CHAPTER I

INTRODUCTION

Many chemical engincering processes involving mass transfer which is driven
by phenomenon such as gas absorption, membrane separation, and heterogeneous
reaction cannot be adequately rmodelled without accurate estimaies of diffusion co-
eificients in the liquid phase. Still, very few measurements of diffusion coefcients
in liquids at temperature and pressures above ambient have been published and
theories to predict diffusion coefficients in liquids are not well established. Conse.
quently, existing correlations often yield poor predictions of diffusion coeffcients at
the elevated temnperatures and pressures where the majority of chemical processes
-:::pe;rate. This research focuses on the measurement of diﬂ'usioa;l coetficients which

are required to model the F 1scher-Tropsch Synthesis,

A. FISCHER-TROPSCH SYNTHESIS

The Fischer-Tropsch Synthesis is a process by which gasoline, diesel oil, wax,
and a.lcchol.é are produced from hydrogen and carbon monoxide. Coal is usually
gasified to supply the required hydrogen and cﬁxbon tnonoxide. Madern technology
focuses on reacting these two geses in a liquid shurry containing a suspended catalyst.
Previous comventional technology employed fixed bed and fluidized bed reactors,
Literature on the process is voluminons., The interested reader is referred to
Anderson (1984}, Riekena ek al, (1982}, and Baird et al. {1980},_ as a starting
point. | _ |

The Fischer-Tropsch synthesis reaction has been studied in many different types

of reactors, at several different operating conditions, and with various catalysts. In
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order to evaluate mass transfer charar:teristicg in these varions gysiems, accurate
estimates of liquid phase diffusion eoefficients for products and reactants are critical.
The task of estimating diffusion coefficients it a Fischer-Tropsch reactor is by no
means elementary. The steady state liquid phase, often referred io ag F T wax, is
prmarily a mixture of saturated hydrocarbons with an average carbon number of
about 30, aithough it can range as high as 70. The melting point of the FT wax
1s typically in exeess of 100°C, and reaction conditions of the normal progess range
from 473-573 K at 1 to 5 MPa. Prior to 1984, diffusion coefficients had not been

measured in even the simplest pure low melting hydrocarbons at these conditions.

B. OVERVIEW OF DIFFUSION RESEARCH PROGRAM

In 1984, & diffusion research program funded by the U. 5. Depariment of Energy
was started by Dr. Aydin Akgerman at Texas A&M University. The ultimate goal
of this research program was to measupe diffusion coefficienis in an actual sample
of Fischer-Tropach reactor wax at 1:yplcal reaction conditions, The experimental -
work was wn.ducted mn three phases.

Resulis of the first phase of the research have already been reported {Matthews
and Akgerman, 1987a; Matthews et al., 1987a; and Matthews et al., 1987h), During
the first phase of the project, a Taylor dispersion apparatus was constructed. This
a,pparatus was then used to measure infinite dilution mutyal diffusion eoefficients of
the normal alkane solutes octane, decane, dodecans, tetradecane, and hexadecane,
and of the gases h}rdmgen, carbon monm::de and carbon dioxide in the n-alkane
solvents heptane {(C;), dodecane {Ciz), and hexadecane (Cis}. Normal alkanes were
chosen because ﬁhe:r are a simple homologous series and are primary products of

the FT synthesis. Hydrogen and carbon monoxide age reactants in the synthesis
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and carbon dioxide is a product of the water~gas shift reaction. Measurements were

made at temperatures between 208 and 573 K, and pressures from 0.1 to 3.45 MPa
(14.7 to 300 psia). Prior to this work, the avallable duta for alkane/alkane systems
were primarily limited to the temperature range 200-343 K, and there were no data,
available for the diffusion of gases above 323 K,

Resuits from the first phase of the study indicated thai the diffusion coefBeients
were a strong function of temperaﬁure, but only a very weak function of pressure over
the range which was investigated. For this reason, all subsequent experiments were
conducted at approxmately 200 psia, a typical F ischer~Tropsch reactor pressnre.
During the first phase of the research Program & new technique was developed for
mea.sming solvent density using the Taylor dispersion apparaius. This technique
was used throughout the entire research program to measure solvent density at each
of the empenmental conditions. The density data was eventually nsed ta de*-"elnp a
correlation which predicts the diffusion coefficients.

This dissertation reports the results of the second und third phaszes of the
diffusion research program. During the éecnnd phase of the program, extensive
modifications were performed to the existing Taylor apparatus so that diffasion
coefficients could be measured in molten solvents with melting poinis up to 400
K. Prior to these modifications, the apparatus could only be used with solvents
which were liquids at ambient conditions. After the required modifications were
completed, mutual diffusion coefficients at infinite dilution were measured for each
nf the selected alkane and paseous solutes in the solvents n-eicosane (Cag) and o
octacosane {Cgg) at temperatures from 373 to 533 K. Prior to this study, diffusion

coefficients had never been measured in these solvents, which melt at 36 and 60°C

respectively.



During the third and final phase of the experimental work, mutual diffusion
coefficients at infimte dilution were measured for each of the selected solutes in
an actual sanple of FT wax which meclted near l[]EI”G,.Measurements were made
at 200 psia over the range 473-533 K, which are typical Fischer~Tropsch reactor
conditions. The F'T wax density was also measured at each experimental condition.
Results indicated that estimates of diffusion coefficients currently being used to

model the Fischer-Tropseh process are highly erroneous.

C. ADDITIONAL ACCOMPLISHMENTS

Following the completion of the experimental work disscussed in the previous
section, a non-linear least squares computer model was developed to extract the
diffusion coefficients from the raw Taylor dispersion data {see Chapters II and VI),
The model, based on the analytical solution to the Taylor dispersion problem,
proved to be superior to the simple approximate models used in previous Taylor
dispersion resezrch., The diffusion coefficients reported herein for the solvents n-
elcosane, n—octacosane, and Fischer-Tropsch wax were dotermined using the new
non-linear model.

