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Abstract

The present thesexploresthe volumetric and transport properties of complex fluid
mixtures under pressure in order to develop a better, more holistic understanding of the
relationship between the volumetric properties, derived thermodynamic propentiess@osity.
To accomplish this broad objectivajo different categories dluid mixtureswereexamined
usinga combination of experimental data and modé&lsese includethase oilsand their
mixtures with polymeric additivesised in lubricantand bnic liquids with cosolvent addition
for use in biomass and polymer processiggperimental density data were collected using a
variablevolume viewcell at pressures up to 40 MPa and temperatures up to 398 K. A unique
high pressure rotational viscoteewas developed to study the effetpressure, temperature,
and shear rate on viscosity while also allowing for the simultaneous examination of phase
behavior. Viscosity data were collected at pressures up to 40 MPa, temperatures up to 373 K,
and shearates up to 1270’ Experimental density and viscosity data were fit to a pair of
coupled modetquationsthe Sanchekacombe equation of state and the free volume theory
respectively. From densitgerived thermodynamic propertjgmmelyisothermal
compressibility, isobaric thermal expansion coefficient, and internal pressene calculated
By generating these models, viscosity could be viewed in terms of dextleitying foradirect
link with thermodynami@roperties

In the firstpart of thestudy, he effect of compositionn density, thermodynamic
properties, and viscosity was examined for base oils used in automotive lubrigiandgferent
base oils, four mineral oils and two synthetic oils, were studiel@velop a betternderstanding
on how thehermodynamic properties, particularly isothermal compressibility and internal
pressurgvary with the concentration of cyclic molecules in the oil stdskthermal
compressibility was found to decrease with cycloalkane comtsile internal pressure

increased.Additionally, the effect of two different polymeric additives on the volumetric



properties and viscosity ofwasexammedeBoth additiveso mp o s

are polymethacrylate based, one with anfurectionality,and areused as viscosity index
modifiers in engine oils and automatic transmission fluitise polymer with amine
functionality was found to have a significant effect on internal pressure, seen as a large drop at
high polymer concentratiofY mass percent), due to the addition of repulsive intermolecular
interactions.

In thesecond part of thstudy, six ionic liquids with the-alkyl-3-methylimidazolium
cation and their mixtures with ethanol were examined. Two anions were used, chidride a
acetate. The effect of ethanol addition on the derived thermodynamic properties and viscosity
was studied in terms of chain length of the alkyl group on the cation. In addition, a method of
estimating Hildebrand solubility parameter veasployed, allaving for solubility parameter to
be put in terms of pressure, temperature, and composifioa effect of cosolvent addition on
the thermodynamic properties was changed by the length of the alkyl group on the cation. As the
cation became bulkier, aniaration interactions weakened, allowing for an increase in the-anion

cosolvent interactions.
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General AudienceAbstract

The presenthesisaims to understanioioth thedensity and viscositgf various fluid
mixturesat high pressureand temperaturabrough both experiments and modeling. By
studyingtheseproperties simultaneouslg, more holistic view o&fluid can be deelopedto
predict its usefulnedsr a specific applicationThis is especially important in the case of fluid
mixtures where in addition to temperature and pressomanposition needs to be taken into
account To accomplish the experimental portidintlois work, a new high pressure rotational
viscometer was developednteasure viscosity as a function of temperature and prassure
conjunction witha preexisting technique foneasuringlensiy. This experimental data was
usedto creatanodels, allowng for a better understanding of the effect of temperature, pressure,
and composition on both density and viscosity along with certain thermodynamic properties

In the first part of the studwils and additives used to make lubricants with automotive
applications, such as engine oils and automatic transmission fkeds studied By studying
the properties of these mixtures under pressuvefter understanding dbw properties key to
lubricant effectivenesare related tbemperature, pressure, and compositian be developed

In thesecond part of the studynic liquids, saltsvith melting points below 10C, and
their mixtures with ethanol were studieldnic liquidshave unique mpertiesand have been
studied for usén batteries, polymer processing, biomass processinggaswhpture. Due to the
wide range of potentiabnic liquidswith variouspropertieghat can be madé¢hese salts have
been described adgltrable solvents By adding an additional solvemihe resulting mixture can
be tuned through temperature, pressure, and compostiising theset of tools employed in the
present workimportant properties for process desiggrecalculated. In particular, the
Hildebrand solubility parametarasestimated as a function of temperature, pressure, and
composition. The solubility parameter is a useful tool in predicting whether or not a material

will dissolve in the solvent of choice.
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l. Introduction and Survey of the Literature

1.1 A Brief Description of the Scope of the Thesis

The broad aim of this thesis is to investigate the thermodynamic and transport properties
of complex fluid mixtures under pressure. With this in mind, the present study has been
designed with the objectives of generating fundamental volumetric datheeliscosity data,
and descriptive models. Experiments were carried out to examine the effect of paadsure
temperature on density, and presstemperature, and shear rate on viscosity for a range of fluid
mixtures. The primary focus has beentwn categories of mixtures, namely base aitsl their
mixtureswith polymeric additivesvhich are of high significance as lubricaraad ionic liquids
and their mixtures with organic solvents which are of high significance in applications such as
biomass proessing. Modeling in the form of the free volume theory of viscosity paired with the
Sanchez_acombe equation of state was employed in conjunction with experimentally
determined data to aid in the development of a more holistic understanding of howiyiscos
relates to density, and with g thederived thermodynamic properties. With a complete
understanding of the interconnection between these thermodynamic properties and viscosity, a
better understanding of how these mixtures function as both lutsriaad solvents can be
developed.

While there is extensive literature on viscosity determination techniques and viscosity
data at ambient conditions, there is still a need for a greater understanding of the effect of
pressure on the viscosity of fluidshi$ applies to both the design of experimental systems to
collect viscosity data at high pressure conditions and the models used to analyze and, if possible,
carry out predictions A major effort in the present study was devoted the development of a
novelhigh pressure rotational viscometer. This new instrument combines the ability to collect
viscosity data across a range of pressures and temperatures with the ability to control and
measure the shear rate while at the same time assessing thetptea#ehe system.The
viscometer design incorporates features for assessment of density along with viscosity which is
expected to be put into operation in future studigsthe present study, an independent

variablevolume viewcell was used to collect density data at the same temperature and pressure



conditions where viscosity determinations were carried ©he experimental systems are
described in Chapter II.

The research completed in this thesis lsarivided into two different areas of focus:
oils for use in automotive lubricants and ionic liquids as specialty solvents for polymeric
systems.

In the first focus area, base oils and their mixtures with select additives were studied.
These oils and atitives are all constituents in automotive lubricants: engine oils and automatic
transmission fluids. The effects of both pressure and temperature on viscosity and density were
studied and modeled. In addition, the derived thermodynamic propertiesrisath
compressibility, isobaric thermal expansion coefficient, and internal pressure were calculated.
By looking at these oils holistically, relating viscosity to density and thermodynamic properties
related to intermolecular interactions, a better urtdeding of how these mixtures function as
effective lubricants can be determined. These are discussed in detail in Chapteaty/ of the
thesis.

In the second focus area, ionic liquids were studied to determine the effect of cation ion
modification ancanion choice on the solveptopertieof these molten salts. A series of ionic
liquids with varying length alkyl functional groups on the imidazolium cation were used to study
the effect of modifications on the viscosity and density across a rangesstipgs and
temperatures. The effects of two different anions were studied, chloride and acetate. Viscosity
and density data were collected and modeled for mixtures of these ionic liquids with ethanol.
This in turn allowed for the estimation of Hildehdasolubility parameters as a function of
pressure, temperature, and composition. Knowing both the solubility parameter and viscosity
across a range of pressures, temperatures, and compositions allows for the determination of the
usefulness of these mixts as solvents, especially for use with polymeric systems, such as the
dissolution and separation of lignocellulosic materials.

In the following sectionsa brief overview of the literature is presented. Viscosity is of
particular interest due to its effts in mass transfer, heat transfer, flow behavior, and
elastohydrodynamic lubricatiof?. There is a growing demand for high pressure viscosity data
and for their modeling. Since a major effort in the present thesis was devoted to the development
of anew instrument to measure this particular fluid property and its importance in the relevant

fields of interest, the primary emphasis of the next section is on the review of the current



literature with regards to the viscosity of fluids under high pressamditions. While density
determinations at high pressuselso a major part of this thesis, the method that was employed
in this study is the same as used previously which is described in detail in Chaptes

modeling of density is described im&pterlll. More extensive literature background on
automotive lubricants and ionic liquids are included in the chapters relevant to these areas of

focus.

|.2 A Brief Overview of the Literature

With growth in fields such as lubricant design, diesel &unel engine optimization, oil
recovery, ionic liquids, and polymer processing, interest in viscosity data of complex and
polymeric mixtures at high pressures has increased, especially after 1991. This trend can easily
be seen in the literature. Searching Web of Science for the keywords viscosity and high
pressure yielded a total of 14,020 publications covering the periodif#@thto 2018. Of these
13881 have been published since 1990. While 24 articles had appeared in 1990, there was a
drastic incease in the number of publications in 1991, up to 159. This increase continued, with
311 articles published in 2000, all the way up to 1090 in 2018. Figure I.1 shows the increase in
articles published per year from 26R018. Figures 1.2 1.5 show the pblication trends from
20002018 by narrowing the search topics with an additional term: lubricant, ionic liquids,
polymer, or supercritical fluid. A search of high pressure viscosity for lubricants showed an
increase from 13 articles in 2000 to 35 deticn 2018. Replacing lubricant with ionic liquid
showed a dramatic increase from 4 articles published in 2000, to 75 in 2018. Articles involving
polymeric systems showed an increase from 43 articles in 2000 to 102 articles in 2018. Finally,
adding thgparameter supercritical fluid to a search of high pressure viscosity showed an increase
from 7 articles published in 2000 to 36 articles in 2018.



1200

Viscosity + High Pressure,,~
1000 |+ ’
o /]
2
‘» 800 | x
! g
> .2
o 600 /2
& ol
m Cd
o - -
S 400 o
D_ Cd
200 i ‘
0
O N & © 0 O N < ©
©O O © O O o o «d o
o O O O O O O O O o
AN AN AN &N NN N &N N N N
Year
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Figure 1.5. Journal articles published every year from 2@008 using search terms Viscosity +
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A close examination of the articles cited in the Web of Science shows that interest in
viscosity at high pressuemnditions covers a wide range of applications, including but not
limited to food processing and pasteurizafidmstimating the properties of molten rock in the
Ear t h o §°andailrécdvery and CRequestratiof1®> There are also distinttends that
have been displayed over the past few years. Areas of particular interest that have been noted in
more recent publications include lubricants and fuels used in the automotive irdfi$tignic
liquids for such applications as high pressGQ or SG capture?®*! gas expanded liquids as

tunable solvent®&*® and polymer processing (including polymer foafdsy.

The following sections provide a brief overview of the literatumghe methodef

viscosity measurement, anabjsand sedct areas of interest:

[.2.1 Experimental Determination of Viscosity at High Pressures
1.2.2 Modeling of Pressure Effects on Viscosity

1.2.3 Qils, Lubricants, and Fuels

[.2.4 lonic Liquids

1.2.5 Gas Expanded Liquids



1.2.6 Polymers, Foams, arRlasticizers

1.2.7 Geological Effects

1.2.1 Experimental Determination of Viscosity at High Pressure

A variety of experimental techniques have been employed in the literature to determine
viscosity as a function of both temperature and pressure. DRie tifficulties involved with
performing measurements under high pressure conditions, all techniques employed have
different advantages and limitations. While not an exhaustive list, the most common techniques

are described below.

1.2.1.A Falling BodjRolling Ball Viscometers

Falling body viscometers are commonly used in high pressure applications in the
literaturg34:30:32:39.43.44.54.88 The concept is simple. A sinker is allowed to fall through a fluid in
a tube. Based on the geometry ofslgstem, and the viscosity of the fluid being measured, the
sinker will reach a terminal Jehadipireui dl {jth

known, and the terminal velocity {Mcan be measured, viscosity can be determined from:

_ (") ” ” _ Il

where C is a constant that needs to be experimentally deterfAitté8i To determine terminal
velocity, an accurate method of measuring sinker position in real time is needed. This has been
accomplished throdga variety of means: visually under a microscopsing xray scattering

paired with a high speed caméra, magnetic detectors such as a linear variable differential
transformer (LVDT)® These viscometers can be designed to operate in the rangedoétis of
MPat® with some implementations for determining viscosities of magmatic melts reaching up to
7.5 GP& While these instruments have simple operating principles and incredibly high pressure
ranges, they do have drawbacks. Due to the desigrgifficult to control the shear rate applied

to the measured fluid, often limiting these instruments to low shear or Newtonian conditions. In

addition, for highly viscous fluids, fall times can be extremely long, leading to difficulties in
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measuring théerminal velocity?® Rolling ball viscometers operate on a similar principle by
measuring the fall time of a ball submerged in the measured fluid rolling down an incline due to
gravitational forces and relating it to viscosity through a relati@micer and fluid density, such

as equation 1.3+72 One challenge with rolling ball viscometers is ensuring that no skidding or

sliding occurs.

1.2.1.B Capillary Viscometers

Another technique employed in the literature involves using capillarymistos that
determine viscosity by measuring the pressure drop of adtaigteady flow rate through a
long, narrow tub&?737® When fluid through a cylindrical tube is fulilevelopedand laminar,
viscosity  cégn, be determined from the Hageaisaiille equation:

where r is the radius of the tube, ®P is the
the capillary, and q is the flow raté.The difficulty of the design for high pressure instruments
is having a steady flow rate in an instrument with high pressure requirements. Due to the
requirement of laminar flow, only conditions in which the measured fluid flow exhibits low
Reynolds numbers are valid for measurement. Additionally, depending design of the
instrument, end effects may need to be taken into acéd(fhExamples of this style instrument
operating up to 0.6 GPa have been reported in the literdture.

In addition to standard capillary viscometers, capillary dies anchsliimeters can be
used in conjunction with extruders to determine the viscosity of polymer Thelfs;61.64.67
Thesesystems seem useful in measuring the viscosity of polymers in the presence of a
supercritical or compressible fluid, such asC&3 gplasticizer or foaming agent, but have their
short comings. Due to the pressure differential across the capillary, it can be difficult to
determine the actual concentration or homogeneity of plasticizer in th& nTatreduce this
pressure differentiamany of these instruments include a counter pressure chamber at the end of

the die. This counter pressure chamber allows for greater cofth@ pressure differential



involved with the viscosity determination while also preventing the compresdsitolérobm

separating out of the polymer being measfed.

1.2.1.C Vibrating Wire Viscometers

Vibrating wire viscometers use a submerged wire that is exposed to a permanent
magnetic field. By passing a sinusoidal current through the wire, the witeraged?!-2>26.77.78
By measuring the voltage applied to the wire, viscosity can be determined. There are
instruments in the literature capable of reaching pressures into the GP&rahgse
instruments can be complex to calibrate and utilize,ineguthe correct wire chosen for the
viscosity range being measured. A limitation of this style instrument is that while shear rates can
be varied by changing the frequency of vibration, the shear rates are not necessarily defined with

any degree of accacy.

1.2.1.D Oscillating Quartz Viscometers

Another design based on vibrational effects utilizes a piezoelectric sensor submerged in
the fluid being measured. By comparing the frequency dampening by the fluid, viscosity can be

determined:

M Q. QrQ 1.3

where § is the oscillation of the quartzedis the frequency of oscillation while the quartz is
submer ged, Kk ifistheadensity of the flmid. Similar aorihe vilrating wire
viscometer, the effect of shear rate can be determined by varying the voltage applied to the
crystal. Thisallows for the determination of Newtonian versus-iN@wtonian behavior of a
fluid.



1.2.1.E Oscillating Piston Viscometers

Oscillating piston viscometers operate by measuring the time it takes for a magnetically
driven piston to move specified distance through the fluid being measured. The viscosity range
that can be resolved depends on the magnetic field used in the expéfimehey have been
employed in high pressure conditicis>*?up to 300 bar at temperatures up to°Cl0These
instruments are known for requiring a small amount of fluid to assess viscosity. At high pressure
conditions, such viscometers are known to be capable of performing measurements up to 10,000
mPa &2

[.2.1.F Rotational Viscometers

Rotational viscometers use a rotating element compared to a fixed element with the
measured fluid in between, such as parallel plates or concentric cylinders, to determine
viscosity!213.18:5758.6579There are commercial instruments available of e tbut many of
them are limited to pressures below 20 MPa, with at least one example capable of reaching
pressures up to 40 MP&.Viscosity is calculated by determining torque and shear rate. Shear
rate is easily controlled and determined, thoughvibeosity range that can be effectively
measured is affected by the geometry of the instrutiefihese instruments often have a lower
viscosity limit that can be effectively measurad/ith moving parts that need to be coupled to a
torgue transducer arat/motor, a layer of complexity is added into instrument design,
particularly involving sealing at high pressures. The instrument either needs to be sealed across
moving parts, or some form of magnetic coupling needs to be employed. Either method adds in
frictional effects that need to be compensated for in the viscosity determinations. For many
magnetically coupled designs, the innatatingshaft needs to be set on sapphire bearings. The
lubrication effects need to be considered in the final caloakat This can be done in one of two
ways. One approach is to add a drop of the fluid to the beanmbgerform a calibration run to
get a baseline to eliminate in the viscosity calculatidriBhis approach is limited to single
phase or saturated itis. Another approach is to perform an ambient pressure scan across a
range of shear rates of the fluid being measured at the temperature of interest. Resulting torque

versus shear rate data can be fit and the intercept taken as the baseline to &eelrom final
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calculations'® In the present thesis, viscosity measurements were carried out using a specially

designed rotational viscometer which will be described in more detail in Chiapter

[.2.1.G Other

A variety of other methods of deterrmg viscosity have been described in the literature.
These are usually custom designed and of limited implementation. An acoustic levitation
method was used to study the viscosity of squalene zaC@ressures up to 16 MPa and
temperatures up to 433'.A sound wave is sent through the 8@edium to a reflector. The
waves from the source interfere with those coming back from the reflector, causing pressure
zones in which a drop of squalene is levitated. A high speed camera allows for the oscillations in
the drop to be observed and congdrto both viscosity and interfacial tensidnAn instrument
using a magnetically levitated sphere was developed to look at samples of viscosities up to 100
Pas and pressures up to 42 MPaA sphere is held in place by an electromagnet while the outer
cylinder is moved, inducing flow around the sphere. By comparing the current needed to keep
the sphere in place during fluid flow compared to a stationary fluid phase, viscosity is
determined® Another unique instrument, a torsionébrating viscometeuses measurements of
the damping of oscillations of a cylinder submerged in a fluid to calculate viscasity
method issimilar to quartz or vibrating wire viscometers. One particular example was capable

of measurements up to 15 MPa and 373 K.

1.2.1.H Density and High Pressure Viscosity

In addition to generating high pressure viscosity data, many techniques either directly
integrate, or are run in conjunction with, a method for determining density. Additionally, there
are several models utikd in the literature, discussed in Section 1.3, that require knowledge of
density effects to describe how viscosity varies with pressure. Many of the techniques used in
determining viscosity (such as falling body viscometers) also require knowledged#rtbity of
the fluid at the specific temperature and pressure of each run. To determine density at these high
pressure conditions, a variety of techniques are employed, such as vibrating tube

densitometer8®%and variablevolume method$?!® Variablevolume methods involving bellows
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based apparatuses or movable pistons operate on the principle of a closed system in which the
internalvolume can be changed as a function of temperature and pressure. By knowing the mass
loaded and having a method toeatetine the position of the piston or bellows, and with it the
volume, density can be determin€dA detailed description of a variabl®lume viewcell

employed in the present the@grovidedin Chapterl.

[.2.1.] Limitations

Each experimental design comes with its limitations. As with any high pressure
instrument, seal design plays an important role in determining the pressure and temperature
range of operation. While certain designs, saglalling body viscometers, haveesific
implementations thatan reach incredibly high pressures (in the range of GPas), not every such
instrument found in the literature are designed for such applications. Some designs, such as
rotational viscometers, have pressure limitations duegméed for specialty sealing
arrangements to compensate for moving parts. Additionally, design has an impact on the
viscosity range that can be accurately resolved, with some viscometers being caplitarag
modificationsfrom run to run to changéeé measurable range. In falling body viscometers, this
may be achieved by using sinkers of different densities. Oscillating piston viscometers have
limited viscosity ranges based off a replaceable magnet in the system. Other designs require
implementingmethods to provide and control a consistent flow, iieh as capillary type
viscometers. One major limitation common to most high pressure viscometer implementations is
the lack of ability to accurately control and measure the shear rate. Fallingiboaiyeters are
simple and allow for measurements up to high pressures, but it is difficult to control shear rate,
often limiting these instruments to studying fluids at low shear or Newtonian conditions.
Methods based on vibrations, such as vibratimg wr oscillating quartz viscometers, can
provide a range of shear rates, allowing for the detection of the presenceNéwtonian
behavior. While shear rate can be varied, it appears that accurate shear rates are not reported
using this method in thiéerature. Rotational viscometers, in spite of their limitations in
pressure and viscosity ranges, are the most suitable viscometers for the assessment of shear rates

and their effect on viscous behavior under high pressure conditions.
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[.2.2 Modeling oPressure Effects on Viscosity

Experimental techniques for the determination of viscosity data at high pressure are
subject to limitationgsdescribed in the previous sections. Additionally, due to time and cost, it
would be impossible to generate theta for every possible pure component and mixture
experimentally. Many of the fluids utilized in high pressure scenarios, particularly fuels and
lubricants, are not pure components. They are complex mixtures composed of many species.
While there is noeplacement for experimental data, there are several models available in the
literature that provide descriptions of viscous behavior with a possibility of predictions. For
gases at low pressures, theoretical models derived from kinetic theory can Bftisor
dense or liquid fluids, however, modeling is not as simple. In these situations, empirical-or semi
empirical models have been used, including free volume theory, friction theory, and density
scaling approache§:3#4182:83 |n addition to &perimental data, molecular dynamics simulations

have been used to provide estimations of the needed viscosify tPits*
1.2.2.A Modeling Viscosity of Gases

Many models utilized in the determination of viscosity of fluids at high pressures,
especially free volume and friction theory, include a term to represent the dilute gas viscosity at
the zero density limif ¢]. From the kinetic theory of gases, an emumehas been derived:

where T is temperaturegk s B o | t z ma dRAI$tke acemge setative thermal speed,

is the generalized cross section, &fftlis a correction factott While theoretically derived, this

form requires specific knowledge of intermolecular interactions that may not be readily available
for all fluids. By modeling a fluid as a collection of rigid, rattractive spheres, a more specific

equation was propes:

- @
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where M is molecul ar we iyChapmardndkogheoiysadds he sphe
collision effects to the above model. Further modification by Chungfetesults in a model
that puts the zero density limit viscosity in terms of temperature and critical point values of the

species in questiof:441

- TR Y0 6

Y WY 1.7
where Fand\fare the critical temperature and volum
integral, and Eis a correction factof®1441

;8 8 8

m ; 5 3 1.8

potuwTm Y 8 OEd@tocy¥ B8 X& X 0 p
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where 80 corrects for hydr ogerisateduceddipolg, ¥ i s

moment calcul ated f¥%%m the dipole moment ¢:

. 8 1.10

Thevi scositi espaca&l velrygt edwf,on ndthe e€Pa s range
model used for calculating the zero density limit viscosity is often the weakest part of the model,
or is neglected all together, due to the negligible effect § hasdon overall viscosity for many

dense fluids at high pressure conditiéh&:
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1.2.2.B Free Volume Theory

Viscosity is often interpreted in terms of and linked to free volgfriEhis concept of
relating the viscosity to the spacing between molecules allows for the linking of viscosity to

density. An early approach to relating viscosity to density is given by the Doolittle ecffdfion:

— 5 QoH— .11

wher e |} o8 clebepackedivojume df the fluid, and A and B are constants. This
approach is empirical in nature and has been applied to high pressure systems, including those
involving polymeric materials’®’ This equation has been expanthgdAllal et al®? to add more
physical significance to the model. The full form of the free volume theory is thus represented
by the equatiofi?

