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Abstract

The determinailon of limifing activity coefficlents in llquld mixtures has become an imporiant tool
in chemica) englneering. It has been investigated intensively during the past in order to find new
allemalives and improved methods for its accurate determination. The limiting activity coeafficient
is a {undamentat thermadynamic quantity which measures the solution non-ideality and acls as a
correclion factor to deviations from Raoult‘s Law. This dissertation involves the detarmination of
limiling activity coefficients using the inert gas stripping (IGS) technique only. it is consldered to
be the best method as it is a direct method involving exact concentrations of components in the
mixtures encountered in industry.

A comprehensive study of aclivity coefficients at infinite dilution for various systems, using the
inert gas stripping (IGS) method has been undertaken. Varous other methods and their
sultability have also been discussed but preference is given to the superior quality of
measuraments obtained using the inert gas stripping technique. Extensive research has been
conducted into the background and origination of the technique. Various improvements of the
equlllbrium cell designed by varlous authors for different types of systems have been outlined
along with the various equations derived by the authors.

The equipment was dasigned for use with the double-cell technigue as well as the single-cell
technique and in some cases both techniques were used. The techniques involve the use of a
dilutor cell in which the highly diluted, volatile solute is stripped from a liquid solutlon using the
inert gas nitrogen, introduced Into the cell through capillaries and dispessed through the sofution
as small bubbles, at a conslant flow rate. Analysis of the stripped solution is accomplished
through the use of a gas chromatograph; the peak areas obtained from these analyses as well
as the residence times and other system data such as ternperature, pressure, mass and flow
rate were used to compute the infinite dilution activity coefficient through the use of the various

aquations available In literature.

The original aquipment was designed for the use of the single cell lechnigue by Soni (2004).
Various modifications have been madse to the equipment in order to measure Iimiting activity
coefficiants of more diverse systems with high accuracy. A major change to the equipmeant was
the Iniroduction of a second saturation cell of similar design to the dilutor cell. This enabled the
determination of activity coeHicients at infinile dilution of difficult systems f.e. systems where the
solvent volatiiity is high and for higher order systems. The equipmen! was redesigned and bulilt
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using ideas and improvements by previodys researchers in the field and commissioned using lest
systems that have been classed as easy systems for this technique. The new equipment is now
applicable to almost all systems, howsver good separation in the GC column could be a problem
for complex systems,

The determination of infinite dilution activity coefficients for one-componem solule + one-
component solvent systems and rnuilti~<component solvent systems were accomplished. The
systems that were Investigated consisted of 2 mixture of componenis of alkanes. alkenes,
phenols and ketones, mostly in dinary mixtures. Multi-component mixtures have also bsen
invastigated in the form of ternary systems involving a binary solvenl mixture al varying
concentrations. and a solute in order to show the diversity, uniqueness and efficiency of the IGS
technique. Major variables affecting the system (the dilutor cell), namely the siripping gas flow
rate and the dilutor cell temperature, were also investigated for all systems.

Two tesl systems, cyclohexane in t-methyl-2-pyrrolidone (NMP) and n-heptane in NMP were
used to determine if the equipment is operziing propery by comparing values oblained, to
literature values where the inert gas stripping technique was used lo delemmine (he aclivity
ceoefficients al infinite dilution. Another test syslem n-hexane in NMP was used to compare the
two techniques, i.e. the results of the single cell {echnique with the results of (he double cell
lechnigue. The experimental resulls were thereafter compared to published literalure values.
Systems where lhe inert gas stripping technique has not been used (6 determine aclivity
coefficients at infinite dilution were also investigated. These systems include 1-hexene in o-

cresol as well as the ternary systems 1-hexsene in various concentrations of NMP + o-cresol.

A thorough literature survey has bgen completed and the relevant theory has been surnmarized.
The validity of the equations proposed by Bao and Han (1885), Duhem and Vidal (1878), Leroi
et al. {1977), Hovorka and Dohnal (1997) and Krummen et al. (2000) for (he dslerminalion of
aclivily coefficients at infinite dilution were investigated. The experimental values obiained ware
consistent with Literature values, with percenlage errors of less than 1 % where the same
eguation was used to determine the limiting activity coefficient. Compadnng limiing aclivily
coefficients with the values obtained from other equations proposed by alher aulhors mentioned
above resulted in deviations no greater than 2.5 %, and where possible limiling activity

coefficients ware compared to values obtained from the single-cell technique.

The theory seclion of this thesis covers il the various formulae (and where possible 2 summary
of their derivation) used in the analysis of results. Some limiting aclivity coefficients for the

systems involving n-heptane, n-hexane, n-hexene, cyclohexane, o-cresol and n-rmethyl-2-
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pyrrolidone under various expernimental conditions have been reported meking it readily available
for use in other works. The effect of two major variables temperature and inert gas flow rate on
the limiting activity coefficients with regard to all the systems studied have also bsen
investigated and reported. This was also done In order to check that the data was reproducible.

A sensitivity analysis was also performed in order to check the effecl thal cerlain measured
variables would have on the limiting activity coefficient. These errors are estimated possible
emrors and may not exist at all, so not much consideration was given to this whea reporting
limiting actlvity coefficients for the various systems. The maximum error range for any given
limiting activity coefficient as determined by the sensitivity analysis is #11 %. The inent gas
stripping technique is also extended to the determination of Hendry’s constants. The actual
values for the Hendry's constants were not determined but a comprehensive study of its
determinatlon was undertaken by Miyanao et al. (2003) and summarized here.

In addition the suitability 2nd diversity of the inert gas stripping technique has been outlined,
along with the advantages and disadvantages of the technigus. The various designs of
equilibriurn cells have been oullined taking into account mass transfer consideralions as
proposed by Richon et al. (1980). The assumptions and lImits of the method have also been
outlined and must be taken into consideration when using the technique. A delalled descnption
of ihe equipment setup and experimental procedure has been provided. The purpose, suitability,
operation and applicability, of lhe various pieces of equipment used fo make up lhe final
equipment have been discussed in detail. Details for considerafion when designing the
equllibrium calls bave also been provided.

ti
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Symbols

A - solute peak area detected by gas chromatography
a - slope (min™)
B

y - Virial coefficient characterizing bimolecutar interaction between molecules i and J

B,, - mixture second virial coefficient (cm® mol™")

- concentration {(mol cm™)

(o

C}! - solute conceniration in the liquid (mol cm™)
C,LJ - solute concentration in the liquid at intarface (mol cm™)
- solute concentration in the bubble at interface (mo) cm™)

C,G - solute concantration In tha bubble (mol cm™)

C; - average solute concentration in the bubble (mof cm™)
D - carrier gas flow (pressure P, temperature T) (¢cm® min')
D, -total gas flow rate into the still {cm® min™')

D, - total gas flow at still exit (pressure P, temperature T) (cm® min™)

D, - solvent gas stream entering the sfill (cm® min™')

DL - diffusion constant of solute i in solvent j (m* s™")

D, - diameter of bubbles (mm)

_/',OL' - reference fugacity for ith component (liquid pure state, zero pressure)

ff - solufe fugacity

ol
G - Gibbs eneargy
- gravity (cm s'z)

g

H,, -Hendry's law constent

h - path length of bubbles in sclution (mm)
].r

- Poynting correction: exp(VJOL P/RT)
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Nomenclature

K, -air-water partitioning coefficient
k - capacity
k, - correction factors

k, - mass {ransfer coefficient in the liquid
M -~ molar mass (g mal’)

m  -mass (g)

'%1 - mass basis (mass parcentage)

m(t) - mass of solute In the bubble at time f (g)
N - amount of solvent in the still (mo!)

b - armount of solute in tha still {(mol)

n,, ~-meanamount of solute in the cell (mol)
P - pressure (atm)

Ro - vapour pressure (atm)

P - partial pressure (atm)

Poy - Poynting factor
P. - critical pressure (bar)

Pe - Peclet's number
R - gas constant {cm® atm gmot™ K™)

R, - radius of bubbles (mm)

Re - Reynold's number
) - distance from centre of bubble (mm)
S - selectivity

Sh - Sherwood's number

T - cell tempersturs (K)

7, - boiling point temperature (K)

T. - critical temperature (K)

! - time (min)

V, - volume of bubbles {em®)

V. -critical volume (cm® mol™)

V. - equilibrium cell volume (cm®)

V.  -volume of the vapour space in the stilt (cm®)



Nomenclature

- mols fractlon in the liquid phase

X

y - mole (raction in the vapour ghase
Z - compressibillty factor
YA

c - critical compressibility factor

Greek Symbols

- activity coefficiant

7

©® - fugacity coefficient
0 - density (g cm™)

a

- separation faclor

x - calibralion detector constant
T - line temperature after the cell (K)
T,  -ratio of mass transfer in the cell to mass transfer (o reach equilibrium taking into account

liquid phase resistance only

T, -same as t, taking into account gas phase diffusion only
u"; - liquid molar volume of pure water (cm:' mol")
v® - limiting speed of bubbles in solution (cm s™)

o )

Y. - comected activity coefficient at infinite dilution

v, - kinematic viscosily (cSt)

o - acentric factor
Subscripts

sot - solute

s - sotvent (unless otherwise stated)
c6 - camer gas

(] - componenlis
I3 - cell

L - liguid phase

0 - initial value

s - final value
/- flowmeter



N - nitrogen

G - gas phase

c - critical properly

Superscripts

@ - at infinite dilution
0 - initial value

sat - al saluration

E - @XCess enerqy

v - property in vapour phase

X - property in liguid phase
exp - experimentally determined
0 - air

w - water

! - solute

2 - solvent

3 - carrier gas

Abbreviations

IGS
GLC
DEM
DsC
RDIST
HSA
IHSC
TENS
CIRC
0PM
SPACE
COSMO-RS
GSPR
GCS
LSER
SCT

— {nert Gas Sinpping

— Gas-Liquid Chromatography Method
— Differential Ebulliometry Method

— Differential Static Cell Method
— Rayleigh Distillation Method
— Headspace Analysis Method

— Indirect Headspace Chromalography

— Comparative Tensimetry
— Girculation Still Method
— Dew Point Method

— Solvalochromic Parameters for Activity Coefficient Eslimation
— Conductor-iike Screening Model for Real Solvents

— Quantitative Structure-Property Relationship

— Group Contribution Solvation Model

— Linear Solvation Retationships

— Single Cell Technique
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DCT
GC
SCRF

JEF-PCM

HBD
HBA
GLC
FID
TCD
VLE
SRX
PR
MSDS

— Double Cell Technique

— Gas Chromatography

- Seif-Consistent Reaclion Field
— Equation Formalism-Polarized Continuum Model
— Hydrogen Bond Donor

— Hydrogen Bond Acceplor

— Gas Liquld Chromatography
— Flame-lonization Detector

- Thermocoupte Delector

— Vapour Llquid Equilibrium

— Soave/Redlich/Kwong

— Peng/Robinson

~ Materlal Safety Data Sheet
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Chapter 1: Introduction

Infinite dilution activity coefficients (¥~ ) are of great value in both chemica) and environmentat

engineering. If both infinite dilution activity coefficients are known for a2 binary system,
parameters in a two-parameter activity coefficient model can be determined and then pradictions
of vapour-liquid equilibria over the entire composition range can be made (Lin and Sandler
(1999)).

Infinite dilution activity coefficients or somstimes called limiting activity coefficlents characterize
the behaviour of a solute molecule when it is completely surrounded by solvent. it Is extremely
valuable for both theoretical and practical purposes. Some examplas of the Importance of
activity coefficients at infinite dilution include:

Characterizing tha behaviour of liguid mixtures

Predicting the existence of azeotropes

Screening solvents for extraction and exiractive distillalion processes
The calculation of Henry's Law constants and partition coefficienls

The prediction of selectivity and retention times in a gas chromatograph

o kWD =

Improves understanding in theories for liquid solutlons

An accurate representation of the thermodynamics of fluids is essenlial for the rational design of
separation systems. For theoreticians, limiting activity coefficients provide Incisive informalion
regarding solute-solvent Interactions. From a practical point of view, infinile dllulion aclivity
coefficient data allow for the prediction of retention and selectivity, provide essential data in the
design of separation eguipment (e.g. distillation columns, gas absorptlon towers, and stripping
towers), and guide in the seleclion of solvents for chemical reactions in which kinetic solvent
effects are important. In new plants in the chemical process indusfry, {he capital costs for the
separation steps ars about 70 % of the total cost, and the energy costs for separation average
90 % (Eckert and Sherman (1998)). Many other examplas of the ulility of the infinite dilution
activity coefficient exist. Knowledge of the phase behaviour of the materials involved, espacially
of liquid phases, can permit not only the design of iess expensive processes, bul also can
reducs contingency costs.
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Industries are forced to manufacture cleaner and more ecological friendly products in a greener
way due (o tightening demands in legislation together with environmental concerns. The
production of high purity reagents and the separation of pollutants reqguire Ihe grealest
separation effort 1o remove the last traces of impurties. The reduclion of emissions from
gasoline with oxygenatad additives like ethers has been a trend in oil refining. The sulfur contenl
of fuel must be reduced without decreasing octane and cetane numbers of raducing yield. New
regulations determine sulfur content of fuel to have a maximum value of 30 ppm in USA. For
reliable process design accurate physical properties are needed for proper sizing of the
separzalion preocesses. The infinite dilution activity ceefficien is an important pacameler in
designing the processes producing very pure substances and processes lo remove pollutants
(Haimi et al. (2006)).

The infinite dilution activity coefficient is a limiting measurement of the non-ideality of the solule
in the mixiure. The state of infinite dilution in 8 binary mixlure can be described 2s the slale
where (he solute concentration goes to zero, while the solvent concenlration lands to one. Thus
solute-solute interactions ¢an be ignored. One of the major applicaillons of the dilute region in
industry is in the purification process. I\ is often desired to raise the purificalion of a chemical
from approximately 92 % 10 99 %. Other applications for the dilute ragion includas characlenzing
the behaviour of liquid mixtures: the calculation of Henry's Law constanis angd partition

cosfficients and developmenti of theoretical modes for liquid solutions,

Activity coefficients at Infinite dilution are important thermodynamic propenies ang reliable
knowledge thereof, is of particular importance for lhe synthesis, design and oplimization of
separation processes. Furthermore aclivity coefficients at infinite dilullon assisl in specifying
selective solvenls (entrainers) for separation processes such as exlraclive disfillaion and
extraction. Perhaps the most important need for activity coefficienls al infinile dilulion is 1o

identify separation problems such as azeotropic points and miscibility gaps.

Vanous methods, either experimental or predictive, can ba used to datermine limiting acfivily
coefficients. Predictive melhods are very tedious, especially for complax systems involving a
mixture of componenis and they are not always accurate and have o be verfied by
experimental methods. Most predictive methods are group contribution based and are based on
expenmental data that are usually stored in data bases and which were usad lo predict limiting
aclivity coefficient at different condilions; there will therefore always be a need for experimental
analysis. Expermental metheds do nol always rasult in limiting aclivity coefficients that are
reliable as well, but when the two agree its always good news for any researcher. Tha inert gas
stripping technique is by far the simplest and most accurate technigue for determining limiting
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activity coefficients provided that all the experimental conditions are met and the assumptions
are valid.

The concern of this study Is with the inert gas stripping (IGS) technique as described by Leroi et
al. (1977). This technique Is finding more application for industrial systems especially with the
development of new equllibrium ceils. The development of new cells for a specific group of
systems allows for more accurate determination of the limiting aclivity coefficient since the cells
are designed to improve on certain non-idealities that may anise with these systems. The
equations used to calculate limiting activity coefficients for the inert gas stripping technique were
derived with centain simplifying assumptions and sometimes these assumptions are not valid for
systems studied and therefore new cells are designed and equations denved 1o account for this.

The equatlons derived by Lerol et al. (1977), are simple equations for determining limiting
activity coefficients and are not applicable to most systems because of the many simplifying
assumptions. Equations proposed by other researchers have accounted for some of the
simplifying assumptions in the derivation of their equations which are all primarily based on the
equations proposed by Leroi et al. (1977). These equations are more complex and require more
effort 1o evaluate. However all the equations are valid for the systems studied in this thesis and
can be used to delermine limiling activity cosefficients where the simplifying assumplions are
applicable. The types of systems studied here are ideal systemns for the IGS technique; however
data for new systems have also been obtained for industrial use, specificaily for Sasol.

For all the systems studied there was no need for highly specialized equilibrium cells. Simple
cells were used which provided a less expensive but efficient way 1o achieve equilibium. The
systems studied are non-foaming and very ideal in terms of use for this technique. The
equipment was put together in the Thermodynamics Research Unit taboratory at the University
of Kwa-Zulu Natal. It now serves as an additional means of determining limiting activity
coefficients for comparison purposes with other techniques. These techniques may be either
experimental or predictive. There are some flaws in the design of the equipment which can be
improved in order {0 make experimental analysis easier. This can result in procuring data that is
more accurate. Due to financial constraints it was not possible to make these changes and

cheaper altemnatives which do not compromise the accuracy of the results were used.

When using the inert gas stripping technique the equilibrium cells must be designed for the
systems under investigation. The maximum bubble rise height through the solution in order to
ensure equilibrium conditions in the cells must be determined. The cells need to be designed for
the system that requires the greatest path for the bubbles. This allows for equilibrium conditions
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for ali the systems and avoids having different equillbrium cells for the different systems. The
test systems used should also closely resemble the systems under inquest in order to ensure
that the method will work for those systems. There ars vanous improvements thal can be made
to the equipment used in this study and it is recommended that instrumsents with high precision
and accuracy be used for the measurement vanables (temperature, pressure, mass and flow
rale). The limiting achivity coefficients are very sensitive to pressure and flow rate, when using
the IGS method.

The inert gas stripping technigue can also be used to determine Henry's law constants, Henry’'s
law constants are strongly related to limiting activity coefficients. They have particular
importance in waste water treatment, which is a research area where these constants are
needed since solubility affects volatilization of toxic cempounds into the air. Determining the fate
and distribution of polluting chemical compounds in different environmental compartments is an
area of tremendous importance for the development of successful strategies for the solution of
the problem of environmental contamination.



Chapter 2: Review of Experimental and Predictive

Techniques

2.1 Experimental Methods

In the past forty years, numerous methods for the direct measurement of infinite dilulion activity
coefficienls have been developed. These methods are always preferable to the extrapolation of
classical VLE data from finite concentrations. Often a given method is applicable io ons end of
the concentration regime of a binary system, but not to the other. Some of the more imporant
and widely used methods are discussed below.

2.1.1 Gas-Liquid Chromatography Method (GLC)

In this mathod, a solvent is firstly coated on an Inert support as a stationary phase for a gas-
liquid chromatograph. A small amount (usually only about several micro liltres) of a solute is
injected fo detect the retention time of the solute in the solvent surroundings. The limiting aclivity
coefficient can be measured by using other properties, such as the column temperature and
pressure, the solvent amount in the column and the flow rate of the carrier gas. GLC is
especially suitable for the limiting values of volatile solutes in non-volatile or low-volalile solvents
because the solvents can be coaled sasily and steadily. For the same teason, however, It Is
often unsuitable for the measurement of values at the other end of the concentralion regime, 1.e.
the limiting activity coefficients for the solvents in the solutes. This means that for a binary
system, it is very difficult 1o obtain both ends of the limiting values (Dallinga ef al. (1983)).
Nevertheless, possible solute-support interactions or solvent-suppon interaclions instead of
solute-solvent Interactions would have an effect on the accuracy of these measurements. It is
also unsuitable for the measurement of limiting aclivity coefficients in solvent mixturas because
the more volatile component is removed faster during gas liquid chromatography. This results in
the composition of the solvent mixture altering with time, due to the unavoidable pressure drop
across the column (Krummen et al. (2000)).

2.1.2 Differential Ebulliometry Method (DEM)

The limiting values can be obtained by measuraments of the limiting slope of boiling temperaiure
with respect to the solute concentration (Gaulreaux and Coates (1955)). DEM has been

succassful in obtaining limiting values for many binary systems. Unfortunately, this technique Is
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not advised for highly non-ideal systems due to difficulties in operations. It works best when the

relative volatilities are not very different, i.e. between 0.1 and 10.

2,1.3 Differential Statlc Cell Method {DSC)

A differential static cell methcd for limiting activity coefficients was developed by Sandler and co-
workers (Pivedal, et al. (1992)), in which the prassure difference is measured quile accurately
between a pure solvent and a very dilute solution that is mutually thermo-statied. Addition of
successive, small samples of solute leads readily to good limiting activily coefficlent data. Like
ebulliometry, this has the advantage of being a difference technigue. A limitation for this method
however is the need to degas the liquids rigorously.

2.1.4 Rayleigh Digtillation Method (RDIST)

In the RDIST method, which has been used for many systems, a known mass of a highly dilute
solution (xq < 107%) is subjected to a one-stage distillation. This is accomplished by passing an
inert gas through the thermo-statted solution in the form of busbles. Having distilled off a suitable
amount of the original solution, the remainder is weighed. Using gas chromatography, the ratio
of the concentrations in lhe original solution and in the remaining soluticn Is determined. From
these values, one can readily calculate the limiting activity coefficiants {Vrbka et al. (2005) and
Dohnal and Horakova (1891)).

2.1.5 Headspace Analysis Method {(HSA)

The HSA method for the determination of limiling activity coefficienls consists of gas
chromatographic measurements of the equillonum solute partial pressure above the lquid
solution of known composition. The HSA method is usually employed for solutes when the
RDIST method can not be applied due to Irreproducibility in the gas chromatographic analyses
of the agueous solutions, It is fairly difficuit to do, and reguires modifying the chromatographic
columns and detectors for various solvent/solute combinations (Eckert and Sherman (1898) and
Asprion et al. (1998)).

2.1.5.1 Indirect Headspace Chromatography (IHSC)

A vanation on headspace chromatography that minimizes the difficulties of calibration is indirect
headspace chromatography. In this method the liquid space consists of two {virtually immiscible)
solvents, A and B. Small amounts of solute are first added to one of the solvenls, and then

increments of tha second solvent are added, along with continual sampilng and analysis of the
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aquilibrium vapour space. The changes in solule concentration in the vapour can be reisled o
an A/B parilion cosfficlent, which In tum can be related 1o an infinile dilulion activity coafficiant.
This indirecl headspace chromatography I8 aspacially applicable 1o systems of higher relative
volalllity (Eckert and Sharman {1996)).

2.1.6 Comparativa Tensimaetry (TENS)

This mathod for datarmining limiting aclivity coafficiants consisls of measuring (under isothamal
condions) the diference betwaan the aquilibium pressures. above a divis soluion and the
pura solvant, as a funclion of gravimatrically or volumatrically determinaed compasitions of the
synthatically prepared dilute solutions (Vroka and Dohnal (2004) and Vioka st al. (2005)).

2.1.7 Clrculation Still Method (CIRC)

In this method, 8 VLE circulation sfill oparated a1 consignl prassure & employed o provide
samples of comesponding vapour and liquid compositions in the region of high diulion. No
measuremanl of lemperalure = required as the boling lamperature of the solution is
indigtinguishable from thal of the pure sohwent.

2.1.8 Daw Polnt Method (DPM)

A solvenl, or solution of known composilion is vapounsed and thermo-statted, then allowed 1o
impings on a tharmoststically controlied optical dew point sensor. This device employs a
iharmoslectric cooler o cool a small metal mimror unill & thin fm of condensation on the mimor is
delected by laser lighl scstiering. To date this method has been applied only to aqueous
sysiems in the lemperature rangs of 10 to 75 “C {Eckart and Sherman (1996)).

2.1.9 Inert Gas Stripping Method (1GS)

With the use of the inerl gas stripping method, & dilute solution in an equilibrivem cell IS kept at 3
tempearalure of inferest usually balow the boiing point of the componants. A constan! inart gas
fiow iz healed lo the cell lemparahse and introduced inta tha solulion conlained in a dilutor call
and fthe componanis investigated are siripped inlo the vapour phase. The gas may ba saturated
with fhe sohvenl in & pre-saluration call before entaring the dilutor cell if the solvent volatility is
high . If vapour-kquid equilibrium is established, the fimiting activity coefficient can be calculated
fram the rals of vanation of the solute vapour concentration versus the stripping fime.
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An ideal condition for the gas-stripping method, as a conclusion of pravious stugies is {hal the
solute in the dllute solulion, usually mole fraction x_, < 10%, has appropnately high volalility so

as to obtain an accurate measuremeni of the desorption of the solule from the solufion 3s 3
funclion of time. Tha solvenl, by contrasl is baesl to be of low volatility so as lo mainlain the
amount of the solution in {he equilibrium cell and to hold equilibrium efficiency high. This would
be the ideal case whera 1he solute volatility is high while lhe solvent volatility is low (typically less
{han 1 mmHg is considered as low volalilily here). Equations and corrections have been derived
(Leroi el al. (1977), and Hovorka and Dohnal (1987)) in order to account for higher solvent
volalilities, but for strongly non-ideal mixiures such as lhe ones sludied in (his project where the
solule volatility is usuzlly high but the solvent’s volatility is relatively low, the method is suparior
to ofhers. The dilutor technique ¢combines inen gas stripping and gas-liquid chromatography.
Tha dilutor tachnique has vanous polential advantages because this technique is capable of
measunng small and large values of aclivity cosefficients in pure or mixed solvents with good
reprogucibility (Atik el al. (2004)). An in-Gepth review of the inert gas stripping lechnique is given
in Chapter 3.

2.2 Predictive Methods for Determination of Limiting Activity Coefficients

Thermodynamic maodels are used lo predict infinite dilution sctivity coefficients where
experimental data can be difficult and coslly lo oblain as well as far chemicals that are

hazardous.
2.2.1 Group Contributlon Methods (UNIFAC and ASOG)

UNIFAC (Universal Quasichemical Functiona! Group Activity Coefficients). (UNIQUAC funclional
group aclivity coefficients) and ASOG (analytical solution of groups) are lhe moslt commonly
used prediction methods for liquid phase activity coefficients. These group-contribulion methods
are based on the fact that organic molecules balong (0 a given homologous series which conlain
varying numbers of the same kind of segmenis or groups. If it is assumed thal (he inleraction
energy between molecules really depends upon the interaclions betwaen Individual groups tha!
compose lhe molecules then configuratian energy betwesn molecules is given by fhe sum of all
of the group interaclion energies. Despile wide use, these methods have several disadvantages.
Since the molecule Is viewed a5 a collection of individual groups, the differsnces between
isomers as well as group proximity effects cannot be delerrnined. In addltion, the models ¢an
_ give poor results for activity coefficianis al infinite Silulion and for systems whose components
differ greally in size. Also the models make no explicit accounting for hydrogen bonding
behaviour (Eckert and Sherman (1886)).
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2.2.2. Solvatochromiec Parameters for Activity Coefficient Estimation (SPACE)

A new and superior predictive mathod for limiting activity coefficients in non-aqueous systems
which incorporates the solvatochromic scales of Ll and Carr (1894), which is now available to
characlenze solules and solvents (Abraham (1983)). The SPACE equation is a modified form of
the MOSCED (modified separation of cohasive energy denslty) models (Thomas and Eckert
(1984) and Howell et al. (1989)). The advantage of this method over the group-addition methods
(s that it treats strong Interactions like hydrogen bonding spacifically, and thus is much more
realistic for highly non-ideal systems. The SPACE equation however currenlly has no
temparature dependence but relies on limiling achvity coefficients evaluated at different

temperatures by using the partial molar excess enthaipy.

2.2.3 Conductor-like Screening Model for Real Solvents (COSMO-RS)

COSMO-RS is an alternative predictive method from group contribution methods and can be
used for a wide vadety of systems that requires a limited minimum number of input parameters.
A significant difference between group contribution methods and COSMO-RS is that a given
group contrisution methods’ predictive ability is dependent on the availability of group interaction
paramelers, whereas COSMO-RS is only limited by the availability of individual component
parameters.

COSMO-RS26 is an example of a simulation-based model that is quite close to reaching the
point of becoming a practicalt chemical engineering utility. COSMO-RS is based solely upon uni-
molecular quanfum chemical calculations of tha Individual species in the system (l.8. not of the
mixture iiself). The COSMO-RS zpproach staits from a very differant point of view, namely, from
the complele molecule or, to be more precise, from the molecular sudace as computed by
gquanium chemical methods. COSMO-RS combines an elsctrostatic theory of locally interacting
molecular surface descriptors (which are avallable from quantum chemical method calculations),
with an exact statistical thermodynamic methodology. In practice, each molecuis that is involved
in a mixture has to be compuled by the guantum chemical conductor-like screening model.

COSMO-RS depends on a small number of 16 adjusiable parameters, some ol which are
physically predetermined. COSMO-RS parameiers are nol speclfic ragarding funclional groups
or molecule types. The parameters have 1o be oplimized only for the method that is to be used
as a basis for the COSMQ-RS calculations. Thus, the resulting paramsierisation IS compléetely
general and can be used lo predicl the properties of almost any imaginable compound mixiure
or system {Putnam ef al. {2003)).
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There is also a variation of this model known as segment activity coefficient (COSMO-SAC)
model.

2.2.4 Quantitative Structure-Property Relationship (QSPR)

This involves the davelopmeni of models that ralale the siruclures of 2 hetarogeneous group of
organic compounds lo their infinile dilulion aclivity coefficients. The molecular structures are
represented by calculaled descriptors Lhat encode their topological, slectronic, and gesomstric
features. The descriplors are used to deveiop muliiple linear regression and computational
neural network modeis to predict the limiting activity coefficienl. Genstic algorithm and sirnulated
annealing roulines are used o select subssls of descriptars that form the best modals. Thse
models that are davaloped have prediclive ability in tha range of the experimenlal error of infinite

dilubion activity coefficiert measurements (Milchell and Jurs (1898)).
2.2.5 Group Conlributton Solvation Model (GCS)

The GCS model was aspscially developed for prediction of infinite dilution activity coefficients. It
Is based on the idea of describing liquid phase non-igealties by solvation thermodynamics. In
facl, the GCS model was derived by relating the interaclion paramelers in the UNIQUAC modsl
ta the solvation frea energy. It involves quantum chemistry lo ¢alculate the so-called “charging”
pan of the solvation free energy, and the combinatonal termn of the UNIQUAC model is used for
the cavity formation contribution to the solvatian free energy. Various diflerént so-called self-
consislent reaction field (SCRF) approaches have been formulaled and are nowagdays available
to be used for calculating salvation enargies and othsr properties in solution e.g. Intagral
Equation Formalism-Polarized Continuum Mede! {IEF-PCM). Modern camputational chemistry is
used to determine the energies of solvation of molecules in various solvenls. From this and
information about the size and shape of the molecule, we can then predict the infinite dilution

activity coeficient diractly.’
2.2.6 Linear Solvation Relationships (LSER)

The LSER is a generalized treatment of solvation which assumes thal solute-solvent interactions
are generally due to non-specific dipolarity/polarizability effecls and spacific hydregen bonding
interactions. The latter is subdivided into solute hydrogen bond donor (HBD)-solvent hydrogen
bond acceplor (HBA) complexing and the converse, solute HBA-solvent HBD complexing. Il is
further assumed that these sffects are independent and addilive. The ability of a molecule to
participate in these lypes of interactions is quantihed by lhe assignment of solvalochromic

" www . wag.caltech.eduhome/stlin/research
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parameters. The dipolarity/polarizability, hydrogen-bonding donation and acceptance tendencies
of a molecule are represented parameters. The solvatochromic parameters for most molecules
are scaled to lie mostly between 0 and 1 and are determined by spectroscopic or
chromatographic means. There are several alternate solvalochromic scales, one for molecules
as solvents and, unfortunatsly due to the rapid rate of development in this field, several differsnt
scales for molecules as infinitely dilute solutes (Sherman et al. (1998)).



Chapter 3 - The Inert Gas Stripping Method

3.1 Background

The inert gas stripping (1GS) method often referred to as the exponential dllutor method allows
for quick and accurate determination of infinite dilution activity coefficients. The forerunners of
this method were Fowlis and Scott (1963) who used this technique to calibrals chromatographic
detsctors, as well as Ritter and Adams (1976) who gave particular attention to the design of the
equilibrium cell taking into account the essentiat role of mixing. Bumett (1963) applied this
difution method to determine partition coefficients for vapour-liquid equilibrium and Leroi st al.
(1977) developed it to measure limiting activity coeffictents.

Sinca then, the IGS technique has been extended to different systerns. Richon et al. (1985)
modified the apparatus in order to study viscous and foaming mixiures. Hradetzky et al. (1990),
Oveckova et al. (1991) and Wobst et al. (1992) combined the analysis of the vapour with the
analysis of the remaining liquid mixture and this allowed for measuremants of the whole
concenlration range. Legret ! al. {1881) developed a cell for high pressure measuraments,
while Boa and Han (1995) extended the method o various systems containing multi-component

solutes or multi-component solvents.

Since the method was establishad by Lerol st al. (1977), a lot of progress has bean made to
ensure better resuits:

a) The Duhem and Vidal (1978) correction for the liguid concentration of the solute for
partition betweaen the vapour phase and the liquid phase in tha equillbrium call.

b} Modifications of the structure of the equilibrium cell (Richon et al. (1880) and Richon and
Renon (1980)).

c) The pre-saluration technigque (Dolezal et al. (1981) and Dolezal and Holub (1985)) which
was proposed for the determination of limiling activity coefficients for highly volatile
solvant systems

d} Fast expansion of the studying scope, such as for viscous and foaming systems (Richon
et al, (1985)), and for mixtures containing food or oil (Lebert and Richon (1984)).

e) A liquid-conducted-tube was added between stainless steel capiltaries and the cell body

to gererate & counter cument of circuiating solution to the stripping bubbles. This
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improved mass transfer and made the process of stripping mare efficient (Bao et al.
(1890) and Bao et al. (1994)).

f) New cell design consisting of an inner glass tube for the determination of Henry's
constants (Miyanao et al. (2003))

IGS (or dilutor method) dates back to 1975 when it was first proposed by Anand et al. (1975). it
originated from a lechnique used by Fowlis and Scott (1963) to calibrate chromalographic
detectors (exponential dilution method). Leroi el al. (1977) showed ihat infinile dilulion aclivity
coefficients could be obtained by measuring the decrease in the gas-phase solute conceantration
as a function of lime when the solute is stripped from the solvent due to an Inert gas passing
through the solution. A gas chromatograph is used only as a tool for quantifying the relative
vapour phase concentration of the solule as a function of time. When a constant flow of inert gas
is passed through a dilute solution to remove the solute, the vapour phase solute concentration,
as measvured by the gas chromatograph, will decrease in an approximately exponential fashion
with time. This decay rate allows for direct calculation of the infinite dilution activity coefficient of
the solute in the solvent. Since a decay rate is measured, there is no need to know the initiat
concentration of the solule. There is also no need to calibrate the detector, as long as a constant
response factor is assumed. Thesea are the two major advantages of this technique.

Since the success of Leroi ef al (1977) with the IGS technique, only the dilulor celis have been
changed or modified for different systems. Whils! other equipment used in conjunclion with the
cells may vary, the IGS 1{echnique itself has not changed. On the other hand researchers have
improved on the equations used lo determine limiting activity coefficients which now provide
befter results for certain types of systems. Gruber et al. (1999) derived an equation for the
datermination of limiling activity coefficients for various systems. They also designed a special
cell for the sysiems they were investigating, as the original cell proposed by Leroi et al. (1977)

had limitations and the validity of the method was being compromised.

The IGS method has also been extended to the detemmination of Henry's constants by Richon
and Rennon (1980) and most recently by Miyano et al. (2003) and Miyano (2004). Using the IGS
technique, as the basis of the analysis, they have derived equations for the determination of
Henry’s constants. The work by Miyano et al. (2005) is the most recent known advancement
conceming the inert gas stripping technique. The IGS technique can now be used to detemmine
limiting activity coefficients, as well as Henry’s constants, thus making it more versatile. The
same experimental setup can be used with only the data being analysed differenlly depending

on the outpul required.

L4
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Over a number of years various equilibnum cells have been designed by various ressaichers lo
analyse differant solulions based on propertias of the solutions under invesligalion.

3.2 The Single Cell Technique and the Double Cell Technique

There are two types of techniques to consider when using the inert gas sbipping technique as a
means to determine limiting activity coefficients. The single cell technique and the double cell
technique are the two variations of the method. The double cell technique can bs used for any
system and should be used If one is unsure of which technigue to use. Tha single call tachnlque
is more economically viable especially if the solvent usad is expensive angd in short supply butis
only limited to certain types of systems.

3.2.1 Single Cell Technlque (SCT)

In this technique, only one cell, the dilutor cell is used, just as in the original method proposad by
Leroi et al. (1977). The SCT works well for systems where the solvent volalility is low and the
solute (or solutes) volatility is relatively high. Some systems thal have been successfully
investigated Inctude, alcohols in n-alkanes (Con and Delogu (1986)) and n-hexanes and
benzena in binary mixtures with n-methylpyrolidone, dimethylsulfoxide, anillne, nlitrobenzene and
decatin (Lerci et al. (1977)). Henry's constants of light hydrocarbons in n-hexadecane and n-
octadecane have also been Investigated by Richon and Renon (1980).

If one Is unable to categorize the volatility of any chemical component then it is best that the
SCT be avoided and the more reliable double cell technique must be used for expenmental
analysis. Also, the SCT must not be used for systems containing more than one solvenl. The
SCT is unabls to maintain a constant concentration and amount of solvent in the dllutor cell for
multi-comnponent solvent systems where there may be varying volatilities. The components with
the higher wvolatilities in the solvent mixture will be stripped fasler thus changing the
concentration of the solvent mixture. This will thus result in errors in the obtained values of the

lirniting aclivity coefficients for ihe solvent/s.
3.2.2 Double Cell Technique (DCT)

Two equilibrium cells, a pre-saturation cell and a dilutor cell, must be used for the measurement
of limiting activity coefficients in this technique. In the pre-saturation cali, a solvent which has the
same composilion as that in the main dilutor cell is always added. When an inart stripping gas is

introduced, a saturated vapour flow of the solvent is generated and is used to maintain the
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composition and the amount of solvent in the dlulor cell. This is particulary useful for systems of
high solvenl vaolalifity, in maintaining the amount of solvent in the diluior cell,

Tha BDCT is the prefarrad method fo use as it can handle many more systems than the SCT. The
downfall of the DCT is thal it reguires the use of additional solvenl. In some cases the solveni
may ba very expansive or available in small quantifies. However. the solven! can be reused if ils
compasition has nol changed, This can be verfied by injeciing a small sampla of the salvent
from the call inle a GO with a surlable temperalura program. One can aleo chack for impurities in
ihls manner. Impurifies can accumulale from ihe ined gas anfenng tha cell or tha solvant may
become confaminated by the seals or other malenals used. I is best thal the soclveni be
analysad afer sach run to check for the exiztence of foreign subslances as ims would affect the
value of the aclivity cosfficient at infinite diution.

