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Before a sample of unknown concentration is analysed, a known amount of standard
substance is added directly to the sample. The unknown concentration of a substance
is calculated by :

C (%) = (%)(c,)f,x 100

Direct Injection Calibration Method

In this method two or more standard solutions of the components of interest are
prepared. Given volumes of these are injected into the chromatograph. A calibration
curve of peak area versus quantity injected is generated. The calibration curve
slope (CSK) can be determined by linear regression if a linear response was observed.
The unknown quantity of the component (Q;) can therefore be calculated from the
peak area of the component (A,) from :

Q. = CSKxA,
DIRECT CALIBRATION METHOD AS APPLIED IN THIS PROJECT

Precuations Taken

Gas and liquid syringes

The problem of relying on the reproducibility of injected volumes is partly overcome
by using good quality syringes maintained in impeccable working condition. Since
volatile/non-volatile binaries were being investigated standard solutions containing
a mixture of both components could not be prepared. Separate calibration curves
for the gas and liquid components had to be generated.

Two different syringes were used to check that the same injected volumes produced
equal peak areas. A inaccurately calibrated syringe was therefore not used for
calibration.

The same volume was injected at least 10 times and only the results that correlated
to within 1,5 % for the liquid and 1,0 % for the gas injections were used to generate
an averaged peak area. All the averaged peak areas when plotted against quantity
injected should lie on a straight line. Any spurious points that were discovered
during this plotting procedure were repeated.

All syringe needles were regularly checked during calibration for needle blockages
due to septa coring. The tightness of piston plunger seal for gas and liquid syringes,
and the needle seal for the 1 p/ liquid syringe’s were regulary checked.

The gas chromatograph septa were replaced after 50 injections during calibration to
avoid potential errors due to septum leakages which could be detected by a column
head pressure drop.
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The gas chromatograph flow-rates of carrier gas, reference, air and hydrogen, were
also continuously checked.

Generally only volumes greater than 50 % of the total syringe volume were injected
with the gas syringes to negate any errors due to the extra syringe needle volume.
Only when absolutely necessary were volumes less than 50 % of the total syringe
volume injected.

The regression of the peak area versus volume injected, converted to moles, showed
the correlation coefficients of the vapour to be closer to unity than for the liquid,
typically 0,9999 versus 0,999.

Sandwich technique for liquid injection

The liquid sample was injected with eithera 1/ or 10 i / liquid syringes manufactured
by Dynatech SGE or Hamilton. For the 10 p/ syringe the "sandwich" technique was
used. A small amount of air was initially drawn into the syringe barrel, usually 2
pl. The desired quantity of liquid was drawn into the syringe barrel followed
finally by another layer of air. The liquid was thus contained in a "sandwich" of
air and the volume of liquid could be accurately read. This method negated any
errors due to the extra liquid volume that would have been contained in the syringe
needle had the direct withdrawal and injection method been used.

Gas Component Calibration

The methods used for carbon dioxide and propane calibration are given below. There
was essentially little difference between calibration for the vapour phase for the
propane/water and propane/l-propanol binaries. Calibration for the liquid phase
propane concentrations initially proved problematical. Calibration for the
propane/water system required very small quantities of propane. With the avaliability
of the Raal detector calibration device (Appendix C.8) the desired propane calibration
curves could be obtained.

Calibration for vapour phase mole fractions

Volumes from the gas syringes of sizes 0 to 100 p/ and 0 to 1 cm3® were injected
into the gas chromatograph. The volume injected was converted into moles by the
truncated two-parameter virial equation of state :

5 i (Evﬂ (D.1)
'
where : IV = volume in cm3
T = temperature in K
P = pressure in kPa
R = universal gas constant 8314
B = second virial coefficient obtained from

Dymond and Smith (1980).
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The calibration curve of peak area versus moles injected was then plotted.

Calibration for liquid phase mole fractions

- The volume of the Raal detector calibration device as a function of piston position
- was determined. The required amount of propane was displaced into the nitrogen

and the mole fraction propane of the mixture calculated. The same calibration
calculation (Eq. (D.1)) was used to calculate the calibration for the gas in the liquid
phase. -

Liquid component calibration

The method of water calibration for the vapour phase samples in the propane/water
binary required particular attention.

