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ABSTRACT 

In this study, thermophysica1 properties like F1ory-Huggins inter~ 

action parameter ( X ), weight fraction infinite dilution activity coef­

ficient ( n7-), heat of solution ( 6Hs ) and diffusion coefficient ( D1 ) 

were determined for polyisobuty1ene (PIB), antishock polystyrene and 

styrene-butadiene rubber (SBR) with benzene, cyc1ohexane, n-hexane and 

n-pentane using gas chromatography (GC) . The experiments were performed 

for antishock polystyrene at 313.3 to 402.3 K, for SBR at 343.3 to 363,2 K 

and for PIB at two different temperatures 312.1 K and 323.1 K • The 

chromatographic retention data obtained at these temperatures were used 

to determine the above mentioned thermophysica1 properties of po1ymer~ 

solvent pairs. 
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~OL1MER-goztiCU glFTLER1N1N TERMOFlzlKSEL OZELLiKLERiNiN 

GAZ KROMATOGRAFiSiYLE HESAPLANMASI 

oZET 

Bu ~a11§mada, po1iizobuti1en (PIB), stiren-butadien kau~ugu (SBR) ve 

anti§ok po1istiren'in, Flory-Huggins parametresi (X ), ag1r11k kesirli 

sonsuz seyre1tme aktivite katsaY1s1 ( 07 ), ~ozlinme 1S151 ( lHs ) ve 

difflizyon katsaY1S1 ( D1 ) gibi termofizikse1 oze1lik1eri benzen, siklo­

hekzan, n-hekzan ve n-pentan kullan11arak gaz kromatografisi yontemi ile 

saptanm1§t1r. Deneyler anti§ok polistiren i~in 313.3 K'den 402.3 K'e, 

SBR i~in 343.3 K'den 363.2 K'e ve PIB i~in iki degi§ik s1cak11k, 313.1 K 

ve 323.1 K kul1an1larak ger~ekle§tirilmi§tir. Bu s1caklarda a11nan 

kromatografik a11konma verileri, polimer-~ozlicli ~iftlerinin yukar1da 

bahsedilen termofiziksel ozelliklerinin saptanmas1nda kul1an11m1§t1r. 
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I. INTRODUCTION 

Gas chromatography has been recently replacing the static methods 

for measuring the thermophysical properties of various systems, especially 

polymer~solvent systems. This technique is preferred to static techniques 

because it is simple, economical, practical and requires very small 

amounts of polymer and solvent (1,2,3,4,5), 

The main purpose of this study was to obtain certain thermophysica1 

parameters and solution properties ~findustria11y important polymers, po1y~ 

isobuty1ene (PIB), antishock polystyrene and styrene~butadiene rubber (SBR) 

with four different solvents by using inverse gas chromatography. The 

thermophysica1 parameters in consideration, here, are weight fraction 

infinite dilution activity coefficient, Flory-Huggins interaction parame- -­

ter, heat of solution and diffusion coefficient at various temperatures. 

These parameters are especially useful for solvent selection and equipment 

design in the polymer processing industry, e,g. for separators, dryers 

and chemical reactors, 

The solvent volatility at large polymer concentrations is related 

to the infinite dilution activity coefficient (4),Especia11y for theunderstan­

ding of the drying of polymer coating films, it is necessary to know the 

volatility of the solvent over the coating film at small solvent concen­

trations. This parameter is also related to the solubility. In order to 

achieve good solubility, infinite dilution activity coefficient should 

have a very small value. It also provides a convenient measure for compa­

r1ng polymer-solvent interactions for a series of solvents with a given 

polymer. 

The thermodynamic properties of p.olymer solutions ate frequetltl:y 

described ~n terms of Flory-Huggins interaction parameter (X) which is 

a measure of the strength of interaction between polymer and solvent, 

This parameter comes from differences in intermolecular forces between 

solvent and polymer. A negative or low positive value of X indicates a 
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favorable tendency to form a solution, whereas a high value of X indicates 

that the polymer is insoluble in the solvent. According to Flory-Huggins 

theory for complete miscibility of a polymer and solvent, the value of X 

should be less than or equal to 0.5 (6). 

The application of GLC for the determination of glass transition 

and melting transition curve is also a recent technique (7). As the tempe~ 

rature of a polymer melt or rubber is lowered, a point know as the glass­

transition temperature (Tg) is reached where polymeric materials undergo a 

marked change in properties associated with the virtual cessation of 

moleeular motion on the local scale. Below their glass transition tempe­

rature, polymers have many of the properties associated with ordinary 

inorgani~ glasses including hardness, stiffness. brittleness and trans­

parency. Tg can be determined by differential thermal analysis, too, The 

gas chromatographic determination yields a curve describing the glass 

~ransition and melting behaviour depending on the adsorption and deso~p~ 

tion mechanism of solvent vapor on the surface of polymeric material. 