Systems thal have been invesligated previously for which good resulls have been obtainad are
afcohols in hydrocarpon mixiures (Vitka et al, (20023, hydrocarbons (n-hexane, cyclohaxane, 1-
haxana and banzena) in n-mathyl-2-pyrolidoneswater mixtures (Krumman at al. (2000)) and n-
formylmorpholina’water mixtures (Krommen eb al. (2004}, Alsa alkenes and alkanes in ooic
liguids such as 1-methyl-3-methylimidazolium  blslrfvoromathdsulohonyllimide have bean
successiully Invesligated by Knummen el al, (2002}

3.3 Types of Systems that can be analysed uging the Inert Gas Stripplng Technigua

Thara are vanous diffarenl categories of syslams Lhat can be analysed using the inert gas
sinpping lechniguse, However all systems fall into four categories as far as tha ner gas strppng
technique is concemed, The iechnique can be used fo anelyse all ypes of syslams a5 long a8
pocd saparation can ba achieved in tha GC column and the simplifylng assumplians from which
the equations wera denved are salisfied.

3349 Type 1: One-Companent Solute + One-Caomponent Solvent Systems

For these types of systems (binary systems). use of the S5CT or OCT depends mainly on the
vodatility of the sobvent. If il B a non-volatile or low volatile substance, it i3 more convenient (o
use the 3CT. For exampla, whan alcohol + n-alkane systems wera studiec by the gas stnpping
medhod by Con and Delogu {1886) and Bag = al. {1880). il was found ihast the sclules are
ahways preferantislly volatized, sither an atcohol in &n alkane or an alkana in an alcohal. Only
ona cell was nacessary for the maasuremants,
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When the limiting activity coefflcient for solutes in acetone, which is obviously a high-volatile
solvent, were measured by Bao et al. {1993a) and Bao st al. {1994), a pre-saturator, that means
DCT was employed, to maintain the amount of solution in the dilutor cell and to keep the
equilibrium efficiency high. For systems whose solvenis have volatility that are neither very high
nor very low compared with that of the solutes, such as benzene in acetonitrile, and n-heptane in
benzene, wsither the SCT or the DCT can be used for the determination of inflnite dilution activity
coefficients,

3.3.2 Type 2: One-Component Solute + Multi-Componant Solvent Systams

A multi-component solvent means that the solvent is composed of two or more substances. For
such a system, the measurement will have no physical meaning if the SCT is usegd because the
surroundings of the solute, i.e. the solvent, will be changed while stripping. For instance,
consider the measurament of the limiting aclivity coefficient for solute chemical A In a solvent
mixture of chemicals B and C with different volatilitias. The concentration of the B in solution will
be increased if C has higher volatility than B during the stripping process and vice versa. The
solvent concentration will be changing with time during the experimenl and as a result the

limiting activity coefficlent of chemical A will vary during the experiment. The SCT must not be
used for such systems,

The DCT can eliminate thls problem by introducing the solvent mixture, with the same
concantration as in the dilutor cell (before addition of solute) into 8 pre-saturation call. When this
is done, the gas flowing out of the pre-saturator cell and into the main dilutor cell is saturated
with the multi-component solvent vapour. The solvent concentration in the dilutor cell will now
remain constant throughout the experiment. The concentration of solvent in the pre-saturation
cell will change slightly, as the volume of the pre-saturator used is usually finite, while thal in the
dilutor cell will be constant within the whole experimental period. This is true as long as the
stripping period is not too long and the gas leaving the pre-saturator is always saturated with
solvent. The 1GS technigue can be used successfully to determine limiting activity coefficients for
multi-component solvent systems provided the DCT is used.

3.3.3 Type 3; Multi-Componant Solute + One-Coemponent Solvent Systems

All the conditions for Type 1 apply to these typaes of syslems. The only difficulty hers is abtaining
a perfect saparation in the gas chromatograph column for all the componenls. The component
peaks can be identified by their residence tmes obtained by injecting pure samples of each

component Into the gas chromalograph before performing the actual experiment. The more
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components the solute consisis of, the more difficull the anzalysis becomas especially when the

resigence times are very cClose.

3.3.4 Type 4: Multi-Component Solute + Solvent Systems

If 2 solute is multl-component, the system will have mare than one limiting value, As mentioned
previously, we can maasyre thesa values separalely as long as perfect separation between the
components can be achieved during gas chromatography. If the properties of the components
m3aking up the solute have volalilities that are close, and the delector (usually a2 gas
chromalograph) can detect their vapour phases accurately, then the limiting values can be
delermined simultaneously if there are no expenmental errors. The efficiency of determining
limiling activity coefficienls is enhanced for these types of systems when using the 1GS
tgchnigue (Bao and Han (1982)).

3.4 An Overall Scheme

Now Lhat the ditferenl lechniques (SCT or DCT) and types of systems (Types 1. 2, 3 and 4) aro
fully undersiood, an attempt has been mada to illustrate which lechnique is most appropriate for
a particular sysieny The illustration (Figure 3-1) serves as a quick refersnce and summarizes the
diffarenl possible palhs for the measurements.

Bao and Han (1995) found that the usa of the SCT or DCT depends mainly on (he volatility and
nature of the solvani or solvents making up the solution. If |he solvenl is 2 non-volalile or low-
volalile substance, SCT can usually be employed, but if It is a highly volaille subslance or
composed of two or more subslancas, DCT must be applisd for a3 reasonable and accurale
measuremant.

For the solute, however. ils volablity is not concerned directly with the use of SCT or DCT, bul
wilh the me(hod employed. The solute should have cartain volatility in the dilute solulion {despite
its pure properties) if the gas stripping meihod s applied for the deteaminalion of limiting
coefficients (Richon et al. (1980)). However, if the dilute solute is highly volalile. lhe method is
not accurate enough uniess some modifications on the sampling technique or detecling
equipment are made (Boa et al. (1293b)). Further, the nature of the solute/soluies can only lell
us how many limiting aclivity coefficients the system has i.e. if the solute is made up of more
than one component (multi-component), then one can expect the number of limiting activity
coefficlents lo equal the number of solutes. It also tells us whether these limiting values can be
determined simyltaneously or not based on the solute/solutes relative volatility.
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Figure 3-1: Overall scheme given by Bao and Han (1995) for choosing tha SCT or
DCT for the inert gas stripping technique, as used to measure infinile diluilon
activity coefficients.

3.5 Major Advances in Exparimental Determination of Activity Coefficients and the 1GS
Method

There have been various improvements to the way limiting activity coefficients are obtained
using the IGS technique over the passed few decades. These improvemenis include
modifications to the eguipments as well as improvemenl(s in the analysis of the experimental
data. The inert gas stnpping method was first introduced by Leroi et al. (1877); since then,
various Improvernents and modiflcations were made. including

The introduction of the Duhem and Vidal (1978) correction faclior

Modification of the structure of the dilutor call

The introduction of the double cell technique for highly volatile solvent systems
Advanced cells for further research regarding viscous or foaming mixturas

Improvad experimental set-ups to ensurs isothermal conditions

¥V V V VvV VvV V¥V

Application of the technigue to determine Henry's constants
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There are two important assumplions lo consider when using the inert gas strpping method.
When determining infinite dilution activity coefficients using the 1GS method, the following

assumplicns are made:

> The vapour phase is ideal.
¥ There is negligible solubility of the inert gas in the liguid

The inart ges stripping method is based on the principle of exponential dilulion as discussed
below.

3.5.1 Exponential Dilution

The inert gas stripping method was originally used for gas chromatograph detector calibration.
An inert gas is aliowed 1o flow through a flask that contains the calibration fluid. The fluid
concentration in the exit stream will be observed to decrease exponentially as the solute is
desorbed into the gas bubbles from the liguid. If the totai area under lhe peaks in the graph on
the laft in Figure 3-2 is plotied against time then the exponential decay can be clearly seen.

A dilute solution in a cell is initially meintained at a specified temperature. The highly diluted
component {(solute) is stripped from a liquid solution {solvenl and solute) by a constant inert gas
flow. The solute concentration in the gaseous phase is monitored and measured using a gas
chromatograph. A typical concentration profile can be seen in Figure 3-2 (left). The figure on the
left is the solute peak areas only. The solvenl peak areas have been omitted for clarity of the
exponential decay. The figure on the right is a result of plotting the logarithmic ratio of peak

areas to the first solute peak area (A,. / 4, ) against time to form a straight line with slope a.

peak area
in peak area

J“HJM, \\\

time tme
Figura 3-2: The figure on the lefl shows the typical solute peak profile formed as a result

L ANy

of 13 injections and the figure on the right is a plot of represented solute peak areas
ageinst time to give stope a (Gruber et al. (1599)).
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3.5.2 Factors Affecting the Performance of tha Equilibrium Cells
An lustration of the dilutor call usad in 1his sludy is shown in Figure 3-3. A cell of similar design

wad usad as tha pro-saluralion call. A number ol Tactors affact the paformance of 1he cells and
i outined balow

Flgure 3-3:; Diulor cell used in this shady
A = Siripping gas inlet; B — Sinpping gas oullet; © — Teflon plug O — O-ring seals; E-
Circodating walar inlat; F — Capllanas; G — Thermowed, H — Magnaiic silmer

3.5.2.1 Bubble Rise Height

Tha bubble rise height required for the gas phase 1o be in equiibrium with the iquid in the call is
mas| imporant and can be calculated using a procedure demonsirated by Richan el al. {1980)
Boin the mass transfer of solule to the bubble 35 well as diffusion of solule into the bubble must
be considered. The bubble rise height is relalad to the cal height and bubble diameter. The
greater the haighl of the call, the longer the path for the bubbles in the solution and thus more
time is allowed for equilibrium condiions. Also largar bubble diamelars mean greater call heighls
will be reguired in order 1o oblain equilibrium. The procedure fof delarmminng the bubble nss
height s summarizad in Chapler 8.
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3.5.2.2 Double or Single Call Technigue

O 1he two lechnlques the choica of which lechnique 1o use depends on The nature [one or mulli-
component] and the valatility of the solvent in the solution, For a nom-volatile or low-volalile
solvent, SCT Is usually used, but for a highly volatite solvent or a multi-componen! solvent
systam, the DCT must be used for sufficiently accurata results. For (he solule, however, the
volatility is concemed with the method employed, If the gas stnpping meithod is amployad, tha
solute should have cerain volatility in the dilite sohsion despite its pura propenies. The effects
of the ko techniques on certain syslams are cbaandad in later chaplars,

3,523 Type of Gas Dispersion Device

The type and effactiveness of Ine gas dispersion device determineas the accuracy of tha rasulls.
There 18 an opfimum and ofien desired mmimum bubbla size to ensura good mass transfer in
tha cells. Furiher, it is undesirable for ihe bubhles 1o be allowed to coalesce. Inibially lhe use of a
sintered disk a5 a gas disparsion devica was praposad. |t was abserved that the sinterad disk
often gave riss 1o bubble coalescence and Jourdain {20040) suggested thal the magnelic stirer
was responsitde for the coalescence and recommended modifications thal avoid bubbles being
infreduced info the vortex crested by the sfimer. Thus for experments undartaken in this sfudy,
the use of evenly spaced capillaries were used as the dispersion medium (see Figure 3-3). Ten
tengths of 'Yy inch narrow bore stainless stesl fubes were used to introduce the gas. This
ansured optimal bubble size, and tha absance of coalascenca.

3.5.2.4 Flow Rate of Stripping Gas

Tha flow rate of the stripping gas determings the contact time of the bubbles with the salution. It
iz imporant that sufficient conlact time be allowed for the bubblas with tha kgwd. The valua of
the ideal flow rate will ba syslem dependant, bul axpanmants indicata that a low gas flow rale is
migsl appropnate. Tha fow rate akso alects the size of the bubbles, The higher tha iner gas flow
rata the farger the bubble diameters. This is anciher reazon for keeping the gas flow rate as low
a5 possible 1o ensure equiibrium conditions are mea! within The cells.

352 5 Liguid Viscosity
Richan &t al. (1885) (ound that tha influsnce of viscosity 5 two-fold, The mass transfer i3

compromised when the viscosity i high, This iz however, compensalad for by the bubbie rise
valacity increazing and lhe conlact ime is therefore decreased, In fact Richon et 2, (1885) also
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reports that even sysiems with viscosities as high as 40 cp reach equilibpium after passing
through 1 em of solution. Solutions having viscosities greater than 50 ¢p were found to be
problematic. The main concems were that the stiming was ineffective and thal the figuids tend to
foam,

3.5.2.6 Bubble Size

Previous studies undenaken by Richon et al. (1993) showed thal bubble sizes less than 2 mm
werea most appropriate for a bubble rise height in solution of more lhan 3 ¢m. Thus lhe
dispersion device must maintain bubbie dlameters below 2 certain maximum diameter (hal
depends ultimately on the bubble rise height in the cell. For good mass transtfer and to ensure
that equilibrium conditions for the experiment are met, the bubble rise height must be more than
sufficient and the bubbles must be smaller than a certain maximumn. Fine bore caplllaries searn
to work well but any dispersion device that maintains small bubble diamelers in the equilibrium
cells will satisfy. For any gas dispersion device the cells must be designed for the largesi
bubbles, formed at the highest operating flow rates.

3.5.2.7 The Infinite Dilution Activity Coefficient

The design of the cell depends on the value of the infinite dilution acfivity coefficient. The effect
of a large infinite dilution activity coefficient on tha rate of solute mass transfer can be significant.
The infinite gilution aclivity coefficient has no effect on solule diffusion. The applicability of the
cell used in this project is limited by the value of the infinite dilution activity coefficient. Systems
such as non-electrolytes in water (discussed by Li et al. (1993)) have values of infinite dilulion
aclivity cosfficient that arae of the order of several thousands and require lhat the cell be revised
to ensure adequale approach to equilibrium.

3.6 Advantages and Disadvantages of the inert Gas Stripping Method

The IGS technique has its pros and cons but its advantages out-weigh its disadvanlages making

it 2 method that is supenior to others in terms of the range of systemns that can be analysed.

3.6.1 Advantages

» Can be used (o determine infinite dilution activity coefficients for syslems with high and
low volatility solvents.

> A single experiment can allow for the investigation of multiple solutes.
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> ltis a direct method for determining limiting activity coefficients.
» Thnere is no need for detector calibration especially if a gas chromatograph is used as
the means of analysis.

3.6.2 Disadvantages

¥ High purity solutes and solvents ars raquired.
» Sufficient gas-liguid contact is required for accurate results.

¥  Systemns with low volatility solutes ara difficult to analyse.
3.7 Revlew of Previous 1GS Apparatus

Over the years various different dilutor cells have been designad for various syslems. An
illustration and descnption of dilutor cells have been outlined balow.

3.7.1 Leroi et al. {1977)

The most basic dilulor cell is |he cell designed by Leroi et al. (1977). Since then varnous cells
have been designed to ii2ndie different solutions that would be more difficult 1o 2nalyse using
the basic cell design of Leroi et al. {1977;. The cell dasigned by Leroi at 2l. (1977}, mos! closely
describes the cells used for all systems in Lhis dissartation. An illustration of this cell is shown in

Figure 3-4.

The dilutor cell (Figure 3-4) could hold about 25 cm® of solvent and the liquid solute was
introduced into the cell by means of a 10 yl syringe through the septum. This would have
resulled in an inilial meole fracton of solute, which is smell enough io obsarve no significant
deviation of the aclivity coefficient from its limiling value. The carrier gas passed through a frtted

disk where it was dispersed into fine bubblas.
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[~ v Ale s disk

Figure 3~4: Experimental ditutor cell used by Leroi o al. (1877), which was
made of Pyrex glass.

3.7.2 Richon et al. (1980)

A few years laler Richon, Antoine and Renon, improved the dilutor call to calculale infinite
dilution activity coefficiants for linear and branched alkanes from single carbon (C1) lo nine
carbon (C9) alkanes. The cell is similar to the cell developed by Leroi et al. (1877) except for the
following improvements and differences. The carrier gas is introduced at the botlom of lhe call
by capillanies, of which, gas bubblas of equal size form slowly at the axtremilies. This
modification improves the mass transfer of solute and solvent into the bubble. Tha new glass csll
was built with a concentric gas inlet and outlet. The outlet gas collector is conical o prevent
liguid entrainment. Fine capillaries were chosen as the gas dispersion devica. Apari from the
reasons above It also givas even bubble size distribution. The dilutor ceil by Richon et al. (1980)
is shown In Figure 3-5.
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Flgura 3-5: Dilulor cell used by Richon el al (1880)
A = glass s1h body. B = conical collecior of ga% oullel, C - gaskel, D —plug, E -
capillarias, F = Taflon seal, G - magneic stinar, H - metalic ring (o adjusi the dapih
of the coneal codacior B in tne siill, | = woe for casnar gas ailsl, J — gas oullal,

3.7.3 Richon and Renon [1880)

In tha s@ma year Richon and Renon designed & call for the determination of activity coafficianis
for light hydrocerbons. This is & complstely new cali design and the operation of which requires
tha filling of tha call o a Eguid level not lese than 1 cm from he lop of the cell, reducing the
volurme of the vapour phase considerably. The coleclor has also bean modified 1o oblain &
simple gaometric shape for the vapow’ phase The diklor cell iz shown below,
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Figure 3-8: Equilibrium cell designed by Richon and Renon {1280).
A = vapour-phase oullsl, B - iner gas inlal, C = Tellon seal, D = plug, F = capillaries,
G = glass =1l body, H - batfas, | —-magnatic stimer,

3.7.4 Legret at al. (1983)

Lagrel el al, [1983) designed a cell for use with the IG5 lechnigue spacifically for the
delermination of partition lents for use with the inert gas stripping technigue. Parlifion
coafficients are closely related io limiling achivity coeficients. The gas flow is dispersed ai the
bottom of the cell by means of vertical capilaries opan at tha bottom of the cell, The dilutor and
pre-saluralor celis used for their experiments were of similar dasign with 20 capillaries of 3=107
m intermal diameter used In the saturator cefl and 50 capifares of 107 m internal diamater used
in the dilutor cell. They wera also abla o Immerse the cells in an ol bath and regulate the
temparature of the oil kesplng the contents of the cells at the experimental temperature, The
calls mach contained about 40 cm” of solvent which was well mixed by small magnets ralating in

magnetc fields by means of external permanent magnets rotating in urbines. An illustration of
the dilulor cell appears In Figura 3-7
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Figure 3-7: Dilulor call for tha detarmination of padition coafficients for
alkanes
B = body, C = cap. Ca = capillades, H = caplilary holdar, M = magnal, ¥ = Vitan 0"
fing

3.7.5 Richon et al. (1985)

Richon st al (1285) took dilutor call design o analher level when they designed a cell for Ine
determination of imiting activily coefficiants for viscous and foaming mixtures. All the pravious
cells wene lirmeled (o he sludy of non-fosmeng mintures with 0w wscosly dus to the design of tha
dikrior call. An Blustration of this call is shown in Figuia 3-8

The cell shown in Figure 3-8 is composad of a glass tube (K) closed al each axtramily by plugs
(G), and the comesponding sealing boing achigvad by using soft gaskals (D). Al the lowar
extramity of tha glass tuba the camer gas inkal (M) holding the capillary iniectors (L) can be
found. At the othar extremity (8 the vapour phasa outlet (A), & deflector (B), a foam-braaking
dewice (E) and a bladed scréw (H). The bladed screw is used (o pravenl liquid rotaticn n the call
and promote tha coalescenca of gas bubbles. Bestween the two extremities, two pivols maintain
an Archimede's screw, It is activatad by maeans of magnat (F) and 5 used 10 circulate the iquid
from lop 1o botiom inside tha intemal cylindar [J).
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Figure 3-8: New type of dilutor cell designed by Richon et al. (1885) for

viscous and foaming mixtures.

A —vapour phase outlet, B — deflector, C — pivot, D — gasket, E — foam-braaking
device, F — permanent magnet, G — plug, H — bladed scraw, | — Archimedes's screw, J
- Internal cylinder, K = dllutor cell, L — carrier gas capillary Injectors and M — carrier
ges inlet.

3.7.6 Boa et al. (1994)

Boa et al. (1994) designed a diiutor cell for various types of systems. The equilibrium cell
consists of a liguid-conducting tube as shown in Figure 3-9. The tube enhances mass transfer
and makes the stripping process more efficient by generating a counter current flow of
circutating solution to the siripping bubbles. Stainless steel capillaries of 10 m intemal diameter

were usad to generate small bubbles.
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Figure 3-8: Equilibrium call designed by Bao et al. (1994)
B - body, C — capillgnes, H - smal holes, | = nded gas mlsl. M = magnel, O = vapour
phese pulied, P — plug, B = PTFE "0'-ang, T = Rpusd-00nduciod-luba

3.7.7 Hovorka &t 5. (104T)

Hovorka el al (19397) designed a cell for the delerminalion of ackhvity cosfficients al nfinils
dilution, for use in the determinztion of air-water partfioning coesfficients of volatida halogenated
hydrocarbons. The equilibrium stipping cell is an ali-glass jackieléd device compossd ol the ple-
saturator (P} and the diution cell (D) as shown Figura 3-10 The stripping gas first enters (he
pre-saturater (P Its comparmani s dividad by frlled glass disks inlo several plalas 1o achiave
afficiant pre-saluration with the sobrant vapour, yval keaping & small préssure drop acroas he
pre-aaturator. The pre-asiuraled gas than passas into the solution in the dilutor cell (D) through 8
fina parosity fritted glass lip where il is disparsed inlo bubbles with small diameléers, The solution
is vigorously mixed with an afficient magneatic stirer (5), which extands considerably the path
and tha residence time of the bubbles in (he solullon, The vapour space of the cell and & special
design of the gas oullet prevent liquid droplet @ntrainment, An lllustration of the call is shown
behow,
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Figure 3-10: Equilibrium cell designed by Hovorka et al. (1997).

P — pre-saturator with fritted glass disks, D — dilutor csll, S — stirrer, J — tharmo-stafed
jacket, IW — Input of thermo-statted water, OW ~ outpul of thermo-statted watar, IG =
input of stripplng ges, OG — oullet of saturated stripplng gas, FO —filling openings.

3.7.8 Miyano et al. (2003)

Miyano et al, (2003) designed a cell 10 delermine activity coefficients at infinite dilution for the
determination of Henry's constants for solutes such as alkanes and alkenas in solvent alcohols.
Henry's constants are closely related to limiting aclivity coefficients as discussed in Chapter 6.
The experimental gas stripping cell is shown in Figure 3-11. The equilibrium cell has a volume of
44 cm®. The cell contains an inner glass tube and a magnelic stirrer. The inner tube ensures
good mixing of the whole solution, and also creates a counter flow of liquid against the rising
bubbles. This results in the vapour-liquid conlacting times becoming longes. The exit port of the
inerl gas in the dilufor cell Is made of a stalnless tube with innar diameter of 0.14 mm.
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Figure 3-11: Equikbrum coll designad by Miyana et al (2003) for the
determination of Henry's consianis using the inen gas sirppang echnkgue
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Chapter IV - Equipment and Experimental Procedure

In the preceding chapters the critical design parameters were discussed. The scope of this
project involved the design, construction and commissioning of 2 suilable inerl gas stripping
equipment for thermodynamic measurements of activity coefficients al infinite dilution. The
design of the IGS apparalus was limited due to financial constraints. As a result less robust
equipment was used resulting in a very basic design. Though the apparalus used was nol as
automated and in some Instances less efficient than some of the other pravious designs on
which it was based. it is still adequate for obtaining favourable results. Maledal seleclion was
based on availability, cost, inertness to the effects of various chemicals such as acids and
strength of matenals. The speacification of the equipmant assemblad Is comparable to equipment

designed by other researchsrs.

4.1 Process Description

The flow of material through the system can be difficult to describa and is best shown in the form
of a comprehensive flow diagram. The illustration, Figure 4-1, shows the various fiows of
materals and all the major equipment used for this study.

Nitrogen gas flows out the regulator of the nitrogen tank (A) to a smaller regulalor (T) which
maintains a constant flow of nitrogen to the control valve (P). The control valve sals the flow rale
of nilrogen into the system for a parlicular run with tha help of the soap bubblae flow meter (O).
Once the flow rate has been set the gas enters a long copper coil (Q1 - % inch ID) immersed in
a water bath (B1) which allows the gas to equilibrate to the sat-point iamparaiure. This set-poin
ternperalure is the systam temperature i.e. the temperature of tha pra-saturalor cell (C) and tha
gilutor call (D). A Grant temperature controller {Type: GD 120) keeps the water in Ihe water balh
at the constant system sef-point temperature. The water surfaces in the water baths are
completely covered with polystyrene chips to redoce heat ioss to the almosphere. The Grani
temperature controller has a built-in pump and pumps water inlo the jackels around the
equilibrium cells and to the heat exchanger (L) keeping them at system tempsraiure. All the
relevant piping is well insulated reducing any heat losses.

After the gas flows through the heating coil it enters the pre-saturator cell through a steel pipe (%
inch 1D) through the centre of the cell and is distributed through ten capillaries (‘15 inch ID) al
the bottom of the call.
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Figure 4-1: Process flow diagrar of experimental setup used for Ine determination of limiting activity coefficients. The grey spols show where
glass wool or polystyrene was Used as insulation and where there was Iherma requlation in the process

A - gas tanks, B - water baths, C - pre-saturator cel, 0 - diulor call, E - six-port gas-sampling vaive, F - cold trap, G - Varian 3300 GC, K - computer, I -

Sensolec pressure cisplay, J - selector swilch, K - temperalure display, L - heat exchanger, M - piece, N - Sensolec pressure ransducer, O - soap bubble

flow meler, P - flow control valve, Q - coi tubes, R - sample loop, S - ‘emperature controlle wilh bulk-in pump, T - requlator
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These capillaries ensure constant and optimal bubble size for good mass transter. The pre-
saturator cell contains a known amount of solvent. The solvent enters the bubble phase as the
bubbles rise up into the vapour phase in the cell before entering the inner tubs of the hsat
exchanger (L). The heat exchanger keeps the saturated nitrogen gas al the system lemperature
and prevents condensation of solvent before entering the dilutor csll (B). Water from the walter
bath (B1) is used to maintain the temperature of the gas flowing through the heal exchanger.
The heat exchanger is well insulated to prevent a'ny heat losses that might occur through the
outer tube. An illustration of the heat exchanger is shown in Figure 4-2,

A! B xj
1/ A\,

|

Sahraied gas

Figurs 4-2: Heat exchanger fitied on the gas line between the two equilibrium calls.
A - T-pieces ceiled at one end wilh sillcon, B — Outer plastic tube (% Inch ID) of 0.5 m in
length and C - Inner stsel tube (¥ inch D)

The saturated gas enters the dilutor cell In a similar fashion to the way it enters the pre-saluralor
cell, The dilutor cell contains a known amount of sclvent as welt as a drop of solute jusl enough
to be detected. The contents of both cells are stired by means of magnetic stirrers. The cells are
also well insulated using glass wool to prevent heat loss from its outer jackets. Gas bubbies form
as the gas passes through the 10 capillaries ('/y; inch ID) and rise to the top of the cell into the
vapour phase, siripping the solute from the solution in tha dilutor flask. The nitrogen gas
containing the solute and solvent then enters port 1 of a Valco 6-port gas-sampling valve (E)
through a '/ inch ID heated pipe about 40 cm long. The line is heated using nichrome wire
inserted into a jacket and wrapped around the pipe with thermal tape. A voltage is applied
across the bolth ends of the wire using a Major Tech variac which heats up the line to a
temperature set at 40 ‘C above the system temperature In order to prevent condensation in the
line. Attached along the sams line is @ Sensotec pressure transducer (N) which measures Lhe

pressure in the dilutor cell. The signal from the Sensotsc transducer is senl to the Sansotec
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pressure display (1). The transducer was calibrated using 2 reference {ransducer in order to

obtain correct pressure readings in kPa.

Once the gas reaches the B-porn gas-sampling vaive the flow can either be sent to the GC or
atse be vented. The valve has two cenfigurations, the “fill” and ‘inject" positions. as shown

below:

SAMPLE

VENT/WASTE

SAMPLE
LoOP

COLUMN §—

Figure 4-3: (a) The “fill" position.?

SAMPLE

\

VENT/WASTE

v

SAMPLE |
LOOP

b

coLumn -alf—

*

CARRIERY
MOBILE PHASE

Figure 4-4: (b) The “inject® position.

2 Pictures laken from www.vici.com/supporiapp/app 14).php
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In position (a), kno;wn as the “fill" position, the gas sample enters poat 1 flows thiough (o port 6
and then through the exiernal loop known as the sample loop (R) through o port 3 and than oul
port 2 where it flows inlo 3 cold trap (F). This is know as the flll posilion, as the sample loop is
filled with the flowing gas from the dilutor cell that must analysed while the camier gas (helium)
enters port 4 and leaves through port 5 to the GC column. The helium gas was diveried from a
line in the gas chromatograph (G - Varian 3300) just before it enters the column and re~enters
the gas chromatograph (GC) along the same break in the original lins. In lhis posilion the carier
gas does not come in contact with any of the sample. In position (b), known as (he “inject”
pogition, the sample contalned in the sample loop is injected directly into the gas chromalograph
for analysis. The carrier gas entering port 4 now moves to port 3 and through the sample loop to
port 6 and then to port 3 and into the GC. In the mean time the gas from the dilulor cell enlering
port 1 now enters port 2 directly and moves to the cold trap. All the lines entering or leaving the
B-port sampling valve are heated using nichrome wire to a temperature approximalely 40 'C
above the system temperature and well insulated with glass wool to prevent heat loss as well as

cold spots.

Two separaie flows of matarial take ptace at this point in the process; the gas enternng lhe coid
{rap and the helium gas with or without sample entering tha gas chromatograph. The cold trap is
filled with an ice - acetone solulion, and reaches temperatures between 2 fo § “C. The pumpose
of the cold trap is {o condense the stripped components in the nitrogan gas entering the cold trap
so {hat only the nitrogen gas passes {0 the soap bubble flow meter for determination of the flow
rate of pure nitrogen flowing through the cells. In this way accurate measuremeant of the nitragen
gas flow rate can be obtained. The nitrogen gas leaving the cold trap enters a coppar coil (Q2)
insertad into a walsr bath (B2) where it is healed to system temperaturs again before reaching
the soap bubble flow meter (O) so that the correct flow rate of nitrogen gas can be measured.
The walsr in water bath (B2) is maintained at constant temperature using a BC (Model: BTC
901) temparatura controller. After the nitrogen passes through the soap bubble flow meter it is

vented to the almosphere.

When the gas-sampling valve is moved to (he inject position the helium gas carries with il all the
contents of the sample loop Into the GC for analysis. The sample content gels saparated in the
caplllary column of the GC and usually the volatile solute reaches the deteclor before the less
volatile solvent. Upon reaching the detactor a signal is sent to a computer (H) where the

integration program Clanty determines the peak areas and residenca times.

As mentioned before a Major Tech variac sats the system temperatures and two Class A Pt-
100's measures the temperatures in the two equilibrium cells. A Pt-100 is a temperature
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dependenl resistor. The resislance at 0 'C is 100 Ohm. The temperalure coefficient is
approximalely 0.38 Ohm/K. P1-100's are used 1o measure temperafures of -200 lo 850 “C.

The temperatures are displayed up {o two decimal points on a Eurotherm temparature display.
The line temperatures are set using other similar vartacs and measured using Class A Pt-100's
fitted inlo metal {ackets. The temparatures are read off the same Eurotherm display by the use of
a WIka Tronic Line seleclor swilch. The P{-100 devices are calibrated before use in order to
obtain accurste temperatures. A typical calibration curve for the dilulor cell PI-100 is shown in
Figure 4-5. The accuracy of the Pt-100's in detemining temperalure is only as accurate as the
callbration probe used (0 calibrate it. Figure 4-5 shows tha devlation of Ihe dilutar Pt-100 from
the actual system tempsrature. This deviation was used to plot a calibration cure for the Pt-100

which resultad in a straight line with all points lying on the line.

Deviation Plot for the Dilutor Pt-100
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Flgure 4-5: Plot showing deviation of the dilutor cell Pt-100 temperature from the

aclual system temperature.

4.2 Description of Important Equipment and thelr Functionality In the Process

This section descrbes some tha moca imponant equipment used in the pracess of the IGS

tachnique for the detemmnination of limiling activity coefflcients.
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4.2.1 The Pre-saturator and Dilutor Cells

The equilibrium colls are probably the two most imporant pleces of equipment as they are
rasponsible for (harmodynamic equilibrium. Other Importan! conditions to fulflil within tha cells
include a large total ransfer area and a sufficiently long contact ima. Thesa laciors serve 1o
ansure that the gas leaving the cell s in thermodynamic equikbrium with the liquid phass. The
cells are & modification of the apparatus designad by Leroi at al. (1877) in that the gas is
distribuled by fine capilaries instead of a fritted disk. An llusiration of a single cell is shown in
Figura 4-6. Both pre-saturatior and dilulor cells are of similar dasign and operate in similar
fashion alihough they have lotally diferent purposas in the procass,

Figure 4-8: Equibrium call used in this study
A = Sinpping gas inlet, B — Sirpping gas outlel, C - Tellon plug, D = C-fng seals, E -
Coreulating waiar inlal, F = Caplignss, G = Thermawall, H - Magnetic stimear

Gas anters the capillaries (G) n the cell a1 the gas inkat (A) and is distributed at the bottom of the
inner call pst above the magnetic stimer (H). The capillaries are fastenad within the Teflon plug
(C) by a clay based adhasive and Loctile™ The Taeflon plug i not thermo-ragulated bul is in
contact with the walls of the cell and the fittings attached to it are heated to system temperature.
This ensures that tha Teflon plug is also heated 1o syslam lemparaturg. The Teflon plug is wall
insulated using glass wool ansuring that it at system temperalure al all times and thal none of
Iha vapour condenses when in contact with it. The small gas bubbies risa fo the top of the cell
and leave the cell al the gas outiet (B). The cell is contained in a waler jacks! lo allow for
isotherrnal operation. Walar anters the inlel at (E) and eaves at (1) maintaining a constani
tamperature in the innar cell. A Teflon plug & filed on top of tha cal. Tha g-nng saals on the
plug serve to prevent the upward movament of the plug dus lo possible pressure bulld-up in the
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call and prevenl any gas from escaping the cell. A clags A P1-100 is insered injo a stanlass
steal shall placed in tharmoweall {H) and |8 In direci contact with tha solubon n order 1o
accuratety deternmina (ha temparatura of the solution In agquilibnum in the call. The ™-100 sends
a small currant la the selector switch which in lumn sands a signal 1o tha lempemture display
During operallon tha coll i complataly isolaled from the almosphers using glass wool This
mssisle in préventing any heéal loss from [he [Bckels ouler suface and helps Bvoid lemparalura
fluctuations which maka it difficull 1o gl 8 constan! lemperature reading

4.2.2 Cold Trap

The limiting activity ceafficient is very sansilva 1o ihe value ol the nitragen gas flow rate. il is
therefore essenlial that ine cold trap is working propery. The gas entenng ihe cold irap consists
of solute. solvanl and nitrogen. If th& gas is allowed to pass through 1o Ihe soap bubbla Now
meter withoul passing (hrough the cold trap | would resull in & fow ralo reading Thal is highar
ihan the aclual nilrogen gas flow rale, Alss the lamperaiure of the gas I8 highar nan sysbam
temperatura because il passes (hrough tha haalad lines before gatling lo tha cold rap The cold
Irap cools the gas condensing all the condansable vapour and lrapping it as liquid

c o]
F.
&

Q7 e

IER!

Figurs 4-T: Crozs Sechon of the cold rap lo liusirate s inner workings.
A - uppar chambar B — lower chamber, © - gas inlatl, O - non-condansable gas oulled, E -
relpasd vabea, F = lid

Gas enlers a % inch 1D copper coil theough (D) which passes through a hole in lid (F). The coil is
complelely immersed in an ice - acelone solufion in chamber (A). Tha cold trap allows far tha
complale condansabon of the solule and sobeant vapour flowing with the nlirogen nto the codl,
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The condensate makes its way to chamber (B) where it is trapped. In the meantime the cold
nitrogen gas makes its way to exit pipe (C) out of the cold trap into another copper coil where it
is heated to system temperature again. The liquid entrained in chamber (B) can be drained out
by opening valve (E).

4.2.3 The Bubble Flow meter

A simple bubble flow meter was used to measure the inert gas flow rate in the absence of 2 gas
rotameter. A soapy solution was used to fill the lower reservoir attached o the glass {ube which
is actually 2 rubber teat, The gas flowing from the 1GS apparatus is connecled just above lha
reservoir containing the soapy solution. The gas travels through the glass fiow fube which is
essentially a burefte-like tube thal has volume increments. At this point, the rubber leat is sither
manually squeezsd or a clamp {s used to continuously generate bubbles that travel al the same
speed as the gas. The bubble flow meter requires timing of the bubble ring movement wilh a
stopwatch and nofing the resultant bubble rise volume.

The water vapour pressure Is not taken into account to correct for inert gas flow rate calculation
due fo the design of the apparatus. The gas first passses through g cold trap which condenses
any water vapour, solute ang solvent thal may be presenl and trapping il. The cooled non
condensable gas which is mostly nitrogen is heated to system temperalure befors measurement
at the soap bubble flow meter. There is therefore no nesd to account for waler vapour pressure

when determining the inert gas flow rate for this expenmaental set-up.

4.2.3.1 Advantages

¥» The major advantage of the soap bubble meter for gases is that il is not affecled by the
gas composition.

> A single bubble flow meter can be used for ordinary gases such as N,, Oy, H,, CO,, and
for measuring a2 unique gas mixture. There is no need for re—calibration when using
different gases. Thus equipment costs are reduced.

» DBubble flow meters are now available for expanded flow raie-ranges. The gas fiow
meter has a range of 0.1 to 25 L/min.

4,2.3.2 Disadvantages

> Bubble meters are not well suited for continuous, in-line monitoring. In some
applications, the use of a bubble solution could be a minor Inconvenience, since it needs
to be cleanad up after the measursment. This was not a problem in this study.
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» There is also the problem of reaction time and efror of parallax when taking
measurements of this nature and this could resull in huge esrors when using this

technigue.
4.2.3.3 Applications

Bubble flow meters are commonly used in the chemical laboralory and in low flow research

applications. Their use in more industrial applications is extremely limited. Some applications
include:

» Accurate flow measurement of gas mixtures without racalibration

~ Chromatography column, delector, and carrier-gas measuremaent

» Calibration and flow verification for variable area angd electronic flow meters
Supercritical fluid extraction

> Accurate flow measuremenl of changing gas concentrations

4.2.4 Gas Chromatography (GC)

A Varian 3300 GC was used to analyse the gas in the sample loop of the 6-port gas sampling
valve. The sample gas enters the CG at some point befose the Injeclor. The sample passes into
a lang caplllary column where separation of the gases lakes place. A flame ionization detector
(FID) was used 1o analyse the gas instead of a thermocouple detector (TCD). The flame
ionization detector is much more sensitive to the injected sample than a TCD. Il is advised thal a
FID be used due to the low concentration of solute In the gas sample.