Since the diffusion coefficients reported from the first phase of the study were
extracted from the raw data using a more approximate method, all raw data
from thz;: first phase was reanalyzed with the new model. Significant errors were
discovered in many of the diffusion coefficients which had been reported previcusly.

Once all of the diffusion cocflicients had been exiracted from the raw data using
the new nen-linear model, a correlation was deﬁelcped based on the Rough Hard
Sphere (RHS) theory for diffusion. In general, the RHS theory predicts that the

tativ of the diffusion coefiicient to the square root of temperature is proportional



to the molar volume of the solverns. Starting with this general form, a simple
semi-empirical correlation was developed which predicts diffusion coefficients for
the gaseous solutes hydrogen, CO, and COy and alkane solutes ranging from n-
octane (Cz) to n-hexadecane (14} in alkane solvents ranging from n-heptane (Cy)
to n-octacosane {Cgg ). The correlation predicts the data accurately over the entire
temperature range of the measurements. Recomumendations are given for using the

RHS correlation to predict diffusion coefficients in a Fischer-Tropsch wax mixture.

D. GENERAL QUTLINE

The dissertation follows in logical order. Chapter II begins with & deseription
- of the various types of diffusion coefficients which can ba measured, explaining
the reason why mutual diffusion coefficients at infinite ditution were measured for
this study. Several different measurement techniques are also discusse&, with an
emphasiz on Taylor _dispersinn. Chapter III summarizes previons studies which
report measurements of diffusion in pure alkane solvents and alkane mixtures. In
Chapter IV, predictive theoties and correlations which have been applied to predict
diffusion coefficients in liquid alkanes are reviewad. The Rough Hard Sphere theory
is emphasized becuuse it was chosen to correlate the reported data.

Chapters V through VII describe the specifie accomplishments of this study. In
Chapter V, the details of the speaific apparatus and proceduge are given, Chapter
VI covers the development and validation of the new non-linear madel for extracting
diffusion mefﬁcie;nts from raw Taylor dispersion data. Finally, in Chapter VI, the
results are presented and di.scu:ssei The Rough Hard Sphere correlation is also
developed in Chapter VIL Chapter VIII presents the conclusions drawn from the

rescarch and Chapier IX containg seversl recommendations for future work,




CHAPTER 1I
MEASUREMENT OF DIFFUSION COEFFICIENTS

Measurements of diffusion data reported in the literature are often diffeult
to mterpret due to ineunsistent terminalngf and lack of clear definitions for the
reported diffusion coefficients. Although several different torms are used, there are
actualiy only two general classes of biné.ry diffusion eoefficients, the mutual diffusion
coesficient and the tracer diffusion coefficient. Even though this study focuses on 2
special case of mutual diffusion, the mutual diﬂ'usion_coeﬂicient at infinite ditution,
it is important to understand the relationship of the reported diffusion coeffcients

to other types of diffusion coefficients reported in the literature.

A. TYPES OF DIFFUSION COEFFICIENTS

The mutual diffusion coeficient, Dy, quantitatively describes diffusion of solute
(1) and solvent (2) molecules interacting o equalize concentration gradients and
depends only on type 1-2 molecular interactions. The tracer diffusion cosficients Dy
and Dj measure the diffusion of a single species (1 or 2) interacting in a solution of
solvent and solute molecules, Therefore, the tracer diffusion coeficient DT depends
on both types 1-2 and 1-1 molecular iﬁteractions, while D3 depends on types 1-2
and 2-2 interactions.

Figure 2.1 illusirates the typical qualitative behavior of both mutual and tracer
diffusion as a function of mncentrétion for a generic highly ideal binary system.

Several important points can be noted from Figure 2.1;

1. (D)% and (D3)5, often referred to as self diffusion coeflicients, are limiting
cases of the tracer diffusion coeficients, as noted. These quantities are also
referred to as Dy, and Ds,. '
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Figure 2.1. Quaiitative behavior of diffusion coefficients for a highly ideal binary
liquid system.
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2. Tracer diffusion coefficients are actually strong functions of concentration,
although the term ‘tracer’ is often mistakenly nsed in reference to only the
limiting cases where tracer diffusion approaches mutual diffusion,

3. The mutual diffusion cocfficient & also a function of concentration. For
this study, we have measured several Hmiting cases of mutual diffusion, prop-
erty referred to as ‘mutual diffusion coefficients at infinite dilution’ or 24
Throughout this report we will refer to these limiting cases as simply D, the
diffusion cocificient, or the diffusivity. Except where stated otherwise, these
terms have been used interchangeably.

The mutual diffusion coefficient, Dya, is the most commonly measured type
of diffusion coefficient, and is the diffusion coefficient required for mass transfer
caleulations. Since most gases are only sparingly soluble in liguds, mutual diffusion
coeflicients for gases in liquids arte always reported =g being at infinite dilution.
Since liquid-liquid mixtures can exist over the entire concentration rzmge,l the effect
of concentration on the liquid-liguid mutual diffusion coefficient is often important.
However, for the case of diffusion in the Fischer-Tropsch wax, the mutual diffusion
coefficient at infinite dilution, D¢y, is the proper diffusion coefficient for massy
transfer calculations. In this case, Dfy actually represents the diffusion of infimtely
dilute solute, 1, through the FT wax mixture, 2. This is the situation that Decurs
a3 a product or reactant diffuses to or from the surface of the FT catalyst.

The next zection is a general reviéw of different classes of diffusion coefficient
Ineasurcment techniques. Of the techniques which have been developed Taylor
dispersion is the only method which can easily by extended to the temperatures
andG pressures required for this particular study. For this reason, the particular

details of each technique are not elaborated.
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B. TECHNIQUES FOR MEASURING DIFFUSION CDEFFICIENT 5

Many different cxperirental methods have beecn used to measure diffusion
coeflicients in liquids. A coinprehensive review of these techniques is given by Tyrrell
and Harris (1984). The most common technique for measuring diffusion in lquids
1s the diaphragm cell. Since the diaphragm cell technique requires that steady siate
be attained in the cell, & single messurement may take days to complete. The
technique is ususlly used to measure mutual diffusion, but may be used to measure
fracer diffusion through the use of labelled radioactive tracers. Although diaphragm
ceils have been used successfully at high pressures, they are not amenable to high
temperature measurements.