From the shape of the eluting solvent peak, information can also be 

gained on the kinetic processes operative in a GC column. As the solvent 

progresses from inlet to outlet, the band of solvent molecules broadens 

due to diffusional spreading in both gas and liquid phases. Under suitable 

experimental conditions the diffusion coefficient of the solvent in the 

polymer stationary phase can be determined from the width of symmetrical 

eluted peak (8), 

The observations performed by using 1nverse GLC, as in this stud~, 

a1ms to present thermophysical data for polymer-solvent pairs. The effects 

of various chromatographic conditions and carrier gas flow rates on reten­

tion data and on the thermophysical properties, are also instructive for 

further study on this subject, 

.... : 
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2. INVERSE GAS CHROMATOGRAPHY 

In principle, the most satisfactory method of studying polymers 

by GLC involves the use of "Inverse Chromatography" (7), Whereas in con­

ventional GLC property of an "unknown" sample in the moving phase l.S 

determined by its interaction with a "known" stationary phase, in inverse 

chromatography, the properties of an "unknown" stationary phase are inves..­

tigated by their interactions with a specific moving phase (probe solutes, 

or mo1ecu1ar·probe), The vaporizab1e molecules in the gas phase are desig~ 

nated as "probe" molecules by Guillet (9) who refers to this experiment as 

a "molecular probe" experiment. 

2.1 Retention Time 

After the solvenL is injected into the column, the time required 

to sweep the solvent in the carrier gas from the column, is called the 

retention time. Figure 2.1 illustrates the chromatogram of a single solvent 

(10). A sample consisting of the solvent and some inert gas (air) enters 

the column at time = 0, the starting point of the chromatogram. The inert 

gas does not interact with the stationary phase and emerges at point A 

with the carr1er gas, which enters the column with the sample. Consequently, 

time tA measured from the starting point 0 to the inert gas peak maximum. 

OAis equal to the time needed by the carrier gas to move from one end of 

the column to the other and is called retention time of an unsorbed gas. 

Since air is used most conveniently for .:the determination of tA, the inert 

gas peak is often called the air peak and tA is described as the air peak 

time. 

~etention time of the solvent, t R, is the time that elapses between 

the injection of the sample and recording of the peak maximum. It is equal 

to the distance OB in Fig.2.1. 

Adjusted retention time of the solvent, ti' is the time that elapses 

between the emergence of the inert gas arid the solverit peak maxima. It is 
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equal to the distance AB. Thus 

t' = R (2.1) 

(2.2) 

Eq. (2.2) expresses the fact that the retention time of solvent is 

the sum of the time spent by the solvent in the gas phase, tA, and the 
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time during which the solvent is sorbed by the stationary phase, tR. Hence, 

tA is often described as the gas hold-up time and tR as the liquid hold-up 

time when liquid stationary phase is used. 

2.2 Retention Volume 

The volume of carrier gas which flows through the column during _ 

the retention time is described as the retention volume.' The employment 

of corrected retention volumes is necessary.when gas chromatographic data 

are related to the thermophysical properties. 

Retention volumes are calculated from the corresponding retention 

times and from the flow rate of the carrier gas. Due to the pressure drop 

across the column and the compressibility of the carrier gas, the actual 

flow rate varies from point to point in the column. The true retention 

volume can be obtained by mUltiplying with a pressure correction factor. 

The general relation between retention time and volume is written as (11): 

V
O 
R 

J 
d\' (2.3) tR - . -
V 

0 

. 
where V 1S the volumetric flowrate of carrler gas. Boyle's law can be 

stated as : 

(2.4) 
. 

where Po and Vo are the pressure and the volumetric flowrate measured at 

the outlet of the column. If we ,solve for V from Eq.(2.4) and substitute 

into Eq.(2.3) we obtain: 

(2.5) 



. 
Hence V is a function of X, the distance from inlet end of the column. 

The variable of integration can be chan£ed as 

V = {C (a of mS ) (2.6) 

where a, Sand m are chromatographic characteristics (11). Then Eq.(2.5) 

is written as : 

(
L P dX 

tR = (a t mS ) ~ 
O· VoPo 

(2.7) 

where L is the length of the column. 

dP The.relation between the pressure gradient dX and the volumetric 

flow rate V is (11) : 

dP n' -=--v dX K (2.8) 

6 

where ,n is the gas viscosity and K is the "Column Permeability" parameter. 