4.2.4.1 Gas Chromatography Sampling Techniques
There are two types of injections oné can perform when using the inert gas stnpping technique.
Depending on (he syslem, choosing the iight typa of injection method can save timea. However

both types of injection methods are equally suitable. Tha injsction method in Figure 4-10 is
suitable if the solvenl does not have large ressdence tme compared to the solute.
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Figura 4-10; Peak profile of the injection methad whare the salvent paak follows
after the solule peek (picture laken from Krummen et al. (2000))

Tha figure below (Figure 4-11) shows an injectlon methaod for the case when the solvant has a
vary long residence time during gas chromatographic analysis. A number of injections can be
made before the solvent paak shows up al the detector. Using this type of mathod for solvenis
that have long rasidence timas would save on experimental time. For both techniques the
gsolvent can be ramped out by using a suilable lamperature program for the GC. The residence
tima aof tha solvent can ba reduced by increasing the carriar gas flow rate but this would affact
the shape of Ihe solula peak (0 an axtent where a spike rather than a roundad peak is oblained,
Thizs woulkd make integralion very difficult and | would alao be difficull 1o differentiate bebween
the solute peak and the peaks resulting from impurilies,
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Figure 4-11: Peak proflle for an Injection method whera the sclvent residence time
is long {(picture taken from Krummen e al. (2000))
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4.3 Experimental Procedure

All eiectrical equipment is swilched on,
Open the GC gases. Set the method on the GC for the particular system {o be analysed.
Ignite the flame.

c. All waler baths are allowed lo equilibrate fo the set-point temperature which is the
system temperature by turning on the temperalure controilers immersed in the water.
The set point terperature is the temperature at which the limiting activity coefficient is to
be evaluated. When the controllers are switched on the built-in pumps are aulomaticaliy
tumed on allowing a flow rate of water into The cell jackets and the heat exchanger.

d. The cold trap is filled with a mixdure of acetone and ice.

e. All lines between the csll, the sampling valve and the GC are healad by lurning on the
vanacs to ensure that no partial condensation takes place in these lines. This takes
approximatsly 3 hours to stabilise. Pt-100's are inserled along the lines to check if the
temperaturs is constant. It is vital to ensure that the lines have reached their equilibrium
temperatures otherwise the amounl of sample injected into the GC will vary giving
inaccurate results. The time it takes to reach equilibrium temperature can be reduced by
increasing the voitage on the variacs and then dropping it to the original value once the
temperalure is close o the set point temperature.

f.  While the lines are heating up the nitrogen gas flow rate can be set to Lhe desired value
by changing the control valve and measuring the flow rate at the soap bubble flow
meter. This can only be done once the water bath lemperatures have reached lheir set
points.

g. Check for leaks along all the gas line containing fittings as there may be leaks al
diffarent operating temperatures. If there any leaks it must be stopped before continuing
with the experiment. Also check the GC injeclor for any leaks as a result of previously
injected samples.

h. Two beakers are each filled with approximately 250 ml of solvent and weaighed to
determine initial mass of solvent usually by differance after fllling the cells.

i. Once the cells are filled with solveni. A drop of solute from a fine tipped dropper is
placed in the dilutor cell only. This should ensure that the mole fraction is less than 107,

] The Teflon lids are placed onto the cells sealing them preventing any gas from escaping
and the stirers are switched an.

k. Ensure lhat the heating medium (water) is circulating in the system and that the lines are
not blocked

. The sampling valve is set to the "fill’ position, which allows the siripped gas to flow
through the gas-sampling valva.
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. Once the GC has reached its temperatures and the sysleam is in equilibnum the
sampling valve is then set to the “inject” position for approximately 2 lo 3 minutes and
then set back to the “fill" position once the sample has successiully been analysed.

As soon as the baseline has reached its set-point value the lemperature can be ramped
so that the solute passes through much faster than it normally would thus reducing the
experimenlal ime. A new baseline is now obtained and once the solule passes through
the GC, the temperatures can be brought back down to the ¢riginal temparalures and
another sample can be taken.

This procedure is repeated periodically (usually taking al intervals of 1 hour) until
sufficient peaks are obtained.

After sufficient data (solute peak areas) has been oblainad, the experimeanl is stoppad.
Around 5 to 6 points is enough for 2 siraight line The GC temperalures are set 10
ambient, the nitrogen gas tank is shut off and all electrical equipment are switchad off.
The experimeni is repeated to ensure |hat the obtained results {or the Infinite dilulion
activity coefficient do not differ significantly for the various flow rates and thal the data is

raproducible.

The measuremsent procedure starts with flushing the ¢lean equilibrium calls and all the
adjoining pipelines thoroughly with the Inert gas.
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Chapter V — Mass Transfer and Equilibrium Cell Design

Considerations

The design of the eguilibrum calls is based primarily on the rate of mass transfer taking placa in
the cells. A condition of validity of ihe present method is ihal thermodynamic eqguilibrium must be
reached batween the saturaled gas leaving the cell and the liquid. When the sinpping gas
passes through the solvenl-solute mixture, the solule is ransfermed from the mixiure 1o the gas
through the interface of tha bubbles in two steps as discussad below. The interested reader is
refarred 1o the work of Richon el al. {1980] for detalls. The syslem was designed on the basis of
the resulls of similar calculations,

5.1 Mass Transfer In the Equllibrium Cell

The following calculation denved by Richon et al. (1980) for mass transfar of solute was usad to

dasign tha diutor and pra-saturation celis. The solute is transfarrad from the solvant 1o tha gas
through the interface of the bubblas in bwo steps.

5.1.1 Mass Transfer in the Liguid Phase

Some of the assumplions thal Richon et al, (1985) made in deriving these working axpressions
are:
¥ Tha solute is considerad as the only componant which is exchanged babween the figuid
and the gas bubblas
¥ The bubble diamelers are constant
¥ Tha modification of the liquid conceniralion s negligible while the gas bubbles are in the
sodution and ara supposeadly pedectly stired,
P AL the gas-liquid interface equilibrium is achieved

& diagram lllustrating a typlcal bubble in 8 solufion showing some of tha major variablas has
basn provided (Figure 51} The concaniralion profile is for Gme (1) far from eguilibriuem, Al

equillbrivm & completely different concentration profile exists. C, is the concentration of solute
in the figuid phase and C, s the soiule concentration in the liquid at tha interface on the liqusd

slda, whila C‘E is the solute concenfration al the interface on tha vapour side and Clﬂ is the
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solute concentration in the vapour which changes with radius (/) as Indicated for all /. The

lhree quantities C;-, C), and C°. are lime dependant while C’ Is dependant on lime and

distance io the centre of the gas bubble.

Concenlration
e
Pl

CL

Ly
-

Distance, r

Solulon

}

Figure 5-1: Concentration profile of solute in and around a gas bubble immersed in
solution, where A — gas bubble: B - Interface (Exaggerated o illustrate C,/:, and Cfi )

C - Immediats layer of solution around the gas bubbla.

Therefore the number of males of solute ( drn, ) passing through the intarface during a time d! is

given by

dn, = 4k, RHCE~CL )i 5.1

k, Is the mass transfer coefficient and can bes calculated by means of a comelation by Cheh and

Tobias (1968) which relates thres adimensional numbers.

0s
= Rb = i - 0.5
5/>_2k,( A.f] Sh-[4nJ I(Re)Pe
/(R )—2[4 -6.82R }“ Re = 2PV7R, Py = 207R,
e)=2(%{ - 682 Re = / o= 2"Ry/
y
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For computation of £, , it is necessary to know the liguid diffusion coefficient D,}L of the solute ()

in solvent (f) which can be estimated from the correlation of Wilke and Chang (1955). A vanety of
correlations is available to calculate the molecutar diffusivities of solutes In liquids. The
determination of the lliquid diffusivity coefficient is not limited to the equation by Wilke and Chang
(1955), Any appropdate aquation may be used for the system. When written at infinite dilution

the concentrations C,L and C,‘f, are related at the interfacs. by the equillbrium relation 5.2,

r Mg 0, | P oo

=—< AC? 5.2
1 »n < { [N
Y ope M Y BT
n, . is retated fo the average concentration in a bubble by
s M, P
,=Cy —< » 53
ps; RT
dn, M, P dC/
Therefore —=—¢_—_, == 5.4

d  pg RT * i

Assuming that diffusion in the gas phase of 1ha bubble is very fasi (Richon et al. (1880))
Tl (r)=CC() 55

Equations 5.2, 5.4, and 5.5 combined with 5.1 laad to the following differential equaticn

dce
—T— 7~ ”([2 == , Pe RT =B 56
Ct—4Ct() R, "M, P

B is assumed constant because vanations of kL . P and physical ¢onstants of the gas and liquid

ars negligible for bubbles going up the cell. Taking account of all those hypotheses, the

integration of Equation 5.6 between concentration 0 and CZ (1) gives
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ACE (1) 3 p RT h
il AN4 =l— _—| — L }( —_— =1 57
CiL W’A [Rb M, ‘ Biy” v® ‘

7, . is an estimation of the approach lo equiliorium between bubbles and solution as a funclion

of the time spenl by bubbles in sclution. L™ (limiting speed for bubbles in solulion). is obtained
through the equation for the intermediate law (Richon et al. (1980)).

(U“ )"A =7.2%x10" vL'MDb"Gg 5.8

Richon et al. (1980) did some analysis for the systam n-heptane (1) in n-meihyl-2-pyrrolidons (2)
at 25 °C and 1 atm with the carrier gas being helium forming bubble diameters of 1.5 mm. Using
Equation 5.7 {o determine the minimum height of the cell required for equilibrium conditions in
the cell, taking Into account liquid phase resistance only, allows for the generalion of lhe
following graphs.

i 1 1 |
0.2 0.4 0.6 0.8
hlem)

Figure 3-2: Plots of 7, versus height at differant dynamic viscosilies for tha solute n-

haptane (1) ang solvent NMP (2) system (Richon et al. (1880)).
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Figure 5-2 shows that viscosity is not the limiting faclor because even with |, = 40 cP, a slate
99 % from equilibrium is achieved after only passing through 1 cm of solution. The small
influence of viscosity on 7, is due to compensating effects, l.e. when viscasity increases £,
increases but the vslocity of the bubble in solution decreeses and time spent in solution

increasas (Richon et al. (1980)).

The effect of bubble diameter can also be investigated as the behaviour of r, against path

length of the bubbles in solution for different bubble diameters. Richon et al. (1980) found thal
for the system n-heptane (1) + NMP (2) at similar conditions as above, bubble diameters of

approximately 4.5 mm resultin a 1, close to one for a solution height of only 5 cm (see Figure

5-3). This means that an equilibrium cell that allows for a solution height greatar than 5 cm will
allow for equilibrium if only liquid phase resistance is taken into account. A second set of
conditions need to be evaluated before the minimum solution height (also the minimum call
height) can be determined, which takes into account gas phase diffusion oaly, Tha limiting of the
two scenarios will result in the correct bubble path height for equilibrium condifions in (he cell.

TL
L0

0.5

) | ] ] | ] | | f
0.2 04 046 08 1.0 1.2 1.2 16 L8
hcm)

Figure 5-3: Ptots of 1, against path length for different bubble diameters for the system n-

heplane (1) + NMP (2) at a viscosity of 1 cP. (Graph taken from Richon st al. (1880))
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5.1.2 Diffusion in the Gas Phase

Crank (1956) gives the following relation for the solute concentration in gaseous bubbles nol
being stired by convection movements at a distance » from a bubble cenice at lime ¢

G 12
Cl{r.)=CS 1+2R‘°Z(_1) " ,{—MJ 5.9
b

nr 45 R;

DY . is the diffusion coefficient of solute /in gas j. and is given by Slattery and Bird (1858).

b

(T (1 )
De = =5 LT _| (7, PC,)(G Lv 7] 5.10

(‘JTC,}'
a=2.745x10""
b=1.823

Mass of solute in the bubble at time fis given by the tntegral,

m(t)= 47om, fﬁ r2CC(r.¢)dr 5.11
When { — %
cer)y—>Ch 5.12
So subslituting
[ 4 2 G
m” =—=nRymC 513
3

The approach to equilibrium ( 7, ) is defined as the ratio of m([) ovet m"~

6 |
a=__2127 |:

D,f/%ﬁh}

2 o3
R,"v
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The influence of bubble diameters on the diffusion rate can now be investigatad using Equation
5.14. According to the analysis of Richon et al. (1980) if the bubble diameater is less than 2.5
mm, time for gas phase diffusion can be neglected comparad to time for liquid mass lransfer, bul

if the bubbie diameter is greater than 4 mm the calculations of 7, is nol valld because Equation

5.5 does not hold and gaseous diffusion becomes a limiting factor for mass transfer.

_iG;

1.0

) S

0.5

{ | 1 ] ] | i { I
0.2 0.4 0.6 0.8 1.0 1.2 14 16 18
hicm}

Figure 5-4: Effect of different bubble diameters on z_ versus paih length (/1) of bubbles

in liquid at 25 °C and 1 atm with viscosity taken as 1 cP, for the systern n-hepiane (1) +
NMP (2) (picture taken from Richon et al. (19880))

Simllar calculations need to be performed for all systems under investigation in order (o
determine the height required for the bubbles to reach aguililbrlum. One equllibribm cell can be
designed for all the systems under investigalion by designing the cell for system that requires
the greatest path length for the bubbles to reach equlllbbium. To ensure thermodynamic
equilibrium the cells must accommodate a path length for the bubbles that is greater than that
dstermined using the equations above.

Richon et al. {(1980) has taken a very basic modelling approach lo determine call heighi for

thermodynamic equilibrium. There are other methods for modelling a rsing bubbls in a solulion

53



Chaptar 5

but thay are very ledious (Korfie {2000) and Krepper et al. {2005)). The mathod used by Richon
el al. [1980) to determine solution hesght works well for mosl systems and has bean uvsad by
many ofher reseanchers. The infuence of olner vanables can also be nvestigated. Richon at al.
(1985) made some plols io investigate the effects of some of thesa variables.

Figura 5-5: Influence of viscosity on the limiting bubble speed for differant gas bubble diamelers
(Richon (1985))

!

Figure 5-8: Influance of viscosity on the mass-transtar coefficient for different gas bubbla
diamatars {Richon [ 1985))
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a 1 7
Figure 5-7: Influence of bubble dismalar an tha lims necessary 1o reach equilibrium for
diffierent liquid wiscosilies (Richon {1985))
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Chapter VI — Principles and Theory

The prnciple of the IGS method was described in detail by Leroi at al. (1877) and in Chapler 4.
Lerol &t al, (1977) also denved & very simple eguation for the determination aof limiting activity
coefficlents. Thesa eqguations ara however fimited fo a few types of systems based on the nature
of the componanis, Bevond thal, equations were denved taking Into accounl the vapour phase
corraction that is imporiant for solules with higher volatilities (Duhem and Vidal (1878)). This
chapler summanzes the newly derved egualion by Krummen et a8l (2000) which requires tha
use of a saturation cell. Hovorka and Dohnal (1987) also derived a sel of equalions for use with
the inart gas sfripping techniqua Al significant developments in the delermination of limiling
activity coafficients ara ouliined in this chaplar

The limiling activity cosfiiclent is related to other well known parameters wsed for designing
highly speciakzed equipmeant. lts ralation to these parameters is outlned to stress the
impartance of accurately knowing limiting activity coefficients, Thareafler tha derivations of tha
various eguations for the delermination of limiting aclivity coeMicients are oullined. Thasa
equations can only be usad with the inert gas slnpping technigus,

6.1 Activity Coefficients, Selectivity, Capacity and Selection Factor

The limiling aclivily coefficient is related (o other well known parameters namely selectivity,
capacily and selection factor, Thesa factors ara very imporiant for the separation of high purity
chemicals because removal of the lasl races of impunbes requiras the greslest separabion
affort. The limiling activity coefficien! is reaguired to selecl anlrainars for separation processes
and to check for separation problams such as azectropes and mizcibility gaps, aiding in the
design of various separation units, Accurate knowiadge of tha imiting acfivity coafiicient makes
thase parameters, which ara impodan! for the economics of a separation process, easy 1o
calculale.

The measurameant of limiling activity coefficienis {,'.'r':"p in multé-component systems are of great
interast, bacause the addtion of small amounts of a solvent to an entrainer has a considerable

eftect on the activity coefficient at infinite dilution and thus on the selectivity {5’: - ;/T’.} and
4

capacity lk," =)¢Fj of tha anirainer. This = useful knowledge for the saparalion of mixlures,
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The addition of an entrainer or of a soivent mixture can simplify tha separation considerably. The
selectivity can be increased by the addition of a second solvent. An increase in the salectivity
often leads to a decrease in the capacity of a solvent or solvent mixture; however il is imporiant
for the economic efficiancy of a separation process.

The activity coefficient at infinite dilution (7™ ) is an important parameter, paricularly for the
reliable design of thermmal separalion processes such as extraclive distillation. Thus lhe
synihesis, simulation and optimization factors (o, ) which, depending on pressure, temperalure

and the composifion of the mixture, can be calcutaled across the complate concentration range

using lhe following simplified equation:

_P.fr.:!
a’] = )/, J_m.’ 6.1
yjP)'

where i is the low boiling component and j is the high boiling component and P*'is the

saturated pure component pressure. It 1s seen thal the separation of the final traces of a

component reguires the greatest effort because the least favourable values of the separation
factor oceur at high dilution. In the case of positive deviations from Raoull's Law (v, > |) the
grealest separation effort is required at the fop of the column (x, > 1). In such cases fhe

relation below applies.

P.fal
v 7
a; = —um, 6.2
7/ J

At the botlom of tha column (x, — 1) the effort involved in the separation is largest for negative

deviations from Raoult's Law (y, < 1). In such cases the relation below applies.

_ y':ﬂ})’_rm
Gy =g

4

6.3

The effect necessary for the separation is determined by the value of @ -1. To avoid an over

design of a distillation column and to minimize lhe investment and operating costs, reliable
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knowledge of the separalion faclor at high dllution (ar,‘;“) fs imporlant. Taking into account
limiting activity coefficients also improves fhe reliability of the descnpfion in the dilute region
when reliablegEmodel parameters are 1o be fitted or in the development and Improvement of

group contribution methods. In addition, it is possible to obtain reliable values for Henry's
constants and partition coefficients as shown later.

Some very basic sguations were formulsted by Leroi et al. (1977) in order to determine acfivity
coefficients at infinile dilution for solutes that are volatile in nature. These equations, depending
on the nature of the solvent. can be used to calculate Ilmiting activity coefficients for mos!
systems. Duhem and Vidal (1978) and Boa and Han (1885) modified the Leroi et al. {1977)
equalions taking into account some of the simplifying assumptions that are usually not valid for
most systems. The derivations of all these Important equations together with assumplions are
outlined below.

6.2 Thermodynamic Formulations for the Leroi et al. (1977), Duhem and Vidal {(1978) and
Boa and Han (1995) Equations

Assuming thal the gas phase is in equilibrlum with the liquid phase, it is possible {0 write the

equillbrium equations for aach component: solute (so/), solvent (s ) and carrier gas (CG) as

follows.

x.colymlfxglb]m =y.mlq)!aIP 6.4
x:Y:frOL‘l: = .yj('p!P 6.5
XecHeg = Yee®eo P 6.6

where x is the mole fraction in the liquid phase. y is the mole fraction in the vapour phase,
[ is the fugacity, S % is the reference fugacity for a liquid at pure state and zero pressure, J is
the Poynting correction, ¢ Is the fugacity coefficient, P is the pressure. y is the activity

coeffictent and A is the Henry's constant. For both solvant and solute, the reference state is the

pure liquid al zero pressure. For equillbrium at low pressure, which is malnly studled here,

vapour phase corrections ¢, can be derived from second virial coefficients.
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" P
Ing, =2§[le,} —f:'ig,,)ﬁ 67

B, = ZZ)’;‘)’;B:} 6.8
T

By, is the viria! coefficient characterizing bimolecular interaction between molecule [ and

molecule /, while B, is the mixture second viral coefficient, T is the temperature and R s the

Universal gas constant. Reference fugacity's ffo"‘ are cbtained from the equation

oL v OL-P\-
"= P pl|T, P lexp] - —— 6.9
jr} 1 QD! [ { ) p[ RT }

f

where V‘_o:.« is the molar volume, ﬁOL' is the reference fugacity for the i componen! of the

pure liquid at zero pressure, £ is the vapour pressure and (p,o is the fugacity coefficient in the

vapour phase at saturation. If the solute is highly dilule in the solvent and if the solubility of the
carrier gas in the liquid phase is negligible, the solute activity coefficient may be approximated

by its value at infinite diluticn. It can be shown that in most cases this approximation is valid if
the mole fraction of the solute x,, is less Ihan 10 (Leroi et al. (1977)). The solvent mole
fraction in the liguid phase and the activity coefficient y may be taken equal to 1 in Equation

6.5, under the same conditions. If the vapour phase corrections are neglected then the following
squations apply.

'x!o!ym]):;f = y:ofP 6.10

P =y P 6.11

If » and N are respectively the total number of moles of solute and soivent in the equilibrium

cell al time ¢, the quantities {— 4n ) and (— dN ) withdrawn from the solution during di by the

carrier gas flow are

p D,dr

dn=-
ysof RT

6.12
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D,dt
RT

dN =~y P 6.13

D2 is lhe total volumetric rate of gas flowing out of the still converted to pressure ( P) and

temperature { T ). From Equations 6.10 to 6.13 it can be deduced that

dn D,
—=-x_ 7 P, = 6.14
d[ :o17 sol RT
ﬂ = _]-3;" & 6.15
dt RT
An overall mass balance around the dilution still gives
D2=D_£ ﬂ ﬂ] 6.16
P\dt at

where D is the pure carrier gas flow rate measured at system temperature {7 ) and system
pressure ( P ). Combining Equations 6.16, 6.14 and 6.15 yields

D

D, = : : 6.17
w Pt _F
l Xsol P - P

If D2 is replaced by Equation 6.17 in Equations 6.14 and 6.15 ang if x,, is replaced by
Equation 6.18 at Infinite dilution

n
x frl
!
' n+N

n

n
— 6.18
N

where n is the molar amount of solute in the still and N is the molar amount of solven! in the
still, as mentioned before. If the vapour and liquid phases are in equilibrium In the dilutor cell,
neglecting vapour phase corrections and carrier gas solubility in the liquid phase and in the

highly diluted range, then the basic differential equations relating the variations of the amounts of
solute and solvent with lime are the following:
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d_n = — n },“" ,-:;, D 6 19
dt N ol _R T ' " N _:; / P,.wl .
N }, sal P P
AN P D
—_=- , 6.20
d RT | _n _Pi B
N / <ol P P

where P*" is the pressure of component I at saturation.

The equations used in the activity coefficient calculation procedure are based on the following

two assumptions:

» ideal vapour phase
> Negligible solubility of inert gas in the liguid

A further assumption is that the solution of these sguations depends on the type of solvent.
6.2,1 Leroi et al. (1977) Equations

The abave equations lead to two very simple eguatlons derived by Leroi et al. {1977). Thesse
equations are the simplest equations o date and give accurate results. The assumplions made

when deriving these equations are justified by experimental conditions.

6.2.1.1 Non-volatile Solvent

A simplifying assumption is mada in the next developmeni by naglecting the term

no . P

30/

N TP

It should be justified by experimental condilions.

The integration of the differential Equalions 6.18 and 6.20 is simplified if ¥ can be assumed
constanl. This condition is satisfied if the solvent is non-volatile. All solvents studied here had a

vapour pressure lower than 1 mmHg and are within this limit of non-volatility for all experimental
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conditions. A non-volatile solven! can be desciibed as a solvent having a vapour pressure less

than 1 mmHg and thus with a non-volatila solvent R“/P << 1. Assuming thai the term

n . P : . .
W}’“' T can be ignored ang that N can be laken as conslant, the solution to Equation

6.19 is:

PIdb
lnl=—£ oy
n, RT N

6.21

where n, is the inltial amount of solute in the cell. As the sample loop of the gas sampling valve

iS maintained at constant temperature, the amount of solute injected into the chromatographic
column is proportional lo the solute partlal pressure over the solution and since detector linearity
Is sallsfied, it can be deduced that

A= xym}P 6.22

A, is the area of the solute peak from GC analysls and « is the proportionality constani.

Finally from Equations 6.10, 6.18, 6.21 and 6.22

al

2t - -y 6.23
A, RT N

Equation 6.23 indicates an exponential variation of 4_, with time.> This equation is used for

systoms whars the solveni volatility is low (less than 4 mmHg).

8.2.1.2 Volatile Solvent

In this case, N is not constant and Equations 6.19 and 6.20 have to be solved stmultaneously.

The solution has the form:

3 These resulls are oblained when the solute mole fractfon in the liquid phase (s catculated from the ratio of
n (total number of moles of solute) to N (total number of moles of solvent).-So when applying the difutor
lechnique to high value limlting activity coefficlents, such an assumption does not hold and the n/N ratio will
be substituted as shown In Sectlon 8.2.2.
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\‘1.‘ PM}
Lni—[y"”P“’ - l] ln[l P_0 J 6.24

Ao Px.c.a .P P:at IV R T

6.2.2 Duhem and V(dal (1978) Correction

Lot

P
Duhem and Vidal state that \he term %7"‘ ;’ cannot be neglected, and that the assumgptions

sol

of Lerai et al. (1977) are not valid for large values of (he infinite dilution aclivity coefficient. They

then derivad another equation to determine limiting activity coefficients for sysierns where the

, , o P
solvent is non-volatile, taking into account the lsrm 7"2, ;’

6.2.2.1 Non-volatila Solvernt

Jai
n

: <« P : , :
Since lhe term 77;,%’ is not neglected, and {he ratic % is replaced by

v = n in Equation 6.19, these authors obtainad:
“Tyal 7/ V P"d"}/x
N 1+_G sol / 20l
RT N
dn n o s D
- =" 7. VIOI'P.\jj 6.25
dt Pt: 1)’
Y RT RT N 1
" « Fol
R 1- Prot =

ar, % ot
l+£;- sol 7:0! P
RT N

where V, is the volume of vapour space in the slil. Integration of the above equatian is possible
provided that either D or D, is assumed 10 be consiani. According lo the experimental setup,

the measured gas flow D, at the exit of ihe dilutor cell, after condensing volatile solute, or the

gas flow D entering the still, can be constant. They differ by the camer gas accumulation in the
gilutor cell:
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D, =p-WNes RT _ PV Vs an 5.26
: dt P £l F_Gﬁ_y;]d:
RT N ]
If [, is constanl, the integratlon yields:
0 G
i 4+ —==
TN[ RT N
where k is the detactor calbration constant,
If £t is conslant, we have:
'DF': 6.28

(A= 4,)=- ——— ¥l
"I" k_F'[ ] Rm[ni‘"-wm]
T nr RT N |

However, such a disfinclion is seldom allowed by expermaental precision. Using Equalion .27 or
628 imples a detector calioration. On fhe other hand, from the experimantal data, it can be

observed a linear varation of In .dlf’Au verses time. Therafore Duhem and Vidal (1978)

introducad a constant and maan value far the correctve térm of Equation 6.25, the integration of
which yields:

Fm
hi=_ D — yai — ?.-:J; 6,20
S (R
RT N =\ P
H I+ I'IIII'.'l" Eﬂl’
R N
whera § = il 6.30
m
in—
Ry
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From a comparison between Equations 6.25 and 6.27, it ¢an be shown that # must be

evaluated by logarithmic means. In order lo evaluate » the initial amount of solute n, placed

into the dilutor cell must be known. ¥ s the volume of the vapour spacs above the liquid in the

dilutor cell. This can be determined from an equalion proposed by Bao et al. (1993a):

n,

Vo=V -—— 6.31
P

V_is the dilutor cell volume while m_ and p_ are the solvent mass and density respectively.

Equation 6.25 is aspecially accurate for systems with large infinite dilution aclivity coefficients.

6.2.3 Bao and Han (1995) Derivation for a Volatile Solvent

Bao and Han (1995) suggested a solution for Equations 6.19 and 6.20, provided that the
equation suggested by Duhem ang Vidal {1978) is used to calculate the male fraction of the

solute, i.e.

1
Yo = ar, oo 6.32
]+L 'P:d’ ytol
RT N

WIth the correclive term neglected, the solulion is:

6.33

o st 2t
In_A..: 1 7.-.0;"?.\0.’ ~1 o} 1= P : PD /
A | raPaVs BT P~ P NGRT

L N RT

Equations 6.23, 6.24, 6.28 and 6.33 are the four proposed equations covering most non-
idealities for the deferminalion of limiling aclivily coefficients. Thase four equations have been

usea to determine limiling activity coefficients in Chapter 7.
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6.3 Darivation of the Equation Proposed by Krummen et al. (2000)

The saturation fugacity coefficient §5 is laken into account by Krummen et al. (2000) in the

daervation of the aguation for tha limiting sciivily coefficient which would otherwise lead 10 an
approximale error of 4 % i ignored. Krumman at al. (2000) furtharmore takes inlo account the
incraase of tha camer gas stream caused by the saturabon of the camier gas with the soivent. In
ordar (0 delermine the activity coafficiant al infinile diuBon, # mus! be assumed fhat the gas

phase is In equilibrium with the liquid phase. According 10 Gmehling &l al. (1992) the following
ralation applias for the highly dilute componant [solute sof):

XY 1atPrai Prat POV s = VP P 6.4

whare @' s the fugacily of soluta in the vapour phase. Analogous 1o the previous squation, the
following aquabion appliss for tha pure salvant (5 )

xy.@," P Poy, = y@,P 635

Tha follawing |8 furthar assurmed;
a) Tha salule is presant in infinite dilution (x_, < 107}, Thus,

Yoot = Yot
For the pure solvanl,
r.=1 (x,=l)

This is assumad bacausa tha kquid phass consisis of almaost only salvant.

B) The Poynting factor { Poy_,) takes into account the change of the fugacity upon
XDANSION OF COMPrassion, and can be naglectad al low temperalure or st low pressure
differances (F - P ). Thus, the approximation Poy_, = | applies.

€) The solubility of tha camar gas in the Bguid phasa can ba negleciad.

d} The fugacity coeficients (@, ) for nitrogen as the camier gas hes a value of

approximataly unity, therefore ¢ = |
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For the solvent 1 is assumed that

¢’ Poy,

e x| 6.36
?;

I thus follows for the phase equillbrium of the soluts that

'rsolyxol¢::; }).;‘;’ = y:olP 637
Ana for the sofvent
P =y P 6.38

As mentioned previously, the measurement principle is based on the faci thal lhe camer gas

(here nitrogen) removes the highly dilute componenl from the dilulor cell. If the stream of carner

gas entering the dilutor cell { D) is considered. it is clear that this is made vp of the nifrogen
carvier gas stream entering the saturation cell ( D) and the solvent gas stream ( D, ) obtained by

the saturalion process. Thus, for D,

D, =D+D, 6.39

The solvent flow arises from the safuration vapour pressure of the solvant and the flow velocity
of {he nilrogen gas entering the saturator. The vapour pressure of the solvent depends on the
temperalure in the salucalion cell. H thus follows that

D, =Dy, 6.40

When Equalions 6.38 to 6.40 are combined and rewritten, the following exprassion for the carrier

gas stream entering the measurament ¢ell { D )is obtained:

ps
D,:D[H : ] "
P
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The solvent content is particularly important for measuremenis in which the saturalion vapour
pressure of the solvent cannot be neglected (P > Smbar ). The carier gas stream leaving
the dilutor celt (D, ) is the sum of the gas streams entering the cell (D, ) and the solule gas

stream D, . The amount of solute decreases with time, as a steady removal of the highly dilute

component from the cell occurs. Assuming that the ideal gas law can be applied, the following

expression applies for the solute gas stream (D, ):

RT dn
D, =t el 6.42
P di
It thus follows that the gas sfream leaving the dilutor ceall is thus:
d
D, =D, _RT dny 6.43
P da

As already mentioned, the vanation of {he amount of solute in the measurement ceall is measured
as a function of timea. The following equation for thls variation applies:

el —PD’ 6.44
i .
dt RT

Becauss of the pre-saturation, the change In the amount of solvent present can be neglected. If
Equation 6.44 is used in Equation 6.43 and combining this new equation with Equatlon 6.37, the
resulling expression for the camer gas stream leaving the dllutor cell is Equation 6.45.

D
D, = - 6.45
|- Xsolysol¢sol Pxof

P

If the exprassion for D, js used in Equation 6.44 and combined with Equation 8.37. the result is
Equation 6.48.
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d”wa’ oy sut l‘ D

.rol}/.wlw.r I sol a7 — 6.46
dl ’ [1 _ XY ot Pt Poot } RT

P

For relgtively volatle solutes i.e. at high saturaton vapour pressures of the solvent or large

Infinite dilulion aclivily coefficients, il is advisable to take inlo account only the solute content in
the liquid phase (nj;,) when defining the molar fraction. This means that the content in the gas
phase musl be subtractad. In this cass,

0, =X 0, +0,, 6.47

! 1’J"

The content of the solule in the gas phase can be described as follows, assumning idea) gas

behaviour:

. PV,
Moot = Y aat _RT 8.48

The combination of Equations 6.48 2ng 6.37 and insertion into Equation 6.47 leads to

n'.‘('}f
X, =— 6.49

o' 1
’ n l } \m’ ';‘O\f;: [) ey V
L n, RT

if this expressian for the molar fraction (Equation 6.49) is used in Equalion 6.46, the result is:

.

dn,, ", i 1 D, 650

Y :Q sol ® sol E
d [ R L2 ( L Y @ Pt P RT
n |1+ <
’ n RT . Pn (1 +Y P Lot Vo (n Rfj)

The reduction in solute concentration during 2 m=asurament leads to a corresponding reduction
in the solute gas stream. However, this variation can be neglected (wilh respecl to ihe carrier
gas stream) under the conditions usad in this work, i.e. the value of the correction term
approaches unity. This term therefore does not need lo be taken into account in the following
integration. The integration of the simplified equation then leads 10:
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ln[ﬂa’.] S — Y oo Vs }T”’m 5, i 6.51
n, |+ 7!01¢:o P V RT
n RT

The sample loop and all other tubing connected after the dilutor cell must be thermo-siattad to
avoid condensation effects. This is accomplished by heating the lines to 40 "C above the
entering gas stream. Also, If the amounts of solute injected into the gas chromatograph are
proportional to the partlal pressure of the solute over the solution, then Equailon 6.22 applias
once again. In the dilute range the linearity of the detector is assured. If it were nol, it would be
necessary to carry out time-consuming calibrations. If Equations 6.49, 6.37 and 6.22 ars

combined, a relationship between the peak area A4,, and the number of moles of solute (n,)

can be obtainsd:

sar 27
y.col(psol 'Psai

sat 7y sal n“”
n| 1+ Y catPoat Font Ve
n RT

A.:ol =K

6.52

Apart from the molar quantity of the solutes (n,,,). the quantilies on lhe right hand side of the

equation do not vary during the measurements. if »_, from Equation 6.52 is used in Equation

6.51, theresult is

!_l’l(Asol/Aa) = _ y.ml wsol i;z‘ % 6.53
[ saf saf
n_‘» l 7ml¢m
n RT

With slope a = In(A4,,, /A, )/! 6.54

f the equation is solved for ., and using Eguation 6.41 we obtain:

n

KT 6.55

sol

Yo == ot N
(psalpxm{D(]-‘-R /P)+VGJ
a
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Equation 655 s used in Chapler 7 lo determine imiling activity coeflicients for three lesi
syslams in order 1o verily tha cormect operation of the aquipmen used, Thars & sufficiant recant
iterature data avadable for imitng activily coafficienis calculalad Irom ihis egqualion by Krumimen
el 3l (2004).

When solvanl middures afe used, it |s necessary 1o use tha sum of tho parlial pressures of the
componants of the solvent mirure rather than the saturstion vapour prassure of the solveni in
the saturalor (There will ba (he same acceplance made as thal for pure solvent), thal is

P;' -$P1frl 6.56

n = tnm] a.s7

in iha analysis of 1ha gas inecisd inlo 1na gas chromalograph ine nighty dliule companant must
ahways be saparated from fhe solveni componani, which |8 also ramoved from the cell. The
saparation s oflen bme-consuming becauss the dalermination of the Emiling activity coafficient
reguires the delarminabion ol af least 5 measuremen! values so thal the decrease in Ihe solule
concentrabion can be relinbly delarmingd.

The limiting activty coefficient is determinad with tha haip of tha exparimantally determinec
tlopa a. Tha slope is oblainad by plotiing ’H{]_,f.-"-] againgl ime which would give a perfect

giraight ing. The caiculsble guantlies for the salyration vapour pressures of the sclvent P

angd the solute P were oblained using a group conlnbubon methad derved by Nanoolal et at.

(in preparation) for vapour pressunes. This newly derved method gives a belter estimale of the
vapour pressure then the wel known Anioing equabion. determined by lifling curves to literature
data in tha Dorimund Data Bark (DDB8).

i
log(P )= (1012 + B) 12— 6.58
8

Ta
\

r
R .58
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The vapour pressure ( P* ) calculated using Equation 6.58 is in atmospheres while T (in Kelvin)

is the lemperature at which the vapour pressure is to be evaluated. The boiling point

temperature (7, ) also in Kelvin was obtained from the DDB together with 4B values which is a

constant spacific for each pure component (computed from a group contnbulion method). T,b is

a dimensionless number and is essentially the ratio of system temperature (o component bailing
point.

The saturalion fugacity coefficient ((pj:,’) was oblained using a widely used equatlon of state
developed specifically for vapour liquid equilibriurmn (VLE) calculations. The saturation fugacity
coefficiant o2 is determinad using lhe Soave/Redlich/Kwong (SRK) equation.” Details of the
calculation and all equations used can be found in Appendix A. The vapour volume in the dilutor
cell (VG) is oblained from the dansity of the solvent or solvent mixture (at the temperature of

measurament) and its mass. The necessary data for the pure substances, such as cntical data
ware laken from Reid et al. (1966).

An important quantity In the data evalualion Is the carrier gas flow rate ( D). This can bs
obtalned with the help of a soap bubble flow meter or a rotameter. The condition of the carrier
gas at the exit of the system must be the same as that at the inlet of the system when measuring
its valua. An afternative method of determining the carmier gas flow rate is to saturate the non

condensable gas with water and then take into account the water vapour in the gas stream using

Equation 6.60. The conversion of the gas stream D“F datermined at the soap bubble flow
meter 1o the cell conditions is carned out as follows:

p=peo L Do - Fio 6.60
TPM P,

cell

where T, is the temperature at the flowmeter. P, is the pressure at the flowmeter, P, , is
the pressure in the measurement cell, D?is the carrier gas flow at the flowmeter and Py, is

the water vapour pressure at 7, . A water vapour volume flow must be added 1o the carrier gas

flow because of the pre-saturation. Aparl from the flow rate (D) which Is comecled
experimentally for the cell conditions, the prassure (P). the temperaiure (T) in the measurement

* Soave (1972)
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cell and the mass of the solvent are the experimental quantities required for determining the

limiting activity coefficient using Equaticn 6.55.

6.4 Equation Proposed by Hovorka and Dohnal (1997)

The equations proposed by Leroi st al. (1977) are specially suited for the determination of
limiting activity coefficients, but Hovorka and Dohnal (1997) developed corrections to account for
certain experimental conditions and non-idealities. These equations are {o be used In
conjunction with the equations derived by Leroi et al, (1977). The corrections were onginally
derived to determine limiting activity coefficients for volatile halogenated hydrocarbons. Such
chemicals are produced on a large scale and used in many manufacturnng industries as
solvents, extractants, dry cleaning agenls, metal degreasers, aerosol propellants and chemical

intermediates.