] .12

w h e 1pis theddilute gas viscosity at the zero density limit (as previously described), R is the gas
constant, M is molecular weight, T is tempera
related to the energy barrier molecules must overcome toalifhns! B is a dimensionless

parameter that represents free volume effects. The use of this model requires coupling with an
eqguation of state to generate the required density values. Studies in the literature have coupled

the above equation with a variaifequations of state, such as-BEBFT (perturbeechain

statistical associating fluid theot§f*and Sanchekzacombe'® A limitation of this model is the

need for experimental dat a ¥ Breedaumethemry angitst he p
implementation in this thesis will be discussed in greater detail in CHHpter
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[.2.2.C Friction Theory

As with the free volume theory, friction theory divides viscosity into two contributions,
viscosity at t handinghedndensg®P®8B% el (it (d

~m ~

N S 113

The viscosity term for dense stateshen related to the attractives; jand repulsive { pressure
contributions as predicted by a Van der Waals based model:

— a0 R 1.14

w h e r, e, 99adark frietion coefficients paired with the attractive pressuge (gpulsive
pressure (, and square of the repulsive pressu® @ontributions respectively. These three
coefficients are functions of temperatd?é® The pressure terms are generally calculated from
cubic equations of state, such as PRofpinson or SoavRedlichKwong, though in principle

this model can be paired with any EOS, including SAFT (statistgsdciating fluid theory).83

It should be noted that the friction coefficients are determined by fitting with experimental data
in conjunction with the EOS of choice. This leads to the coefficients used being dependent on
the EOS used’

1.2.2.D Saling Factors
One more approach to relate viscosity to density effects is through theacsdirng
factors. Viscosity can be expressed in terms of a function (f) that combines both temperature and
density:

- QY .15

where o i s 35%Thevhlie ofgamima is chasen.in such a way that causes the

viscosity data to superimpose into one master curve. The effectiveness of the model is then
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dependent on the function (f) chosen. The value of gamuosefalin assessing the types of
intermoleculaforces, with lower values representing stronger attractive effects, such as
hydrogen bonding’ It is known that for certain fluids, such as water, this method does not work
across a wide range of temperatures and pressures as there is no value ahgaicanaes all
values of viscosity to collapse into a single cutvvén these cases, modifications to the model
may be needed, such as using a reduced value of viscosity iffstBaid.scaling parameter
approach is natnly useful formodeling viscos effects, it has been used in the literature to also
model relaxation times, diffusion coefficients, thermal conductivities, and electrical

conductivities®’

1.2.2.E Molecular Dynamics Simulations

While these empirical models for liquid and derds&ls require some experimental data
to fit to the necessary equations, molecular dynamics simulations offer a potential supplement by
providing estimations of viscosity data when experiments have not been performed. Such
simulations have been performexnt & number of high pressure systems, especiallyad® CQ
expanded systemt§48:84 The quality of the results of a molecular dynamics simulation can vary
depending on the simplifications used to reduce computing time. Due to this, viscosity
predictions by such modeling are often only accurate to within an order of magfitide
such adisparity, predictive values from molecular dynamics simulations still need a way to

validate the reasonableness of the results, such as with experimental data.
1.2.2.F Other models
There are a number of other models available to describe viscodiy high pressure
conditions. Eyringds absolute rate theory mo

reaction?®

1.16
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where h is Plaasckhvgadnostdtannumier, V is mol ar

constant, and F is the molar free energy of activation of flow. This basic model has been
modified to model both binary mixtures of organic solvents and ionic liquids among other
applications’®:%°

One work attempted to use a setimeoretical approach to do predictive modeling with a
rough hard sphere model in conjunction with an artificial neural network to examine viscosity at

high pressure for biodiesels and their constitu&hts.

1.2.2.G Modelingof Density and Phase Behavior

Three of the viscosity modetiescribecabove are dependent on either density or values
dependent on an equation of state: free volume theory, friction theory, and density scaling
approaches. Understanding how viscostyelated to fluid density is important in
understanding how viscosity is in turn related to pressure. As pressure changes, so do the
intermolecular interactions, affecting viscosity. Due to this, many studies by necessity
incorporate density modeling leguations of state such as SAFT motfeéfsor lattice fluid
models, such as the Sanchexombe equation of stat®in their analysis. Also important in
the determination of viscosigrecompositional effects. Ultilizing equations of state allows for
themodeling of phase composition in situations where phase separation can occur, such as the
use of compressible fluids as plasticizers in polymer procédsinan the case of gas expanded
liquids#?> Another benefit of modeling density effects throaghequation of state alongside
viscosity is that other properties can also be determined: isothermal compressibility, isobaric
thermal expansion coefficient, and internal pressure. These derived thermodynamic properties
can aid in providing a completegpire of the intermolecular forces affecting a fluid system.

These properties, such as compressibility, are also useful for determining the effectiveness of a
fluid as a lubricant, for which viscosity plays an important t6fé. Modeling of density dat by

the Sanchetacombe equation of state and the calculation of derived thermodynamic properties
has been a major component of the present research and is described in greater detail in Chapter
Il .
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[.2.2.H Limitations

The empirical osemiempirical nature of the models employed in the literature requires
experimental viscosity data to be used for any fitting parameters to be determined. There have
been cases where it has been possible to use data from an analogous species ggaistartin
for the determination of model parameters where high pressure data of the material in question
are not availablé This is especially relevant for situations where there are several similar
species in a series, such as alkanes or ionic liquitistia@ same anion aratationthatvaries
by alkyl chain length. It is difficult to effectively model viscous effects for dense fluids as a
function of temperature without experimental data. Additionally, most of these modwits do
take into account gar effects. For neNewtonion fluids, either zero shear viscosity needs to be
determined, or some modification must be done to account for the shear rate. Due to the above
reasons, there is currently no effective way to replace experimental data.oMbaymodels
require coupling with an equation of state to model density. This adds an additional requirement
to either generate, or have available in the literature, accurate density data at high pressures.
Finally, many of these models require assuamstto be made that may not hold true, such as
that each molecule can be treated as a hard sptitgod reduce the physical significance of the

modes.

[.2.3 Qils, Lubricants, and Fuels

Crude oil and oil derivatives are used in a varietgpdlications that require exposure to
high pressure conditions. While studies have been performed on model systems, the entire story
is more complex, with crude oils and their derivative fuels and mineral oils being composed of a
multitude of component$:'® Even synthetic derivatives are blends of different components,
s uc h a-slefipspdf waryitdy length’*® Specific applications where high pressure
viscosity data for these mixtures of hydrocarbons are needed include lubricant development,
engne design to incorporate specific fuel mixtures (such as diesel and natural gas),,and CO
assisted oil recovery. Two review articles on fluid properties under high pressure conditions of
hydrocarbons have been published at the end of 2017: on purednymnas and their viscosity
models by Baled et aland more generally (including experimentation) by Mallepally &t al.
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[.2.3.A Lubricants

There is a need in the automotive industry to increase fuel efficiency. One suggested
approach to solve thissue is to improve the effectiveness of the lubricants used: both engine
oils and automatic transmission fluitlsBy using lower viscosity oils in the formulation of
these lubricants, fuel efficiency can be increddé@® Under standard operatingmditions,
these oils are exposed to high pressures (in the GPa range) and shear rates &i).16%4&

While it is known that using low viscosity lubricants improves fuel efficiency,
elastohydrodynamic lubrication effects occur at these extreme conditions. There is a need in
understanding the effect of pressure on viscosity, along with other pararsetéras isothermal
compressibility:”!® Each engine oil is composed of a base oil (the majority component) and 10
or more additive$® Base oils are fit into a series of categories, with Grellipolils all being

mineral oils, with each category depention composition and viscosity index (a measure of the
temperature dependence of viscosity). Group IV oils are synthetic oils. Groupdd oitsfit

into the other four groups baken hydrocarbon¥ These classifications are laid out in Table

I.1. Additives include viscosity index modifiers, detergents, dispersants, friction modéiets

antFwear modifiers89%

Table I.1. Base oil categories as laid out by the American Petroleum Institute guidélines.

Sulfur Content| Saturates| Viscosity Indx Additional Information
Group | > 0.03% < 90% 80-120
Group I < 0.03% > 90% 80-120
Group Il < 0.03% > 90% > 120
Group IV 0% 100% NA Synthetic oils composed of PAOg
Group V NA NA NA All oils that don't fit into GroupsIV

Recent publications have studied the effect of pressure on viscosity using both
experimental and modeling techniques. Mixtures of polyalkylene glycol withw@@ modeled
under high pressure conditions. By adding a compressible fluid, an adaptive lubricant is made
that can have its lubricant effectiveness easily modified by pressure in response to changing
pressure condition’$. Another area of importance éxamining the effect of additive, such as

graphene, for the formation of nanoliqufdsActual experimentation has also been run on
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hydraulic oils and their constitueftsind the base oil stocks that make up the majority of a

lubricant®®

1.2.3.B Fiels

Recent work dealing with hydrocarbons for fuel purposes involves studying viscosity of
these mixtures at high pressutéd>1% A number of fuels either need to be stored at high
pressures, such as natural gas, or are exposed to high pressure situations during operation, such
as diesel. Mixtures simulating natural gas, both with and without W@€&e studied by a
vibrating wire visometert?® In addition to natural gas, there is a need for high pressure data for
rocket fuel. Using a capillary viscometer, viscosity for the fuellRfPas studied up to 60 MPa
and higher than standard temperatures of 74#% IK.diesel engines, vissity has a significant
effect on fuel atomization during fuel injectiéh With new fuel blends based around high
viscosity biodiesels gaining more notice, having actual data to design engines and injectors for
these new fuel types is necessary. Botld@hand experimental data have been generated to
help fill the blanks in the literatur@:1%

1.2.3.C Oil Recovery

A final area involving the effect of pressure on the viscosity of hydrocarbon based fluids
is oil recovery. There is a need to mgdifie transport properties of crude thiit has yeto be
extracted from reservoirs, especially the reduction of viscH8itgupercritical C@has found
use inenhanced oil recovery:1*1%2 One way an understanding of these systems has been
accomplshed is by studying CGolubility and its effect on viscosity for model hydrocarbons
such as squaler{€soHs0).*®> Understanding both solubility and viscosity at operating conditions
is necessary due to the challenges associated with enhanced oil recovery. Low density and
viscosity CQ can displace the oil in amfavorable way, causing oil recovery to decrease,
instead of increasing as desired. By adding viscosity thickeners, this effect can be mitfgated.
One potential side effect to operating oil wells at higher pressures involves the phase behavior
with water contamination in the oil. As pressure increagater miscibility in the oil increases,

further complicating the determination of the viscous behavior of the recovered prodietre
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are attempts in the literature to model oil/solvent mixtures using a cubicfeael free

volume theory?

[.2.4 1onic Liquids

lonic liquids (ILs)are a class of salts with melting points below°@¥* These molten
salts owe their low melting points due to their composition, a bulky, often asymmetrical organic
cation matched with an anion that is often also aoyavhich prevents packingKnown for
their negligible vapor pressure and interesting solvent capabilities, there has been interest in the
literature in using ILs as replacements for volatile organic compddftf§. The choice of
cation, anion, and arfynctional groups associated with the cation is crificaletermining the
physical properties of the salt us@€d1 It has been estimated that there are potentiafiyy 10
possible combinations of ions that would form an ionic liddtdDue to thisthese materials are
often considered to be designer solvéftd®® Additionally, cosolvents can be used to modify
solvent capabilities and add compressibility to the fluid, allowing for pressure to be used as a
tuning parametef?® Due to their uniqueroperties, these fluids have been investigated for use
in polymer processing and synthe$i&l4 CO, or SQ capture?®3*pattery electrolyte$t® and
biomass processing®!'®

There has been much work in the literature to characterize ionic liquids and determine
their physical properties, including viscosity. Many of these molten salts have much higher
viscosities than the volatile organic solvents they are meant to replddagrmtarucial to
understand how ionic liquid structure affects viscosity when designing one for a particular
process. In spite of the large number of publications on viscosity, very few record viscosity data
at high pressure conditions. This is espgcgurprising due to the interest in using ionic liquids
under high pressure conditions for £€pture. A few examples of ionic liquids with high
pressure viscosity data are available in the literature. HarriSbised a falling body
viscometer testudy triethylpentylphosphonium bis(trifluoromethanesulfonyl)imide 263 K,
up to 243 MPa). Gacino et &lused a falling body viscometer to studgthyk3-
methylimidazolium ethylsulfate and two pyrrolidinium based salts with the anion
bis(trifluoromethanesulfonyl)imide (31363 K, up to 150 MPa). Ahosseini and Sctitsed an

oscillating piston viscometer to study imidazolium based ionic liquids with the anions
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bis(trifluoromethanesulfonyl)imide, tetrafluoroborate, and hexafluorophosphat84338 up

to 126 MPa). There are some examples of viscosity data for mixtures of ionic liquids with CO
as well: imidazoliums with the hexaflurophospR4atad bis(trifluoromethanesulfonyl)imiéfe

anions. To help remedy this lack of experimental datae thas been an emphasis on the

effective modeling of pressure and temperature effects on the viscosity of ionic liquids. There
are a number of examples of the utilization of density scaling methods available in the
literature3”4° Additionally, free volume theory paired with eRSAFT (electrolyte PESAFT)

was used to model a wide range of ionic liquids by Sun‘tRi; examining broad trends

affiliated with ionic liquids, especially those with similar structures, it was shown that it is
possible to impove the predictive properties of some of these model fits without a full set of

high pressure data. Anion effects appear to be dominant in determining the viscosity of an ionic
liquid.** Also, with the same anion and same cation type, viscosity chaiiiethe addition or
adjustment of functional groups on the cation. An example of this is that viscosity increases with
alkyl chainlength?! With the same anion, minor variations in the cation, such as alkyl chain
length, can be modeled using free voutheory using high pressure data from just a small

sample size of ionic liquids.

1.2.5 Gas Expanded Liquids

A class of mixtures referred to as gas expanded liquids have been gaining popularity in
the literature. By combining a liquid with a compressigas, such as G{the volume can be
increasevith pressure as increasing amounts ob@f@ dissolved in the liquidThe resulting
mixture properties then become adjustable with pressure. Some examples of gas expanded
liquids utilizing CQ as the compressible fluid portion in the literature include alkanes
(methané? n-hexane, rdecane, and-tetradecarf®), alkyl acetate&’ ethanol** acetoné'? and
acetonitrile?>4® These mixtures have properties between pure liquids and superduidsf*

48 Common experimental techniques for measuring the viscosity in these systems include falling
body**4*and oscillating piston viscometeéfs Due to the wide range of possible combinations of
liquids to compressible gases, combined with #ut that these are binary mixtures compared to
other complex fluids such as mineral oils or diesel fuels, a number of molecular dynamics

simulations have been run to provide estimations of the viscosities of these nfixtires.
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1.2.6 Polymers

Polymer pocessing requires knowledge of transport properties and flow behavior at high
shear rates and potentially high pressures. Polymeric materials are highly viscous due to their
high molecular weights and entanglement effétthe viscosity of polymers iaffected by
more than the standard intermolecular interactions as the long chain nature of these
macromolecules allow for the mers that make up the polymer to interact with each other on the
same chain. This leads to elastic effects andN@ntonian behaor.>> Modeling in terms of
free volume is especially important for polymeric systems as an increase in molecular spacing
leads to an increase in chain mobility (decrease in viscosity). Increasing free volume, thereby
decreasing viscosity and increasprgcessability, in polymer melts can be accomplished by
decreasing pressure, increasing temperature, or adding a plasfiéiz€a reduce the
temperature requirements needed to examine polymer melts, many studies have employed model
systems. Polydintbylsiloxane in particular is commonly used to model melt conditions and
validate viscometers due to its ability to exist as a melt at room temperature coriditions.

In addition to techniques utilized for low molecular weight systems, such as oscillating
guartz and rotational viscometers, capillary die rheometers are used in the literature for
examining polymer melt&:°5:59.61.648’pglymer viscosity data is needed at operating conditions,
especially at high shear rates, making it advantageous to imateplbe measurement device
directly into an extruder or injection moldgr.

[.2.6.A Plasticizers

While increasing temperature is one method to decrease viscosity in polymer melts, this
is not an effective solution for every situation. Tamperature requirements to reduce the
viscosity of many biocompatible polymers (such as poly(lactic acid)) to processable levels is
high enough to lead to degradation of the polymer, or any drug molecules that may be
impregnated into the polymet®® For situations where viscosity needs to be decreased without
increasing temperature, plasticizers can be used. Due to its cost, nontoxicity, solubility in
polymer, and ease of removal, supercriticab@&s been considered as a potential plasticizer in

theliterature>>® One potential downside of using € the time of uptake. Adding an
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additional plasticizer can help overcome this difficulty. In the case of poly(lactic acid), adding
poly(ethylene glycol) can further reduce viscosity and increasatbeat which C®is sorbed

into the polymer meR®

|.2.6.B Foams

Polymers are extensively used in the production of fodifsin certain industries, such
as the production of automobiles, there is a need for lightweight parts that still meet standards for
strengti’ These components are often injected molded. For these systems, it is necessary to
maintain the pressure during mxgion to keep the blowing agent in solution until the actual
injection. This adds an extra layer of complexity in accurately determining the viscosity of the
polymer solution. The inclusion of a counter pressure chamber to maintain high pressure
conditions at the end of the capillary can help keep the foaming agent in solution during

measurement.

1.2.7 Geological Effects

One particular field that benefits from high pressure and temperature instrumentation is
geology. Due to the need to study highiscous melts at temperatures above 2G0énd
pressures in the range of GPas, the instrumentation involved pushes the limits of what high
pressure viscometers found in the literature are capable of. Understanding viscosity at these
extreme conditions liws for the development of a better understanding of phenomena below
the Earthos crust, wher?% Twbireceatstudies dhmvehe guadnt o n i
capabilities of experimentation in this field. Stagno étrakasured viscosities ebdium
carbonate melts at temperatures as high at°Cr@0d pressure up to 4.6 GPa. Viscosities for
sodium carbonate at these conditions went as high as 0.0073 Pa s. Additionally, Persikov et al.
determined viscosities for haplokimberlitic and basaltaits at temperatures up to 196Gnd
7.5 GPa. Viscosities were in a range up to 1.5 Pa s. Both studies employed falling body

techniques to determine viscosity.
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|.3 A Brief Rationale for the Present Study

Over the past two decades, there has besggnéficant increase in the literature on high
pressure viscosity determination and modelling. There is, however, much room for further
growth. Modeling endeavors have grown with increasing need to generate data when
experiments cannot be run. Thatrgesaid, due to the nature of the available models and their
limitations, experimental data cannot be replaced. However, experimental apparatuses are also
limited in some fashion. While this is not likely to change due to the nature of high pressure
instrumentation, these limitations can be mitigated somewhat by understanding the appropriate
use cases of the fluids being measured and the design of new instrumentation. There is a need
for improved instruments capable of shear rate control and determidatimg the
measurement process. Rotational viscometers are capable of providing this shear rate control,
but at the cost of pressure limitations. The development of rotational viscometers that can reach
higher pressures than most commercial instrumardsrporates the ability to measure density
and allows for the observation of phase behavior would be very useful and has been a primary
focus in this thesis. Since most sesmpirical descriptions of viscosity (free volume theory,
friction theory, andlensity scaling) involve density, having methods of generating PVT data in
the same study, preferably simultaneously with the viscosity determinations, is important.
Without this capability, studies are either limited in their description of the sysEg b
measured, oarelimited to systems with well defined PVT data and models.