Several optical interference techniques have also been used to measure diffusion
coefficients in liquids. These methods all rely on measuring interferometric fringe
putterns which initially occur at a sharp boundary between two liquids. The

iringe patterns are caused by gradients in the refractive index near the boundary.

- Optical interference methods are espectally suited to measuring mutual diffusion

coefficients over the entire concentration range in a single experiment. When a laser
is used as a light source, highly accurate results mayv be obtained. However, due
to inherent experimental diffieulties associated with all interfefometric'tedm_iques,
these methods have not :,re;r. been extended to high temperatures and pressures.
The seif diffusion coefficient, a special case of tracer diffusion is often measured
due to its theoretical significance. Self diffusion can be rmeasured using a radioactive
tracer and any one of sew‘efai standard techniques, but is most easily and accurately
measured nsing o special nuclear magnetic resonance (NMR) method. The NMR
spin echo fechnique requires only small quantities of sample and is easily extended

to elevated temperatures and pressures. In the past, the technique has been used
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prmarily fo measure self diffusion in pure liquids, but new Fourier transform
techniques show promise of allowing the simmltaneous determination of as Ay
tracer diffusion coefBeients as chere are resolvable resonances.

Measuring diffusion of a dissolved gas in a liquid is a special case which
presents mujor cxperimeutal difficulties. Malik and Haydul {1968) devised a
special capillary tube technique which has been used by many researchers. Another
popular technique for measu_t.'ing gas-hiquid diffusion is the wetted wall column.
Even the standard diaphragm cell has been used with some success. The major
drawback to all of these methods is that they are highly dependent on accurate Eas-
Liquid solubility data, which is rare, except for the simplest of systems at arnbient
conditions.

In recent years. the Taylor dispersion meﬁhud has evolved into the most versatile
method for quick and reliable measurements of diffusion coefficients in liquids. The
method is a dynamic chromatography technique which has few of the Limitations of
the other methods. Taylor dispersion is especially amenable to elevated temnperature
and pressure measurements and can even be used to measure gas diffusivities in
liquids without knowledge of gés solubility data. -In the past, Taylor dispersion
has been used almost exclusively to measure mutual diffusion, but could easily be
extended to ﬁzeasure tracer diffusion as well. Since the Taylor dispersion technique

was used for this study, it will now be discussed in detail

C. TAYLOR DISPERSION

In 1932, Sir Geoffrey Taylor was acked by a veterinarian to explain hew the
mean velocity of blood in the arteries of animals could be deduced from tracer

studies (Ta}rlqr, 1954a). Sir Tavlor answered the question in his classic paper
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whichi explains a method to measure not only the mean velociiy, but the diffusion
coefficient of the tracer as well (Taylor, 1953). The method has become known as
Taylur dispersion and has found widespread apphications.

The idealized Taylor dispersion experiment can be deseribed as follows. A
pulse of solute is injected into a long uniform tube. in which a s-:::lventlis fowing
in slow laminar flow. As the pulse is carried through the tube, it spreads due to
& the combined effects of laminar flow and moiecular diffusion, although the penk
_ center or maximum continues {0 flow ai the mean velocity of the laminar profile.
. Eventually, the peak elutes from the end of the long tube, at which point the radially

av-efaged concentration profile is measured as a function of time. From ihis recorded
concentration vs. time data, the diffusion coefficient can be determined using the
mathemarics derived by Taylor.

The differential equation describing the solute conceniration is grven below in
standard cylindrical ecordinates.

FC 180 8§ C ¢ 2y 3¢
le(arz +;§+ﬁﬁ)=ﬁ?+ﬁ(1"§)a; (2.3)

‘ In this equation, € is the concentration, which is a funciion of radial position r, and
the axal position z. D3 is the mutual diffusion coefficient, ¢ is the tube radius,
and % is the mean solvent velocity.

Applying several simplifying‘ assumptions which are easily satizified in practice,
Taylor showed that Equation 2.1 could be reduced to the following simplified

3 equation; : _
. - a? Cﬂ I:"--}E-T'-EI. .
Yo =& (22)
where

B
-
; s

Z=z—T | (2.3)
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In Equation 2.2, a 1s the radially averaged concentration, and I is the effective
Taylor dispersion coefficient. Z is the axial coordinate which moves with the
mean solvent velocity ¥. Aris (1956) used the method of moments 1o show that
the definition for &' given in Taylor's original work was not complete. Using
stralghtforward calculus and algebra, Hunt {1976} verified that Aris's definition
for A was indeed correct and is given by:

gl

48.[}1:;
Taylor had neglected to include the first term on the right hand side of Equation 2.4,

K=Di+

(2.4)

Taylor’s assumption is often reasonable since in practice the first term is usually
crders of magnitude smaller than the second term.

If Dy is assumed to be independent of conceniration, Fquation 2.2 can be
solved analytically for at least three different initial conditions. The three different
initial conditions correspond to the following types of experiments; {1} an impulse
(delta) injection of concentrated solute at time zero; (2) a square-pulse injection at
time zero; and (3) a step-change injection at time zero. The corresponding solutions
te these three cases have been summarized by Baldauf and Knapp (1983). Taylor -
(1953) had orginally presented the solutions .fnr both the impulse injection and the

-step-change injection.

The step-change solution has not received much interest hecanse the step-
change injection is not as practical as the other {ypes of injections. The impulse
solution has received the greatest interest because it is much simpler than the

A square-pulse solution which contains a linear combination of terms containing the
3 error function. Although & pure Impulse cannot be achieved in practice, Fvans
and Nenney (1965} have shown that when the velume of the injected samiple is less

than 1% of the dispersion tube volume, the impulse solution and the square pulse
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solutlon agres with extreme accuracy. Because this condition is easy to satisfy in a
practical apparatus, all existing Taylor dispersion apparatuses have been operated
30 that the solute injection approximates an impulse injection.