Most pollutants are toxic and have carcinogenic andfor mutagenic potential. They are
discharged into the environment through evaporation and spills and in wastewater effluents,
resulting in exposure to the population. For environmental transporl and fate sludies and for
design of water remediation processes., knowledge of air-water partitioning and aqueous
solubility of these pollutants is indispensable. The fundamental thermodynamic quantity to

characterize air-water partitioning is the limiting activity coefficient of the solute in water. The
Henry's constant (/,,) and the air-water partitioning coefficient ( X, .) are closely related to the

limiting activity coefficient, and under the assumption that the vapour phase beshaves as an ideal
gas they are given by

Hy =Yl 6.61
® }).\'u‘:'DL
K, =l o T 6.62

P and u,ﬁ denote the saturated vapour pressure of the pure liquid solute and the liquid molar

volume of pure water, respectively and T is the absolute temperature. The systems under
investigation may not be a treat to the environment at present but the corrections do apply. In
fact the corrections will apply to any system to which the equations derived by Leroi et al. (1977)
apply. It is shown in this chapter that the corrections apply to systems with high solute volatility
and low solvent volatility.
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Tha Inert gas sirpping lechnique is favouwred over some of the other mathods for the

determination of ¥7 bacause of its applicability 1o a broad range of soluta valatilities (10 kPa <

H,= 10* kPa) and Its precision (1 to 2 %) There is also no nead for calibration of the gas

chromalographic delector and no or rather marginal importance of knowing exactly the inltial
solule concentration,

Az shown by Lergd et al, (1977) when the parial pressure of the solute is small comparad fo the
iotal pressure, the rate of solile slution from a non-volatile solute follows a simple exponential
first-order kinetics pattem. Vapour-phase non-ideality commections and the effect of the vapour
space in the cell are neglecied. Provided the delecior response is linear, the limiling aclivity
coefficient can be determingd from the following equation.

. HRT[_MDA,,,,] o 63

T T

The above equalion applies lo tha single cell lechnigue. For the double cell lechnlgus, [L.e. whan
a pre-saturalion cell is in place, usually for solvenis of appreciable volatilty, Equalion B.63 does
not apply due lo the amount of sohvenl decreasing in the call, Another more complicated relation
lo calculate ¥, is required. In order to keep the amount of solvent { N} in the equilibrium cell
constant a second cell (pre-safuration cell), 15 used. Upon pre-saturation, the fAow rate of the
sifipping gas entering thie cell changes by a faclor of lf[l—ﬂmf"F’}. whera P™ is the pure

sohvent vapour pressurg. The formula to calculale the activity coefficient at infinite dilution in the
pre-saturalion mode becomes

o _ NRT( dina, Y _B™

= 1 6,64
T "FED\ & I P]

The first order approximation provided by Equations 6.63 and .64 I5 often sufficienily accuratse,
but if the simplifying azsumptions are violaled appreciably, this leads to the invalvad and rathar
complax Equations 6.29 (derived by Duham and Vidal {1978)) and 6.33 (derved by Boa and
Han ( 1885)). Altemativaly, using the perurbation approach Hovorka and Dohnal (1987) derived
geparale correcbons o each of the simplifbdng assumptions in the form of correclion factors | kr L

This resutted in the sacond order approximation TL’" of the limiting activity coefficiant value as
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:Co:u = ? rof H K 6.65

b}

where > is the corrected activity coefficient at infinite dilution and represents the solutes

actual aclivity coefficient value at infinite dilution. It is obvious that if the individual corrections are
not too high, then their interference is negligible and the perturbation formula (Equation 6.65)
yields almost exact results as Equations 6.63 and 6.64.

6.4.1 Important Corrections

The correction factors k, were derived by Hovorka and Dohnal (1997) and are to be used as a

simplified way to account for deviations in Equations 6.63 and 6.64.

6.4.1.1 Change of Stripping Gas Flow Rate due to Saturation in the Cell

For inert gas stripping without the pre-saturation of the stripping gas by the solvent vapour (7

xof

calculated from Equation 6.63) the correction factor is given by

k[ =]- N ol }/:;r ‘F::of | ‘P\ 6.66
NP P

With the use of the pre-saturation cell ( y,“’calculated from Equation 6.64) the correction factor is

given by Equation 6.67.

— sat sat ysa
k.| 5 l_ nﬁa.’ ?’:; Rw! _ )‘Ds | - 15 6.67
N P P P

Here n_, is the mean amount of solute in the cell during the measurement, obtained from

A}' 4f
m,,=n| =2 —1|/ln| =L 6.68
- A:of A:)o!

Equation 6.68.
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where n’, is the initial amount of solute in the cell, A7, and A2, are the GC responses to the

solute at the end and at the beginning of the experiment, respectively. The correction factor k,

is always less than 1. Its Importance becomes greater with increasing volatility of the solute and
the solvent.

6.4.1.2 Removal of the Solvent due to its Volatility

The correction factor without pre-saturation of the inert gas is

fy i) A2 6.60
2N, RT

where N, Is the Initial amount of the solvant in the cell and ¢ is the total stripping time. The
correction factor k, is less than 1, and its importance rises with increasing sofvent volafility and
decreasing cell volume, thus when the stripping gas is pre-saturated with the solvent, k, =1. if

k, Is evaluated for a system with a pre-saturation cell in place, despite the logic, its calculated

value will be very close to 1.

6.4.1.3 Amount of Solvent in the Vapour Space of the Cell

If complate mixing of the vapour space of the cell is assumed, the appropriate correction factor

can be written as
o sar =k
k, =[1 —[%H 6.70

where VG is the vapour space volume in the cell. The correction factor &, Is always greater

than 1 and rfses with the solute volatility and with the increasing ratio of the vapour space
volume to the amount of solvent in the cell.

6.4.1.4 Vapour-phase Non-ideality

Using the virial equation of state, the vapour phase non-ideality correction factor is
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6.71
RT

L sa L
k = 1+E3_J£ exp P[(an _333 - v:of)_ Rx:ﬂ:(Bll - me)]
N RT
where v:;e is the pure solute liquid molar volume and Bl}. are the second viral coefficients; the

components 1, 2, 3 being the solute, the solvent and the stripping gas, respeclively. The vapour-
phase non-ideality correction factor can be either greater or smaller than 1 depending on the
system and lts conditions.

The virlal coefficients Bu required for the evaluation of Equation 6.71 can be caiculated using

the following equation:

RT, \
B, =—<L(B, +®,B,) 6.72

y
Ciy

The critical properties of components were taken from Reid et al. (1966) and the Dortmund Data

Bank (DDB). B, and B, are functions of reduced temperature (Equations 6.73 and 6.74).

0.422
1.6

0.172

4.2
i

B, = 0.083 - 6.73

B, =0.139~

6.74
T

where Try =—

Tf':;

The combining rules proposed by Smith, Van Ness and Abbott (1986) for calculations of ®,,

Toys Poys Loy and Vi, are:

cigr Yoy cit

0, -+ (.l))r
o, =——= 6.75
2
T, = (1.7, P2 (1-k,) 6.76
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in Equation 6.78, k&, is an empirical interaction parameter specific to an {— j molecular pair.

When j = j and for chemically similar species, k!._.. = {). Otherwise, it is a small positive number

avaluated from minimal PVT data or in the absence of data as in the case with all chemical

species used here, k, is set equal to 0.

Z- RT
V@.
Z +2Z
Zm = % 6.78
B By
i o AR
i = —2— B6.79

When i = j all the equations reduce to the appropriate values for a pure species. When 7 #
these equalions define a sel of interaction parameters having no physical significance. Thisis a
very basic method used to predict vifal coefficients. Other more complex methods for
determining virial coefficients may ba used if they lead lo more accurale results, For this study
this predictive method for viral cosfficients were applied in all the calculation procedures.

6.5 Henry's Law Constants and I1GS

The Inert gas slrpping technique described in the previous chapters is well suiled for the
determination of activity coefficients at inflnite dilution. The Iinert gas skripping method has also
been extended to the accurate measurement of Henry's constants. Henry's Law Constants
characterize the equilibriurn distnbution of dilute concentrations of volatile, soluble chemicals
betwean gas and liguid. In other words the Henry's constant is the ratio of the concentration of a
chamical subsiance in air to the conceniration in an aqueous solution at equilibrium. It can be
used as a qualitalive measure of the volatility of a substance and its whereabouls in nature.

Wasta water treatment is another research area where Henry's law constants are needed since
solubility affects volatilization of toxic compounds inlo the air. Henry's constants are useful in
providing design data for absorption processes, as well as, indirectly, in aiding the analysis of
molecular interactions in solutions, Solubility data will be useful to develop prediction methods,
especially for group contribution methods, where it may also be necessary to take Into account
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the differences between isomers. For developing the molecuiar theory, the accurate
intermolecular potential is necessary. The Henry's constant is directly related to the residual
chemical potential of the solute at infinite dilution. This is evaluated from the intermolecular
potential between a solute molecule and a solvent molecule. Therefore, the Henry's constant is
a suitable macroscopic property for tasting the intermolecular potential between gifferent kinds of
molecules.

Henry's constanis (solubilities) are useful data for oil recovery or transportation problems. A fast
and accurate method is required to investigate numerous solvents. For this pumpose, the gas
stripping method is particularly convenient, but a special equilibrium cell must be used and
certain experimental conditions fulfilled. The liquid level in the ¢ell should not be lower than 1 cm
from the top of the cell. It is also necessary to place two baffles in the glass cell body to achieve
efficient sliming of the liquid phase. Equilibrium between liquid and vapour phases is reached
only with these special conditions of cell design. An illustration of the equifibrivm cell can be
found in Chapter 3, Figure 3-3.

Henry's constants can be calculated using an equation proposed by Duhem and Vidal (1978)
and was successfully used by Richon and Renon (1980) for light hydrocarbons as the solute and

is shown below:

H, =—l/ni——Rm 6.80
¢ Aop Yo A
L4

A speagcial dilutor cell, very different from the one used here was used by Richon and Renon
(1980) to determine Henry's constants of light hydrocarbons in more heavier alkanes such as n-
hexadecane, n-octadecane and 2,2,4,4,6,8,8-heptamethyinonane. An illustration of the dilutor
cell used is shown in Figure 3-3. Equation 6.80 was also used by Richon et al. (1980) to
determine infinite dilution activity coefficients of linear and branched alkanes in n-hexadecane
but by using a different dilutor cell as shown in Figure 3-5.

Recently, extensive studies have been undertaken by Miyano et al. (2003) to determine Henry's

constants for gases like C; using the inert gas stripping technique. In light of this recent work the

rest of this chapter is an understugy of the work done by Miyano et al. (2003 — 2005).
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6.5.1 Equation for Determining Henry's Constants

Only key equations proposed for the determination of Hanry's constants by Miyano et al. (2003)
can be found in this chapler, A full dervation of all proposed eguations and delailz of all
calculation mathods can ba found in the journal aricle by Mivano et al (2003}

The gas stripping method originally proposed by Lerol e al. (1977) is based on the variation of
vapour phase composition when the highly dikted solule of the liguid mixdure i stripped from
the solution by a constant fiow of inerl gas. The approximaled equation to express the
relationship betwean the solute peak area { 4 ) the gas volume flowing out of the equilibrium cell,
and the total volume of nitrogen { Df ) flowing out of an equilibrium cell al ima r s given by
Equatlon 6.29. Tha paak solute area { 4 ) is measured by gas chromatography. Tha gas volume
out of tha aqulibium cell is proportional to the vapour phase compasition stripped from the
solution. Equation 6.29, which was derived under soma assumptions reported abowve, may
therafora not ba usad for Righly volalile miduras.

The equation to determine Henny's constants dermved by Mivano el al. (2003} requires a number
of assumplions. If tha solute s highly diluted in the solvent and if the solubility of the nart gas in
the liguid phase & neglglble, the mole fraction and the activity coefficlant of the solvant may be
takan equal to 1, The existence of the inert gas musl nod affect the equilibrium betvean solubs
and salvent. Tha male fraction of solule in the liquid phase musl be very small (less than 10“:"]-
The peak area (A,) of the solute detected by gas chromatography is proportional to solute partial
pressure.

mﬂi{ H o, = -1];n[| 0ra)y /o ~latulob),) 44

'-l-"':nr[] +ix) ;H o ‘?‘RTIH{I +{H.mrp"am.|"|¢mrzﬂj

Equation 6.81 can ba used when the volume (V) of the saturaled gas flowing out of the
equilirium call is usad. If iha volume of vapour phasa in the call is negligible { M., =0 and a =
0).

b

¥ o Lo
Mi{%_qmtl FI:—FJ 6.82
Ay L 1Y o . p, ZRIN,
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Furthermore, if the vapour phase can be treated as an ideal gas ( ;a?: =@ =

ks

Z = 1) and using

an approximation of f°

Jniz E&'1—1 In| 1 - A ¥ 6.83
A, P Ny RT

Tnis equalion is similar to Equation 6.20 proposed by Duhem and Vidal which is a maodification
of the Laroi et al. {1877) equations. When the vapour pressure of solute is negligibly small, the

PD!;’ (P— Ff‘") term in Equation 6.29 is approximately equal 1o the volume of the saturated

vapour (V). F{,, =7 P2 F™ then bacomes the vapour pressure of pure component /.

saf * 0

6.5.2 Realizations by Miyano et al_ (2003)

After careful consideration, numerous experiments and manipulalion of results by Miyano el al.
(2003) it was realized that certain assumptions outlined above were not enlirely true, The effect
of two assumptions on the final outcome of the Henry's constant has besn outlined below
together with some aiterations to the above equations.

6.5.2.1 Volume EHect of Vapour Phase

In general, the existence of vapour phase in the cell affects lhe evaluation of the Henry's
constants for the gas stipping method. When a solulion contacts a fresh ined gas, some
amounts of solute and solvent in the solulion will move into the inert gas bubbles lo keep Ihe
equilibriurn, if there is 2 space fo keep the vapour in the cell, the solule can stay lhere for its
residence time, and some amounits of them will dissolve inlo the solution again. This will reduce
the rate of stipping. Therefore. the evalualed Henry's constant withoul the comection of lhe
voluma effect of vapour phase will become smaller than the true value,

The di'Ffaren.ce in ihe Henry's constants is mainly proportional to the initial volume of the vapour
phase In the cell. Therafore, the initial volume of the vapour phase should be made as small as
possible. In addition, the volume effect will depend on the total volume of the call and the flow
rate of lhe inert gas. If the solute is non-volatile, the volume effect will be reduced.
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6.5.2.2 Effects of Non-ideality

Miyano et al. (2003) found that the fugacity coefficients of solute in the vapour phase were
almost one and the fugacity coefficlents of solvent in vapour phase differed from one by about 2
% at the higher temperatures, Sorting out this praoblem requires taking the ratlo of the fugacity of
solvent at the reference state and the fugacity coefficient of solvent in vapour phase:

fL.O
5 s }_‘):‘a-‘

I

P,

6.84

At infinite dilution of solute, the solvent can be treated as a pure substance and the above
refationship {Equation 6.84) can be used. Thus Equation 6.81 can be re-wntlen as:

A

o (H,, /0% - 1] b{l _(ra)p” ‘G(Hm:/‘P:a:)V] -

AD - [(l + a)F:W‘ = a(Hso! /(p:o.’ ZRTNO + V-GP.O (Hsof /(P:ol')

This means that the ratio may not be affected by the non-ideality and the Henry's constant will
depend only on the non-ideality of the soluts, (pg. Equation 6.85 can successfully be used to

determine Henry's Law constants with the aid of the IGS technique,

The rigorous formula (Equation 6.85) to evaluate the Henry’s constants from the IGS
experiments has been proposed by Miyano et al. (2003). When using this formula, the effects of
non-ideality of fluids and the existence of gas phase in the cell has been discussed. In general,
the Henry's constants do not depend on the non-ideality so much, while the activity coefficients
strongly depend on the non-idsality of solute at the reference state. Experiments could not be
conducted here to determine Henry's constants due to the highly specialized dilutor cells
required. The simple cells in this study were not designed for this purpose.
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Chapter VIl - Experimental Results
Part I: Test Systems

Three test systems were chosen for which limiting activity coefficients have already been
determined by Krummen et al. (2004) using the 1GS technique. The three test systems were n-
heptane {1) in N-methyl-2-pyrrolidone (NMP) (2), cyclohexane (1) in N-methyl-2-pyrrolidone (2)
and n-hexane (1) in N-methyl-2-pyrrolidone (2), (1 refers to the solute while 2 refers to the
solvent). The limiting activity coefficients obtained from experiments using the IGS technique
were compared to literature data published by Krummen et al. (2004) obtained from experiments
using the same technique. Once it was established that the data was good and reliable,
unknown systems were attempted and tha results of which can be found in Part 2 of this
chapter.

7.1 Limiting Activity Coefficients - Krummen et al. (2000)

The double cell technique was used for the analysis of all test systems, but for the n-hexane (1)
+ NMP (2) system the single cell technique was alse used and the results for the two techniques
were compared. The limiting activity coefficients were evaluated for all the equations outlined In
the previous chapter. The results for the Krummen et al. {2000) proposed equation (Equation
6.55) are reported, followad by that for Leroi et al. (1877) based equations (Equations 6.23, 6.24,
6.29 and 6.33) and lastly for the Hovorka and Dohnal {1997) derived equation (Equation 6.65).

7.1.1 Test System 1: Cyclohexane (1) + NMP (2)

Before one can forge ahead with the experimental determination of activity coefficients a suitable
inert gas flow rate needs to be determined. The higher the flow rate, the less likely it is that the
system will reach equilibrium. There is a maximum flow rate that must not be exceeded when
using the IGS technique for a particular system. If experiments are performed at flow rates
beyond this maximum flow rate there will be targe errors in the limiting activity coefficients as
equilibdum conditions will not be obtained. There would be a loss of accuracy and precision
which would lead to inconclusive results. At the same time, operating at a very low flow rate
would result in a poor variation of solute peak areas with time. It would not be possible to obtain
a good representation of data for slope in a short period of time aspecially for non-volatile
solutes, but for highly volatile solutes low flow rates are ideal. As a result there needs 1o be a
sultable balance between flow rate and experimenial time with regard to solute volatility.
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The solute peak areas and residence limes were obtained from the GC program Clarity which is
an integration program that analyses the signal coming from the FID deteclor of the Varian 3300
gas chromatograph. This was done with the aid of a computer. The solute peak areas and
residence times are used to determine the slope (a). The peak areas need to be represented

before a plot can be made. The peak areas /A, are divided by the initial area A, and the
logarithm of the resultant ratio is plotted against time to give a straight line. The gradient a of
ihe line is used in Equation 6.55 to determine yf‘. All plots and data manipulations were done in

Microsoft Excel unless otherwise stated. MATLAB was used to determine vapour pressures and

fugacily coefficients.

The system cyclohexane (1) + NMP (2) was used in order to determine the inert gas flow rate
range necessary for accurate resuits. Five flow rates between 4 and 50 millilitres per minute
were chosen to determine a suitable operating range for the system. Nitrogen was the chosen
inert gas used for all experiments. A plot showing the slopes for the system cyclohexane (1) +
NMP (2) at different nitrogen gas flow rates (D) Is lllustraied in Figure 7-1. Experiments were
done in order to find a suilable range for the flow rate. The equipment was no{ able to handle
flow rates greater than 50 mi/min and the bubbles formed by the capillaries were becoming
large.

Profiles to determine siope a for the system cyclohexane (1) +
NMP (2)

=0 200 250 300 3% 400

In (AJA,)

[ @D =5mimn
m D =12 mimin
AD =24 mimin
® D =34 mimin
‘ | ®xD=4a7miimn

Tlima {minutes)

Figure 7-1: Straight line plots showing slope a. Tha slope was used to determine limiting

aclivity ccefficienls at constant temperature from Equation 8.55.
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It is recommended that higher flow rates be used for systems where the sclute volalility is very
low In order to reduce experimental time. Temperature, time between injections, solute volatility
and inert gas flow rate effect the variation of solute in the dilutor cell, with time. A good variation
of solute peak areas with time Is required for a reasonable plot to determine the slope. High
temperatures, longer stripping times, high volatility solutes and high inart gas flow rates
contribute to larger vanations of the solute peaks with time. High temperatures and gas flow
rates as well as long stripping times between injections work against highly volatile solutes as
most of the solute is strpped before a well represented plot can be made. Therefore, a balance
between these variables must be found, usually by logical deduction or trial and error.

From Figure 7-1 the profound effect that the inert gas flow rate has on the slope can be seen. As
the flow rate increases the slope also increases. This shows that the higher the inert gas flow
rate, the higher the stripping rate which will be expected. The resulting limiting activity
coefficients due to varying flow rate and keeping temperature constant is shown in Table 7-1.

Flowrate (D) [Temperature (T)| Limiting Activity Coefficients | Deviation
(m”min) (:C ) Y?xpeﬁmt‘ﬂnf YTMeramrc %
5.83 50.16 6.67 6.7 -0.48
12.65 50.16 6.67 6.7 -0.45
24.43 50.23 6.65 6.7 -0.72
34.59 50.17 6.68 6.7 -0.30
47.47 50.30 6.64 8.7 -0.89

Table 7-1: Activity coefficients at infinile dilution for the system cyclohexane (1) + NMP (2)
at a temperature of approximately 50 °C and at different inert gas flow rates chosen in the

range 4 to 50 ml/min.

The literature value for the y™ for cyclohexane in NMP at 50.2 “C is 6.7 as determined by

Krummen et al. (2004) using the (GS technique with flow rates between 30 and 40 mi/min. it can
be seen that the values obtained using the newly designed equipment gives values close to the
value obtained by Krummen et al. {2004). Even with inert gas flow rates as high as 47 ml/min the
deviation from the literature value is small. However it was then decided to operate the
equipment at flow rates in the range 10 to 30 mi/min. This was done in order to minimize the
pressure build-up in the pre-saturator as the "O"-ring seals were not able to keep the Teflon plug
in place. The effect of temperature on the limiting activity cosfficients for the system cyclohexane
{1} + NMP (2) was then investigated.
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Plots to determine slope a for cyclohexane (1) + NMP (2) system

50 200 250 300 35 400 450 00

-0.05

&1=30
BT =40'C
AT=50°C
wTe60'C

~0.1

028

0.3 4

0351

Time {minutes}

Figure 7-2: GC solute peak areas that have been represented to give straight line plots
for the determination of slope a, at different temperatures for the system cyclohexane (1)
+ NMP (2).

Figure 7-2 shows the effect that temperature has on the slope and thus the stripping rate. As
temperature increases the slopes increase, which means that the stripping rate increases. This
means that more solute is going into the bubble phase. This makes sense due to the fact that
the volatilities of the solute and solvent in the equilibrium celis are a function of temperature. The
higher the temperature the more volatile the components in the cell become and thus readily
move into the gas phase. The effect that temperature has on the limiting activity coefficients at

constant nitrogen gas flow rate is shown in Table 7-2.

Literature Data Experimental Values Deviation
T (‘C) ?Ereromrt D (m”mln) T rC) Y?jpn[mrnn! {G&)
30.1 7.8 14.89 30.08 7.77 -0.43
40.2 7.19 11.77 40.03 7.21 0.32
50.1 6.7 12.65 50.16 6.73 0.42
60.2 6.23 11.77 60.06 6.20 -0.49

Table 7-2; Experimental limiting activity coefficients for cyciohexane (1) + NMP (2)

evaluated at different temperatures. Also tabulated are literature values af similar

temperatures, determined by Krummen &t al. (2004).

88



Chapbar T Par |

Tha calculated deviation shown in Table T-2 is not a true measura of tha accuracy of the results
because the temperatures at which the experimenis have been performead are nol exaclly the
same as Ihe [Heralura temperalures. Inslead a plot of the expenimental resulls and literature
valuas gives a betler indication of the accuracy and is a far betler comparnson. Deviations will
nof ba shown In tables; instead a plat, such as thal In Figura 7-3 shows claarly the accuracy of
the results when compared to lilerature

LHarature varaus Exparimental limiing activity coafflcients for the
cyclohexana (1) + HMP (2) systam
i
Th "
- TH |
[
E Td |
;1
3 ]
= 74
£ |
=
<GB |
=3 |
E
= Bad
E
-l B |
a2
4 el — - o —
EL] E -] H 43 i = = 81
Tamperaturs [}

Figura 7-3: Comparizon of axparimantal and illerature values of limiting activity
coafficiants for the system cyclohaxane (1) + NP (2) from Equation 6,55,

Tha flow rate is not consistant for the four expardmental runs for this syslam bacause at the tima
of the measuraments a presswre regulator was not in placa at the gas inlat 1o the system. This
resulted in the flow rate changing dus lo others using nitrogan gas from the same lank on
different days. Howevar, tha flow rata during tha exparmantal run was the sama throughoul the
run. The actual value of the Emiting aclivity coefficients Is not significently affected by inert gas
flow rate as lang as if is constant throughout the eniire perod of analysis and aquilibrium
conditions are maintained in the cals. Once the regulator was In placa disturbances in tha
nifrogen gas line did nol alfect the flow of nitrogen aut of the regulalor. This was true only if
thesa disturbanceas did not result in & pressure that was below the sal pressure on the regulalor

The rasults show that the expenmental sefup is well suited for tha delerminafion of activity
coefficients at infinite dilution for the cyclohexane (1) + NMP (2} system. The obfained results
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are in strong agreement with already published literature data. The trend for y* as a function of

temperature confirms the general trend for these types of systems. The results for this system
determined from other proposed equations follow later in the chapter.

7.1.2 Test System 2: n-heptane (1) + NMP (2)

The next test system studied was n-heptane (1) in NMP (2). The limiting activity coefficients for
the system n-heptane in NMP evaluated from Equation 6.55 can be found in this section. The
results for other equations are reported later in the chapter. The various plots to determine slope
a, is shown in Figure 7-4.

Stralght line plots for the determination of slope afor the systern n-
heptane (1) + NMP (2)
50 100 @D 200 250 300 a0 400 as0
005
[——T=30C
0.5
__ oz
< |
L oas )
£
0.45 -
0.5
065
Tima (mlnutes)

Figure 7-4: Temperature effect on the straight line plots for the systeam n-heptane (1) +
NMP (2) for use with Equation 8.55 to determine limiting activity coefficients.

The effect of temperature on the slope a, for this system is similar to that for the system
cyclohexane (1) + NMP (2). The slope gradually increases as temperature increases, bul this
has an opposite effect on the limiting activity coefficient itself. The limiting activity coefficient has
an inverse relationship with temperature i.e. as temperature increases the solute limiting activity
cosfficient decreases. This is true for most systems and the effect can be clearly seen in the
table below.
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Literature Values Experimental Values

T(C) Y ieranure | D (Mlimin) T(C) Y Eperimennt
30 14.9 11.06 30.12 14.92
40.2 13.7 11.13 39.83 13.72
50.2 12.4 11.08 50.51 12.43
60.2 11.5 11.46 60.19 11.46

Table 7-3: Calculated limiting activity coefficients for the system n-heptane (1)} + NMP (2)
with corresponding literature values at similar temperatures ebtained from Equation 6.55.

The experimental values are in strong agreement with recently published literature values by
Krummen et al. (2004). After instaliing the pressure regulator the nitrogen gas flow rate was
constant for the different runs done on different days, despite use from the same source by other
researchers. This is clearly depicted in Table 7-3 for the four runs done over four days. The flow
rate is very difficult to set at a specific value using a simple needle valve. An electronic mass

flow device can be used to control the inert gas flow rate but this equipment is very expensive.

A clear indication of the effect of temperature on ¥~ is seen in Figure 7-5.

79 4

nr

75

73

71

6.9

8.7

6.5 -

Infinite Dilution Activity Coefficient
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Literature versus Experimantal limiting activity coefficlents for the
n-heptane (1) + NMP (2) system
—o—Literature
—a— Experimeantal
33 38 43 s 83
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Figure 7-5: Limiting activity coefficients for the system n-heptane (1) + NMP (2) as a

function of temperature and comparison with published literature data by Krummen et al.

(2004).
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The limiting activity coefficient is strongly affected by temperature, as seen by the results of the
two tast systems.

7.1.3 Test System 3: n-hexane (1} + NMP (2)

For the third test system the effect of using one cell (SCT) and two cells (DCT) was investigated.
The nature of the components determines which technique to use. Due to the low volatility (less
than 1 mm Hg) of the solvent NMP in these systems the SCT can be successfully used. Another
prerequisite is that the solvent must be a2 single component and not a mixture of components
otherwise the concentration might change considerably in the dilutor cell due to the fact that the
rate at which each component is stripped may vary. In that case the DCT must be used to
ensure accurate results. The DCT slope plots for the system n-hexane (1) + NMP (2) is shown in
Figure 7-6.

Straight line profiles for the datermination of slope a for the
system n-hexane (1) + NMP (2) using the DCT

*! 0o (4] 200 250 300 350

In (AjAy)

-14

Time {minutes)

Figure 7-6: Plots for the determination of slope (a) al different lemperatures and constant
flow rate for the system n-hexane (1) + NMP (2) using the double cell technigue

The affect of temperature on the system n-hexane (1) + NMP (2) is similar to the other two test
systems. Since the slope (a) greatly influences the limifing activity coefficient it is expected that

the affect of temperature on ¥ should be similar to that of the other two test systems as shown

in Table 7-4.
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Doubla Call Technigus

Litaratura Data

Experimantal Data

T(€) Y sierarure | D IMHmIn) [ T(C) | Yipmmms
30.1 12.7 10.42 30.13 12.65
40.2 11.8 18.91 40.12 11,60
50.2 10.7 10.95 50.34 10.64
602 0 19,83 B0 61 988

Tabla 7-4: Comparson of iterature and axparimanial data for tha systam n-hesane (1) +

NMP (2} oblained using the double call techrague.

A nighar flow rate than for the other hwo fest systems was used for the determination of ¥~ in

order to chack the affect il would have on tha aclivity coafficient for ihis sysiem. Tha highaer flow
rate of 20 mifmin still allows for equilibrium in the dilulor cell as determined with the cyclohaxans
(1) * NMP (2) system for flow rates up 1o 47 mi/min, Tha doubls call lechnigue clearly works well
for syslams will low solvenl volalility and high solule volstility and lo check if the single cell
technigue works just as well as the DCT, Il was used to delermine limiling aclivity cosMiciants at

similar temperatures. The slopes oblained for the determination of ¥© for such an analysis s
shown in Figure 7-7

Stralght line profiles for the detarminalion of slope a for the system
n-hexane (1) + NMP (2) using the SCT

=5l - na

250 300 =5

[eEETTSC)
u 50T T=40'C
& SCT TeSirC
nSCT Tegd'C

Tima (minutas)

Figure 7-T: Piols for the determinabion of slopes a, for the evaluation of limiting activity

cosfficants using Equalion B.55 and for tha SCT,
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The slopes for the single cell technigue have a simdar trend to that for the double cell fachnigue
with tha affact of temparature. The flow rates of inert gas for both technigues ans similar and the
limiting activity coafficients with their comesponding lemperatures and flows are shown in Table
-8,

Single Call Technigque
D (miimin) T(C) Y misiini |
20,23 30,15 1260 |
20.82 308.63 11.55
20, . 5073 10.64
19.38 60.82 5 B9

Table 7-5: Limiting activity coefficients at different tamperatures for the systam n-hexana
(1) * NMP (2} obtained using the SCT.

Apthity coatficlents at infinte dliution for tha aysiem n-hexane (1) +
MMP () st derent tamperaturss

wE

nr

0.y

Limiting Activity Cosfficients

w0l

BFae — = —_—r——

| I » » e “ ™ T m 0

Temparatura | T}

Figure T-8: Actvity coefficiants at infinite dilution for the system n-haxana (1) + NMP (2)
using the SCT and DCT, and compared o Marature data for the DCT by Krumman ot al.
(2004).

Thia limiting activily coefficients determined using the SCT is gimitar 1o hat for the DCT. This
shows thal the SCT works jus! as well a5 the DCT for systems where solvan! volatility is low and

solule volaliity is high. The diferance in the experimental values of ¥~ from published lerature
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values of Krumman &l 8l (2004) is shown in Figure 7-8 These graphs show how close the
sxperimantal results are in comparison (o published llerature data for tha DCT.

Both technigues seem to work just as wall and have devislions in ¥™ from sach other and from

terature values of lass than 1 %. A sansitivity analysis was parformed 1o chack the effect small
deviations in Ihe measurable variables would have on Lha limiling activity coafficient. The resulls
ol this are discussed In Chapler 8. Systems Invalving n-hexene, o-cresol and NMP in differant
combinations were further attampied and the resulls of which can be lound in Pan 2 of Chapler

T. The next two seclions deal with limiting activity cosfficients calculated from eaquations
proposad by olher researchars using ihe sama axpanmanial dels

7.2 Limiting Activity Coafflcients - Lerol &t al. (1877), Duhem and Vidal (1978) and Boa and
Han {1945)

In this section aclivity coefficiants at infinlle dilution were evaluated using Equations 6 23, 6.24,
6.29 and £.23 which are the Lerol el al. {1977) basad equations. They are used 1o evaluale
lirmileng activity coafficient for the sama last sysiams &8 abova. All thass aqualions wars darved
for the determinalion of limiling activity coafficients for use with the inerl gas stripping lechnique
by various ressarchers almeady mantioned, Limiting sctivity cosfficients are evaluated for the 1asi

systems using tha four aguations and compared with ¥, calculated from Equation 6.55 and the

literature data of Krummen et al. (2004} Limiting aclivity coafficients as a resull of different inen
gas flow rates, evalualed using the four equations for tha tast syslam cyclohaxane (1) + NMP (2)
can be found in Tahle 7-6.

7.2.1 Results for the test system: cyclohexane (1) + NMP (2)

Exparimenial Condidons Limliing Activity Coafficlenis Calculatad I..Iﬁn' lqu;uun
D (mlimin) | T (C) 8.55 6.23 6.24 6.29 6.33
583 5016 687 663 662 6.62 6 62
12.85 S0 16 8.67 663 B 62 862 662
24 43 50,23 6.65 6.61 4.60 6.60 .80
34.58 50.17 E.68 664 6.62 663 (L
a7 47 50.30 664 6,80 6.58 .59 B.59

Tabla 7-8: Limiting aclivly coefficiants al various inanl gas flow rales and al constant
lamparatura for the four Leros el al. (1877} basad squalions,
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Equations 6.23, 6.24, 6.29 and 6.33 pradict limiting aclivity coafficients that are similar to that
determined above using Eguation 6.55. All the vy determined using the four Leroi et al. (1977)
based equalions are slightly lower than lhat determined by Equation 6,55 and the literature value
of 6.7 at 50.2 "C by Krummen et al. (2004). The difference between the exparimantal ﬁ‘ is
howsver not greater than 0.81 % and not greater than 1.79 % when compared to literature

values. The nilrogen gas flow rale appears to have no significant affect on ¥, at the

expenimental conditions concerned. The effect temperature has on the 7y~ for the system

cyclohexane (1) + NMP (2), as predicted by the Equations 6.23, 6.24, 4.6 and 6.33, is shown in
Table 7-7.

Experimental Conditlons|Limiting Activity Coefficlents Calculated Using Equation
T('C) D (mi/min) 6.55 6.23 6.24 6.29 6.33
30.08 14,89 797 7.74 7.74 7.73 7.74
40.03 1M1.77 7.21 7.15 7.15 7.14 7.15
50.16 12.65 6.73 6.63 6.68 6.68 6.68
60.06 1137 6.20 6.17 6.14 6.15 6.15

Table 7-7: Limiting activity coafficients calculated using Equations 8.23, 6.24, 6.29 and
6.33 for different temperatures and compared to limiting activity coefficients calculated
using Equation 6.55, darived by Krummen et al. (2000).

The limiting activily coefficients calculaled using Equations 6.23, 6.24, 6.29 and 6.33 have goad
agreament with each other and are all lower, although close to the literature values and to those
values calculated using Equation 6.55. The greates! deviation in the calculated values from the
four Leroi el al. {1977) based equations and Equalion 6.55 is 1.48 %. Between the four
equaltions themselves the deviation is only 0.75 %. A clearer indication of how close the valuas
really are is shown in Figure 7-9.

Figure 7-8 shows thal the limiting activity coefficients determined using the well known
Equalions 6.23 and 6.24 derived by Leroi el al. (1877) are very good. Even tha simplest of tha
equations (Equation 6.23) gives values that are In good agreement with the more complex ones.
Duhem and Vidal, and Boa and Han's slightly more complex equations {Equations 6.28 and
6.33) also give acceptable values for the system cyclohexane (1) + NMP {2). Equations 6.24 and
6.33 are for use with volalile solvents, but the results are as justifiable as the more zpproprate
Equations 6.23 and 6.29 which were derived specifically for non-volatile solvents. A non-volatile
solvent iz classified here as a solvenl whose vapour pressure is less than 1 mmHg under all
expenmental temperaturas and pressures of concern, which was frue for all the solvents used.
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If it is difficult to classify a solute as volatile or non-volatile; it would be safer to treat it as volatile
and use Equations 6.24 and 6.33 for the determination of limiting activity coefficients. Using the
non-volatile solvent Equations 6.23 and 6.29 for a volatile solvent would result In Inaccurate
activity coefficients. All equations work well here because all the solvents used are non-volatile
in nature and have vapour pressures well below 1 mm Hg in the temperature region of interest.

Limiting activity coeffliclents as a function of temperature for the
system cyclohexane (1) + NMP (2}

=8 UteraturoDaln |
e By teomE: ..a.‘.-,nﬂ_ssl
=iy Evaduat od from Equation§.23
—N—Evaiumn-dfm-nEqumone_24|
- [ e T—— [ &

78

76 4

X |
Braduatodirom Ewstiont.
14 on6.33|

72

88

6.6

Limiting Activity Coefficlents

64

62

28 i3 38 43 48 ] 8 63
Tem perature (‘C)

Figure 7-9: Comparison of all calculated activity coefficlents at infinite dilution for the
systemn cyclohexane (1) + NMP (2) with predetermined literature values.

Equations 6.23, 6.24, 6.29 and 6.33 are suited for systems with low solvent volatility and high
solute volatllity, as seen for the test system cyclohexane (1) + NMP (2). The next two test
systems also confirm this. The system n-heptane (1} + NMP (2) is better suited for use with the
IGS technique due to the highly reproducible data obtained. The calculated limiting activity
coefficlents are similar for all equations, some of which are shown in Table 7-8.

7.2.2 Results for test system: n-heptane (1) + NMP (2)

The results for this systemn are exceptional for all equations concermned. The deviation in reported
limiting activity coefficients is less than 0.8 %.
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 Experimantal Conditiong| LImiting Activity Coefflclents Caleulatad Using Equation

. D (mifmin} T('C) 6.55 8.23 B.24 B8.28 .13
11.08 30.12 14.82 14.89 14.88 14,88 1489
11.13 35.83 1472 T3 68 13,67 13.67 13 68
11.08 50.51 12.43 12 38 12.35 12.38 12.36
11.46 &60.19 11.48 1.42 1137 11.40 11.29

Table 7-8.! Limiting activity coafficients for the sysiam n-heplang (1) + NP (2} evaluated
for differen temperalures and consiani nifrogen flow rais

The maximum deviatian in ¥ from Equation 6.55 and 2l other calculsied values for the system

n-heptane in NMP is 0.8 %, for the same expermental conditions. There is excallen! agreament
betweean all five equations. The limiting activity coefficient values for 3 specific aspenmental
condition In Tabla 7-8 do nol differ by more than 0.43 % for the Lemd e &l (1577) based

equatlions. Tha accuracy of the resulling 7, values can be ssen in Figurs 7-10

LimHting activity cosfficis nts for the system n-heptans (1] + NMP (2] |
&5 & function of tamperaturs

] 5 '] e 1] = »
Tem parature ("C)

1 e i
Figure 7-10: Comparison of limibng activity coefficients showing the accuracy of rasulls al
dhfferent lamparaluras for the sysiam n-heptane (1) + NMP (2).