Two patrticular fieldghat could greatly benefit from further expaomsof available high
pressureviscosity data are those of automotive lubricants and ionic liquids. Lubricant oils are
complex mixtures, leading to difficulties in accurately modeling these flaith®ut detailed
experimental data. Additionally, these lubricants include additimekiding polymeric
modifiers, whoseffects on the system as a whole need to be characterized. By determining both
viscosity and density as a function of temperature and pressure, a holistic understanding of the
flow behavior, film formation, and thermodgmics can be produced. In the case of ionic
liquids, high pressure viscosity and density measurements allows for the simultaneous
determination of the transport behavior and solvent capabilities through PVT data. This
information is needed if ionic ligds are to be successfully used as replacenientsaditional

solvents in any sort of chemical engineering applications.
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Il . Experiments

[1.1 Variable-Volume ViewCell

A variablevolume viewcell was used to generate density data across a range of
temperatures and pressures. @htails of this instrument have been previously publisfied.
However, for completeness, a description of the instrument and how it was used in the present
thesis is provided below. Figures II.1 and 11.2 are diagrams of the apparatus. The instrument
uses a pair of sapphire windows to allow for visual or optical observation of the phase behavior.
Real time measurements of phase behavior are possible by utilizing an optical sensor in
conjunction with a light source. By passing light through the samplenaasuring the
transmittance, the temperature and pressure at which phase separation or miscibility occurs can
be determined. The variabl®lume portion allows for the control and measurement of volume
in the cell. With knowledge of the volume and mlasgled, density is determined.

The variablevolume portion consists of a piston with a backssure fluid, ethanol,
controlling the piston movement. Pressure in the ipaeksure line is controlled by a motorized
pressure generator, allowing for stegadgssure scans (typical runs are performed at a pressure
scan rate of 0.5 MPa/s) at a constant temperature. Piston position, and with it, volume in the cell,
is measured using a linear variable differential transformer (LVDT), manufactured by TE
Connectivty (model HR2000). This LVDT monitors the position of a magnetic core attached to
the piston. This system allows for the determination of volume in the cell to within + .1 cm
across a range of 11 to 23 tnTemperature in the cell is measured bytgpé thermocouple (+
1.1 K) while pressure is measured by a Dynisco diaphragm pressure transducer (model
#TPT432A10M-6/18, up to 70 MPa, + 0.07 MPa). Density is determined to within £ 1%.
Heating of the cell is achieved by four electric cartridge hed#r W heaters from ProTherm
Industries, model #TD25030AA) controlled by an Omega Engineering CN76000 temperature
controller. Figure 1.3 shows the inner dimensions of the varatlieme viewcell. Mixing in
the cell is achieved with a magnetic stir.ba

In a typical experiment, the cell is loaded withI2g of sample. For mixtures, each
constituent is loaded separately until the desired composition is reached. Components with low

volatility at ambient conditions (such as solids or liquids wittnHigiling points) are loaded into
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the apparatus with a syringe before the cell is closed. Once the cell is closed, vacuum is pulled
on the internal volume to eliminate the effects of air on the density measurements. Volatile
components are pumped intetblosed cell from a secondary contain€he nmass of all
constituents loaded is measured by a Mettler PM6100 balance (£ 0.005 g). Once the variable
volume viewcell is loaded, isothermal pressure scans are performed at temperatures of 298, 323,
348, 373 and 398 K across a range of40 MPa.

Figure 11.4 shows a typical run in the variabi@ume viewcell, performed for ethanol at
298 K. The voltage of the LVDT and pressure are recorded with time. The LVDT reading is
directly related to piston positig and with it volume. With the mass loaded into the instrument
known, density is determined. Once density has been calculated across the isotherm, it can be
related to pressure. In the present thesis, this process was repeated for four more isptieerms u
398 K.

The variablevolume viewcell was validated with a series of additional ethanol runs.
The density of ethanol at the conditions evaluated has been also reported in the Ift&tature.
Figure 11.5 shows a comparison of an ethanol validatiorcampared to select points from the
literature® The experimental density of ethanol fell within + 1% of the literature values, with the
average deviation determined to be 0.50Rarther information on the validation of the

variablevolume viewcell canbe found in AppendiB.

Thermocouple

Pressure Transducer

Sapphire Window

PGN

LVDT

Figure Il.1. External diagram of the variabl@lume viewcell.
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Figure 11.2. Internal diagram of the variabiolume viewcell.
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Figure 11.3. Dimensions of the variableolume viewcell.
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[I.2 High Pressure Rotational Viscometer

A high pressure rotational viscometer was developed in the present thesis to examine
viscosity as a functioof temperature, pressure, and shear rate. A detailed description of this
instrument and how it was used in the present thesis is provided bE@isystem has been
described in our recent publicatidriThe operation of rotational viscometers is dependent on the
geometry of the instrument. Examples of potential inner geometries of rotational viscometers
include coaxial cylinders, cone and plate, and parallel pY¥ateThis particular instrument is
basedon the coaxial cylinder geometry, with the viscosity determined by the flow of fluid
between two concentric cylinders. Depending on design, either the inner (Searle) or outer
(Couette) cylinder can act as the rotating elertfit.For this instrument, Searle type design
was used, with the inner rotating shaft driven by a motor combined with a torque transducer.
The outer cylinder is built into the main body of the high pressure cell as a cylindrical cavity.

Figures 11.6 and 11.7 show the layout big instrument. To avoid having to seal across
moving parts, the inner shaft is magnetically coupled to the torque transducer/fotor.
Thermofisher Haake Viscotester 550 (+ 0.00015 N m) has been modified to serve as both the

torque transducer and motdiVhile this arrangement allows for the operation of the viscometer
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at high pressures, the use of magnetic coupling adds a number of complications in the
determination of viscosity. Rotating a magnetic field over the steel portions of the high pressure
cell induces eddy currents in the system. This in turn creates a magnetic field that is picked up
by the torque transducer. The effect of this magnetic term needs to be taken into account in
calibrating the instrument. There is also a limit in the visgdbdt can be reached before the
magnets decouple. In the present system, if the torque required to maintain a constant rotational
speed is too high, above 0.02 N m, the inner rotating shaft ceases to move. In addition to the
magnetic effects, the unusgeometry of the high pressure cell further modifies the
interpretation of the final results. Figure 1.8 shows the measurements and proportions of the
instrument. The cylindrical cavity in the main body is not fully cylindrical for its full length due
to the presence of the sapphire windows and variable volume portions of the cell. However,
these irregular portions are small compared to the portions that are indeed cylindrical, with the
overall length being 136.9 mm and the length of the irregulaiopsrbeing 41 mm, making the
interactive length 95.9 mm.

In addition to serving as a viscometer, this instrument is also a vavialbiee viewcell.
Two pairs of sapphire windows allow for visual observations of the phase behavior inside the
viscometer. Additionally, there are two variabl®@ume portions, vih movable pistons that
allows for the control of the volume and pressure in the cell. LVDTs (TE Connectivity XS
1003) are used to measure the position of both pistons. Here also, ethanol was used as the back
pressure fluid. A 60,000 psi pressure gatw from High Pressure Equipment Company was
used to control the pressure of the back pressure line. Using two pistons insures that the internal
volume range of the cell is wide enough to allow for the instrument to be usable in performing
measurementsn compressible fluids. Additionally, the arrangement of the two pistons, one on
either side, allows for viscous multicomponent fluids to be forced back and forth across the
rotating shaft, ensuring proper mixing. Temperature and pressure are edégsagdtype
thermocouple (= 1.1 K) and an Omega PX910KSV pressure transducer (full range of 400
MPa, £ 0.4 MPa). Heating for the instrument was performed by four electric heating cartridges
(150 W heaters from ProTherm Industries, model #TD25060AA) albedrby an Omega

Engineering CN78000 temperature controller.
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Figure 11.7. Internal diagram of the high pressure rotational viscometer.
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Figure II. 8. Internal geometries of the high pressure rotational viscometer.

To calculate viscosity, shear stress and shear rate are needed, whalbwdated from
torque and rotational speed according to the following relationships:

Fo 1.1

1.2

where U i s [tihtee skeareate,is the inneraaligs,is the outer radius, H is
height, MT i s measur ed tMscosityisthencalquldteddromitlee r ot a't
shear stress and shear rdt&

- - 1.3

However, due to the effects the friction, magnetic fields and the inner geometry, equation 11.3
cannot be simply used in conjunction with equations 1.1 and II.2. During operation, the inner
rotating shatft sits in between two sapphire bearings, one at each end, to keep tentdrafl.

The friction addition from these physical contact points change depending on the fluid in the cell,
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due to lubrication effects. For each fluid and temperature, a correction factor needs to be
determined. Additionally, the magnetic eddy cutseand nonuniform geometry requires the use
of an empirical fit determined through calibration with fluids of known viscosity. For a
Newtonian fluid, viscosity is calculated from rotational speed and measured torque using

equation:

5 — B 1.4

where dqd is viscosity, CT is the corrected tor
Constants A and B were determined with silicone and mineral oil standards from the Cannon
Instrument Company shown in Table II.1.

For each calibration standard, ambient pressure runs were performed at temperatures at
which the standards had been characterized by the manufacturer (298 K, 323 K, 353 K, and 373
K for two oils, 273 K and 313 K for the rest). All of these standards Wewgonian in nature.
The viscosity and density at each temperature at which a calibration run was performed can be
found in Table Il.1. At each rotational speed, from-800 rpm, torque was measured for one
minute. The average torque at each rotatispaéd was plotted versus rotational speed to
determine the yntercept. Figure 1.9 shows this process for a mineral oil based calibration
standard N14 at 298 K and ambient pressure. The calcukiéetgept for each temperature
and each standard wased as the correction factor to compensate for friction and lubrication
effects pertaining to mechanical contact of the rotating shaft with the sapphire bearings. The
correction factor was subtracted from the measured torque values to determine ttedccorre
torque. Figure 11.10 shows this correction process at 500 rpm and the corrected torque for all

rotational values for calibration standard N14 at 298 K and ambient pressure. Finally, the known

viscosity can be compared to average corrected torqae/rottonal speed ( ACT/ Y) .
for equation I1.4 were determined by through
cali bration standar ds. Figure 1 1.211 shows th

N14 at all measured temperatu(298 K, 323 K, 353 K, and 373 K), ambient pressure, and all
rotational speeds. Figure 11.12 shows the final calibration curve using all calibration standards in
Table II.1. Plots of the measured torque and torque corrections for each calibratiordsaandar

each temperature can be found in Apperilix
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Comparing data collected at ambient pressures to oil standards, the uncertainty was found
to be + 5% for runs at 300 rpm or above at viscosities above 3 cP. Figure 11.13 shows an
example of a validation ruusing silicone oil S60 from Canon Instrument Company at ambient
pressure at rotational speeds of -B0® rpm. This was a separate run from those performed for
the calibration of the instrument. With the calibration and validation completed at ambient
pressures, a similar procedure can be used to determine the viscosity of fluids at high pressure
conditions. For each individual experiment at each temperature, a correction run is completed.
Once the temperature in the viscometer has come to a stabilereop, a run at each rotational
speed up to 800 rpm, or when the rotating shaft decoupled, was completed at ambient pressure.
As with the calibration runs, average torque for each one minute run was plotted versus
rotational speed. Theiptercept otthe resulting linear fit is subtracted from the measured
torque to calculate the corrected torque for each run at that temperature for the loaded fluid.
Once the correction run is completed, pressure scans at each rotational speed can be done across
the sotherm The full process for converting measured torque to viscosity for an experimental
run is shown in Figure I1.14 for an oil (a base oil composed of poly(alpha olefins)) at 298 K and
500 rpm.

Once calibrations are dongptcal viscosity measuremesivere performed at constant
temperatures of 298, 323, 348, and 373 K across a pressure rangé0df/F&. The pressure
scan rate was typically 0.3 MPa/s. Runs were performed at rotational speeds ranging from 300
800 rpm. Unlike the variabieolume viav-cell, the high pressure viscometer is not operational
at 398 K, with 373 K being the maximum operating temperature. Additionally, at low rotational
speeds, below 300 rpm, there was an instability leading to high scatterdatahg 3 mPa s).

This limitation was ignoredbr certain runs at high viscosities (above 80 mPa s) where
decoupling of the magnets occurred at 300 rpm and above. For typical experiments, shear rates

were estimated to range from 480 to 1270 s
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Table II.1. Cannon Instrument Company calibration standards used to calibrate the high
pressure rotational viscometer. Viscosity and density values are specific to the actual sample

used, with values provided by the manufacturer.

Standard T(K) | d ( mP } ( §/| Oil Type
N14 298 21.68 0.8103 Mineral
323 8.909 0.7944
353 4,127 0.7752
373 2.774 0.7624
S60 298 102.0 0.8619 Silicone
323 29.03 0.8468
353 10.16 0.8282
373 6.052 0.8158
RT50 298 46.65 0.9592 Silicone
313 35.05 0.9459
RT100 298 90.33 0.9625 Silicone
313 67.91 0.9491
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Figure 11.10. Torque versus time for Cannon Instrument Company calibration standdratN1
298 K and ambient pressure. The friction correction for the 500 rpm run is shownl@ih the

while the corrected torque for all rotational speeds is shown aigtite
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1. Analysis and Modeling

[11.1 Volumetric properties and lattice fluid models

In addition to determination through experimental means, density at high pressure
conditions can be modelled. By utilizing a model to fit collected density data, it is passibl
generate a better understanding of both the temperature and pressure effects on density and
calculate derived thermodynamic properties. There are a number of methods used in the
literature to model PVT data, ranging from empiricaffiteo detailedequations of stat&®

A common method used to fit experimental density data is theesapirical Tait

equation®10

— o —iip —p U .1

wher e |} loisrefdrennedensity,ds the bulk modulus,andl® i s t he pressur
derivative of the bulk modulus. Temperature dependence is added to the Tait equation through

the modulus and reference density tetfhs:

o v AgB Y .2
0O Y Y 1.3

where ko, k,Bndaa r e ¢ o n sHisahe tessityganrefergnce temperatuge Tt is

assumedthat i s temperature independent . This mod
wide range obystems, including lubricarits'*and ionic liquidst?*® While the Tait equation is

commonly employed, it has its limitatiofsThis semiempirical equation is often modified for

the model to fit the data, adding extra required parameters, and isshtave limited physical

significance. Instead, in this thesis study we employed a lattice fluid model, the Sanchez

Lacombe equation of state-(SEOS). In the 8. EOS, the fluid is modeled as fitting into a

lattice,where each lattice site is occupieddither a molecule or polymer segment, or a vacant

site1*15 Figure 11.1 shows a twalimensional representation of the model. THeBOS is

represented by thequation***°
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5oYide * p - m 1.4

where” , 0, and"Yare reduced values of density, pressure, and temperature, while r represents

the number of lattice sites a molecule fills:

" o - B 0 wo 1.5
-h 0 -h Y —h i rvca
where } i s dens temperatur® MW ss mplacudas seight, & is gab conssant,

and 3 *, T*, and P* ar e t H&EOS AlEerequationecanialsotbeé ¢ par
put in terms of intermolecular effects represented by molecular segment interaction parameter

(U*) osepdckéd volume of each segment (3*):

R 1.6

where k i s Bol"%YFromitsedliest use hedlSE@Ihas.been employed in
literatureto model both molecular solvettsind polymers? This thesis includes some of the
first work on the application of thelSEOS for the modeling of ionic liquid$. In recent years,
the use of this modeb describéonic liquids has increased?!’
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Figure 111 .1. Two-dimensional representation of the lattice fluid model.
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[11.2 Modeling mixtures

Equations .47 5 can simply be fit to data for a single component system.Slhe
EOS is not limited to single component systems, however. In order to model multicomponent
systems, mixing rules must be usédlhe SL parameters for a multicomponent mixture oan

calculated based on concentration:

0° B B %0%o0° 1.7

where ¢ is the close pack volume fraction, calculated from mass fraction of the compongnts (w

and characteristic density of each compon&hk (

— .8
%0

The termd” is a cross parameter:
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.9

wherel’ is the characteristic pressure for a component aigldn empirical interaction

parameter. Onc@” has been calculatet¥ can be calculated:

z

v 0 B %o — [11.10

where"Y is the characteristic temperature of a single componerfbaigithe average close

packed mer volume fraction:

.11

%o ——

B -

Onced” and’Y have been calculatet. andrmix needto be determined in order to use

equationsll.4 and 5 to model a mixture. A value faircan be calculated using the equation:

__ B _— .12

In conjunction with an average molecular weight:

B .13

the parameter” can be calculated using equatiols1P in conjunction with the equation for r

in equation .5 to derive:

_ B— I1.14
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Once the pure component values have been determined foltB©OS, equationdIl.77 [11.14
can be used to determineLharacteristic parameters for a mixture at a fixed composition. By
utilizing mixing rules, density can be modeled in terms of composition, in addition to

temperature and pressure?

I\V.3 Derived thermodynamproperties

Once PVT data have been fit to a model equation, derived thermodynamic properties can
be determinedlsothermal compressibility and isobaric thermal expansion coefficient can be
determined from the partial derivatives of density with respiptessure (compressibility) and

temperature (expansioty!®

I L o .15
o o 11.16

Using the SL EOSin conjunction with these equatiolesads to'®
I .17
[11.18

Onceisothermal compressibility and thermal expansion coefficient have been calculated, internal
pressure can be calculated. Internal pressurensagure of the overall attractive and repulsive

interactions in the systeht®23

v 3 YY— B 11,19
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With an understanding of the intermolecular interactions, it is possible to estimate solvent
capabilities of a fluid or mixturelt hasindeedbeen suggested in the literature that the
Hildebrand solubility parameter can be estimated using internal prééstitdsed as an
estimate of the miscibility of two different specidse solubility paameter provides a method of
determining the effectiveness of a solvent for a particular process before experimentation has
been carried out. The solubility parameter is defined as the square root of the cohesive energy

density(CED) and traditionally reques knowledge on the heat of vaporization of a species:

j y j [11.20

where U is 1 nter nayisheabd vagosizatigre is gas constant, andd is oH
temperaturé® While heat of vaporization is readily measurable for volatile organic solvents,

this is not the case for many materials with low or negligible volatilities, such as polymers, ionic
liquids, or base oils. While internal pressure is not directly equivedezohesive energy

density, it can be used as a substitute for many substatées:

e .21

Thus, ly utilizing internal pressure, PVT data can be used to estimakéildebrand solubility

parameter of both pure components and mixtures as a function of temperature and pressure.

[11.4 Viscosity and free volume

Viscosity can be modeled alongside density and the derived thermodynamic properties.
As previously discussed in Chapteone possible approach is to examine viscosity through the
lens of free volume, and with it, density. An early approach to releitiegsity to free volume
and density is the empirical Doolittle equation (Equation ?%1).A later model by Allal et
al.2?8shownin equation 1.12, provides a more detailed relationship of density and free volume
effects on viscosity. In this stydequation 1.12 was further simplified. All experiments in this
study were carried out on dense |i@gui ds, both

representing the gas viscosity at infinite dilutiamsmall compared to the overall viscosities of
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these fluids. For the experiments carried out in the high pressure rotational viscometer described

in Chaptedl, it was as % alloveng fortthe quatioh to>he singplified to three
parameters
) .12
- —0
I
where 9 is the characteristic molecular | engt
represents free volume effects. Oncepghmmeters |, U , whitmade tr@ted at constants,

have been calculated, viscosity can be calculated in conjunctibrawiEOS for determining
density, such as thelSEOS (Equationll .4).2°

IV.5 Statistical analysis of model fits

Pythor? programs were written to fit density data of both pure components and mixtures
to the SL EOS (Equationsll.4 and 11.5) andviscosity data to equatiotl 122. For both density
and viscosity models, root mean squared deviation (RMSE), percent absolute deviation (%

AAD), and bias l( ) were evaluated:

YD YO B & 111.23
Q p fzpmmp 111.24
bodd0-BNs 111.25
i _BoO 111.26

Equationsll.2371 26 allow for the determination of the quality of fit these models provide to the

experimental data collected as ddsed in Chaptell.
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V. Base Oils

V.1 Introduction

In this chapter, we discuss the volumetric properties and visadsgveral mineral and
synthetic base oils used in the manufacturing of automotive lubricants. There is a growing need
in the automotive industry to increase fuel efficiency. One way this can be accomplished is by
the choice of the lubricant used as @egbils and automatic transmission fluld# reduction in
viscosity of the lubricant used often leads to an improvement in the lubricant effectiveness and
fuel efficiency?* These lubricants operate under conditions that expose them to very high
pressures, in the range of GPas, and shear iati@®, range of 10s™. It is thus important to
understand the effect of pressure and shear on the flow behavior of thesg*ffukisdescribed
in Chapter | in section 1.2.3, while much work has been done at ambient pressures, there is a
growing ned to understand the effect of pressure on both viscosity and thermodynamic
properties.

These engine oils and transmission fluids are complex mixtures, primarily composed of a
base oil, which itself is generally made up of many hydrocaldased constitugs. In addition
to the base oil, these automotive lubricants contain a number of additives, often ten or more.
These additives allow for the lubricants to be tailored to meet the requirements needed for
effective use by modifying physical propertiekelthe temperature dependence of viscosity,
controlling the formation of deposits on mechanical parts, and reducing wear. These additives
include viscosity index modifiers, detergents, dispersants, friction modifiers andesanti
additives’1° Given that they are the primary components in automotive lubricants,
understanding the properties of base oils is necessary for the development of a successful
lubricant. The system for classifying these base oils as laid out by the American Petroleum
Institute was presented in Chapter | in Table I.1.

One of the major defining traits of these oils is the viscosity index. Viscosity index is a
measure of the temperature dependence of viscosity as compared to known stand¥Cdsnat 40
100°C .1t As viscosity indexncreases, the effect of temperature on viscosity decreases. Group |
[l oils are mineral oils and are categorized by viscosity index. Group | oils are generally made

by a solvent extraction of crude oil. Group Il oils are group | oils that have bdesti@ated to
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remove sulfur containing and aromatic compounds, leading to an increase in viscosity index. By
further treating the mineral oil, both opening the rings of cycloalkanes through hydrocracking
and further increasing viscosity index, Group ils@re madé? Group IV and V oils are not
defined by viscosity index. I nstead,- Group
olefins), while Group V oils are anything that does not fit into Groups |

IV.1.1 Objectives

To gain a greatarnderstanding of these oils, density and viscosity measurements were
carried out as a function of temperature, pressure, and in the case of viscosity also as a function
of shear rate for six base oils including two Group I, two Group Ill, and two Gkoopd. The
data verecollected over a pressure and temperature range-4® MPa and 29398 K
respectively for density measurements and a range-40 MPa and 29873 K for viscosity
measurements.