For an {mpulse injection of mass 34 at time zero, injected into a flowing solvent
stream which does not contain the solute, the radially averaged concentration at

the end of the diffusion tube, distance L from the injection point, is given by:

_ M —( L —Tt)? |
G = rad(dwki)ise ©P ( 4Kt ) (2:5)

Surprisingly, even though this solution appeared in Taylm;’s (1953) original paper, it
has not been used in its entirety to analyze data, from any previous Taylor dispersion
experiment.

Direct application of Fquation 2.5 to determine K and hence Dy requires non-
linear parameter estimation. Because much of the early Taylor dispersion work was
compieted prior to the advent of computers, non-linear feclmiqugs were considered
impractical. Two g'cneral techniques have em&ged as the most popular methods
for Taylor disperéion data analysis. These techniques will be referred to as the
“graphical method" and the “moment method.” Both methods are approxmate
solutions to Equation 2.2 for the case of an impulse injection,

A graphical method was developed by chromatographers to calculate the
diffusion coefficient directly from measurements of recording ché.rt dispersion peaks.
The method has been described with the greatest clarty by Grushla and Kikta
{1874}, but is setnally based on the original work. of Giddings and Seager {1962).
Several researchers have used the method to calculate reported diffusion coefficients;

the most recent example being Sun and Chen {1985). The graphical method is glven
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by the following equation:

T o2 1/
Dip = 1 H - (HE - —3') {(2.6)

where H is the theoretical plate height defined in terms of the spatial varianece of
the peak, o2;

H=o/L (2.7)

H is determined experimentally from chart measurements by the following equation;
H = LW ) /(5.3467,,.,) (2.8)

where W5 is the dispersion peak width measured at half height, and #,,,. is the
time corresponding to the peak maximnm. The methad is termed the “graphical
method” since the peak maximum and half width are wsually measured from a
recording chart with a ruler. The methad has two obvious drawbacks; (1) the
mathematics of the method are approximate, and (2) the method is subject to
human measurement crrors.

The ﬁcment method solution to Eq_uatir;'m 2.2 was given by Aris (1956) and
later explained more clearly by Alizadeh et al. {1980). In its simplest form, the

solution is;

a*f '
12 = 2157 ' {2.9)
where; .
) -—-[ Caft)dt (2.10}
1]
_ i
t= -—f tC. (1) dt (2.11)
S Ju
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3[ (t =20, (0)dt | S (219)

Equations 2.10 through 2.12 are the zeroth, first, and second temporal moments
of the dispersion peak. In practice, the moments are usually calculated from the
raw peak data by finite summation using the trapezeidal rule. Close exanination
of Equation 2.12 reveals that the second temporal moment, or variance, is heavily
weighted at the peak ends by the difference term. This weighting, where the
toeasurement uncertainty is greatest, can result in large errors in the resulting
diffusion - coefﬁuents calculated using Equation 2.9, The dlsadv&ntaﬂes of the
moment method are discussed in detail by Radeke (1631).

Alizadel and Wakeham {1982), two of the authors who developed the practical
working moment method equatmns for Taylor dispersion, eventually abandoned
the moment method. All of their reported diffusion coefficients were actually
determined by fitting the raw peak data to a Gaussian equation which approximates
Equation 2.5.

The moment method was originally used to analyze the data collected during
the first phase of the diffusion research. program at Texas A&M (Matthews (19861,
Since the calculated diffusion OOEﬂ"iClEﬂf-S were found to be highly dependent on
the selection of peak end points, ane of the goals of this study was to develop an
improved data analysis method.

In order to avoid the inherent etrors assoclated with the moment and graphical
methods, a new analysis method was developed based on the analytical solution to
the Taylor dispersion problem. The development of this new method is discussed
in Chapter VI. Several criteria which ensure that a practical Taylor apparatus is

operated in accordance with the mathematical theoty are also given in Chapter V1.
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CHAPTER III
PREVIOUS EXPERIMENTAL WORK

Reported measurements of binary diffusion coefficients for alkane-alkane svs-
tems at ambient conditions are abundant in the [erature. By contrast, diffusion
coeflicients at conditions far from ambient have been measured for only a few select
alkane systems and even fewer measurements have heen reporied for gaseous solute
diffusion in alkane solvents. Only a single study of diffusion in Fischer—Tropsch wax
,, was located. In this chapter, the previous measurements which are i:a.rticulaﬂy rel-
evant o this study will be reviewed m chronological order, Although the data are
4 not tabulated in this chapter, much of the data is used in later chapters to validate
the results of this work.

Remarkably, much of the available temperalbure and pressure dependent diffy-
sivity data .fc:r alkanes was collected nearly thirty years ago. In one of the only low
temperature studies, Fishman {1955) measured the self diffusivities of n-pentane
and n-heptane over the range -80 to 100°C. Fishman used fritinm tagged iracers in
a capillary type diffusion apparatus. Peter and Weinert (1956} also used a capillary
method to measure diffusion coefficients for hydrogen in molten paraffin wax and

' Fischer-Tropsch reactor wax. The average moleculas weights of these waxes wére
250 and 340 respectively. Data were collected at 100 and 200°C at several pres-
sures ranging up to 14,000 psi, but the aecuracy of the data is uncertain because
the technique relied upon snlubiiit}r measuremenis at each experimental condition.
e (In an earlier study, Peter and Weinert (1955) reported solubility measurernents for
hydrogen, carbon monoxide, carbon dicxide, and water in similar samples of wax.}

Using the NMR spin-echo method. Douglass and McCall {1958) measured self

diffusion coofficients of the normal alkane series Cs through Cq, Cys, and Ca,
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from temperatures near tlieir melting poiuts to approximately 100°C above their
melting points. The study was especially unique in that it reported liquid phase
self diffusion coefficients for Cpx and Cag, two substances which are both solids at
room temperature. MeCail et al. (1959) also measured the pressure dependence of
ihe self diffusion coefficient for u-Cs through n-Cyg at pressires up to 8000 psi.