The limiting activity coafficients calculated here are in good agresmenl with lilerature values and
wilh gach other. So far, there 1§ NO reason 1o raect any aquation as they all give reasonably
accursle results. Tha next system under investigation was n-hexana (1) + NMP (2] where (he
DCT and tha SCT was usad. Tha DCT results are ahown in Tabla 79 balow
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Double Cell Technique

Experimantal Conditions| Limiting Activity Coefficients Calculated Using Equation

D (ml/min) T{C) 6.55 8.23 6.24 8.29 6.33
19.42 30.13 12.65 12.56 12.55 12.55 12.56
19.91 40.12 11.59 11.48 11.46 11.46 11.47
19.95 50.34 10.64 10.52 10.49 10.51 10.51
19.93 60.61 9.88 9.74 9.68 9.7 9.70

Table 7-9; Limiting activity coefficients determined using the DCT for the system n-

hexane (1) + NMP (2) at different temperatures and constant inert gas flow rates.

The limiting activity coefficients are in good agreement, but not as good as that for the system n-
heptane (1) + NMP {2). This shows that the IGS method is system dependant and thus what

works for one system may not work for another simitar system. The calculated values of y; are
acceptable as the maximum deviation between all y; at any experimental condilion in Table 7-9

does not exceed 2 %. The maximum deviation between calculated y; using Equations 6.23,

6.24, 6.29 and 6.33 is 0.62 %. This is clearly seen In Figure 7-11.

25

1.5 A

05

Limiting Actlvity Coefficients

8.5+

Limiing activity coefficlents for system n-hexane (1) + NMP (2) as a
function of temperature

e Lilecaturo Data

PO

|
a6 fon 6. 55

——ir— Calculst od using Equal ion .23,
—=d— Caicut el od using Equat fon 6.24
—— Calcuint ed using Equal ion 629
= Cicul it 6 uning Equal ion 6.

28

33 kL] 43 48
Tem perature {"C)

Figure 7-11: Comparison of all calculated limiting activity coefficients for the system n-

hexane (1) + NMP (2) for different system temperatures.
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The graphs show {airly good agreement within reasonable lolerance. Thare is » clesr indicalion
thal Equation 6.55 pradicls a slightty higher value lor the imiling activily cosfficient &8 can be
saan by the clear segragation batwean the graphs in Figura 7-11. Thers is remarkable simianty

between the ¥~ calculated from Equations 6.23. 6,24, 6 20 and £ 33, This could be due lo the
fact that a similar approach was taken in he darvalion of these eqguations by he researchers

Lerai a1 al., Duhem and Vidal and Boa and Han, Tha resulls for the SCT can ba found bl in
Tabkle 7-10,

Single Cell Tachnigue i

Experimentsl Condlions | Limiting Activity Ceafficients Caleulated Using Equation |
D {mimin) T (C) .55 6.23 624 6.29 .33 |
20.23 30.15 12.60 12.60 12.50 12.58 1260
2062 | 30.99 11,85 7144 11.43 11.43 11.44
20 64 50.23 10.64 1051 10.48 10.50 10.43
19.28 60.62 9 89 974 9.69 871 2.70

Table 7-10: Limifing activity coefficients for lhe syslem n-hexane {1) + NMP [2) using the
SCT al diffarant sysiam lemparatures and relativaly consianl iner gas liow rates.

The singta cell lechnigue gives results similar to thal of the double cell lechnigue for this sysiem.
The maximum devialion in ¥, from that calculated using Equation 6.55 is also 2 %. e same as
that for tha DCT. Dua 1o tha nalure of he components bolh lechnigues work weal grang accurate
ragults. Equations 6.23, 6.24, 6.20 and 633 predicis ¥, for the single cell lechnique just as

accuralely as thatl for Ihe double cell lechrique. These equakons predict himiling activity
coaMcients aasdy withou! tha need lor lengthy calculalons as for Equalion B.55, The accuracy
of the SCT results is shown in Figure 7-12

It is important lo nole that the SCT is extremaly sansitive lo the nature of the solvani used, If the
solveni is mulll-componenl wihi 8l leas! two componanis having appreciably differant volaliflies
ihese components will be stnpped st dferent ratas in the dilutor siill. The conceniration of the
solvanl mixdere in the diluior sill will vary wilh lme and thus the Gmibng activity coefficient will
Blizo vary with ima. Evan wilh 8 schwanl moidure consisting of iow volatlily solvenls such as o-
cresol and NMP the effect on the limiting activity coefficient is significant. Evidanca of Ihis is
shawn in Chapler 8 with the system n-haxena (1) « 20 %(".) o-cresal (2] * BO %("/.) NMP {2).
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Limiting activity eoaffichents for the systam n-hexans (1) + NMP ()
Ba at diferent lamparatures using the SCT
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Figure 7-12: Comparison of limiing activity cosfficiants for the system n-haxana (1) +
MNMP (2} using the SCT at diferan] lemparatures and constani iner gas fow rales

The accuracy seen bebwean tha five aguations and tha itarature data of Krumman ot al. (2004)
calculated using Equation 6 55 is accapiable The SCT results differ from the DCT resulls for tha
limiting activity coefficient by nol more than 0.35 % for this binary syslam.

7.3 Limiting Activity Coaficiants - Hovorka and Dohnal (1897)

In this iast section the resulls for the equations proposed by Hovorka and Dohnal (1997) are
raporiad. Hovorka and Dohnal (1997) proposed Equation 6.65 far the determination of limiling
acthvity cosfficlenis, Tha vabdity of the equalion and the afect thal Nlow rate and temperaturs has
on systems with low solvent volaiility and high solute volatiity was investigalad. Limillng activiby
cosfficients for multi-component solvent systems using Equation 8 65 is investigaled in Chapler
7 - Parl 2. The effect that flow rale has on the system cyclohaxana (1) + NMP (2) is shown in
Table 7-11,

7.3.1 Results for test system: cyclohexane (1) + NMP [2)

Clearly the resulls thus far show negligible effect of flow rate on tha limiting aclivity coefficien! as
long as equilibrium condifions are maintamed in the cell Errors in the raading of he flow rate will

howsvar have a significant aMect on the ¥, as defermined by sensitlvity analysis In Chapler 8.
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Experimental Conditions " Correction Factors -

D (mlimin) | T(C) i Ky ks sy e, Tiew
5.83 5016 | 661 | 0.098 | 1 1.000 | 1.005 | 6.63 |
12.65 50.16 8.61 | 0.998 1 1.001 | 1.005 | 6.63
24.43 5023 | 650 | poBd | 1 1.000 | 1.005 | 662
34,50 50,17 B.62 | 0.908 1 1.000 | 1.005 | 6.64
47.47 50.30 B.58 | 0.908 1 1.000 | 1.005 | 6.80 |

Table T-11: Limlting activity coafficiants for the system cyclohexans (1) + NUMP (2] usang
tha DCT ab o lemperature of approximately 50 “C and at flow rates bebwean 5 and 48

miimin. Also shown are values for Ine comection factors (K, ).

#, and r:;ﬂ are avalualed using Equations 6 64 and 865 respaciively. The commection factors

axcapl far k;. ara avalualed rom Equabons BET, 6.70 and B.71. Flow rale doas nol seam o

have an effect an tha lirmhing activity coafMcienl in tha range of interezl The diference babwesan
Ihe largast and lowasl limiling activity coafliciant is 0.6 %. but in the chosen flow rete range of 10
lo 30 mimin it is only 0.3 %. The limiing activty coatiicsents determined using Equaltion §.65 are
similar to the values dalarminad in tha olher saclions. Tha corection factors ( &, ) are very close

o 1 indicating that the systam is wall suiled to the IGS techniqua and thal deal condifions are
maintaingd in the calls. The ability of Equaton .65 lo predict imibng actrity cosfficients &t
different tamperalures and constant fliow rale is investigaled below.

Experimental Conditlons . Correction Factors o
T(C) |D(miumim)| y ™ ™ ey -
30.08 1489 173 | 0999 [ 1.000 | 0.693 | 7.68
40 03 1177 714_| 6ol 1 1.000 | 0.999 | 7.12
50.16 1285 667 | 0.998 1 1.001 | 1.005 | 6.60
80.06 N7 B13 | 0997 7 1.001 | 1.013 | 8.20

Tabla 7-12: Limsting actrity cosfficents as o function of tamparatura for tha systam
cyclohaxane (1) « NMP (2) using tha DCT,

A clear observation babwaen the imiling activity cosfficients of Equabion 6,65 ana those of the
Laroi &f al based eqguabons 5 (hal at the highar iemperaiures Equation 885 gues valuss thal
arge closar lo the Feralure values determned by Krumman & &l (2004). Tna corection faclor

k, decresses wilh increasing temperalure and &, incresses wilh increasing temperature while
k, remains farly constant. The comection facler k. is not afected by temparalure al this siage
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dus to the pre-saturator in place. Equation 6.65 is well suited for the determination of y; for the

system cyclohexane (1) + NMP {2). The accuracy of the results is shown in Figure 7-13.
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system cyclohexane (1) + NMP (2) using the DCT

LimHing activity coefficlents as a function of temperature for the

—e—Literature Data
—a— Resulls from Equation 6.65

28
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Figure 7-13: Comparison of literature values for limiting activity coefficients with those

determined from Equation 6.65 for the system cyclohexane (1) + NMP (2) using the DCT.

There is a slight deviation between the graphs at the lower temperatures; however this deviation

is not greater than 1.54 %. The second test system under investigation was n-heptane (1) +

NMP (2) and the results of the investigation are shown below in Table 7-13.

7.3.2 Rasults for test system: n-heptane (1) + NMP (2)

Experimental Conditions ¥ Correction Factors Y,o.,_.

D(ml/min) | T (C) ! Ky k, Ks ke “
11.06 30.12 14.88 | 0.999 1 1.001 | 0.988 | 14.89
11.13 39.83 13.66 | 0.098 1 1.001 | 0.993 | 13.55
11.08 50.51 12.34 | 0,998 1 1.001 | 1.000 | %2.32
11.46 60.19 11.36 0.996 1 1.001 1.003 11.37

Table 7-13: Limiting activity coefficients for the system n-heptane (1) + NMP (2)
determined using the DCT and evaluated using Equation 6.65 at constant flow rates and

different ternperatures
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The correction factors display a similar trend for (his system as for the system cyclohexane (1) +
NMP (2), but the limiting actlivity coefficienl values are lower than the literature values
determinad by Krummen et al. (2004), as shown in Figure 7-14.

Limiting activity coefficlents as a function of temperature for the
system n-heptane (1) + NMP (2) using the DCT
15
—#—Literalure Data
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E 144
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Figure 7-14: Comparison of limiting activity coefficients of Equation 6.85 with literature
values for the system n-heptane (1) + NMP (2) using the DCT at constant flow rate.

The limiting activity coefficients evaluated using Equation 6.65 ali lie lower than their literaiure
values, but have a betler trend line with regards to temperature than the literature values. The

graph shows a distinct inverse relationship of limiting activity coefficient and temperaiure with a
smooth trend line. There is some agreement between the literature y:‘ and the experimental "(f

calculated using Equation 6.65 at 50 "C. At this point the limiting activity coefficients obtained
using Equation 6.65 may give 2 better representation of the actual values due to the smooth
curve formed as apposed to the gip in the curve at 50 “C for the literature data. The third test
system under investigation is n-hexane (1) + NMP (2) and the limiting activity coefficients are
found in Table 7-14 for the DCT.
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7.3.3 Results for test system: n-hexane (1) + NMP (2}

Doubla Call Tachnlgue
Experimental Conditions| v Correction Factors -
D {mlimin) T[C) - by by K ke Yeu
19,42 30.13 12.55 | 0.938 1 1.000 | 1.000 | 12.54
19.91 40.12 11.46 | 0.996 1 1.001 | 1.008 | 11.53
16.85 50.34 10.48 | 0.997 1 1.002 | 1.018 | 10.66
19.83 &0.61 088 0.59894 1 1.003 | 1.028 9.83

Table 7-14: Limiting activity coefficiants calculated from Equation 6.65 for the sysiem n-
hexane (1) + NMP (2} using the DCT al constant iner gas flow rates and lempearaluras.

There s grealer deviation for the correction faclors from their ideal value of 1 al highar
temperatures. This means that there is a greater deviation from Ideal condittans at higher
temperalures, The cormacton factors thus, ghve rese o miling aclivity coeficiants thal are
probably more acourata than those calculated in the previous sections from the other equations
The other equations only take some of thesa comrections info account in their derivation. This is
the only equalion [(Egqualion B.63) thal accounts for every possible non-ideality or devialion
encounterad thus far

Limlting acthvity coefficient as a function of temperature for the
system n-hoxana (1) + NMP (2} using the DCT

| —s— Lilaratum Data
] | —8— Fiesuita from Eguatios 665/
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;

Limiing Astivity Coelflciamt
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n 33 £ 43 4 = = B3
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Figure 7-15: Comparison of literature limiting activity coafficianis and exparimantal values
for the syatem n-hexane {1) + NMP (2] using the DCT at constant inar gas flow rate.
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Equalion 665 seams (o under-predict imiling activity coeflicients at low lemperalures and ovar-
predicts it al higher lemperalures when compared (o lileralure valuas delermined by Krummen
el al. {2004). The rend ling produced is still a smooth curve, Equation 6.65 iz well zuited for the
pradiction of limiling aclivity coefficients using the DCT. The devialion from IHerature valuas of
Krummen ef al. (2M) is legs than 1.3 %. Equalion 665 can slzo be used lo predic] limibing
aclivity coefficien|s for tha SCT as shown in Table 7-15.

Single Cell Tachnlqua
Exparimenial Conditlans e Correction Factors 'r’"'”
D {mhimin) | Ty e ky | ki ks " !
20,23 20.15 1260 | 0,968 | 1.000 1.004 1.000 [ 12.58
20,62 a5.83 11.44 | 0998 | 1,000 | 1,001 | 2008 | 11.50
20, G4 2023 10.81 0. 854 1,000 1.001 1.018 10.64
19,38 60.62 9.74 0. 550 000 1.0 1.025 9.93

Table 7-13: Limiling activity coafliciants for the syslem n-hexans (1) + NP (2} using the
SCT at @ constant flow rale and at different lemperalures

The comection factor  k, accounts for the change of stripping gas flow rate due to saturafion in
the call. There s2ams to be no significant changa in the siripping gas New rale dus to saluralion.
Thiz iz expecited as the sobven! (NMP) volalility is vary low (less than 1 mm Hg) The effect (he
SCT haz an the limiling aclivily coafliclents i5 shown In Fligure 7-18 togathar with a campansan
to Bleraiure values for the DCT and experimental values calculated using Egualion 6.65 for the
DCT.

Frgure 7-16 shows how close the calculated limiting activity coafficiants are far the SCT and the
DCT. A companson (o literature values oblained using the DCT (Krummen et al. {2004)) s also
depicled in Figura 7-16, Thers is remarkable consislency bateraan 1he bwo lechmigues [DCT and
SCTY for the sysiem n-hexane (1) + MMP (2] in terms of the calculated limiling aclivity
coefficianis, Tha SCT can be usad instead of the DCT for sysiems where the solvent valatility is
low and solule volalilily is high o save on costs, as sama chemicals may ba exlremealy
axpensive al tha high purities required for the |GS lechnique. There iz 3 maximum deviation in
himiting activity coefficients of 0.4 % for the two technigues and this devialion decresses as
syslem lamperalure incraases
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Limiting activity coefficlents as a function of temperature for the
system n-hexane (1) + NMP (2) using the DCT and the SCT
-3
—+—DCT Literature Data
—&—DCT Results from Equation 8.85

o 23 —ar— SCT Results from Equation 6,65
&
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Flgure 7-16: Comparison of limiting aclivity coefficients calculated using Equation 6.65 for
the DCT and SCT with literature values for the system n-hexane (1) + NMP {2) at constant
inert gas flow rates.
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Chapter VIl - Experimental Results
Part ll: New Systems

The positive conclusions drawn from the test systems show thal the newly designed equipment
works wall and is suitable for the determination of limiting activity coefficients for binary systems.
The various equations used to delermine limiting aclivity coefficients predict values that agree
wilh each olher and with the literature values where possible within certain tolerances. Limiting
activity coefficients play a major role in accounting for the non-ideality that certain chemicals
experience in relalion to their surroundings and their accuracy mus!t be extremely high, The
aquations used must predict limiling activity coefficients with a maximum error of 1 % when
compared o literature values and with each other.

A more demanding task than evaluating limlling activity coefficienis for binary systems is
evaluating it for temary systems and higher order systems. The challenge here Is getiing good
separation In the GC column for all components and mailnlaining a constant solvent
concentration in the dilutor cell. The solute limiting activity coefficient changes as the solvent
concentration changes, aspecially for muiti-component solvent systems. A way of warking
around this Is lo always vse the DCT. The SCT will also work with systems of exiremely low
solvent volatility.

This chapter deals with the evaluation of limiling activity coefficients for the temary system n-
hexene (1)} + NMP (2) + o-cresol (2) for which there are no published limiting activity coefficient
data using the |IGS method al the conditions of interest. NMP and o-cresol make up the solvent,
and the limiting aclivity coefficient is evalualad for different concentrations of NMP and o-cresol
using the various equalions derived by researchers in the previous few chapters. The differant
concentrations involve mass percentages of c-cresol in NMP bebween 0 and 100 % in multiples
of 20. Two of these percenlages (0 and 100%) result in binary systems. These two systams are
n-hexene (1) + NMP (2) and n-hexene (1) + o-cresol (2).

The n-hexane {1} + NMP (2) system has been investigated before by Krumman et al. (2004) at
different experimental condilions from those in this study. Experiments on Lhis system have bean
repeated for completenass rather than using lhe available literature values. The other binary
system has no published dala to date for limiling activity coefficients using the 1GS technigue.
Tha results for the binary systems are shown first, followad by the results for the lernary
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systems, for each equation used to determine the limiting activity coefficient. All experiments
were repeated for four different temperatures and three different inerl gas flow rates.

7.4 System - n-hexene (1) + NMP (2)

Limiting activity coefficients were evaluated at three different flow rates for this system i.e. 10, 20
and 30 ml/min and at four different temparatures 35, 45, 55 and 65 *C using the DCT. The
results for the equation proposed by Krummen et al. (2000) (Equation 6.55) is shown in Table 7-
16 for the system n-hexene (1) + NMP (2).

7.4.1 Results for Equation 6.55

Literature Data Experimental Data '}"n
Ti{1G) Yoneramre | D (miimin) [ T (C) i
30.1 6.46 10.13 35.02 6.28
40.2 6.12 10.12 45.01 5.97
50.2 5.84 10.01 55.03 5.68
60.2 5.56 10.00 64.98 5.41

20.07 35.01 6.27
20.16 45.00 5.99
20,22 55.00 5.71
20.06 65.00 5.44
29.99 34.99 6.30
29.82 45.01 6.01
29.48 55.03 5.70
29.90 64.98 5.42

Table 7-16: Limiting activity coefficients obtained using the DCT for the binary system n-
hexene (1) + NMP (2).

It is clear. as a confirmation of the assumption that the method is based on, that flow rate does
not have a significant effect on the limiting aclivity coefficient as long as equilibrium conditions
remain in the cell. The maximum deviation for limiting activity coefficients In the region 10 to 30
mi/min is 0.7 %. The experiments were done at different temperatures from the literature values
in order to maintain consistency with the o-cresol systems as o-cresol is a solld at temperatures
lower than 32 "C at 98.5 % purity. The accuracy of the results can be seen in Figure 7-1 when
compared to the literature data.

110



Chaptar 7 Part Il

Limiting activity coefficients as a function of temperature for the
system n-hexene (1) + NMP (2) for Iterature and experimental
65
64
—e— Lilerature Data

= 63 —a—D =0 mimin
& 52 —a—D =20 m¥min
2 ——D =30 mUmin |
E &
-]
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28 34 3 a7 40 a3 36 49 52 5 2 51 84 87
Temperature ('C)

Figure 7-17: Comparison of literature and experimental limiting activity coefficients for the
system n-hexene (1) + NMP (2).

The experimental limiting activity coefficients agree strongly with the literature values determined
by Krummen et al. {2004). There is a maximum devialion that is less than 1 % for all values.

7.4.2 Results for Equations 6.23, 6.24, 6.29 and 6.33

This section reports limiting activity coefficients for the system n-hexene (1) + NMP (2) obtained
by using the Leroi et al. (1977) based equations. The results for the four equations are
compared against each other and with the literature values from above. The limiting activity
coefficients evaluated for a flow rate of 10 mli/min and for the four different temperatures are
shown in Table 7-17.

Experimental Conditions| Limiting Activity Coefficients Calculated Using Equation

D (ml/min) T(C) 6.23 6.24 6.29 6.33
10.13 35.02 6.22 6.22 6.21 6.22
10.12 45.01 5.90 5.89 5.89 5.89
10.01 55.03 5.59 5.58 5.58 5.58
10.00 64.98 5.31 5.28 5.30 5.29

Table 7-17: Limiting activity coefficients for the n-hexens (1) + NMP (2) system evaluated
at a constant flow rate of approximately 10 ml/min.
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A comparnson of this data with iterature data can be found in Figure 7-18.

Limiting acthvity coefficlants as a function of temperatude at a
canstant flow rale of approximately 10mimin for the system n-
hexene (1) + NEF (2]
e
i
3
)
]
Y]
1]
. Ef
E s
ar
=1
£ an
= L]
a4
iy
53 — z ; -
z8 kLl M ar L] T an -] ] - ' [ ar
Tamparsturs (*Ch

Figure T-18: Comparizan of exparimeantal Himiting activity coafficiants wilh blerstume valuss
for the systam n-haxena (1) + NMP (2).

The lmiting actvity coefficients avaluated al a8 flow rate of approximately 20 mlimin &nd &0
different tamperatures for the system n-haxana (1) + NMP (2) can ba found in Table 7-18.

! Experimantal Conditions| Limiting Aclivity Coafflclents Caleulatad Uslng Equation
| D {mlimin} T({C) 6.23 B.24 6.28 6.33
20.07 35.01 B.21 B.21 6.21 B.a1
20,16 45 .00 592 5.01 5.81 5.91
20.22 5500 5 62 5 60 £.81 581
20.08 85 00 534 535 £.37 5.28
|

Table 7-18: Limiling acirvily coafficiants al a constant flow of 20 mifmin and al four
diffarani lamperaturas lor tha syatem n-haxens (1) + NMP (2},

Comparison of the lmading actinty coafficient data with lilerature valyes determined by Krummen
el al. (2004) 18 shown in Figure 7-19 below
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Limiting &ctivity Coafliciont
|-

Umiing activity coafficlents as a functicn of tamparatura atan
inart gas flow rate of appraximately 20 mimin for the system n-

haxane (1} + NMP (2)
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Figure 7-18: Comparison of experimental limiting activity coafficients with literature values
for the system n-haxana [1) + NMP {2}

Limiting aclivity coefficlenis for the sysiem n-hexens (1) + NMF (2) at a consiant flow rate of 30
milfmin and st four differant temperatures can be found in Table 7-18.

Experimantal Conditions| Limiting Activity Coeficionts Caleulalad Using Equation
D (mlimin} T {'C) 6.23 6.24 6.29 6.23
29.99 34.99 6,24 623 6.23 6.24
29.82 45.01 £.94 593 5.93 5.93
20.48 55.03 581 5 58 580 5.58
28,50 §4.58 5.32 528 5.31 5 29
I

Table 7-1%9: Limiing activity coefficients for the system n-haxana (1) + MNP (2] for 30
milfmin and al four differant tempearaturas.

& comparison of exparimeantal values at 30 mlimin with Bteralure values can be found in Figure
7-20. This figure shows the accuracy and precision of the results, Pracision refars to how closa
the limiting values evaluated from the different equalions are W each olher for the same
axparimental conditions.
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Limiting activity coefficients as a functlon of temperature for the
systern n-hexene (1) + NMP (2) at an approximate flow rate of 30
65+ ml/min

—— Literature Values
—s—Evaluated from Equation 623
| —a—Evaluated from Equation 624

—»— Evalualed from Equalion 628
| —m— Evalualed from Equation 833

Limiting Activity Coefficlent
Ln
@

52 +— - ——

28 31 24 37 40 43 46 49 52 5 58 81 64 67
Temperature {'C)

Figure 7-20: Comparison of literature and experimental limiting activity coefficients for the
system n-hexene (1) + NMP (2) at a constant flow rate of 30 ml/min.

The limiting activity coefficients evaluated from Equations 6.23, 6.24, 6.29 and 6.33 all agree
with each other, with 2 maximum deviation of 0.65 % for any set condition. These values are
however lower than the values determined using Equation 6.55 and lower than the literature
values. The difference in limiting activity coefficients evaluated from the Leroi et al. (1877) based
equations and that of Equation 6.55 is small and lies within an acceptable range within certain
tolerances.

7.4.3 Results for Equation 6.65

The limiting activity coefficients evaluated using Equation 6.65 is closer to literature values than
the limiting activity coefficients evaluated using any of the other equations. Sinrce the DCT

technique was used the correction factor k, is always 1. The other correction factors seem to

account more for the non-ideality of this system. Equation 6.65 seems to give better estimales of
the limiting activity coefficiant at higher temperalures when compared to literature data. The
limiting activity coefficients as a result of Equation 6.65 can be found in Table 7-20.
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Exparimental Conditions " Correclion Faclors 'I".m
D (mlimin) | T (C) e Ky ks Ky " =

T 10.13 35.02 6.21 | 0.998 1 1001 | 1.008 | 6.25 |
| 1012 45.01 588 | 0997 1 1.001 | 1.017 | 5907
10.01 55.03 557 | 0.998 1 1.001 | 1.028 | 571
10.00 84,08 5.27 | 0.993 1 1,001 | 1.040 | 545
20.07 35.01 6.21 | 0.008 | 1 1.001 | 1008 | 6.25
[ 20.18 45.00 500 | 0.087 1 1.001 | 1.017 | 5.99
| 2022 55,00 560 00907 1 1.001 | 1.028 | 574
20.06 85 00 B34 | 0.081 1 1.001 | 1.040 | 552
2609 34.59 623 | 0988 | 1 1.001 | 1.008 | 627
82 4501 £02 | 0.9a7 1 1.001 | 1.017 | 6.01
48| 5503 558 | 0997 | 1 7001 | 1028 | 573
[ 29.90 64 98 528 | 0.662 1 1,001 | 1.040 | 5.48

Tabla T-20: Limiting activity coaMiciants avalualed using Equation &6.865 for tha syatem n-
haxana (1) + NMP (2) using the IGS technigue at different Inen gas flow rates and

lemparalures.

A comparison ol the new values of limiting actvity coefliclents for the thres flows and four
temparatures, with the §oraturs vaivas of Krumman af al. (2004} is shown In Flgure 7-21 balow.

Limfting activity coefficiants as a function of temperature for the
systam n-haxana (1) + NMP (2) at thres Inert gad flow rates
L 2]
u] LRI v
il 0] = W Ml MR
&3 —a—0 = B mime
L el T M il
- =
T
£
E 1)
o R
£
B
>
s
| 7 I — - ..
n ko k5 W & L] 4% = = = W £ &7
Tamparastura [ C)

Figure 7-21: Companson of literature data with limiting activty coafficienis evaluated
using Equation 6.65 for the systam n-haxena (1) + NMP (2],
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The inerl gas slripping lechnigue is able 1o accurately detammine aclivity coeflicients al infinite
dilution for the systam n-haxena (1) + NMP (2). Tha calculated limiting activity coefficients agree
sirongly with the already publshed Ilerature data of Krummen et al, (2004) Tha naxl sysiem
undar invostgation has no limiting activity coefficient data availablea for the inert gas slhipping
technique to dale. The system n-hexena (1) + o-cresal (2) has never bean alHemplad using the
inart gas stripping techmngue

7.5 System - n-hexena (1) + o-crasaol [2)

The chemical o-crasal is exiremely dangerous al high punty and one must follow all fhe safely
proceduras when working with this chemical The materal safaly dela sheet (MSDS) must be
ablainad and read bafore working with o-cresol. The o-cresal vapouwrs are extremely dangarous
and can cause all kinds of reéspiratany problems and crgan faduras at wiry low coanconirations in
air if inhalad for a prolonged period of Ume.

7.58.1 Resuits for Equation 6,55

Tha proposed equalion by Krummen el al. {2000) was used in order to delerming limiting achivity
coefficients and 1he resuits labulated balow.

Exporimental Data ?..-.
D (mi/min) T (¢ T

10.01 a4 .99 5.68
8.05 45.00 522
.91 54.97 4.01
10.01 54.95 4.74

| 19.44 34,98 5,66

| 19.21} 45,03 §.22
19.97 55.02 4,87
10.66 B5.02 4.73
25.79 34,58 5.88
20.43 45.01 5.23
30.08 54.99 4.92
29 98 G4 98 4.75

Table 7-21: Limitng acliviby coafficienis evalualed using Equation §.55 for the sysiem n-
haxans (1) + a-crazol (2] at diffarent flow rates and temparaluras,
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The assumplion based on the method thal iner gas flow rale does nol seem o have a
significant afacl an tha limiting activity coeflicient for the syslem n-hexena (1) + o-cresol [2)
iz conflrmed, however, as lamperaiure increases the Emiting activity coefficient decreases.
Thiz was also obsansad previgusly with the other systems studied. The effect of temparature
on the limiting activity coafficlent can ba cleary sean In Figure T-22.

Umiting acthvity coafiicients as a function of temperaiure for the
system n-haxens {1} + cresol (2] at thres difarant flow ratos

ET )
I i [ = 0 MmN
T e O = 2 MVMA
: T

Limiing Activity Coalfficlent
E

4 37 ] a3 24 ] = L] -] 61 54 ]
Tamperalurs | C)

Figure T-22: Comparison of imiling activity cosfficients at three differant flow rates for the
systam n-hexens (1) + o-crasal (2).

Tha fact that flow rale does not significantly effect the limiting activity coafficient (as seen in
Figure 7-22) implies thal equilibrivm is achieved and mainialned within the cells. The limiting
actvity coefficients show exceBent agreement for the thres flow ratas al corresponding
temparaturas. This implies thet the experimental sel-up gives results that are reproduciola and
repeating the expenment al three differanl lemperatures serves as a check in order to ascertain
as lo whather tha dala obtained ks refiabla or not.

7.5.2 Results for Leral ot al. (1977) based squatlions.
Equations 6.23, 6.24, 6.29 and 6.33 are used lor the evaluation of limiting actvity coaficients in

Tables 7-22 1o 7-24. Each Table (7-22 1o 7-24) has limiting aclivity coefficlents and comaction
factors for a difarant Inert gas flow rate, butl 3l similar tempersiures. Temperaturas wers
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maintained within 0.1 degrees Calgiuvs of their sel point values, The resulls for & fow reis of 10
mi/min are found in Table 7-22.

Experimanial Conditlong| Limiting Activity CoaMficlants Calculated Using Equatian

D {mlimin} T(C) 6.23 6.24 6.29 8.33
10.01 34.99 5.62 5.6 5.61 582
8.95 45.00 | 5.15 5.14 515 £ 15
8.81 54.87 4.84 4.82 4.83 4 B
10.01 B4 85 466 4,62 4,84 4 A

Table 7-22; Limiting acthvity coaMiciants for tha sysiem n-haxans (1) * o-cresol (2] 81 an
inert gas flow rate of approkimataly 10 mifmn and at diffsrent tamparatures.

It is very difficull 1o get flow rates and temaeralures al exactly the sel-posni valus wilh the cument
expenmenial sal-up and a slighl deviation of no more than 0.1 °C for iamperature and 0.8 mbfmin
lor flow rale was obsarved from the sel-poinl velues. il has been established slready a5 pan of
the assumplion that the method is based on that flow rate does nol seam 0 have an adverse
aftect on the limiting aclivity coeflicient if equiibrium condiions are mainiained in tha calis and
as long as the fiow rate is constant throughout the expenmeant. | is therefore difficult fo compare
miting activity coefficients wilhout the aid of graphs for differant but Smdar lemperaturas.

Limiting acthity coefficiants as a function of tempersture for the
wystem n-hawena (1} + crasol [T}

—s—Evafunted unrg Eqesion 635
a4 | = Evfludtind 20g EQueon B 14

i Fwiiyaland preg Tguato = § 70
£ i Eyatont uE ey Equaton B 33

LimfAing Actisity Cosficlent

B F L [ E=l A&l Hi -I-l ; 2] - [ 4 :F] ';
Tem parature ['C)

Figure T-23: Comparison of limiting activity coefficients for tha sysiem n-hexane (?) = o-
crasol (2) st an approximate inart gaa fNlow rata of 10 miimin.
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Figuwa 7-23 comparas the limitng aclivity coafficients evaluated using the Leror el al based

aqualions at the axact samea exparimental conditions. Thera appaars lo be some disagreamant
betwean tha limiting aclivity coefficients evaluated al B5 “C, but the dewvialion babween the
maximum and minimurm valua is only 0,85 %, This deviation is nagligible and tha dala |5 reliabla.
The limiting activity coafficiants for a flow of 20 milfmin are shown in Table 7-23,

Exparimental Conditions

Limiting Activity Coefliclents Calculaled Using Equation

D (ml/min) T(C) 6.23 6.24 8.2 6.33
15.44 34.98 5 61 561 5.80 561
19.23 45.03 515 515 515 515
19.97 55.02 4.84 4.83 4.84 4.843
1966 B5.02 4 65 4.61 4.63 4.62

Table 7-23: Limiting activity cosafficients for the systemn n-haxena (1) + o-crasal {2)

avalualed al a fiow rate of approvimately 20 mifmin,

The limiting activity cosfiicienis evalualed using 6.23, .24, 65,29 and £.33 at the constant flow
rate of 20 mifmin is similar to those for 8 flow ate of 10 mimin, as expected. A comparison for
the limiling activity coefficients evaluated from the four equations for the system n-hexana (1) +
o-cresol (2) Is shown in Figure 7-24.

51-

L
44 4

Limiing Activity Coafficieni

Al -

Limiiting acthity cosfficlants as a function of lampaerature for the

systam n-haxana (1) + crasal {2}

S Teausedusing Epusion 839 |
i Evpiidlged iiing Eguatazn §.24

—a— EvEiyaed using Equalsn 8 29 |
| e Evafagbed using Equation &5

43

43 48 445 - = o ;‘1 B4 ;r
Tamparatura {"C)

Figure T-24; Comparnson of limiting aclivity coafficiants for the system n-haxena {1} + o-
cresol {2} evaluated sl a low rale of approximatedy 20 milfmin,
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The limibng aclvity coefficients evaluated al 65 "C have the largest devialion from each other
whean using e four Larc gt al. (1977) based eguations. The devialion bebwean ihe larges| and
smalles! walue of limiling actvity coefficients Is 0.86 %. Since there are no lileralure dala
available for this sysiem the mean value of 4 63 should give an accurate estimation of its rue
valuve gl BS "0 This then gives a maxmum devialion from the mean of 042 % The limiting
aclivity coefficiants for a fiow rate of 30 mifmin ara shown in Table 7-24

Experimental Conditions| Limiting Activity Coefflcients Calculated Using Equation

O {miimin) TI'C) 6.23 6.24 6.20 6.23
2878 34.98 5.63 5.82 562 5.83
28.43 45.01 5.17 5.16 5.18 8518
30.08 54,99 4,85 4,83 4.84 4,84
20.96 64,98 4,66 4,63 4.65 4,64

Table 7-24: Limiting actvity coefficiants for the system n-hexene (1) + c-cresol (2) at s
Mlow rate of approximately 30 mbfmin evalualed al different temperalures.,

The accuracy of (he equations in detarmining the limiting activity coafficients is shown in Figure
7-25 far the four lemparatures.

Limitlng acthity coefficiants as a function of temparaturs for the
system n-nexens (1) + cresol |2}

ET
58 | : et I LI SENTIFILTHL)
i E it baart o] v Equation 623
g | —a—EviikiFed wSing Equition A4
h e E it hil ] xitinng Eqjuatios 8.3:0
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Limiting Activity Confficlent
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Figura 7-25: Companson of limiting activity coafficiants for the system n-hexane (1) * o-
crasal {2 al 30 milfmin.
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There is a maximum deviation of 0.34 % between the lmiting activity coefficisnts for similar
temperatures across the threa flow rates and when compared to the same equation from which
the aclivity cosfficients were calculated. This shows that the data Is reproducible when taking
into account that flow rate does not affect the limiting aclivity coefficlent as long as equilibrium is
maintained in the cells,

7.5.3 Results for Equation 8.65

The limiling activity coefficients calculated using Equation 8.65 can be found in Table 7-25.

Experimental Conditions ?w Correctlon Factors T»'”
! !

D (mi/min) T(C) . K Kz Ka Ky Z
10.01 34.99 5.61 0.938 1 1.001 1.008 5.65
9.95 dﬁ.ﬂ(_) 514 ﬂ.QQI ] 1.001 1.017 5.22
9.91 54.97 4,82 0,997 1 1.001 1.028 4.04
10.01 54.95 4 62 0.9494 1 1.001 1.040 4.78
19.44 34.98 5.60 0.998 1 1.001 1.008 5.64
19.23 45,03 5.14 0.898 1 1.001 1.017 522
19.97 55.02 4.82 0.997 1 1.001 1.028 4.95
19.66 65.02 4.61 0.994 1 1.001 1.040 4.77
29.79 34.98 5.62 0.998 1 1.001 1.008 5.66
28.43 45.01 515 0.998 1 1.001 1.017 5.23
30.08 54.99 4.83 0.997 1 1,001 1.028 4.95
29.96 64,98 4.62 0.993 1 1.001 1.040 4.78

Table 7-25: Limiting activity coefficients for the systam n-hexene (1) + o-cresol (2)
evaluated using the equation proposed by Hovorka and Dohnal {1997) for different
exparimeantal conditions.

The limiting activity coefficients calculated from Eguation 665 are similar to the values
calculated using the equation proposed by Krummen et al. (2000) {(Equation 6.55). There is a
maximurm deviation of 0.85 % between the limiting activity coefficients of Equation 6.65 and
those of Equation 6.55. The limiting activity coefficients for 45 "C are identical to those calculated
frem Equalion 8.55. The correclion factors are all very close to unity. This means that under the
experimental conditions chosen the system does nol significantly devials from ideal conditions.

This was observed for all systems in this study. A comparison of the iimiting activity coefficients
for the three flows is shown In Figure 7-25.
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Limiting activity coefficients as a function of temperture for the
system n-hexene {1) + cresol (2)

[ ——D=Dmimin |
—a—D =20 ml/min
—a—D =30 mUmin
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Limlting Activity Coefficlent
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Figure 7-26: Comparison of limiting activity coefficients for the system n-hexene (1) + o-
cresol (2) at three flows and four temperatures.

The inert gas stripping technique is well suited for the determination of aclivity coefficients at
infinite dilution for the system n-hexene (1) + o-cresol (2) as n-hexene can be regarded as 2
volatile solute while o-cresol can be classified as a non-volalile solvent having vapour pressures
less than 1 mmHg at all system temperatures studied here. All the limiting activity coefficients
calculated for the system n-hexene (1) + o-cresol (2) show strong agreement with each other.