The objective was to use the data to develop astdtholistic model to describe both
density and viscosity, while also allowing for the evaluation of the thermodynamic properties, of
these base oils. Density data were fit to the Sarcheambe equation of state, and the
thermodynamic properties isotineal compressibility, isobaric thermal expansion coefficient,
and internal pressure were calculated as a function of temperature and pressure. Viscosity data
were modeled by the free volume theory in conjunction with the Sahaoeznbe models

developedd describe the volumetric behavior.

V.2 Materials and Methods

The base oils that were explored were provided by Afton Chemical Corp. They were
used as received. Basic properties for all six oils can be found inVableThese include the
kinematc viscosity at 373 K, viscosity index, and average molecular weight. The kinematic
viscosities and viscosity indexes were indicated to be as specified by the manufacturers of these
oils using ASTM tests D445 and D2270 respectively.

FigureslV.1-3 show thecompositions of all six oils, which were provided by Afton

Chemical Corp based on @@S analysis. The technique is described in the literaturdl six

61



oils fall into the base oil categories as laid out by the American Petroleum Institute guidelines,
described in Table I.1. Oils lIA and 1IB are Group Il oils composed of approximately 30 wt%
paraffins, 60 wt% cycloalkanes, and the remainder aromatic compounds. Oils IlIA and IlIB are
Group Il oils composed of approximately 50 wt% paraffins, 45 wt%oeykanes, with the
remainder aromatics. Oils PAO 4 and PAO 8 are both Group IV oils, which are synthetic oils

composed s o-blginsy of poly (U

Table IV.1. Characteristics of the base oils studiéd.

Kinematic Viscosity at 373 K Viscosity | Average Molecular Weight (g/mol
(cSt) Index
A 4.1 103 354
1B 6.4 103109 445
A 3.1 112 333
1B 6.5 131 474
PAO 4 4.1 126 489
PAO 8 7.9 139 526
100 100
90 A 90 1B
80 80
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Figure 1V.1. Composition of base oils IIA (left) and 1IB (rightj.
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Figure IV.4. Ex ampl es of t JolefinspfouncirePA® 4 and RAQD @ tdmer (A)
and tetramer (B) of-tlecene.

V.3 Results and Discussions

The findings that are presented in the following sections are also described in our recent

publication in the jarnal Industrial & Engineering Chemistry Resealth.
IV.3.1 PVT Data and Modeling

Density data were collected experimentally (oils IIA, 11B, lIA, and 11IB) in the present
study and in an earlier study also conducted in our lab (oils PAO 4 and PAE@)relV.5
shows an example of the full range of data collected for oil 1IB. The experimental data was fit to
the Sanchetacombe equation of state-(SEOS) laid out in equationd .4 and I1I.5. Table
IV.2 includes the parameters for th& EOS abng with the root mean square deviation
(RSME), percent absolute average deviation (% AAD), and bids)(ﬁzfr all six oils. The %
AAD was found to range from 0.130 to 0.204 %. A visual comparison of-thm&del fits to
the experimental data for oilBlis show in FiguréV.4. The experimental density data antl S
model fits for the remaining five oils are included in Apper@ixFigurelV.6 compares the
densities and-& fits of all six oils at both 323 and 373 K. The Group Il oils (IIA and) here
found to have higher densitidgan the other four oils, with oil 1IB having the highest densities

across the full range of temperatures and pressures represented in this study. Oil Ill B has
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slightly higher densities than the remaining three oils, whlthad similar values ithe
measured range.

Table IV.2. Sanched.acombe parameters of base oils

A

1B A B PAO 4 PAO 8
P* (MPa) 506.42 501.44 488.06 499.53 43362 41846
T* (K) 553.4 556.03 538.91 548.92 544.10 548.24
1 * (g/en?) 0.95617 0.96258 0.91726 0.91979 0.91160 0.9029
MW (g/mol) 354 445 333 474 489 526
RMSE (g/cni) 0.00140 0.00176 0.00157 0.00156 0.00198 0.00198
% AAD 0.130 0.171 0.160 0.156 0.201 0.204
%' -0.00000860 -0.104 -0.000579 | 0.0000785| -0.000177| 0.000285
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Figure IV.5. Density versus pressure for thase oil 1IB at isotherms 298, 323, 348, 373, and

398 K. Sanchetacombe EOS fits are represented by black dots.
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Figure 1V.6. Density versus pressure for six base oils at 323 K (left) and 373 K (right).
Sanchez.acombe EQOS fits are represented by black dots.

IV.3.2 Derived Thermodynamic Properties

Once the density data were fit to thé. 8quation of state, the derived thermodynamic
properties isothermal compressibility, isobaric therexgdansion coefficient, and internal
pressure were calculated using equatidng#19. FiguredV.7 andlV.8 show the calculated
thermodynamic properties for oil 11B across the temperature and pressure range in which the
density measurements were madée thermodynamic properties across the full range of
temperatures and pressures examined in this study for the remaining five oils can be found in
AppendixC. For all six oils, the same trends with regards to temperature and pressure were
seen. Isotheral compressibility was found to increase with temperature and decrease with
pressure. Isobaric thermal expansion coefficient was also seen to increase with temperature and
decrease with pressure. Internal pressure had inverse trends, decreasing st deenand
increasing with pressure.
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Figure IV.8. Internal pressure verspsessure for IIB calculateidom the SL EOS.

A comparison of the isothermal compressibilities of all six oils displays identifiable
trends. FiguréV.9 compares the compressibilities for the six oils in this study at twotedle

temperatures, 323 and 373 K. The Group IV oils (PAOs) were found to have the highest
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compressibilities followed by the Group 11l oils, then the Group Il oils. The order of the oils was
found to be PAO 8 a4 PAO 4 >fferencesbBetweenlliB, 1B > |11 A
and 1B being relatively low. A similar trend was reported in Guimarey étali, t h t he pol y
olefin) based oil (Group V) they studied being more compressible than the reference Group Il
oil in the study.

The difference isothermal compressibility across these oils can be attributed to
composition. FiguréV.10shows a comparison of compressibility versus cyclic molecule
content in the base oil. Group Il oils have the highest content of cycloalkanes, followed by
Grouplll oils (FigureslV.1 andIV.2). Group IV oils have no cyclic molecule content as they
are synthetic oils. Given the trend, Group IV > Group Il > Group Il, it appears that isothermal
compressibility increases with decreasing cycloalkane contentatimdjdhat these cyclic

molecules potentially pack in a manner that reduces compression effects compared to noncyclic

paraffins.
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Figure 1V.9. Isothermal compressibility versus pressure for six base oils at 323 K (left) and 373
K (right).
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Figure IV.10. Isothermal compressibility versus mass percent cycloparaffin content at 373 K
and 10 MPa for all base oils.

When comparing the thermal expansion coefficients for the oils studied, there were no
clear trends to be found. While oil llIA had noticeably higher values for the expansion
coefficient, the other five oils had similar values. FigWd 1 shows a compé&on of thermal
expansion coefficient versus temperature for all six oils at two selected pressures, 10 and 40
MPa, while FigurdV.12 shows expansion coefficient versus composition. Unlike isothermal
compressibility, there is no clear effect of the cytitane content on the thermal expansion
coefficient.
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Figure IV.11. Isobaric thermal expansion coefficient versus temperature for six base oils at 10
MPa (left) and 40 MPa (right).
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Figure IV.12. Isobaric thermal expansion coefficient versus mass percent cycloparaffin content
at 373 K and 10 MPa for all base oils.
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With isothermal compressibility and isobaric thermal expansion coefficient determined,
internal pressure can be calculated using tguél .19. FigurdV.13 compares internal
pressure of all six oils at both 323 and 373 K. As shown in equatlob$, ithe internal pressure
is proportional to the inverse of isothermal compressibility. Due to this, the trends associated
with internd pressure were also found to be inverted. Base oil IIA was found to have the highest
values across the range of temperatures and pressures examined in this study. The overall order
of the oils studied in terms of internal pressure was found to be lliB. > IIIB > IIIA > PAO 4
> PAO 8. The group IV oils, PAO 4 and PAO 8, had much lower values of internal pressure
than the other four oils. Figut¥.14 shows the effect of composition on internal pressure.

Internal pressure was shown to increase wyttiaalkane content.
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Figure 1V.13. Internal pressure versus pressure for six base oils at 323 K (left) and 373 K
(right).
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Figure 1V.14. Internal pressure versus mass percent cycloparaffin content at 373 K and 10 MPa

for all base oils.

The isothermal compressibility and internal pressure were found to be dependent on oil
composition, specifically cycloalkane content. This compositiefiatt was not found in the
isobaric thermal expansion coefficiensothermal compressibility is proportional to the partial
derivative of density with respect to pressure, while thermal expansion coefficient is related to
the partial derivative of dertgiwith respect to temperature (equationsll7 and 11.18). The
effect of composition appears to change the sensitivity of the density of these base oils with
respect to pressure. The ring structures potentially allow for more efficient packingngethéci
effect of pressure on density of the Group Il and Group Il oils, and with it, isothermal
compressibility. Given that lubricants operate by forming thin films under high pressure and
shear conditions, the change in the effect of pressure potgafii@tts this film formation.

Being inversely related to compressibility, internal pressure has also been shown to be affected
by the amount of cycloalkanes in the oil. Internal pressure is a measure of the overall effect of
the attractive and repulsivetermolecular forces. As internal pressure increases, attractive
forces become more dominant. As the amount of cyclic content increases, the more efficient

packing in the oil causes an increase in attractive intermolecular forces versus repulssve force
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IV.33. Viscosity and Modelling

Viscosity data for all six base oils were collected in the high pressiatgonal
viscometer described in Chapter Il. Due to the high viscosities at 298 K, decoupling occurred for
several oils. At 298 K, viscosity data were collected for oils PAO 4 and IlIA fror8800pm,
for oil 1A from 300-700 rpm, and for oils 1IBLIIB, and PAO 8 from 108100 rpm. Figure
V.15 shows the viscosity for oil [IB at 500 rpm (except at 298 K, where 300 rpm data were
shown). For all six oils, viscosity was shown to decrease with temperature and increase with
pressure. Figurk/.16 compaes viscosity versugressure collected at all rotational speeds and
shear stress to shear rate for oil IIB at 323 K. The isothermal viscosity data overlapped for all
rotational speeds, showing Newtonian behavior. All six oils were found to be Newitonian

behavior in the measured range of shear rates.
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Figure 1V.15. Viscosity versupressure for base oil IIB at 500 rpm (3@dn for the 298 K run).
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Figure 1V.16. Viscosity versus pressure (left) and average shear stress at 10 MPa versus shear
rate (right) for 1IB at 323 K. All data points at rotational speeds from 300 to 800 rpm are
represented in the figure on the left. The linearity of shear stress verausasbeshows the oil

is Newtonian in behavior.

With viscosity data collected, and the Newtonian behavior of the six oils studied in the
measured range confirmed, the temperature and pressure effects were modeled. Free volume
theory, described in detail Chapter ll and represented by equatidh22, was used. Due to
the Newtonian behavior of the oils studied, only the viscosity data for the 500 rpm runs were
fitted to the model equation. The exception to thesemils 11B, 111B, and PAO 8 at 298 kas
the 500 rpm data could not be generated due to decoupling. For these oils at 298 K, 300 rpm
data were used (500 rpm data was used for all other temperatures). The fitted parameters are
shown in TabldV.3 for all six oils, along with values for rootean squared deviation (RSME),
percent absolute average deviation (% AAD), and the biais)(%igurelV.l? shows the free
volume theory fit for oil 1IB compared to the experimental data at all temperatures and 500 rpm.
The viscosity and free volume fisr the remaining five oils can be found in Appen@ix With
the exception of oils IIA and llIA, the % AAD for each of the studied oils was below 10 %. Oils
[IA and IlIA had lower viscosities than the other four, with the 373 K values falling below the
threshold of sensitivity of the viscometer used, 3 mPa s. The high level of error in the low

temperature measurements could account for the high values of % AAD involved in the model
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for these two oils. Figurk/.18 compares both the data and their fits at 323 K and 500 rpm for
all six oils studied.

Unlike isothermal compressibility and internal pressure, there is no clear trend relating
viscosity to the concentration of cyclic compounds in the oils. The visassiigre closely
related to molecular weight for the oils studied, indicating that there are differences in what
intermolecular interactions influence the derived thermodynamic properties compared to viscous
effects. These differences indicate that itasassary to examine both viscosity and the
volumetric effects simultaneously as both viscosity and compressibility are useful in the design

of lubricants for mechanical systems such as automobiles.

Table 1V.3. Parameters for the frelume theory of \scosity.

A 1B A B PAO 4 PAO 8
L (cm) X 10° 8.0 2.49 187 122 31.8 10.3
U(MPa*cmP/g*mol) | 413600 | 1089000 | 447200 | 638600 | 728400 | 936200
B X 1C® 4.44 1.17 3.480 2.46 1.57 1.44
RMSE (mPa s) 0.845 1.21 0.735 0.922 1.06 1.79
% AAD 28.8 10.0 25.3 5.07 8.98 5.53
%' -23.5 8.15 -20.5 -0.885 5.28 4.15
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IV.4 Conclusions

Density data for six base oils were collected across a range of temperatures and pressures
andmodeled using the Sanchkeacombe equation of state. Absolute average deviations were
found to be in range of 0.130 to 0.204 %. Both isothermal compressibility and internal pressure
were found to be concentration dependent, specifietitgted by the ancentration of cyclic
compounds in the base oils. This dependency was not sterthermal expansion
coefficiens. These trends appear to indicate that pressure effects are particularly impacted by
the packing of these cycloalkanes compared to ctigiaeaffins.

All six base oils were found to be Newtonian in nature in the measured range. The
viscositydata were then fit to the free volume theory in conjunction with the Sahetoembe
equation of state. For all but two of the oilggabsolute agrage deviatiosifor the free volume
theory fitsof the viscositywere found to be below 10 %. For oils IIA and IlIA, absolute average
deviation was around 25 % due to the low viscosities of these two oils at 373 K compared to the
sensitivity of the instrment. Viscosity was found ntu be driven by the same concentration
effects as isothermal compressibility and internal pressure, indicating that the intermolecular

interactions driving viscosity are more complex.
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V. Base Oik with Additives

V.1 Introduction

In this chapter, we discuss the volumetric properties and viscosity of a base oil modified
by the addition of polymeric additive along with two automatic transmission fluids (ATFs). As
discussed in Chapter | and Chag¥érthe choice of lubricants in aarhotive applications can
have a significant effect on fuel efficientyEngine oils and ATFs are not simple fluids. These
lubricants are composed of a base oil with a number of additives meant to fulfill specific roles
they have been tailored to, incladidetergents, dispersants, friction modifiers, andvaer
additives>* One particular class of additive is the viscosity index modifier.

As stated earlier, thdscosity index is an empirical measure of the effect of temperature
on viscosity. The Igher the viscosity index, the less effect temperature has on viscosity. With
the viscosity of a lubricant being important in determining fuel efficiériayjs important to
lower the viscosity range across the temperatures at which the engine orssesoperate at
to ensure uniform performance. Viscosity index is calculated by comparing the kinematic

viscosities of an oil at 313 K and 373 K to known standards:

GQI 6 EQE QAP TR——— V.1

whemse s3 the kinematic Vi sc o sotisyhe kinematichviscositye as ur e
at 313 K of an oil standard with a viscosity index of 0 and the same kinematic viscosity as the
measur ed oi lviai$thekifiehatiKyiscogi at@13 K of an oil standard with a

viscosity index of 100 and the same kinematic viscosity as the measured oil af 373 K.

V.1.1 Objectives

To understand the effect of viscosity index modifying polymers on the properties of base
oils, density measements were carried out over a pressure range-40 MPa and a
temperature range of 2898 K on mixtures of base oil PAO 4 with two polymeric additives, up

to 7.12 mass percent. Alongside the density measurements, viscosity measurements were carried
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out across a pressure range of4lDMPa, a temperature range of Z8& K, and rotational
speeds from 30800 rpm. Additionally, densities and viscosities were determined for two fully
formulated automatic transmission fluids.

The objective waagainto use the collected data to apply a holistic approach, described
in ChapterlV, to describe the density, derived thermodynamic properties, and viscosity. To
accomplish thisfollowing the methodology described in Chapter diénsity data were fit to the
SandezLacombe equation of state-(SEOS) while viscosity data were fit to a coupled model,
the free volume theory. Using theLEEOS fits, the derived thermodynamic properties were
calculated. By examining all these properties simultaneously, the effgalymeric additives
on base oils could be assessed. Finally, the density of two ATFs was dnoDeketo an
incomplete description of the compositions of the ATFs, instead of-thEGSS, the Tait

equation was used in modeling these lubricants.
V.2 Maerials and Methods

Mi xtures of synthetic base otolefin®d,Ath 4, comp
viscosity index modifiers were provided by Afton Chemical Corp. These mixtures were used as
received. These mixtures were made using two differenbsity index modifiers. These
viscosity index modifiersvere indicated to bleoth polymethacrylate based polymers. Both
additives have alkyl chains of varying length coming off the methacrylate mers. The difference
between the two additives is thristence of amine ergloups on some of these alkyl chains for
Polymer 1 (34% of these chains contain a N(g#group), while Polymer 2 had no amine

functionality at all. Figures V.1 and V.2 shows the structure of these two additives.

) _.*0.=O -0
o/~0o/ 0 o O O_O 0 NH
0 % % " VoY)

> N(cHy),

Figure V.1. Structure of viscosity index modifier Polymer 1.
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Figure V.2. Structure of viscosity index modifier Polymer 2.

In addition to mixtures of a base oil with an individual additive, fully formulated
automatic transmission fluids were studied. Two AWese provided by Afton Chemical Corp,

one experimental and one commercial. They were used as received.
V.3 Results and Discussion
V.3.1 Viscosity Index Modifiers

Experimental density data for mixtures of base oil PAO 4 with two polymer additives at
concentrations up to 7 mass % (4 mixtures with each polymer) were analyzed. Figures V.3 and
V.4 compare the densities of PAO 4 and its mixtures with both viscosity index modifiers at 323
K. Densities for PAO 4 were determined experimentally in a prewituay conducted in our
lab> Additionally, these mixtures were treated as psesidgle component fluids and modeled
with the Sanchetacombe equation of state. Thee&OS parameters, and derived
thermodynamic properties, for base oil PAO 4 were caledlan our previous publication in
Industrial & Engineering Chemistry ReseaPchio effectively model these mixtures, knowledge
of the molecular weight is needed. As all mixtures were composed of concentrations of > 90
mass % PAO 4, the average molecwarght of the pure base oil (MW of 489 g/mol) was used
in all fits. Tables V.1 and V.2 show the calculated @arameters for these mixtures along with
root mean squared deviation (RSME), percent absolute average deviation (% AAD), afd bias (

i ). The SL EOS fits for all these mixtures were found to have % AADs less than 0.3 For all
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mixtures, both with Polymer 1 and Polymer 2, a small reduction of density is seen. The densities

of these mixtures are within 1 % of each other, the error assdcidgith these measurements,

making it difficult to determine a trend in the effect of polymer concentration on density. The

experimental densities and resultind. £0S fits for all mixtures can be found in Appendix

0-85 _' LI R R NN B B B BN B BN B B B | LI T
r Polymer 1
0.84 323 K PAO4 1
— 083 | N
7.12%]
£ :
%0.82 . 1.42 % ]
= » 2.85%
‘m 081 0.71 %
C i
m -
079 [ ]
078 TR A R ST AT R N N N AT A T N S ST AT T N A N A
0 10 20 30 40 50

Pressure (MPa)

Figure V.3. Density versus preage for PAO 4 and its mixtures with viscosity index modifier
Polymer 1 at 323 K.
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Figure V.4. Density versus pressure for PAO 4 and its mixtures with viscosity index modifier
Polymer 2 at 323 K.

Table V.1. S-L parameters for mixtures of PAO 4 withlipmer 1
PAO 4 0.71 % 142% | 285% | 7.12%
P* (MPa) 433.62 447 .1 455.1473.| 311.
T* (K) 54410 | 530.[529.[523] 576.
}* (/] 091160 | 0. 8910.90{0.90/0. 88
RMSE (g/cnd) 0.00198 | 0. 0010. 00|0. 00 0. 00O
% AAD 0.201 0.19, 0. 2131 0. 2 0. 22
%! -0.000177{ 0. 00Q¢-0. 0O0]-0.0242-0.00
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Table V.2. S-L parameters for mixtures of PAO 4 with Polymer 2

PAO4 | 0.70%]| 1.40% | 2.80% | 7.01 %
P* (MPa) 43362 |496.| 547.] 460.] 402,
T* (K) 54410 |[516. 469.] 535.|522.
y* (g/{ 091160 (0. 90 0.8940.89|0.90
RMSE (g/cnd) | 0.00198 [0. 00 0. 001 0. 00[0. 00
% AAD 0200 | 0.1{ 0.18[ 0.16 0. 271
%' -0.000177{ 0. 04 0.00(-0.00[-0.00

Once the density data were fit to thé. equation of state, the derived thermodynamic
properties for these mixtures were calculated using equatloh19. The thermodynamic
properties across the full range of temperatures and pressures examined in this study for the
mixtures of PAO 4 with viscosity index modifiers can be found in AppeBdix

As with the pure base oils fro@hapterV, isothermal compressibility was found to
increase with temperature and decrease with pressure. Additionally, compressibility was found
to be influenced by composition. Figure V.5 shows a comparison of isoth@ymptessibility
versus pressure at 323 K for all mixtures. Figure V.6 shows isothermal compressibility versus
mass % polymer at 323 K and 10 MPa. Compressibility was found to be slightly high in
mixtures with Polymer 1 up to concentrations of 2.85 riag®lymer. Isothermal
compressibility was found to increase upon addition of around 7 mass % polymer for both

additives.
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Figure V.5. Isothermal compressibility versus pressure for PAO 4 and its mixtures with
viscosity index modifiers Polymer 1 (letipd Polymer 2 (right) at 323 K.
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Figure V.6. Isothermal compressibility versus mass percent polymer at 323 K and 10 MPa for

mixtures of PAO 4 with viscosity index modifiers Polymer 1 and Polymer 2.

