all types
of mixtures, but was critical for mixtures that exhibited a small variation in
chemical potential with c. Indeed, the term (Jz/dc), which is the reciprocal
of the osmotic compressibility, will also be of particular interest later when
discussing the limits of DLS pertaining to the simultaneous determination
of a and D,.. In (0u/0c), i denotes the difference in the chemical potential
of the two components, and c represents the weight fraction of the heavier
component. Fiedel et al. [224] investigated the binary liquid mixtures of
bromobenzene with acetonitrile, n-C¢H,,, or C;H;OH at T = 293 K, with x
between (0.05 and 0.95). ACFs were obtained using a heterodyne detection
scheme at 6 = 7°. Relative uncertainties in D, ranged from 0.8% in con-
centrated mixtures to 16% in the dilute regime. In agreement with other
authors, they reported that the amplitude related to ¢ fluctuations in the
CF is rather small at extreme c, resulting in considerable experimental
noise. For improved signals, they recommended increasing the experi-
mental time (45 min in their study). Moreover, Fiedel et al. [224] stated that
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the primary source of inaccuracy in such measurements was poor sample
quality because of dust or uncertainties in composition due to different
evaporation rates of the components during preparation. Wu et al. ob-
tained D, in binary mixtures of C;H¢O and CCl, as a function of composi-
tion at T = 296 K [176] (discussed in detail in Section 2.2) and in a binary
separation system comprising n-C,H,, and nitrobenzene [225] with a mis-
cibility gap below about T = 292.6 K. Depending on the intensity of the
scattered light at different T, ACFs were determined using either a homo-
dyne or heterodyne detection scheme. They also presented an approach
that allows the disturbing influences of the heterodyne part to be corrected
in homodyne measurements.

In 1984, Saad and Gulari published two articles in which they demon-
strated, for the first time, the determination of D, (and a) in mixtures of
liquids with dissolved gases [226] (discussed in the next section), as well as
in mixtures of liquid hydrocarbons in supercritical fluids [127] using DLS.
Saad and Gulari [127] investigated D, of CsHe and n-heptane (n-C,;H;6) in
supercritical CO, along isochores in the dense gas region at x < 0.05 of
hydrocarbon. ACFs were calculated at & between (6 and 11)° leveraging a
homodyne detection scheme. Since these investigations were performed in
the vicinity of the critical point, the use of a homodyne detection scheme
was deemed appropriate. The measured CFs exhibited single exponential
behavior over the reported range of data. This observation is not in agree-
ment with the results reported by Ackerson and Hanley [122], who investi-
gated a mixture of x = 0.7107 methane (CH,) and x = 0.2893 C,Hs near the
critical point, observing two exponential contributions to the CFs. Their
work will be discussed in more detail in Section 2.5. In the near-critical
region, along the critical isochore, the diffusion coefficient vanishes like the
inverse of the correlation length to the power of 0.67 [170]. The attribution
of the observable single contribution to D, by Saad and Gulari [127] was
partly based on the obtained critical exponent. The obtained critical expo-
nent was found to be in fair agreement with the data derived from pure
fluids and their mixtures along the critical isochore and with predicted val-
ues obtained using the renormalization-group theory [227]. In 1988, Bender
and Pecora [228] determined the D,, for mixtures of 2-butoxyethanol and
H.O as a function of composition at T between about (283 and 313) K and
atmospheric p. ACFs were calculated at & between (35 and 125)° employing
a homodyne detection scheme.

Although most available studies report on D,, in rather simple liquid sys-
tems, the research group of Froba [229-233] significantly extended the
applicability of DLS to more complex technical systems. Rausch et al.
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[229,230] examined binary liquid mixtures of several ionic liquids (ILs) with
C.HsOH, C;H4O, H,O, acetonitrile, or dichloromethane as a function of
mixture composition at T between about (278 and 323) K and atmospheric
p. Furthermore, Rausch et al. [231] determined D, of liquid glycerol-H,O
mixtures at T between (323 and 448) K, different compositions, and ambi-
ent p. Pseudo-cross CFs were obtained at ¢k exceeding 63° using a hetero-
dyne detection scheme. Large angles were chosen to ensure that the com-
puted intensity CFs are governed only by ¢ fluctuations, facilitating the use
of a SEF. Uncertainties from 1.3% for mixtures with a strong scattering sig-
nal and up to 69% for mixtures with weak signals were acquired with a
confidence interval of 95% (k = 2). They also stated that considerably
smaller uncertainties could be achieved by utilizing lasers with higher
powers for a given measurement time. In this context, they conducted ex-
periments with different laser output powers (500-1500 mW) and different
measuring times (15-200 min) to investigate their influence on the D, and
find the optimum measurement conditions. Heller et al. [232] demon-
strated that DLS can be used to determine D,, in the binary LOHC system
dibenzyltoluene-perhydrodibenzyltoluene. Investigations were performed
in the liquid phase at different compositions and T between (264 and 571)
K. Pseudo-cross CFs were computed at & = 9o° using a heterodyne detec-
tion scheme. The DLS method was found to be a suitable tool for such tech-
nical systems, providing reliable data on D,, over four orders of magnitude
with an expanded uncertainty of (3 to 25)%. Knoll et al. [233] highlighted
that DLS could be used to simultaneously assess molecular and micelle
diffusion in a technical microemulsion system. Consequently, research was
conducted at T between (314 and 353) K and p between (10 and 16) MPa. For
a microemulsion consisting, for example, of CO, and polyol or CO,, polyol,
and a surfactant, both the translational micelle diffusion coefficient and a
faster apparent molecular diffusion coefficient describing the diffusion of
CO. were obtained. Leveraging homodyne and heterodyne detection
schemes, they showcased that the micelles could generate a local oscillator
field, enabling simultaneous heterodyne measurements of the molecular
diffusivities.

Regarding rather technical systems, recently, Tang et al. [234,235] deter-
mined D, of mixtures comprising the lubricant polyalkylene glycol with
dissolved R32 or Ri234yf at T between (293 and 353) K and p between about
(0.1and 3.4) MPa Measurements were performed at several ¢ between (3.0
and 3.2)° under heterodyne conditions. Whether pseudo-cross CFs or ACFs
were computed is not clear. The signal associated with T fluctuations was
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visible in the CFs of the binary mixtures but was not evaluated further. The
uncertainty of D,, was estimated to be 4% (k = 2).

2.4 Simultaneous Determination of Thermal Diffusivity
and Mutual Diffusion Coefficient for Binary Fluid
Mixtures

Compared to studies reporting specifically on either a or D,, of pure fluids
or fluid mixtures, few studies demonstrate the simultaneous determination
of both properties. As mentioned in Section 2.1, Bergé et al. [152] were the
first to demonstrate the simultaneous determination of a and D,, using DLS
in 1970. The first related study with a focus on transport property determi-
nation was published by Saad and Gulari [226] in 1984. They investigated
the saturated liquid phase of mixtures of n-C,;H,s with dissolved CO, at cor-
responding T between (283 and 323) K and p between about (1 and 8) MPa.
The amount of the dissolved CO, ranged between x = (0.3 and 0.9). Mix-
tures consisting of liquids with dissolved gases facilitate the simultaneous
determination of a and D,. This is because, for many related systems, the
light-scattering signals originating from T and c fluctuations appear at sim-
ilar time scales. ACFs were obtained at various @ between (6 and 11)° using
a homodyne detection scheme. However, it is questionable whether true
homodyne conditions could be achieved for such a relatively weakly scat-
tering molecular system - especially at low c of CO.. In agreement with the
work of Wu et al. [176], who investigated the influence of the RID of pure
components on the determination of a, I. was dominant in the concen-
trated mixtures examined by Saad and Gulari. This was because the refrac-
tive indices of CO, and n-C;H,s differed by about 30%. Thus, they per-
formed a DEF that allowed them to simultaneous determine a and D..
Given the related relative signal amplitudes, the typical relative uncertain-
ties of a and D,, were (24 and 2)% and the smallest uncertainty of D, was
about 0.7% for the concentrated mixtures.

Next, it is important to mention the work by Leipertz [236] in 1988. Rather
than presenting new diffusivity data, Leipertz provided a comprehensive
state of the art report on the DLS technique, including an evaluation of the
limitations regarding the simultaneous determination of a and D, in trans-
parent binary liquid mixtures. Leipertz reported that measurement times
for a CF typically ranged from 1 to 2 h when far from the critical point to
several seconds when nearby. Here, low-power lasers could be employed
under homodyne conditions. Leveraging small & arrangements, the appli-
cation of the heterodyne detection technique is highly recommended for
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obtaining small uncertainties in the diffusivities. For both transport prop-
erties, uncertainties exceeding 2% for a single measurement could be
achieved via DLS. Based on the findings by Wu et al. [125,176], Leipertz con-
cluded that if the RID of both pure components is less than or equal to 5%,
a can be measured independently of D, and D, cannot be determined.
If the RID is (5 to 15)%, a can only be measured with exact knowledge of
D.,, which must be measured first. If the RID is (10 to 15)% or higher, only
D, can be obtained via DLS. Here, it should be noted that these statements
can be true in many cases; however, as it will be demonstrated later, other
influencing factors, such as the osmotic compressibility or Le, must also be
considered.

In 1995, Li et al. [237] investigated an equimolar liquid mixture of C¢HsCH;
and n-C¢H,4 at T = 298 K. Pseudo-cross CFs were measured at 6% between
(2 and 3)° in a heterodyne detection scheme. A new feature incorporated
into their experiments was the use of a digital multiple-tau correlator
(MTC), which exhibited a quasi-logarithmic spacing of the correlator chan-
nels, rendering it especially well-suited for resolving multiple relaxation
times in the CF. In earlier experiments, correlators with a constant spacing
between the correlator channels, that is, linear-tau correlators (LTCs), were
commonly used. Each run lasted about (6 to 10) h. Although the obtained
pseudo-cross CFs at different & contained both signals, the authors chose
to analyze the signals related to T and c fluctuations separately employing
SEFs. This was because the decay time of these two modes differed by a
factor of 30. Therefore, they did not perform a true simultaneous determi-
nation of a and D,. In addition, Li et al. [237] reported ¥ = 3.7 for the
equimolar liquid mixture of C¢HsCH; and n-CsH,,, which indicated that the
signal related to c fluctuations was approximately four times stronger than
that related to T fluctuations. The uncertainties reported for a, D,,, and %#
were around (1, 7, and 8)%, respectively. A reason for the relatively large
uncertainty of D,,, despite %> 1, was not provided.

The research group of Froba [238-244] made significant progress in the
simultaneous determination of @ and D,. In their work, the pseudo-cross
CF was generally calculated rather than the ACF. In context of the simulta-
neous determination of a and D,,, especially the doctoral thesis of Heller
[245] and related publications have markedly contributed to an improved
understanding. In 2014, Heller et al. [238] investigated the binary mixtures
of n-octacosane (n-C,sHss) with CO, H,, or H,O in the saturated liquid
phase at T ranging from (398 to 523) K and p between (0.5 to 3.0) MPa at
small 6. The decay times related to a and D, differed by factors below
about three. Various data evaluation strategies, including a multi-fit
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procedure, were evaluated to minimize uncertainties in the resulting
transport properties. The relative expanded uncertainties reported ranged
from (4 to 15)% for a and (4 to 30)% for D,.. In the same year, Rausch et al.
[239] reported a and D,, for mixtures of the IL 1-butyl-3-methylimidazolium
tricyanomethanide or 1-butyl-3-methylimidazolium tetracyanoborate with
dissolved CO, at T between (303 and 333) K and p between (0.2 and 2.6)
MPa. Investigations were performed at small and large é%. Unlike
Heller et al. [238], the decay times related to T and ¢ fluctuations differed
by more than a factor of 100 for these mixtures. Because the associated sig-
nals appeared on different time scales, the simultaneous determination of
a and D,, from one CF was only possible using a MTC. To obtain both prop-
erties from the LTC, two separate measurements were taken under a spe-
cific thermodynamic state leveraging different sampling times. The relative
expanded uncertainties ranged from (4.1 to 21)% for a and (3.1 to 28)% for
D,. Similar to previous reports, the relative uncertainty of D,, was generally
observed to decrease with an increase in the mole fraction of the dissolved
CO, due to arise in L.

In the subsequent years, Heller et al. [240] and Koller et al. [241] studied
similar systems via DLS. Heller et al. [240] investigated binary mixtures of
n-dodecane (n-C,,H,s) or n-tetracontane with dissolved CO, H,, or H,O in
the saturated liquid phase at small &, T between (398 and 524) K, and p up
to 4.2 MPa. Each measurement lasted between (10 and 120) min, depending
on the light scattering intensities. a and D, were determined simultane-
ously with expanded relative uncertainties (k = 2) ranging from approxi-
mately (2 to 12)% and (3 to 25)%, respectively. These authors also made
important statements regarding signal attribution. For many systems and
thermodynamic states, a and D, differed by two to three orders of magni-
tude, facilitating a clear separation of the two corresponding exponentials.
In most cases, the faster decaying exponential could be attributed to T fluc-
tuations associated with a, while the slower decaying exponential was as-
cribed to c fluctuations associated with D.. Given that most systems exhibit
an observable increase in D,, and a decrease in a with increasing T, a region
exists where these trends intersect. Heller et al. [241] observed such an
intersection of the diffusivities for mixtures of n-C.H,s with dissolved H,
and H.O. In the intersection region, they observed only one hydrodynamic
mode and assumed that a and D, were identical. After intersecting, the
faster decaying exponential was ascribed to ¢ fluctuations, whereas the
slower mode was attributed to T fluctuations. These results demonstrate
the need for careful attribution of obtained signals. Without further
knowledge, it is initially difficult, if not impossible, to determine which

26



2.4 Simultaneous Determination of Thermal Diffusivity and Mutual Diffusion Coefficient
for Binary Fluid Mixtures

contribution is related to which type of fluctuation for a given thermody-
namic state and system. Koller et al. [241] investigated binary mixtures of
the IL 1-ethyl-3-methylimidazoliumtetracyanoborate with the dissolved
gases CO,, N, CO, or H, at T from (298 to 363) K and p up to 6.3 MPa. The
expanded relative uncertainties (k = 2) ranged from approximately (4 to
28)% for a and (3 to 40)% for D, respectively. Furthermore, Koller et al.
[242] examined a binary liquid mixture of n-C,sHss and C,H;OH. They
demonstrated, for the first time, the simultaneous analysis of equilibrium
fluctuations in the bulk and at the surface of a binary liquid mixture via
DLS. Thus, the simultaneous determination of a, Dy, viscosity, and surface
tension was achieved. Giraudet et al. [47] delved into binary mixtures of
n-CsH,, or n-decane (n-C,oH,,) with dissolved H,, He, N,, or CO at T rang-
ing from (303 to 423) K and p up to 6 MPa, corresponding to a gas mole
fraction of x < 0.06, that is, close to infinite dilution. The authors revealed,
for the first time, that even for x = 0.007 and Le close to unity, reliable D,
data can be obtained via DLS in such mixtures with an average expanded
uncertainty (k = 2) of 13%. Similar to Heller et al. [240], the authors encoun-
tered situations where only one hydrodynamic mode was observable in the
CF. They discovered that, in general, when Le > 1.6 or Le < 0.6, which is
valid for numerous systems and thermodynamic states, both contributions
could be resolved, and the CF could be well-fitted by the sum of two expo-
nentials. However, in the vicinity of Le = 1, both hydrodynamic modes could
not be distinguished from one another due to the convergence of their
decay times. In addition, for some cases the associated amplitudes of the
modes also converged, that is, ¥ = I-I;" = 1, hindering the determination of
two individual diffusivities. Wu et al. [48] conducted similar investigations
for binary mixtures comprising the gases H,, He, N, CO, or CO, dissolved
in C,H;OH, 1-hexanol (1-C¢H,,OH), or 1-decanol (1-C,,H,,OH) in the same
range of T. Regarding the limits of DLS, identical findings as those for the
n-alkane based mixtures [47] were observed. In addition to systems at close
to infinite dilution of the dissolved gas, Klein et al. [243] and Wu et al. [244]
investigated binary mixtures of CO, dissolved in n-CsH,, or 1-C¢H,,OH over
a wide range of compositions, including x of dissolved CO. between
approximately x = (0.005 and 0.98) at T ranging from (303 to 353) K.
Although Klein et al. [243] reported only Dy, in their publication, they also
simultaneously determined a. Wu et al. [80] later reported some of these
values. For these mixtures, the expanded relative uncertainties (k = 2) were
around 20% for a and 3% for D,,.. Similar to Saad and Gulari [226], Klein et
al. [243] and Wu et al. [244] observed that I. strongly increased with an
increase in dissolved CO,, as shown in the CFs presented in the respective

27



2 State of the Art

publications. This increase in I. was responsible for the generally larger
uncertainties of a.

Heller [245] provided in his doctoral thesis a comprehensive evaluation of
the maximum and minimum permissible difference between the two
observed decay times, allowing fitting with a sum of two exponentials. In
addition, certain guidelines regarding the experimental conditions were
presented. A brief summary is as follows: Heller discussed two cases where
ce >> e and e ~ 7. Here, oy and 7. are the mean lifetimes of the
fluctuations in T and c. For 7. >> ¢, the MTC is generally preferred over
the LTC when the simultaneous determination of both properties a and D,
from one CF is desired. For an accurate determination, appropriate scatter-
ing geometries, that is, & must be selected. For this, the expected magni-
tudes of a and D,, must be considered, and, consequently, their relaxation
times and the behavior of observable disturbances in the CF. Although
small 6 are generally favored, increasing the incident angle can diminish
the relaxation time and circumvent significant disturbances in the event
that D, yields numerical values that result in relaxation times exceeding
500 ps. Measurements with & = 9o° might also be suitable to reduce the
observable relaxation time and obtain CFs free of disturbances. However,
this may hinder the simultaneous determination of both diffusivities.
Furthermore, scattering geometries leading to relaxation times of less than
1 ps should be avoided because, with smaller sampling times, artefacts in-
troduced by the PMTs become visible within calculated CFs. Although
these artifacts are limited by using a pseudo-cross correlation scheme, they
cannot be completely avoided. For 7. ~ z:, Heller [245] concluded that
the likelihood of separating two superimposed exponential modes on the
time scale using nonlinear regression analysis is highly dependent on the
signal statistics, that is, the SNR. To obtain high-quality DLS signals with
excellent signal statistics, both long measurement durations and transpar-
ent, particle-free samples are required. Heller concluded that the interplay
between the overall signal quality, individual decay times, and individual
amplitudes of the signals related to the T and c fluctuations determine
whether a simultaneous determination of both a and D, is possible.
According to Heller, a simultaneous determination is feasible if the ratio of
the decay times zc zc™ is either > 1.5 or < 0.7. These values are similar to
those reported by Giraudet et al. [47] for the corresponding Le.