During the twenty year period fram 1960 to 1980, scveral studies of mutual and
tracer diffusion in alkane solvents were conducted. Nearly all of the data collected
during this period was collected between 20-25°C, although some data was reported
from 0-60°C for select systems.

Ross1 and Bianchi (1961} measured D?,, the mutusl diffusion coefBcient at
infinite dilution, for several normal allane solutes between 'y and Cj; in the solvent
n-C;. Measurernents wers made in a diaphragm cell at 25°C. Using a diaphragm
cell and the Guoy fringe technique, Van Geet and Adamson (1964) measured both
tracer and mutual diffusion over the entire concentration range for the n-octane -
n-dodecane system. Tracer diffusivities of n-octadecane (Ciz) were also obtained
for the same system. All data was collected at both 25 and 60°C, making this one
of the most thorough studies of its time.

Bidlack and Anderson { 1964a) measured mutnal diffusion over the entire con-
centration range for nCy-nCyg and nCe-nCyy at 25°C using an optical diffusiometer.
In & separate study, Bidlack and Anderson (1964b) reported similar data for the
nCs-nCyg system. Bidlack et al. (1969) also measured L3, for several alkane solutes
from n-pentane through n-octadecane in the solvent n-hexane at 25°C.

- Shieh and Lyons (1969) measured concentration dependent mutual and tracer
diffusion coefficients for several n-alkane systems at both 25 and 35°C. Diffusion

coeflicients were reported for Cs-Cra, Cr-Cie, and Cs-Chg, and C1p-Cs.
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Diffusion coefficienss fur dissolved gases in alkane solvents were rarely measured
ptior to the late 1966's. In one of the first gaseous solute experiments, Davies et
al. (1967) used a wethed wall column to measurc the diffusion of carbon dioxide in
n-heptane and other solvents at 25°C. A is typically the case for the diffusion of
dissclved gases, results were assumed to represent mutual diffusion coefficients at
infinite dilution.

Malik and Haydnk (1968} devcloped a capillary method which they used to

measure the diffusivity of ethane (Cy) in n-hexane and n-hepiane at 30 and 46°C.

These were the first mneasurements of diffusivity for a gaseous alkane solute in liquid .

alkane solvents. Previous research had not included methane, ethane, propane, or
butane (C; through C,}, which are all gases at toom temperature and atmospheric
pressure.

~ The capillary technique described by Malik and Hayduk {1968} was l;tsed
successfully by other researchers to measure diffusion in several additional binary
systems containing gﬂseous allane solutes. Hayduk and Cheng (1971) measured
diffusivities for ethane in normal Cs, Cr, Cx, C2, and Cyg at 25°C and difusivities

of sarbon dioxide in Cs at both 25 and 50°C. Hayduk and Buckley (1972) measured

ambient temperature diffusion coefficients for methane in the same normal alkane’

solvenis Cg through Ce. Nesults at 0 and 50°C were also included for methane in
dodecane, In a related study, Hayduk et al, (1973) reported diffusion coeffcients
for propane in the same set of normal alkane solvents.

Ertl and Dullien (1973) used the spin echo NMR technique to study self
diffusion for several nmm;l alkanes. Self diffusion coefficients were reported for
Cry Lo,y Cro, Cra, Cia, Cug, and Cig from temperatures very close to the melting

point of each solvent up to near 165°C, ﬁ'her_e_- permissible {(C7; and Cy boil lower
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than 165°C). Data was also reported for several non-alkene fiquids. The study
covered ihe temperature range -90 through 166°C, which was a much larger ranpe
sian covered by the seif diffusion study of Douglass and MeCall (1938).

Lo (1974) mesasured mutual diffusion over the entire conceniration range for
several normal alkane systems at 25°C. Data was obtained using a diaphragm ceil
Tot the following binary systems; C:-Cig, Cr-Cja, Cr-Cyy. and C3-Cy4. Moore and
Wellek {1974) used an unsteady state porous frit apparatus to measure sotope
tracer diffusion at infinite dilution for the sclutes (7 and Cyg in each of the normal
alkane solutes Cg through C,g at 25-40°C. Hayduk and Iokimidis (1976} constructad
ac unsteady state diaphragm cell which incorporated a bundle of capillary tubes
a8 the ‘diaphragm’. The apparatus was used to measure infinite dilution diffusion
coeficients for n-tetracosane (Cyy) and n-dotriacontane {Cy2) in Cg, Cq, and Cy»
at 25°C.

Evans et al. (1079} were the first to use a Taylor dispersion apparatus to
measurs diffusion ;:neﬂicients in alkane s.nlvent's. They reported mutual diffusion
caefﬁ.c.ienfs at infinite dilution for the gases argon, kryptcm., xenon, and methane
i hexans, decane, end tetradecane at 25°¢. Diffusion coeflicients for several non-
gaseous solutes were also reported. All dispersion peaks were anialyzed by the simple
graphical method discussed previously.

Prior to 1982, the only alkane solvent diffusion data above 60°C were the
self diffusion cocfficients measured using the NMR spin echo method, Using a
Taylor dispersion apparatus, Chen et al. (1982]) coilected the first high temperature
murtual diffusion data in alkane solvents. Muinal diffusion coefficients at infinite
dilution were reported for the solutes argon, krypton, xenon, methane, carbon

tetrachlonide, and severnl tetraalklytins in normal ociane, decane, and tetradecane
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for temperatures ranging from 25 to 160°C, Diffusion coefficients were determined
from Taylor dispersion pcak data using the simple graphical method.

Alizadeh and Wakeham {1982} also used the Taylor dispersion method to study
diffusion in alkanes., Mutnal diffusion coefficients were measured for all possible
binary combinations of normal hexane, heptane, and octane. The messurements
were performed between 20 and 70°C over the entire concentration range for each
binary mixture. The authors originally determined the diffusion coefficients using
the moments of the Taylor peak distributions. Peak moments were calculated by
direct nurmnencal integration of the concentration versus time data. This method
proved to be not as precise as an alternative method. Instead, peak data were fitted
to a gimple gaussian distribution and the resulting best fit paramerers were then
used to calculate the reported diffusion coefficients.