As with the pure base oils, isobaric thermal expamspefficient for these mixtures was

found to increase with temperature and decrease with pressure. Thermal expansion coefficient
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was found to be affected by polymer composition. Figure V.7 shows isobaric thermal expansion
coefficient versus temperatuae 10 MPa for mixtures of PAO 4 with Polymer 1 and Polymer 2.
Figure V.8 shows thermal expansion coefficient versus mass percent polymer of both additives.
The thermal expansion coefficient showed an initial increase upon the addition of a small amount
of either polymer (0.7 mass %). For Polymer 1, expansivity continued to increase with polymer
concentration up to 2.85 mass % polymer, then dropped at the high concentration mixture (7
mass %). For Polymer 2, After the initial increase in expansiatgplymer concentration

increased thermal expansion coefficient stabilized at a value between the pure PAO 4 and 0.70

mass % polymer mixture.
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Figure V.7. Isobaric thermal expansion coefficient versus temperature for PAO 4 and its

mixtures with viscosy index modifiers Polymer 1 (left) and Polymer 2 (right) at 10 MPa.
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Figure V.8. Isobaric thermal expansion coefficient versus mass percent polymer at 323 K and
10 MPa for mixtures of PAO 4 with viscosity index modifiers Polymer 1 and Polymer 2.

Theinternal pressure for these mixtures was found to decrease with temperature and
increase with pressure. As with isothermal compressibility and thermal expansion coefficient,
internal pressure was found to be affected by polymer composition. Figureows stiernal
pressure versus pressure at 323 K for mixtures of PAO 4 with both additives Polymer 1 and
Polymer 2. Figure V.10 shows internal pressure versus mass percent polymer of both additives.
For mixtures with Polymer 1, internal pressure increagddadditive concentration up to 2.85
mass % polymer. Internal pressure decreased to significantly lower than the pure base oil value
upon the addition of 7 mass % polymer. For mixtures with polymer 2, internal pressure initially
increased with polymeddition (0.7 mass % polymer). After that initial increase, internal
pressure decreased with increasing concentration of Polymer 2. Additionally, the internal
pressures were found to be higher for mixtures with Polymer 2 than those with Polymer 1,
indicaing that the overall attractive intermolecular interactions were stronger in the mixtures
with Polymer 2. This could indicate that the addition of the amine groups on Polymer 1 adds

additional repulsive interactions into the lubricant system.
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Figure V.10. Internal pressure versus mass percent polymer at 323 K and 10 MPa for mixtures

of PAO 4 withviscosity index modifiers Polymer 1 and Polymer 2.

Viscosity data for mixtures of base oil PAO 4 with two polymer additives at

concentrations up to 7 mass % were collected across a rangd®fMPa and 30@00 rpm at
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isotherms of 298323, 348, and 37R. All mixtures of PAO 4 with Polymer 1 and Polymer 2

were Newtonian in nature. Figures V.11 and V.12 compare the viscosities of these mixtures at
both 298 and 323 K and 500 rpm. At 298 K, there is a decrease in viscosity with the addition of
these polmeric additives at lower concentrations (belo®2nass %), with viscosity

decreasing by approximately 3.5 mPa s at all concentrations for Polymer 1 and 5 mPa s at
concentrations of 0.70 and 1.40 mass %, and 3 mPa s at a concentration of 2.80 mass %, for
Polymer 2. At temperatures of 323 K and above, this decrease in viscosity was not readily seen.
For the mixtures involving high concentrations of polymer, above 7 mass %, the viscosity
increased at all temperatures, with an increase of 20 mPa s fard?dlyand 16 mPa s for

Polymer 2 at 298 K. In addition, viscosity data was fit to the free volume theory (equation
111.22) in conjunction with the Sanchéacombe equation of state. As with th& §OS fits,

these mixtures were treated as psesidgle omponent. Tables V.3 and V.4 show the fitted
parameters for the free volume theory along with RSME, % AAD%hd The full range of
viscosity data and corresponding free volume theory fits for the mixtures studied in this chapter

can be found in Appendi®.
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Figure V.11. Viscosity versus pressure for mixtures of PAO 4 with viscosity index modifiers
Polymer 1 (left) and Polymer 2 (right) at 298 K and 500 rpm.
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Table V.3. Parameters for the free volume theory of viscosity for mixtures of PAO 4 and

viscosity index modifier Polymer 1.

PAO4| 0.71% | 1.42%| 2.85%| 7.12%
L (cm) X 1¢ 31.8 18.8 67.2 43.8 44.8
U(MPa*cnf/g*mol) | 728000, 779000 | 596000| 715000| 830000
B X 1¢° 1.57 1.56 1.94 1.77 1.31
RMSE (mPa s) 1.06 0.417 1.24 | 0.586 | 0.795
% AAD 8.98 5.17 12.4 4.69 4.64
%' 5.28 0.565 2.01 1.73 -0.34
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Table V.4. Parameters for the free volume theory of viscosity for mixtures of PAO 4 and

viscosity index modifier Polymer 2.

PAO4| 0.70% | 1.40% | 2.80 % | 7.01 %
L (cm) X 1C¢ 31.8 48.1 80.5 39.7 55.6

U ( MP%g*molm | 728000| 621000| 571000| 611000| 728000
B X 10° 1.57 1.89 2.01 2.02 1.57
RMSE (mPa s) 1.06 | 0573 | 1.07 0.537 | 0.901
% AAD 8.98 5.67 8.87 6.21 5.36
%' 5.28 | 0582 | 5.14 -2.91 2.99

The addition of these viscosity index modifiers has an effegbtumetric,
thermodynamic, and transport properties of the original base oils they are added to. Of particular
interest is the increase in isothermal compressibility at higher polymer concentrations. Knowing
how pressure effects the change in densitg,\alume, is important for understanding film
formation of these mixtures under lubrication conditions. Additionally, isobaric thermal
expansion coefficient and internal pressure were found to initially increase with a small amount
of polymer additive, wh both properties dropping as polymer concentration increased. Internal
pressure is a measure of the overall intermolecular interactions. The higher values of internal
pressure for mixtures with Polymer 1 versus Polymer 2 can be attributed to tlé dacke
The c -blefinshos$ thei pure bage ailgc whilewhe antine t h e

groups disrupt these interactions to a degree. Additionally, isobaric thermal expansion

groups. al kyl
coefficient (equationll.18) is proportional to the partiderivative of density with regards to
temperature. The initial addition of polymer causes a change in the effect of temperature on the
fluid. At higher concentrations, the thermal expansion coefficient drops as the polymer
interactions start to becomeone dominant.

This is the inverse of viscosity, which decreases at 298 K at low concentrations. These
additives are meant to change the viscosity index, a measure of the effect of temperature on
viscosity. These oils are selected due to their low vigessat higher temperatures, leading to
an increase fuel efficiency. Even so, these oils need to operate over a range of temperatures,

making it necessary to reduce the effect of temperature on viscosity. By reducing viscosity at
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low temperature conditits while keeping them constant at higher temperatures, viscosity index
can be increased without changing the performance at high temperature conditions the base oil
was selected for. At higher concentrations, in the case of this study above 7 massré&ipoly
interactions take over leading to an increase in viscosity at all temperatures. The addition of

these additives has a patrticular effect on the effect of temperature on these fluids.
V.3.2 Automatic Transmission Fluids

The effect of temperaturend pressure on the volumetric properties and viscosity of two
ATFs, an experimental blend and a commercial sample, was analyzed. The useloEHBSS
requires knowledge of the molecular weights of the constituents. These ATFs are composed of a
base oillalready a complex mixture) and numerous additives. Without a detailed description of
the composition of these ATFs, it is difficult to employ the EOS. Due to the complexity of
these fluids, the Tait equation (equatiohsli3) were used instead tife SL EOS in the
modeling of these ATFs. Figure V.13 shows density versus pressure for these ATFs at 323 and
373 K. Table V.5 shows the Tait equation parameters along with RSME, % AARg And
The commercial ATF was shown to have higher densites tie experimental blend at the
temperatures and pressures in which measurements were carried out. The % AADs of both fits
were found to be approximately 0.1 %.

Utilizing the Tait equation fits, isothermal compressibility, isobaric thermal expansion
codficient, and internal pressure were calculated. Figures-¥6lghow comparisons of the
derived thermodynamic properties of both ATFs. Isothermal compressibility was found to be
similar for both samples. The experimental ATF was found to have higlues\at isobaric
thermal expansion coefficient and internal pressure. The full densities, Tait equation fits, and
derived thermodynamic properties for both ATFs can be found in Appéndix

Figures V.17 and V.18 show viscosity versus pressure for theBs. ABoth the
experimental and commercial ATF samples were found to exhibit Newtonian behavior. The
commercial ATF was found to have higher viscosities than the experimental one, though at 323
K, this difference was within the 5 % error associated wighvibcosity measurement. Due to
lack of compositional information, these viscosities were not modeled with the free volume

theory. Select viscosities are tabulated in Appebdix
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Figure V.13. Density versus pressure for an experimental and a commercial ATF at 323 K (left)

and 373 K (right). Tait equation fits are shown as black diamonds.

Table V.5. Tait equation parameters for automatic transmission fluids

Experimental Commercial
ATF ATF
a (1/K) 0.000934 0.000884
1r (g/cn?) 0.860 0.870
Tr (K) 298 298
Ko' 10.0 10.0
Koo (MPa) 9070 8270
bk (1/K) 0.00586 0.00561
RSME 0.00114 0.000972
% AAD 0.111 0.0936
%' -0.000740 0.00400
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Figure V.14. Isothermal compressibility versus pressure for an experimental and a commercial
ATF at 323 K (left) and 373 K (right).
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Figure V.18. Viscosity versus pressure for an experimental and a commercial ATF at 323 K and
500 rpm. Viscosity data are shown on liglie, while error bars, showing that both ATFs have

similar viscosities within the measurement error, are shown on the right.

V.4 Conclusions

Isothermal compressibility was found to increase at higher polymer concentrations
(around 7 mass % polymer)sobaric thermal expansion coefficient and internal pressure
initially increased with the addition of a small amount of polymer (around 0.7 mass %), followed
by an eventual drop in both properties as polymer concentration increased. Internal pressure was
found to be higher for mixtures with Polymer 2 than additive Polymer 1. This could be due to
the presence of a small number of amine functional groups disrupting eztimm interactions
bet we en -bléfies) optielbgsé dil used and the polymadditives in the case of
Polymer 1. Viscosity was found to initially drop at 298 K, while staying the same within the
error associated with the viscosity measurements at higher temperatures (323 K and above), for
concentrations below 3 mass % polymer.is®hould correspond with an increase in viscosity
index. At 7 mass % polymer, for both additives, viscosity increased at all temperatures as the

polymer chains interact with each other instead of just the base oil at these higher concentrations.
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For theautomatic transmission fluids, the Tait equation was used model density. A
comparison of the derived thermodynamic properties revealed that while there were differences
in isobaric thermal expansion coefficient and internal pressure, both of these ssaoisifiuids
had similar isothermal compressibilities and viscosities. Knowledge of compressibility and

viscosity is heeded for the design of effective lubricants.
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VI. lonic Liquids

VI.1 Introduction

lonic liquids (ILs) are a class of salts with melting points below@Q@Bat are known for
their unique properties, such as negligible vapor pressi@etrochemical properties, and
potential thermal stability® The choice of cation and anion, along with the modification of any
functional groups on the ions, has a significant effect on the physical and solvent properties of
these salts. The propesiassociated with these fluids, specifically the low melting points but
also including viscosity and solubility parameter, are attributed to the structure of the ions, with
the cations being composed of bulky, often asymmetric, organic structures tbitleh
association between the cation and ion, preventing crystalliZatidmas been estimated that
there are at least 1possible combinations of cation and anion that can form anDue to the
number of possible ion pairs alongside the widgesof variation of the physical and solvent
properties of these materials, ILs have been described as designer $olvents.

The negligible vapor pressures and designer nature of these potential solvents has led to
increasing interest in using these ILg@slacements for volatile organic compouhdsglore
specifically, there has been growing body of work in the literature on the utilization of ILs in a
wide range of applications, including polymer processing and synthesisap@re, lithium ion
batteres, and biomass processfg. In addition to utilizing ILs as a designer solvent, it can be
beneficial to add a cosolvent as a parameter to tune the solvent properties df tiiéL.
addition of a cosolvent also adds the potential to increase tharessibility of a system,
allowing for the use of pressure as an additional tuning parameter. Due to the range of possible
options, effectively choosing an IL and cosolvent for a process requires knowledge of the
volumetric properties and viscosity of #eemixtures across a range of temperatures and

pressures.

VI.1.1 Objectives

To determine the effect of cation and anion choice, along with the addition of a

cosolvent, on the solvent properties of ILs, density measurements were carried out in the

98



varieble-volume viewcell on a series of ILs and their mixtures with ethanol. These ILs were
composed of four different variants ofalkyl-3-methylimidazolium with two different anions,
chloride and acetate. In addition to the density measurements, visneagyrements were
carried out on two different ILs and select mixtures of ethanol. Figure VI.1 shows the structures
of the Xalkyl-3-methylimidazolium cation and chloride and acetate anions that have been
studied.

The density data was modeled as a fimabf temperature, pressure, and composition
with the Sanchetacombe equation of state-(SEOS), while the free volume model was used
to describe viscosity. ThelSEOS fits were used to calculate derived thermodynamic
properties, which were iturn used to estimate the Hildebrand solubility parameter. The
solubility parameter was described in terms of alkyl chain length on the cation, anion, along with
temperature, pressure, and ethanol concentration. Finally, the effect of temperatunes,pressu

ethanol concentration, and alkyl chain length on viscosity was examined.

Cr

o

Figure VI.1. 1-Alkyl-3-methylimidazolium cation and the chloride and acetate anions. R is an

alkyl group (ranging in length from 2 to 6 in the present thesis).
VI.2 Materials and Methods

ILs 1-ethyk3-met hyl i mi dazol i um chl or i-dteyt3{ [ EMI M] CI ,
met hylimidazolium acet a t-bty-g-ind&hylimidgzaun chiatide9 5 % p
(BMIMICI, O 95 % pu-butyi3ymet hghd midazolium acetate (]
purity) were purchase from Sigma Aldrich. The ILs [EMIM]Ac and [BMIM]Ac weredigs
received. [EMIM]CI and [BMIM]CI were dried for 48 hours at 343 K in a vacuum oven before

use. ILs ipropyt3-methylimidazolium chloride ([PMIM]CI) and-hexyl3-imidazolium
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chloride ([HMIM]CI) were synthesized for use in this study. Ethanol a¥dp0rity was
purchased from Decon Labs, Inc:Methylimidazole, ichloropropane,-thlorohexane, and
ethyl acetate were used in the synthesis of I8 elt hy |l i mi dazol e (O 99 %
chloropropane (©h9®r%hpxrnaintey ¥repudhfisedfor Sigma t y )
Aldrich. Ethyl acetate of purity 99.9 % was purchased from Fisher Scientific. Table VI.1 shows
the melting points of these ILs. The melting points were provided by lonic Liquids Technologies
GmbH and Sigmaldrich.

Density datdor these six ILs, ethanol, and mixtures of IL with ethanol were collected in
the variablevolume viewcell. Experiments were run from-4® MPa along isotherms of 298,
323, 348, 373, and 398 K. Viscosity data for [EMIM]Ac and [BMIM]Ac and their mixturids
ethanol were collected in the high pressure rotational viscometer freid MPa at isotherms of
298, 323, 348, and 373 K. Due to restrictions arising from the decoupling of the magnetic
coupling, at certain temperatures, low rotational speedswsee For [EMIM]Ac, runs were
performed at 100 and 200 rpm at 298 K, -B00 rpm for all other temperatures. For
[BMIM]Ac, runs were performed at 50 rpm at 298 K, 1800 rpm at 323 K, and 36800 rpm at
348 and 373 KExperimental details on the coltean of density and viscosity can be found in
Chapterll. Experimental density data of the pure ILs and ethanol were fit to theCsS.
Mixing rules were employed alongside the pure component values of the equation of state to
model mixtures with ethahoWith the SL EOS parameters determined, derived thermodynamic
properties isothermal compressibility, isobaric thermal expansion coefficient, and internal
pressure were calculated. Additionally, the free volume theory was used to fit viscosity of the
pure ILs. The use of these models and the resulting calculations are described in further detail in
Chapter .
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Table VI.1. Melting Points of the ILs used in this study.

lonic Liquid Melting Point (K)
[EMIM]CI 360
[PMIM]CI 333
[BMIM]CI 338
[HMIM]CI 198
[EMIM]AC 303
[BMIM]AC 253

VI.2.1 Synthesis

[PMIM]CI and [HMIM]CI were synthesized by reactingmethylimidazole with 1
chloroalkane. Ethyl acetate was used as the reaction medium. Figure VI.2 shows the route of
synthesis fofRMIM]CI, where R represents a propyl or hexyl group. The reaction was carried
out at the boiling point of ethyl acetate (350 K) for 48 hours in a reflux set up. Ice water was
circulated through the reflux column, which was open to the atmosphere. netcagjir bar
provided mixing during the reaction. Both [PMIM]CI and [HMIM]CI are insoluble in ethyl
acetate. As the reaction progressed, two phases were formed as the IL separated out of the ethyl
acetate. After the reaction was completed, leftoveyl @icetate was removed using a separation
funnel. To remove any unreacted reagents from the IL phase, clean ethyl acetate was added to
the IL and mixing applied. Again, a separation funnel was used to remove the ethyl acetate
phase. This wash step wapeated 5 times. Once the ethyl acetate washing was completed, the
resulting IL was dried in the vacuum oven for 48 hours at 343 K, then stored in a desiccant
chamber.

To determine if the IL was successfully synthesized, and to test for purity, FTIRinvas
on the final products. A commercial sample of [HMIM]CI was purchased from Siddnech
(97 % purity) and dried at 343 K for 48 hours in a vacuum oven. The spectra for the synthesized
[HMIM]CI was compared to both the commercial sample and a refergmectra from Bio
Rad!®as seen in Figure VI.3. The commercial sample from Sigma Aldrich was found to have

additional peaks not seen in the synthesized or reference spectra, at 1264, 1095, and, 1017 cm

101



indicating that the commercial sample had someawn impurity not present in the
synthesized sample used in this study. According théRai FTIR database, the presence of
these unknown peaks may be attributed to a catflyEhe FTIR spectra for [PMIM]CI can be
found in AppendixE.

/ \ 2 EthYI / \ G

/ Acetate
N N + ¢ Sl N N

S Rl v W

Figure VI.2. Route of synthesis for-alkyl-3-methylimidazolium chloride. R represents either
a propyl or hexyl group.

— STW7X #2075; 1-n-Hexyl-3-methylimidazolium chloride
— [HMIM]CI Sigma Commercial
— [HMIM]CI Synthesized

Synthesized
|

J " “ V" |
\ /\W'\\‘/

3500 3000 2500 2000 1500 1000
cm™!

Bio-Rad

Figure VI.3. FTIR comparison of the synthesized [HMIM]CI to commercial [HMIM]CI (purity
97 %) and spectra from the BRad databas¥.
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VI.3 Results and Discussion
VI.3.1 EAIkyl-3-methylimidazolium Chlorides and their Mixtures with Ethanol

The experimental densities for four ILs with the chloride anion, ethanol, and mixtures of
IL + ethanol (25, 50, and 75 mass percent IL) voerapared Due to the high melting point of
[EMIM]CI (356 K), data was only collected at 348 K and above for dothpure IL and 75ass
percent IL mixturewith ethanol. While [PMIM]CI and [BMIM]CI both have melting points well
above room temperature, density data was collected across the full temperature range, though the
pure [BMIM]CI run was limited to @ressure of 28 MPa at 298 K. Although the measurement
range for these three ILs included temperatures below the melting point, these ILs are capable of
existing as subcooled melts. This allows for the collection of liquid densities below their melting
points. The density data for the IL [EMIM]CI and its mixtures with ethanol along withhe S
EOS parameters for the IL and ethanol have been previously reported in our publication in The
Journal of Supercritical Fluid§. The SL EOS characteristic paramnees for [EMIM]CI,
[PMIM]CI, [BMIM]CI, and [HMIM]CI can be found in Table V1.2, along with root mean
squared deviation (RSME), percent absolute average deviation (% AAD), and Bi:)as (%
Figure V1.4 shows the density data and correspondibd=®S fits br both ILs. The % AADs
for [EMIM]CI, [PMIM]CI, [BMIM]CI, and [HMIM]CI were found to be 0.130 %, 0.170 %,
0.145 %, and 0.165 % respectively.

To model the mixtures of IL + ethanol, mixing rules were employed. The mixing rules
employed are described in Gier lll by equationsll.7-14. Interaction parametef was
determined for all four IL + ethanol systems. Using a cong&tgmtoduced reasonable results
for the mixtures involving [EMIM]CI. However, the RSME of the overall fits to the mixture
data hcreased with increasing alkyl chain length, from 0.00370 t@r®.00906 g/cth Due to

this increased error, a concentration dependewgk used:
T Q% 1Q VI.1

where ks and lg are constants and is the close packed wahe fraction of component i as
described by equationi I18. In the case of the present workjkrepresented in terms of the
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close packed volume fraction of the IL. The constants needed to detejroare be found in
Table VI.3. Using this concentration dependgninkconjunction with the mixing rules
described in Chaptell Ireduces the RSME for [HMIM]CI by 64% from 0.00906 to 0.00322
g/lcn®. The SL EOS parameters, along with RSME, % AAD, and %alculated using mixing
rules for each mixture of [EMIM]CI, [PMIM]CI, [BMIM]CI, and [HMIM]CI with ethanol can be
found in Tables VI.47. Figure V1.5 shows density versus pressure for all four ILs and their
mixtures with ethanol at 348 K, along with tt@mesponding & EOS fits. Density was found
to increase with increasing IL concentration. The full range of densities for all mixtures of
[EMIM]CI, [PMIM]CI, [BMIM]CI, and [HMIM]CI with ethanol can be found in Appendit.