Recently, Cui et al. investigated a and D,, in the saturated liquid phase of
mixtures of CO, dissolved in n-C,H,s [246], n-tetradecane (n-C,,Hs,) [247],
or n-eicosane (n-C,oH,,) [248] as a function of composition at T between

28



2.5 Diffusivities in the Vicinity of the Critical Point of Binary Fluid Mixtures

(208 to 473) K and p up to 5.6 MPa. The reported average expanded uncer-
tainty of a and D, were about (10 and 5)%. Furthermore, leveraging a
method similar to that previously reported by Koller et al. [242] for binary
liquid mixtures, Cui et al. [249] demonstrated the simultaneous determi-
nation of a, D,, viscosity, and interfacial tension via DLS in mixtures of
n-C,H,¢ with dissolved CO.. In 2023, Gao et al. [250] presented a study that
aimed to elucidate the influence of sampling time, 6, viscosity, RID of the
pure components, and Le on the reliability and obtainable uncertainties for
the simultaneous determination of a and D,, via DLS. They investigated the
binary mixtures of n-CsH,; and n-C,oH,, at x = 0.5 as well as of n-C¢H,, and
n-hexadecane (n-C,sHs,) at x = (0.06 and 0.85), respectively. Here, the first
and third systems had similar viscosities but different RIDs for the pure
components. In contrast, the second and third systems exhibited identical
RIDs for the pure components but different viscosities. The authors stated
that the measurements were taken under saturation conditions. They con-
cluded that both the a and D, of the binary mixtures could be obtained
with an uncertainty of less than 5% if the sampling time was 1.5 to 3 times
that of the relaxation time, & was between 8° and 12°, and the system had
a relatively low viscosity. Moreover, the authors assert that a simultaneous
determination of the a and Dy, is feasible if the pure components had a RID
> 4% and Le was between 10 and 8o. These findings are, however, somewhat
questionable.

2.5 Diffusivities in the Vicinity of the Critical Point of
Binary Fluid Mixtures

Critical phenomena in fluids are a separate and extensive area of research
[251-253], and play an important role in the field of transport properties
[141]. The vicinity of the critical point of binary fluid mixtures is a somewhat
special topic, not only because of the peculiar behavior of several physical
quantities, but also because the interpretation of the signals accessible via
DLS can be complicated in the near-critical region. Only the most im-
portant features relevant to the accessibility and interpretation of diffusiv-
ities of binary fluid mixtures via DLS will be highlighted. In 1980, Ackerson
and Hanley [122] studied a mixture of x = 0.7107 CH, and x = 0.2893 C,Hs
near the critical point using DLS. They observed two relaxation modes, and
their associated decay rates were attributed to pure D,, and a. In 1984, Miura
et al. [167] investigated mixtures of helium-3 and helium-4 at different com-
positions along their respective critical isochores near the vapor-liquid crit-
ical point. Unlike Ackerson and Hanley [122], they were only able to detect
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a single, relatively slow decay rate. In the 1990s, Anisimov et al. [124,254-
256] presented new theoretical aspects of light scattering from bulk fluids,
demonstrating that in near-critical binary fluid mixtures neither of the two
observable diffusivities could be associated with pure D, or a. Instead,
owing to a coupling of the hydrodynamic modes, two effective diffusivities
D10y could be observed. The strength of the coupling was determined by
the coupling parameter, which varies considerably depending on the ther-
modynamic state and fluid properties. According to Anisimov et al. [124],
the two diffusivities are only decoupled in special cases, such as in the limit
of infinite dilution, where they become a and D.. They compared their
calculations with the experimental data reported by Ackerson and Hanley
[122] and suggested that the experimental data represented two effective
diffusivities and not pure D, and a. Froba et al. [123] investigated an
equimolar mixture of CH, and C,Hs at T ranging from (265 to 310) K. They
observed two contributions, that is, two hydrodynamic diffusion modes,
which exhibited the typical behavior expected for a and D, in the vicinity
of the critical point. For clarification, the authors calculated the expected
Defr, and Defr.. However, owing to large uncertainties in the input quantities
required to calculate the coupling parameter, a wide range of possible Def,
and D.s, were found. Therefore, they could not confirm whether the
observed diffusivities should be interpreted as effective diffusivities or not.

2.6 Diffusivities in Multicomponent Fluid Mixtures

Although numerous studies in the literature demonstrate that determining
a in molecular multicomponent mixtures is straightforward (see Section
2.2), few studies discuss the application of DLS for studying mutual diffu-
sivities in non-polymer multicomponent mixtures. In 1993, Leaist and Hao
[257] investigated the diffusion of sodium dodecyl sulfate micelles in aque-
ous salt solutions using DLS and Taylor dispersion experiments. They
found that the supposed diffusion coefficient of the micelles obtained via
DLS was larger than the coefficient determined via Taylor dispersion.
To interpret the results, the authors formally extended the theoretical
approach reported by Mountain and Deutch [158] for a binary mixture and
developed an expression for the spectrum of light scattered by the c fluctu-
ations in a multicomponent solution, while disregarding T fluctuations.
They found that multi-exponential decays are generally observable in the
CF of DLS experiments for a multicomponent solution, where the respec-
tive decay times are governed by the eigenvalues of the diffusion coefficient
matrix. For the chosen system, the authors were able to only resolve a single
exponential decay related to c¢ fluctuations. This was explained by the
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strong scattering of the micelles resulting from the large RID and thermo-
dynamic driving forces. The authors concluded that if the cross-diffusion
coefficients can be safely neglected, for their studied system, the single
obtained eigenvalue will be equal to the mutual diffusion coefficient of the
polymer component. In summary, the authors recommend caution when
interpreting DLS diffusion data for multicomponent solutions, unless
coupled diffusion is known to be insignificant.

DLS experiments on low-molecular weight ternary fluid mixtures were per-
formed in the mid-2000s by Ivanov et al. [129,258,259], who investigated
mixtures consisting of glycerol, C;H4O, and H.O in the near-critical region
in a series of studies, and by Das et al. [260], who studied aqueous solutions
of mixtures containing decylsulfobetaine and dodecylsulfobetaine. Both
groups compared their DLS results with data obtained from the Taylor dis-
persion, similar to Leaist and Hao [257]. Ivanov et al. [129,258,259] found
only one eigenvalue of the Fick diffusion matrix using DLS measurements
that coincided with their Taylor dispersion measurements. A second DLS
signal that was observed and attributed to mass diffusion yielded an eigen-
value that differed by a factor of more than 1000 from their Taylor disper-
sion results. Das et al. [260] found good agreement between their DLS and
Taylor dispersion results. However, they did not prove that their DLS signals
were associated with hydrodynamic modes. Bardow [130] proposed a simple
theory that described the observable signals in the spectrum for ternary
mixtures and provided a potential explanation for the observation of a sin-
gle signal related to mass diffusion in ternary mixtures. The theory sug-
gested that even though two hydrodynamic modes associated with mass
diffusion contributed to the overall signal, one mode was strongly
enhanced for situations typically encountered in DLS experiments.

Motivated by the ongoing debate mentioned above, Heller et al. [103]
investigated ternary fluid mixtures consisting of n-C..H.s, n-C.sHsg, and the
solutes CO, H,, or H.O at T up to 523 K and p up to 4.1 MPa via DLS using
a heterodyne detection scheme. They were able to separate three individual
contributions for the first time and demonstrated that these were related
to hydrodynamic modes. The fastest decaying mode was associated with T
fluctuations and, thus, a. The two slower decaying modes originated from
¢ fluctuations. A comparison of the DLS results and calculations using mo-
lecular dynamic simulations and an equation of state (EoS) based on statis-
tical associating fluid theory indicated that the eigenvalues of the Fick
diffusion matrix could be obtained via DLS measurements. Furthermore,
the authors found that for the studied systems, the slow mass diffusivities
(i.e., eigenvalues of the Fick diffusion matrix) coincided with the mutual
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diffusivities of the binary subsystems. To the best of my knowledge, there
are no studies available in the literature that aim to resolve the individual
contributions in DLS experiments for quaternary mixtures, quinary mix-
tures, or mixtures with even more components.
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The preceding literature survey reveals certain limitations in the applica-
bility of DLS for the simultaneous determination of a and mutual diffusiv-
ities in fluid mixtures. For various reasons, situations may arise wherein the
expected number of signals cannot be resolved, and/or the unambiguous
classification of the signals obtained from DLS experiments may not be
possible with respect to a and mutual diffusivities. In general, the capabili-
ties and limitations of DLS for the simultaneous determination of a and
mutual diffusivities of fluid mixtures have not yet been fully explored.

The main objective of this thesis is to explore which factors in the DLS tech-
nique influence the feasibility of a simultaneous determination of a and
mutual diffusivities in the bulk of homogeneous molecular fluid mixtures.
The focus is primarily on binary fluid mixtures, which are the most studied
systems that allow for the simultaneous determination of a and D,. How-
ever, certain aspects related to multicomponent mixtures will also be dis-
cussed. To allow identification of limiting factors, both theory and experi-
mental implementation of DLS are considered. The theory can provide a
general understanding of the various contributions to the observed signals
including the expected signal amplitudes of the studied fluctuations, their
interrelationships, and possible coupling of heat and mass transfer. With
respect to the experimental implementation, aspects such as measurement
equipment, sample preparation, processing and characteristics, and data
evaluation are considered. To facilitate a comprehensive discussion, a
diverse range of systems will be experimentally explored over a wide range
of thermodynamic states, encompassing T between (280 and 560) K, p be-
tween (0.030 and 20) MPa, and compositions spanning x between about
(0.002 and 0.995).

Equimolar CH,-propane (CsHs) mixtures, as well as various binary mix-
tures of liquids with dissolved gases were selected as model systems and
should facilitate fundamental investigations into different influencing
factors. The equimolar CH,-C;Hg mixtures will be investigated across the
two-phase envelope including the gas, liquid, and supercritical states, as
well as the liquid and vapor phases under saturation conditions and in the
vicinity of the plait critical point. This should provide a better understand-
ing regarding the different types of diffusivities in the different fluid regions
and enable the identification of the effect of the location of the investigated
thermodynamic state point relative to the phase envelope of the mixture
on the simultaneous accessibility of a and D,.. In this context, to the best of
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my knowledge, the dilute gas region within the hydrodynamic regime has
not yet been investigated using DLS. The systematic investigation of liquids
with dissolved gases under conditions close to infinite dilution of the gas
should serve to identify the influence of fluid properties such weight, size,
shape, and polarity of the constituents on the simultaneous determination
of a and D... Studies covering a wide range of compositions under satura-
tion conditions can reveal the relationship between light scattering signal
amplitudes and concentration. Additionally, this thesis also delves into var-
ious systems relevant for process and energy technologies which often have
a technical nature. This includes liquid mixtures, liquids with dissolved
gases, and gaseous and supercritical mixtures and should allow to evaluate
the transferability of the previously determined relationships and applica-
bility of DLS. These systems include particularly systems that are currently
being discussed in connection with the anticipated transition into a renew-
able energy economy such as mixtures related to biofuels, electrolytes,
LOHCs, and to the geological storage of H.. Electrolytes have to be consid-
ered a special class because they may contain multiple species that might
be represented in a binary mixture consisting of two salts with up to four
different ions. Additionally, mixtures related to natural gas and polymer
melts with dissolved blowing agent are explored. In addition to the main
aim, this endeavor should not only significantly expand the database of re-
liable diffusivity data but often evaluate, for the first time, the applicability
of DLS to the respective system.

Drawing on insights gained from the various studies, this thesis aims to: (1)
highlight which factors influence the feasibility of a simultaneous determi-
nation of thermal and mutual diffusivities in homogeneous molecular fluid
mixtures through DLS; (2) provide an overview of the types of accessible
diffusivities and their related uncertainties in different fluid classes and
thermodynamic fluid states; (3) develop tools and strategies which allow
for the attribution of the signals obtained through DLS experiments on
arbitrary binary fluid mixtures.
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This chapter provides an overview of the principles of the DLS method and
applied strategies used in this thesis. Further details can be found in the
respective publications that are identified in this work. First, the funda-
mentals of hydrodynamic fluctuations, which form the basis of DLS, will be
briefly outlined. This is because the spectrum of the fluctuations that can
be derived provides information on resolvable diffusivities. Thereafter,
various aspects of light scattering from the bulk of (binary) fluid mixtures
will be briefly discussed. This includes the very principles, scattered light
spectrum, time domain analysis, and homodyne and heterodyne tech-
niques. Before presenting a typical setup and introducing experimental
procedures, a summary will be provided on the theoretical calculation of
the Rayleigh ratio, which represents one of the pillars of the mode alloca-
tion strategy developed in this thesis. Finally, data evaluation, limiting fac-
tors, and the strategies for signal attribution in DLS experiments are pre-
sented and discussed.

41 Hydrodynamic Fluctuations in the Bulk of Fluids

In the bulk of a fluid or fluid mixture in macroscopic thermodynamic equi-
librium, microscopic statistical fluctuations in the variables of state can be
observed. These fluctuations occur naturally with a distribution of wave-
lengths and frequencies. Local perturbations resulting from these fluctua-
tions disturb the equilibrium state of the system on a microscopic level. In
the hydrodynamic regime, where the mean free path length [, of the mole-
cules is considerably smaller than the reciprocal value g™ of the modulus of
the scattering vector (q-l, << 1), the relaxation of each degree of freedom -
also known as mode - toward its equilibrium value obeys the same laws as
those for the relaxation of macroscopic systems. The basic justification for
this relationship is Onsager's regression hypothesis [99,100], which states
that, on average, microscopic fluctuations are governed by the same
transport equations as the macroscopic ones. Thus, the decay of entropy or
T fluctuations is governed by a. p fluctuations in fluids move at the speed
of sound c¢;, and their decay is governed by the sound attenuation. In the
case of a binary fluid mixture, the decay of ¢ fluctuations is governed by D,..
The notation D,, is chosen to be consistent with the generalized formula-
tion of Fick’s first law for diffusion in multicomponent mixtures where, in
a ternary mixture, D, and D,, are the off-diagonal elements of the diffusion
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matrix [245]. To describe the fluid mechanics, that is, motion of molecules,
in a nonrelativistic binary fluid medium, four basic laws are required: the
continuity equation, which expresses the conservation of matter; force
equation, which expresses the conservation of momentum; heat transport
equation, which expresses the conservation of energy; and diffusion equa-
tion. To analyze the fluctuating quantities and their spatiotemporal behav-
ior, the hydrodynamic equations are first linearized because the fluctua-
tions, denoted as ox = x — X,, around their mean equilibrium value (index
0) are assumed to be small. In principle, any chosen variable of state could
be represented by x. Herein, the primary interest lies in evaluating the evo-
lution or dynamics of the fluctuations in the state variables. Because the
dynamics of a fluid system are fully contained in the CFs of the fluctuations
[261,262], the time dependence of the CFs of the local thermodynamic var-
iables is computed according to the linearized hydrodynamic equations.
The following derivations include several assumptions and utilize mathe-
matical operations with well-established thermodynamic relationships.
The detailed derivations and discussions can be found in the works of
Mountain and Deutch [158], Boon and Yip [261], Cohen et al. [263], and
Berne and Pecora [96].

The linearized hydrodynamic equations for a binary mixture within the
framework of the Navier-Stokes hypothesis and Fourier’s law are expressed
as function of the space variable (7 ) and time (t) [107,158,261,263]. These
equations are the continuity equation

op(r,t) .
_— = r,t); .
=P (it (4.1
the longitudinal part of the Navier-Stokes equation
oy (Tt N N
poL}V p+(ins—77vjvt//; (4-2)
ot 3
the diffusion equation
ac(F,t) -
=-V.j°, .
T —— J (43)

where ;¢ is the linearized diffusion flux, presented as

- k
j¢=-p,D, [Vc+§—TVT+—PVp} (4-4)
o b,
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and the entropy transport equation [96, 158, 261, 263]

oT ou\) oc Os)| Op 5
c,—-pk| —| —+pT|—| —=«xV°T. .
po P 8t po T(aij’T 6t po o[apjT,C at c (4 5)

In Equations 4.1 to 4.5, y(7 ,t) = V-u (7 ,t), p(7 ,t) denotes the local mass
density, u (7 ,t) represents the local fluid velocity, c(7 ,t) indicates the local
mass fraction of one component, s is the entropy per unit mass, ¢, refers to
the heat capacity per unit mass at constant p and c, and g signifies the dif-
ference in the chemical potential of the two components. The term (Jx/dc)
represents the inverse of osmotic compressibility, which will later be of par-
ticular significance. The transport coefficients appearing in these equations
are the dynamic or shear viscosity 7, bulk viscosity 7, thermal conductiv-
ity &, and the Fick or mutual diffusion coefficient D... x, the thermal dif-
fusion ratio kr, and the thermodynamic quantity kp, can be expressed via

K, =apc,, (4.6)
including thermal diffusivity a,
I;—T=—%C(c—1), (4.7)

o n

with the thermal diffusion coefficient Dr, and

k D
_p:[a_,u] [6_/1] =—Lc(c-1) (4.8)
p, \op) ,\oc)r, D

with the barodiffusion coefficient D,,.

In the next step, three statistically independent fluctuating thermodynamic
variables have to be selected to characterize the state of a binary system.
The two obvious candidate choices p, ¢, and T or p, ¢, and s do, however,
not satisfy the criterion of statistical independence. Instead, the three var-
iables p, ¢, and ¢ according to [263]

¢=T—£&p (4.9)
po Cp

are selected. In Equation 4.9, the thermal expansion coefficient fr can be
expressed as

By = —%(2—?) . (4.10)
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Thereafter, the linearized, coupled differential hydrodynamic equations are
rewritten for the fluctuations dp, oc, d¢, and w=p,V-u and Laplace-Fou-
rier transformed [96,261]. Following the procedures as outlined in the liter-
ature, a dispersion equation can be obtained for a binary mixture which,
for a given wave number of the fluctuations q observed, can be expressed
as [261,263]

[z+D,q" | ¢D,q’ T,'k:D,q’ 0
> 0 . k(0
2 2 aﬂ 2 {Z +[C5'ad-p‘7 [;ﬂj an |:Cs,ad,pu i(ij (pDu N
CoaaPs| 2| ©Dugq CJrp T,\dc)r, PoCand.
a T P 2 2 -1 2 2 2
+Cs,ad.ﬂTTocp a:|q } +Cs,ad.poﬂ’ra:.q
k; (0 {z + {a + ky 0
"
kT 6,u N J(ij (pDu Tocp
e 2 D,q ¢, \ac Jr, o
C C
P +¢, T, By, a g’ X(%j D, q’}
oc )y,
| 0 -0.'q o [z+v1q21
(4.1)
with z as the complex Laplace variable; the adiabatic sound speed
—1/2
op
Cs,ad. = (_ 5 (4.12)
P )
longitudinal viscosity
4 .
Yi =(—775 —m}po ; (4.13)
3
and
k, Kk T
e Kl Ay | (414)
po To Cppo

Solving Equation 4.11 to the order g* provides two propagating modes
z, =tic,,,.q—-Kq’, (4.15)

with

, (4.16)

1 C
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2 c

v
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where ¢, denotes the specific heat capacity at constant volume, v the kine-
matic viscosity

V=10, (4.17)
and othe quantity
2( 0
o= (Cs,ad.po(D) (_‘uj ’ (418)
oc Jr,
as well as two non-propagating modes
y 1/2
o 1 ' 2 1 2 2 4a
z,=——(a+D")¢ +—(a+D")q* |1+ —— | , (4.19)
ool
with
D'=D,+A=D, |1+ k—T(a—'uj . (4.20)
T,c,\ oc ),

The interested reader will note that Equations 4.19 and 4.20 imply that the
two non-propagating modes are related to the pure thermal diffusivity a
and pure mutual diffusion coefficient D, only when kr — o. This topic has
been analyzed in detail by Anisimov et al. [124] for near-critical binary fluid
mixtures and will later be discussed in more detail.