Water calibration

The water had to be diluted in some solvent to generate a calibration curve in the
desired peak area range. A major problem with solvents which are mutually soluble
with water are that they contain water as an impurity. This water quantity can
affect calibration accuracy. The problem is amplified when the sealed solvent bottle
is opened. The solvent evaporates and if the climate is particularly humid, water
will be absorbed from the environment further increasing the water concentration.

Various techniques were investigated to try to remove the residual traces of water
from the solvent. For example a drying agent such as silica gel could be placed in
the solvent. Silica gel is however not powerful enough and the more powerful
drying aggnts such as phosphorous pent-oxide tend to chemically attack the solvent.
Another option would be to work in an anhydrous environment such as a Dry Box.
The setting up of a perfectly functioning Dry Box usually takes 3 to 4 months and
none were available in the department.

A method was devised to take into account the impurity of the water in the solvent
by calculation. This method is described fully below.

The liquid mixtures, (component of interest + suitable solvent) to achieve the correct
concentrations, were made up in 50 m/ septum vials. The components were added
to and the mixture removed from the vial through the septum, to prevent any
evaporation of the solvent. The relatively large septum vial volume allowed "large"
quantities of solvent and the solute to be used thereby minimizing weighing errors.

Determining water impurities by calculation

Aim : To find water impurity in solvent (X)

X is defined as x g of water (2) / g of solvent (1) i.e. : impurity of solvent

Method :
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Add certain quantities of water (my;, my,, myg, ...) to (myy, myy, myg, ...) of solvent
where,

my; is mass water added to solvent.
my; is mass of solvent + impurity of water.

to get a range of mixtures such that,

mass of water in mixture = mg + X my;
mass of solvent in mixture = my - X my;

total mass of mixture is therefore m,qq, :

Mygq = My; + My; + X mjy; - X my;

Mygq = My; + Myj

Mole fraction water (x,) in mixture, assuming no other major impurity (usually a

safe assumption), is therefore :

(ma s Xmy )
MM,
x, = D.2
2 (mpgrxm ) (M -Xmy) ( )
MM, MM,

where MM, and MM, are the molecular masses of solvent and water respectively.

A certain volume of mixture is injected into the gas chromatograph and peak areas
A, and A, of the solvent water recorded.

Normally a plot of (A,/A,) versus (x,/x,) should pass through the origin as shown

in graph 1 below :

(4 /A )
(F./F, )

(x /x ),

Graph 1 : Peak Area Ratio versus Mole Fraction Ratio

where :
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41 F(ﬂ) (D.3)

Since mole fraction ratio (x,/x,) cannot be calculated as X is unknown the graph

of peak area ratio versus the mole fraction ratio X can be represented as shown in
graph 2.

UNKNOWN TRUE VALUES
b I (F,/FJ
A4 74 ) | | :’
SN ! !
| 2
i | IS)
i ' =
i =
| =
! : z
- ; S
i i | i i Z
: | | ; | s
L E ! | ;
e : H ! ! -
x intercept (x,/xz) z
Graph 2 : Peak Area Ratio versus Mole Fraction Ratio
where :
A X
(3) - (2.
Ay X1/
42 _ . m,-Xm,\( MM, e b
A)  \mp-Xm, )\ MM, (D.5)

The A,/ A, are known from the various injections. The v intercept is fixed at

A,/ A, from an injection of pure solvent. This implies that the x intercept would
yield the desired X .

The (x,/x,) are however not known so a graphical method must be found to solve
the X from known values i.e. m, and m,, .
Rewriting Eq. (D.5) as :

A -X g -X - p[ MM, M,+ X D.6
(mm mm) c(mm & mm) - m ( 2 cy mm) ( . )

Dividing Eq. (D.6) by m,,

vt v L (MM (M |
A(l-X)-c(1-X) = F(MMZ)(ITI,,, X) (D.7)
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L. F(MMl)(;)ﬂ_F(XF(%)'PC(I+X)) (D.8)

MM, )\1-X)m, (1-X)

A plot of A versus m,/m,, vyields the gradient (3) and y intercept (y) from which

- X and F can now be solved :

B MMl( 1 )F D.9
B = MM, J\1-X (D2)
which implies : =
X = —(l) wiiich D.10

= s )\ aat, (D.10)
and

(XF(:—::;)+C(1 +X))

v =T (D.11)
Substituting (D.10) into (D.11) yields :
(Gae) ()G (oo ()0 - ()i )]
MM, ) \B MM, J\B MM, MM, /B
F-(C-y) = 0 (D.12)

F? can be solved to yield £ and hence X is solved from (D.10).