Table VI.2. S-L EOS charactéstic parameters for ethanol, [EMIM]CI, [PMIM]CI, [BMIM]CI,

and [HMIM]CI
Ethanol | [EMIM]CI | [PMIM] CI [ [BMIM]CI | [HMIM]CI
P* (Mpa) 46454 | 61251 | 41051 | 44025 | 377.06
T* (K) 549.03 | 623.35 | 709.66 714.79 699.82

rho* (g/cm3) | 0.88699 1.1834 1.1566 1.1181 1.0990
MW (g/mol) 46.07 146.62 160.65 174.69 202.71
RSME (g/cm3)| 0.00138 | 0.00173 | 0.00231 | 0.00186 | 0.00212

% AAD 0.151 0.130 0.170 0.145 0.165
%' -0.00774 | -0.00173 | 0.00198 | 0.000429 | 0.00202
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Table VI.3. Comparison of Root Mean Squared Deviations (RSME) for different models of the

binary interaction parameter used in mixing rules for teEDS.

IL Mixing Rule Fit Paramete| Parameter Value RSME (g/cni)

[EMIM]CI Constant Paramete| Kij 0.03383 0.00370
Volume Fraction Ka 0.07612 0.00310

Dependenk;* ks 0.00248
[PMIM]CI Constant Paramete| Kij -0.030331 0.00538
Volume Fraction Ka 0.06019 0.00479

Dependenk;* ks -0.64970
[BMIM]CI Constant Paramete| Kij -0.09405 0.00628
Volume Fraction Ka 0.26520 0.00397

Dependenk* ks -0.20947
[HMIM]CI Constant Paramete| Kij -0.17651 0.00906
Volume Fraction Ka 0.79783 0.00322

Dependenk* ks -0.46194

*Equation VI.1

Table VI.4. S-L EOS characteristic parameters for [EMIM]CI + ethanol mixtures.

Mass % IL 25 50 75

P*(Mpa) | 489.47 | 516.26 | 552.24
T* (K) 560.42 | 570.72 | 587.12

rho* (glcn?) | 0.94624 | 1.0140 | 1.09@2
r 60596 | 7.2780 | 9.4776
RSME (g/cni) | 0.00400 | 0.00324 | 0.00251

% AAD 0.406 | 0.269 | 0.216
%' -0.102 | 0.180 | -0.0262
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Mass % IL 25 50 75
P* (Mpa) 498.10 | 505.62 | 479.43
T* (K) 623.21 | 692.21 | 726.91
rho* (g/cn¥) | 0.94189 | 1.0040 | 1.0749
r 5.8222 | 6.5788 | 7.7244
RSME (g/cni) | 0.00663 | 0.00602| 0.00485
% AAD 0.673 | 0.594 | 0.380
%' 0.673 | -0.507 | 0.378

Mass % IL 25 50 75

P* (Mpa) 482.45 | 474.28 | 451.65
T* (K) 604.59 | 637.23 | 660.29
rho* (g/cn?) | 0.93532 | 0.98923| 1.0497
r 5.9627 | 6.9574 | 8.5600
RSME (g/cni) | 0.00309 | 0.00422| 0.00506

% AAD 0.318 0.374 0.443

% ' -0.204 | 0.0720 | -0.102

Mass % IL 25 50 75
P* (Mpa) 486.18 | 446.19 | 383.91
T* (K) 622.53 | 629.45 | 610.71
rho* (g/cn?) | 0.93194 | 0.98169| 1.0871
r 5.9940 | 7.0387 | 8.7322
RSME (g/cml) | 0.00329| 0.00345| 0.0619
% AAD 0.322 | 0.344 6.21
%' -0.0808 | -0.215 6.21

Table VI.5. S-L EOS characteristic parameters for [PMIM]CI + ethanol mixtures.

Table VI.6. S-L EOS characteristic parameters for [BMIM]CI + ethanol mixtures.

Table VI.7. S-L EOS characteristic parameters for [HMIM]CI + ethanol mixtures.
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fits are represented by black diamonds.
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VI.3.1.ADerivedThermodynami®ropertiesof [RMIM]CI + Ethanol

With the SL EOS parameters determined for all four ILs and their mixtures with ethanol,
the derived thermodynamic properties isothermal compressibility, isobaric thermal expansion
coefficient, and internal pressure were calculatBae full range of derived thermodynamic
properties for [EMIM]CI, [PMIM]CI, [BMIM]CI, [HMIM]CI and their mixtures with ethanol can
be found in AppendikE.

Figures VI.69 show isothermal compressibility versus pressure for the ILs and their
mixtures with ehanol. Compressibility was found to increase with temperature and decrease
with pressure for all ILs and their mixtures with ethanol. For [EMIM]CI, isothermal
compressibility was found to decrease with increasing IL concentration. For the remaireng thre
ILs, this trend was more complicated. Figure VI.10 shows isothermal compressibility versus
mass % IL for all four ILs at 348 K and 10 MPa. For mixtures of [PMIM]CI with ethanol,
compressibility goes through a minimum atrii&ss % IL ina parabolic fasbn. For mixtures
of [BMIM]CI and [HMIM]CI with ethanol, the apparent trend starts to look like a third order
polynomial. This is especially visible for [HMIM]CI, with a minimum at 50 mass % IL and a

maximum at 75 mass % IL.
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Figure VI.6. Isothermalcompressibility versus pressure for 50EMIM] CI + 50% ethanol
(left) and various concentrations &\lIM] Cl + ethanol at 348 K (right).
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Figure VI.7. Isothermal compressibility versus pressure for 5B#IM] Cl + 50% ethanol
(left) and various concentrations &\IM] CI + ethanol at 348 K (right).
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Figures VI.1114 show isobaric thermal expansion coefficient versus temperature for
mixtures of 50 mass % IL witethanol at all isotherms and all mixtures at 348 K for both
[EMIM]CI, [PMIM]CI, [BMIM]CI, and [HMIM]CI. Thermal expansion coefficient was found
to increase with temperature and decrease with pressure for the ILs and their mixtures with
ethanol. Thermatxpansion coefficient was found to be higher for [EMIM]CI than the other
three ILs. As with isothermal compressibility, the addition of ethanol affected the expansivity of
these ILs. Figure VI.15 shows isobaric thermal expansion coefficient versu&aiagsr both
ILs at 348 K and 10 MP&or [EMIM]CI, the coefficient was found to decrease with increasing
IL concentration in a near linear manner. For [BMIM]CI, expansivity decreased with IL
concentration, but the linearity was less than clear. [PMIMiht through a minimum at 75
mass % IL, while [HMIM]CI went through a minimum at 50 mass % IL then a maximum at 75
mass % IL, before dropping to the pure IL value.
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Figure VI.11. Isobaric expansivity versus temperature for 5@&dIM] Cl + 50% ethaal (left)

and various concentrations &N1IM] Cl + ethanol at 10 MPa (right).
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Figure VI.12. Isobaric expansivity versus temperature for 56%dIM] Cl + 50% ethanol (left)
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Figure VI.14. Isobaric expansivity versus temperature for 56%1[M] CI + 50% ethanol (left)
and various concentrations #ff1IM] Cl + ethanol at 10 MPa (right).
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Internal pressure was found to decrease with temperature while increasing with pressure.
Figures VI.1619 show internal pressures across a range of temperatures and pressures for
mixtures of 50 mass % IL with ethanol for [EMIM]CI, [PMIM]CI, [BMIM]Cand [HMIM]CI
along with internal pressures at 348 K for all four ILs and their mixtures with ethanol. Trends
were seen with regards to the effect of ethanol on internal pressure. For mixtures of [EMIM]CI
with ethanol, internal pressure increased witltieasing mass % IL. For mixtures of [PMIM]CI
with ethanol, internal pressure followed a parabolic trend with a maximumnaa&9% IL.

Both [BMIM]CI, and [HMIM]CI went through a maximum at 50 masdl%and 25mass % IL
respectively, before droppinig a minimum at 75 mass % IL, then settling at the pure IL value.
The difference between the maximum and minimum was more pronounced in the case of
[HMIM]CI. The comparison between both ILs on the effect of IL concentration on internal
pressure at 348 Knd 10 MPa is shown in Figure VI1.20.

The changing effect of ethanol on internal pressure appears to be dependent on the alkyl
chain length on the cation. The length of the alkyl functional group on the imidazolium cation
leads to a further dissociationtbie acetate anion. This can be seen by the general trend of
decreasing melting point with increasing alkyl chain length, as seen in Table VI.1, with melting
point dropping from 360 K for [EMIM]CI to 206 K for [HMIM]CI. This could provide an
explanatiorof the unusual effect the addition of a polar cosolvent has on the derived
thermodynamic properties of [PMIM]CI, [BMIM]CI, and [HMIM]CI. As the interaction
between the constituent ions weaken, the negatively charged anion has a greater potential to
interact with the ethanol cosolvent through hydrogen bonding. Additionally, as the alkyl chain
length increases, the potential for the cation to interact with the ethyl group on the alcohol
increases. This potentially allows for the formation of short rander am the liquid phase,
explaining the concentration dependence on both the thermodynamics and the interaction

parameter needed to employ the mixing rules for theE®S.

115



500 et
40 | 50% [EMIMICI ]
S 460
2 410 - vee 298K
% 420 _ coseese® szE-
g 10 ¢
2 380 | ;
& 360 [ e 308K
2 340 |
320 | ]
300 Bt

0 10 20 30 40 50
Pressure (MPa)

600

ul
a
o

500

450

Internal Pressure (MPa)

300 L
0O 10 20 30 40 50

400

350

C[EMIMICL

r 348 K ]

2 S

- 75% 1

i 50% ]
25%

L “ethanolz

Pressure (MPa)

Figure VI.16. Internal pressure versus pressure for 5S8%IM] Cl + 50% ethaal (left) and

various concentrations oEMIM] Cl + ethanol at 348 K (right).

490 _' LUNNNL L I BN RN B BN D BN BN NN B B L BN B B BN B L B B
£ 50% [PMIM]CI ]
& C sose 298K ]
2450 [ 323K
Qo 348K 1
> 430 ]
§ g 373K
& 410 | 398K ]
f_U F /
C 390 | ]
Q
370 ]
350 TR ST N ST N N T N TN N N S R ST SN T S N A

0 100 20 30 40 50
Pressure (MPa)

475

450

Internal Pressure (MPa)
w w iy N
a1 ~ o N
o (6] o [¢)]

w
N
(¢}

300 Lowes
0O 10 20 30 40 50

- [PMIM]CI

- 348 K 50%IL

E 75% IL

E 25%IL ]

- L
P ethanol 1

Pressure (MPa)

Figure VI.17. Internal pressure versus pressure for 5B%IM] Cl + 50% ethanol (left) and

various concentrations oPMIM] Cl + ethanol at 348 K (right).

116



440

F 50% [BMIM]CI ] 440 £ [BMIM]CI ]
’CF 420 - .o0000000000000000.0”’“““ ] 8 E 348K E
o bt 323K 1 o 420 | b
= ] = C ]
\q_: 400 348K: Z; 400 [ 50% ]
— b o [ oee 1L ]
2 380 373K > : sssssssssisssesernntttill 7504
7 : ] @ 380 | 259
o N 398K ] o N ]
o 360 ¢ ] O 360 | ]
I r ] © r e ]
£ 340 | ] S 340 [ Pttt ethanol ]
49 N ] -lq—') E 0000”“’ 4
= 320 | ] =320 L ]
300 I N R S ST S N S S S B A S NI B R S 300 L v o
10 20 30 40 50 0 10 20 30 40 50

Pressure (MPa)

Pressure (MPa)

Figure VI.18. Internal pressure versus pressure for 5B#IM] Cl + 50% ethanol (left) and
various concentrations oBMIM] Cl + ethanol at 348 K (right).

440 _l LINNNL B I NN RN B L BN R B B BN B | 425 LUNNNL R I BN NN B N B B I BN BN R BN | LI T
- 50% [HMIM]CI 1 L [HMIM]CI .
~420 | . —~ [ 348 K 25% IL ]
g - ] & 400 r ]
= 400 [ ooe 298 K 2 ]
o ] () ol A
= ag0 T ovee 323K 3 S 375 | 50%IL 1
n p n
n 348K A n E
g ] g L]
a 360 | 373KE Q 350 | ]
T | B ]
€ 340 | 398K = / _
Q Q ethanol 1
= = 325 [ ]
30 Ff 1 = 75% 1
300 C P B T B R RS SR R S B SR 300 -n|||||||||||||||||||||||
10 20 30 40 50 0 10 20 30 40 50

Pressure (MPa)

Pressure (MPa)

Figure VI.19. Internal pressure versus pressure for 588dIM] Cl + 50% ethanol (left) and
various concentrations ofiMIM] Cl + ethanol at 348 K (right).

117



600

348 K

< 950 F 10 MPa ]
S 500 | EmiMCI
I [ ]
S 450 f [PMIM]CI 7
0 : ¢ . ]
g 400 f . .
S o g [BMIMICI %
]
[ C i
5 300 ]
c C [HMIM]CI 1
— 250 ]

200 :I [N TN NN N TN TN TN TN (NN TN TN TN TN NN TN TN TN SN A N N 1 |-

0 20 40 60 80 100
Mass % IL

Figure VI.20. Internal pressure versus mass percent IL for mixtures of [EMIM]CI, [PMIM]CI,
[BMIM]CI, and [HMIM]CI + ethanol at 348 K and 10 MPa.

VI.3.21-Alkyl-3-methylimidazolium Acetates and their Mixtures with Ethanol

The experimental densities for two ILs with the acetate anion and their mixtures with
ethanol wereompared The density data for the IL [EMIM]Ac and its mixtures with ethanol
along with the SL EOS parameters for the IL and ethanol have been previously reported in our
publication in The Journal of Supercritical FluidsThe SL EOS characteristic parameters for
[EMIM]Ac and [BMIM]Ac can be found in Table VI.8, along with RSME, % AA&nd %' .

Figure VI.21 shows the density data and correspondibdeSS fits for both ILs. The % AADs

for [EMIM]Ac and [BMIM]Ac were found to be 0.258 % and 0.190 % respectively. Density
was found to decrease as the alkyl functional group changed from eblugl/to Additionally,

mixing rules were employed in the fitting of the mixture data to theE®S. A concentration
dependent interaction parametsy, \Was used as described in equation VI.1. The constants
needed to determing kan be found in Tablgl.9. The SL EOS parameters calculated using
mixing rules for each mixture with ethanol studied in the present thesis can be found in Tables
VI.10 and 11. Figure VI.22 shows the densities as a function of pressure for both ILs and their

mixtures with ¢hanol at 348 K, along with the corresponding EOS fits. Density was found
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to increase with increasing IL concentration. The full range of densities for all mixtures of
[BMIM]Ac with ethanol can be found in Appendi

Table VI.8. S-L EOS charactestic parameters for [EMIM]Ac and [BMIM]Ac
[EMIM]Ac | [BMIM]Ac
P* (Mpa) 614.59 528.62
T* (K) 557.54 590.64
rho* (g/cm3) 1.1897 1.138
MW (g/mol) 170.21 198.26
RSME (g/cm3)| 0.00329 | 0.00241

% AAD 0.258 0.10
%' 0.000312 | -0.00218
112 [T r 1T T T 11 [Tr T T T rrr oo T T ]
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11 | : 1.08 | ’ ]
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Figure VI.21. Density versus pressure for ILs [EMIM]Ac (left) and [BMIM]Ac (right)-LS
EOS fits are represented by black diamonds.
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Table VI.9. Comparison of Root Mean Squared Deviations (RSME) for different models of the

binary interaction parameter used in mixing rules for theE®S for [EMIM]Ac and

[BMIM]AC.
IL Mixing Rule Fit Paramete| Parameter Value RSME (g/cni)

[EMIM]AC Constant Paramete| Kij -0.02439 0.00820
Volume Fraction Ka 0.19329 0.00718

Dependenk;* ks -0.10101
[BMIM]AC Constant Paramete| Kij -0.17989 0.0114
Volume Fraction Ka 0.58770 0.00481

Dependenk;* Ks -0.49625

*Equation VI.1

Table VI.10. S-L EOS characteristic parameters for [EMIM]Ac + ethanol mixtures.

Mass % IL 5 15 25 50 75
P* (Mpa) 473.46 | 489.53 | 503.39 | 530.89 | 558.56
T* (K) 553.25| 558.89 | 561.12 | 555.9 545.2
rho* (g/cn?) | 0.89842| 0.922D | 0.9475 | 1.0163 | 1.09&
r 5.4833 | 5.9268 | 6.4484 | 8.264 11.56
RSME (g/cnd) | 0.00642| 0.00825| 0.0034 | 0.00789| 0.0078
% AAD 0.772 1.00 0.359 0.785 0.741
% ' -0.772 -1.00 -0.135 0.783 -0.643
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Table VI.11. S-L EOS characteristic parameters for [BMIM]Ac + ethanol mixtures.

Mass % IL 5 14.9 25 50 75
P* (MPa) 481.55 509.72 528.86 | 539.81 | 520.64
T* (K) 569.56 599.93 619.23 | 623.32 | 591.95
} *  (°p/]0.89641| 0.91668 | 0.93834 | 0.99662| 1.0626
r 5.435 5.7992 6.2413 | 7.8143 | 10.81
RSME (g/cni) | 0.00302] 0.00746 | 0.00507 | 0.00614| 0.00911
% AAD 0.257 0.855 0.505 0.617 | 0.932
%" 0.188 -0.784 -0.00542| -0.0579| -0.932
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Figure VI.22. Density versus pressure for mixtures of [EMIM]Ac (left) and [BMIM]Ac (right)
with ethanol at 348 K. -& EOS fits are represented by black diamonds.

V1.3.2.A Derived Thermodynamic Properties of [RMIM]Ac + Ethanol

With the SL EOS parameters determined for both ILs and their mixtures with ethanol,

the derived thermodynamic properties isothermal compressibility, isobaric thermal expansion
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coefficient, and internal pressure were calculated. The full range of démemadodynamic

properties for the ILs and their mixtures with ethanol can be found in AppEndix

Figures VI.23 and 24 show isothermal compressibility versus pressure for mixtures of 50
mass % IL with ethanol at all isotherms and all mixtures at 348 Kofibw [EMIM]Ac and

[BMIM]Ac. Compressibility was found to increase with temperature and decrease with pressure

for both ILs and all mixtures with ethanol. Both ILs were found to have similar values of

isothermal compressibility, with differences in compgrbgity ranging from around 1.0 %
difference at 298 K and 10 MPa, up to a maximum of 5.5 % difference at 398 K and 40 MPa,
with [EMIM]Ac having slightly high values. In spite of the similarities of the two ILs in their

pure states, differences begin fipaar when these ILs are mixed with a cosolvent, in this case

ethanol. For [EMIM]Ac, isothermal compressibility was found to decrease with increasing IL

concentration. For [BMIM]Ac, this trend was only visible up to 50 mass % IL. Figure VI.25

shows isdtermal compressibility versus mass % IL for both ILs at 348 K and 10 MPa. For

mixtures of [BMIM]Ac with ethanol, compressibility goes through a local minimum at 50 mass

% IL. Compressibility increases again to the 75 mass % IL point before droppimgvalule

for the pure IL.
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Figure VI.24. Isothermal compressibility versus pressune50% [BMIM]Ac + 50% ethanol
(left) and various concentrations of [BMIM]Ac + ethanol at 348 K (right).
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Figures VI.26and 27 show isobaric thermal expansion coefficient versus temperature for
a mixture of 50 mass % IL with ethanol at all isotherms and all mixtures at 348 K for both
[EMIM]Ac and [BMIM]Ac. As with isothermal compressibility, thermal expansion coefficient
was found to increase with temperature and decrease with pressure for both ILs and their
mixtures with ethanol. However, thermal expansion coefficient was found to be higher for
[EMIM]Ac than [BMIM]Ac. Additionally, the addition of ethanol affected thepansivity of
these ILs. For [EMIM]Ac, the coefficient was found to decrease with increasing IL
concentration. For [BMIM]Ac, this trend was only visible up to 50 mass % IL. Figure VI.28
shows isobaric thermal expansion coefficient versus mass % llotiordlbs at 348 K and 10
MPa. For mixtures of [BMIM]Ac with ethanol, thermal expansion coefficient goes through a
local minimum at 50 mass % IL and a local maximum at 75 mass % IL before dropping to the
value for the pure IL.
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Figure VI.26. Isobaric expansivity versus temperature for 5SEMIM]Ac + 50% ethanol (left)

and various concentrations &VIM]Ac + ethanol at 10 MPa (right).
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Figure VI.27. Isobaric expansivity versus temperature for 50% [BMIM]Ac + 50% ethanol (left)
and various aencentrations of [BMIM]Ac + ethanol at 10 MPa (right).
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Figure VI1.28. Isobaric thermal expansion coefficient versus mass percent IL for mixtures of
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Internal pressure was found to decrease teithperature while increasing with pressure.
Figures VI.29 and 30 show internal pressures across a range of temperatures and pressures for
mixtures of 50 mass % IL with ethanol for [EMIM]Ac and [BMIM]Ac along with internal
pressures at 348 K for both ILedhall mixtures with ethanol. Internal pressure was found to be
higher for [EMIM]Ac than [BMIM]Ac, indication stronger attractive interactions in the pure
[EMIM]Ac system. As with the chloride anion containing ILs, this could be explained by
disruption d the cationi anion interaction by the alkyl functional groups. As the alkyl chain
increases from an ethyl to butyl group, the ability of the anion to associate with the cation
decreases, causing a decrease in melting point and density ((EMIM]Ac nelts 28 K while
[BMIM]Ac has a melting point below 253 K as seen in Table VI.1).