4.2 Light Scattering from the Bulk of Fluids

In general, light is scattered by optical inhomogeneities. Optical inhomo-
geneities in the bulk of pure fluids and fluid mixtures in macroscopic ther-
modynamic equilibrium are caused by statistical microscopic fluctuations
in the state variables, such as T, ¢, and p. These fluctuations cause concom-
itant fluctuations in the local dielectric constant of the medium &. These
fluctuations can be expressed as

55(F,t)=[2—8j 5p(f,t)+(%j¢ 5c(F,t)+(Z—;J 5B(F,6),(4.20)
b P p.c

P ), oc

following the above path and notation. These sources of time-dependent
optical inhomogeneities modulate the scattered light and lead to a time-
dependent scattered electric field. Thus, the scattered electric field con-
tains information on the above-described modes related to the fluctuation
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dissipation processes and, thus, the transport properties of the scattering
medium.

In DLS experiments, the sample fluid in macroscopic thermodynamic equi-
librium is irradiated with coherent laser light, and the scattered light asso-
ciated with a certain wavelength of fluctuations A is then analyzed under a
well-defined scattering geometry. The scattering geometry can be ex-
pressed in terms of the scattering angle &, which can be described using
wave vectors. Figure 4.1(a) represents a simple schematic of the scattering
geometry. Here, the scattering vector § =k, —k; is defined by the wave vec-
tor k; of the incident laser light with a frequency @, and wavelength 4, in
vacuo and the wave vector of the scattered light k. Assuming the scatter-
ing process is quasi-elastic, that is, ";1‘ ~ ‘I;Sl; and using trigonometric func-
tions, the modulus of the wave vector can be expressed as

2 . 4Tng.y . [ O
=—=|¢|=—F—""=sin| —= |, 22
g===ldl="— ( . j (4.22)

o

where ngiq is the refractive index of the fluid at a given thermodynamic
state. Equation 4.22 indicates that the chosen scattering geometry is
directly linked to the size of the fluctuations being studied. In a realistic
experiment, 6 is defined as the angle between the detection direction of
scattered light and the direction of the incident laser light in the sample
fluid. The experimentally accessible incident angle & is the angle between
the scattering direction and the direction of the incident laser light outside
the sample cell. & can be measured using an autocollimation method with
an estimated expanded uncertainty (k = 2) of 0.01°. The RID between the
sample and ambient air (n.i: ~ 1) requires the Snell-Descartes law of refrac-
tion to express the relationship between 6 and @, leading to

. n. .
arcsm( é% sin @Ij
q- 4Ty . Ngyig

sin , 2
s . (4.23)

(o)

which represents the principal work equation of DLS for experiments at
small 6. Evidently, the use of an approximation for g without ngyiq for small
6% is common practice [125,235,247]. However, using an approximation can
lead to inaccuracies and is not recommended. For small angles, estimating
nmuid and using Equation 4.23 is sufficient and introduces an error in the
diffusivities that is far below the typical related uncertainties [264,265] -
and in any case smaller than by using the approximation. At large scattering
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angles, that is, & ~ 90°, q is calculated using Equation 4.22. In this case,
nfuid is an important quantity, with exact knowledge necessary for the cor-
rect determination of diffusivities via DLS. In the work related to this thesis,
when measuring at s around 90°, nuid was determined using an Abbe
refractometer or obtained from the literature.

(a) (b)
scattering 7=
volume

incident _ transmitted
beam beam
Ao aq
® species 1 I.=D.g
o Species 2 light I (¢)

Aw

Figure 4.1: (a) Simple schematic of the scattering geometry at small &. The two different
species comprising the binary mixture are indicated by filled and open circles of different
sizes. (b) Schematic of the spectral power density of the central Rayleigh component of the
characteristically broadened spectrum observable for a binary mixture.

4.2.1 Scattered Light Spectrum

In light scattering experiments, the intensity Is of the scattered light is
measured, not the electric field Es. Is can be represented as [107,158,263,266]

~ k!N sin® -
IS (qu»Aa)):Il |:13T3Rzy:|s(q>Aa)): (424)

where N denotes the number of (spherically symmetric) molecules or scat-
terer, R, represent the distance from the origin to the point of observation,
y indicates the angle between the electric vector of the plane polarized
incident light of intensity I and R,, and A@ =@,—ax is the change in angular
frequency that the incident light experiences upon scattering. The general-
ized dynamic structure factor S(§,Aw), also known as spectral density, re-

fers to the space and time Fourier transform of the CF of fluctuations in &.
It can be expressed as [107]
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S(§,Aw) :zRertIdFd?’<5g(F+F’,t)58(0,0)>exp[i(q’7—Aa)t)] ,

(4.25)
In terms of Fourier-Laplace transforms [158]
S(G,Aw)=2Re(&(g,idw)e(-4)), (4.26)
with
£(q,2)=[dt[dioe(r,t)expigr - zt] (4.27)
and
g(cj) = IdF&?(F,o)exp(i(jF) ) (4.28)

In these equations, the caret indicates a Laplace-time transform. If only ¢

is a variable, a time-independent initial value is implied. The angular
bracket (...) indicates an average over the initial states of the system. Since
the shape of the characteristic broadened spectrum is contained in
S(¢,Aw) and the intensity of the scattered light is proportional to the ACF
of the fluctuations in ¢ [96,261], the main interest is in calculating
S(§,Aw). To obtain S(q,Aw) related to the ¢ fluctuations in macroscopic
thermodynamic equilibrium, the linearized Laplace-Fourier transformed
hydrodynamic equations described above are solved to construct a set of
CFs [158,261,263]. By following the steps outlined in the literature, the die-
lectric fluctuation CF is calculated, leading to the spectral distribution. This
distribution comprises a central, frequency-unshifted line, also known as
the Rayleigh line, and a frequency-shifted Brillouin doublet, which is not
further considered in this thesis. The Rayleigh line, owing to contributions
arising from the T or entropy and c fluctuations, is general expressed as
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where kg is the Boltzmann constant. The central distribution is a relatively
complicated feature because the contributions arising from 7T and c fluctu-
ations are coupled. Evidently, as expected from Equations 4.19 and 4.20, the
spectral distribution can only be decomposed into a (close to) sum of two
Lorentzian contributions with the widths 77 and 7: proportional to a and
D, if kr — o. This condition is, for instance, sufficiently met in the very
dilute limit of one component [96,261,263]. Comprehensive discussion is
given by Cohen et al. [263]. From Equation 4.19, the following equations
can be obtained:

° 2 ° 2
wa—aq and Z+W)—an , (430)

and the central part of the spectrum becomes [154,158,261,263]

lim S (G, A®) = klsi(a_‘?j _ 2
kr—o CP aT pe Aa)z + (aqz)
. . (431
+ kBTo (%j 2D11q2
(aﬂj ac )r,| Aw* + (an2 )2
oc Jr,

Here, the Lorentzian contributions are denoted by square brackets, with
the prefactors related to the amplitude of the respective signal. As visible
from Equation 4.31, the scattered light signal related to T fluctuations is
proportional to ks, T?, inverse of cp, and (0¢/0T)* at constant p and c. Simi-
larly, the scattered light signal related to c fluctuations is proportional to
ks, T, (0¢/dc)* at constant T and p, and osmotic compressibility. Although
in the literature (dg/dc)* is often accounted in terms of the RID of the
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species in the mixture, the influence of osmotic compressibility is usually
not considered. The individual signal amplitudes translate to the signals
observable in the experiment and will be of particular interest when con-
sidering the calculation of the Rayleigh ratio %, as described in Section 4.3.

As previously mentioned, in DLS experiments, the scattered light intensity
is analyzed under a well-defined scattering geometry, and, thus, (in princi-
ple) a single q. Figure 4.1(b) illustrates a schematic of such a spectral distri-
bution for a binary mixture based on Equation 4.31 for a given ¢, indicated
by the red solid line. The blue dotted and green dashed lines in Figure 4.1(b)
are related to T and c fluctuations. Here, each contribution is characterized
by its amplitude I and width 7; which can be related either to a or D,, via
the squared modulus of the wave vector ¢2. It is important to note, however,
that in an experiment, it may not be immediately clear which spectral con-
tribution corresponds to which type of fluctuation. Furthermore, situations
may arise where one amplitude is significantly larger or smaller than
another. In the extreme case, one signal may no longer be observable within
the achieved SNR. Where contributions can be attributed to the respective
fluctuations, ¥ can be determined.

4.2.2 Time Domain Analysis and Homodyne and
Heterodyne Technique

For numerous fluid mixtures, spectral broadening caused by the fluctua-
tions is in the range of MHz (compared to laser frequency in the order of
6x10'" Hz). A straightforward analysis that measures the spectrum using a
charge-coupled device spectrometer or Fabry-Pérot scanning interferome-
ter is usually not feasible. This is because the broadening of the scattered
light spectrum is too small to be resolved in the frequency domain. Accord-
ing to the Wiener-Chintschin Theorem, the power-spectral density is the
inverse Fourier transform of the time ACF of the scattered electric field.
Given that common detectors measure intensity rather than the electric
field (Is o Es'Es), an elegant and commonly applied approach to overcome
this limitation is the time domain analysis. This is achieved by calculating
the time-dependent intensity ACF, also known as the second-order ACF, as
a function of the delay time ¢

G?(7)= <I(o)I(r)> ~lim — JT~ I(t)-I(t+7)de, (4.32)

T
-0 3T o
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where the brackets indicate the time average of the product I(¢)I(t + 7) of
the time-dependent intensity at the two time periods, t and t + z. In Equa-
tion 4.32, T denotes the measurement duration. The time dependent inten-
sity, or more precisely the radiative flux, is a function of the electric field
given by

C,E .

I(t):OTE (6)E(t), (4.33)
where ¢, is the speed of light and * represents the complex conjugate
variable.

In a realistic experimental situation, the scattered light from the sample is
superimposed with coherent stray light, also known as a local oscillator
(LO) or reference light, which is generated by imperfections in the optical
path or cell windows. To provide a general description, a superposition E(t)
= Es(t) + Evo(t) of the scattered electric field Es(t) with the LO field Eio(t)
is considered. Thus, the intensity measured by a detector is given by

c &
)=

E () +Eyo (6)] =I5 (£) + 110 (¢)+ C‘f[E;f (£)Ewo (£)+ Eo (£)Es ()]
(434)

Here, I5(t) and I10(t) are the intensities of the scattered light and LO. Es(t)
and Eio(t) can be quantified by the electric field of the incident light and
characteristic time behavior of the fluctuations observed, which is dis-
cussed in detail by Chung et al. [267] and Leipertz and Froba [268]. Using
mathematical manipulations and fundamental relations, the G®(7)
obtained from light scattering experiments can be shown to provide access
to the CF of the observed fluctuations. Considering the intensity of scat-
tered light and the LO, Equation 4.32 becomes for a single diffusive process
related to a single type of fluctuations

G (r)=(I+ 1) +I2

gq (T)‘2 + 2‘ISILqu (T) ) (435)

where Is, 10, and gq¢(7) are the time average of the scattered light intensity,
the time average of the LO intensity, and normalized CF of the hydrody-
namic fluctuations observed, respectively. The hydrodynamic fluctuations
can be obtained by using the linearized hydrodynamic equations and
applying a Fourier-Laplace analysis [96] as mentioned previously.

Since the power spectral density and ACF are Fourier-transformed pairs,
the individual Lorentzian lines according to Equation 4.31 are transformed
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into simply exponentially decaying functions in the time domain. Each
function exhibits a characteristic decay time 7, also known as the relaxa-
tion time or mean lifetime of the fluctuations. Consequently, the normal-
ized time CF for a single diffusive process can be expressed as

g,(r)=exp(-/z). (4.36)

The analysis in the time domain is particularly advantageous for studying
relatively slow diffusive processes between about (107* and 107°) m*s™, such
as those found in many liquid but also gaseous systems. This is because the
narrower the spectral broadening, the larger the value of z. If the diffusiv-
ities are in the range of 107> m*s™ or more, such as in low-density gaseous
mixtures, the spectral broadening increases significantly. This can result in
a decay time that is too small to accurately determine diffusivities. In such
cases, analysis in the frequency domain can be a better choice. Considering
Equation 4.35, the idealized second-order CF for a single diffusive process
and where light scattered from the sample and a LO field are present takes
the form of

G (r)=(Is + 1, ) + I exp(—27/. ) +2I I exp(—t/z.) . (4.37)

Equation 4.37 is composed of three terms. The first term represents the
static part of the CF. The second term, known as the homodyne term,
describes the signal from purely scattered light from the sample. The last
term represents the signal of scattered light multiplied by an additional
contribution from stray or reference light, called the heterodyne term.
Extracting reliable information from a sum of two exponentials with similar
time constants is exceedingly difficult Thus, the experimenter has to realize
a situation where one of the exponentials clearly dominates, that is, where
Is >> [0 (homodyne) or where Is << [0 (heterodyne). Establishing homo-
dyne conditions for studying molecular fluctuations can be challenging, if
not impossible. This is due to the significantly weaker magnitude of the
scattered light from the molecular inhomogenities compared to the imper-
fections in the optical path or stray light from the windows of the sample
cell (SaCe), dust on other optical components, or any particle-like impuri-
ties present in the SaCe. Thus, the defined heterodyne conditions are the
experimenter’s choice when studying diffusion in molecular systems.
Heterodyne conditions can be realized by superimposing direct coherent
laser light with scattered light onto the detector or by intentionally using
stray light from the SaCe windows. The heterodyne technique has the ad-
ditional advantage that the field of the LO acts as an amplifier, as presented
in Equation 4.37. Normalized to its value for 7 — oo, the idealized
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normalized second-order CF for a single diffusive process obtained under
heterodyne condition takes the form of

97 (z) =1+£exp(—r/rc). (438)
ILO
Here, 7c = (D-q*)™ is related to the diffusion constant D that can be identi-
fied by thermal diffusivity a, the mutual or Fick diffusion coefficient D,,, or
the particle diffusion coefficient, which is not considered in this thesis. In
a realistic experiment, effects caused by the imperfect signal collection oc-
cur [268]. Therefore, fit parameters are introduced in practice, and the nor-
malized intensity CF takes the form of

9% (z)=b, +bexp(-/z.), (439)

where b, accounts for a shift in the baseline and b is the amplitude of the
exponential. Equation 4.39 is used in the experimental evaluation of pure
fluids and binary mixtures where the experimental CF is governed by only
one relaxation process. Generally, the two relaxation processes that can be
found in binary mixtures give rise to a second exponential. Thus, the nor-
malized intensity CF related to the Rayleigh component and recorded in a
heterodyne detection scheme, wherein considerably stronger reference
light is coherently superimposed with the scattered light from the sample,
takes the form

g (r)=b, +b, exp(—7/7¢, ) +b. exp(—7/z., ). (4-40)

Here, b,, b, and b. are the experimental constants defined by the charac-
teristics of the experimental setup, the thermodynamic state, and the ratio
of the intensities of the scattered light to that of the reference light.
Furthermore, b, and b. are the amplitudes of the exponentials related to T
and c fluctuations. The decay times zc; and 7., which are equivalent to the
mean lifetimes of the observed microscopic T and c fluctuations, are related
to a and D, by

-1

a= (TC,tqz )_l and D, = (fc,cqz) (4.41)

Generally, situations can occur where either 7, << 7., 7 >> 7., Or
Tce & Tce. Thus, as previously mentioned in relation to the discussion on
Figure 4.1(b), importantly, it is not immediately clear which type of fluctu-
ation is related to which of the two exponential functions.

The theory discussed above is applicable to most experimental cases related
to pure fluids or binary mixtures. However, as reported by Anisimov et al.
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[124] and Froba et al. [123], the situation becomes more complex when
mode coupling cannot be neglected, that is, where kr does not tend toward
zero. In such cases, neither a nor D,, but two effective diffusivities are ob-
tained according to the hydrodynamic fluctuation theory as

Defﬂ{u} = i{[a +D, (1+ K):l F \/[a +D, (1+ K)]z —4aD, } (4.42)

and the strength of the coupling between heat and mass transfer is
described by the coupling parameter

=K (a—”j =CZ(1—C)2TS—T(EJ : (4-43)
Tc, oc ), c, ou o

where the Soret coefficient St = D1-Dy, .

For low-molecular weight multicomponent mixtures with n. components,
the scattered-light intensity is governed by fluctuations in T related to a, as
well as n—1 individual contributions from c fluctuations related to the ei-
genvalues of the Fick diffusion matrix. For ternary non-electrolyte fluid
mixtures, the scattered light spectrum can be derived from Fick’s second
law [158,269] and the differential equation for the T field [103]. Assuming
that coupling between the T and c fluctuations can be neglected, an expres-
sion for the eigenvalues of the 2 x 2 Fick diffusion matrix can be given by

[103]

ﬁl’z - l|:Du + Dn + \/(Du - Dzz )2 + 4D12D21 jl ’ (444)
2

where Dy, with i and j = 1 or 2, are the components of the Fick diffusion
matrix. The normalized intensity CF for ternary fluid mixtures comprises a
superposition of three exponentials according to

g (r)=b, +b, exp(—r/ Te, ) +b,, exp (—z‘/ Tee, ) +b,, exp(—r/ Tees ) ,
(4-45)

where the relaxation times 7c;, 7c.,, and 7., are related to q, 151, and ﬁz
in the same manner as expressed by Equation 4.41. Although the above the-
ory is generally valid, Bardow [130] presented additional theoretical consid-
erations. He demonstrated that in some cases only one mass diffusive mode
might be resolvable in DLS experiments on ternary mixtures due to the rel-
atively weak scattering from the ¢ fluctuations associated with the
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second mass diffusive mode. More details on the theory of DLS for ternary
fluid mixtures can be found in the doctoral thesis of Heller [245].