By substituting Eq.(2.4) into Eq.(2.8) .e obtain! 

dP 
dX = 

1 -P 
(2.9) 

The solution of this equation ~s simplified by the fact that the gas v~s­

cosity is indeuendent of pressure, so that all the quantities in the 

square bracket can be regarded as constant denoted by -K'. Solving ,Eq. 

(2.9) gives : 

p2 
X - - + K" 

2K' 

where K" ~s ?nother constant. The boundary conditions are 

when X = 0 

when X = L 

(2.10) 

(2.11) 

(2.12) 

where sUDscripts ~, 0 denote inlete and outlet conditions. Using Eqs. 

(2.11) and (2.12) in Eq.(2.l0) g~ves 

P 2 _ p.2 
K' = 0, ~ 

2L 
. ~ 

K" - -
p.2 
.....J-
2K' 

(2.l3) 



In this study, P , is taken as atmospheric pressure. Combining Eqs. (2.7) , 
o 

(2.9), (2.10) gives: 

tR - (a t mS ) 

p. 
1. 

Substituting K' into Eq. (2.14) and integrating yields: 

tR Vo = L (a + mS ) 
[ 

__ 
2

3 

(2.14) 

(2.15) 
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In this equation, the left hand side, i.e., the product of the outlet 

flow rate and the measured retention time,is the measured retention volume 

(VR)' The first term on the right hand side of Eq. (2.15) is defined as 

the true retention volume (V~) : 

o VR ~ L (a t mS ) (2.16) 

Thus, the express10n in Eq. (2.15) in square brackets is the correction 

factor required to correct the measured retention volume for the effect 

of the pressure drop across the column. The equation can be re~~itten'as 

(11) : 

where fp is the pressure correction factor and is defined as 

(Pi/Po) 2 - 1 

(Pi/Po)3 - 1 

(2.17) 

(2.18) 

The correct gas ho1d-up volume of the column V~ can be calculated by 

similar equations : 

(2.19) 



. 
In measuring the carr1er gas volume velocity Vo ' one must take into 

consideration the temperature correction factor (273.2/Tr ) where Tr m m 
is room temperature and the polymer amount (m) 1n the column. Thus, the 

specific retention volume corrected to oOe can be obtained as the volume 

per unit weight of the polymer, from the following expression 

(2.20) 

8 



3. THERMOPHYSICAL PROPERTIES OF POLYMERS BY GAS CHROMATOGRAPHY 

3.1 Infinite Dilution Activity Coefficient 

The distribution of the solvent,between the stationary and mobile 

phase is expressed by the dimensionless partition coefficient, Ko • It 

1.S defined as 

amount of solvent;in the stationary phase 

amount of solventin the mobile phase 

Ka 1.ssimply determined from GLC through 

(3.1) 

where V~ is net retention volume and Vl. is volume of liquid phase in 

column. At an early point in the development. of glc, it seemed advisable 

to convert Ko to a quantity considered characteristic of the interaction 

between the two components in the liquid phase. It is reported that (12) 

the chosen quantity has been rational activity coefficient, Yl. ' of com­

ponent 1. This is defined as the ratio of the activity (al.) l..e., the 

ratio of the fugacity flo to the fugacity f~ in the ~tandard state of 

pure liquid 1, to the mole fraction, xl. . Thus 

(3.2) 

.. 

If the gas 1.S -ideal i. e., flo - Pl. , and fO 
l. = pS , l. Eq. (3.2) gl.ves for Yl. 

xl. + 0 : 

ex> 
RTN2,liq I pS vN (3,3) 'Y 1 = l. 

9 
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where N2,liq is the number of moles of component 2 1n the liquid phase. 
s Correcting for the effect of finite pressure, P1 , on the chemical poten-

tial of component 1 in gas and liquid states, Eq. (3.3) becomes ~ 

In y~ - In ( ) - (3.4) 

where B11 is the gas-state second virial coefficient of component 1, v~ 

is the net retention volume and V1 molar volume of the pure solvent. 

Converting net retention volume V~ to v; , which is expressed per gram 

of liquid phase and corrected to OoC using the ideal gas relation, Eq. 