With regards to mixtures with ethanol, differing trends were seen between the two ILs.
For mixtures of [EMIM]Ac with ethanol, internal pressure increased with increasingimtss
For mixtures of [BMIM]Ac with ethanol, internal pressure followed a trend similar to a third
order polynomial, going through a maximum at 50 mass % IL and a minimum at 75 mass % IL.
The comparison between both ILs on the effect of IL concentrationternal pressure at 348 K
and 10 MPa is shown in Figure VI.31.

As the acetate anion dissociates with increasing alkyl chain length, the effect of the
addition of a polar cosolvent on the derived thermodynamic properties of [BMIM]Ac changes.
Isotherm&compressibility and internal pressure were found to have both a maximum (75 and 50
mass % IL respectively) and a minimum (50 and 75 mass % IL respectively) as the concentration
of [BMIM]Ac increased. As the interaction between the constituent ions wetlenegatively
charged anion has a greater potential to interact with the ethanol cosolvent through hydrogen

bonding, potentially leading to the formation of short range order in the liquid phase.
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Figure VI.31. Internal pressure versus mass percent IL for mixtures of [EMIM]Ac and
[BMIM]Ac + ethanol at 348 K and 10 MPa.

VI.3.2.B Viscosity of [RMIM]Ac + Ethanol

Viscosity data were collected for both [EMIM]Ac and [BMIM]Ac and their mixtures
with ethanol, up to 10 mass % ethanol with [EMIM]Ac and up to 25 mass % ethanol with
[BMIM]Ac. The high pressure rotational viscometer has a lower limit of 3 cP. Due to the
significant effect of both temperature and ethanol addition on viscosity, the range of
concentrations studied in the current work was limited compared to the density measurements.
For the pure ILs, viscosity was fit to the free volume theory. The parestietehe free volume
theory for both ILs can be found in Table VI.12, along with RSME, % AAD, arfd %
Viscositywas found to be very temperature dependent, with a viscosity drop of approximately
75 % when temperature was increased from 298 to 323dditiénally, Viscosity was found to
decrease with the addition of ethanol. Adding 10 mass % ethanol caused a decrease in viscosity
of approximately 40 % in [EMIM]Ac and 70 % in [BMIM]Ac. This significant difference in the
effect of ethanol on viscosityay be due to the stronger interaction between the cosolvent and
anion, leading to further dissociation between the anions and cations. Figures VI.32 and 33 show

the viscosity versus pressure of [EMIM]Ac and [BMIM]Ac across the full range of temperatures
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studied and their mixtures with ethanol at 323 K. The full range of values for viscosity for both

ILs and their mixtures with ethanol can be found in Appedix

Table VI.12. Parameters for the fre®lume theory of viscosity.

[EMIMJAC | [BMIM]AC
L (cm) X 10 22402 | 03535
U(MPa*cmP/g*mol) | 147000 | 1490000
B X 10° 0.50737 0.7203
RSME (mPa s) 4.00 8.3
% AAD 13.2 13.9
%' 8.47 12.1
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Figure VI.32. Viscosity vesus pressure for [EMIM]Ac from 29873 K (left) and mixtures of
[EMIM]Ac with ethanol at 323 K and 500 rpm (right).
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Figure VI.33. Viscosity vesus pressure foBMIM]Ac from 298-373 K (left) and mixtures of
[BMIM]Ac with ethanol at 323 K and 500 rpm (right).

VI.3.3 HildebrandSolubility Parametersf lonic Liquids

With internal pressure calculated, Hildebrand solubility parameter was estimated using
equation II.21. Due to their negligible vapor pressure, the heat of vaporization of ILs cannot be
easily determined, rendering it difficult to calculate the solubility paramdtigures VI1.34 and
35 show solubility parameter versus pressure for mixtures of all six ILs with ethanol at 348 K.
As with internal pressure, solubility parameter was found to increase with pressure and decrease
with temperature. Looking at ILs withe chloride anion at temperatures of both 298 K and 323
K and a pressure of 10 MPa (Figure VI.36), solubility parameter was found to increase with
increasing IL concentration in mixtures of [EMIM]CI with ethanol. This contrasts with
[PMIM]CI, which follows a parabolic trend with a maximum at 50 mass % IL. [BMIM4nd
showed a maximum at 50ass % IL and minimum at 75 mass % IL. [HMIM]CI showed a
minimum at 75 mass % IL. For mixtures of [EMIM]Ac and ethanol, solubility parameter
decreased with increag IL concentration, while mixtures of [BMIM]Ac with ethanol showed a
maximum at 50 mass % IL and a minimum at 75 mass % IL (Figure V1.37). Values of the
Hildebrand solubility parameter were calculated from theEDS for [EMIM]Ac at ambient

pressure ithe temperature range from 313 to 393 K and compared to literature values from Yoo
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et al Figure V1.36)?° These values were estimated through the use of a chromatographic
technique using mixtures of ILs with solvents with known solubility parameters. The estimates
from the SL EOS were found to be on average 5 % lower than the those calculated using the
chromatographic technique. In addition, values of the Hildebrand solubility parameter at 298 K
and ambient pressures (0.1 MPa) were estimated usingliiie%. Based on these

extrapolated values, the solubility parameter overall decreases with incrdlgirdain length

on the cation. Also, with the same cation, switching from the chloride anion to acetate causes a
drop in solubility parameter. Table VI.13 shows the extrapolated values for solubility parameter
at 298 K and 0.1 MPa.
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Figure VI.34. Solubility parameter versus pressure for mixturge®MIM]CI (top left),
[PMIM] CI (top righ?), [BMIM]CI (bottom left), and HMIM] CI (bottom righ} with ethanol at

348 K.

132



N
6]
N
w

&~ o4 E[EMIM]AC PN [BMIM]AC

% (348K E T oo [ 348K :

o 23 F 3 a

\2_/ E IL E é ....o00000000000000000000000000 1L ]

=22t oo E 21 [ 50% ]

Q o ] (O] 0000000*””““’ 25% A

g2 % 3 T 75%

% 20 F 2500 % 20 | 14.9%]

= 15% bt N

S19 ¢ s 5% 3 5 59

>18 E ot ethanolé > 19 F b

S E S ethanol

S ¢ E S8 [ ]

@) E 3 o

w16t »

15 C T (NN TN TN TN T NN TN TN TN N (NN TN TN N NN (N T S N 17 NN N NN TN TN TN N NN TN TN TN T N TN TN SN N NN T T N |
0 10 20 30 40 50 0 10 20 30 40 50
Pressure (MPa) Pressure (MPa)

Figure VI.35. Solubility parameter versus pressure for mixtwelEMIM]Ac (left) and
[BMIM]ACc (right) with ethanol at 348 K.

24 _l IR B N BN B B B B | 24 LI B | T T T
o~  F298K 1 & a8k
3523 - 10 MPa 3523 - 10 MPa ;
E [EMIM]CI E 3
é 22 t [PMIM]CI é 2 ¢ ]
E’ o1 F * E’ o1 F PMiMcl [EMIMICI
O k4 O * ]
E 20 F [BMIM]CI E 20 F ®
© © * [BMIM]CI
& 19 f [HMIMIC & 19 f }
> > :
E E = L [HMIM]CI i
=18 | =18 |
> >
g 17 g 17 £ 3
16 C P R R B B A 16 C PR T T S T T T NN T T M NN SN TN N M A T N
0 20 40 0 20 40 60 80 100
Mass % IL Mass % IL

Figure VI.36. Solubility parameter versusass % ILfor mixtures of EMIM]CI, [PMIM] Cl,
[BMIM]CI and HMIM] CI with ethanol at 298 kand (left) and 348 K and (right) and 10 MPa

133



25_llll|ll T T T L 25_llll|llll| T T
6> L 298 K 1 — - 348 K
o 24 r ] o 24 C
© 10 MPa ] S £ 10 MPa
a - ] o 23 F
=23 F . = :
= T T2
Q F [BMIM]AC 3 o [BMIM]AC
+— 22 +— o
Q . ] o 2l
e . o 3 c E °
9 21 r . P * . b 20 E o
S : [EMIM]AC < g ° [EMIM]AC
Q20F, o ° ] a 19 F. e
2 fe =18 °
=19 F ] = E
S 217
S r s
=18 £ 1 o o
= 3 16
17 1 TN (NN TN TN TN TN NN NN TN TN T NN N SO S 1 15' [ TN [N TN TN TN T (NN TN TN TN N NN TN TN NN O N T N N 1
0 20 40 60 80 100 0 20 40 60 80 100
Mass % IL Mass % IL

Figure VI.37. Solubility parameter versusass % ILfor mixtures of [EMIM]Ac and
[BMIM]Ac with ethanol at 298 Kand (left) and 348 K and (right) and 10 MPa

24 C T T T T T T T T T T T T ]
= [EMIMJAC ]
% 235 ¢ 0.1 MPa:
o E ]
\E/ 23 ¢ .
8225 ]
g ) Literature 1
E 22 [ . Values
@

o 215 ° .

P

= 21 F ° ]

g N Current

© 205 f o Work .

0 E .
20 T T R R N T N R T N T S T S N S S N

250 300 350 400 450
Temperature (K)

Figure VI.38. Solubility parameter versusmperature at ambient pressure as estimated in the
current work using the-8 EOS and estimated through chromatographic techniques in the

literature?®

134



Table VI.13. Solubility parameters of ionic liquids at 298 K and 0.1 MPa.

lonic Liquid Solubility Parameter (MP®)
[EMIM]CI 23.1
[PMIM]CI 19.3
[BMIM]CI 20.0
[HMIM]CI 18.4
[EMIM]AC 22.6
[BMIM]AC 21.2

V1.4 Conclusions

Changing alkyl chain length on the cation not only effects the physical properties of the
pure ionic liquid, but thénteraction of the IL with a polar cosolvent. Increasing alkyl chain
length caused further dissociation of the anion from the cation, allowing for hydrogen bonding
with to occur between the anion and ethanol. Additionally, the longer alkyl chain catithe c
could increase the interaction with the ethyl group of the added alcohol. Due to these
interactions, modifications to the mixing rules used in conjunction with-h&S8S was
required. By making the binary interaction parameter concentrationakgethe root mean
squared deviation of the fits of the mixture data decreased by up to 64 %. For ILs with the
chloride anion, these changing IL + cosolvent interactions could also be seen in the effect of
ethanol on the derived thermodynamic propergspgcially internal pressure. Internal pressure
increased with increasing IL concentration for mixtures with [EMIM]CI. For [PMIM]CI, this
trend changed to a parabolic effect, with a maximum at 50 mass %. Both [BMIM]CI and
[HMIM]CI showed both a maximurand minimum (maximum at 50 and 25 mass %
respectively, minimum at 75 mass %). These complex interactions and their effects on internal
pressure could also be seen in ILs with the acetate anion and their mixtures with ethanol.

The viscosity of ionic liqud was found to drastically decrease with ethanol concentration.
Adding 10 mass % ethanol to [EMIM]Ac resulted in a decrease in viscosity of 40 %, while a

similar addition of ethanol caused a drop of 70 % in [BMIM]Ac. Increasing the alkyl chain
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length boh increases the viscosity of the pure IL and increases the effect of cosolvent addition
on viscosity.

Hildebrand solubility parameter for the six ILs and their mixtures with ethanol were
estimated as a function of temperature, pressure, and IL concergrafietimates of the
solubility parameter for [EMIM]Ac was found to be within 5 % of literature values. In addition,
solubility parameter was found to decrease with increasing alkyl chain length and by changing
the anion from chloride to acetate. Adaditally, these estimations followed the same trends as
internal pressure. Due to the existence of both minimum and maximums in solubility parameter
as concentration is adjusted, it may be possible to create specific solvent mixtures adequately

tuned to a prticular process that neither pure ethanol or the pure IL could effectively handle.
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VII. Conclusions

In the present thesii,has been shown that through both experimentation and modeling
approaches, a more holistic view allowing the examination of density, viscosity, and derived
thermodynamics simultaneously can be developed for complex fluid mixtures. A novel high
pressurgotational viscometer was built and validated, allowing for the collection of viscosity
data of base oils, oil and additive mixtures, and ionic liquids across a range of temperatures,
pressures, and shear rates while also allowing for the assessmesg@bphavior. This high
pressure viscosity data was used in conjunction with density data to show that models could be
generated to look at both properties, along with the derived thermodynamic properties isothermal
compressibility, isobaric thermal exgaon coefficient, and internal pressuiEhe Sanchez
Lacombe equation of state was shown to accurately model density for a variety of mixtures
involving low molecular weight constituents. More specifically, this equation of state was
successfully used Wi base oils used in the formulation of automotive lubricants and, for the first
time, ionic liquids useful in the processing of biomass. Additionally, it was shown that the
Sanched.acombe equation of state could be coupled with the free volume thenndil
viscosity, linking viscosity to density and the derived thermodynamic processesall
mixtures studied, the collection of high pressure density and viscosity data and subsequent
generation of holistic models allowed for the examination of hextmposition of these
mixtures change theintermolecular interactions and, as a result, their volumetric properties and
viscosity.

In both lubricant and ionic liquid systems, the derived thermodynamic properties,
particularly isothermal compressibilignd internal pressure, were found to be affected by
compositional effects. In the case of lubricants, the internal pressure was found to increase with
increasing cycloalkane concentration in base oils. Additionally, the addition of polymeric
additives aused changes in internal pressure that differed based in the functionality of polymer.
The addition of a small number of amine groups to the polymethacrylate base polymer added
more repulsive interactions, causing a subsequent drop in internal prestasei mixtures
compared to the neamine functionalized additive. The effect of cosolvent addition on ionic
liquids was found to changeth cation modification. As the alkyl chain length increased on the

1-alkyl-3-methylimidazlium cation, the assoca@t with the anion further decreased. With the
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greater opportunity for aniecosolvent interactions, the overall trends for internal pressure
change from a near linear increase with increasing ionic liquid addition, to going through a
maximum, to even gog through both a minimum and a maximum as fluid concentration
changes.

The ability to effectively model these trends creates opportunities for improving these
systems for their desired use cases. In the case of lubrication, understanding the effect of
composition on compressibility is usefulgéreating engine oils and automatic transmission
fluids that can effectively form films during the high pressure and high shear conditions they are
exposed to while in mechanical systems. In the case of ioniddigdildebrand solubility
parameter can be estimated from these derived thermodynamic properties, allowing for the
tuning of these mixtures for task specific applications. Understanding the formation of short
range order between an ionic liquid withatssolvent can lead to potentially better solvents than
either pure fluid, or cost savings as the amount on ionic liquid needed for a specialty process is
reduced. Additionally, the effectiveness of both lubricants and solvents requires knowledge of
the viscosity, showing the necessity of having a holistic understanding of all the properties of

these mixtures under high pressure conditions.

VII.1 Recommendations f&uture Work

While the current study has looked at the volumetric properties, derived thermodynamic
properties, and viscosity of a number of complex mixtures and related them back to composition,
the research can be further expanded in the future. The followingraeereoommendations:

1. In addition tothework on determininghe effect of viscosity index modifying polymers
on base oil propertgecarried out in the present study, other additives, in particular
dispersants, can be explorddispersantare known to forrmicellar structures in the
fluid phase How the properties of oils are altered with respe@sdathermal
compressibility, internal pressure, and viscositthe presence of micelle forming
additives should be explored

2. Data on volumetric properties amigcosity do not tell the whole stowith regards to the
physical interactionbetweerbase oilsandcertain additives. In the case of the viscosity

index modifiers, there are still unanswered questions regahdiw, for examplethe
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amine groups on ymethacrylate based additseffect both solverit polymer and

polymeri polymer interactions. It would be useful to know what causes the significant
drop in internal pressure tite higher(~ 7 wt%)concentrations of polymer in the mixtures
with the anmne containing polymer additive compared to the mixtures with the additive
that only contains alkyl group functionality. This drop appears to be due to an increase in
repulsive intermolecular interactions as these nitrageraininggroups arentroducedo

a purely paraffinic fluid. However, this effect is not seen until high concentsation
suggesting that sherange order between the polymer chains may form at these
conditions. In addition to the lubricantshe present findingsuggesthat shorrange
orderalsoforms in the case of the ionic liquid + ethanol mixtures. It may be possible to
furtherelucidatethe formation of shoifit ranged structures in the bulk fluid using either
spectroscopy or light/ray scatteringechniqies Of particular interest for thiype of
studywould bethe use of Raman spectroscopy due to its previous use in the literature in
detecting the presence of aggregates in the bulk fluid phase of ternary mixtures at high
pressures.

3. lonic liquid structire has an impact on the interaction of the constituent ions with the
cosolvent. By varying alkyl chain length, the catioanion interactions decrease, leading
to greater interactions with the cosolvent. In the current study;aheytt3-
methylimidaolium cation was used. Further functionalization of the cation can be carried
out. Adding an additional alkyl group to the imidazolium cation can lead to further
dissociation of the anion. There is potential to further develop an understanding of the
sdventi anion interactions by studyingalkyl-2,3-dimethylimidazolium chloride ionic
liquids and their mixtures with ethanol. Adding further asymmetry to the cation should
have the effect of increasing solvérdnion interactions, allowing the further

confirmation and examination of the trends seen in the present thesis.

VIl.2 References

1. N. Grimaldi, P.E. Rojas, S. Stehle, A. Cordoba, R. Schweins, S. Sala, S. Luelsdorf, D.
Pina, J. Veciana, J. Faraudo, A. Triolo, A.S. Braeuer, N. VerftwsasureResponsive,
SurfactantFree CQ-Based Nanostructured Fluids, ACS Nano, 11 (2017) 1Q0D784.

140



Appendix A: Publications Based on thePresent Thesis

J.S. Dickmann, J.C. Hassler, E. Kiran, Modeling of the volumetric properties and estimation of
the solubility parameters of ionic liquid plus ethanol mixtures with the Satnidembe and
SimhaSomcynsky equations of state: [EMIM]Ac plus ethanol and [EMIMlus ethanol

mixtures, Journal of Supercritical Fluids, 98 (2015)184..

J.S. Dickmann, J.C. Hassler, E. Kiran, High Pressure Volumetric Properties and Viscosity of

Base Oils Used in Automotive Lubricants and Their Modeling, Industrial & Engineering
Chemistry Research, 57 (2018) 17268275.

141



Appendix B: Calibration and Verification of Density and Viscosity Measurements

In this section, the results of the verification and calibration of the experinsgatams
have been reported.

Table B.1 shows the comparison of literature values to the results of a verification run
using ethanol in the variablelume viewcell.

Figures B.1B.12 show theollected torque values, both measured and corrected, for all
oil standards used in the calibration of the high pressure rotational viscometer. For a complete
list of these standards, see Table II.1.

This Appendix has been orgaed into three sections:

B.1 Verification Results of the Variablolume ViewCell for DensityDeterminations
B.2 Torque Values of Calibrations Standards ( N14, S60, RT50, RT 100) as Determined
with the High Pressure Rotational Viscometer

B.3References
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B.1 Verification Results of the Variabi®olumeView-Cell for Density Determinations

Table B.1. Comparison of literaturealues withverification runfor densitiesof ethanol in the

variablevolume viewcell !

TK)|PMPa)|l iterati?)n Aver aged) % Deviation
298 10 0.79398 0.78545 1.074
298 20 0.80179 0.79513 0.831
298 30 0.80896 0.80330 0.700
298 40 0.81562 0.81165 0.487
323 10 0.77347 0.76965 0.494
323 20 0.78237 0.77765 0.603
323 30 0.79046 0.78563 0.612
323 40 0.79788 0.79410 0.474
348 10 0.75137 0.74740 0.528
348 20 0.76167 0.75728 0.576
348 30 0.77087 0.76666 0.546
348 40 0.77922 0.77540 0.490
373 10 0.72705 0.72673 0.044
373 20 0.73918 0.73756 0.219
373 30 0.7498 0.74728 0.336
373 40 0.7593 0.75635 0.389
398 10 0.69993 0.70470 -0.681
398 20 0.71452 0.71738 -0.401
398 30 0.72697 0.72913 -0.298
398 40 0.73788 0.73975 -0.253
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B.2 Torque Values dfalibrations Standardé N14, S60, RT50, RT 100) as Determingti the

High Pressure Rotational Viscometer
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Figure B.7. Torque versus time ab3 K for S60, both raw (left) and corrected (right) values.
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Appendix C: Density, Derived Thermodynamic Propeties, and Viscosity ofBase Oils

In this section, the full range of density, derived thermodynamic properties, and viscosity
for base oils 1A, llIA, 11IB, PAO 4, and PAO 8 have been reported.

FiguresC.1-C.5 show density, isothermal compressibility, isobaric thermal expansion
coefficient, and internal pressure of all five base oils frord@0/1Pa and 29898 K.

FiguresC.6-C.10 show viscosity versus pressure for all five base oils frod01Pa
and 298373 K.

TablesC.1-C.5include select data for density as calculated from the Saihauemmbe
equation of state, derived thermodynamic properties, and viscosity as caldidateghe free
volume theory.

This Appendix has been organized into three sections:

C.1 PVT data and thermodynamic properties for lIA, llIA, IlIB, PAO 4, and PAO 8
C.2 Viscosity data for llA, llIA, 1B, PAO 4, and PAO 8
C.3 Select tabulated data fdAl IlIA, 11IB, PAO 4, and PAO 8
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C.1 PVT data and thermodynamic properties for 1A, llIA, 11IB, PAO 4, and PAO 8
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Figure C.1. PVT data and thermodynamic properties for IIA: Density (top left), isothermal
compressibility (top right), isobaric thermal expansion coefficient (bottom left), and internal

pressure (bottom right).
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Figure C.2. PVT data and thermodynamic profpes for IlIA: Density (top left), isothermal

compressibility (top right), isobaric thermal expansion coefficient (bottom left), and internal

pressure (bottom right).
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Figure C.3. PVT data and thermodynamic properties for 1lIB: Density (top left), isothermal

compressibility (top right), isobaric thermal expansion coefficient (bottom left), and internal
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C.2 Viscosity data for lIA, IlIA, 11IB, PAO 4, and PAO 8
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Figure C.6. Viscosity versus pressure for IIA at 500 rpm (left) and 323 K (right).
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Figure C.7. Viscosity versus pressure for IlIA at 500 rpm (left) and 323 K (right).
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C.3 Select tabulated data for lIA, llIA, 1IIB, PAO 4, and PAO 8

Table C.1. Density, isothermal compressibility, isobaric thermal expansion coefficient, internal
pressure, and dynamic viscosity for a selection of temperatures and pressures as calculated by the
S-L EOS and free volume model for base oil lIA.