4.3 Calculation of the Rayleigh Ratio

The amplitudes of the signals obtained for a binary mixture typically cannot
be determined experimentally in an absolute manner due to unknown
experimental constants. However, the Rayleigh ratio %, also known as the
Rayleigh factor ratio, which represents the ratio of signal amplitudes b. and
b or I. and I related to the ¢ and T fluctuations, can be determined exper-
imentally. When ¥ is greater than one, the larger amplitude signal in the
CF is associated with c fluctuations, whereas the smaller amplitude signal
is associated with T fluctuations. Conversely, when % is less than one, the
larger amplitude signal is associated with T fluctuations, and the smaller
amplitude signal is associated with c fluctuations.

The Rayleigh ratio was established by DuBois and Bergé [154], and is
defined as [154,262]
(anﬂuid jz
o J,r

— 46
( anﬂuidj (4.46)
oT

I. b, c¢,(dc
f}i’:—:—z_ _
I. b T\ou T

Here, the optical contrast factors, (Onguida/0T)pc and (Onguia/Oc)p,r, can be
computed using the following well-established analytical expressions [270-

272]

p.c

ong,; B (nleuid _1)(nf21uid +2) 10p (nf)iuid _1)(nf21uid +2)
( 5;(1 Jp c - 6N,y ;a_T - 61y, Pr (4.47)
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(4.48)

where the term
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0
l(—pj = fs (4.49)
p (3C T,p

is also known as the solutal expansion coefficient. The refractive index of
the binary mixture can be estimated using the Lorentz-Lorenz equation
[273] combined with a linear mixing rule by applying a simple mass-
weighting scheme [272,274]

ny—1 N ca, (1-¢c)a,,
=2 pl = +( )a. : (4.50)
Mua T2 3, M M

1 2

In Equations 4.47 to 4.50, N, is the Avogadro constant; & denotes the per-
mittivity of free space; p represents the density of the mixture; and a.,; and
M, are the average molecular polarizability and molar mass of the compo-
nent i. According to Equation 4.46, a decrease in ¢, and osmotic compress-
ibility, as well as an increase in T, will result in a decrease in % to some
extent.

Accurately calculating #”requires relatively precise knowledge of the input
quantities mentioned above, which can be a challenging task. Some optical
contrast factors can be found in the literature for some systems and ther-
modynamic states, e.g., in Refs. [271,272], whereas others must be calcu-
lated. The ce,; values derived through experiments or theoretical methods
can be obtained from the literature, see, e.g., [272,275,276]. Calculations
performed as part of this thesis revealed that the parameter «.; has a sig-
nificant influence on ¥ and, therefore, must be chosen carefully. Mixture
properties, such as p, ¢p, and g, can be obtained from the literature or esti-
mated using an EoS like the GERG-2008 EoS [277] or volume-translated
Peng-Robinson (VT-PR) EoS [278]. The REFPROP database [279] is a very
useful tool in this regard. Values for fr and /%, the partial derivatives of p
contained in fr and /&, and osmotic compressibility (0c/0u), are scarcely
available in existing literature. However, the partial derivatives of p and os-
motic compressibility can be determined through the mass fraction or T
dependencies of xzand p around the experimental T and composition using
a first- or second-order polynomial [265,280]. Furthermore, mathematical
expressions or an EOS can help calculate osmotic compressibility [123,154].
However, the applicability of such approaches must be evaluated for each
specific situation. Determining reliable values for osmotic compressibility
was the most difficult part of the % calculations performed for this thesis.
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4.4 Setup and Experiment

For this thesis, several experimental setups were developed and applied to
achieve its aims. These setups are described in detail in the corresponding
publications [264,280-282]. However, the essential components, basic
optical and electronic arrangements, and approach for maintaining macro-
scopic thermodynamic equilibrium will be briefly discussed.

Figure 4.2 depicts the optical and electronic arrangement of a DLS appa-
ratus for the analysis of scattered light at small & between (3 and 12)° as
well as at & = 9o°. A single-mode continuous wave laser with a wavelength
of, for instance, 4, = 532 nm was directed into the SaCe using a set of mirrors
to generate scattered light. In addition to true single mode operation with
sufficient coherence length, also stable output power, low RMS noise, de-
fined linear polarization, excellent beam quality, and pointing stability are
important laser properties when aiming for an accurate determination of
diffusivities via DLS. The incident angle & was set at M2 for small scatter-
ing angles, whereas for large scattering angles (that is, & = 90°), M2 was
removed. The detection direction of the scattered light was determined by
using two apertures (A), one positioned behind the SaCe and one in front
of the detection unit. The detection unit comprised two PMTs that were
operated in a pseudo-cross correlation scheme to suppress after pulsing
and dead-time effects. The PMT pulses were discriminated, amplified, and
then directed to two different digital correlators. A heterodyne detection
scheme was realized by using either an external reference beam, which was
separated from the main beam by a beam splitter (BS) or by using the win-
dow flares. To adjust intensity and polarization, combinations of lambda-
half wave plates (A/2) and polarization beam splitters (PBS) located in both
the main and reference beam paths were used. A neutral density filter (ND)
and linear grey filter (GF) were inserted into the path of the reference beam
for further intensity attenuation.

Although not the focus of this thesis, most of the setups used herein
allowed for Raman scattering experiments in addition to DLS. This enabled
the sample characteristics and composition to be analyzed. Raman scat-
tered light was detected either at a 9o° angle or via a backscattering scheme
using a dichroic mirror (DM). For more information, please refer to the
publications related to this thesis [264,265,280-292].

51



4 Applied Strategy and Methods Used

CCD
spectro-| L3 La My
meter | — ‘]‘ Z"I‘ %
LPF ' PBS DM .. \M 6

PBS == NDF
BS ) PBS Mg
5! e f] JZ fﬂ —
LASER [ 7 ‘;ljlf =
/2

Figure 4.2: Optical and electronic arrangement of a typical setup for DLS and Raman spec-
troscopy experiments. The components include mirror (M), lens (L), beam splitter (BS),
beam splitter cube (BSC), dichroic mirror (DM), lambda-half wave plate (1/2), polarization
beam splitter (PBS), neutral density filter (ND), linear grey filter (GF), aperture (A), photo-
multiplier tube (PMT), and sample cell (SaCe). A/2* is only inserted in the beam path for
Raman spectroscopy experiments and allows the polarization of the incident laser light to
be adjusted. The green solid and dashed-dotted lines represent the main beam, which gen-
erates the scattered light, at small or large scattering angles, respectively. The green dotted
and dashed lines denote the reference beam or LO and the detection beam path of the scat-
tered light, respectively, for the DLS experiments. The red dashed line indicates the detec-
tion beam path for the Raman spectroscopy experiments under 9o°.

This thesis utilized two types of digital correlators with different evaluation
schemes. The LTC had 2048 equally spaced correlation channels. The com-
plete time range analyzed was manually fixed by adjusting the sampling
time, that is, the time interval between individual channels. The MTC had
263 channels with a static and quasi-logarithmic time structure. The LTC
was used to resolve specific signals with the highest possible temporal res-
olution whereas the MTC was additionally used to identify signals at differ-
ent time scales. To evaluate the correlation data obtained by the MTC, a
weighting scheme had to be applied. The simultaneous utilization of LTC
and MTC enhanced the statistical analysis. The time range for acquiring
CFs was adjusted based on the expected decay times. As a general rule, the
observed time interval, also known as lag-time, should be adjusted between
7-7c and 10-7c of the largest decay time observed. Therefore, selecting ap-
propriate & or 6 for each system and thermodynamic state is also neces-
sary. If long-term disturbances are observed in the experimental CF, select-
ing even larger time intervals might be preferable to accurately describe
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them. Due to the direct relationship between sampling time and integra-
tion time, it is preferable to tune 6k to use rather higher sampling times.
This often allows for an improved SNR with a shorter experimental time.
However, sampling times exceeding 2.5 us should not be used because
long-term artifacts of the correlators can appear. If high sampling times are
required, the application of a random input scaler may be helpful.

Maintaining macroscopic thermodynamic equilibrium is a crucial prereg-
uisite for studying transport properties via DLS. Therefore, regulating T'and
p to maintain the fluid sample in the desired equilibrium state is a signifi-
cant challenge, particularly when the system is processed under conditions
far from ambient. In this thesis, the T of the SaCe was measured using an
AC bridge and at least two Ptioo resistance probes. The probes were cali-
brated with an absolute expanded uncertainty (k = 2) of either (20 or 15)
mK. The Ptioo resistance probe, located in the cell wall near the resistance
heating element, was used to establish the T control loop. To measure T of
the fluid, a second resistance probe was placed inside the cell material close
to the fluid. The p was measured by using calibrated pressure transducers
with absolute expanded uncertainties (k = 2) of either (0.015 or 0.002) MPa.
In certain instances, the p was regulated indirectly by utilizing an addi-
tional heating loop. To allow more than two T probes to be used in con-
junction with a two-channel millikelvin thermometer, a four-wire test
point switch was developed. This device, known as a stepper, facilitated the
management of multiple four-wire T probes, which could be probed se-
quentially on a single measurement channel. As a special feature, this de-
vice included an adjustable constant current source for each channel. This
source was used to imitate the self-heating property of the resistance
probes induced by power dissipation of the applied measurement current.
The experimental procedures varied among the different studies, and cor-
responding information is provided in the respective publications. For each
thermodynamic state at macroscopic thermodynamic equilibrium, six in-
dividual measurements were typically taken at different . This approach
is in agreement with that suggested by Kruppa et al. [197] and Pitschmann
and Straub [200] and should allow for a reliable estimation of the uncer-
tainties of the diffusivities. For each experiment, the pseudo-cross CFs were
calculated simultaneously using the two correlators.
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4.5 Signal Evaluation and Limiting Factors

This section presents the general data evaluation scheme, which, in addi-
tion to thorough sample preparation and experimentation, is essential for
obtaining reliable results. Thereafter, the limiting factors for simultane-
ously determining a and D,, will be evaluated, with strategies presented for
attributing the obtained signals for different experimental situations.

4.5.1 General Data Evaluation

The CF data obtained from the DLS experiments were analyzed using non-
linear regression software based on the Levenberg-Marquardt algorithm,
which was developed by Heller [245] for this specific purpose. Under ideal
experimental conditions, the fit model was obtained either by using Equa-
tion 4.39, 4.40, or 4.45, depending on the number of exponential contribu-
tions expected or resolved. In a realistic experiment, the obtained signals
are often superimposed with additional disturbing signals. These disturb-
ances must be considered to accurately determine the experimental con-
stants and mean lifetimes. Such signals may originate, for instance, from
particulate-like impurities, vibrations, or incoherent external light. For a
binary mixture, the CF is expected to comprise a sum of two exponentially
decaying functions that reflect the mean lifetimes of T and c fluctuations.
The corresponding fit model accounting for the disturbing signals can be
expressed as

g (z)=b, +b, exp(~7/7¢, )+ b exp(—/z . )+ Z(7). (4.51)

The researcher must select the mathematical description of the disturbance
term, denoted by 5(7), based on their knowledge of the physical cause or
origin of the observed disturbance. This step is crucial because the re-
searcher’s selection may significantly alter the obtained parameters for
strongly non-ideal signals. This is clearly a weak point in the DLS tech-
nique. In principle, &(7) can be any arbitrary function. Yet, most common
linear or second-order polynomial terms are selected to account for dis-
turbing signals if necessary. Notably, the inclusion of a linear or quadratic
term into the fit will result in slightly smaller or larger decay times than
that of the hypothetical fit without a disturbance term. This is especially
true if ¥ is either considerably small or large. Therefore, a combination of
linear and quadratic terms may be appropriate for an accurate evaluation
of the experimental CFs. However, this is only valid when the SNR is rela-
tively high because the introduction of additional fit parameters will
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increase the fit uncertainty. If the SNR is relatively low, incorrect diffusivity
results may be obtained due to the increased number of degrees of freedom.
Heller [245] provided a more in-depth discussion on fit-related topics,
which will not be reiterated here. In general, the fit is considered appropri-
ate only if the residuals, that is, the differences between the experimental
data and corresponding fit, do not exhibit any systematic deviations in the
time ranges of the signals of interest. In some cases, the disturbances were
too complex to be described by simple functions, making it impossible to
provide a reliable fit; thus, the corresponding CFs were dismissed. In such
cases, the experimental conditions were modified, where possible, to ob-
tain a clearer CF signal without disturbances. For each system investigated,
the obtained signals in the CFs were found to be related to the hydrody-
namic modes, and the underlying working equations were valid. This in-
vestigation was conducted by varying €k to determine whether the inverse
of the mean lifetimes of the fluctuations studied were proportional to g2,
which is applicable in the hydrodynamic regime.

Figure 4.3(a) presents a typical experimental normalized CF recorded via
LTC. The CF was obtained in the compressed liquid phase of an equimolar
CH,~C;Hg mixture at T = 283.17 K, p = 12.000 MPa, and & = 4.00°.
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Figure 4.3: Fit to CFs (upper parts) and residuals from the fit to CFs (lower parts) recorded
via LTC for an equimolar CH,-C;Hg mixture at T = 283.17 K, p = 12.000 MPa, and 6 = 4.00°
(a) aswell as at T = 362.61 K, p =12.000 MPa, and & = 4.00° (b).
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The correlator data and global fit according to Equation 4.40 are denoted
by squares and a red solid line. The blue dotted and green dashed lines in
Figure 4.3(a) indicate the two individual exponential contributions related
to the T and c fluctuations. The residuals of the measured data from the fits
to the CF, which are shown in the lower part of the figure, confirm that the
signal can be expressed by the sum of two exponentials and are free of sys-
tematic deviations. Assuming that the decay times, 7 and =, are related
to T and c fluctuations, the experimental Rayleigh ratio of ¥ = 4.22 can be
obtained. The top section of Figure 4.3(b) highlights a normalized CF for
the same equimolar CH,~C;Hs mixture at the same p and & as that for Fig-
ure 4.3(a), with only T changed to T = 362.61 K. The respective fit residuals
illustrated in the lower part of Figure 4.3(b) reveal that only one hydrody-
namic mode is resolvable in the experimental CF, and the correlator data
can be represented by Equation 4.39. There are several reasons why only
one hydrodynamic mode might be resolvable for binary mixtures in the
DLS experiment; these will be discussed in the next section.

The final diffusivity data were determined by averaging the results from
typically 12 independent CFs obtained via the DLS experiments using the
LTC and MTC. A weighting scheme based on the inverse relative uncertain-
ties of the individual diffusivity data was applied that considered the statis-
tical uncertainty of the correlator data, along with uncertainty regarding
the @& or G measurement. This scheme is described in Ref. [285]. The
experimental uncertainties reported in the publications and associated er-
ror bars shown in the figures have a confidence level of 0.95 (k = 2). The
reported T and p are mean values obtained from data recorded for a com-
plete DLS measurement series performed in the corresponding thermody-
namic state.

4.5.2 Limits to the Simultaneous Determination of Thermal
and Mutual Diffusivities

Whether or not two contributions related to pure T and c fluctuations and,
thus, a and mutual diffusivities can be simultaneously resolved experimen-
tally in a binary mixture via DLS depends mainly on five factors: (1) possible
coupling of hydrodynamic modes, (2) Lewis number Le = a-D,7, (3) Ray-
leigh ratio %, (4) SNR, and to a certain extent (5) the strength of disturb-
ances in the CFs. Although under real experimental conditions, these influ-
encing factors occur in tandem, for improved structure and readability,
they will be discussed separately as follows.
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4.5 Signal Evaluation and Limiting Factors

Influence of Mode Coupling

The influence of mode coupling is straightforward. Equation 4.42 provides
two effective diffusivities that can be obtained for binary mixtures when
mode coupling is present. If mode coupling is eliminated, the simultaneous
determination of both a and D, is theoretically possible. However, the in-
put quantities required to calculate the mode coupling parameter «; as
specified in Equation 4.43, are not widely available in the literature. This
factor combined with the specified uncertainties in the input parameters
often make a comprehensive evaluation impossible. However, by consider-
ing the reported general behavior of the diffusivities and properties that
influence «;, such as Sr, cp, and (0c/du), and considering theoretical studies
[124], general guidelines can be established for binary mixtures [265]. In the
liquid state far from the plait critical point, a is at least one order of magni-
tude larger than D, and x tends toward o. Consequently, the two hydrody-
namic modes are on different time scales and can be associated with a and
D,. In the gas state far from the plait critical point and dew point line, a
and D, have the same order of magnitude and « tends toward o. Typically,
a and D, do not differ by more than a factor of 2; thus, the two hydrody-
namic modes appear on the same time scale. In the vicinity of the plait crit-
ical point of a binary mixture, D, vanishes, a is nearly constant, St and
(Oc/du) diverge, and ¢, remains constant [254,293]. In the near-critical re-
gion along the critical isochore, there is a temperature T > T¢, for which Le
is unity. The smaller the c of the solute, the larger the influence of the mode
coupling parameter x and the closer this temperature is to T. [124,294]. As
a criterion, mode coupling is non-negligible until Le is considerably larger
than «. In general, the divergence of x approaching T. is weaker than the
divergence of Le [124].

Influence of Le, %, and SNR

Various theoretical scenarios are constructed as examples to evaluate the
effect of different mutual influencing factors on the simultaneous determi-
nation of a and D, in binary mixtures. For this evaluation, Le, %, and noise
level, that is, SNR, were fixed, and a mock-up CF for a binary mixture based
on Equation 4.51 was first constructed and then fitted using nonlinear re-
gression based on the Levenberg—-Marquardt algorithm. All cases discussed
herein assume that the coupling of hydrodynamic modes can be neglected.
The number of artificial correlator channels was fixed at 2048, and the
channel spacing was constant to simulate a signal obtained using LTC. For
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signal construction, the term A7) was set to zero. The decay times reported
for the initial conditions were obtained by fitting the constructed CFs.
Thereafter, noise was incorporated in the form of normally distributed
(Gaussian) random numbers, and the signal was fitted with a DEF or SEF.
The noise level was adjusted to obtain a SNR of approximately 50, and the
initial fit parameters were assumed to be appropriately chosen. For the
fitting, 5(7) was set to a linear term; this is a common practice in many
experiments. In Figures 4.4-4.7, the data points are indicated by black
squares, the global fit by a red solid line, and the two individual fit contri-
butions represented by green dashed and blue dotted lines. The corre-
sponding decay times, indicated using the same color-code, and the
obtained % from the fit is reported. To obtain %, the contribution indicated
by the green dashed line and the associated decay time 7, is assumed to be
related to ¢ fluctuations, whereas 7c, is related to T fluctuations. The cor-
responding fit residuals (res) are shown below the respective CFs and were
calculated in the same manner as indicated in the y-axis label of Figure 4.3.