The recent investigations in our laboratory at Texas A&M have greatly
extended the range of available diffusion data for alkane systems. Using a Taylor
dispersion apparatus, a large volume of data were collected DVEI‘. the temperature
range 30-201°C at pressures of 1380 and 3450 kPa (200 and 500 psi). Mutual
diffusion coeficients for several solutes at infimite dilution, solvent demsity, and
solvent viscoslty were measured over the entire range of temperatures and at each
pressure. Diffusion coeflicients were calculated using the moment method, with the
peak moments calculated by direct numerical integration of computer recorded peak
data. Results for the various systems were published iﬁ three separate papers.

In the first paper, Matthews and Akgerman {1987a} reperted the mutual
diffusion coefficients at infinite dilution for normal Cs, Cip, Ciz, Ciay and Cis
i the solvents Cr and Cy,. Mﬁtthcws et al. {1987a) reported similar data for

normal Cg, Cio, Tz, and Cyy in normal hexadecane [(Ci¢). Finally, Matthews et
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al. (1887b) reported data for hydrogen, carbon monoxide, and carbon dioxide in
the solvents normal heptane, dodecane, and hexadecane. For the raseous golute
study, samples of solvent, saturated under pressure with the gas, were injected into
the diffusion tube. Later in tlis disscrtation, a new alternaiive method of collecting
gas-liquid diffusion data will he presented. The method involves injecting pure gas

bubbles inte the diffusion tube and therefore eliminates the need for a saturator.
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CHAPTER IV
THEORY OF PREDICTING DIFFUSION IN LIQUIDS

* The theory of diffusion in solids is fairly well defined since a solid is a structured
form of erystals or amorphous materials. Diffusion in gases can be understood since
a gas is a totally random distribution of particles. However, diffusion in liquids is
difficult to describe theorctically because liquids exhibit properties of both gases
and solids, with some randomness and some structire. Faor this TEason, Al accurate
k: theory for diffusion in liquids has yet to be developed, although several theories
have been proposed. This chapter contains a review of the following four general
classes of liquid diffusion theories; hydrodynamic theory, activated state theory,
free volume theory, and kinetic theory. The kinetic theory is expounded in greatest

. detall since it was used as the basis for the correlation developed in this work,

= L N Y AR A N O

A. HYDRODYNAMIC THEORY

For a single particle moving in a solution by Brownian motien, Einstein {191]5;
cf. Rossi and Bianchi, 1961) showed that the diffusion coefficient is given by;

B T |
_ D= f . (1)

where f i3 the frictional coefficient of the diffusing particle. For spherical and
rigid particles much larger than the solvens molecules, Stokes (1851 ¢f. Rossi and
Biaachi, 1961} found;

f=3me {4.2)
which when combined with Equation 4.1 gives the Stokes-Finstein equation:

kT
3 (3mne)

(4.3)
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The Stokes-Einstein equation accurately predicts diffusion for only a limited number
of systems and even for these systems fails miserably at clevated temperatures, Still,
the fact that the equation predicts that Dn/T is a constant has been used as the
starting point for several well-known correlations including the equation developed
by Wilke and Chang (1855). Correlations which relate the diffusion coefficient to
viseosity have become known as hydrodynamic models, even though many such

correlations are primarily empirical.

B. ACTIVATION THEORY

Several liquid diffusion theories have been based on the extension of the
Arrhenius concept of chemical kinetics to diffusion. In iis simplest form, the
activation theory is given by;

2 oy (2E) s

where E i3 the energ}'. of activation. For diffusion, the energy of activation has been
described as the total energy required to form a void or hole into which the diffusing
malecule can jump {Glasstone et al., 1941).

Using theoretical arguments, many researchers have disputed the validity of
the activation theory for diffusion. Tyrrell and Harris {1984) summearize the
overwhelming evidence which indicates that the energy of activation for diffusion
is of Little physical Eié;njﬁé&.ﬂce. Nonesheless, the activation theory has been used
su;:cessfuﬂy as the basis fo.r_ correlating binary diffusivity cata for several different
systems. Akperman and Gainer {1972} used the theory to develop one of the few
correlations for predicting diffusion coefficients of dissolved gas solutes in liguid

solvents,
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C. FREE VOLUME THEORY

The free volume theory is the simplest theory to explain physically, The theory
was originally proposed by Batchinski (1913) for viscosity, Batchinski ohserved that

the following relationship accurately predicts viscosity for many liquids;

(4.5)

In this equation B is a different constant for each liguid. V iz the liquid molar
volume, and V), is simply the value of the liquid molar velume where viscosity
becomes infinite. Experiments have shown that Equation 4.3 is oheyed when Vi
is taken to be the molar volume of either the Liquid or the solid at the Auid’s
melting point. Tl;xe difference (V - V,} can be explained physically as the free
volume available between the fluids actual volume and the hmiting volume of the
close-packed fluid at its melting point.

Hildebrand (1971) observed that the self diffusion coefficient may also be
described by a similar free volume expression:

V—Vp

S
D=R v

(4.6)

In this expression, Vp is the molar volume where difusion ceases, which in
theory should be equivalent io V. Hildebrand (1971) found that Equation 4.6
fit experimental data weil for sclf diffusion of benzene and tetrachloramethane, The
free volume expression was also shown to fit mutnal diffusion data at infinite dilution
for iodine in tetrachloromethane. Although the free volume theory is rarely used in
its simplest form as given by Eanation 4.8, several empirical correlations are hased

on the free volume theory of diffusion.




b KINETIC THEORY

Kinetic theories for liquids and dcnse gases are actually modifieations of
the well established kinetic theory for low pressure gases. The kinetic theory
for gases is commonly referred to as Chapman-Enskog theory and is discussed
in detall by Chapman and Cowling (1970}, Remarkably, Chapman and Enskog
developed the theory at the same time while working independently in different
countries; Chapman in England, and Enskog in Sweden. Both men frst published
their early works on kinetic theory between 1913 and 1970, Although both uséd
radically different mathematical techniques, their resulfing expressions for mass
flux, heat flux, and momentum flix, and the corresponding transport coefficients
were identical. Chapman admitted that Enskog's mathematical approach was more
eloquent and adopted it in his own book (Chapman and Cowling {1970)), which
wag first published in 1939. |

.Chapman and Cowling (1970) is still considered the primary source of infor-
mation about kinetic theory, even though Chapman himseif compared reading the
bock to “chewing glass” (cf.. Erush, 1972). In order to avoid the same criticism of
this work, the mathematical details of the kinetic theory are not included in this
chapter. Insteazd,. only the results, as they apply to the diffusion coefficient are
summarized. .