TK) | PMPa)| y(glen®) | T ( 1/ bP (1] ( Mld ( mH
298 10 0.8773 | 0.0005165 | 0.0007563 426.3 47.86
298 15 0.8795 | 0.0004934 | 0.0007343 428.5 53.22
298 20 0.8816 | 0.0004720 | 0.0007135 430.5 59.09
298 25 0.8837 | 0.0004520 | 0.0006939 432.5 65.52
298 30 0.8856 | 0.0004333 | 0.0006753 434.4 72.55
298 35 0.8875 | 0.0004158 | 0.0006576 436.3 80.25
298 40 0.8893 | 0.0003994 | 0.0006407, 438.1 88.65
323 10 0.8601 | 0.0006385 | 0.0008297, 409.7 14.51
323 15 0.8627 | 0.0006080 | 0.0008043 412.3 16.08
323 20 0.8653 | 0.0005799 | 0.0007805 414.7 17.78
323 25 0.8678 | 0.0005539 | 0.0007581 417.1 19.63
323 30 0.8701 | 0.0005298 | 0.0007370 419.4 21.64
323 35 0.8724 | 0.0005073 | 0.0007171 421.5 23.83
323 40 0.8745 | 0.0004864 | 0.0006982 423.6 26.20
348 10 0.8416 | 0.0007800 | 0.0009018 392.4 5.33
348 15 0.8448 | 0.0007399 | 0.0008725 395.4 5.90
348 20 0.8479 | 0.0007032 | 0.0008452 398.2 6.50
348 25 0.8508 | 0.0006696 | 0.0008197, 401.0 7.16
348 30 0.8536 | 0.0006387 | 0.0007958 403.6 7.87
348 35 0.8563 | 0.0006101 | 0.0007734 406.1 8.63
348 40 0.8588 | 0.0005836 | 0.0007522 408.6 9.46
373 10 0.8221 | 0.0009445 | 0.0009734 374.4 2.28
373 15 0.8259 | 0.0008919 | 0.0009394 377.9 2.51
373 20 0.8295 | 0.0008443 | 0.0009080 381.1 2.77
373 25 0.8329 | 0.0008010 | 0.0008790 384.3 3.04
373 30 0.8362 | 0.0007615 | 0.0008520 387.3 3.33
373 35 0.8393 | 0.0007253 | 0.0008268 390.2 3.65
373 40 0.8423 | 0.0006919 | 0.0008032 393.0 3.99
398 10 0.8017 | 0.0011365 | 0.0010451 356.0 -
398 15 0.8061 | 0.0010675 | 0.0010055 359.9 -
398 20 0.8103 | 0.0010057 | 0.0009695 363.7 -
398 25 0.8142 | 0.0009501 | 0.0009364 367.2 -
398 30 0.8180 | 0.0008999 | 0.0009059 370.6 -
398 35 0.8216 | 0.0008542 | 0.0008776 373.9 -
398 40 0.8250 | 0.0008124 | 0.0008513 377.0 -
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Table C2. Density, isothermal compressibility, isobaric thermal expansion coefficient, internal
pressure, and dynamic viscosity for a selection of temperatures and pressures as calculated by the

S-L EOS and free volume model for base oil IIB.

TK) |PMPa)| ) ( 8/ ar(1/MPa)| bp(1/K) (Md (mA
298 10 0.8847 | 0.0005097| 0.0007415 423.55| 99.55
298 15 0.8869 | 0.0004869| 0.0007199 425.66 | 107.44
298 20 0.8890 | 0.0004657| 0.0006996 427.69 | 115.76
298 25 0.8910 | 0.0004459| 0.0006803 429.65| 124.53
298 30 0.8930 | 0.0004275| 0.0006620 431.53 | 133.78
298 35 0.8948 | 0.0004102| 0.0006447 433.34| 143.52
298 40 0.8966 | 0.0003940| 0.0006281 435.08 | 153.77
323 10 0.8676 | 0.0006290| 0.0008128 407.40 | 26.16
323 15 0.8703 | 0.0005990| 0.0007880 409.91 | 28.22
323 20 0.8729 | 0.0005714| 0.0007648 412.31| 30.39
323 25 0.8753 | 0.0005458| 0.0007429 414.62 | 32.66
323 30 0.8776 | 0.0005221| 0.0007222 416.84| 35.05
323 35 0.8799 | 0.0005000| 0.0007027 418.98| 37.56
323 40 0.8820 | 0.0004794| 0.0006842 421.03| 40.18
348 10 0.8494 | 0.0007670| 0.0008827 390.49 8.54
348 15 0.8526 | 0.0007277| 0.0008541 393.42 9.22
348 20 0.8556 | 0.0006919| 0.0008275 396.22 9.93
348 25 0.8585 | 0.0006589| 0.0008026 398.90 | 10.67
348 30 0.8613 | 0.0006286| 0.0007793 401.48 | 11.45
348 35 0.8640 | 0.0006005| 0.0007574 403.95| 12.26
348 40 0.8665 | 0.0005745| 0.0007368 406.33 | 13.10
373 10 0.8302 | 0.0009268| 0.0009517 372.99 3.30
373 15 0.8339 | 0.0008756| 0.0009187 376.36 3.57
373 20 0.8375 | 0.0008291| 0.0008882 379.58 3.84
373 25 0.8409 | 0.0007869| 0.0008600 382.66 4.13
373 30 0.8441 | 0.0007482| 0.0008337 385.61 4.43
373 35 0.8472 | 0.0007128| 0.0008092 388.43 4.75
373 40 0.8502 | 0.0006802| 0.0007862 391.15 5.07
398 10 0.8100 | 0.0011125| 0.0010204 355.04 -
398 15 0.8143 | 0.0010455| 0.0009822 358.89 -
398 20 0.8185 | 0.0009856| 0.0009473 362.55 -
398 25 0.8224 | 0.0009316| 0.0009153 366.04 -
398 30 0.8262 | 0.0008826| 0.0008857 369.38 -
398 35 0.8297 | 0.0008381| 0.0008583 372.57 -
398 40 0.8331 | 0.0007974| 0.0008327 375.63 -
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Table C.3. Density, isothermal compressibility, isobaric thermal expansion coefficient, internal
pressure, and dynamic viscosity for a selection of temperatures and pressures as calculated by the

S-L EOS and free volume model for base oil llIA.

TK) | PMPa)| } (Md/| ar (L/IMPa) | bp(1/K) ( Mld ( mH
298 10 0.8365 | 0.0005734 | 0.0008003 405.91 26.37
298 15 0.8388 | 0.0005464 | 0.0007759 408.18 28.84
298 20 0.8411 | 0.0005213| 0.0007529 410.37 31.50
298 25 0.8432 | 0.0004981 | 0.0007312 412.46 34.35
298 30 0.8453 | 0.0004765 | 0.0007108 414.48 37.41
298 35 0.8473 | 0.0004564 | 0.0006914 416.42 40.69
298 40 0.8492 | 0.0004376 | 0.0006730 418.28 44.22
323 10 0.8191 | 0.0007097 | 0.0008772 389.23 9.66
323 15 0.8220 | 0.0006737 | 0.0008488 391.93 10.54
323 20 0.8247 | 0.0006408 | 0.0008224 394.52 11.48
323 25 0.8273 | 0.0006105 | 0.0007976 396.99 12.49
323 30 0.8297 | 0.0005825 | 0.0007744 399.37 13.56
323 35 0.8321 | 0.0005566 | 0.0007525 401.65 14.71
323 40 0.8344 | 0.0005326 | 0.0007318 403.84 15.93
348 10 0.8006 | 0.0008685 | 0.0009529 371.82 4.15
348 15 0.8040 | 0.0008209 | 0.0009200 374.98 4.53
348 20 0.8072 | 0.0007778 | 0.0008895 377.99 4.92
348 25 0.8103 | 0.0007385 | 0.0008612 380.86 5.34
348 30 0.8132 | 0.0007024 | 0.0008349 383.61 5.79
348 35 0.8160 | 0.0006693 | 0.0008102| 386.25 6.27
348 40 0.8187 | 0.0006388 | 0.0007871] 388.79 6.77
373 10 0.7810 | 0.0010541 | 0.0010283 353.86 2.02
373 15 0.7850 | 0.0009913 | 0.0009899 357.49 2.20
373 20 0.7888 | 0.0009349 | 0.0009548 360.95 2.39
373 25 0.7924 | 0.0008840 | 0.0009225 364.25 2.59
373 30 0.7958 | 0.0008379 | 0.0008926 367.39 2.81
373 35 0.7991 | 0.0007958 | 0.0008649 370.41 3.04
373 40 0.8022 | 0.0007573 | 0.0008391] 373.29 3.27
398 10 0.7605 | 0.0012718|0.0011040 335.49 -
398 15 0.7652 | 0.0011887 | 0.0010592 339.64 -
398 20 0.7696 | 0.0011152 | 0.0010187] 343.57 -
398 25 0.7738 | 0.0010496 | 0.0009818 347.31 -
398 30 0.7777 | 0.0009906 | 0.0009480 350.87 -
398 35 0.7815 | 0.0009374 | 0.0009168 354.27 -
398 40 0.7851 | 0.0008891 | 0.0008880 357.51 -
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Table C.4. Density, isothermal compressibility, isobaric thermal expansion coefficient, internal
pressure, and dynamic viscosity for a selection of temperatures and pressures as calculated by the

S-L EOS and free volume model for base oil lIIB.

TK) [PMPa)|} (Mmd/ ar(1/MPa)| bp(1/K) (M d ( mP
298 10 0.8432 | 0.0005262| 0.0007589 419.77 87.64
298 15 0.8453 | 0.0005025| 0.0007367| 421.93 97.08
298 20 0.8474 | 0.0004804| 0.0007157| 424.01 107.38
298 25 0.8494 | 0.0004598| 0.0006959 426.01 118.60
298 30 0.8513 | 0.0004406| 0.0006771 427.93 130.81
298 35 0.8532 | 0.0004227| 0.0006593 429.78 144.11
298 40 0.8549 | 0.0004059| 0.0006423 431.56 158.57
323 10 0.8266 | 0.0006494| 0.0008311] 403.40 26.60
323 15 0.8292 | 0.0006181| 0.0008055 405.97 29.37
323 20 0.8317 | 0.0005892| 0.0007816/ 408.43 32.37
323 25 0.8341 | 0.0005626| 0.0007590 410.78 35.61
323 30 0.8364 | 0.0005379| 0.0007378 413.05 39.12
323 35 0.8386 | 0.0005149| 0.0007177| 415.23 42.92
323 40 0.8407 | 0.0004935| 0.0006987| 417.33 47.02
348 10 0.8089 | 0.0007919| 0.0009018 386.30 9.79
348 15 0.8120 | 0.0007508| 0.0008722 389.29 10.78
348 20 0.8150 | 0.0007133| 0.0008448 392.15 11.86
348 25 0.8178 | 0.0006790| 0.0008192 394.89 13.01
348 30 0.8205 | 0.0006473| 0.0007953 397.51 14.26
348 35 0.8231 | 0.0006182| 0.0007728 400.04 15.59
348 40 0.8256 | 0.0005911| 0.0007516 402.46 17.03
373 10 0.7901 | 0.0009571| 0.0009715 368.62 4.18
373 15 0.7938 | 0.0009033| 0.0009374 372.07 4.60
373 20 0.7973 | 0.0008548| 0.0009060 375.35 5.05
373 25 0.8006 | 0.0008107| 0.0008769 378.49 5.54
373 30 0.8038 | 0.0007704| 0.0008499 381.49 6.06
373 35 0.8068 | 0.0007335| 0.0008247 384.37 6.61
373 40 0.8097 | 0.0006996| 0.0008011] 387.13 7.20
398 10 0.7705 | 0.0011491| 0.0010409 350.54 -
398 15 0.7748 | 0.0010788| 0.0010015 354.46 -
398 20 0.7789 | 0.0010160| 0.0009655 358.19 -
398 25 0.7827 | 0.0009596| 0.0009325 361.75 -
398 30 0.7864 | 0.0009086| 0.0009020 365.14 -
398 35 0.7899 | 0.0008622| 0.0008739 368.39 -
398 40 0.7932 | 0.0008199| 0.0008477| 371.50 -
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Table C.5. Density, isothermal compressibility, isobaric thermal expansion coefficient, internal
pressure, and dynamic viscosity for a selection of temperatures and pressures as calculated by the

S-L EOS and free volume model for base oil PAO 4.

T(K) |[P(MPa) [} ¢md/ |ar(1/MPa) | bp(1/K) ( MBd ( mHF
298 10 0.8345 0.0006138 | 0.0007690 363.34 | 38.50
298 15 0.8370 0.0005820 | 0.0007432 365.52 | 41.76
298 20 0.8393 0.0005528 | 0.0007191 367.60 | 45.22
298 25 0.8416 0.0005260 | 0.0006964 369.58 | 48.89
298 30 0.8438 0.0005011 | 0.0006752 371.49 |52.78
298 35 0.8458 0.0004781 | 0.0006551 373.31 | 56.91
298 40 0.8478 0.0004567 | 0.0006361 375.06 | 61.29
323 10 0.8178 0.0007573 | 0.0008417 349.00 | 15.14
323 15 0.8208 0.0007155 | 0.0008120 351.58 | 16.40
323 20 0.8237 0.0006774 | 0.0007845 354.03 | 17.72
323 25 0.8264 0.0006427 | 0.0007588 356.38 | 19.13
323 30 0.8290 0.0006107 | 0.0007348 358.62 | 20.61
323 35 0.8315 0.0005814 | 0.0007123 360.76 |22.17
323 40 0.8339 0.0005542 | 0.0006911 362.81 |23.81
348 10 0.8001 0.0009233 | 0.0009127 334.02 |6.90
348 15 0.8037 0.0008685 | 0.0008785 337.02 | 7.47
348 20 0.8071 0.0008191 | 0.0008471 339.88 | 8.07
348 25 0.8103 0.0007744 | 0.000818Q 342.60 |8.70
348 30 0.8134 0.0007337 | 0.0007911 345.19 |9.36
348 35 0.8163 0.0006965 | 0.0007659 347.66 | 10.05
348 40 0.8190 0.0006624 | 0.0007424 350.03 | 10.78
373 10 0.7813 0.0011158 | 0.0009828 318.56 | 3.52
373 15 0.7856 0.0010441 | 0.0009434 322.02 |3.82
373 20 0.7896 0.0009803 | 0.0009074 325.29 |4.12
373 25 0.7933 0.0009230 | 0.0008745 328.40 | 4.44
373 30 0.7969 0.0008714 | 0.0008442 331.36 | 4.78
373 35 0.8003 0.0008247 | 0.0008162 334.18 |5.13
373 40 0.8035 0.0007820 | 0.0007902 336.87 |5.49
398 10 0.7617 0.0013394 | 0.0010525 302.76 |-

398 15 0.7667 0.0012457 | 0.0010069 306.69 | -

398 20 0.7713 0.0011634 | 0.0009658 310.40 |-

398 25 0.7756 0.0010905 | 0.0009286 313.92 |-

398 30 0.7797 0.0010254 | 0.0008946 317.26 |-

398 35 0.7836 0.0009669 | 0.0008634 320.43 |-

398 40 0.7873 0.0009140 | 0.0008347 323.46 |-
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Table C.6. Density, isothermal compressibility, isobaric thermal expansion coefficient, internal
pressure, and dynamic viscosity for a selection of temperatures and pressures as calculated by the
S-L EOS and free volume model for base oil PAO 8.

TK) | PMPa) |} ¢md/ ar (L/IMPa) | bp(1/K) ( Mld ( mH
298 10 0.8340 | 0.0006204 | 0.0007538 352.06 | 119.96
298 15 0.8366 | 0.0005875 | 0.0007278 354.19 | 131.98
298 20 0.8389 | 0.0005573 | 0.0007035 356.22 | 144.89
298 25 0.8412 | 0.0005295 | 0.0006808 358.16 | 158.75
298 30 0.8434 | 0.0005039 | 0.0006594 360.02 | 173.61
298 35 0.8455 | 0.0004801 | 0.0006393 361.79 | 189.54
298 40 0.8475 | 0.0004581 | 0.0006203 363.49 | 206.60
323 10 0.8177 | 0.0007649 | 0.0008251] 338.43 35.56
323 15 0.8208 | 0.0007216 | 0.0007953 340.95 39.06
323 20 0.8237 | 0.0006824 | 0.0007676 343.35 42.81
323 25 0.8264 | 0.0006465 | 0.0007419 345.64 46.80
323 30 0.8290 | 0.0006137 | 0.0007179 347.83 51.06
323 35 0.8315 | 0.0005835 | 0.0006954 349.91 55.59
323 40 0.8339 | 0.0005557 | 0.0006742 351.91 60.43
348 10 0.8003 | 0.0009316 | 0.0008947 324.18 12.83
348 15 0.8040 | 0.0008751 | 0.0008604 327.13 14.09
348 20 0.8074 | 0.0008243 | 0.0008289 329.92 15.43
348 25 0.8106 | 0.0007784 | 0.0007998 332.57 16.85
348 30 0.8137 | 0.0007367 | 0.0007729 335.10 18.36
348 35 0.8166 | 0.0006986 | 0.0007478 337.51 19.96
348 40 0.8194 | 0.0006636 | 0.0007243 339.81 21.66
373 10 0.7820 | 0.0011245 | 0.0009631 309.47 5.40
373 15 0.7862 | 0.0010508 | 0.0009237 312.85 5.93
373 20 0.7902 | 0.0009854 | 0.0008878 316.05 6.49
373 25 0.7940 | 0.0009268 | 0.0008550 319.09 7.09
373 30 0.7976 | 0.0008740 | 0.0008248 321.97 7.71
373 35 0.8010 | 0.0008263 | 0.0007968 324.72 8.38
373 40 0.8042 | 0.0007828 | 0.0007709 327.34 9.08
398 10 0.7627 | 0.0013480 | 0.0010310 294.42 -
398 15 0.7677 | 0.0012521 | 0.0009855 298.27 -
398 20 0.7723 | 0.0011680 | 0.0009446 301.90 -
398 25 0.7767 | 0.0010935 | 0.0009076 305.33 -
398 30 0.7808 | 0.0010272 | 0.0008738 308.58 -
398 35 0.7847 | 0.0009676 | 0.0008429 311.67 -
398 40 0.7884 | 0.0009139 | 0.0008143 314.62 -
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Appendix D: Density, Derived Thermodynamic Properties, and Viscosity of Mixtures of

Base Oils withAdditives and Automatic Transmission Fluids

In this section, the full range of density, derived thermodynamic properties, and viscosity
for mixtures of PAO 4 with two ethacrylate based polymeric additives and two automatic
transmission fluidhave been reported.

FiguresD.1-D.8 show density, isothermal compressibility, isobaric thermal expansion
coefficient, and internal pressureroixtures of PAO 4 with both polymeric additives up to 7
mass perceritom 1040 MPa and 29398 K.

FiguresD.9-D.16 show viscosity versus pressudog all mixturesfrom 1040 MPa and
298373 K.

Figures D.17 and D.18 show density and the derived thermodynamic properties for both
ATFs.

TablesD.1-D.10include select data for density as calculated from the Sanhaoeznbe
equation of state, derivetlermodynamic properties, and viscosity as calculated from the free
volume theory.

This Appendix has been organized ifdar sections:

D.1 Density and Derived Thermodynamic Properties of Mixtures of PAO4 + Viscosity
Index Modifiers

D.2 Viscosity of Mixtures of PAO 4 + Viscosity Index Modifiers

D.3 Density and Derived Thermodynamic Properties of ATFs

D.4 Select Tabulated Data for Mixtures of PAO 4 + Viscosity Index Modifiers and ATFs
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D.1 Density and Derived Thermodynamic Properties of Mixtures of PAO4 + Viscosity Index
Modifiers
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Figure D.1. PVT data and thermodynamic propertiesdanixture of PAO 4 0.71 mass %
Polymer 1 Density (top left), isothermalompressibility (top right), isobaric thermal expansion

coefficient (bottom left), and internal pressure (bottom right).
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Figure D.2. PVT data and thermodynamic propertiesdanixture of PAO 4 4.42 mass %

Polymer 1 Density (top left), isothenal compressibility (top right), isobaric thermal expansion

coefficient (bottom left), and internal pressure (bottom right).
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Figure D.3. PVT data and thermodynamic propertiesdanixture of PAO 4 £.85 mass %

Polymer 1 Density (topeft), isothermal compressibility (top right), isobaric thermal expansion

coefficient (bottom left), and internal pressure (bottom right).
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Figure D.4. PVT data and thermodynamic propertiesdanixture of PAO 4 #.12mass %

Polymer 1 Density (top left), isothermal compressibility (top right), isobaric thermal expansion

coefficient (bottom left), and internal pressure (bottom right).
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Figure D.5. PVT data and thermodynamic propertiesdanixture of PAO 4 ©.70mass %
Polymer2: Density (top left), isothermal compressibility (top right), isobaric thermal expansion

coefficient (bottom left), and internal pressure (bottom right).
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Figure D.6. PVT data and thermodynamic propertiesdanixture of PAO 4 4.40mass %

Polymer2: Density (top left), isothermal compressibility (top right), isobaric thermal expansion

coefficient (bottom left), and internal pressure (bottom right).
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Figure D.7. PVT data and thermodynamic propertiesdanixture of PAO 4 £.80mass %

Polymer2: Density (top left), isothermal compressibility (top right), isobaric thermal expansion

coefficient (bottom left), and internal pressure (bottom right).
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Figure D.8. PVT data and thermodynamic propertiesdanixture of PAO 4 + D1 mass %

Polymer2: Density (top left), isothermal compressibility (top right), isobaric thermal expansion

coefficient (bottom left), and internal pressure (bottaght).
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