First, the influence of Le was investigated, starting with an ideal case sce-
nario where Le = 30, ¥ =1, and no long-term disturbance exists. Figure
4.4(a) depicts the constructed CF without noise, whereas Figures 4.4(b) and
4.4(c) highlight the DEF and SEF of the noisy signal. The fit residuals indi-
cate that DEF represents the signal well, and the decay times can be repro-
duced within fit uncertainties. However, smaller values are observed in
comparison to the initial decay times. This is a typical behavior that results
from using a linear term to describe a long-term disturbance (which is not
even present in this case). This behavior is enhanced in this example be-
cause the lag-time selected was less than 7 to 10 times the largest decay
time. Therefore, some information on the baseline is missing. The system-
atic deviations observable in the fit residuals indicate that SEF is unable to
represent the signal. Figures 4.4(d)-(f) and 4.4(g)-(i) highlight cases where
97 remains 1 but Le is either (1.5 or 0.6), respectively. The decay times of the
initial conditions without noise could be reconstructed through fitting, in-
dicating that in the (unrealistic) case where no noise is present, two expo-
nentials can be resolved despite Le being close to unity. For a SNR of about
50, SEF appears to be adequate for both Le = (1.5 and 0.6) because no clear
systematic deviations are observable in the fit residuals. In both cases, the
decay time obtained through SEF was similar to the average of the two ini-
tial decay times. The situation regarding DEF is ambiguous. Although the
decay times obtained through fitting corresponded with the initial condi-
tions when considering the fit uncertainties, the uncertainties are large.
When fitting is executed multiple times (with different initial values),
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4.5 Signal Evaluation and Limiting Factors

different decay times are consistently found. In addition, the value of %
obtained through fitting is erroneous. Evidently, a researcher is responsible
for obtaining reproducible results. Therefore, DEF cannot be used in the
accurate evaluation of these discussed cases.
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Figure 4.4: Variation of Le. (a), (d), and (g) mock-up CF for a binary mixture based on Equa-
tion 4.51 under various conditions. (b), (e), and (h) DEFs of the noisy signals and fit residu-
als. (c), (f), and (i) SEFs of the noisy signals and fit residuals.

Second, the value of ¥ was varied. Figures 4.5(a)-(c) and 4.5(d)-(f) demon-
strate the initial cases where Le = 30, no long-term disturbances exist, and
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His either (9 or 0.1), respectively. In both cases, DEF resulted in decay times
that were close to the initial values, as expected. The relative uncertainties
in the decay times were larger for the signal with the smaller amplitude.
Interestingly, in both cases, the decay time obtained from the fit was over-
estimated for the signal with the smaller amplitude and underestimated for
the signal with the larger amplitude. The % value obtained from the fitting
is in relatively good agreement with the initial conditions. As anticipated,
SEF was unable to accurately represent the data, as evidenced by the fit
residuals, and the single obtained decay time was relatively close to that of
the signal with the larger amplitude. However, for an increase in the level
of noise or increase/decrease of %, a fit with a single exponential can be
appropriate based on the fit residual evaluation. In this case, the farther %
is from unity, the closer the single obtainable contribution will be to either
aor Di.
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Figure 4.5: Variation of #. (a) and (d) mock-up CF for a binary mixture based on Equation
4.51 under various conditions. (b) and (e) DEFs of the noisy signals and fit residuals. (c) and
(f) SEFs of the noisy signals and fit residuals.
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Figures 4.6(a)-(i) illustrate the cases wherein % = 0.1 and Le is either (10, 3,
or 1.5). When Le = 10, the situation is similar to that of Le = 30, as shown in
Figures 4.5(d)-(f). However, when Le is further reduced, as shown in
Figures 4.6(d)-(i) where Le is either (3 or 1.5), the fit residuals of DEF and
SEF are almost identical.
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Figure 4.6: Variation of Le and . (a), (d), and (g) mock-up CF for a binary mixture based
on Equation 4.51 under various conditions. (b), (e), and (h) DEFs of the noisy signals and
fit residuals. (c), (f), and (i) SEFs of the noisy signals and fit residuals.
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The experimental situations shown in Figures 4.6(d)-(i) is a challenge for
researchers, as they must decide whether to perform a fit with one or two
exponentials. Although SEF produced smaller uncertainties in the decay
time than DEF, for the scenarios presented here, the initial decay times
were obtained via DEF despite the large uncertainties. For DEF, larger fit
uncertainties will be acquired since Le approaches unity. Similar to the
cases where Le was larger, the decay time obtained via SEF was closer to
the signal contribution with a larger amplitude. To evaluate whether DEF
or SEF is the correct choice, CFs must be obtained for several 6% to assess
the stability and reproducibility of both. This may provide insight into
which fit equation to use.

Two features that were not directly discussed in connection with Figures
4.4-4.6 are the influence of SNR, and the case where Le becomes consider-
ably large (or extremely small). In fact, when mode coupling is excluded,
SNR plays the most important role in the simultaneous determination of a
and D... This is particularly evident in the cases presented above; even when
Le =1.5and ¥ = o.1, the two initial decay times were obtained by fitting the
constructed CF in the absence of noise (see Figure 4.6(g)). Larger SNR val-
ues can be obtained by increasing the c; sampling time, which is related to
the integration time; scattering volume, that is, smaller scattering angles;
by investigating molecules with larger scattering cross sections; and by
increasing the laser power. When increasing the laser power, the researcher
must ensure that there is no laser heating present, which might induce a
thermal lens effect. The limitations presented by a considerably large Le is
not straightforward because in using MTC, two decay times can in principle
be resolved on a time scale between about (1 and 10%) ps. When using LTC,
the maximum Le at which two contributions can still be reliably resolved
again depends on #. For different situations, studies in the literature report
that a and D, can be simultaneously determined for maximum Le values
up to approximately 8o [250].

Influence of Long-Term Disturbances

So far, only signals without long-term disturbances have been considered.
Such signals can typically be obtained for model systems. However, in re-
alistic experiments, signals are usually superimposed by additional contri-
butions. This is especially true when studying technical systems. The dis-
turbances can be considerably weak or considerably strong. There are two
main difficulties associated with the presence of long-term disturbances in
the fit. First, relating the observed disturbance to a specific physical origin
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4.5 Signal Evaluation and Limiting Factors

and, thus, to define an (perfectly) adequate function for the term A7) in
Equation 4.51 is usually not possible. Even if the disturbance can be accu-
rately described, the second issue is that the introduction of more fit pa-
rameters owing to the inclusion of ={(7) leads to a larger degree of freedom
for the fit. Therefore, the fit uncertainties will be larger, and situations may
arise where certain signal contributions are incorrectly fit due to an insuf-
ficiently large SNR. To allow for a basic discussion, mock-up CFs were con-
structed with an additional quadratic term before adding noise, as shown
in Figure 4.7. Fits were then performed with an additional quadratic term
as well. Certainly, the situation here is quite simple because the initial dis-
turbance is identical to the fit function. For Le = 10 and % = (1 or 0.1), as
shown in Figures 4.7(a)-(c) and 4.7(d)-(f), the signal can be well repre-
sented by DEF and the obtained decay times with uncertainties match the
initial ones. The SEFs provide clear systematics in the fit residuals. Here,
the general behavior of the magnitude of the decay times and associated
uncertainties is as discussed in the previous scenarios where no long-term
contribution existed.

The case where Le = 3 and % = 0.1 is shown in Figures 4.7(g)-(i). According
to the fit residuals, both DEF and SEF appear to be adequate. Although the
decay times obtained via DEF agree with the initial values when consider-
ing the uncertainties, SEF again results in a decay time that is closer to the
contribution with the larger amplitude. Comparing this situation with the
case where Le = 3, # = 0.1, and no disturbance exists, as shown in Figures
4.6(d)-(f), the situations are extraordinarily similar. However, the decay
time obtained for the CF with the long-term disturbance was slightly larger
than that of the CF without the disturbance because a quadratic term was
used in the fit equation (see Section 4.5.1). These results indicate that if the
disturbance can be accurately described, the decay times can be reliably
accessed even under such conditions. However, as noted above, the dis-
turbances in the experiment often do not follow strict mathematical ex-
pressions. Thus, a researcher must carefully evaluate the long-term contri-
bution when aiming for the accurate determination of diffusivities via DLS.
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Figure 4.7: Variation of Le, %, and additional long-term disturbances in the CF. (a), (d), and
(g) mock-up CF for a binary mixture based on Equation 4.51 under various conditions. (b),
(e), and (h) DEFs of the noisy signals and fit residuals. (c), (f), and (i) SEFs of the noisy
signals and fit residuals.

Summary

The discussed theoretical scenarios for binary mixtures clearly exhibit some
limiting cases where only one signal can be resolved. However, in a real
experiment, parameters Le, ¥, and the achievable SNR, as well as the influ-
ence of a long-term disturbance, are initially unknown and may also not be
clearly evaluable. Nevertheless, based on the previous evaluation and
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considering state-of-the-art technical equipment such as lasers, detectors,
and correlators, some general statements can be made for binary mixtures.

A first indication of whether two contributions can be resolved is the Lewis
number Le = a-D,,”*, which should be either greater than 1.5 or less than o.5
to ensure a sufficient temporal separation of the two modes. For Le very
close to unity, only one apparent diffusivity related to both transport prop-
erties, that is, a and D,,, can be obtained and is denoted as mixed diffusivity
Dn. In addition, none of the signal amplitudes associated with the fluctua-
tions in T, by, or ¢, b, should be considerably large or considerably small. In
general, the closer the Rayleigh ratio ¥ =b.-b; is to unity, the larger should
the deviation of Le from unity be to enable detection of both contributions.
When Le is quite close to unity, for instance, for approximately 0.4 < Le <
0.9 or 1.1 < Le < 1.6, either two modes and, thus, a and D,, or only a single
mode and, thus, D, can be obtained. Here, Dy, represents a if b >> b. or Dy,
when b. >> b.. The greater the differences in b; and b, the better the agree-
ment between D, and a or D,. Furthermore, even if Le is far from unity,
only a single mode may be obtained if either b; or b. tends toward zero. As
long as a long-term disturbance in the CF can be accurately described, it
has little effect on the simultaneous determination of a and D,. Finally,
given the conditions discussed above, the most important factor affecting
the simultaneous determination of a and D,, is a large SNR. However, the
required SNR depends on the specific conditions. The smaller SNR is, the
larger the deviation of Le from unity and the closer ¥/ =1 should be in most
cases. Additionally, if Le >> 1 or Le << 1, the temporal spacing between the
two signal contributions may be too large to be obtained in a single CF us-
ing LTC. In the case of multicomponent mixtures, the situation is consid-
erably more complex. Section 5 will provide further details on attribution
of signals in binary and multicomponent mixtures.

4.6 Strategies for Signal Attribution

In the examples above, the conditions were clear in terms of coupling of
hydrodynamic modes, temporal spacing, and relative amplitudes of the two
contributions. However, in actual experiments, these factors are initially
unknown. Attribution to a particular diffusivity remains a challenge, espe-
cially when the expected number of signals cannot be resolved in the DLS
experiment. To facilitate signal attribution, appropriate strategies were de-
veloped in this thesis for binary fluid mixtures. These strategies will be dis-
cussed below.
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First, it is important to distinguish between the types of diffusivities that
can be obtained in two scenarios: when two hydrodynamic modes are ac-
cessible (a) or when only a single hydrodynamic mode is accessible (b). Fig-
ure 4.8 shows the corresponding flow charts. When two hydrodynamic
modes are accessible (see Figure 4.8(a)), it is necessary to examine whether
a coupling of hydrodynamic modes can be excluded. If the signals observed
are solely related to T and c fluctuations, a and D;, can be obtained. If there
is a coupling of hydrodynamic modes, only two effective diffusivities Def;,
and Def» can be obtained, as discussed in Section 4.2.2. Importantly, even
if mode coupling is excluded, which hydrodynamic mode is related to
which type of fluctuation may initially be unclear. The strategies for an-
swering this question will be given below.

b
(@) Two hydrodynamic modes (b) One hydrodynamic mode
Le=aD ™ #1 1

Can mode coupling be excluded?
K—o,ie, k>0

Can mode coupling be excluded? — 5
K= o0,ie, k=0 yes
yes no
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/ Dn’ a ; / Deff,{l,z]
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From a general perspective,
it is unclear which decay time
is related to or biasegby
which type of fluctuations.

Figure 4.8: Schematic flow charts of the diffusivities that can be obtained via DLS for a
binary mixture: (a) if two contributions or hydrodynamic modes are resolvable, or (b) if
one hydrodynamic mode is resolvable.

If only one contribution is observed in a binary mixture, attributing diffu-
sivities becomes more complex (see Figure 4.8(b)). If a coupling of hydro-
dynamic modes exists, only one effective diffusivity D.g can be obtained. If
a coupling of hydrodynamic modes can be excluded, whether Le is unity
should be determined. If Le is unity, which represents an ideal case, Dy, can
be obtained, which represents both a and D... In this case, if %> 1, the single
obtained diffusivity is closer to D,. Contrastingly, if % < 1, the single ob-
tained diffusivity is closer a. For the cases %#>>1o0r $#/<<1, it can be assumed
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that the single obtained diffusivity is equal to D;, or a. Note that the inter-
pretation of D, is associated with extended uncertainties, which are hard
to quantify. If Le is not unity, the ratio of amplitudes must be considered in
terms of %#. If % << 1, the hydrodynamic mode is related to a. If % >> 1, the
hydrodynamic mode is related to D.. In reality, attributing the diffusivity
by using Le or % can be challenging because knowledge of both parameters
may not be available and situations can arise where, for example, Le is close
to unity and #is only slightly larger or smaller than one. This can introduce
bias with regards to the obtained diffusivity, favoring one type of fluctua-
tion over the other. In addition, resolving two individual contributions be-
comes less likely as SNR decreases.

The above schemata provide a theoretical guideline for mode allocation.
However, there are still some unanswered questions. If two hydrodynamic
modes are accessible and mode coupling can be excluded, a method must
be found to relate the obtained signals to specific fluctuations and diffusiv-
ities. Thus, the general mode allocation strategy consists of the schemata
depicted in Figure 4.8 in combination with the three pillars shown in Figure
4.9. The first aspect is comparison with the literature. For instance, in the
compressed liquid phase far away from the critical plait point, the mode
coupling parameter is known to approach zero, and D, is some orders of
magnitude smaller than a. Sometimes, a direct comparison with literature
diffusivity data obtained via other techniques may be possible or well-es-
tablished prediction methods and theories may be used to estimate diffu-
sivities. The second aspect involves analyzing how the diffusivities behave
as state variables change. For instance, in most fluid mixtures, a decreases
while D,, increases with increasing T and decreasing p. In general, experi-
ments can be started in a region where the physical mechanism related to
the diffusivities are well understood and the behavior of the diffusivities
analyzed as a function of T, p, and mixture composition. The composition-
dependent trend or behavior of the diffusivities in the critical region can
also aid in signal attribution. Furthermore, investigating the a in pure com-
ponents and dilute mixtures can be helpful. The final aspect involves the
theoretical calculation of %, which is particularly useful for mode allocation
when only one hydrodynamic mode can be resolved in the CF. The calcu-
lation details are provided in Section 4.3. The calculation of ¥ can be vali-
dated by comparing the calculated values for ¥ with the experimental val-
ues, which are naturally obtained via DLS in cases where two hydrodynamic
modes are accessible. Thereafter, the calculations can be used to attribute
the single diffusivity if only one hydrodynamic mode is observable in the
experiment. Additionally, the calculation of % allows to use the flow chart
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shown in Figure 4.8(b) in reverse. In the case where one mode is resolvable,
mode coupling can be excluded, and % is approximately unity, Le should
be close to unity as well. Furthermore, if /<< 1o0r #>>1and only one mode
is observed, no further information on Le is required for signal attribution.

Comparison with Analysis of the z

the literature behavior of the é

~Magritide diffusivi‘ties as %
a function of

- Direct data comparison T,pandc

Theoretical calculation of the Rayleigh ratio #

- Validation with experimental % values
I b when two modes are observable

I by - Attribution to diffusivities in regions
where only one hydrodynamic mode
can be experimentally accessed

Figure 4.9: Overview of the overall mode allocation strategy for a binary mixture.
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This chapter summarizes the most important results of the work performed
in this thesis regarding the simultaneous determination of a and mutual
diffusivities, as well as the applicability of DLS for systems in process,
chemical, and energy technology. For a full discussion of the results of this
work, the reader is referred to the publications listed in the Appendix. First,
the results are presented for model systems, allowing a fundamental inves-
tigation of the various factors influencing the simultaneous determination
of a and D,, and demonstrating the types of diffusivities that can be
obtained under different conditions. Thereafter, the applicability of DLS for
systems that have a technical nature, often related to the transition toward
a renewable energy economy, will be evaluated for various types of fluid
classes and thermodynamic states. In all cases, depending on the individual
situation, the developed strategies and toolset, which was briefly described
in Section 4.6, were applied for signal identification and attribution.

5.1 Selected Model Systems

To gain a fundamental understanding of how different factors such as ther-
modynamic state, molecular properties, and experimental conditions influ-
ence the diffusivities accessible via DLS, the results of selected binary
model mixtures will first be presented. The study of such systems should
allow different limitations to be identified in an isolated manner.

5.1.1 Equimolar CH,-C;Hg Mixture

The equimolar mixture of CH, and C;Hs has a T. and critical pressure of
approximately T. = 314 K and p. = 8.6 MPa. The proximity to ambient T
facilitates experimental access of different fluid phases. Therefore, the ac-
cessibility of diffusivities via DLS experiments can be examined across the
two-phase region in a general manner. Figure 5.1 showcases the two-phase
boundary line of the mixture calculated using the GERG-2008 EoS [277] as
implemented in the REFPROP database version 10 [279], represented by the
solid blue line. The red circle in Figure 5.1 represents the plait critical point.
The dashed, dotted-dashed, and dotted lines in Figure 5.1 denote selected
theoretical isochores corresponding to the critical isochore with a critical
density p. = 239.61 kg-m3, p= p. +10 kg:-m3, and p= p + 33 kg-m3, respec-
tively. Heterodyne DLS experiments were performed at 125 different
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thermodynamic states at small &, T ranging between (283 and 363) K, and
p from (0.5 to 12) MPa. The investigated state points included 36 state
points in the compressed liquid state (L, squares), 53 in the supercritical
state (SC, circles), 21in the gas state (G, diamonds), and 15 in the two-phase
region (2P, triangles), as shown in Figure 5.1. Investigations in the low-den-
sity gaseous regime were included, which to the best of my knowledge have
not previously been investigated via DLS. In the two-phase region, both the
saturated liquid (2P-L) and saturated vapor (2P-V) phases were investi-
gated whenever possible. Note that the compositions of both phases
change with T and p, whereas the overall (global) mixture composition re-
mains constant. The thermodynamic states investigated herein include the
(distant) vicinity of the plait critical point, but not the vicinity where the
sample becomes opalescent and gravity induces density gradients [295].
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Figure 5.1: Two-phase boundary line (solid blue line) and plait critical point (closed red cir-
cle) of the equimolar CH,-C;Hs mixture calculated using the GERG-2008 EoS [277]. The
black dotted and/or dashed lines denote selected isochores. The different symbols indicate
all state points investigated in this work. The figure was adapted from the respective publi-
cation [265].