7.8 Results for the ternary systems n-hexene (1) + o-cresol (2) + NMP (2)

Binary systems are the easiest systems to work with when determining limiting activity
coefficients for most techniques, but the IGS technique can easily handle ternary systems as
well. The next few sections are dedicated to determining limiting activity coefficients for termary
systems involving the solule n-hexene and the solvents o-cresol and NMP at different

concentrations on a mass basis.
7.6.1 System n-hexene (1) + 20 %(™/,,) o-cresol (2) + 80 %(™/m) NMP {2)

The 20 %(™/m) o-creso! + 80 %(™/n) NMP solvent was formed by weighing out predetermined
masses of o-cresol and NMP to form a total mixture volume of 230 ml for the two cells. The solid
o-cresol was then heated to 50 °C to form a liquid and the two chemicals were well mixed to
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form the solvent mixture. The total volume of solvent required to fill the two cells for experimentai
analysis is around 220 ml. Activity coefficients at infinite dilution are evaluated for all the
equations discussed in Chapters 6.

7.6.1.1 Results for Equation 6.55

This type of system has never been reporied in literature before and there are therefore no data
available to compare results. Due to the nature of the components under investigation it would
not be a problem to accurately determine limiting activity coefficients. The precision of the results
evaluated using Equation 6.55 is shown in Table 7-26.

Experimental Data .

D (ml/min) T(C) Y expertment
9.81 35.07 734
9.97 45.00 7 07
10.01 55.06 5.78
9.97 65.06 6.55
18.93 35.08 7.36
19.34 45.12 706
18.33 55.13 6.80
19.26 65.25 6.57
29.36 35.06 7.38
29.73 44.98 7.06
30.08 54.98 8. 80
29.23 65.00 6.66

Table 7-26: Limiting activity coefficients for the system n-hexene (1) + 20 %("/m) o-cresol
(2) + 80 %(™!») NMP (2) at three inert gas flow rates and four temperatures.

The evaluated limiting activity coefficients for this temary system are higher than that for the
binary systems n-hexene (1) + ocresol (2) and n-hexene (1) + NMP (2). One would expect the
limiting activity coefficients 10 be in a range similar {o that of the limiting activity coefficients for
the binary systems. The limiting activity coefficients should be closer to the values for the system
n-hexene (1) + NMP (2) since there is 80 % NMP in the solvent on a mass basis, but that is not
the case. The limiting activity coefficients for the system n-hexene (1) + 20 %(™/m) o~cresol (2) +
80 %("/m) NMP (2) have their own unique values not related in any way to values evaluated for
their binary counterparts. The relationship between temperature and limiting activity coefficients
is the same as for previous systems, as well as the effect of flow rate on the limiting activity
coefficients as seen in Figure 7-27.
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Limiting activity coefflclents as a function of temperature for the
system n-hexene (1) + 20 %{™/,) cresol (2) + 80 %™/} NMP (2) at
three flow rates
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Figure 7-27: Comparison of limiting activity coefficients for the system n-hexene (1) + 20

%(" /) o-cresol (2) + 80 %{™/n) NMP (2) for the three flow rates and at four temperatures.

There is good agreement between the limiting activity coefficients for the three flows as can be
seen in Figure 7-27. There is a maximum deviation of 0.45 % between limiting activity
coefficients for the three flows. The average of the limiting activity coefficient for the three flows
should give the best representation of the actual and is reported in Chapter 8.

7.6.1.2 Results for Equations 6.23, 6.24, 6.29 and 6.33

Limiting aclivity coefficients for the same experimental conditions as those for Equation 6.55, but
evaluated using the four Leroi el al. (1977) based equations for an inert gas flow rate of

approximately 10 ml/min is shown in Table 7-27.

Experimental Conditions

Limiting Acfivity Coefficients Calculated Using Equation

D {(ml/min) T (C) 6.23 6.24 6.29 6.33
9.81 35.07 7.28 7.27 7.28 7.29
9.97 45.00 6.99 6.98 6.99 6.99
10.01 55.06 6.68 6.65 6.67 6.67
9.97 65.06 8.44 6.40 6.44 6.43

Table 7-27: Limiting activity coefficients for the system n-hexene (1) + 20 %("/) 0-cresol
(2) + 80 %("/m) NMP (2) at a flow rate of approximately 10 mi/min.
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The activity coefficienis evaluated using Equalions 6.23, 6.24, 6.29 and 6.33 are all stll lowar
than those delermined from the equation proposed by Krummen el al. (2000). This devialicn
bebweean limifing actvity coafficients is approximalely 1 % There i excellent agresmant
betwaan tha Bmiting activity coafficiants evaluated from the four sguations.

Exparimental ﬂnnd’lﬁunsl Limiting Activity Coefficients Caleculated Using Equation
O {mlimin} T{C) 6.23 624 6.29 6.33
19,93 3500 7.29 T.28 T.28 T.24
18,34 45,12 697 6. BG g.a7 6.97
19,33 55.13 & 70 5,68 a.70 .68
1826 6525 G465 G542 G456 644

Table T-28: Limiling acilvity coefficients for the system n-hexana (1) + 20 %(™ .} o-crasal
{2} + B0 %™ ) NMP (2) al constant inerl gas flow rata of approximataly 20 mifmin far
differeni temperatures,

Tha §° evaluated hera are similar to that for the inert gas flow rate af 10 mUmin. This s an

indication thal (he data |s reproducible. The results can be seen graphically in Figure 7-28. Agaln
an average would sl be the bast indication of the frue value of the Imiting aclivity coafficient ai
each experimantal condition,

Limiting acthity coafflclents as a function of tamparature for tha
system n-hexana (1) + 20 %™} crasol (2} + 80 W™M,) NMP (2)
il measurad at an approximate nart gas flew rate of 20 mbmin
L | —— Fwnlusied urng Eguatian 623
—a— Evalumed usieg Equaiion £.24
g v —i— Evalustad using Equstion & 20
| b Evaluaied using Equalio s 833
% 7 |
Q gy |
£
i g4
2 o
=
E ¢
|
a8
&4
34 7 ag Ly i 40 ] = & &1 B4 a7
Tam parature |"C)

Figura T-28: Activity coafflciants at Infinita dilution for the system n-hexena (1) + 20
Yol "} o-cresol (2) + B0 %(™a) NMP {2) at a flow rate of 20 miimin.
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The deviation of limiting activity coefficients at 65 “C, which can be seen in Figure 7-28, is only
0.62 % between the largest and smallest limiting activity coefficient. This deviation is rather small
and is probably due to deviations in the assumptions used to derive the equations. It is also
possible that at the higher temperatures thare may be interference caused by the impurities as
the chemicals used were not 100 % pure. The limiting activity coefficients measured at a flow
rate of 30 ml/min is shown in Table 7-29.

Experimental Conditions| Limiting Activity Coefficients Calculated Using Equation

D (ml/min) T(C) 6.23 8.24 6.29 6.33
29.36 35.08 7.30 7.31 7.31 7.32
29.73 44.99 7.00 6.97 6.98 6.98
30.08 54,98 6.70 6.68 6.70 6.70
29.23 85.00 6.45 6.41 6.45 6.43

Table 7-29: Activity coefficients at infinite dilution for the system n-hexene (1) + 20 %("/x)
o-cresoi (2) + 80 %("/m) NMP (2) measured at four temperatures at a flow rale of
approximately 30 ml/min

A comparison of the limiting activity coefficients for the four equations is shown below.

Limiting activity coefficlents as a function of temperature for the
system n-hexene (1) + 20 %{™/y,) cresol (2) + 80 %™/,) NMP (2) at a
v constant Inert gas flow rate of 30 mi/min
A~ "|
73  —e— Calculated using Equation 623 |
—a— Calculated using Equation 8.24

- 72 —a— Calculated using Equation 628 |
§ —»—Calculated using Equation 833 |
2 74
=
S
O 70
2
£ 69
& 68
(=]
£ a,r-i
E
= 66

65

6.4 ; : ;

24 37 40 43 a5 49 =2 56 59 61 64 67
Temperature ('C)

Figure 7-29: Companson of limiting activity coefficients for the sysiem n-hexene (1) + 20
% (™) 0-cresol (2) + 80 %(™/m) NMP (2) measured at a flow rate of approximately 30
mi/min.
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7.86.1.3 Results for Equation 6.65

Equation 6.65 used in conjunction with Equation 6.64 and the cormrection factors determines
limiting activity coefficients that are closer to the limiting activity coefficients determined by
Equation 6.55 for the binary systems. The same applies for the temary systems as shown in
Table 7-30.

Experimental Conditions - Correction Factors Y”ﬂ
Y

D {ml/min) T(C) L Ky k, Ks ke !
9.81 35.07 7.27 0.9988 1 1.002 | 1.008 7.32
9.97 45.00 6.98 0.997 1 1.002 | 1.017 7.09
10.01 55.06 8.85 0.996 1 1.003 1.028 6.83
9.97 65.06 6.40 0.995 1 1.004 | 1.040 6.64
19.83 35.09 7.28 0.998 1 1.001 1.008 7.33
19.34 45.12 6.96 0.997 1 1.002 1.017 7.07
19.33 55.13 6.67 0.997 1 1,003 1.028 6.85
10.26 65.25 6.41 0.905 1 1.003 1.040 6.66
29.36 35.08 7.30 0.998 1 1.002 1.008 7.36
29.73 44 .99 6.97 0.908 1 1.002 1.017 7.08
30.08 54.98 6.67 0.985 1 1.003 1.028 6.84
29.23 65.00 6.41 0.990 1 1.004 1.040 6.62

Table 7-30: Limiting activity coefficients for the system n-hexene (1) + 20 %{("/,,) o-cresol

(2) + 80 %{™») NMP (2) msasured at three flow rates and four temperatures.

There are two sets of equations for the correction factors; one for use with the DCT and the
other for the SCT. These equations are not interchangeable and the appropriated set of
equations must be used depending on the experimental set-up. At nearly ideal conditions such

as this there is very little difference if the wrong equations are used. If the DCT s used, , is

always equal to one. Te be on the safe side tha DCT must be used for multi-component systems
irespective of the nature (volatilities) of the components under investigation.

The inert gas stripping technique appears to be well suited for the determination of activity
coefficients at infinite dilution for the system n-hexene (1) + 20 %(™/n) o-cresol (2) + 80 %(™/,)
NMP (2) based on the shape of the curves and the precision of the results. The different
equations used to determine limiting activity coefficients for this system shows good agreement
with each other. A comparison of the results in Table 7-30 for the three flows is shown in Figure
7-30.
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Limiting activity coefficlents as a function of temperature for the
system n-hexene (1) + 20 %™,) cresol (2) + 80 %{™/,.) NMP (2) at
different inert gas flow rates

73 .|| —a—D=Dmimin |
| —a—0 =20 mli/min
—&—0 =30 mi/min |

69 -

6.8

Limiting Activity Coefflcient
P

8.7

6.6

3 37 40 43 46 49 52 % 5 61 64 a7
Temperature ('C)

Figure 7-30: Comparison of activity coefficients at infinile dilution for the system n-hexene
(1) + 20 %(™m) o-cresol (2) + 80 %(™/m) NMP (2) evaluated using Equation 6.65.

Equation 6.65 predicts limiting activity coefficients that are similar to that determined by Equation
6.55 and there are smaller deviations between the values at the higher temperatures. The next
system under investigation is similar to this one, except the solvent consists of more o-cresol
and lesser NMP.

7.6.2 System n-hexene (1) + 40 %("/,,) o-cresol (2) + 60 %("/m) NMP(2)

The effect of varying the solvent concentration on the limiting activity coefficient can now be
observed for the ternary system n-hexene (1) + o-cresol (2) + NMP (2). It would be interesting to
see if the limiting activity coefficients tend towards the values of their binary counter parts i.e.
since the binary system with the solvent o-cresol has lower activity coefficients than that for the
solvent NMP by itself, it would be logical to assume that by adding more a-cresol into the sofvanl
mixture the limiting activity coefficients will now decease slighlly from the system n-hexene (1) +
20 %(™/m) 0-cresol (2) + 80 %("/m) NMP (2).
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7.6.2.1 Rasults for Equation 6.55
Equation 6.55 proposed by Krummen et al. (2000) predicts activity cosfficients thal show

excellent agreemeant with each other for all systems studied thus far. The limiting aclivity
coefficients for this syslem are shown In Table 7-31.

Experimental Data -
¥
D (mi/min) T(C) ks

5.99 34.99 7.24
5.88 34.99 7.05
3,77 55.06 6.93
5.02 54.96 584
20.07 34.95 7.22
20.05 34.08 7.04
20.07 55.07 6.91
19.09 85.02 6.85
20 497 35.05 T7.24
28,55 45.04 7.05
27.53 55.06 6.93
26.60 64.98 6.86

Table 7-31: Limiting activity cosfficients for the system n-hexene (1) + 40 %("/,) o-cresol
(2) + 80 %("/) NMP (2) from Equation 6.55 al different flow rates and temperatures

Tha limiting aclivity coefficlents are indeed lower than that for the system n-hexene (1) + 20
%("lm) o-cresol (2) + 80 %("™/n) NMP (2). Varying the solvent concentration does indeed have an
effect on the limiting activity coefficients. Certain chemicals can increase or decrease tha limiting
activity coefficient of the solute thus anabling it to be easily separated from a mixiura or making
separation more difficult altogether. Datermining limiting activity coefficients In this fashion can
make eniralner selection easler to aid in the breaking of azeotropes allowing for greater
separation between certain components in a mixture.

The limiting activity coefficients are shown as a function of temperature in Figura 7-31. The
graph shows excellent agreement betwesn all values at similar exparimental temperatures. Flow
rate does not seem o have any significant effect on the limiling activity coefficient based on the
assumption of the IGS method. Any deviations are due to experimental errors ralher than due to
a change in flow rate. A maximum deviatlon of 0.2 % is observed between limiling activity
coefficienis at similar lemperatures. This type of precision is extremely high and required for
determining limiting activity coefficients at infinite dilution.
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Limiting activity coefficients as a function of temperature for the
system n-hexane (1) + 40 %{m/m) cresol (2) + 60 %{m/m) NMP (2) at

7254 three flow rates
720 | —e—D=Dmli/min
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Figure 7-31: Comparison of limiting activity coefficients for the system n-hexene (1) + 40
%(™m) 0-cresol (2) + 60 %("/m) NMP (2) measured at different flows and temperatures.

The graphs may not appear to be that coherent, but thay are plotted on a highly expanded scale,
as can be seen by the values on both axis.

7.6.2.2 Results for Equations 6.23, 6.24, 6.29 and 6.33

The limiting activity coefficients evaluated from the four equations ¢an be found in Table 7-32 for
an inert gas flow rate of approximately 10 mi/min.

Experimental Conditions| Limiting Activity Coefficients Calculated Using Equation

D (ml/min) T('C) 6.23 6.24 6.29 6.33
g8.99 34.99 7147 7.17 7.17 7.18
8.88 44.98 6.87 6.96 6.96 6,97
9.77 55.06 6.83 6.81 6.82 6.82
9.92 64.96 6.73 6.68 6.72 6.70

Table 7-32: Limiting activity coefficients for the system n-hexene (1) + 40 %(™/,,) o-cresol
(2) + 60 %(™/») NMP (2) at a constant inert gas flow rate of approximately 10 ml/min and
at different temperatures.
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The limiting activity coefficients evaluated between the four equations show excellent agreement
although the values are slightly lower than the values determined using Equation 6.55. The
results are shown graphically in Figure 7-32.

Limiing activity coefficients as a function of temperature for the
system n-hexene (1) + 40 %{™/,) cresol (2) + 60 %{™,) NMP (2) at an
inert gas flow rate of approximately 10 ml/min
720 4
78|
[ —s—Evaluated using Equalion 823 |

7.0 { —a— Evaluaied using Equation 8.24
€ | —a— Evalusated using Equation 629
% 705 1 —w— Evaluated using Equation 6.33 |
E
8 200
o
> 695
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2 690
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6.70
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34 37 40 43 46 49 ) = 8 &1 64 87
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Figure 7-32: Comparison of limiting activity coefficients for the system n-hexene (1) + 40
%("/m) O-cresol (2) + 60 %("/m) NMP (2) at an approximate flow rate of 10 ml/min.

The largest deviations are observed al the higher temperatures once again. This deviation
however is not greater than 0.67 % between the largest calculated value of 6.73 and the
smallest value of 6.68. This deviation is rather small and an average would result in limiting
activity coefficients that are closer to the true value.

Expertmental Condltions| Limiting Activity Coefficients Calculated Using Equation

D (ml/min) T(C) 6.23 6.24 6.20 6.33
20.07 34.95 7.16 7.15 7.15 7.16
20.05 44.98 6.95 6.94 6.95 8.95
20.07 85.07 6.82 6.79 6.81 6.81
19.99 65.02 6.74 6.69 6.73 6.71

Table 7-33: Limiting aclivity coefficients for the system n-hexene (1) + 40 %(™/,) o-cresol
(2) + 60 %(™/n) NMP (2) measured at an inert gas flow rate of approximately 20 ml/min.
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Tha limifing aciivilty copfficients measured al & Now rale of approximalsly 20 mimin are similar (o
thosa for a8 flow rate of approximately 10 mifmin as expociad. Graphically the resulls can be
found in Figure 7T-33

LUimiting activity cosfficlonts as a funclion of mperature for the
aystem n-hexens (1) « 40 %(™,) crasel (2) « 80 %™ NMP (2] atan

approximate iner gas Now rate of 20 mimin
750

Fa M E
| —o— Evaliad uag
- FH i L o mbepbgld wng Epum o 10
—a— Fummiad nrg o ot 3 78
FaE g E it b L Epaatnn e £ 4%
10
L) ™
g : “
o 44
.18
&m
oA . . . = —y
1] T 48 &3 L | 48 = = bl 1 il Er

Temperature ["C)

Figurs T-33: Comparson of activity coafliciants at infinite dilution for the system n-hexena
{1} + 40 %™/} o-cresol (2) + B0 %{"/,.} NMP {2} measurad al approximately 20 milimin

There i soma wvarelion ocouming bebween fhe limiting actwily coefiicienis a1 higher
lempersiures. Equalions 8.23 and 6. 24 give remarkably simiiar rasults that differ slightly from iha
olher two equations, which in tem have valuas fhat differ from each other for the sama
axpenmanial condtions. The velues differ by a8 maximum deviation of 0.7 % only. Limiting
aciivity coelficiants avalualed at an inerl gas flow rate of 30 mi/min is shown below in Table 7-
34

Experimental I:m-diﬂnnsl Limiting Activity Cosfficiants Calculated Using Equation
D (mimin} | T{G 6.23 8.24 6.29 6.33
2017 /05 | 718 TAT TAT 7.18
28 55 i504 697 B.05 6.06 6,08
2753 5508 633 8 81 6.83 6.62
26,80 B488 | &7S 8.70 875 674
]

Table 7-34: Limiing achivity cosfficients for the system n-hexene (1) + 40 %(™,) o-cresol
(2) + 60 %(™fa)} NMP (2) measured 3t flow rates of approximately 30 mimin
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The limiting activity cosfficients are similar lo those calculated for flows of 10 and 20 mlfmin and
graphically the curves have the same trends as before shown in Figure F-24,

Limftlng acthvity coefiiclenta s a function of temparaiure for tha
eystem r-haxaneg (1) + 40 %" ) eragal (2] + B0 %™ NMP (2] st

740 1 inert gas fliow ratas of approximataly 30 mifmin

T8

o Evsuaed ving Fausion 873 |
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Figura 7-34: Compansan of activity coafficients at infinita dilution for the system n-hexena
(1) = 40 %{"/s) o-cresol (2) + 60 %("/s) NMP {2) at flow rates of approximately 30 mi/min.

The limillng aciivity coefficlents at 35 *C and 45 °C for all flows have excellent agreamant. The
maximum deviation of values in this temparature range iz 0.21 %%, Extrapolating limiting activity
coafficients from Figures T-32, 7-33 and T-24 may lead o inconclusive resulls, Since the graphs
are spread sufficiently far apart at 65 "C it will lead 1o large arors when extrapodating, instead a

plot of Inlp* | against IfT should resuit in a siraight line that can be used for extrapalation, If

nol a plet of the average Emiling aclivity coefficlents for sach expedmental condilion must be
used when exirapoiating and interpolating

7.6.2.3 Rosults for Equation 6.65

Limiting activity coaflicients evaluated fraom Equation 6.65 can be found in Table 7-35 along with
the comaction factors evalualed under the axpeanmental conditions. Once again the cormacton
factors are very close to unity but [eaving them out would resulls in deviations that ara graater
than 1 %
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Experimental Conditions y® Correction Factors Tm'ﬂ
D (mi/imin) | T (C) S ks Kz ks ke !
9.99 34.99 7.16 0.998 1 1.001 1.008 7.21
9.88 44.89 6.95 0.987 1 1.002 1.017 7.06
9.77 55.06 6.80 0.994 1 1.002 1.028 6.098
9.92 64.96 6.68 0.989 1 1.003 1.040 6.89
20.07 34.95 T.15 0.998 1 1.001 1.008 7.20
20.05 44,98 6.94 0.997 1 1.002 1.017 7.05
20.07 55.07 6.79 0.985 1 1.003 1.028 6.96
19.99 65.02 6.68 0.996 1 1.003 1.040 6.90
29.17 35.05 7.17 0.998 1 1.001 1.008 7.22
28.55 45.04 6.95 0.997 1 1.002 1.017 7.06
27.53 55.06 6.80 0.095 1 1.003 1.028 6.98
26.60 64.98 6.70 0.982 1 1.003 1.040 6.91

Table 7-35: Limiting activity coefficients for the system n-hexene (1) + 40 %(™/,,) o-cresol
(2) + 60 %("/m) NMP (2) measured at different flow rates and temperatures.

The precislon (in lerms of how close the limiting activity coefficients are to each other for the
similar temperatures) of the results for Equation 6.65 is shown Figure 7-35. The correction

factors are of similar magnitude as thal for all the other systems studied thus far,

Umilting activity coefflcients as a functlon of temperture for the
system n-hexene (1) + 40 %{™/,) cresol (2) + 60 %™} NMP (2) at
different inert gas flow rates
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Figure 7-35: Comparison of limiting activity coefficients for the system n-hexene (1) + 40
%("/m) 0-cresol (2) + 60 %("/n) NMP (2) measured at different flows and temperatures.
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The deviation betwaen the limiting aclivity coefficients in Figura 7-35 is relatively small and the
resulls can be considered as sufficiantly accurate.

7.6.3. System n-hexene (1) + 80 %("/.) o-cresol (2) + 40 %("/.) NMP (2)
The addition of more o-cresal fo the solvent in order to obtain a solution of 60 %(™/.) o-cresol
should result in limiting aclivity coefficients thal are closer lo the binary system n-hexens (1) + o-

cresol (2) than the previous system with 40 %(™/,) o-cresol in the solvent. This Is the observable
trend thus far, but as seen In Table 7-36 this is not the case.

7.6.3.1. Results for Equation 6.55

Experimental Data w
Tmﬂrlmnlr
D (ml/min) T{C)

10.04 34.98 7.54
10.07 44.97 7.31
10.13 55.01 7.1
9.97 64.97 6.95
20.41 34.98 7.54
20.30 45.02 7.32
20.80 55.01 7.10
20.57 85.01 G5.93
29.59 35.00 7.55
28.93 45,00 7.32
29,54 55.03 7.10
28.40 64.97 6.91

Table 7-36: Limiling activity coefficients for the system n-hexene (1) + 80 %("/y) o-cresol
(2) + 40 %(™/;») NMP (2) measured at different flows and temperalure.

The limiting activity coefficients obtained for the system n-hexene (1) + 60 %("/,,) o-cresol (2) +
40 %("™ /) NMP (2) is higher Ihan that for all the systems above. There seems to be a jump in the
limiting activity coefficiants at this point. Thera is no observable trend whan looking at the
concentration profiles formed by plotting limiting aclivity coefficients against concentration al this
point. It is shown elsewhara (Chaptar 8) that it is aclually the previous system (n-hexens (1) + 40
%( ™) 0-cresol (2) + 40 %("/,) NMP {2)) that has values that are inconsistent wilh the rest of the
data for two lemperatures only. There is actually a distinct trend for limiting activity coefficient
and conceniralion as there is a distinct lrend between limiting activity coefficient and
{amperature as seen in Figure 7-36,
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Limiting activity coefflcients as a functlon of temperature for the
system n-hexene (1) + 80 %{"/,,) cresol (2) + 40 %{™/,.) NMP (2} at

- three flow ratss

| —a—D=Dmlmin
s —a—D =20 m/min

—a—D =30 ml/min

T4 4

73

7.2 4

7.1

Limiting Actlvity Coefficient
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Figure 7-36: Comparison of activity coefficients at infinite dilution for the system n-hexene
(1) + 60 %("/) c-cresol (2) + 40 %("/») NMP (2) for the three flows.

There is excellent agreement between the limiting activity coefficients evaluated using Equatien
6.55 for the three inert gas flow rates. Some deviation is observable at 65 "C bul as discussed
previously this deviation is small and negligible and taking the average for that condition would
give the best representation of the resuits.

7.6.3.2 Results for Equations 6.23, 6.24, 6.29 and 6.33
The four equations above predict similar values for the limiting aclivity coefficients as Equation

6.55 for the system n-hexene (1) + 60 %(™/y) o-cresol (2) + 40 %(™/) NMP (2) at the same
experimental conditions.

Experimental Conditions| Limiting Activity Coefficients Calculated Using Equation

D (ml/min) T (C) 6.23 6.24 6.29 6.33
10.04 34.98 7.47 7.46 7.46 7.47
10.07 44.97 7.23 7.21 721 7.22
10.13 55.01 7.08 7.05 7.06 7.07
9.97 64.97 6.80 6.75 6.78 6.77

Table 7-37: Activity coefficients at infinite dilution for the system n-hexene (1) + 60 %(™/m)
o-cresol (2) + 40 %(™/) NMP (2) at a flow rate of approximately 10mY/min.
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The limiting activity cosefficienls evalualed using Equations .23, .24, 6.29 and 6.33 are lower
than that determined using Equation 6.55. This trend is also similar for all the other systems
meantionad thus far. The maximum difference in limiting activity coefficients batween the four
equations and Eguation 6.55 is not grealer than 2.85 %. The limiling activity coefficients
measured at a flow rate of approximately 20 ml/min is shown in Table 7-38.

Experimental Conditions| Limiting Activity Coefficients Calculated Using Equation

D (ml/min) T(C) 6.23 6.24 6.29 6.33
20.41 34.98 7.47 T.48 7.46 7.47
20.30 45.02 7.24 7.22 7.23 7.23
20.80 55.01 6.99 6.97 6.98 .88
20.57 £5.01 6.81 6.76 6.80 8.78

Table 7-38: Limiling activity coefficients for the system n-hexene (1) + 60 %("/x) 0-creso
(2) + 40 %("™/,) NMP (2) at a flow rate of approximately 20 mi/min.

There is a maximum difference of 2.45 % batwean limiting actlvity coefficients in Table 7-38 and
Table 7-36 evaluated at similar conditions. This is a large discrepancy in the results for activity
coefficlents. The results for a flow rate of 30 ml/min are shown in Table 7-39.

Experimental Conditions| Limiting Activity Coefficients Calculated Using Equation
D {(mlimin) T('C) 6.23 6.24 6.29 6.33
29 58 35.00 7.48 7.47 7.47 7.48
28.93 45.00 7.26 7.22 7.23 7.23
29.54 55.03 7.00 6.97 6.92 6,98
28.40 64.97 6.79 6.74 6.78 6.76

Table 7-39: Limiting aclivity coefficients for he systern n-hexene (1) + 60 %("/,,) o-cresol
(2) + 40 %("/) NMP (2) measured at a flow rate of approximately 30 ml/min and
evaluated using the Leroi et al. (1977) based equations.

The difference in limiting aclivity coefficients between the four equations and Equallon 6.55 is
rather large, however the limiling activity coefficients evalualed from Egquations 6.23, 5,24, 6.29
and 6.33 have excellent precision, similar to that of Figure 7-386.

7.8.3.3 Resuits for Equation 6.65

Table 7-40 has limiting aclivily coefficienis evaluated from Egqualion 6.65 measured at ihree
flows and four temperatures.
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Experimantal Conditions| . Carrection Factors =
D(miimin) | T(C) Y
10.04 3468 | 746 | 0098 | 1 | 1001 | 1.008 | 7.80
10,07 [ 721 | 0097 | 1| 1001 | 1017 | 732
10.13 B5.01 706 | 0082 | 1 | 1002 | 1028 | 712
aa7 B4.67 6.74 | 0083 | 1 1.002 | 1.040 | 681
20.41 3408 | 746 | 0068 | 1 | 1001 | 1.008 | 781
20,30 45.02 12 | 0807 | 1 1001 | 1077 | 733
20.80 56.01 u.ﬁ_ 0.586 1 1002 | 1028 | 7.14
20,57 85.01 676 | 0960 | 1 | 1002 | 1040 | 660
20.58 35.00 747 | 0.098 | 1 | 1001 | 1008 | 752
28.83 45.00 7.22 | 0.007 1 1.000 | 1017 | 7.33
8.5 603 | 6067 | 095 | 1 | 1002 | 1.028__ 713
28.40 07 B.74 | 0091 | 1 | 1.002 | 1.040 | 691

Tabla 7-40; Limiling activity coafficients for the sysiem n-haxena (1) + 60 %{"7.) o-cresol
(2) + 40 %("/m) NMP (2) measurad at differant flows and temparaturas

Tha limiting aclvily coafficiants delermined hare are very precise as shown Fgure 7-37

LimRing scthaty cosfliclents a8 a functon of temperiure for te
aystam n-haxene (1) = 40 W™1) cresol (2) + 60 %™1.) NMP (2) at
diffaremt inert gas flow rates
TE .

=5 | [E—— g P Te—
it {1 = T sl i

i | [ M =

73

T
5

[ 4] _— = L — = =
Ja r ag At ik 4 = = - L1 4 a7

Tamparaturs [ C)

Figure 7-3T: Comgarison of limiting activity coefficients far the system n-hexene (1) + 60
%("1,) o-cresol (2) + 40 %({"/.) NMP (2) mesasurad at thrae flows.
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The results for the system n-hexene (1) + 60 %({"/n) o-cresol (2) + 40 %("/n) NMP (2) from
Equation 6.65 has to be tha most precise in terms of pradictability of limiting aclivity coafficients
for all the syslems studied thus far. There is excellent agreement al highar temperatures using
Equation 6.65 unlike for the other equations as shown in Figure 7-37.

7.6.4 System n-hexene (1) + 80 %(™/y) 0-cresol (2) + 20 %(™/,) NMP (2)
The final system studied is n-hexene (1) + 80 %(™/y) 0-cresol (2) + 20 %("/n) NMP (2). At this
concenlration o-cresol Is stlll potentially dangerous and the necessary precautions need to be

taken when handling the solvent especially at the higher temperatures.

7.6.4.1 Results for Equation 6.55

There is a considerable drop in the limiting aclivity coefficient for this system when compared to
the previous syslem as shown in Table 7-41.

Experimental Data i
5 = Twmm
D (ml/min} T(C)

9.26 34.95 T1.19
8.30 44.98 7.00
8.37 55.01 6.79
.41 B5.04 6.62
20.05 35.02 7.18
20.14 45.03 6.98
19.80 55.01 6.81
19.95 64,99 6.63
3017 34.99 7.18
30.25 44,68 6.97
30.33 55.04 6.81
30.25 65.04 6.64

Table 7-41: Limiting activity coefficients for the system n-hexene (1) + 80 %{"/) o-cresol
(2) + 20 %("/,) NMP (2) measurad at thres flow raies and different temperatures.

The deviation between the limiling activity coefficients for the system n-haxene (1) + 80 %({"/y)
o-cresol (2) + 20 %("/) NMP (2) is very small. Tha results are similar to that for the system n-
hexanea (1) + 40 %(™/m) 0-crasol (2) + 60 %("/m) NMP (2). There is no distinct trend obtained with
lhe effect of varying conceniration. The precision of the rasults can be found in Figure 7-38.
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Limiting actlvity coefficients as a function of temperture for the
system n-hexene (1) + 80 %™/,) cresol (2) + 20 %™/ ,) NMP (2) at

different inert gas flow rates
72

I —+—D =D mlmin |

—a—D =20 mlimin
| —#—0 =30ml/min
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Limlting Aclivity Coefficlent
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Figure 7-38: Comparison of limiting activity coefficient for the system n-hexene (1) + 80
%(",) 0-cresol (2) + 20 %(™/.) NMP (2) for the three flows.

Averaging of the limiting activity coefficients evaluated from Equation 6.55 would resull in values
that are close 1o their actual values. The results are very precise and once again show that the
data is reproducible.

7.6.4.2 Results for Equations 6.23, 6.24, 6.29 and 6.33

Tabulated in Table 742 are limiting activity coefficients for the systern n-hexene (1) + 80 %("/m)
o-cresol (2) + 20 %(™/) NMP (2) measured at 10 mi/min and evaluated using the Leroi et al.
(1977) based equations.

Experimental Conditions| Limiting Activity Coefficients Calculated Using Equation

D (mV/min) T{C) 6.23 6.24 6.29 6.33
9.26 34.95 7.42 7.11 7.11 7.12
9.30 44 .98 6.91 6.90 6.90 6.90
2.37 55.01 6.69 6.67 6.67 6.68
9.41 65.04 6.51 6.46 6.49 6.47

Table 7-42: Activity coefficients at infinite dilution for the system n-hexene (1) + 80 %("/m)
o-cresol (2) + 20 %(™/m) NMP (2) at a flow rate of approximately 10 mi/min.
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The trends formed as a result of varying temperature are similar to that for the other systems
where these equations were used to evaluate limiting activity coefficients. There are larger
deviations at higher temperatures than at the lower temperatures as shown in Figure 7-39.

Limiting activity coefficients as a function of temperature for the
systern n-hexene {1) + 40 %{™/x) cresol (2) + 60 %{™/») NMP (2) at an

Inert gas flow rate of approximately 10 mUmin
72 4

1 [ —e—Calculated using Equation 6.23 ]

¥ —8-— Calculated using Equation 624
z l' —a— Caiculated using Equallon 829
% 70 | —m—Calculated using Equation 633
£
3 6o
(8]
=
g 68
L
L%
< g7
o
£
=
£ 68 4
=

65 -
64 1 . . " . . y , v )
34 a7 40 43 46 43 2 ) 58 e g4 67
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Figure 7-39: Comparison of limiting activity coefficients for the system n-hexene (1) + 80
%("lm) 0-cresol (2) + 20 %("/n) NMP (2) measured at approximately 10 mi/min.

The four equations have some difficulty in determining limiting activity coefficlents at higher
temperatures. Although acceptable in the temperature range of interest it might lead to large
ermors when extrapolating (Refer to discussion for exirapolation and interpolation lechniques).
Limiting activity coefficients measured at approximately 20 ml/min is shown in Table 7-43.

Experimental Conditions| Limiting Activity Coefficients Calcuiated Using Equation

D (ml/min) T(O) 6.23 6.24 6.29 6.33
20.05 35.03 7.12 7.12 7.1 7.12
20.14 45.03 6.80 6.88 6.89 6.89
19.80 55.01 6.70 6.68 6.69 6.69
19.95 64,99 6.51 6.46 6.50 6.48

Table 7-43: Limiting activity coefficients for the system n-hexene (1) + 80 %("/.,) o-cresol
(2) + 20 %("/) NMP (2) measured at approximately 20 mi/min.
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The rend obianad for limiting activily coefficients as a function of tamparalure is similar to that
of Figure 7-39. Tha limiting aclivity coafficients for a flow rata of 30 mYmin are abulated below,

Exparimanial Conditions| Limitlng Activity Coefficients Calculated Using Equation

O jmilmin) TIC) 6.23 6.24 6.29 6.33
aoAav 24,88 713 T.12 T.12 T.12
a0.25 44,08 &.89 6.87 .88 6.88
30,33 55,04 6.71 .66 5.70 G.60
.25 a5, 6.52 G.47 B.51 0,458

Table T7-44; Activity coefficients at infinite dilution for the syslem n-haxane (1) + B0 %™
o-crasol (2) + 20 %("s) NMP (2} measured al approximately 30 miimin.

7.6.4.3 Results for Equation & 65

The resulls cbiained using Equalion 68.65 is close o the resulls lor Equalion §.55. The maxirmium
deviaion bebwaen these o eguations is 1 % for any se! of expenmental condilions,

Exparlmantal Conditions 'F’ Comrection Faclors ol
D {mlimin) | T [C) = Ky Ky by e Lo
9,26 34.85 711 | 0898 1 1001 | 1.008 | 7.16
0.30 44.08 6.80 | D.8o7 1 1.001 | 1.7 | 7.00
8.37 =90 6.6 0,296 1 1,004 1,028 6.83
8.4 8504 6,46 0,889 1 1.002 | 1.040 6.65
20.05 35.03 711 | D.208 1 1.001 | 1.008 | 7.16
20.14 4503 6.88 | 0.997 1 1001 | 1.0t7 | 688 |
18.80 250 8.67 0._906 i 1.001 1,028 £.84 |
18.495 64,99 6,465 0.%480 1 1.002 1.040 6.7
30,17 34,949 712 0.998 1 1.001 1.008 7.6
30.2% 44,98 6.87 0.287 1 1.001 1017 B.98
| 3033 55.04 6.68 | 0935 1 1.000 | 1028 | 684
30.25 65.04 647 | 0.892 1 1.002 | 1.040 | 6.88

Tablz 7-45: Activity cosfficients zl infinite diution for tha sysiemn n-hexena (1) + 80 %"/}
p-cresal {2} + 20 %{"/ =) MMP {2) measured al differant flows and lamperaiures.

A beter indication of the precision of the resulis is shown In Figure T-40, The inerl gas sinpping
tachnique has proved to be & very reliable techniqus for determining limiting activity coatficiants.
Tha rasulis obizinad for tha vanous syslems are proof of this, espacially for the sysiems whosa
resulls ware comparable 1o ileraiure,
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Limhing actlvity coefficients as a function of temperture for the
system n-hexene (1) + 40 %(™,) cresol (2) + 60 %{™/,,) NMP (2) at
different Inert gas flow rates
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Figure 7-40: Comparison of limiting activity coefficients for the system n-hexene (1) + 80
%(™lm) 0-cresol (2) + 20 %(™/m) NMP (2) for three flows.
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Chapter VIl - Discussion

8.1 Discussion

The objectives of this study were to design, construct and commission a sultable inert gas
stripping apparatus for the determination of limiting activity coefficients for binary and multi-
component systems. The acquired data was for use by Sasol, since cresols are commonly found
in crude oil and end up In exhaust fumes. Tha design and construction of the apparatus was
based on a similar setup by Leroi et al. (1977). The apparatus was commissioned using three
test systems for which chemicals were readily available. The three test systems chosen were
cyclohexane (1} + NMP (2). n-heptane (1) + NMP (2) and n-hexane (1) + NMP (2), where (1)
refers to the solute and (2) refers to the solvent.