The correct moles of water present can now be plotted against peak area water to
generate the calibration curve desired.

1-propanol calibration

Calibration of 1-propanol however did not require such precautions. The 1-propanol
was diluted in water which was free of 1-propanol impurities.

EQUILIBRIUM CELL LIQUID-LEVEL MEASURING DEVICES

Direct measuring methods

(a) Installation of view window

This would have required extensive machining and modification of the
equilibrium cell and air bath respectively to insert the required view glasses.
The present shape and even space limitations in the equilibrium cell are not
conducive to the implementation of this solution.

(b) Fibre optics
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The use of fibre optics to view the cell contents would be a neat solution. The
system would be compact and not require the extensive machining of the
equilibrium cell required for the window. No modification of the air bath
would be required. The optic system would have been difficult to seal and
further investigations as to whether they could wihtstand the pressure and
temperature specifications of 200 bar and 200 °C would be required. This
method and the solid state liquid sensors to be mentioned would require some
source of internal light which would be difficult to install

Indirect measuring method

(©)

(d)

(e)

Measurement of level by Capacitance

This method has been extensively used in the single vapour and liquid pass
experimental method. A limitation of this method is that it is sometimes
unresponsive to certain materials as in the case of Lin et al. (1985).

A typical capacitance system as described by White and Brown (1942), for
example, comprises of a condensor (placed in the equilibrium cell) attached to
a high-frequency alternating circuit and balanced against a control condensor
in a capacitance bridge. The capacitance of the condensor which depends on
the liquid level can be quantified using a cathode ray oscillograph. Wilner
(1960) reviews and makes suggestions on the use of Variable Capacitance liquid
level sensors for both conductive and non-conductive liquids.

If the condensor can be incorporated as a central draft tube in the equilibrium
cell it could be used as an added means of homogenization.

The main problem associated with this method would be the mechanical sealing
of the inlet and outlet electric leads and calibrating the capacitor to accurately
quantify the liquid level.

Near the critical point problems in the accurate measurement of the liquid
level are envisaged as the differences between the physical properties of the
phases diminish.

The capacitance measurement is also limited to the time the stirrer is switched
of and would not give continuous information as the visual methods would.

Solid-state liquid level sensors

Sensors such as those produced by Honeywell can accurately detect liquid levels,
have no mechanical parts and are available in miniature sizes. There were

-however difficulties in the equilibrium cell temperature and pressure

specification of 200 °C and 200 bar.
Float liquid level sensors

The liquid level interface can be determined by measuring the position of a
magnetic float extension. This method is difficult to implemented for the
following reasons :
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It would be difficult to install on the lid of the cell due to space limitations.
The stagnant areas that would be created by the float extension are undesirable.

The vigourous stirring process and associated vortex formation would in all
probability result in mechanical damage to the float and it’s extension.



APPENDIX E

TABLE E.1l
Impurities Found in Gaseous Materials

Gaseous Material

Maximum Impurity

Oxygen Nitrogen Water Carbon THC(1) Sulphur Ethane Propylene Isobutane n-butane
¢ monoxide dioxide
ppm ppm ppm ppm ppm ppm
Carbon dioxide (2) 10 10 5 1 5 1
Helium (2) 5 20 2 1
Nitrogen (2) 5 1 0.007 0.001 0.50 0.05
Propane (Air Products (3) 0.01 0.01 0.35 0.03

Propane (Afrox) (3)(4)

(1) total hydrocarbon.
(2) impurities by volume.
(3) impurities by weight.

(4) Afrox propane specification was not met.