Most approaches to diffusion in liquids whickh are based on kinetic theory start
with the first order approximation for self diffusion in a dilute gas of smooth hard

spheres or the analogous expression for mutual diffusion. Both equations were given

. by Chapman and Cowling (1970) as follows. For self hiffusion;

(ADTE), = > (.‘E’E)”Z (47)

Bei L am
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where (nD%"), is the product of the number density and the Chapman-Enskog
smooth hard sphere self diffusion coefficient at the low pressure limit of the gas, o
is the molecular diameter, and m iz the molecular mass. For mutual diffusion the

analagous equation is;

(nD5")o =

. | 1/2
3 ]:E(ml +m2}] (4.8)

8o, | 2%  mymg

where o1z 15 the average molecular diameter, often referred to as the collision
diameter.

The following assumptions were made in the development of Fquations 4.7 and

4.5;
1. Molecules are smooth hard spherés which collide instantaneously.

2. The gas is dilute {the mean free path is much larger than the mﬁlecular
diameter).

3. Only binary moleciular collisions occur.
4, No attractive or repulsive force fields affect the molecules.

5. The assumption of molecular randomness applies. There is no correlatmn
between positions and velocities of the molecules.

As the density of a low pressure gas is increased, these assumptions become

more and more unrealistic. Enskog {cf. Chapman and Cowling, 1970) relaxed only

the assumption of uncorrelated molecular positions and concluded that self diffusion
in dense gases could be predicted by scaling the low pressure diffusion coefficient as

follows;

rD 1
(nD},  g(o)

(4.9)
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where g(o) is the radial distribution function. Thorne {¢f. Chapman and Cowling

(1970]) derived the analogous expression for mutual diffugion;

HDIQ _ 1
(nDiz),  glega)

(4.10)

where g{o1z) is the pair radial distribution functionT The radial distribution
functions account for the fact that the local density near a collision is greater than
the average density of the solution.

An approximate form for g{o,;) given by Lebowitz (1964) has heen used
by many researchers, but Dymond and Woolf (1982) noted that the Lebowitz
approximation fails for the normal range of Hquid densities. The correct form for

g(c12) when component 1 is prosent in trace concentration was giver, by Dymond

and Woolf (1982);
1 (o —~ 209 )¢ {25?‘51].(0‘3—0'1)52
oon) = (1-¢) H (o1 + o2) 202(oy + o2) (+11)
where the solvent packing fraction, £, is given by;
TR
£=- (4.12)

In these equations, n is the number density of £he solvent, o) is the hard sphere
diameter of the solute, and ¢y 15 the hard sphere diameter of the solvent.

Before proceeding with an explanation of how Equations 4..9 and 4.10 have been
applied for liquids, it is appropriate to recall some subtle limitations of Equations

4.7 and 4.8. Since these equations were based on the assumnption that the spheres are
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siooth, the equations do not accouns for coupling of the rotational and, translational
ur
i velocities of the molecules. The rough hard sphere model accounts mathematically
_,;.: for the coupling of rotational and sranslational velocities as molecules collide.
.1:_ Chapman and Cowling (1970) presented expressions analogous to Equations 4.7
)il"ﬁ and 4.8 for rough spheres. The resulting expressions for self diffusion and mutual

diffusion are;

DRES - DCE . Afmy o9, L) (4.13)

and

DS = DRF - Au(my, o1, fomy, 0, 1) (4.14}

Expressions were given by Chapman and Cowling (1970} for the rotational-
translational eoupling functions, A, which depend on the molecular ma.éses, di-
arneters, and moments of inertia, I, The A functions are unity in thé' limit of no
translational-rotational coupling, and are bounded by zero and one. Thus the effect
of such coupling is to decrease the diffusion coefficient. Chandler (1973) noted that
the coupling effect can be very significant for collisions of iml}'a,tnmic molecules.
Until this point in the discussion, there has been no mention of the concentra-
tion dependence of the mutual diffusion coefficlent. The Chapman-Engkog result
given by Equation 4 8is a first order apprnkimation {Gha,pmaﬁ and Cowling {1970}],
and is independent of concentration. Higher order approximations are discussed by
Chapman and Cowling {1970} and include the effect of concentration. These higher

order approximations are also influenced by the relatve ratio of m; fma to a greater
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degree than the first order approximation. The second order approximation for the
the infinite dilution diffusion cocfficlent approaches the first order approximation
gven by Equation 4.8 as m; fm, approaches zere, where subscript 2 refers to the sol-
vent and subsenpt 1 to the infinitely dilute solute. For the opposite case, where the
solute molecules are much lighter than the solvent molecules, (1 /msy approaches
zero), the infinite dilution diffusion coefficient given by the second order ApPProxi-
mation 1s approximately 13/12 larper than the first order approximation given by
Equatim;"t 4.8

Obviously, an exact formula for the diffusion coefficient is not cven available
for simple guseous systems. However, due to the lack of a better theory for diffusion
in liquids, Equations 4.7 through 4.10 have bt_aen used a8 a starting point for many
recent theorctical investigations of liquid phase diffusion.