Diffusivities in the Liquid and Supercritical States Along Isobars

Since the signal assignment to each type of fluctuation is initially unknown,
two unidentified diffusivities, D, and D, are observable in a binary mixture
according to the theory of DLS. The results obtained for D, and D, along
three isobars as a function of T, crossing the liquid and super-critical states
of the mixture, are shown in the top and bottom parts of Figure 5.2(a). The
p of (9, 10, and 12) MPa are depicted by red, orange, and green symbols,
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respectively. The dashed lines in the lower part of Figure 5.2(a) represent a
taken from REFPROP [279]. Figure 5.2(a) shows that D, and D, could be
simultaneously resolved in the liquid state. The ratio between the fast dif-
fusivity D, and slow diffusivity D, varied between 4 and 13. The larger the
ratio, the closer p was to p.. In the supercritical state, only one hydrody-
namic mode was resolved for most T and p. For the three isobars, the be-
havior of the resulting diffusivity followed that of D,, and the T dependence
across the liquid and supercritical states was well represented by a third-
order polynomial, as indicated by the solid lines in the upper part of Figure
5.2(a). In the compressed liquid phase, D, is typically some orders of mag-
nitude smaller than a. Because the magnitude of D, in the compressed lig-
uid phase was smaller than that of D., D, could be presumed to be related
to c¢ fluctuations. Based on this assumption for the three isobars, Figure
5.2(b) showcases the theoretical and experimental #as a function of T. The
experimental data are represented by symbols, and the solid and dashed
lines depict the ¥ values calculated using Equation 4.46. The theoretical
and experimental % values are in excellent agreement far from the critical
point. For instance, at T = 293.13 K and p = 12.000 MPa, the experimental ¥
= (6.1 + 0.6), and the GERG-2008 EoS [277] and volume translated Peng-
Robinson (VT-PR) EoS [278] predict values of 5.9 and 5.8. Approaching the
plait critical point, large discrepancies between the experimental and the-
oretical %/ were observable. These discrepancies are most likely not related
to an under- or over-estimation of a.; of CH, and C;Hsg, but rather due to a
misevaluation of the osmotic compressibility in the near-critical region
[255]. The largest value of % ~ 75 where two modes are resolvable occurred
at T~308 Kand p = g MPa. For this condition, Le was approximately 17. For
alarger p, where the experimentally observed Le was smaller, the maximum
value of ¥ at which two modes could be distinguished was also smaller.
This demonstrates the relationship between Le and # in connection with
the simultaneous determination of two contributions. For the CH,-C;Hs
mixtures, two hydrodynamic modes could be resolved for T and p corre-
sponding to a relative density p-po.* larger than 1.15. The experimental %
varied by nearly two orders of magnitude and exhibited expanded uncer-
tainties (k = 2) between (3.9 and 77.5)%. The average expanded uncertainty
(k = 2) was 27.1%. Large uncertainty for % could be specifically found in the
vicinity of the two-phase boundary line. Based on the calculated values of
9, c fluctuations dominate the scattered light intensity over the entire
range of T investigated in the one-phase region for p > p.. This conclusion
confirms that the single mode detected in the supercritical state can also
be attributed to ¢ fluctuations. Furthermore, for T below 280 K and above
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350 K, D, follows the T and p dependence commonly reported for D,, in the
literature. D, increases with rising T [282,296,297], whereas it decreases
with increasing p [296-298]. For T between (280 and 350) K, D, assigned to
D, decreases with decreasing p due to the vicinity of the plait critical point
[170,299]. The closer T and p are to the plait critical point, the more critical
slowing down is reflected by D...
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Figure 5.2: (a) Slow diffusivity or D, (upper part) and fast diffusivity or a (lower part) as a
function of T along three isobars. (b) Experimental (symbols) and theoretical (lines) % as a
function of T at different p. The solid lines illustrate the results obtained using Equation
4.46 with the GERG-2008 EoS [277], and the dashed lines illustrate the predictions using the
VT-PR EoS [278]. The figure was adapted from the respective publication [265].

However, until now, whether or not the diffusivities D, and D, could be
attributed to pure a and D,, as previously claimed, has remained unclear.
Calculating the mode coupling parameter was not possible due to a lack of
knowledge on the Soret coefficient and the inability of the GERG-2008 EoS
[277] to produce osmotic compressibility data in the near-critical region.
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Yet, the potential impact of heat and mass transfer coupling was qualita-
tively assessed based on the findings of Anisimov et al. [124] for CH,-C,Hs
mixtures near the vapor-liquid critical line. This assessment was conducted
by analyzing the crossover between the two diffusivities and determining T
at which Le =1 for the three isobars studied. The study concluded that mode
coupling could be disregarded across the entire range of T and p investi-
gated. This finding is supported by a data obtained from the REFPROP da-
tabase [279], depicted by dashed lines in the lower part of Figure 5.2(a),
showing qualitative agreement with the experimental D, data. Further di-
rect comparison of data was not possible due to the absence of experi-
mental diffusivity data in the literature.

Diffusivities in the Supercritical State Along Isochores

In the supercritical state, the accessibility of diffusivities via DLS were ana-
lyzed along five isochores, including the critical isochore predicted by the
GERG-2008 EoS [277]. The diffusivities are shown in Figure 5.3 as a function
of the temperature difference (T - T¢).
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Figure 5.3: Slow diffusivity or Dy as a function of the distance away from T along five iso-
chores. The dashed line indicates a fit of the data along the critical isochore by a power law.
The figure was adapted from the respective publication [265].
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In most cases, only one hydrodynamic mode could be resolved in the CFs.
According to the previous discussion, the single diffusivity can be associ-
ated with D,. This is confirmed by its behavior, which follows the trend
expected for D,, of slowing down when approaching T, as shown in Figure
5.3. This critical slowing down of D, reflects the divergence of the correla-
tion length of the fluctuations asymptotically close to the plait critical point
of a binary mixture. In the near-critical region, along the critical isochore,
D,, vanishes similar to the inverse of the correlation length to the power of
0.67 [170], and its behavior is the sum of a background and vanishing con-
tribution [123]. For the diffusivities obtained along the predicted critical
isochore, a fit in the form of a power law is indicated by the dashed line in
Figure 5.3. Here, the exponent was found to be 0.68 + 0.06, which agrees
with the literature [300].

Diffusivities in the Gas State Along Isotherms

To explore the accessibility of diffusivities via DLS in the gas state, experi-
ments were performed at different p for isotherms at T = (293, 303, 323, and
353) K. Among these states, only one hydrodynamic mode was resolvable
in the CFs, from which a mixed diffusivity D, was derived. D, was found
to decrease with increasing p and decreasing T. The uncertainty of Dy, was
considerably larger at low p than in the high-p region owing to a weaker
amplitude of signals associated with T and c fluctuations in the low-p re-
gion, where the optical contrast factors and other thermophysical proper-
ties are relatively small. This may also be partially attributed to the small
RID of the pure gaseous components. Figure 5.4(a) shows the p dependence
of the Dr, obtained along these isotherms. Figure 5.4(b) depicts the pre-
dicted % behavior in the gas state for p up to 8 MPa. The value of % is
slightly larger than unity far from the dew point line and increased with
increasing p and decreasing T. In this region, Le was expected to be close
to unity, and the trend of the mixed diffusivity D, agreed with the behavior
of a and D,, [297]. Note that the theoretical % values have a large uncer-
tainty in the gas phase. Thus, the single mode resolved in the CFs deter-
mined in this region cannot be associated only with T nor ¢ fluctuations.
This supports that the single diffusivity should be interpreted as Dy,. The
interpretation was further verified by a comparison with D,, data from the
literature. D, was 27% smaller than the D, measured by Zangi et al. [301]
at T = 293.10 K and p = 0.500 MPa using a Loschmidt cell combined with
holographic interferometry. In accordance with the trend of the predicted
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97 values in the gas state, D, obtained at p <1 MPa were closer to a, whereas
those obtained at p > 7 MPa were closer to or matched D,,.
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Figure 5.4: (a) D obtained along different isotherms in the gas state. (b) Isolines of %#in the
gas state predicted by the GERG-2008 EoS [277] and Equation 4.46. The figure was adapted
from the respective publication [265].

Diffusivities in the Two-Phase Region Along Isotherms

Depending on the volume fraction of liquid to vapor, the diffusivities in the
two-phase region were determined either in both the saturated liquid and
vapor phases or only in one of them. Two hydrodynamic modes were gen-
erally resolvable in the experimental CFs obtained in the saturated liquid
phase, allowing the simultaneous determination of a and D,.. In the satu-
rated vapor phase, only one mode was accessible for all T and p studied.
Owing to the methodology employed, a theoretical determination of %
within the two-phase region was not possible. Figure 5.5(a) shows the dif-
fusivities and % as a function of p measured via DLS in the saturated liquid
phase (2P-L) at T = (293, 323, and 353) K. The results obtained in the liquid
(L) and supercritical (SC) states at the same T are also shown in Figure
5.5(a). The larger uncertainties for a resulted from the smaller amplitude of
the corresponding mode (#> 1), as shown in the lower part of Figure 5.5(a).
9 increased between the dew and bubble points in the saturated liquid
phase, but decreased with increasing p in the liquid state. Furthermore, the
closer T was to T, the more pronounced was the change in ¥’ owing to a
variation in p around the bubble point. Figure 5.5(b) shows the p depend-
ence of the single diffusivity obtained via DLS in the saturated vapor phase
(2P-V) along the aforementioned isotherms. The figure also includes data
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for the gas state (G) for comparison purposes. For all T> 303 K, an increase
in p results in a decrease in Dr,, whereas at T = 293 K an increase in Dy, can
be observed. Dn, exhibits a continuous behavior when crossing the dew
point line.

(@ T= 203K 303K 323K (b)
2P- A A  AA T= 203K 303K 323K
L ®ao [ =} 2P-V a a
SC G & &
.ff'“‘ 2.5 T T 2.0 T T T T
o
N —
E 2.0 a : R T s 15 | ¢ |
= L °
Q:15 B A ; \.E,
o A u .10t .
© 10 ’ & ¥
=) =
< o5f 4 \QX o5l -
© c 2
s | | PN a
— ! ! 0.0 1 I 4 4 a
"o 9.0 o 2 4 6 8 10
" O *
E p/ MPa
= 8.of b
)
]
S i 8
X 6.0 % h
o0
=
f
4o . i
301 , i
=
20 A |
10 A A
A u
A A
O 1 1
4 6 8 10
p/ MPa

Figure 5.5: (a) p dependence of the slow diffusivity or D,, (top) and the fast diffusivity or a
(middle) in the saturated liquid phase at vapor-liquid equilibrium (2P-L), as well as in the
liquid (L) or supercritical (SC) state for T = (293, 303, and 323) K. Evolution of the corre-
sponding % as a function of p (bottom). (b) p dependence of Dy, in the saturated vapor phase
at vapor- liquid equilibrium (2P-V) and in the gas state (G) for T = (293, 303, and 323) K. The
figure was adapted from the respective publication [265].
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5.1.2 Liquids with Dissolved Gases

Systems consisting of liquids with dissolved gases are important working
fluids in many areas of chemical and energy engineering and technology
[16,21,23,24,302-305]. The purpose of a research project at AOT-TP was to
develop a simple prediction model for D,, in such systems. To achieve this,
82 unique binary systems of a liquid solvent with a dissolved gas close to
infinite dilution [47,48,285,286,288,291,292,306] and 15 binary systems as a
function of composition [243,244,283,284,286,290] were investigated using
DLS, Raman spectroscopy, and equilibrium molecular dynamics simula-
tions over a wide range of thermodynamic states. The solvents included n-
alkanes and 1-alcohols with different chain lengths, cyclic and branched al-
kanes, an acid, an ether, and ILs. The solutes varied in terms of molar mass,
shape, mass, and polarity. All related DLS investigations were performed in
the saturated liquid phase. In addition to their practical importance, mix-
tures consisting of liquids with dissolved gases facilitate the simultaneous
determination of a and D, because, for many related systems, the light-
scattering signals originating from T and c fluctuations appear at similar
time scales. A further advantage of such mixtures is that their composition
can be modified by the amount and p of gas, thus taking advantage of the
solubility of the respective gas without altering the entire sample. This
helps limit errors that may arise from incorrect experimental preparation,
including cell cleaning and sample handling. However, ¢ and p effects on
the diffusivities cannot be analyzed separately. Investigations of systems
close to infinite dilution of the dissolved gas enable the study of the influ-
ence of molecular properties and, to some extent, that of SNR on the mag-
nitudes and resolvability of diffusivities. However, studying the influence
of the RID of pure components is only partially possible because liquid
phase refractive indices of the dissolved gases are often unavailable under
the study conditions. Studies focusing on composition evaluate the evolu-
tion of %, which, along with Le, is a crucial factor in determining whether
both a and D,, are simultaneously accessible. Selected results presented be-
low show the associated behavior of signal amplitudes and temporal spac-
ing as a function of T and the mole fraction of the dissolved gas x,.s for
various systems. The presentation and interpretation of the diffusivity data
and further details can be found in the respective publications, which are
part of this thesis.
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Systems Close to Infinite Dilution

For the systems within the limit of infinite dilution [63-65], xgs Was as-
sumed to be below or equal to 0.05. In most of the studied systems and
thermodynamic states, the CFs of the binary mixtures showed two contri-
butions, which were confirmed to be related to a and D, by comparing the
results with literature data. Mode coupling could be excluded. Figures
5.6(a) and 5.6(b) show % as a function of T for systems of helium (He) and
krypton (Kr) dissolved in various liquids. Typical values of % were 0.2 close
to infinite dilution; this was also observed for other mixtures studied. No
clear trends of #7as a function of T or mixture constituents were observable.
The slight increase of 97 for He and decrease for Kr with increasing T might
be related to the solubility of the gases. The solubility of He increases with
rising T, whereas for Kr, a decrease has been observed [307-310]. For most
measurement series, gas was initially injected at a specific p to obtain a sig-
nal amplitude related to c fluctuations large enough to facilitate the accu-
rate determination of D,,, while remaining within close to infinite dilution.
Increasing T of the closed volume will also increase p. Therefore, an in-
crease in Xg;s could be expected in mixtures with He because of the T de-
pendence of solubility. This was confirmed by the related mixture compo-
sitions reported in the corresponding publication [288]. The increase in xgas
resulted in an increase in L. Figures 5.6(c) and 5.6(d) illustrate the typical
decrease in Le with increasing T. Larger Le values were exhibited by systems
with hindered molecular diffusion, that is, where D, was comparatively
small. This relationship usually holds true for large, heavy, and bulky sol-
vents and solutes. To understand the factors that affect the relative magni-
tude of a and D, in these systems, refer to the respective publications
[47,48,285,286,288,291,292,306].

Assuming a sufficient SNR, the simultaneous accessibility of both a and D,,
in mixtures of liquids with dissolved gases close to infinite dilution was in-
fluenced by three main factors. First, the solute concentration must be suf-
ficient to give rise to a resolvable signal in the CF related to c fluctuations.
The corresponding %7 should be at least approximately 0.05, depending on
SNR. For the studied systems, the smallest related composition at which a
simultaneous determination of a and D, was reliably possible was xg:s =
0.0015. Second, because Le decreases with T, there might be a range where
Le is close to unity, and only Dy, can be obtained due to the limited SNR.
This scenario was observed, for example, for mixtures of He with C¢H,s,
2,2-dimethylbutane, 2-methylpentane, or ethyl butanoate at T above 348 K.
The exact T varied for each mixture. Notably, after the region where both
the T-dependent trend of a and D, intersect, that is, Le = 1, the attribution
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of fluctuations in T and c to the faster and slower decaying exponentials
was reversed. With regards to Le approaching 1, increased uncertainties in
97 often exist owing the difficulty in fitting CF data.
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Figure 5.6: Experimental %7 and Le for various mixtures of liquids with dissolved helium, (a)
and (c), or krypton, (b) and (d), close to infinite dilution of the dissolved gas. The dashed
lines represent Le =1.

Additionally, in some systems, the accurate determination of D, and a
could not be performed at elevated T due to the formation of particle-like
impurities or sample discoloration. The formation of particles at elevated T
was most likely due to interactions between the solvents and the cell and
sealing materials. Sample discoloration may indicate degradation or oxida-
tion. Both factors may result in a significant long-term disturbance in CF,
impeding the accurate determination of a and D,.. However, due to the sig-
nificantly larger amplitude of the signal associated with T fluctuations, it
may still be possible to determine a in some cases. Determining D,,, on the
other hand, was not possible. The typical relative expanded uncertainties
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(k = 2) for both a and D,, simultaneously determined within the region of
infinite dilution, were between about (2 and 15)%.

Systems as a Function of Composition

Figures 5.7(a) and 5.7(b) show exemplary values of % and Le in the systems
of n-CsH,, with Ri43a or SFs and n-C,cHs, with CO, at different T as a func-
tion of xg.s. The corresponding xg.s values were obtained using the isochoric
saturation method and/or Raman spectroscopy [290,311]. As observed for
the investigations in the limit of infinite dilution, the system and T had only
a negligible influence on % for x,,s up to approximately o.05. However, as
shown in Figure 5.7(a), for xgas > 0.5, slight behaviors of % can be observed.
9 generally increases as it approaches equimolar composition, but the po-
sition of the maximum depends strongly on the investigated system. For
Xgas > 0.10, the various systems begin to exhibit distinct behaviors of ¥.
However, for values of approximately xg.s < 0.20, T had only a minor influ-
ence. Distinct T-dependent trends were only observable within the range
of Xgas = (0.25 and 0.75), where the higher T, the smaller the value of %. This
can be explained by considering the definition of the ¥ given by Equation
4.46, where T is in the denominator. Figure 5.7(b) illustrates the relation-
ship between Le and xg, for the studied systems. Le was strongly dependent
on the behavior of @ and D,, with respect to the thermodynamic state, as
per the definition. This dependence can be attributed to the various com-
position-dependent trends of D,,, which have been discussed in the respec-
tive publications [243,244,283,284,286,290]. For the systems shown in Fig-
ure 5.7(b), Le generally increased as the composition approached equimo-
larity. Owing to the similar behaviors of Le and %, approaching equimolar
composition, the signal related to T fluctuations was represented by only a
few data points in the experimental CF, and the related amplitude was con-
siderably smaller than that related to concentration fluctuations. Thus,
larger uncertainties were generally obtained in this region for a than for D,,.
As a result, for some state points and systems, such as n-hexane and SFs,
only D, could be obtained in the equimolar region. In concentrated mix-
tures, the relative expanded uncertainties (k = 2) of D,, were as low as 0.6%,
whereas the uncertainties of a were as high as 100% due to the described
circumstances.
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Figure 5.7: Experimental % (a) and Le (b) as a function of xgs for different systems
at three T.