90¢
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PERFORMANCE CHARACTERISTICS OF MILLIPORT MILLI-RO-4 WATER

PURIFICATION SYSTEM

TABLE E.2

Millipore Milli-RO-4 Water Specification
Performance Characteristic Performance
Ion rejection
Monovalent 90 %
Polyvalent 95 %
Weakly Ionized monovalent 60 %
Particle removal 99 %
Bacterial removal 99 %
Pyrogen reduction 99 %
Organic removal 99 %
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APPENDIX F
F.1 CARBON DIOXIDE / TOLUENE DATA
Table F.1
Data Used for the Carbon Dioxide/Toluene Theoretical Analysis
Data for CO,/Toluene System at 38 °C
Pressure Mole fraction CO, Mole fraction Source
liquid phase vapour phase
bar x y
3,34 0,030 0,978 Ng & Robinson
14,89 0,133 0,993 (1978)
28,55 0,264 0,997
40,68 0,406 0,996
55,78 0,603 0,994
69,36 0,869 0,992
73,36 0,931 0,993
77,43 0,971 0,993
Data for CO,/Toluene System at 79 °C
6,72 0,033 0,887 combined data
13,33 0,073 0,932 Kim, et al (1986) &
22,22 0,125 0,958 Ng & Robinson (1978)
28,84 0,166 0,969
36,28 0,210 0,979
57,23 0,328 0,981
83,64 0,491 0,978
95,57 0,588 0,973
112,11 0,720 0,961
116,04 ~ 0,749 0,954
119,22 0,787 0,946
123,08 0,843 0,931
8,76 0,0495 0,9300 Present study
17,58 0,1100 0,9675
31,37 0,1731 0,9775
54,81 0,3000 0,9820
55,50 0,3100 0,9820
86,53 0,5000 0,9820
103,08 0,6490 0,9725
105,83 0,6693 0,9720
109,97 0,7080 0,9650
3,76 0,021 0,886 Ng & Robinson
14,00 0,077 0,963 (1978)
30,75 0,172 0,978
57.23 0,328 0,981
83,64 0,491 0,978
95,57 0,588 0,973
112,11 0,720 0,961
116,04 0,749 0,954
119,22 0,787 0,946
123,08 0,843 0,931




Table F.1 cont.

Data for CO,/Toluene System at 120 °C

4,03
9,89
24,41
52,26
84,26
112,73
138,18
152,93

0,017
0,040
0,106
0,231
0,368
0,495
0,621
0,715

0,0660
0,847
0,926
0,953
0,953
0,943
0,921
0,879

Ng & Robinson (1978)
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Table F.2

Data Used for the Propanol/1-Propanol System Theoretical Analysis

Pressure Pressure Pressure Temp Experimental
(mm Hg) (bar) (psi) (K) (x) )
3397,48 4,52 65,70 354,77 0,0647 0,9212
4897,12 6,52 94,70 354,77 0,0973 0,9438
6133,04 8,17 118,60 354,77 0,1258 0,9530
7869,42 10.52 152,70 354,77 0,1690 0,9665
9602,91 12,80 185,70 354,77 0,2198 0,9665
12085,08 16,11 133,70 354,77 0,2876 0,9701
13688,16 18,25 264,70 354,77 0,3378 0,9736
16118,62 21,49 311,70 354,77 0,4353 0,9778
16790,87 22,38 324,70 354,77 0,4737 0,9831
3438,85 4,58 66,50 378,37 0,0424 0,7189
4581,68 6,10 88,60 378,37 0,0601 0,7924
6345,06 8,45 122,70 378,37 0,0887 0,8489
8103,27 10,18 156,70 378,37 0,1219 0,8800
8284,26 11,04 160,70 378,37 0,1220 0,8825
9602,91 12,80 185,70 378,37 0,1484 0,8985
11671,39 15,56 225,70 378,37 0,1877 0,9129
13119,33 17,49 253,70 378,37 0,2139 0,9165
15187,81 20,24 293,70 378,37 0,2552 0,9190
17308,00 23,07 337,70 378,37 0,3071 0,9245
20410,71 27,21 394,70 378,37 0,3874 0,9294
22608.,47 30,14 437,20 378,37 0,4584 0,9300
227317,75 30,31 439,70 378,37 0,4588 0,9300
25840,47 34,45 499,70 378,37 0,5752 0,9300
26616,15 35,48 514,70 378,37 0,5865 0,9300
3397,27 4,52 65,70 393,20 0,0297 0,5826
4793,49 6,39 92,70 393,20 0,0489 0,7364
6913,68 9,21 133,70 393,20 0,0787 0,8200
7538,23 10,04 145,70 393,20 0,0904 0,8445
9964,69 13,28 192,70 393,20 0,1288 0,8690
11878,03 15,83 229,70 393,20 0,1585 0,8765
14980,75 19,97 289,70 393,20 0,2045 0,8900
16842,38 22,45 325,70 393,20 0,2408 0,8999
19893,39 26,52 384,70 393,20 0,2999 0,9080
23409,80 31,21 452,70 393,20 0,3681 0,9160
26228,11 34,96 507,20 393,20 0,4448 0,9265
27526,76 36,72 532,70 393,20 0,4782 0,9270
30235,78 40,31 584,70 393,29 0,5640 0,9335