Rather than trying to exiract complicated analytical solutions of higher order,
fhe most popular recent approach has been to use computer simulations to correct
the Chapman-Enskog first order approximation. Molecular dynamics computer
simulations carried out by Alder et al. {1970) determined the ratio of the “true”
smooth hard sphere self d.iffusinn coefficient to the Chapman-Enskog first order
approximation, by relating the ratio to the molecular velocity autocorrelation
function. Alder et al. {1974) and. Esteal et al. (1933) deternﬁnea the analogous
ratio for infinite dilution nmtual diffusion coefBeients. The molecilar dym.;tmics

ratios were reported as a function of V/V,, m; fma, and oy/eg, where V iz the
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solvent molar volume and V, is the theoretical close-packed solvent molar volume
sphores given by;

V, = N V2 (4.15)

Unfortinately, moleoular dynamics ratios were caleulated for very limited ranges of
VIV, iy fmy, and o /oy, preclu.ding there use for predicting many expetrimentally
determined diffusion coefficients.

Following Dymond and Woolf {1932), the rough hard sphere diffusion cosffi-
clenss, corrected by the ratio determined from molecular dynamics calculations, can

be writien for gelf diffusion as;

2
prEs . 3 ﬂ]” VA [DPEE (4.16)
&na? [am glo) | DF | yp '
and for murtual diffusion as;
O = o |5 (mi+m2}]m' o [D%HS} (4.17)
12 Sﬂﬂ’fz lgﬂ' THy TTig 9(612} DEE %D

The ratios denoted by the subscripts MD are the ratios of the molecular dynamics
smooth hard sphere diffusion coefficienss to the Chapman-Enskog first order ap-
proximations for the smooth hard sphere diffusion coefficients given by Equations
4.7 and 4.8.

Using the available molecular dynamics caleulations of Alder et al, (1970) for
self diffusion, Dymond (1974) use& simiple linear regression to develop the following

relationship;

1 [pSdS '
ﬂ'l:_ﬂ‘} [—D'EF:’ p = 1271 (1 — 1384E) - {4.18}
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Substituting this expression into Equation and rearranging the terms yialds;
2.527 R}/*
10°Daps/VT = A == . (V ~1.384V,) - (4.19)

Vi

where I, is the universal gas constant, and M is the molecular weight of the liquid,

Dymend did not develop an analogous expression for mutual diffusion,

E. CORRELATION OF EXPERIMENTAL DATA WITH THE RHS THEORY

There have not been enough molecular dynamics studies covering wide ranges of

o1 /o9, mafma, and V/V, to allow for the development of a general RES correlation

- for liqud phase diffusion coefficients. Since the required molecular dynamics data

are not available, there has not even been a comprehensive study of the behavior of
ctther of the rotational-translational coupling paraineters, A or A, Futhermore,

since most experimental diffusion coefficients have been mmeasured over a Hmited

- range of conditions near ambicat, the data required to verify any such studies is not

yet available.

1t is only recently that the possibility of developing a practical correlation based
on the i'oug;h hard sphere theory has been considered seriously in the literature.
Chen et al. {1982 tested the hypothesis that the following general equation, based
on Flquation 4.19 for seif diffusion, would also apply to mmutual diffusion at infinite
diluiion; |

D3 /VT = B(V - Vi) (4.20)




2ty

3
A
i
-
.'
i

L ::_1‘5_::5_.{.::_. i“'.“&:'-ﬁﬁ'ﬁ-,‘?_ ._‘..,..'T.: -:__7:' '-'-‘|'f'.;‘-'.'-"' R ol e

In this equation 3 is the slope of D7, /v/'T versus V, and Vp is the intercept where
diffusion goes to zero. Chen plotted daia for several solutes in the solvents Cg, Cqq,
and Ciz at temperatures up to 160°C and found that D2, INT versus tj:le solvent
molar volume, V', wasg highly linear in every case. Expressions for 8 and Vp were
not gven.

Using the data from our previous study, Matthews and Akgerman (1987b)
fested several of the e:{istin.g correlations for predictipg mniual diffusion coefficients
at infinite dilution. None of the e:dst.ing cortelations aceurately predicted the data.
at elevated temperatures. However, the data was found to closely match the form of
Equation 4.20. Using lcast squares analysis, the following equations were developed

to predict diffusion in the normal alkane solvents Cr through C4:

o 3
Vs = aM? (;i-) (V~Vp) (4.21.a)

where, for n-alkane solutes;

Vp = EI.BDSVC,. b= -156, a=158 (4.21.8)
and for dissolved gases;

Vp =0.302V,, b=—0.76, a=165 (4.21.c)

In these equations, Dy, is in the m¥/s, T in K, M in g/mol, and molar volimes

in 107% m®/mol. The hard sphere diameters were calculated using the gToup
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contribution method of Bondi {1964), This was the first attempt to develop a
practical predictive equation using the RHS theory.

Although Equations 4.21.a through 4.21.¢ accuraiely predict the data which
were used in their developinent, the form of the correlations raises some important
theoretical questions. The fact that the molecular diameters appear only as the
tatio o1 /op indicates that the slope 3, is independent of molecular diameter for the
special case of self diffusion. This is in direct contradiction with the molecular
dynamics results of Dymond (1974) as répresmtcd by Equation 4.19, Despite
this contradiction, the equaiions predict the data well, most kkely because o
18 approximately proportional to M for the homologous series ;}f alkanes. The
contrad.ictinn betmen.Equation 4.2L.a and Dymond’s (1974) results explains why a
separate correlation was required for the gaseous solute data, If theoretically correct,
one equation should be sufficient for describing the diffusion of both gaseous and
bguig solutes.

Equa.tﬁon 4.21.a through 4.21.c also suggest that Vp, the molar volume where
diffusion approaches zerv, is a function of the solute properties, This phenomenan
was also verified by the data of Chen et al. (1982) a;nd Rildebrand (1977), but has
vet to be explained. - | |

Using data from this study, together with previous data from the ﬁrs;t phase of .
the Texas A&M diffusion prograun, a siugle correlation was developed for predicting

the diffusion coefficients of both gaseous and liqguid sclutes in the entire range of
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alkane solvents from Cy - Cyy. This correlation is discussed in Chapter VII and
guidelines are given for applying the correlation to predict diffision coefficients in

Fischer-Tropsch reactor wax, which typicully contains a hizh percentage of alkanes.