(3.4) can be written as ~ 

co 
In y -

1 

273.2 R 

pS Vo M2 
1 g 

) - (3.5) 

where M2 1S the molecular weight of liquid phase. However, it was pointed 

out that (7) the method becomes inaccurate for molecular weights exceeding 

about 1500. Since most high polymers have molecular weights exceeding 

about 10000, the inclusion of the M2 term in Eq. (3.5) presents a serious 

difficulty. Therefore, it is more useful to consider the ratio of the 

activity a1 to a weight fraction of the polymeric component. If we choose 

weight fraction, Eq. (2.5) becomes : 

In [l~ - In [ 
273.2 R 

--s VO M 
P1 g 1 

(3.6) 

where the denominator now contains M1 ' the molecular weight of the probe, 

not of the polymer molecule. This important relation permits the experi~ 

mental determination of thermodynamic properties of polymer ..solutions at 

infinite dilution of the solventin the polymer phase. 
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3.2 Flory-Huggins Interaction Parameter 

The gas-liquid chromatographic experiments can be useful in providing 

a rapid, readily applicable route to the evaluation of thermodynamics of 

polymer solutions. The technique can be particulary valuable for the deter­

mination of X parameter which 1S a measure of the strength of interaction 

between polymer and solvent. 

For a binary system (polymer-solvent pair), the volume fraction 

1S given by ~ 

4>1 = XlV, (3.7) 

and 

4> = 1 - 4> 
~ '1 

(3.8) 

where x is the mole fraction, V1 and V2 are the molar volumes of the low 

molecular weight substance'and the polymer, respectively. 

According to Flory-Huggins theory, Gibbs free energy of mixing 

for a polymer-solvent pair is given as (6,13) ~ 

(3.9) 

where X is a dimensionless quantity which characterizes the interaction 

energy for a polymer-solvent pa1r. 

If the above equation is differentiated with respect to n1 holding 

X parameter constant, the chemical potential ~1 of the solvent ~n the 

solution relative to its chemical potential ~~ ~n the pure liquid ~s 

obtained 

(3.10) 



Using the following expression for the activity a
1 

of the solvent ! 

o 
lJ] - lJl 

R T 

and by substituting Eq. (3.10) into Eq. (3.11) we obtain ~ 
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(3.11) 

(3.12) 

Theories of solution thermodynamics express the actlvlty of a 

component as the sum of tvo contributions (i) acombinatorial (or athermal) 

entropy, first term in Eq. (3.12) (ii) a.noncombinatoria1 (or thermal) 

contribution, second term in Eq. (3.12). The latter contribution is 

characteristic of the polymer-solvent·· pair and its determina.tion is the 

goal of activity measurements in polymer solutions (14,15). 

For the limiting case in which ~2+ 1 , combining Eqs. (3.5),(3.7) 

and (3.l21.and letting (14,16) : 

(3.13) 

Eq. (3.12) becomes 

x - ln [ (3.14) 
1 __ V __ l __ ) _ ~ 

~V2sp RT 

where ~ is the number average molecular weight of polymer, V2sp ~s the 

specific volume and V2 is the molar volume of polyme~. 

There is both theoretical .and experimental justification, for 

regarding X in Eq. (3.14) as being concentration dependent (14). In view 

of this, two points are stressed : (i) the value of X at infinite dilu·tion 

obtained by glc will in general differ from that obtained at other con­

centrations by conventional methods, and (ii) the glc value of X in Eq. 

(3.14) is the whole noncombinatorial contribution to lna 1 at infinite 

dilutilOn. 



In literature (12), it is also advisedtbuse the following expres-

s1-on 

x" = In [ 
s 

~ ~ (B .- V ) 1-1- 1-
RT 

(3.15) 

Here, X~ is specific interaction parameter based on hard core volume. In 

this equation Flory replaced volume fraction in Eq. (3.14) with segment 

fraction and specific volumes with specific core volumes. 

3.3 Glass Transition and Melting Behavior 

In glc, solvent-solute interactions can be related to the specific 

ret~ntion volume. The generalized retention diagram of the logarithm of 

the specific retention volume versus reciprocal of the absolute tempera­

ture is a linear plot in the absence of any transitions. A z-shaped curve 

such-as shown in Fig. 3.1 is indicative of a glass transition (17,18). 

In the temperature region corresponding to segment AB of Fig. 3.2 , 

the polymer is below its glass transition temperature (Tg) and penetration 

of the solvent molecules into the bulk of polymer phase is precluded. 

Ret.ention proceeds exclusively by surface adsorption and the corresponding 

retention diagram is linear. Information on the surface properties of 

polymer can be obtained in this temperature-range (7). 

The deviation from linearity represented by point B can be related 

to the glass transition temperature of the polymer (19,20). The reg~on BC 

corresponds to nonequilibrium absorption of the probe molecules in the 

polymer phase. As the temperature is increased in region BC the diffusion 

coefficient rises sharply, leading to equilibrium conditions at point G. 

At temperatures below the melting point of the polymer, in region 

CD, equilibrium absorption of the probe molecules in the amorphous phase 

of the polymer occurs. Retention in the reg1-on 1S caused by two processes 

(1) Surface adsorption, and (2) solution in the bulk polymer phase. The 

behaviour in this region can be formulated as (18) 

(3.16) 
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Fig. 3.1. Generalized retention diagram for semicrysta11ine polymer 
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where V
R 

1S the retention volume, Kb and Ka are the partion coefficients 

for bulk sorption and .surface adsorption, ml. and Al. are the mass and 

surface area of the stationary phase. 