310
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Table F.3

Comparison of Chueh, et al (1965) Consistency Test

% Diff

Mole fraction CO, Area 1 Area 2 Area 3 LHS RHS
liquid phase (1) 2) (3)
TEMPERATURE 38.11°C
0,264 1,62 0,08 0,09 1,79 1,52 16,61
0,603 3,57 0,41 0,17 4,14 6,28 -3,13
0,931 4,75 0,97 0,20 5,92 6,10 -3,00
0,985 4,83 1,10 0,21 6,14 6,34 -3,14
TEMPERATURE 79°C
Ng & Robinson (1978)
0,172 0,86 0,04 0,10 0,99 1,01 -2,00
0,491 2,33 0,34 0,25 2,92 2,94 - -0,69
0,720 3,04 0,76 0,31 4,11 4,17 -1,49
0,787 3,16 0,92 0,32 4,41 4,48 -1,64
0,895 3,26 1,25 0,33 4,3 4,91 -1,62
Kim, et al (1986)
0,166 0,69 0,04 0,08 0,80 0,64 22,50
0,172 0,72 0,04 0,09 0,84 0,44 63,89
0,491 2,19 0,34 0,24 2,77 2,36 15,91
0,720 2,90 0,76 0,30 3,95 3,59 9,74
0,787 3,02 0,93 0,31 4,26 3,90 8,72
0,895 3,12 1,25 0,32 4,68 4,33 7,76
This project
0,173 0,94 0,04 0,11 1,10 1,17 -6,75
0,310 1,63 0,14 0,19 1,96 1,99 1,27
0,635 2.97 0,58 0,31 3,87 3,73 3,45
0,760 3,32 0,84 0,33 4,50 4,49 0,09
0,840 3,43 1,06 0,34 4,84 4,84 0,10
0,900 3,46 125 0,35 5,07 5,07 0,16
TEMPERATURE 120.66°C
0,106 0,43 0,02 0,07 0,51 0,54 -5,18
0,368 1,51 0,19 0,25 1,95 1,99 -1,69
0,621 2.22 0,56 0,37 3.15 3.25 -3,15
0,790 2,40 0,99 0,41 3,79 3,91 -3,14
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MODELLING OF THE CARBON DIOXIDE/TOLUENE SYSTEM
IN THE LITERATURE

Ng and Robinson (1978)

- Ng and Robinson (1978) supply temperature independent Peng-Robinson

8, = 0,09 for the classical mixing rules from their experimental data . The
8., supplied gave the minimum deviation between the experimental bubble point locus
and the bubble point locus predicted by the P-R EOS.

Kim, et al (1986) ;

The experimental data obtained by Kim, et al (1986) were used to compare the
correlative ability of three different equations.

The direct method was used in conjunction with the original P-R EOS and a modified
PACT theory EOS (SPHCT) discussed in Appendix B.6. The combined method was
used with UNIFAC for activity coefficients and SPHCT EOS for the fugacity
coefficients. The Poynting correction was however neglected.

The SPHCT EOS and P-R EOS interaction parameters were determined by fitting
the experimental data onto the respective equations. The SPHCT EOS interaction
parameters (k,;) being about 1/5 the magnitude of the P-R EOS &6,,. The SPHCT
EOS gave fairly accurate results for both the toluene and carbon dioxide X values
even with the neglect of the interaction parameter. The P-R EOS predicted K
values for carbon dioxide were however closer to the experimental values than for
SPHCT EOS with (k,;, = 0).