5.2 Systems Relevant to Process and Energy Technology

This section focuses on the applicability of DLS to more technical systems
across a broad range of thermodynamic states and is structured as follows:
first, the diffusivities accessible in different types of liquid-liquid mixtures
will be discussed, followed by mixtures of liquids with dissolved gases, and
finally gaseous and supercritical mixtures. The different thermodynamic
regimes are closely linked, and the separation into three sections is mainly
for structure and readability. For each type of system, motivation for its
applicability, respective experimental and scientific challenges, and tech-
nical aspects related to the measurement equipment and the conduction of
the experiment are provided. These aspects are discussed in relation to the
simultaneous determination of a and D, and diffusivities accessible via
DLS. Typical uncertainties will be reported, and the main outcomes related
to the thermophysical properties will be discussed briefly.
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5.2.1 Liquid Mixtures

Biofuel-Related Mixtures Under Pre-Combustion Conditions

Until a successful transition to a hydrogen economy can be achieved, re-
searchers will focus on the development of new generations of fuels for in-
creased engine efficiency and reduced emissions. Considerable effort is be-
ing devoted to the development and characterization of biogenic surrogate
fuels that match the distillation curves of the target fuels. Owing to the
multicomponent nature of fuels, intra-droplet heat and mass transfer must
be considered to correctly model the dynamics of the evaporation process
in gasoline direct injection engines [25]. However, such research activities
are mostly based on theoretical diffusivity data due to the lack of reliable
experimental data including specifications related to their uncertainties. In
this context, nine model binary mixtures composed of isopentane, isooc-
tane, C¢HsCH3, n-CioH,., and C;H;OH were investigated at T up to 523 K
and close to their bubble point line via DLS [282]. Here, the challenge en-
countered was the large T difference between the p control circuit includ-
ing SaCe and ambient. Thus, special precautions had to be taken to avoid
disturbing the macroscopic thermodynamic equilibrium in the compressed
liquid phase at elevated T. For this purpose, a multi-stage T and p control
loop was developed that allowed advection-free measurements to be taken.

For most of the investigated systems and thermodynamic states, a and D,
were simultaneously accessible via DLS at small 6. This was confirmed by
comparing them with literature values, leading to the conclusion that mode
coupling could be excluded. The a of equimolar binary mixtures typically
showed larger uncertainties than the other compositions owing to the high
value of %, as shown in Figure 5.8(a) for the mixtures of isooctane and
Cs¢HsCHs. However, for certain systems and thermodynamic states, % <1
and an Le close to unity was observed. In these cases, the CF could be ac-
curately represented by a single exponential related only to the T fluctua-
tions. This was further supported by the variation of diffusivities as a func-
tion of T. Figure 5.8(a) shows # as a function of the mole fraction of isooc-
tane Xisooctane. Consistent with the behavior of ¥ in mixtures of liquids with
dissolved gases, as shown in Figure 5.7(a), higher T resulted in a decrease
in %. However, in contrast, the maximum % achieved was significantly
smaller, and the T dependence was evident at low and high Xisooctane values,
suggesting that simultaneously determining both a and D, is generally
more realistic in concentrated liquid mixtures rather than in concentrated
mixtures of liquids with dissolved gases. However, Figure 5.8(b) reveals
that, especially at low T, Le is generally relatively large in binary liquid
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mixtures, which is counterproductive for the simultaneous determination
of a and D...
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Figure 5.8: (a) Experimental %7 and (b) Le as a function of composition for mixtures of iso-
octane and C¢HsCH; at five T.

For all systems, compositions, and T studied, a changed only slightly. In
contrast, D, (see Figure 5.9) varied by more than two orders of magnitude
from about (107°-107®) m*s™. The average expanded relative uncertainties
(k =2) of (8 and 6)% were obtained for a and D,,. One of the main outcomes
was that the presence of the biofuel C;H;OH in alkane-based surrogate-
fuels causes a significant slowing down of D,, at low T, but not at elevated
T, which are relevant for combustion. In addition to the binary mixtures, a
quaternary mixture consisting of isopentane, isooctane, C¢HsCHjs, and n-
CioH.. as well as a quinary surrogate fuel mixture consisting of the same
components as the quaternary mixture and C;H;OH as the biogenic com-
ponent were investigated via DLS. At a given thermodynamic state, a and
one apparent diffusion coefficient D,,, were obtained for the quaternary
and quinary mixtures. This contradicts the theory of DLS, since for multi-
component mixtures with n. components a as well as n.—1 individual eigen-
values of the Fick diffusion matrix should be observable. The observation
of a single D.p, could be explained by the refractive indices of the mixture
components, which were relatively similar.
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Figure 5.9: Dy, or D,y of different equimolar binary mixtures or a quaternary and a quinary
mixture related to a surrogate fuel as a function of T. The volume fractions were 0.323 iso-
pentane-o0.323 isooctane-0.097 C¢HsCH;3-0.257 n-CyoH,, for the quaternary mixture and
0.291 isopentane-o.291 isooctane-0.087 C4HsCH3~0.231 n-C;0H,,-0.100 C,HO for the qui-
nary mixture. The figure was adapted from the respective publication [282].

Electrolyte Systems Consisting Entirely of Ions

Electrolytes are an important fluid class for numerous applications, includ-
ing energy storage [26-28] and conversion techniques [29,30]. The effi-
ciency of these processes relies heavily on ion mobility and molecular mass
transport within the electrolyte [31,32], which can be described by D.,.
Although electrolytes composed solely of ions are of great interest, there
are few studies available in the literature that focus on determining D,, in
these mixtures because of the limitations of conventionally applied tech-
niques. This thesis demonstrated, for the first time, the applicability of DLS
for investigating molecular diffusive mass transport in total ionic electro-
lyte systems [281].

Four binary model mixtures composed entirely of ions were used to prove
that the experimental signals obtained were associated with hydrodynamic
modes. Mode coupling could be neglected. The systems were based on
three different ILs and a salt, always sharing a common ion in the mixture.
In terms of Fickian formalism, consider that each electrolyte system stud-
ied herein was produced by mixing two substances consisting of three dif-
ferent ions. In such cases, owing to the electroneutrality of the system
which led to a coupling between the mass fluxes of the ions involved, the
diffusive mass transport could be described by a single mutual diffusion
coefficient D,, [31,312]. For the present mixtures, D,, was predicted to be ap-
proximately three orders of magnitude smaller than the corresponding a.
Because scattering geometry was chosen to resolve D, with the lowest
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5.2 Systems Relevant to Process and Energy Technology

uncertainties, that is, a & = 9o° was used, a could not be obtained simulta-
neously due to the large temporal spacing. Owing to the hygroscopic nature
of the samples, one major challenge was to isolate the signals related to
molecular ion mass transport. Figure 5.10(a) shows the results for D,, for
virtually equimolar binary mixtures of 1-ethyl-3-methylimidazolium bis(tri-
fluoromethylsulfonyl)imid ([EMIM][NT®,]), 1-ethyl-3-methyli-midazolium
ethylsulfate ([EMIM][EtSO,]), 1-decyl-3-methylimidazolium bis(trifluoro-
methylsulfonyl) imide ([DcMIM][NTL.]), 1-butyl-3-methylimidazolium
hexafluorophosphate ([BMIM][PFs]), 3-methyl-1-(3,3,4,4,4-pentafluorobu-
tyl)imidazolium hexafluorophosphate ([PFBMIM][PFs]), and lithium
bis(trifluoromethylsulfonyl)imide ([Li]J[NTf.]) as a function of T. Figure
5.10(b) shows the results of D, for mixtures [EMIM][NTf,] and
[EMIM][EtSO,] as a function of the [EMIM][NTTf,] mole fraction xgmimjNTe].
The main outcome was that the constituent ions had a significant influence
on D, and that D,, exhibited a non-ideal concentration dependence in such
systems. The expanded mean relative uncertainty of D,, was 8.0%.
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Figure 5.10: (a) Dy, as a function of T for the investigated mixtures consisting of xEmimNTE]
= 0.4968/X(EMM][EtsO4] = 0.5032 (red circles), xEmimNTE] = 0.5678/X[DeMiIMINTE] = 0.4322 (O1-
ange squares), X[eMIM][NTE] = 0.9271/X[LiNT6] = 0.0729 (green diamonds), and x[premim]prs] =
0.4993/x[BMim][pre] = 0.5007 (black triangles). (b) D,, in mixtures consisting of [EMIM][NTF,]
and [EMIM][EtSO,] (red circles) as a function of x{emimiNnTe] at @ mean T of 313.0 K. The
figures were adapted from the respective publication [281].

Binary Mixtures of LOHCs

H, as a working fluid for energy storage and transport is currently being
evaluated with regard to the expansion of renewable energies [313-315]. The
large-scale use of H, requires the development of technologies for H, pro-
duction [316-319], distribution [320], and storage [35,321]. In addition to

85



5 Results and Discussion

compression [322], liquefaction [323], and absorption [324], the chemical
storage using LOHCs [33,325] is considered as promising alternative. In this
context, precise knowledge on transport properties is key for the optimized
design of catalyst materials for hydrogenation and dehydrogenation pro-
cesses [33]. A binary mixture consisting of equal masses of diphenylme-
thane (DPM) and its fully hydrogenated derivative dicyclohexylmethane
(DCM) was studied at T between (298 and 473) K and p of about (0.5 and
7) MPa via DLS [80]. Mode coupling could be excluded. Both a and D,, were
accessible, but not always simultaneously owing to #7and Le, shown in Fig-
ures 5.11(a) and 5.11(b) as a function of T at different p. ¥ was in the same
order of magnitude as observed for the biofuel-related mixtures and exhib-
ited a similar decrease with increasing T. Furthermore, a slight increase in
St with increasing p was observable. This corresponds with the observations
made for the equimolar CH,-C;Hs model mixture. As shown in Figure
5.1(b), the equimass DPM-DCM mixture exhibits considerably large Le val-
ues at low T because of the bulky structures and large M, resulting in rela-
tively small values for D,. Thus, and considering that % > 4 according to
the trend shown in Figure 5.1(a), at T < 385 K, a and D,, could be deter-
mined in individual measurements at & < 5° and & < 9o°, respectively. At
T>385K, both a and D,, were simultaneously determined from one CF. The
expanded mean relative uncertainty (k = 2) in both a and D,, was approxi-
mately 10%.
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Figure 5.1: Experimental % (a) and Le (b) as a function of T for mixtures of DPM with its
fully hydrogenated derivative DCM at two p. The dashed lines represent the border where a
and D, were determined in either single or two separate measurements.
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5.2 Systems Relevant to Process and Energy Technology

5.2.2 Liquids with Dissolved Gases

Binary mixtures of DCM with Dissolved Hydrogen

With respect to LOHC systems, the saturated liquid phase of binary mix-
tures of DCM with dissolved H, near infinite dilution was also investigated
via DLS at T between (323 and 573) K and p between (2.7 and 6.2) MPa. The
measured data for a and D,, shown in Figure 5.12(a) demonstrate the typical
decreasing and increasing trends with increasing T. The solid lines in Fig-
ure 5.12(a) represent weighted fits to the diffusivity data and are intended
as a visual guide. Similar to some of the model systems consisting of liquids
with dissolved gases, an intersection of the T-dependent trends of a and D,
was observed. For this system, the crossing was between approximately T =
(450 and 530) K. In this range, only Dy, was accessible. Figure 5.12(b) pre-
sents the corresponding % values obtained in the case where two contribu-
tions could be resolved. Similar to other systems close to infinite gas dilu-
tion (see Figures 5.6(a) and 5.6(b)), #is between (0.2 and 0.4). The increase
in % with increasing T was most likely related to the increasing solubility
of H, with T [326]. Owing to the small %, the obtained Dy, data could be
treated as a. This was confirmed by the comparison between Dy, and the T-
dependent trend of a. At T above 530 K, where both diffusivities were re-
solved, large uncertainties were observed for a, D, and % because of the
large fit uncertainties resulting from the difficulty in separating the indi-
vidual contributions, considering SNR.
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Figure 5.12: (a) a, Dy, or Di and (b) experimental % as a function of T for mixtures of DCM
with dissolved H, close to infinite dilution of the gas. The solid lines represent weighted fits
to the experimental data and serve as a visual guide. The figure (a) was adapted from the
respective publication [327].
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Aqueous Solutions of NaCl with Dissolved H, and CH,

Another promising solution for efficient and safe large-scale H., storage is
geological or subsurface storage [328-330]. This includes storage of H, in
salt caverns [331], (saline) aquifers [332], or depleted gas or oil reservoirs
[333,334], where CH, might be a pre-existing residual or intentionally used
as cushion gas [333,335,336]. Knowledge on diffusion in H.O or aqueous so-
lutions of NaCl with dissolved H, and CH, is crucial for modeling, design-
ing, and optimizing the related processes, e.g., for estimating the leak rate
of the storage facility [34-37]. However, corresponding experimental diffu-
sivity data under process- or storage-relevant conditions are scarce. To
overcome the lack of data, related mixtures were investigated in a cooper-
ative project with Shell Global Solutions International BV. In the related
publication, the applicability and limitations of DLS for the measurement
of diffusivities in mixtures relevant for geological or subsurface H, storage
were demonstrated for the first time [287]. Mixtures of H,O or aqueous so-
lutions of NaCl (also known as brine) with cnaci up to 0.34, containing dis-
solved H, or dissolved mixtures of H, + CH,, were investigated at saturation
conditions at T between (293 and 393) K and p up to 20 MPa. The salt con-
centration cnac1 was defined as kilogram of NaCl per kilogram of H,O. A
major challenge was the corrosive nature of brine, which resulted in a tur-
bid sample contaminated with particles when using the standard and fur-
ther SaCes. Different polymer coatings were considered as potential solu-
tions for obtaining a brine-resistant SaCe. The final solution used a coating
composed of a polytetrafluoroethylene + perfluoroalkoxy alkane (PFA) pri-
mer with a PFA top coating. The study was complex, and only key results
will be presented below. For more information, please refer to the publica-
tion [287].

In binary mixtures of H.O and H., both a and D, were simultaneously ac-
cessible at small @. Their mean relative expanded experimental uncertain-
ties (k = 2) were (18 and 12)%. Figures 5.13(a) and 5.13(c) show the corre-
sponding results, which agree with available literature data [72,279,337-
343]. The % in mixtures of H.O and H. exhibits similar p- and T-dependent
trends observed for other gas-liquid mixtures. However, owing to the rela-
tively large noise level in the experimental CFs, resulting in significant un-
certainties in the decay times and %, definitive conclusions could not be
drawn. Note that H, and CH, are poorly soluble in H,O [344,345]. There-
fore, at p = 20 MPa, only a maximum Xxg.s of about 0.0035 could be achieved
within the studied T range. This demonstrates that even at such low con-
centrations, DLS is capable of resolving the contribution related to c fluc-
tuations under certain conditions.
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5.2 Systems Relevant to Process and Energy Technology

For ternary mixtures of H,O and CH, + H, with varying xcr,, a and Dapp,
which is related to the diffusion of the gas mixture in the liquid, were re-
solvable at small & via DLS. Figure 5.13(b) exemplarily shows the corre-
sponding D.pp results as a function of CH, mole fraction xcu, for p = 10 MPa
and T = (293, 333, 363, and 393) K. In addition, D,, in the mixtures of H,O
and H., obtained via DLS, as well as D,, data from a correlation proposed by
Guo et al. [346] for mixtures of H,O and CH, are shown at xcn, = (0 and 1).
D.pp exhibited a slight composition-dependent trend with maxima at xcp,
~ 0.4, considering the uncertainties. The relative expanded experimental
uncertainties (k = 2) of a and D.yp, were on average (43 and 29)%. The rela-
tively large uncertainties could be partly related to a long-term disturbance
apparent in the experimental CFs, which must be considered during fitting.
The origin of the disturbance appeared to be related to the presence of CH,.
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Figure 5.13: Liquid phase a (a) and D;, (c) in binary mixtures of H,O with dissolved H, under
saturation conditions obtained via DLS as a function of T at different p. For comparison, a
data of pure H,O from Peterson [337] and estimated values taken from REFPROP [279] are
also shown in (a). Dy, data at about p = 1 atm from Wise and Houghton [72], de Blok and
Fortuin [338], Verhallen et al. [339], Ferrell and Himmelblau [340], and Jahne et al. [341] are
also shown in (c) for comparison. Additionally, D,, from Wang et al. [342] at p ~ 28 MPa and
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D, calculated with the engineering model from Tsimpanogiannis et al. [343] for p = 10 MPa
are shown. (b) D.pp in the saturated liquid phase of ternary mixtures of H,O and H, + CH,
obtained via DLS as a function of xcuy at T = (293, 333, 363, and 393) K) and p = 10 MPa. D,,
in mixtures of H,O and H, obtained by DLS and D, data from a correlation proposed by Guo
et al. [346] for mixtures of H,O and CH, are shown at xc, = 0 and 1. The dashed lines rep-
resent fits weighted by the inverse uncertainties of the diffusivity data and are meant to be
visual guides. (d) D,k in the liquid phase of brine at 0.1 MPa H, atmosphere or ambient p
obtained via DLS at small & or & = 90° as a function of cnaci at T = (293, 333, and 363) K.
The open triangles correspond to Ds,)c obtained by using a correlation given by Caldwell
[347]. The light blue open symbols indicate selected literature data for Dsye at T = 298 K
[348-351]. The figures were adapted from the respective publication [287].

The diffusion coefficient of salt Ds.ic could be determined as a function of T
and cnacl in aqueous solutions of NaCl. However, the H,-related diffusion
coefficient was only accessible at small cnaci and T = 293 K in ternary mix-
tures of brine with dissolved H, owing to the rapidly increasing signal am-
plitude in the CF related to Ds,ic with increasing cnact and a strong molecular
association leading to a quasi-static light scattering pattern in the liquid
sample for T > 300 K that hindered the determination of molecular gas dif-
fusivities. The structuring of the liquid phase represented a physical limi-
tation given by the studied system and hindered furthermore the determi-
nation of @ and/or D at about T > 300 K at small & via DLS. However, by
applying a & = 9o0° and adjusting the correlators’ temporal resolution, the
signal related to Ds. could be isolated from the long-term disturbances
caused by the structuring. This enabled the determination of Ds. over the
entire T range investigated in the study. Owing to the temporal spacing, a
simultaneous determination of a was not possible. The corresponding Dsaic
results shown in Figure 5.13(d) demonstrate a relatively weak composition-
dependent trend. This is in agreement with literature. Considering the
mean relative expanded experimental uncertainties of (64 and 44)%, no de-
pendency of a or quasi binary diffusion coefficient D, 4 related to the diffu-
sion of H, in the mixture on cnaci was observable within the investigated
range of cnaci up to 0.02. For quaternary mixtures of brine with dissolved
H. + CH,, a, D4pp, and the salt diffusion coefficient in the quaternary mix-
ture Dsaltquad could be simultaneously accessed via DLS at T = 293 K with
average relative expanded experimental uncertainties of (8o and 73)%.