8.1.1 Equilibrium Conditions

Literature data for the test systems were sourced frem a recently published arlicle by Krummen
at al. (2004). They also used the inert gas stripping technique to determine limiting activity
coefficients with inert gas fiow rates in the region of 30 ml/min. Using this as a guide, a flow rate
range was determined for the new apparatus using the test system cyclohexane (1) + NMP (2).
Flow rate does not significantly affect the limiling activity coefficient as fong as equilibrium
conditions are maintained In the cells. The Inert gas flow rale was varied for differant
experiments while keeping all other parameters constant to observe the effect on the resulting
limiting activity coefficients. In Table 7-1 it shows that in the range 5 to 48 mU/min the limiting
activity coefficient vanes from the literature value of 6.7 by less than 1 %.

it thus shows that equilibrlum conditions are maintained in the cells for the system cyclohexane
(1) + NMP (2). This is expected as the height of the equilibrium cells are much greater than the
minimum height of 5 cm calculated for bubble diameters less than 4.5 mm by Richon et al.
(1980) for the system n-heptane (1) + NMP (2). The bubbles formed by the capillanies in this
study were around 1 mm in diameter (based on observation) which is far smaller than that used
in the calculation by Richon et al. (1980). This means that equilibrium conditions were easily
achieved within the cells.

The resulting equilibrium conditions in the cells allows for accurate determination of the limiting
activity coefficients and the represented solute peak areas (refer to Table 8-2) form a straight

145



Chapter 8

line when determining slope a. The solute peak areas would be erratic if equilibrium conditions
were not maintained and this was not observed after the equipment was properly insulated. The
operating flow rate range is totally system dependant and may vary for other systems. For this
reason it was decided to operate al low flow rates in the range 10 to 30 ml/min. The lower the
flow rates the better the chances of reaching equilibrium. Aiso more solute peaks can be
oblained within the experimental time which would result in smooth plots of the depletion rate of
the solule in the solven! and uitimately for the accurate determination of slope a.

8.1.2 Experimental Conditions

All chemicals for use with the inert gas stripping technigue need to be of extremely high purity as
the impurities can interfere with the solute peak areas in the dilute region. It is recommended
that there be no impurities in the chemiicals used. If the impurity is inert and has very low
volatility then the presence of small quantities of this will be acceptable. Depending on the
chemical the price usually escalates drastically as the purity increases. It may also be very
difficult 1o obtain chemicals with 100 % purity and to ensure that it remains pure when handling
it. Chemicals were sourced from different companies and the purities in Table 8-1 are the
minimum purities for the chemicals. All chemiczis were analysed to check for purity using a GC
and it was found that the impurities were difficult to detect as in all cases there was only one
noficeabte peak. Special care was not taken to check if the solvents and solutes did contain
impurities whose peaks could overlap with solute peaks.

Chemicals Source Purity Method Usﬂ
n-heplane Saarchem(Ply) Ltd 89.5% GC
n-hexane SKYCHEM 99.8% GC
n-hexene FLUKA 89.8% GC

cyclohexane AnalaR 99.5% GC
NMP MERCK 89.5% GC
o-<cresal FLUKA 99.5% GC

Table 8-1: Chemicals used together with lheir source, purity and the method used to
delermine the purity as supplied by the manufacturers

When using Inert gas stripping to determire limiling activity coefficients, there are two
technigues o consider the SCT and DCT. The DCT was used for all systems and in the case of
the system n-hexane (1) + NMP (2) the SCT was alsc used to compare results between the two
techniques. This was done because both techniques are applicable for systems with Jow
volalility solvents. It was found that both technigues yield good results that strongly agree with
literature values. The SCT however has the added benefit of using less solvent which is usaful

146



Chapter 8

when using speciality chemicals or high purity chericals which are very expensive. From the
results of the test systems it is evident that the apparatus is operating properly and can be used
to determine limiting activity coefficients with high accuracy and precision, desplte its relatively
simple design.

The experimental measurements undertaken in this study were primarily that of the
measurement of limiting activity coefficients, These experiments were performed under two
conditions, with the outcome of observing its effect on three variables, temperature, inert gas
flow rate and solvent concentration for the ternary systems. Temperature was observed to have
a considerable effect on the limiting aclivity coefficients, while the inert gas flow rate does not
seem to have any effect on the limiting activity coefficient as long as equillibrium conditions are
maintained in the cells. For all the systems, three different flow rates were used merely to serve
as a consistency test i.e. to see whether the data would be reproducible.

The test systems were used to determine limiting activity coefficients at 4 different temperatures
and it was found that the values obtained strongly agreed with literature values. The temperature
of concern Is the system temperature which is the temperature at which the limiting activity
coefficients are to be determined. The system temperatures should not exceed the boiling point
of the lowest component in the solute + solvent mixture, bearing in mind that the boiling points of
the components in the mixture are not the same as pure component boiling points, but they
should however not differ drastically. If one of the componenis starls to boil the stripping rate
would be affected by evaporation and the method would fail.

For all systems studied the limiting activity coefficient decreases as temperature increases.
Since the limiting activity coefficient accounts for the non-ideality of a system, this means that at
higher temperatures the system becomes more ideal. The purpose of the limiting activity
coefficient among other things is to account for deviations from ideal behaviour at low
temperatures and high pressures. Since all experiments were done close to atmospheric
pressure which is considered low, the only factor affecting the limiting activity coefficient, based
on the method used is temperaiure. Therefore all figures of concem in Chapler 7 show a true
reflection of the effect of temperature on the limiting activity coefficient.

8.1.3 Effect of Design Parameters
A suitable operating range for the inert gas flow rate really depends on the helght of the
equilibrium cells, the size of the bubbles and to a lesser extent the degree of mixing in the cells.

The minimum height of the cells and bubble diameters in turn depends on the volatility of the
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solute and solvent, or mixture of these, in the cells. Richon et al. (1980) and Li et al. (1993) took
the nature of the solute and bubble diameter into consideration for the design of the equilibrium
cells in order to determine the minimum csll height required to achieve thermodynamic
equilibrium in the cells. The cell height, bubble diameter, temperature, inert gas flow rate, solute
and solvent volatility and mixing in the cells affects the thermodynamic equilibrium, A significant
change in any of these variables will affect the outcome of the results. The effect of cell height,
bubble diameter and mixing in the cell are all design parameters thal need to be considered

when construcling the equilibrium cells.
8.1.4 Effect of Inert Gas Flow Rate

The operating flow rate range that is suitable for ensuring equllibrium conditions in the cells has
to be determined experimentally. This was done by running experiments at some initial
reasonably low flow rate (6§ ml/min) ang thereafter increasing the flow rate until equilibrium is
disrupted. The disruption can be observed by erratic solute peak areas of injected samples into
the GC. This would result in a plot that would not give a straight line when determining slope (a).
The limiting activity coefficient data would also not be reproducible. This is a simple way to
determine a suitable operating flow rate range. The flow rate range is sensitive to the type of
system studied and this procedure may have to be performed for each system under
investigation. This is nacessary if the systems differ significantly from each other with respect to
volatility especially for solutes with low volatility. With this expenmental set-up it was not possible
to determine the maximum flow rate. When exceeding flow rates of 50 mli/min there was
considerable pressure build up in the cells, The concern was that the "O"-nngs may not be able

to contain the pressure.

When the flow rate range was determined logical deduction was used to choose which flow rates
in that range would be most suitable to use for all experiments. A too low flow rate will resuit in
long experimental times as the method is based on the vanation of siripped solute with time. A
good variation of the stripped solute in the dilute region needs to be obtained. The variation of
solute with time depends largely on the volatility of the solute. This means that solutes with low
volatility will require higher operating flow rates than solutes with high volatility. Also the mixing
in the dilutor cell must be sufficiently high in order to have a uniform solution at high flow rates.
Similarly, too high flow rates will cause most of the solutes to be stripped out before a suitable
curve can be obtained espescially for solutes with high volatility. After much consideration to the
design capabilities of the equipment it was decided that flow rates in the range 10 to 30 ml/min

would be most suitable. Thus for ail the systems the inert gas (nitrogen) flow rates used were 10,
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20 and 30 mi/min. From Table 7-1 the difference in the limiting activity cosfficients for this flow

rate range is very small.

8.1.5 Effect of Solvent Concentration

The concentration of components making up the solvent also affecis the limiting activity
coefficient. Figure 8-1 shows the affect that different o-cresol concenlrations have on the limiding
activity coefficient at similar temperatures and flow rates. For the 40 % concentralion there is a

maximum deviation of 1 % obtained from repeating the experiment ai different fow rates.

Limiing Activity Coefficionts at Diffare nt Solvent Concentrations with
Respact to O-Cresol
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Flgure 8-1: Variation of limiting activity cosfficients at diffsrent o-cresol concenitralions in

the solvent on mass percent basls.

The other componant making up the solvent is NMP. From the graph il is obsarved thal the
relalionship between limiting activity coefficient and solvent concenlration is quiel different from
that of temperature and limiting activity coefficient. An o-cresol and NMP solventl mixture results
in solute (hexane) limiting activity coafficients that are higher than if they were used as solvents
on their own i.e. binary systems. The limiting activity coefficient is expected o be different as tha
interaction between the o-cresol and the NMP changes the properties of the solvent
considerably. The limiting activity coefficients do however approach towards the binary system
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values whan the concentration of o-cresol in the solvent is very high or when the concentration
of NMP is very high.

8.1.6 Effact of Pressure and Leaks

The other experimental parameter that needs to be considered is pressure. The pressures
encountered were close to atmospheric pressure for all the experiments and this pressure is
actually the pressure in the dilutor celi. The pressure is affected by tha flow rate of the inert gas,
as well as leaks in the system. It was observed that the higher the flow rate the higher the
pressure. The pressure increases by approximately 1 mmHg for every 10 ml/min increase in
inerl gas flow rate for this experimental set-up. It is imporiant to accurately kKnow the pressure as
it affects the vapour pressure calculations required to determine the limiling activity coefficient.
Leaks along any of the gas lines caused erratic pressure readings. Any soapy solution can be
used to detect the presence of laaks but mosl will leave a residue whan it dries. This can
contaminate the lines and interfere with the solute peaks. 3noop which does not leave any

residue was used to locate any leaks before commencing with the expenment.

Leaks at different localions In the experimental set-up have different effecis on the results, all of
which impact negatively on the rasults. If there is a leak before the gas enters the calls then this
would result in the flow rate changing throughout the experiment. If lhare are ieaks after the gas
has passed through the dilutor cell and before the injection paint some of the stripped salute will
be lost ang this would result in inaccurate solute concentrations. Also any leak after the gas has
passed through the dilutor cell will result in an incorrect flow rate reading at the bubbla flow
meler. The pressure readings are very stable and the presence of any leaks would resull in
erratic pressure readings which were observed whenever there was a leak in the equipment.

8.1.7 Effect of Slope

Another variabla that affects the limiling aclivity coefficient is tha slope (2) from the straight line
plots. This was observed when leaving out peaks that do not lie on the curve. The slope
changes and the limiting aclivity coefficients are exiremely sensitive to the slope. Usually when
leaving out peaks (in most cases the first one or two peaks were left out) the resulting limiting
activity coefficients became more accurate. It is obvious that if peaks are left out towards the end
and baginning of the slope there will be a2 more drastic change in the gradient than when
remaving peazks from the middie. Since peaks were only left out at the beginning of the
experiment the resuits will be more accurate as the solute is more dilute in the solvent. Five to

six peaks lying in a straight line are sufficient {o obtain good results. At least 10 injections need
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to be performad in order to achieve this as there may be some other reasons for leaving out
peaks during the experiment such as interference during the analysis or a good split may not
have been achieved for a cerlain injected sample.

8.1.8 Equations

Each of the equations used have different tarms for predicting limiting activity coefficients and
although they do not predict exactly the same values thera is agreement to a certain extend
betweean the values oblained from the different equations. Equation 6.23 is the simplest equation
for determining limiting activity coefficients and must be used for systems with non-volatile
solutes only. Daspite ils simplicity it is very good in predicting limiting activity coefficients
especially for systems with high solute volatllity and low solvent volatility. Equation 6.55 is also
used for systems where the solvent volalility Is low (less than 1mm Hq). Equatlons 6.24 and 6.33
can be usad for any system even though they were derived for volatile solvents as shown in
Chapler 6.

Equations 6.55 and 6.85 were denved lo account for all kinds of systems. The saturation
fugacity coefflcient is taken into account with Equalion 6.55 and the effect the value of the
coefficient has on the limiting activity coefficient increasas as temperature Increases. If ignored
{here would be large errors al the higher tamparatures. It [s expecled that Equatians 6.23, 6.24,
6.29 and 6.33 would give less accurale limiting aclivity coefficients at very high temperatures.
Since temperalures did nol exceed 65 “C lor all experiments the integnty of these equations
were not compromised.

8.1.8.1 Applicability of the Equations

The equations (Leroi el al. (1877), Duhem and Vigal (1878). Boe and Han (1995), Krummaen el
al. {2000} and Hovorka and Dohnal (1987)) used for the determinalion of limiting activity
coefficienls were spacifically derived for use with the inert gas stripping technique. Some
equalions wera for use with systems where the sofvent is volzafile {Lerol ef al. (1977) and Boa
and Han (1995)), while others were derived {or non-volatile solvenis {Leroi el al. (1877) and
Duhem angd Vidal (1978)). All systems studied had non-volalile solvents which are classified as

having vapour pressuras less than 1 mmHg at all experimenial {emperalures.
In this regard the non-volatile aquations will always apply when determining the limiting activity

coefficient. The equations derlved for volatile solvents would also apply for non-volaiile solven

systems. The effect of the term thal accounts for volatitity of the solvent in Ihe equation would be
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nagliglble. This makes the equalions for volatile solvents similar 1o \he equations for the non-
volalile sofven:. These equalions would then yield rasulis simllar to that for the equation for non-
volatile solutes. Equalions for both volatle and non-volaille solvenis were vsed lo determine

their validity.
8.1.8.2 Rearrangement of Equations

In all cases the equalions had to be rearrangsd in order o make the limlting aclivity coefficient
easier to calculate. The expenmental lechnique for oblaining data for lhe calculation of limiting
aclivily coefficients from all the equations is the same. For Equalions 6.23, 6.29, 6.55 and 6.65

the slope (3) was oblained by plotting /n(A/AO) agalast lime {¢) and for Equations 6.24 and

PDE"t The
— P INRT )’

resulling limiting activity cosfficients were calculated very differently for each equation. The

6.33 the slope was obtained from plols of ln(A/AO) versus lnLl - (P

equations used to determine the limiling activity coefficients are shown in Table 8-2.

Equation Nurmber Limiting Activity Coefficlent Equation
aNRT
6.23 DP
el]
6.24 (a + ]) P."”
sol
a
629 i L
NRT NRT NP
_ ]
6.33 B RV
P“a+1) NRT
NRT
6.55 : 1+P“/P
ProrLrol 2 )+V<;
sol s i ;
aNRI’ e
6.65 = [I~ ! ]k,kzkjk_|
m}D P

Table 8-2: Equations for the determination of limiing aclivity cosfficients after linearization

to determine slope a.
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8.1.8.3 Quantifying Equation Variables

The experimental pressure (P) was obtained by using a calibrated Sensolec transducer with a
read-out In kPa. The inert gas flow rate (D) was obtained by taking the average of 3 readings
from a soap bubble flow meter at the start, the middle and the end of the experiment. This was
done 21s0 to observe that the flow rate was constant throughout the experimenl. The saluraled
solute and solvent pressures wera calculated using a newly derived equation by Nannoolal el al.
(in preparation) and the pressures were compared using the well known Antolne equation. The
pressures from the two equations are very simitar,

The initial moles of solute (N) were obtained by measuring the mass of solvent added inio the
still and convarted to moles by gividing by the mofar mass. The temperature (T) was obtained
using a Class A Pt-100 inserted into a jacket that fits into the cells. The areas (A) and lime (t)
was obtained from the Integration program Clarity as a result of periodically Injecting samples
into the GC. All values were converted to Sl units before calculating the limiling acfivity
coefficients from the equations. This is important since there would be large inaceuracies.

8.1.9 Acqulring Solute Peak Areas

All plots to determine slope a are straight line plots formed with at least § points thalt fie on the
line. In most cases all the points did lie along a siraight line especially after laking the average of
the areas obtained in a cenain Interval due to the injection method used. The experiments were
repeated when this was not the case and usuzlly it was due {0 contaminalion in the lines from
chemicels that was usaed in the previous experiment. Compressed air was used to gel rid of the
trappad chemicals in the lines. For all the systems the solvents had a iong residence time when
compared to the soiutes. As a result 3 to 4 Injections could be made bafore lhe solvent reached
tha detector. Since there was a ramping program in place for the GC, 3 to 4 solute peaks
(around 3 to 4 minutes apan) could be obtained and then the GC was ramped (o higher
temperatures for the faster movement of the solvaeni to the detector. The normal, ramped and

column cleaning methods used for the Varnan 3300 ara shown in Tabla 8-3.

Device Normal ('C) | Rampesad ('C) | Cleaning ('C)
Column 110 200 220
Injecior 180 210 230
Detector 190 215 230

Table 8-3: GC methods used for all systams under siudy
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The four solute injections had lo be completed within 20 minutes, after which the scoivent peak
from the first injection would appear. Without ramping it took around 1 hour for the soivent peak
to completely pass through the column. With the effect of ramping the GC temperatures, it took
around 20 minutes for the solvent to be removed completely. Another 10 minutes gets the
lamperature back to the original setting ang the next injection can thus be made. These solute
areas along with the residence times were then averaged resulting in a single area and
residence time. Thus a single point on any of the slope plots took around 1 hour to obtain. The
times mentioned are subject to GC ssttings and will vary for different GC’s and columns. This
approach was used for ali the systems under investigation. The number of peaks that can be
obtained depends on the carrier gas flow rate and the length of ihe column. Low flow rates angd

long columns will result in longer solvent rasidence times.
8.1.10 Analysis of Results - Test Systems

The proof of the pudding Is in the analysis of the resutts. All the test systems have experimantal
values that have been compared to lileratures values {(Krummen et al, (2004)) where as far as
possible the same conditions were maintained for consistency. For the test system cyclohexane
(1} + NMP {2} there are deviations from literature values of no mare than 0.49 % for all
lemperaturas (Table 7-2), however the expenmental temperaturas are not exaclly the same as
the temperatures reported in literature. This is not a true reflection of the difference belween
experimental and literature values. If the expernimental limiting activity coefficients were
exirapolated or interpolated to obtain values at exacily the lilerature temperatures the deviation
would be far lass than 1 %. This was also true for the test sysiems n-heptane (1) + NMP (2) and
n-hexane (1) + NMP (2). The maximum error tolerance allowed for limiting activity coefficients for

all systems under investigation was 1 %.

A comparison of Tables 7-2, 7-7 and 7-12 show thal the limiting aclivity coefficients calculated
from Equations 6.23, 6.24, 6.29 and 6.33 are all lower than the limiting activity cosfficients
calculated from Equations 6.55 and 8.85. The difference betwean the limiting activity coefficients
calculated from Equations 6.23, 8.24, 6.29 and 6.33 is very small and not greater than 0.5 % for
ali systemns studied. There is very strong agreement between the limiting activily coefficients
from ihese four equations as can be seen in Tavles 7-7 to 7-8. This is expecled because these
aquations are based on a similar derivation by Leroi el al. (1977) and were solved differantly to
eliminate some of the assumptions that were made. Also the types of systems studied favour all
the equalions. Equations 6.23 and 6.29 would not give accurate values of limiting activity
coefficlanis if the systems studied consisted of solvents that are volatile, since it was darived for

use with non-volatile solvents.
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The ultimate ¢challenge wilh the inert gas stripplng technique was for multi-component systems.
The technique and experimental set-up was put (o the test with lemary syslems where the
solvent consisted of two non-volalile components, o-cresol and NMP (results in Chapler 7: Pan
2). Also in this chapter are {he two binary systems n-hexene (1) + NMP (2) and n-hexene (1) +
o-cresol (2). The n-hexene + NMP system has literature values for limiling activity coefficienls
(Krummen et al (2004)), but here it was investigated al different temperalures. In essence lhis
system can also be considered as a test system. The temary systems and the n-hexens + o-
cresol system have no known published data for limiting activity coefficienls using this technique
and posslbly any other technique.

An indication of how close the experimental limiting activity coefficients for the system n-hexene
(1) + NMP (2) is to Ihe liferature values wilhin extrapolation and interpolation capacilies is shown
in Figures 7-17 and 7-21. The deviation when intsrpolating is not greater than 1 % for Equations
6.55 and 6.65. For the other equations {6.23, 6.24, 6.29 and 6.33) there Is a considerable
deviation (see Figures 7-18 to 7-20) from literature values of Krummen et al. (2004). Ons can
only assume that this system somshow does not agree with the simplifying assumptions used 1o
derive thesse equations.

8.1.11 Analysis of Results - New Systems

The syslems involving o-cresol have no reporied literature values for the limiling activity
coefficient. A comparison of the experimentaily obtained values with litaralure dala was
unfortunately not possible. Predictive methods or other expernmental methods for the
determination of limiting activity coefficients must be performed in order to confirm the accuracy
of the results obtained. However due (o time constraints, this was nol possible. The limiting
activity coefficienls obtained for the new systems show no significant devialions from the trends
obtained for the test syslems and it has already been established lhal lhe cslculated limiting

aclivity coefficients for the lest systams hava axcellent agreament with literature values.

From Figure 8-1 there is a clear trend for tha n-hexene limiting activity coefficient against solvent
concentralion. There are two points that do not agree with the trend, the 35 and 45 *C values for
the solvent system containing 40 % o-cresol. The rest if the data lie on a smooth parabolic
curve. There may be some experimental srrors which rasulfed in inaccuraclies with regards lo
limiting activity coefficients at these conditions. When taking the average of the n-hexene limiling
activity coefficients for the o-cresol systems and plotting that against o-creso! concentration a
different situation arises (rafer to Figure 8-8).
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It can only be deduced from the accuracy of tha lest systams that tha limiting activity cosfficients
for the new o-cresol syslems are fairly accurale since the les! systems were used 1o establish
whather the equipmenl was working properly of nol. There wars no difficulties axparienced wilh
ssparation of tha diferent componenis in the GC column. Tho solula pesk arsas oblaned
showed amaalh curvas whan ploflad against lime. There is no reason o dermeas the resulls for
Ihe new systems untll further work s done 1o verity the data

Tha correction faclors for Equation 6.85 give an indicalion of the system bahawvour. There is a
sMght change of ha siripping gas fow rale due lo saluration in Ihe cell s seen by &, being less

than 1. Thare |s vary liithe solvenl in the vapour space in the celi since k, = sighily grealer than
1 and does nolt significantly affect the value of tha limiting activity coafficiant if left out. This is
axpacied dus lo the low volatilities of the solvents. A significant change in &, shows thal hare is

vapour-phase non-ldeality. Only &, and k, significantly alfect the limiting activity coefficients for

all the systams studied, This work has addad o fho plathors of tharmodynames dala available
today. A summary of Ihe resulls for the new syslams s shown aler in this chaplar

8.1.12 SCT varsus DCT

The effect of using the SCT and DCT was also investigaled The binary system n-hexane (1) +
NMP (2) was chosen lo perform this task. From the results reporied in Chapter 7, there is no
significanl evidanca thal the one lechrigue is belier or more suiiebis than the other. | was
gslablizhed Ihal dee io Iha nalure of ihe components (ihe sobveni having a low volatility and the
solute a retatively high volaliiily) thal both mathods would be ideally suited. From IWeratura il has
been astablished thal in most cases the SCT is not suited for mull-componant solvent syslems
(Boa and Han {1995)), as the rale at whch sach componen! making up the solven! may be
sirpped diffarently. thus changing the concentration of the conlanis in the dilutor cell which will
resull in armors in fhe imoing scihaly coefficiant. This theory was tested using the sysieém n-
hexene (1) + 20 %("/.) o-cresol (2) « B0 % /) NMP (2). the resuits of which have nol been
raporiad in Chapter 7.

Figure 8-2 shows a comparison of the rasuils for the two techniques. The shape of the curve for
the single cell technigue is nod reproducible for & srent fow rales a3 he solvenl concentration is
changing al different rates in the dilutor since he saturstion cell in not prasent. The curve will
probably have similar shape d expaniments wera padormed using he sama flow rate. but 1his s
glill 1o be confirmed as no such axpanmeants ware performad here,
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Figure 8-2: Limiting activity coafficiants for the sysiam n-haxana (1) + 20 %l™/ ) o-cresol
(2) + BO %("/.) NMP (2} cbiained by using tha single and double call techniques.

Tha graph cleady shows thal the single cell lechniqua should not ba used 10 datarming limiling
activity coefficients for these typas of systems. For multi-component solvenl syslams this
techniqua must be avoided al all costs. The overall scheme by Boa and Han (1995) should ba
follcwed in order o delerming which technigue o use, If there is sl unceralnty as to which
ischnkque 1o usa tha doubla cel lachnigue mus! be used,

For all sysiems siuded the miting aciivity coefficisnt decreases as temperaiure increases.
When lemperailure increasas the slops increases and tha limiting activity coefficiant should
increasa bul the saluration fugacity coefficiant and (he solute saluralion pressure dacreases and
the limiting aclivity cosfficient ands up decreasing because of this. The saturation vapour
préssura of non-volatile soluvles do not sffec! the imiling aclivity coafficien! as much as a volatile
golvenl. Tharelors Equation B.23 which does nol even have the saturated solvent prassurs lerm
In i gives just as good results as the equations with the termm. For highly volalile solutes Equation
.23 cannol be used o delarmna Imiting aclivity coeflicients.

Equalion 55 is the only sguation thal incorporates the saturation lugacity lerm into its
exprassion, bul Equalion &85 accounts for non-idealiies that may exist. For the highly non-ideal
gystams tha othar equations may rasult in large emors. Equations 6.55 and 6.65 should be
conslderad for such systems. For the systems studied hare all squalions are suitable and hava
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been used with great success in lerms of the results obtained. These equations have also been
denved with some assumptions and one needs to bare in mind some of those assumptions
when using the technigue for vanous systems. The dilutor technigue is only as good as the

equations used to predict the limiting aclivity coefficients.
8.1.13 Extrapclation and Interpolation

it is often desired to exirapolate/interpolate limiting aclivity coefficionts for other temperatures

from the experimental data. This can be done either when using plots of limiling activity
coefficient against temperature or from plots of In (™) against inverse temperslure. For the
latter It is not always possible to regress the data linearly. If a re-represantation of the data is
reqguired in order o exirapolate or inlerpolate for other experimental conditions then it should
result a straight line. A plot of In (¥™ ) against 100/7" would result in a straight lina that can be

used for extrapolating or interpolating data (see Figures 8-3 lo 8-4). This straight line effect was
not observed for all the systems containing NMP 2s seen in Figure 8-3.

Clearly the besl representation of the points is nol a straight line but rather a third order
polynomial. The literature values obtained from Krummen el al, (2004} show the same trend as
thal for the expermental values in Figure 8-3. For many systems in lilerature 2 straight line is
observed {Gruber et al. (1999), Krummen and Gmehling (2004), Krummen et al. (2002) and
Vrbka et al. (2002)) but this was not the case for all the systems containing NMP. However for
the system n-hexene (1) + o-cresol {2} a straight line was observed. Figure 8-4 shows the result

of this. This was the only system that was best representad by a siraight line when plotting In
{7“) against LOO/T . The ternary systems also resulted in a curve which was best raprasented

by 2 second order polynomial,
This does not mean lhat the data is incorract. For many systerns this straight [ine effect is not

ohserved (Miyana et al. (2004)). The obtzined data is system dependant and in Ihe case that

linear regrassion gives a straight line it should be used for interpolation 2nd extrapolation.
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Plots for Extrapolating and Interpolating Umiting Activity
Coefficients
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Figure 8-3: Re-represenied aclivity coefficients far the test system n-haplane (1) + NMP (2) for

exlrapolation (original data can be found in Table 7.3)

Plot for Interpolating and Extrapolating Limiing Activity Coefflclents

for different Temperatures
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Flgure 8-4: Straight line plol for extrapolating and interpolating limiting activity coefficients from
Equation 6.55 for the binary system n-haxena (1) + o-cresol (2) at 10 ml/min. (See Table 7-21
for the original data)
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8.1.14 Average Limiting Activity Coefficients

In Chepter 7 theare arc lmiling acihvity cosMicients reporied for ifres diferent low rales
(approximataly 10, 20 and 30 mi/min) and four lemperaiures (approximataly 35, 45, 55 and 85
"C) and evaluated for 6 differant equations (8 23, 8 24 8 29, 8. 13, 6 55 gnd 6 65). With 30 many
limiting activity coafficien! valuas, which one do you use as the comect value? An attempt has
been made lo average lhe limiling activity cosfficcenis and have one value for the exacl
lamperaluras 3500, 45.00, 5500 snd 6500 "C in onder (0 do this tedious task, mlense
interpolalion and exltrapolalion was done in order 10 get Emiling acthity coafficients at the same
lermperature for each system. This was then averaged for 1he aifferent flow rales and
corrasponding temperatures lo gat ona limiling actvity cosfficient for each temparature and
aquation. Thig can ba dons since based on the assumplion of e mathod flow rale should not
affect the limiling aclivily coafficlent and was only varied o see i the dats was reproducible.

All tha averaged limiting aclivity coeficianis were than averaged again across each egusation to
pot ona limiling activity cosfficient thal would best describe the sysiem. Since for equalions 623,
£.24, 6.29 and 631 he diferance in limiling activity coafficients is less than 0.5 % this was
avaraged firsl and then intempolaton or axtrapolation was perfomed to gal Gmiting ackvity
coafficionts ot tha desired lsmperatures, Tha calculslion procedure is shown in Appendix B.
Table B4 shows the resulls of this calculation for the system n-hexene + NMP *

_ Average, Interpolated/Extrapalated ¥~ x
T(Cy Average ¥
Krummen “iﬂ_[ Leroi & al. based® | Hovorka and Dohnal
25 B. ' .55 5.53 B.56
35 6.29 622 6.26 6.26
a5 599 5,90 599 596
55 5.70 5 59 573 568
85 543 5.29 548 5.40
15 518 5.01 5.24 514

Table 8-4: Average limuling actrvity coafficients for tha systern n-hexena (1) + NIMP (2)
{Qriginal data can be found in Tables 7-16 lo T-20)

The average limiting activity coefficients calculated from Equations 6.23, £.24, .29 and 6.33
warg nol faken nilo accounl for the calculation of the averaga bmiling aclivity coafficianl in
column 5 of Tebie B-3 The devistion of the limiting aclivity coafficients batwaen [hess sgualicns
with Egualions 655 and & 65 is greater than 1 % Limiting activity coefficients for 25 and 75 'C

! The Lemoi & &l based egquabions mclude he equatons dermed by Dubem and Vidal (1078) snd Boa and
Han (1985)
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were obtained by extrapolating limiting activity coefficiants for each equation and flow rate. The
new trend of limiting activity coefficient with temperalure for the system n-hexene + NMP is
shown in Figure 8-5. Figure 8-5 is the best representation of the dala since the limiting activity
coefficients have been averaged across each equation and flow rate.

Average Limiting Activity Coefficlent for the n-hexane + NMP

. system as a function of temperature
!

és
8.3
8.4

58 4

47

|
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20 25 20 a3 40 45 o 55 80 65 70 s 80
Tem pecature ('C)

Figure 8-5: Average limiting actlvity coefficlents for the system n-hexene + NMP avaluated from
aquations by Krummen et al. (2000) and Hovorka and Dohnal (1897)

The next system under Investigation was n-hexene + o~cresol and for this system all the systems
from hereon, the limiting aclivity coefficients from every equation was faken into consideration

for the average limiting aclivity coefficient. For the system containing sofveni 6-cresol only, a plot
of ln(y"’) againsi the inverse of temperature resulted in a slraight line (Figure 8-4) unlike for the

systems containing NIMP. These plots wers used for interpolating and exirapolanng.

)
T o Average, Interpolated/Extrapolted 7 Average 7™
Krummen el al. | Lerol et al. based | Hovorka and Dohnal
35 5.68 5.46 5.51 5.55
45 5.21 5.03 5.13 5.12
55 4.93 4.77 ) 4.89 4.86
65 474 4.80 4.74 4.69

Table 8-5; Average limiting activity coefficients for the system n-hexene (1) + o-cresol (2).
(Data used from Tables 7-21 to 7-25)
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Figure 8-6 shows a plot of average limiting activity coefficienls where the cata has been

exirapolated in order to obtain activity coefficients for 25 and 75 °C.

Average Limiing Activity Coefficients for the system n-hexene + o-
cresol
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Figure 8-6: Trend of average limiting activity coefficients with tne effact of teamperature for the

systemn n-hexene (1) + o-¢cresol (2)

The average limiting activity coefficients for the system n-hexene (1) + 20 %(™/) o-crosof (2) +

80 %(™/m) NMP (2) can be found in Table 8-6.

Average, Interpolated/Extrapotated }’°

T{C) Average ¥~
Krummen et al. | Leroi et al. based | Hovorka and Dohnal
25 7.69 7.65 7.62 7.66
35 7.36 7.30 7.32 7.33
45 7.06 6.99 7.04 7.03
55 6.79 6.71 6.79 6.76
65 6.55 6.46 6.57 6.53
75 6.35 6.25 6.37 6.32

Table 8-6: Average limiting activity coefficients for the system n-hexene (1) + 20 %("/) o-cresol

(2) + 80 %("/,) NMP (2). (Data re-represented from Tables 7-26 to 2-30)

For this system a plot of limiting aclivity ceefficient against temperature is shown in Figure 8-7.

Also in Figure 8-7 are two additional points obiained via exirapolation as shown below.
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Average Limiting Acthvity Coefflclents for the 9ystemn n-hexene + 20
%"/} o-cresol + 80 %™/} NMP
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Figure 8-7: Average limiting activity coefficlents as a function of temperature for the system n-
hexene (1) + 20 %(™/y) 0-cresol (2) + 80 %("/m) NMP (2)

Average limiting actlivity coefficients for the system n-haxene (1) + 40 %(™/m) o~cresof (2) + 60
%{"/m) NMP (2) is shown in Table 8-7.

Awerage, Interpolated/Extrapolated */m -
T (°C) Average y
Krummen et al. | Larol ef al. based | Howrka and Dohnal
25 7.48 7.42 7.38 7.42
35 7.21 7.16 7.18 7.18
45 7.02 6.96 7.03 7.00
55 6.87 6.80 6.91 6.86
65 6.78 6.70 8.84 6.77
75 8.75 6.68 6.80 6.73

Table 8-7: Average limiting activity coefficients for the system n-hexene (1) + 40 %("/n) 0-cresol
(2) + 60 %(™/m) NMP (2). (Data averaged from Tables 7-31 (o 7-35)
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Figurea B-8: Trand of avarags limiting acthity coafficients for the system n-haxens (1) + 40
%{"/.} o-cresol (2) + 80 %{"/.) NMP (2)

Average limiting aclivity cosfficients for the system n-hexens (1) + 60 3("/.) o-cresol {2} + 40
(/) NMP (2) iz shown in Table 8-8.

T(C) - : v ’ Avarage ¥~
Krummen at al. | Leroi el al. based | Hovorka and Dohnal
25 7.80 7.70 768 773
38 7.56 T.47 7.53 7.62
45 7.23 T.24 7.6 7.3
54 7.14 7.02 7.18 7.11
B8 647 : 680 608 B.91
78 £ 8] 6.58 6.76 .72
|

Table 8-8: Average imiling acinvity coefficiants for Iha systam B0 %™/} o-cresol (2) = 40 %("/n}
NMP (2) (Limiting activity coafficients averaged from Tables 7-36 — 7-40)

Average mming acindly coafficants for the sysiem n-hexena (1) + 80 %("/.) o-cresai (2) + 20
%("/.) NMP (2} is shown in Table 8-9
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-]
T o) Average. Intarpolated/Extrapolated Y Average y*
Krummen et af. | Leroi et al. based | Hovworka and Dohnal
25 7.41 7.35 7.18 7.31
35 7.18 7.11 6.95 7.08
45 8.97 6.88 6.73 6.86
55 6.78 6.67 6.51 6.65
65 6.60 6.47 6.29 6.45
75 6.44 6.29 6.08 6.27

Table 8-9: Avaerage limiting activity coefficients for the system -hexene (1) + 80 %(™/m) 0-cresol

(2) + 20 %(™/») NMP (2) (Limiting activity coefficlents averaged from Tables 7-36 to 7-40)

A plot of average limiting activity coefficients against o-cresol concentration resutts in the system
for the 60 % o~cresol solvent displaying some interesting behaviour as shown in Figure 8-9.

Average Limiting Actlvity Coefflclents 88 a Function of Salvent
Concentration

Limiting Activity Coefficleont

4.9 4 v - —— T -

o 10 20 30 & 50 ) 70 80 20 (00
O-Cresdl Goncentratlon (% ™)

Figure 8-9: Average limlting aclivity coefficients for each temperature as a function of o-cresoi

concentration in the solveni mixiure

The shape of the graph is reliable as reproducibility tests have been done and it was foung that
a deviation of less than 1 % was observed for all data points on Figure 8-9. Al the lower
temperatures the aclivity coefficienis do not agree wilh 1he trend buf as {emperalure increases
the devialion from the apparen! trend decreases. At 75 “C the deviation is no longer there and a
smooth curve is obtained. The slightly lower activity coefficients for this systern mean that it is
more ldeal at lower temperatures than expected from the trend in Figure 8-9.
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Chaptar 8
8.1.15 Sensitivity Analysis

A zansilvily analysiz waz pafformed in order o check what efect erors in the measured
variabies (prassure, lemperature, solvent mass in tha dilutor cell and inert gas flow rate) would
have on tha limiling activity coafficient. After same careful considaration i was determined thal
the prassura in tha cell does nol vary by mare than 150 Pa (> 1 mmHg). The limiting activily
coefficients oblained due o an increase and decrcase in prossura by 150 Pa resullad in no
signiicant deviation in the Emiling aclivily coafficient. || was only al pressure changes of around
10000 Fa that significani changes werg observed in the limiting aclivity coeficients oblained
from Equalion 6.35. An emor of fhis magnilude iz nof posslble with a Sensolec pressure
transducer.