Upon melting, in region DF, the fraction of amorphous material 

increases, leading to an increase in retention volume. At temperatures 

above the melting point, se5~ent FG, a linear retention diagram, corres­

pondingto bulk sorption into the completely amorphous polymer is obtained. 

By extrapolation of this line to lower temperatures (dashed line FE ), the 

crystalline content of the stationary phase can be determined by comparl.son 

of the experimental retention volume with the extrapolated value. In region 

FG the polymer is completely amorphous and the properties of the po1ymer-... 
solvent solution can be investigated. For most polymers, equilibrium bulk 

" " h" d • f b T + 400 C or 500 C . sorptl.on l.S ac 1eve at temperatures +aexcess 0 a out 
g 
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3.4 Heat of Solution 

The heat of solution 6Hs is the total heat measured calorimetrical­

ly when two distinct phases (i.e., solvent and solute) are brought 

together and form a single phase (i.e. solution) (21). ~n our case, heat 

of solution can only be determined for equilibrium bulk sorption of reten­

tion diagram. It is only in this region that the polymer behaves truly 

as amorphous liquid. In this region, we determine heat of solution (6Hs ) 

at infinite dilution using the approximate relation (2,22) : 

o 6Hs 1 
1n Vg = -~ T (3.17) 

The quantity 6Hs represents the enthalpy change associated with the 

transfer of one mole of pure solve~vapor at one atmosphere into infini­

tely dilute solution 1n the molten polymer. 

3.5 Diffusion Coefficients 

The shapes of eluted peaks in gas chromatography on polymeric 

substrates are governed by several factors, one of the most important 

being slow diffusion in the polymer phase. By a suitable choice of condi­

tions, the simple Van Deemter equation ena~s.diffusion coefficients to be 

calculated from the variation in chromatographic peak width with carrier 

gas flow rate (8,17;23). 

Van Deernter first related peak broadening and column properties 

through the ~elation ~ 

B H = A + - t Cu 
u 

(3.18) 

where H is the height-equivalent to the theoretical plate, u is the linear 
~ 

velocity of carrier gas in the column, A,B,C are,constants indepentent of 

flow rate (24). The constant A takes into account instrumental broadening 

while B describes the diffusional spreading of the vapor as it is eluted 

in the gas phase and can be expressed as ~ 
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(3.19) 

where Dg is the diffusion coefficient of the vapor in the gas phase and 

~ is a constant less than unity. In the simple Van-Deemter approach, we 

can write : 

(3.20) 

where df is the thickness of the stationary phase, D1 is the diffusion 

coefficient of the vapor in the stationary phase and the partition coef­

ficient ratio k, is equal to : 

(3.21) 

where tR is the retention time of solvent vapor, and tA is the tiine for 

the carr1er gas to pass through the column. The determination of D involves 
-1 

the measurement of H at several velocities, u. From the resulting plot, 

the slope C of the linear portion obtained at high velocity ( B/u + 0) 

provided that df and k are known. 

The plate height H was determined from the eluted peaks as displa­

yed on a strip chart recorder by the relation (8) 

H = 1 
5.54 

(3.22) 

where tR 1S the retention time from injection to peak maX1mum, w~ is the 

measured peak width' at half height, and 1 is the ,column length. The linear 

portion of a graph of H versus u 1S used to calculate C in the Van 

Deemter equation. The volumetric flow rate Q is converted to linear 

velocity u in the column by. the relation : 

u = ( fp Q I a) ( Tc I TF ) (3.23 ) 

where Tc and TF ar.e column and flowineter temperatures respectively. a 1S 

the volume of gas per unit length of the column, and fp is defined by Eq. 

(2.18). 



The value of a for a glven column may be determined by dividing 

the retention volume for a noninteracting substance, such as air by the 

column length, 1. 
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The average thickness of the polymer layer df was found, using the 

relation (24) : 

d f = ( 0 / Pp ) / ( 3 / RpB ) (3.24) 

where Pp is the density of the polymer, 0 is the coverage ratio 

(g polymer / g glass beads), R.and PB are the radius and density of the 

spherical bead, respectively. 
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4 . EXPERUlENTAL SECTION 