Polymer Melts with Dissolved Blowing Agents

Thermoplastic foams are used in a wide range of technical applications and
are produced by injection molding or extrusion with physical or chemical
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blowing agents. In such processes, the resulting foam properties are gov-
erned by nucleation and bubble growth kinetics [352,353], both of which
are significantly affected by D... Therefore, knowledge of D., is necessary to
understand nucleation and bubble growth processes and develop predic-
tion approaches for the resulting foam properties [354,355]. However, ow-
ing to certain limitations of the conventionally applied techniques, there is
currently a lack of D, data under process-relevant conditions. In collabora-
tion with Prof. Christian Bonten from the University of Stuttgart, a mixture
of technical-grade polystyrene (PS) melt and dissolved nitrogen (N,) as a
blowing agent was selected as a model system and investigated via DLS.
DLS was used, for the first time, to characterize a and D,, of binary mixtures
consisting of a macromolecular polymer melt and a dissolved gas [264].
Figures 5.14(a) and 5.14(b) show the diffusivity results obtained at small &,
which exhibit the typical behavior observed in liquids with dissolved gases.
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Figure 5.14: a (a) and D,, (b) in mixtures of PS with dissolved N, as a function of T for p ~ 5
MPa. The corresponding # values are shown in (c). Figures (a) and (b) were adapted from
the respective publication [264].

At 6 = 90°, an additional signal related to c fluctuations of polymer chains
with different molecular weights was observed. The corresponding results
for ¥ are shown in Figure 5.14(c) and range from approximately (0.6 to 1.2).
However, interpreting the magnitude of % is challenging. N, might not
have been dissolved at ¢ close to infinite dilution. Owing to the large dif-
ference in molar mass between N, (M ~ 28 g-mol™) and PS (weight average
molar mass M,, = 306 ooo Da), as well as the chain-length distribution of
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5 Results and Discussion

PS, definitive statements are difficult. The increase in % with increasing T
at approximately constant p is likely due to the increasing solubility of N,
in PS with increasing T [356]. Identifying signals related to D, and a in the
obtained CFs at conditions relevant to foaming processes, including T up
to 555 K, was a major challenge due to distortions related to the technical
grade of the polymer. However, a thorough evaluation of the obtained sig-
nals allowed for a discussion of the influence of p and T on a and D,.. The
expanded mean relative uncertainties (k = 2) in a and D,, were (13 and 7.4)%.

5.2.3 Gaseous and Supercritical Mixtures

Binary Mixtures Consisting of CO,, CH,, and C;Hs

To further test the mode allocations strategy developed in connection with
the investigations of the equimolar CH,-C;Hs mixture, binary mixtures of
CO,, CH,, and C;Hs, which are constituents of natural gas, were investi-
gated between T = (293 and 353) K, p = (0.5 and 12) MPa, and x between
(0.0833 and 0.917) via DLS. Which diffusivities were accessible depended
on the location of the thermodynamic state points studied relative to the
mixture phase envelopes, mixture p, optical contrast factors, and osmotic
compressibility. Similar to the equimolar CH,-C;Hs mixture (see Section
5.5.1), the obtained diffusivities were attributed to a, Dy, or Dy, using the
experimental and calculated %, as well as T-, p- and c-dependent behaviors.
Although the experimental % exhibited relatively large uncertainties, they
agreed well with the calculated ratios far from the critical plait point. In
some cases, literature data supported the attribution of the obtained diffu-
sivities to a or D,. In the compressed liquid phase and in some cases in the
supercritical state, a and D,, could be determined simultaneously, whereas
in the gaseous phase either a or D, was obtained. A qualitative analysis was
performed and showed that mode coupling should not have an impact on
the diffusivity results. The average expanded uncertainty (k = 2) for all de-
termined D, was 5.8%. For the q, these uncertainties were 22% for the cases
where it was determined simultaneously with the D, and 3.0% where it was
determined alone.

Figures 5.15(a) and 5.15(b) exemplarily show the concentration dependency
of the experimental diffusivities for the CO.-CH, system obtained along
two isobars with p = (9 and 12) MPa for xco. = (0.0833, 0.333, 0.500, 0.667,
and 0.917) and T = (293, 303, 323, 338, and 353) K. The a values for the pure
components calculated using REFPROP [279] are shown for comparison.
To ensure legibility, the respective experimental expanded uncertainties (k
= 2) were not included but can be found together with the diffusivity data
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and experimentally accessible % in the tables in the publication [289]. For
xco. = 0.917 and T =293 K, the fluid was in the compressed liquid phase
where two exponentials could be resolved in the CFs for all investigated p.
Here, the average experimental expanded uncertainties for a and D,, were
(24 and 9)%. The experimental % values were between 1.2 and 6.4, indicat-
ing that the signal contribution related to ¢ fluctuations exhibited a larger
amplitude. This explains why the uncertainties for a were larger than those
for D,..
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Figure 5.15: a (circles), D, (squares), and D (crosses) measured via DLS for the CO,-CH,
system at different p and T as a function of the mole fraction of CO, xco,. The T = (293, 303,
323, 338 and 353) K are represented by the blue, purple, green, orange, and red symbols,
respectively. Furthermore, a data for pure CH, and pure CO, (triangles pointing upwards
and downwards) obtained from the REFPROP database [279] are shown at xco, = (0 and 1).
Error bars are not given to ensure legibility. In virtually all cases, the measured diffusivities
increase with increasing T for a given p and mixture composition. The figures were adapted
from the respective publication [289].

Only a single exponential was found in the CFs for mixtures in the super-
critical state. Considering all the supercritical state points, the experi-
mental expanded uncertainties for the diffusivities obtained ranged from
(0.5 to 5.0)% with an average of 2.2%. To judge which diffusivity was ob-
tained via DLS in these cases, the mode attribution strategy based on the
calculated % values described above was followed. Examples of the
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calculated % values are shown in Figure 5.16 for xco. = (0.500 and 0.917). In
accordance with %, for xco, = (0.0833 and 0.333), a was obtained via DLS
for all investigated p and T. This was confirmed by the fact that extrapola-
tion of the c-dependent data for a given T'and p to xco. = o resulted in values
matching the a data for pure CH, as calculated using REFPROP [279]. For
xco: = (0.500 and 0.667) and all p investigated, the obtained diffusivities
could be related to a only at the higher T, whereas they represented D, at
the lower T. For the mixture with xco. = 0.917, D was obtained at T = 303
K for all p according to the calculated % values. This is confirmed by the
smaller values of D, compared to a for pure CO,. Furthermore, Dr, in-
creases with increasing p and, thus, increasing distance from the critical
point. This behavior may be related to the critical slowing down of D,, when
the critical point is approached [170,299]. At T > 323 K and xco. = 0.917, the
calculated ¥ values indicate that the measured diffusivities represent a.
This is supported by the good agreement of the c-dependent trend of the
experimental diffusivities for the mixtures with the a values calculated for
pure CO, using REFPROP [279]. A comparison with additional literature
values for both a and D,, at xco, different from 0.500 was not possible owing
to the lack of respective literature data.
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Figure 5.16: p dependency of the calculated % for the CO,-CH, system for two different xco-
and three different T. The solid and dotted lines represent xco, = (0.500 and 0.917). The T =
(293, 323, and 353) K are represented by blue, green, and red lines, respectively, where higher
91 are always found for larger T at a given p and xco.. The figure was adapted from the re-
spective publication [289)].
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Binary Mixtures of H, and CH,

Mixtures of H, and CH, are involved in numerous conventional technical
processes, such as the production of H, from natural gas via steam reform-
ing [357] or pyrolysis [358], as well as the photocatalytic production of H,
and CH, from glycerol reforming [359]. For energy transition, the utiliza-
tion of H.-natural gas blends appears to be a promising solution because
the blended H. can be transported through existing natural gas pipelines
that are not suitable for pure H, [360]. Furthermore, for the large-scale stor-
age of produced H. from offshore wind energy, the use of depleted reser-
voirs or subsurface caverns is currently under discussion [329]. In such res-
ervoirs, CH, might be a pre-existing residual or intentionally used as cush-
ion gas [333,335,336]. The accessibility of a and D, in gaseous binary
mixtures of H, and CH, via DLS was evaluated in cooperation with Shell
Global Solutions International BV, as previously mentioned [280]. The in-
vestigations were performed at T = (293, 333, 363, and 393) K and p = (5, 10,
and 15) MPa with varying xcn, of (0.05, 0.3, 0.6, and 0.8). For all thermody-
namic states investigated, only one hydrodynamic mode was observable via
DLS; the corresponding results are shown in Figure 5.17.
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Figure 5.17: a, D, or D, in the gaseous phase of mixtures of H, and CH,, or pure CH, obtained
via DLS (Dexp, diamonds) as a function of the CH, mole fraction xcn4 at T = 293 K (blue), T
=333 K (green), T =363 K (orange), and T = 393 K (red). (a), (b), and (c) show the results for
p = 5, 10, and 15 MPa, respectively. Expanded uncertainties (k = 2) of the present experi-
mental data are shown as error bars if they are larger than the symbol size. The solid and
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5 Results and Discussion

dotted lines represent predicted Du or a data using the Chapman-Enskog theory [361],
[Dul,, or the model proposed by Lima et al. [362], amix. Data for the composition-independ-
ent integral diffusion coefficient (Dy, i) from Bogatyrev and Nezovitina [74] interpolated to
the present T and p is indicated by dashed lines. The a data for the mixtures using Equation
4.6 and literature data [277,363-367], amixrerprop, Or for pure H, obtained via Equation 4.6
using data reported in a data compilation [368] is indicated by lines composed of x symbols
or filled circles. The figure was adapted from the respective publication [280].

The related diffusivity exhibited a decreasing trend with decreasing T and
increasing p and xcny. Corresponding expanded (k = 2) experimental uncer-
tainties ranged from (0.91 to 14)% and were on average 3.8%. The assign-
ment of the single related diffusivity to either a, Dy, or Di, could be per-
formed by considering D, calculated using the Chapman-Enskog kinetic
theory [361], experimental D, literature data [74], predicted a using two dif-
ferent approaches [279,362], and calculations of #. The obtained diffusivi-
ties were assigned to D,, at xcH4 = 0.0533, D at xchy = 0.3125, and a at xcp, =
(0.6180 and 0.8319) by comparing them with the predicted and literature.
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6 Conclusions and Prospect

This thesis highlights limits and capabilities of DLS for the simultaneous
determination of thermal and mutual diffusivities in homogeneous molec-
ular fluid mixtures. Although the focus is on binary fluid mixtures, some
aspects related to multicomponent mixtures are also discussed. The evalu-
ation is based on two main pillars: theory and experimental implementa-
tion of DLS. Theory provided a general understanding of the various con-
tributions to the observed signals including the expected signal amplitudes
of the studied fluctuations, their interrelationships, and possible coupling
of heat and mass transfer. Experiments were performed for selected model
systems facilitating fundamental investigations into different influencing
factors, but also for systems relevant to process and energy engineering,
encompassing T between (280 and 560) K, p between (0.030 and 20) MPa,
and x between about (0.002 and 0.995). This allowed for bridging theoret-
ical considerations with practical conditions and the aspects related to the
experimental implementation of DLS. In addition to evaluating the applica-
bility of DLS, this thesis significantly expanded the database of reliable dif-
fusivity data for the systems studied. The studies referenced often demon-
strated, for the first time, the applicability of DLS to the respective fluid
class, system, or thermodynamic region.

For binary mixtures, the thermal diffusivity a and the Fick or mutual diffu-
sion coefficient D, can only be obtained by DLS if a coupling of heat and
mass transfer can be excluded or, more precisely, is sufficiently small. In
the presence of mode coupling, only two effective diffusivities Def.) can
be accessed, which are neither a nor D,. While there is general knowledge
available on the parameters that affect mode coupling in various thermo-
dynamic states, detailed assessments of the impact of mode coupling on
diffusivities are only available in the literature for a few specific systems. A
thorough evaluation of mode coupling is often not possible due to the lack
of accurate input data necessary for calculating the coupling parameter. To
date, no study exists that evaluates the type of error that arises in the ob-
tained diffusivities when only limited coupling is present. Further research
is necessary to evaluate the influence of varying strengths of mode coupling
on diffusivities and clarify this topic.

Although mode coupling can be excluded, there are experimental situa-
tions where it is unclear which signal is related to which type of fluctua-
tions, or where only a single exponential signal can be resolved in the ex-
perimental CFs obtained for binary mixtures. Whether two contributions
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6 Conclusions and Prospect

related to T and c fluctuations can be simultaneously resolved depends pri-
marily on four factors: the temporal spacing in terms of the Lewis number
Le = a-D, ", relative signal amplitudes in terms of the Rayleigh ratio %, SNR,
and, to a certain extent, strength of possible disturbances in the CFs. In real
experimental conditions, the difficulty lies in the fact that all of these influ-
encing factors are superimposed, and that magnitudes of these parameters
are initially unknown. Based on the results obtained in this thesis, for bi-
nary mixtures the following general statements can be made. A first indi-
cation of whether two contributions can be resolved is Le, which should be
either greater than 1.5 or less than o.5 to ensure a sufficient temporal sepa-
ration of the two modes is given. For Le very close to unity, only a mixed
diffusivity D, related to both transport properties, that is, a and D,,, can be
accessed. In addition, none of the signal amplitudes associated with the
fluctuations in T, by, and in ¢, b., should be considerably large or consider-
ably small. In general, the closer %7 =b.-b.™" is to unity, the larger the devia-
tion of Le from unity should be to allow both contributions to be detected.
When Le is not very close to unity, for instance, when 0.4 < Le < 0.9 or 1.1 <
Le < 1.6, either two modes and, thus, a and D,, or only a single mode and,
thus, Diy can be accessed. Here, the decision is mainly based on the signal
quality and, thus, on SNR. For the latter case, Dy, represents a if b, >> b. or
D, when b. >> b.. Here, the greater the differences in b and b, the better
the agreement between Dr, and a or D,.. Furthermore, even if Le is far from
unity, only a single mode may be accessible if either b; or b. tends to zero.
The presence of a long-term disturbance in the CF has little effect on de-
termining a and D, simultaneously, as long as it can be accurately de-
scribed. However, accurately describing the long-term disturbance can be
challenging and only partly possible. This is clearly a weak point in the DLS
technique. In most situations, SNR is the decisive factor that determines
whether both a and D, can simultaneously be successfully determined.
However, how large the SNR must be depends on the individual conditions.
The smaller SNR is, the larger the deviation of Le from unity and the closer
97 = 1 should be to allow for a simultaneous determination of a and D,.
Furthermore, given the technical limitations of the measurement equip-
ment, if Le >> 1 or Le << 1, the temporal spacing between the two signal
contributions may be too large to be obtained in a single CF.

Drawing on insights gained from the studies related to this thesis, a mode
attribution strategy was developed, which is universally applicable to any
binary fluid mixture. A key element is the theoretical calculation of %,
which reveals that not only the optical contrast factors but also other prop-
erties, particularly the osmotic compressibility, are significant. However,
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obtaining accurate values for osmotic compressibility has proven challeng-
ing. For a comprehensive assessment of various factors that affect %, per-
forming research on systems with a known osmotic compressibility would
be beneficial. Despite the relatively large uncertainties in the calculated %
due to the individual uncertainty contributions from the input parameters,
generally excellent agreement between the calculated and experimental %
values were found for the investigated systems. Thus, rewriting and itera-
tively solving the equations related to the calculation of % might allow es-
timating the mixture composition based on the experimental % values in
DLS experiments.

The accessibility of specific diffusivities is strongly related to the location
of the investigated thermodynamic state point relative to the phase enve-
lope of the mixture, mixture density, optical contrast factors, and osmotic
compressibility. Obtainable relative experimental uncertainties of the dif-
fusivities typically range between (0.6 and 15)%, but can also be as high as
100% under certain conditions. Generally, molecular diffusivities in the
range between about (10™ and 10°) m*s™ can be accurately accessed by
DLS if the analysis is performed in the time domain. A simultaneous deter-
mination of a and D,, was possible in the liquid phases and at some higher-
density states in the supercritical phase. For the gaseous and most of the
supercritical state points, only a single diffusivity, namely a, D,,, or Dy, could
be obtained and was identified with the help of the developed mode allo-
cation strategy. In addition to the diffusivity data, a large pool of experi-
mental ¥ for various systems and thermodynamic states was determined.
Further analysis of this data may allow for the establishment of fundamen-
tal relationships between molecular properties of the mixture constituents
and . This could allow for the establishment of a simple model for %.

For the multicomponent mixtures studied herein, mostly a and an apparent
diffusivity D,pp could be determined rather than the individual eigenvalues
of the Fick diffusion matrix. Only in cases where a large temporal spacing
between individual decay times can be expected, such as in aqueous solu-
tions of sodium chloride with dissolved H,, individual mass diffusive con-
tributions were resolvable. Given the interest in obtaining accurate diffu-
sivity data for multicomponent mixtures, further analysis of the applicabil-
ity of DLS for such fluid mixtures would be desirable.
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This thesis explores which factors influence the feasibility of a simultaneous
determination of thermal and mutual diffusivities in homogeneous molecular
fluid mixtures by dynamic light scattering (DLS). The focus is primarily on binary
fluid mixtures, but certain aspects related to multicomponent mixtures are also
discussed. Considering both the theory and the experimental implementation of
DLS, selected model systems consisting of methane and propane, as well as
binary mixtures of liquids with dissolved gases, are studied in this work, allowing
fundamental investigations of different influencing factors. Furthermore, various
systems relevant for process and energy technologies are investigated, which often
have a technical nature. These include mixtures related to biofuels, electrolytes,
liguid organic hydrogen carriers, geological hydrogen storage, natural gas, and
polymer melts with dissolved blowing agent. Investigations are conducted across
a wide range of thermodynamic states, encompassing temperatures between
(280 and 560) K, pressures between (0.030 and 20) MPa, and compositions
spanning mole fractions between about (0.002 and 0.995). Besides the main aim,
this endeavor not only significantly expands the database of reliable diffusivity
data but frequently showcases, for the first time, the applicability of DLS to the
respective system. Additionally, a signal attribution strategy is developed, which
is universally applicable to any binary fluid mixture.
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