8.1.15.1 Uncortainty in Temperature Readings

With regard (o lemperaiure | was established ihat there may be a small emor that can be
atinbuted to the Class A P1-100. The Class A Pt-100 has an accufacy that can be descripad
using Equation 8.1,

Error in K = 0.15+(0.002: |7 C)) 8.1

Equation 8.1 gives tha maximum eror in Kelvin for a Class A P1-100." The maximum arrar would
thus rasull for the highast operating tempearalure which was 85 *C. Thig would resull in an aror
of = 0.28 K. The arrors in the limitng activily coafficlent are shown below:

Exporimental Data | Pt-100 Error | Corrfected ] Deviatian
T({cC) ¥ {K) . (%)
a3.24 5.282 0.2 6.286 0,06
45.18 5.871 0.240 5.976 0.08
Eﬁﬂ 5.685 0260 5.688 0.a7
64.82 5.414 0.280 5417 0.08
a5.36 5.282 0221 8277 =0.08
45.18 £.871 -0.240 5.967 -0.07
55.04 5 685 -0.260 5.680 -0.08
Ed.02 E414 0280 5.408 0.11

Table 8-10: Daviation of limibng activity coafliciants for the systam n-hexena (1) + NMP
(2} dua [o erors in teamperature when using a PE-1040,

"W.Ialda:dmplnilnmanis nlllmiematonaf¥2iwebTemparaluursensoran
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A nagative deviation maans that the imiling activity coafficient is smaller than the orlginal valuea.
A maximum positve arror of 0.08 % and a maximurm negalive armor of <0.11 36 can be altributed
to amors in tha lemparature readings. This is not & significant error, Temperatlure affects the
solute and solvent vapour pressures as well as the saturated fugacity coafficieni and these
calculated vanables afect the limiting activity coafficient significantly. Tha himiting acivity
coafficiant is extremaly sensitive To the solute saturabon pressure which in furm, dua to tha high
voldatility of the solute, is very sensitive to temperalura,

B.1.15.2 Uncertainty in Mass Readings

The precision of measuremenis made with a digital instrument, such as 8 mass balance, is
based predominantly on the reading uncertainty, The uncerainty in reading a digial scale is £
0.5 of tha last resolvable digit, i.e. if the mass batancae reads lo the nearast 0.01 g the reading
uncertainty is £ 0,005 g. However, the uncerainiy when the scale reads 0.00 g is also £0,005 g,
g3 the tolal reading unceranty would be given by (0,005 g + 0,005 g) = £0.01 g ' Ermrors in tha
mass of solvent filled inio the dilutor cell are astimated to be around + 0.01 g. This resulls In a
vary small insignificant arror o the limiing activity coaficients. Tha sensitivity analysis was
performead for an amor 10 Gmes thal as shown in Table 8-11, The resull shows that armors in
mess do not affect limifing activity coafficlents substantially, The error is well below the amor
inferance of 1% even for an exeggerated emor in the mass reading.

Exporimental Data Error in Mass | Corrected | Deviation
T(C) |SolventMass (g)| " (g} il (%)
35.35 114.83 6282 0.1 B.287 0.08
45.18 114.83 58971 0.1 5.877 0.10
55.04 114.83 5685 0.1 5.690 0.09
64.82 114.83 5414 01 5417 0.08
3535 114.83 6.282 -0.1 £.276 -0.10
45.18 114.83 5.871 -0.1 5.966 -0.08
5504 114.83 5.685 .1 5.680 -0.09
64,02 114,83 5414 0.1 5.408 0.11

Table 8-11: Daviation of limiting aclivity coefficients dua fo erors in mass readings for the
sodvant NP

" s hyperion.co.ureging ca'bergbusp/~uglabe/p1 08 Experdments/EXPTOZMeas SEmord 07 pof
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8.1.15.3 Uncertainty in Flow Rate Readings

There are definitely ermrors when obtaining flow rate from the socap bubble flow meler due to
reaction time when timing Ine nsing ring and errors of parallax whan looking at the increments
on the bursafte like tube. The rule of thumb for estimating uncertainty in direcl reading devices
{things that don't have digital displays) is to use +0.25 the smallest scale division in a single
feading. But, since in this case it takes two readings to make a measurement, one at each end
of the burette like tube (start timing a3t 0 ml and stop at 10 mi), the tolal reading uncertainty is
aclually £0.5 the smallest scale division. The smallest scale division on the scap bubble flow

meter is 1 ml, therefore the maximum error in reading is 0.5 m|.®

There Is also an emor due to reaction time. A small study was conducled on the affect of human
reachlon time on stopwatch and {imer calibration uncertainties by Gust et al. (2004}, They have
concluded that the average reaction lime is usually £230 ms. The efiect of reaction lime and
error of parallax needs to be accounted for simultaneocusly in the sensitivity analysis. The effect

of this on the limiling aclivity coefficient is shown in Tables 8-12 to 8-13.

Experimental Data Errorin t | Corrected |Deviation
T{C) |D{(mlimin) 7 (s ' (%)
35.35 10.126 6,282 0.23 6.33 0.76
45.18 10.122 5.971 0.23 6.017 .77
55.04 10.014 5,685 0.23 5.728 0.76
64.82 10.004 5.414 0.23 5.454 0.74
35.35 10.126 6,282 -0.23 6.233 -0.78
45 18 10.122 5.871 -0.23 5.924 -0.79
55.04 10.014 5.685 -0.23 5.641 -0.77
64.82 10.004 5.414 -0.23 5.371 -0.79

Table 8-12: Deviations in the limiling activity cosefficient due fo a reaction me of £ 230 ms

when using the stopwatch lo measure the flow rate of the inert gas

® www_Isidardorpinstruments. nifInternational%20web/Temperatuursensoren
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Experimental Data Error in volume (v)| Corrected |Devlation
T(C) |D (mlUmin) v® (ml) Yl (%)
35.35 10.1286 6.282 0.5 5.711 -9.09
45.18 10.122 5.971 0.5 5.428 -9.09
55.04 10.014 5.685 0.5 5.168 -9.09
64.82 10.004 5,414 0.5 4.921 -9.11
35.35 10.126 6.282 0.5 6.979 11.10
45.18 10.122 5.971 -0.5 6.633 11.08
55.04 10.014 5.685 -0.5 6.315 11.08
64.82 10.004 5.414 -0.5 6.013 11.06

Figure 8-13: Deviation In limiting activity coefficients due to an error of parallax of 0.5 m] when
reading the soap bubble flow meter.

The deviation in limiting activity coefficient due to reaction time is not as significant as that for the
error of paratlax. The sensitivity analysis shows that the limiting activity coefficient is extremely
sensifive to the inert gas flow rate. Due to financlal constraints it was not possible to purchase an
electronic gas flow meter. The gas flow rate was measured several times during the experiment
and the average value laken as the flow rate for the run. The effect of a simultansous
combination of all errors (Tables 8-10 to 8-13) on the limiting activity coefficient is shown in
Table 8-14. The first row in the table has the actual measured values obtained from the
experiment. Rows 2-3 show only the maximum possible errors in the limiting activity coefficient
calculated from Equation 6.55. This is the result of the combination that would give the maximum
possible error.

T Solvent Mass D Experimental | Corrected | Deviation

(°C) (@) (ml/min) " " (%)
35.35 (+0.22) | 114.83 (-0.1) | 10.126 (t=-0.23 v=+0.5) 6.282 5.666 -9.81
35.35(-0.22) | 114.83(+0.1) | 10.126 (t=+0.23 v=-0.5) 6.282 7.034 11.97
4518 (+0.24) | 114.83(-0.1) | 10.122 (t=-0.23 v=+0.5) 5.971 5.395 -9.65
45,18 (-0.24) | 114.83 (+0.1) | 10.122 (t=+0.23 v=-0.5) 5971 6.685 11.96
55.04 (+0.26) | 114.83(-0.1) | 10.01 (t=-0.23 v=+0.5) 5.685 5.128 -0.80
55.04 (-0.28) | 114.83 (+0.1) | 10.01 (t=+0.23 v=-0.5) 5.685 6.364 11.84
64.82 (+0.28) | 114.83 (-0.1) | 10.004 (t=-0.23 v=+0.5) 5.414 4.883 -9.81
64.82 (-0.28) | 114.83 (+0.1) | 10.004 (t=+0.23 v=-0.5) 5.414 6.059 11.91

Table 8-14: Maximum deviations in the limiting activity coeffictent determined from Equation

6.55 as a result of a combination of errors in the expsrimentally measured vanables.

A maximum positive error of 11.9 % and a maximum negalive error of -9.8 % were observed

with all the reported limiting activity coefficients obtained from Equation 6.65. This means that if
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there i an aror in ha maasured vanables tha sciual limiling sctivity coafficiant far T = 35 "C kes
babsvean 588 and 7.03, For peace of mind the anlire equipmen! was vary wall insulaled and [he
Clazs A P1-100 & a vary figh precision devigg for maasunng lemperaiure and when calibrated
comectly will gwe axtremaly accurate lemperalures. The calibralion curve lor the dilulor cell Pr-
100 can ba found in Chaplér 4 (Figure 4-5). This was dona lor all the athar equations as well
and tha maximum amors for each equation as a resull of possible arors in tha experimantalty
migasunnd valuas are rapored in Table B-15

E Mawimum Posiive | Maximum Negalive

" Devviation (%) Daviation (%)
858 1187 B.A7
6.23 8,34 =13.46
624 1.85 -13.87
£.29 782 -13,84

|63 BT -13.63
6.65 11.48 =10.01

Tabls B-15: Parcantage devialion range for calculated limiting activity coafficients for each
aquation as detarmined via sensitivity analysis for the systam n-hexena (1) + NMP (2).

The range of emor percentages for the limiting activity coafficient is different for all equations
usad 10 determing i AN the lmiting actvity coafficients In Chaplar 7 calculated from Iheir
respecive equalions share similar devighions in the aclual reporied values givan m Table B-14. It
is not exaclly the same, as the dfferent solutes have their own volalilities affecting the system
diffarantly. Howsver il can only be speculated that there is an uncertainty in tha reported limiting
acfivity coefiicients. as il is uncerain 8s o whether fhara may be erors or nol when measunng
lemperajurg, pressure and flow rale The calculaled limiling actvily coefficienl velues
thamsalves do nol show any significan! indication as o whather their values may be
compromized by emors i the expenmantally datarmenad varables. For any given axparimenial
condition the graphs show smooth frends with wary bile diffarances in the Bmiting activily
coefficienis mapgured at different ineri gas flow rates.

8.1.16 Sources of Error

There are some imparfecions in the design of the equipment used for the iner gas strigping
technigue. Somea of the difficullies axpenenced and The smors 85 @ resull off, aro oulbinad below
Some recommandetions have slso been provided m order 1o prevent Ihese emors.
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8.1.16.1 Experimental Difficulties

> Due to the pressure build-up in the cell, il became necessary to clamp the Teflon
plug.

¥ The healed lines gave rise lo power lrips each time {he variac was lumed on. The
problem was reclified by removing the existing insulation and re-insulating those
lines. This involved insulating the line first, then wrapping the insulated nichrome
wire around the line.

P When using the bubble flow meter, it was observed that there was an
inconsistency in the flow measurement. The flow rate varied by +0.5 ml min™.
This was due lo the coalescence of smaller bubbles into one large bubble when
the upward movement of the smaller bubbles was hamperad by the ceramic-based
glue surrounding the branch point of the capillaries.

3 The GC was unable to produce a perfect component split with some systems such
as acetone (1) + heptane (2). Despite all alempts it was nol possible lo determine
limiting activity coefficients for that systern without the use of another GC or
column,

8.1.16.2 Experimental Errors

B Leaks around the Teflon plug and through fittings attached to the plug at high inert
gas flow rales. Detection of leaks found using Sncop™, which does not leave any
resldue when dried. Attempts were made to stop leaks using Loctite™ adhasion
bul this does not adhere lo Teflon bul it did manage lo minimize the leaks
aspecially at low inerl gas flow rates and al low temperaturas.

= The sample loop was not a single complete loop, but rather made up of three
smaller parts joined together. As a result the sample loop was too large for sample
injection into the GC. Allempls were made lo reduce the length of the leop, but
due to the diameter and stiffness of the material making up the loop, this was not
possible and a relalively large sample was still injected in fo the GC. Il was
obsarved that a very small sample of gas injected into the GC gave better
saparation of the components.

» Inaccurate flow measurement using the bubble flow meter. Due to the gas flow
meter nol functioning properly, the bubble flow meler had to be used for flow
measurement. Due to reaction times when using the stopwalch the flow rates
could not ba accurately determined as desired. Il was very difficult to control the
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gas flow rate using the gas flow meter as it took a leng time for the gas lo pass
through the system to the bubble flow meter for measurement,

Error in flow measuremenl due to coalescence of small bubbles inlo larger
bubbles. Large bubbles cavsed flow varialions.
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Chapter IX — Conclusion

The research presented in this work represents a detailed look at the intricate determination of
limiting activity coefficients at infiniie dilution. The calculation of limiling activity coefflcients in the
reglon of infinite dilution is known to be especially tedious, but of special importance for
problems which are common in various Industrial processes. Therein lies the dedication,
motivation and perseverance for pursuing this work. Of all the metheds to delaming limiting
activity coefficients the IGS technique has most appeal and will be growing in potential as a
technigue in the years lo come.

The IGS method requires neither calibration of the chromatographic deteclor nor any tedious
praparalion of the experimenial device. |t was shown that it is quiel simple lo obtain values for
limiting activity coefficients in different solvents and solvent mixtures with high reliability using
the dilutor technique. A comparison with published limiting activity coefficients, where possible,
shows good agreement. The dilutor technique is particularly suited for the measurement of
limiting activity coefficients in solvent mixiures because the use of the saturator cell guarantees
a constant solvent composilion in the measuremeant cell. Other technlques for example Gas
Liquid Chromatography (GLC) are not suited for the measurament of limiting activity cosefficients
in solvent mixtures.

Furthermore It has the advantage that it Is possible to study the limiling activity coefficient of any
solute dissolved in any mulli-component mixture and even with volalile solvenis the only
condition being the separation of the peaks of the solules. By use of the Inerl gas stripping
method, infinite dilution activity coefficients for different types of systems, especislly for those
containing rmulti-component solvents have been determined directly with high reproducibility
(standard deviations less than 1 % for all systems investigated). Thus, application of limiting
activity coefficiants would be more sfficient than before.

The inert gas stripping technique is a vary attractive method for the determination of limiting
actlvity coefficients and with proper cell design can be extended to the determination of Henry's
constants. The fechnique is quiel simple and does not require tedious preparations. Tha
accuracy of the measurements is good and this method is generally more reliable as it is a direct
method. This technique, being a direct method, will have more prefarence by industries for
experimental and theoretical invesligation of their complex chemical systems in the future. There
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Conclusion

is scope for further Investigations into this technique as the types of systems that can be
analysed are endless.

The inert gas siripping method is well suited for the determination of limiting activity coefficients
for all types of systems. The religbility of the newly built apparatus for the determination of
limiting aclivity coefficients using binary and lernary systems has been demonsirated by the
highly accurate and reproduclble results abtained. Thare is slill room for exploring more complex
higher order systems which other technigues find difficult to analyse. Also with dstector
callbralion Il is possible to sludy the varation of the solule activity ceefficient with ite
concentration in tha liquid mixlure with the same eguipment, For these reasons it may be
expacled that this methed could be used in theoretical investigations as well as fulure industrial
problerms of solvent screening for separatlon processes.
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Chapter X — Recommendations

A number of changes and improvemants can be made to the existing squipment in order to
minimize errors. However the equipment was suitable for the types of syslems studied. Below
are some of the recommendad changes that can be made and some of the prolocols that need
to be followed in order to obtain accurate resulls.

= In the case of pressure build-up at the higher flow ratles, the Teflon plug should be
clamped in order (o avoid leaks.

> A 200 - 500 ul sample loop should be used in order lo have a sample size that is
not too big or small for a perfect split of the Injecled components.

» Tha use of a thermo-statted soap bubble flow meter or thermo-statied slectronic
flow meter to monitor any temperature changes in the gas leaving it.

® Every equipment or material that comes In contact with the inert gas and absorbed
vapours need to be thermo-regulated to avoid condensalion and temperature
varalions after entering the system.

¥ The use of a more efficient stirer would aid in creating smaller bubbles and
provide better dispersion of the bubbles in the gas phase {the one used in this
experimant was loo small, a larger stirrer could not be used due to the small size of
the cell and the length of the caplllarias).

= The use of a more appropriale GC (different type of column, packing, ete.) would
resull in batter separation for multi-component systems,

= If an appropriate GC is not available, then low carrier gas flow rates and column
temperatures should be used for effective component saeparation.

2 A sample seplum should ba included in the cell in order lo take liquid samples.
These samples ¢an be analysed using the Gas Chromatography meathod, which
can serve as a consistency check for computed aclivity coefficienls at infinile
dilutlon values,

= Electronic flow measurement devices should be used to measure the flow rate of
the inart gas.

» The entire equipment should ba bullt In an oven so that everything can be al

systern temperature and as a result there won't be any condensation laking place
in the any of the lines.
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Recommendations

A cold finger should be immersed in the cold trap lo keep the acelone as cold as
possible lhroughout the experiment so that the comrmect nilrogen gas flow rate can
be measured.

Tha *O -rings should not coma in contact with the liquid in the cell as this could
causa il 1o swzll and must then be replacad.

Do not leave chemicals in the cells ance the expenment has been compleled as
Iris will result in longer stari-up times i.e. the time required to flush the equipment
from unwanted vapours is longer.

Tha chamicals in the cell will move up lha capillares when the gas s shul off and
this than becomes difficult to clean. It is preferable that the capillares are reamoved
from the eguilipnum celis or the solulion is removed before stopping the flow of
inert gas lo the system.

176



References

Journal References

1. ABRAHAM M. H., (1893), “Sceles of solule hydrogen-bonding: their construction and
application to physicochemical and blochemical processes”, Chem, Soc. Rev., Vol. 22,
Pg. 73-83

2. ANAND S C., GROLIER J-P. E., KIYOHARA O., HALPIN C. J. & BENSON G.C,,
(1975), "Thermodynamic Properties of some Cylcoalkane-Cycloalkanol Systems af
288.15 K. IIL.", Journal of Chemical and Engineering Data, Vol. 20, Pg. 184-189

3. ASPRION N., HASSE H. & MAURER G., (1998), ‘Limiting Activity Coefficients in
Alcohol-Containing Organic Solulions from Headspace Gas Chromatography”, J. Chem.
Eng. Data, Vol. 43, Pg. 74-80

4, ATIK Z., GRUBER D., KRUMMEN M. & GMEHLING J., (2004}, “Mesasuremen! of
Activity Coefficients at infinite Dilution of Benzene, Toluene, Ethanol, Esters, Ketones
and Ethers al Various Temperalures in Water Using the Dilutor Technique”, Journal of
Chemical Engineering Data, Vol. 48, Pg. 1429-1432

5. BAO J. B. & HAN S-J, (1992), "Two developments of gas stnpping method for
determinalion of infinits dilution activity coefficients”, Natural Gas Chem. Ind., Vol. 17,
Pg. 53-56

6. BAQO J. B, & HAN S-J., (1985). “Infinite Dilulion Aclivity Coefficients for Various Types of
Systerns”, Fluld Phase Equilibria, Vol. 112, Pg, 307-316

7. BAO J. B., HANG L. L. & HAN 5-J., (1984), "Infinite Dilution Aclivily Coefficients of
(propanonsa + an n-alkane) by Gas Strpping”, J. Chem. Thermodynamics, Vol. 26, Pg.
673-680

8. BAD J. B., HANG L. L., LING Y-P., CHEN G-H. & HAN S-J., (1993a), "Studies on the

determination of infinite dilution activity coefficients of acetone-cycloalkane systems by
gas stripping method”, Chem. J. Chin. Univ., Vol. 14, Pg. 1280-1283

177



10,

14,

15.

16.

L7

18.

References

BOA J. B., HUANG Q., CHEN G-H & HAN S-T, (1893b), “Determination of large value
activity coefficients at infinite dilution™, Acta Phys, Chem., Vol. 8, Pg. 724-727

BOA J. B, LIU W-P, & HAN S-J., (1990), “The measurement of infinite dilution activity
coefficients for alcohol-n-alkane systems by gas stripping methoo”®, J. Zhejiang Univ.,
Vol. 24, Pg. 374-382

. BURNETT M. G.. (1863), "Determination of partition coeffivients at infinite dilution by the

gas chromalographic analysis of the vapor sbove diute solutions®, Analytical
Chemistry, Vol. 25, Pg. 1567-1570

. CORI L. & DELOGU P., (1986), “Infinite dilution activity cosfficients of sthanoi-n-alkanes

mixtures”, Fluid Phase Equilibria, Val. 27, Pg. 103-118

. DALLINGA L., SCHILLER M. & GMEHLING J., (1983), “Measurement of Activify

Coefficiants at Infinite Dilution Using Differential Ebulliomelry and Non-Steady Slale Gas
Liguid Chromatography”. Journal of Chemlca! Englineering Data, Vol. 38, Pg. 147-155

DOHNAL V. & HORAKOWVA 1., (1291), A New Varanl of the Rayleigh Distillation
Method for the Determination of Limiting Aclivily Coefficients”, Fluid Phase Equilibria,
Vol. 68, Pg. 173-185

DOHNAL V. & HOVORKA 5., (1299), "Exponential Ssturator: A Novel Gas-Liguid
Fartitioning Technique for Measuramenis of Large Limiting Activity Coefficients", Ind.
Eng. Chem. Res., Val. 38, Pg. 2036-2043

DOLEZAL B, & HOLUB R., (1985). "Approximalion relatons for datermining the activity
coefflicien! at vary low concenlration by the method of varialion of solute conceniration”,
Collect. Czech. Cham. Comm., Val. 50, Pg. 704-711

DOLEZAL B., POPL M. & HOLUB R., {1881}, "Determination of activity coeflicients at
vary low concentralions by the |nent gas sfripping method”. Journal of
Chromatography, Vol. 207, Pg. 183-201

DUHEM P. & VIDAL J., (1978), “Exlension of the Dilutor Method to Measuremen! of

High Aclivity Coefficienis al Infinife Dilution”, Fluld Phase Equllibria, Vol. 2, Pg. 231-
235

178



19.

20.

21.

22

23.

24.

23,

26.

27.

28.

References

ECKERT C. A, & SHERMAN S, R., {1896}, “Measuremeni And Predictions Of Limiting
Activity Coefficients”, Fluld Phase Equilibria, Vel 116, Pg, 333-342

FOWLIS 1. A. & SCOTT. R. P. W., (1963), "A vapour dilution system for detector
calibralion”, Journal of Chrematography, Vol 11, Pg. 1-10

GAUTREAUX M. F. & COATES J., (1955), “Activity coefficients at infinite dilution”,
AIChE Journal, Val. 1, Pg. 496-500

GMEHLING J. & KOLBE B., (1992), Thermodynamik, VCH-Verlag: Weinheim,
Germany

GRUBBER D., KRUMMEN M. & GMEHLING J., {1999), “The Delermination of Aclivity
Coefficients af Infinite Dilution with the Help of the Dilutor Technigue (lnert Gas
Stripping)”, Chemical Engineering and Technology, Vol 22, Pg. 827-831

HAIMI P., UUSI-KYYNY P., POKKI J-P., AITTAMAA J. & KESKINEN K. ., (2008),
“Infinite dilufion activity coefficient measurements by inert gas siripping”, Fluld Phase
Equilibria, Vol. 243, Pg. 126-132

HOVORKA 5. H. & DOHNAL V., (1997), "Deltermination of Air-Water Partitioning of
Volalile Halogenated Hydrocarbons by the Inent Gas Stripping Method®, J. Chem. Eng.
Data, Vol 42, Pg. 924-933

HOVORKA S. H., DOHNAL V., ROUX A H. & ROUX-DESGRANGES G., (2002),
"Determination of temperature dependence of limiting activity coefficients for a group of
mederalely hydrophobic organic solutes In water”, Fluid Phase Equllibria, Vol. 201, Pg.
135-164

HOWELL W. J., KARACHEWSK! A. M., STEPHENSON K. M., ECKERT C. A., PARK J.
H.. CARR P, W. & RUTAN S, C., (1989), “An improved MOSCED equation for the
prediction and application of infinite dilufion sacfivify coefficienls”, Fluid Phase
Equilibria, Vol. 52, Pg. 151-160

HRADETZKY G., WOBST M., VOPEL H. & BITTRICH H-J., (1980), "Measurement of

aclivity coefficients in highly dilute solutions part 1", Fluid Phase Equllibria, Vol. 54, Pg.
133-145

179



29.

30.

3.

2.

33,

34.

33.

36.

3k

fteferences

KORLIE M. 5., (2000), “3-D Particle Modsling of Gas Bubbles in a Liguid”, Computers
and Mathematics with Applications, Vol. 39, Pq, 235-246

KREPPER E.. LUCAS D. & PRASSER H-M., (2005), “On the modsling of bubbly flow in
vertical pipes®, Nuclear Engineering and Deslan, Vol. 235, Pg. 587-611

KRUMMEN M. & GMEHLING J., (2004), “Measurements of Activity Coefficients at
infinite Dilution In N-methyl-2-pyrrolidons and N-formylmorpholine and their Mixtures
with Waler using the Dilutor Technigue”, Fluid Phase Equilibria, YWol. 215, Pg. 283-294

KRUMMEN M., GRUBER D. & GMEHLING J., (2000}, "Measurement of Aciivily
Coefficients Al Infinite Dilulion in Solvert Mixtures using the Dilutor Technigue', Ind.
Eng. Chem. Res., Vol 39, Pg. 2114-2123

KRUMMEN M., WASSERSCHEID P. & GMEHLING J., (2002}, “Measurement of Activity
Coefficients al Infinite Dilution in fonic Liguids using the Diluior Technigue®, J. Chem.
Eng. Data., Vol. 47, Pg. 1411-1417

LEBERT A. & RICHON D., (1884), “Infinite dilution activity coefficiants of n-alcohols as
function of dexirin concentration in water dexirin-systems”. Journal of Agricultural and
Food Chemistry, Vol, 22, Pg. 1156-1191

LEGRET D., DESTEVE J., RICHON D. & RENON H.. (1883). "Vapor-liguid equilibrium
constants at infinite dilution datarmined by a gas stripping meathod: Ethane, propans, n-
butane, n-pentane in the mefthane-ndecane systerm”™, AIChE Journal, Vol. 28, Pg. 137-
1d4

LEROI J. C., MASSON J. C., RENCN H.. FABRIES J. F. & SANNIER H., (1877).
“Accurate Measurement of Aclivily Coefficients at Infinite Dilution by Inert Gas Stripping
and Gas Chromalography”, Ind. Eng. Chem. Process Des. Dev, Vol. 16, Pg. 139-144

LI J., DALLAS A. J., EIKENES D. |, CARR P. W., BERGMANN 1. L., HAIT M. J. &
ECKERT C. A, (1993), "Measurement of a Large Infinite Dilution Aclivity Coefficients of
Nonelecirolytes in Waler by Inart Gas Stripping and Gas Chromatography’. Analytical
Chemistry, Pg. 3212-3218

180



38.

39.

40.

41.

42.

43.

45,

46.

Refarences

LI J. J. & CARR P. W., (1894), "Gas chromalographic sfudy of salvalion enthalpy by
solvalochromically based linear salvation energy relationships®, Journal of
Chromatography, Vol. 653, Pg. 367-380

LIN 5-T. & SANDLER S. |., (1998), “infinite Dilution Activity Coefficients from Ab Anitio
Solvation Calculations”, AIChE Journal, Vol. 45, No. 12, Pg. 2606-2618

MITCHELL B. E. & JURS P. C., (1998), "Prediction of Infinite Dilution Activity
Coefficlents of Organic Compounds in Aqueous Solution from Molecular Structure”, J.
Chem. Inf. Comput. Sci., Vol. 38, Pg. 200-209

MIYANO Y, (2004a). "Hendrny's consfanis and infinde dilution activity coefficients of
propane, propene, butane, isobulene, 1-bulsne, isobutene, lrans-2-butene and 1,3-
butadiens in 1-propanof at T = 260 fo 340 K", Journal of Chemical Thermodynamics,
Wol. 36, Pg. 101-108

MIYANO Y., (2004b), “Hendry's constants end infinite dilution activity coefficients of
propane, propens, bulane, isobulens, 1-butens, isobulsne, lrans-2-bulene and 1,3-
butadiene in isobutanol and tert-butanol”, Fluid Phase Equilibria, Vol 36, Pg. 865-862

MIYAND Y., (2008), “Hendry's law constanis and infinite dilution activity coefficients of
propane, propens, bufane, isobutene, 1-bufene, isobutene, trans-2-bufene and 1,3-
butadiene in 1-pentanol, 2-pentanol and 3-pentanc!”, Journal of Chemical
Thermodynamics, Vol. 37, Pg. 463-469

. MIYANO Y. & FUKUCH| K., (2004}, "Hendry's constants of propane, propene, lrans-2-

butene and 1,3-butadiene in methanol at 255-320K™, Fluid Phase Equilibria, Vol, 228,
2004, Pg 183-187

MIYAND Y., NAKANISHI K. & KUKUCHI K., (2003), *Hendry's constants of bufane,
isobutene, 1-butene and isohutene in methanol at 255-320K", Fluid Phase Equilibria,
Vol. 208, Pg. 223-238

NANNOOLAL Y., RAREY J. & RAMJUGERNATH D.. (in preparation), “Estimation of

Pure Component Properties, Part 3. Estimation of the Vapour Pressure of Non-
Electroiyte Organic Compounds via Group Contributions and Group Interactions”

181



47.

48,

49,

50.

3l

32,

54.

56.

Raferencas

OWVECKOWVA J., SURCVY J. & GRACZOVA E., (1991), "A modified method for vapour-
liguid equilibria measureament by inert gas stripping”, Fluid Phasa Equllibria, Vol. 68,
Pg. 163-172

PIVIDAL K. A. BIRTIGH A, & SANDLER 5. 1, (1982). "Infinite dilution activty
coefficients for oxygenaled systems defermined using & diffsrential static cell”, Journal
of Chemical Engineering Data, Vo! 37, Pg. 484-487

PUTNAM R., TAYLER R., KLAMT A., ECKERT F. & SCHILLER M., {2003}, "Prediction
of Infinite Dilutian Activity Coefficients Using COSMO-RS", Ind. Eng. Chem. Res., Val.
42, Pg. 3635-3641

RICHON D.. ANTOINE P. & RENON H., {1980), “Infinite Dilufion Aclivily Coefficienis of
Linear and Branched Alkanes frarn G, fo Cg in n-Hexadecane by Inert Gas Shripping”,
Ind. Eng. Chem. Process Des. Dev., Vol. 18, Pg. 144-147

RICHON D. & RENCN H., (1980), "Infinite Dilution Hendry's Constanis of Light
Hydrocarbons in n-Hexadecane, n-Octadecans and 2,2,4,4,6,8,8-Heptamethylnonane
by Inert Gas Stripping”, J. Chem. Eng. Data., Vol. 25, Pg. 53-60

RICHON D.. SORRENTING F. & VOILLEY A., (1985, “Infinite Dilution Achivity
Coefficients by Inant Gas Stripping Method: Extension lo the Study of Viscous and
Foaming Mixlures”, ind. Eng. Chem. Procaess Des. Dev., Vol. 24, Pg. 1160-1165

RITTER J. J. & ADAMS N. K., (1876), "Exponential Dilution as a Calibration Technigua”,

Analytical Chemistry, Vol. 48, Pg. 612-618

SHERMAN 5. R., TRAMPE D. B., BUSH D. M., SCHILLER M., ECKERT C. A., DALLAS
A J, LI J. & CARR P. W., (1888), "Compilation and Correfation of Limiling Aclivily
Coefficients of Nonelectrolytes in Water”, Ind. Eng. Chem. Res.. Vol. 35, Pg. 1044-1058

55. SLATTERY J. C. & BIRD R, B., (1858, "Calcwiation of the diffusion coefficient of dilute

gases and of the self-diffusion coefficiant of dense gases”, AIChE Journal, Vol. 4, Pg.
137-142

SCAVE G., {1872), "Equilibrium conslanis from & modified Redlich-Kwong egualion of
state”, Chemical Englneering Science, Voi, 27, Pg. 1197-1203

182



References

57. THOMAS E. R. & ECKERT C. A., (1984), Pradiction of limiting activity coefficients by a
modified separation of cohesive energy density model and UNIFAC", Ind. Eng. Chem,
Proc. Des. Dev., Vol. 23, Pg. 194-209

58. VRBKA P. & DOHNAL V. (2004), “Limiting Activity Coefficients by Comparative
Tensimetry. 1-Propanol and 1-Butanol in Heptane end in Oclane”. Joumnal of
Chemical Engineering Data, Vol. 49, Pg. 867-871

59. VRBKA P,, FENCLOVA D., LASTOVKA V. & DOHNAL V., (2005), "Measurement of
infinitea dilution activity coefficients of 1-alkanols (G;-Cg) in water as a funclion of
temperature (273-373 K)", Fluid Phase Equilibria, Vol. 237, Pg. 123-129

60. VRBKA P, HAUGE B., FRYDENDAL L. & DOHNAL V., (2002), “Limiting Activity
Coefficients of Lower 1-Alkanols in n-Alkanes: Variation with Chain Length of Solvent
Alkane and Temperalure”, J. Chem. Eng. Data, Val. 47, Pg. 1521-1525

61. WILKE C. R. & CHANG P., (1955), "Correlation of diffusion in dilute solutions"”, AIChE
Journal, Vol. 1, Pg. 264-270

62. WOBST M., HRADETZKY G. & BITTRICH H. J., (1992), “Measuremen! of Activity
Coefficients in Highly Dilute Solulion Part II", Fluid Phase Equilibria, Vol. 77, Pg. 297-
312

Book References

1. CRANK J., "The Mathemalics of Diffusion”, Oxford University Press, London, 1956

2. GUST J. C., GRAHAM R. M., LOMBARDI M, A., “Stopwalch and Timer Calibrations”,
UsS Govermnment Printing Office, 2004, Pg 37-39

3. PERRY R. H, GREEN D. W, “Perry’'s Chemical Engineers’ Handbook”, Seventh
Edition, McGraw-Hill, 1897

4. REID R. C., PRAUSNITZ J. M., POLING B. E., “The Properlies of Gases and Liquids”,
Second Edition, McGraw-Hlll Companies, 1966

5 SMITH J. M., VAN NESS H. C., ABBOTT M. M., "Introduction to Chemical Engineering
Thermodynamics®, Fifth Edition, McGraw-Hill, 1996

6. SONI M., "Vapour-liquld Equiibria and Infinite Dilution Activity Coefficient Measurements
of Systems involving Diketonas", MSc. Eng. Thesis, University Of Natal, 2004

183



References

Waebsites

Other

www.chromatography-online.org/G C-Detectors/Flame-lonization/rs 36

www eiderdompinsiruments.nl/international%20wseb/Temperatuursensoren
www_hyperion.cc.uregina.ca/~bergbusp/uglabs/p109/Experiments/EXPT02Meas&Error0
7.pdf

www.vici.com/suppori/app/app11j.php

www.wag.caltech.edu/home/stlin/research. htm!

Jourdain F., {2000), “Inert Gas Stripping Technique for the Determination of Activity
Coefficients at Infinite Dilution”, University of Nataf, School of Chemical Engineering
Internal Repon, Pg. 1-8

184



Appendix A

The fugacity coefficient was calculated using the Soave/Redlich/Kwong (SRK) equation of state
and compared to the Peng/Robinson (PR) equation just to check if there is consistency between
the calculated fugacity coefficients under all experimental conditions. This was done in MATLAB

as It was difficult to solve some of the equations otherwise. All the equations concemed are
shown below.

The liquid and vapour rools of the generic cubic equation of state are required for the

determination of fugacity coefficients. For pure species [/ as a vapour,

i ) Z,-B,
Z, =1+, q’B{(Z, +eBiXZ, “’ﬁ')] :

For pure species i as a liquid,

Z, =B, +(z,+¢B, X2, + B, )[%B’—Z—} A2

The fugacity coefficient Is given by the following equation:

zncp?-:Zil_l_"n(Zr_B.’)_‘?J]: A3

] “ /= 7 1
o1 - - [ (L — g ek

For saturated-liquid and saturated-vapour states at temperature (T), /n 4): =ne; and P = P™

s0 one can use either A1 or A2. It's better to evaluate both just as a check to see whether the

program calculates the correct value for the compressibilily factor. The other equations required
are:

bII_F)'_"‘”
B, = R_T Ad
RT ..
=G AS
G

185



Appendix A

g, =2/ A8
b RT
22
af(Tc)zww A7
PC:
f iy 5 A8
oc—¢ \ Z +&f,

The values to the constants and unknown variables are given in Table A1. These values are for
use with all the equalions above.

E.0.S T, ) c € Q Y Z.
SRK oxl(T, 0,) 1 0 0.08664 | 0.42748 1/3
PR Apel T, .,) 1+2 12 | 0.07779 | 0.45724 | 0.3074

Table A1: Parameter assignments for the SRK and PR equations of staie

Lastiy
s (T, ) = [1+(0.480 +1.5740, —0.17607 J1-72° ) AQ
ag( T, ) =1 +(0.37464 + 1542260 - 0.2699262 Y1 - 72% |f A10

The pure component vapour pressures ware estimated using an equation proposed by
Nannoolal et al. (in preparation) and checked using the well known Antoine equation. The
equation proposed by Nannoolal et al. (in preparation) is shown below:

log P* =(4.1012 +dB

A1

/i
Where 7, = ol
&

T is the system temperature and 7, is the pure component boiling point temperature.
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The Antoine equation is shown below (Perry and Green (1987)):

B
T7+C

InP™ = 4- A12
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Appendix B

Sample Galculation

The sample calculation procedure was done for the results obtained from the Krummen et al.
(2000) equation (Equation 6.55).

Experimental Data "
= Y{.!p(rlmnﬂ
D (ml/min) T ('C)

10.13 35.02 6.28
10.12 45,01 5.97
10.01 55.03 5.e8
10.00 64.98 5.41
20.07 35.01 6.27
20.16 45.00 5.99
20.22 55.00 5.71
20.06 65.00 5.44
29.99 34.98 6.30
29.82 45.01 6.01
29.48 55.03 5.70
29.90 64.98 5.42

Table B1: Section of Table 7-16 that was used for the calculalion

For each flow rate (10, 20 and 30 mt) a plot of liming activity coefficient against lemperature was
made (see Figure B1). The equalion of the curve from the three plots was used (o delerming
limiting activity coefficients for the new temperatures 25.00, 35.00. 45.00, 55.00, 65.00 and
75.00 °C (see Columns 2 to 4 in Table B2) for the each flow rate. In the case of n-hexene + o-

cresol system plots of Ln(y‘”) against 100/7 were made. This was the only system that gave 2

straight line for interpolation and extrapolation in this manner (see Figure 8-2). The average
limiting activity coefficient for each termperature was then calculated (Colomn S of Table B2). A
similar calculation was done for the limiting activity coefficients calculated from the equalion
proposed by Hovorka and Dohnal (1897) (Equation 6.65).

For the Equations proposed by Leroi st al. (1977) (Equations 6.23 and 6.24), Ouhem and Vidal
(1978) (Equation 6.28) and Boa and Han (1997} (Equation 6.33) the average was first taken and
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ihan a plol ol iha average was made for inlerpolailon and axlrapolation. For asch lempersiure

thare would be one limiling activity cosfliciant instead of four. The calculalion procadure than
follcws as above

Limitlng activity coaflclant for the aysiam n-hazans + NMP ss 2 -|
function of lemperaiure

yu e - 0 0503 « FHDSE
LR |

32 1] -H!' -I.'I o g 1] [T "

Temparatura ("C |

Figure B1: Plol of limifing activity coaficient versus femperaiure Io obtgin the second order
polynomial equation for The 10 mimin flow rate

Y £ Limiting Activity Coefflclants
D= 10 mifmin (D = 20 mi/min |D= 30 mlimin | Average
25 00 661 6.57 6.61 650
A5 0 828 8.28 E.31 B.29
45,00 587 500 BE.01 5.99
5500 !_i.ﬂ-t 572 5.72 8.70
65.00 5.40 5.45 5.43 5.43
75.00 515 5.18 5. 14 516

Table B2: Mew limiting actvity coafiziants for tha (hrea flow rales al differant temparalures
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