The combined method UNIFAC/SPHCT EOS predicted K toluene values were closer
to the experimental values than for the SPHCT EOS with (k,, = 0,0).

Mohamed and Holder (1987)

Mohamed and Holder (1987) modelled the experimental data of Ng and Robinson
(1978) with their density dependent mixing rules P-R EOS Eq (3.44). Far better
agreement in the high pressure region was obtained between the correlational and
experimental results using Eq. (3.44) than for the classical mixing rule P-R EOS
over the temperature range 38 °C to 120 °C.

Fink and Hershey (1990)

Fink and Herskey (1990) used two interaction parameter forms of the P-R and CCOR
(Appendix B.5) EOS to model their data as well as the other data in the literature :
(Ng and Robinson 1978, Sebastian, et al 1980 and Morris and Donohue 1985).

The authors introduced an additional n,; interaction parameter into the P-R EOS in

contrast to Mohamed and Holder’s (1987) density dependent mixing rule. The
interaction parameters of each EOS were obtained by fitting the EOS onto the
experimental data. The obtained parameters showed no systematic variation with
respect to temperature although the values varied for the different author’s data.
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The CCOR EOS interaction parameters exhibited more variance with respect to
temperature and data source than was observed for the P-R EOS interaction
parameters. '

The modified two parameter P-R EOS reproduced the experimental data well. The

" correlated K values of toluene did however show greater deviations from the
- experimental values than the carbon dioxide K values. The two interaction parameter

CCOR EOS however performed poorly. The correlated X values for carbon dioxide
were better represented than the K values for toluene which were very poorly
represented. The theoretically and computationally more complex CCOR EOS
obviously had greater difficulty in conforming to the shape of the coexistence curve
than the simpler P-R EOS.

MODELLING OF PROPANE/ALCOHOL SYSTEM IN THE LITERATURE

Propane/methanol system

The propane/methanol data (Galivel-Solastiouk 1986) at 39,9, 69,9 and 99,9 °C was
modelled by the direct method, Schwartzentruber, et a/ (1987). Schwartzentruber,
et al (1987) used a new empirical three-parameter mixing rule in preference to the
Huron-Vidal (1979) mixing rule to describe the alcohol/alkane system. A three
parameter mixing rule EOS was necessary to prevent the prediction of non-existant
liquid-liquid phase splitting and general lack of flexibility of the classical mixing
rules that occur with the use of cubic EOS.

The authors achieved satisfactory correlations using the new mixing rules except near
the critical point. A systematic deviation in the vapour phase composition was
observed for both the new and Huron-Vidal mixing rules. The vapour phase propane
composition predictions for the three temperatures lay to the left of the experimental
pressure versus propane vapour mole fraction curve.

Propane/ ethanol system

The propane/ethanol system was measured and theoretically analysed by Gémez Nieto
and Thodos (1978). The direct method in conjunction with the Benedict-Webb-Rubin
(BWR) or Soave-Redlich-Kwong (S-R-K) EOS was used to correlate the equilibrium
K wvalues.

It would appear that the classical mixing rules with interactions parameters derived
from the experimental vapour and liquid compositions, were used for the S-R-K
EOS. The authors mention that agreement between the correspondingly calculated
K and experimental X values was fair for both methods.

No mention was made of any liquid-liquid phase splitting predictions normally
associated with the use of the cubic EOS. The authors do mention however that
some of the more significant X deviations could be attributed to interactions between
propane and ethanol or the lack of adequate mixing rules for polar/non-polar mixtures
for the cubic EOS.
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Knapp, et al (1982) analysed the above data by the BWRS, LKP, S-R-K and P-R
EOS by the direct methods. The plot of predicted pressures versus propane mole
fraction from the SRK EOS shows the predicted propane liquid phase mole fraction
lay to the left of the experimental curve.

Propane/1-propanol system

For the low temperature 19.9 °C and pressure propane/l-propanol data of Nagahama,
et al (1971) the authors used Barkers method to predict the propane vapour phase
mole fractions. -