4.1. Apparatus 

The gas chromatograph ',used was a Shimadzu Moduline GC-8APT with a 

thermal conductivity: 'detector and Shimadzu R-lll recorder and Shimadzu C-R1B 

data processor. A schematic diagram is shown in Fig.4.l. Column oven tempe­

rature was measured within ±O.loC by use of the Meter Digital Thermometer 

(Model D9tM). The inlet pressure of the column was read by a mercury mano­

meter with a precision of ±lmmHg (Up to 1 atm). At high pressures, mercury 

manometer could not be used and the pressure was read directly on the appa­

ratus with a precision ±0.25kg/cm2 • The ambient pressure was determined by 

a mercury barometer.F10w of the helium carr1er gas was controlled by a Hor­

nung precision regulator valve. Carrier gas flow rates, in the range of 10-

l50m1/min were measured at room temperature by a soap-film flo~~eter. The 

values of retention times were obtained by using data processor. 

4.2. Materials Used 1n the Experiments 

4.2.1. Polyisobutylene (PIB) 

Polyisobutylene, obtained from U.S.A., contains about 2 % polyiso­

prene. The isoprene is used to provide preferred crosslinking site. Its 

number average molecular weight was determined as 860000 ± 2000 by membrane 

osmometer. Its density is 0.9 g/cm 3 • 

4.2.2. Antishock Polystyrene 

Antishock Polystyrene was supplied by Petkim-Petrokimya A.~ •• Its 

density is 0.915 g/cm3 • Itsnumber'average molecular weight was determined 

as 73000 ± 1000 by membrane osmometer. It is available in opaque, naturally 

white granules and usually contains about 5-10 % po1ybutadiene. The micro-



Digita I Them1OmeII ... 1 

I 
I 
I 
I 
I Oven 
I 

Detector Bloet 

L ______________ .J 

19 

Soap-Bubble Flowmeter 

'!.A-A I !~I 
He 

Mercur, 
Manometer 

Fig. 4.1. Gas Chromatographic Apparatus 

Recorder Data Processor 



structure of the polymer l.S shown by infrared analysis to consist of . 

polybutadiene (see Fig. 4.2.) (2S). 

4.2.3. Styrene-Butadiene Rubber (SBR). 

20 

SBR was supplied by Petkim with a product code SBR-lS02 and known 

as cold rubber. It has a density of 0.933 g/cm 3 • Its number averageriiole..;.: 

cular weight was determined as 170000 ±. 3000 by membrane osmometer. -It 

contains 20-24 % polystyrene and 70-75 % polybutadiene. The infrared ana­

lysis of the polymer is shown in Fig. 4.3 (2S). 

4.2.4. Support 

Chromosorb P (AW-DMCS), was used as a support material l.n this 

work. Its mesh size was 80/100. 

Chromosorb P is made without the use of flux. It therefore preserves 

a pore structure that is highly similar to that of the original diatom 

skeletons. This pore structure is ideal for gas chromatography. The phy­

sical properties of Chromosorb P are given as follows (26) : 

Color Pink 

Type Calcined 

Density (g/cc) : 0.47 

4.2.S. Solvents 

~~x.liquid phase loading 30 % 

pH 6.S 

Surface area (m2 /g). 4 

Four kinds of solvents namely benzene, cyclohexane, n-nexane and 

n-pentane were used in experiments. All the solvents used were reagent 

grade materials obtained from Merck Company and they were used as received. 

4.3. Preparation of Columns 

The amounts of polymers used in preparing the columns and other 

column characteristics are listed in Table 4.1. 
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Column 

TABLE 4.1. 

COLUMN ' CHARACTERISTICS 

(Column Loading 10 %-) 

Column length Polymer used Polymer 

(1) 

(2) 

(3) 

(4) 

(cm) Amount 

1/8"ss 100.10 Polyisobutylene t 0.340 

1/8"ss 100.00 Antishock Polystyrene tt 0.380 

1/8"ss 100.00 Styrene-Butadiene Rubber tt 
0~368 

1/8"ss 100.10 Chromo sorb P only 

i Polyisobutylene was obtained from U.S.A. 

ft SBR-lS02 and Antishock Polystyrene were supplied by 
Petkim-Petrokimya A.~. 
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Support 
(Chromo sorb P) 

(g) 

3.060 

3.420 

3~312 

3.350 

Stainless steel tubing, 1/8" o.d. and :- 1 m length used in the 

experiments, were washed with hydrochloric acid (30% in water), distilled 

water, alcohol and acetone. Thereafter they were dried at 10SoC in an' oven 

for about six to eight hours until constant weight was attained. 

The columns were prepared by first dissolving a weighed amount of 

polymer in benzene and then stirring the solution with a weighed amount 

of solid support. The whole system was heated at about 7S-80oC until all of 

the solvent was evaporated. The particles were then dried under vacuum at 

80-8SoC to constant weight. The coated chromosorb was then placed into 

the previously prepared stainless st~el tube with the aid of mechanical 

vibrator and vacuum pump. After the column was loaded, the two en~swere 

plugged with glasswool ~n order to prevent transport of the solid particles 

out of the column. 

The selection of support material is very important for this study 

because the quantitative relation between the retention volume and the 
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volatility of solvent in the polymer solution assumes that the peaks from 

the detector should be symmetric (Gaussion)in shape. The asymmetry is due 

to interactions between solvent and support. In this work, chromosorb P was 

used because this 'support gives. symmetric peaks with nonpolar solvents (4) • 

The purpose of using inert solid support was to increase available 

surface area of the polymer for absorption and desorption. Loadings of 

approximately 10 % by weight were used for all of the three kinds of poly­

mers studied. The higher loadings usually give more prounounced deviation 

from normal gas-liquid chromotographic behaviour in other words a strong 

reversal from linear behaviour occurs. On the other hand lower loadings 

give nearly linear retention diagrams. Therefore, 10 % loading by weight 

was considered as the reasoILible liquid phase loading. 

For styrene-butadiene copolymers, due to three dimensional polyme­

rizations, gel portions were obser.'ed. This impurity, which was insoluble 

in benzene, remained as a swollen gel. ._The suspension was centrifuged and 

then gel portion was removed. It was dried at 10SoC, in an oven for about 

24 hours and then weighed. In this way about 12 % by weight gel portion 

was found. 

4.4 Carrier Gas Flow Rate 

The effect of gas flowrate on specific retention volume data was 

observed in this study. The flo~ rate vs specific retention volume curves 

were obtained. As seen in Fig. 5.5 data were extrapolated to zero flow 

rates so that flow rate effect on retention data is corrected. 

4.5. Injection Technique 

Solvents were injected through a silicone.rubb.er septum using a llll 

Hamilton Syringe. The retention time at peak maximum was independent of 

sample size over the range 0.02-0.1 mI. Sample size of about 0.05-0.1 ml 

was used for all measurements which we consider to be equivalent to infinite 

dilution. In order to obtain air retention time about 0.1 ml of air was 

injected along with the liquid sample. This allowed the corrected reten­

tion time to be obtained directly from the recorder chart. 
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5. RESULT M""D DISCUSSION 

Experimental data were obtained for PIB with three solvents at two 

different temperatures(313.l, 323.1) to compare with data reported in 1ite~ 

rature. Data were obtained for Antishock Polystyrene at twelve different 

temperatures 1n the range of 313.3 to 402.3 K to obtain glass transition 

curve. Data for SBR at four different temperatures (343.3 K~ 353.1 K,358.3K, 

363.2 K ) were obtained. In this study the solvents benzene, cyc1ohexane, 

and n-hexane were used for Antishock Polystyrene and SBR. With PIB benzene, 

cyc10hexane and n-pentane were used. The raw experimental gas chromatogra­

phic data are shown in Appendix I, Tables A.3.1 to A.3.28. 

Retention volumes, weight fraction activity coefficients at infinite 

dilution and Flory-Huggins interaction parameters obtained for three solvents 

with PIB at two different temperatures are shown in Table 5.1 and with SBR 

at four different temperatures are shown in Table 5.2. 

The .same parameters calculated for n-hexane at twelve different tem­

peratures, for cyc10hexane and benzene at five different temperatures with 

Antishock Polystyrene are shown in Tables 5.3 and 5.4. 

The results of the diffusion coefficient experiments for three diffe­

rent solvents with SBR and Antishock Polystyrene at three different tempera­

tures are given in Tables 5.5 and 5.6. The diffusion coefficients for three 

different solvents with PIB at 313.1 K are also given in Table 5.7. 

Heat of solution obtained for Antishock Polystyrene in the tempera -

ture range of 382.3 K-394.1 K and for SBR in the temperature range of 343.3K-

363.2 K are shown in Table ~:8. 
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The values of X* obtained for PIB by uS1ng hard core volumes for 

10 % loading are given in Table 5.1. x* ,falues of this study are compared 

with those given in literature (14, 27, 28). During the calculation of x* 
by Eq.(3.l5),V~ and V2··volumes were obtained from Bonner and Prausnitz (29). 

X* values of this study agree quite well with those obtained by Newman and 

* Prausnitz(27). As seen in Table 5.1, X values are greater than X values 

and cyclohexane has the lowest Flory Huggins parameter values among the 

solvents investigated. This implies that cyclohexane is the most suitable 

solvent for PIB. 

If Flory Huggins parameters and infinite dilution activity coeffici­

ents for Antishock Polystyrene and SBR in Tables 5.2-5.4 are examined ben-
0;> 

zene appears to have the lowest value of X and ni, hence it is the most 

suitable solvent for both Antishock Polystyrene and SBR. 

As it. can be seen from Tables 5.1-5.4 X cind n"" are both functions 
1 

of temperatures. As the temperature increase Flory Huggins parameter and 

infinite dilution activity coefficient both decrease. 

Plots of X against temperature for Antishock Polystyrene using 

n-hexane, benzene and cyclohexane are shown in Fig.5.l.It is evident that 

all systems exhibit similar type of behaviour. In particular, all plots 

show a positive minimum and curvature which renains positive throughout the 

range of temperatures investigated. 

Over the years,a number of different expressions have been derived 

to predict the relationship between X and temperature. A partial explanation 

of the exhibition of minima in X vs T plots is given by Patterson and Kuwa­

hara (30). X is expressed as follows(30): 

(5.1) 

where -U is the energy of vaporization of the solvent, Cp i£ the configura­

tional heat capacity, andR is the gas constant.The parameter v is related 

to the dttference of cohesive energy and size between the solvent molecule 

and polymer segments. The L parameter reflects the free volume change which 

occurs on m1x1ng the dense polymer with solvent and is defined as~ 
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TABLE 5.1 

COMPARISON OF X~-VALUES§ OF PIB WITH THOSE IN LITERATURE (27) 

T = 313.1 K 

Solvents x 
~ 
X· X~(lit) 

Benzene 191.18 6.35 0.82 0.93 0.96 

Cyc10hexane 229.48 4.90 0.45 0.53 0.54 

n-Pentane 39.04 7.46 0.68 0.77 0.80 

T = 323-.1 K 

Benzene 131.40 6.36 0.80 0.91 0.92 

Cyc10hexane 157.97 4.90 0.43 0.52 0.53 

n-Pentane 7.42 0.65 0.76 0.79 

-------------------------

§ Based on segment fraction 
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TABLE 5.2 

v; , 07 ' x VALUES OF SOLVENTS WITH SBR 

AT VARIOUS TEMPERATURES 

Temp VO 
ex> 

solvents (m1~-1 ) n··· X (K) 1 

Benzene 343.3 ·95.94 4.23 0.33 

353.1 74.44 4.04 0.27 

358.3 63.92 4.03 0.26 

363.2 55.01 4.02 0.25 

Cyc10hexane 343.3 58.06 6.58 0.66 

353.1 43.60 6.48 0.63 

358.3 37.94 6.43 0.61 

363.2 32.57 6.43 0.60 

n-Hexane 343.3 26.46 10.34 0.94 

353.1 19.98 10.0~.: 0.90 

358.3 16.35 9.24 0.80 

363.1 14.41 9.03 0.77 
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TABLE 5.3 

v; , ni ' X VALUES OF n-HEXANE h~TH ANTISHOCK-POLYSTYRENE 

AT VARIOUS TEHPERATURES 

Temp VO nco 
(K) (m1~-l) 1 

X 

313.3 46.96 15.36 1.41 

323.2 33.43 15.16 1.38 

328.3 28.09 15.01 1.36 

333.1 24.7!. 14.82 1.34 

343.3 18.50 14.78 1.32 

353.1 13.92 14.50 1. 28 

363.2 12.45 11.87 1.06 

373.3 11. 73 9.84 0.85 

382.3 9·~37 9.67 0.81 

390.3 7.70 10.34 0.87 

39~4 .1 6.81 11.04 0.92 

402.3 5.47 11. 26 0,93 



TABLE 5.4 

V~ , n~ , X VALUES OF SOLVENTS WITH ANTISHOCK POLYSTYRENE 

Solvents 

Benzene 

Cyclohexane 

AT VARIOUS TEMPERATURES 

Temp 
(K) 

363.3 

373.3 

388.2 

396.6 

363.3 

373.3 

385.2 

388.2 

396.6 

48.24 4.58 

44.24 3.73 

34.77 3.72 

30.57 3.86 

24.98 4.19 

25.46 8.24 

24.52 6.48 

19,32 6.30 

16.62 6.84 

14.10 7.18 

X 

0.40 

0.18 

0.1-6 

0.19 

0.26 

0.87 

0.62 

0.57 

0.65 

O. (;9~ 
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T = 1 - ( T~ / T~ ) 
2 (5.2) 
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where r: and Ii are the characteristic temperature reduction parameters of 

the solvent and polymer, respectively. 

The variation of the two terms on the right-hand side of Eq.(5.l) 

with temperature has been discussed by Patterson and Kuwaraha (30) who 

conclude that the first term, which represents the contact energy dissimi­

larity and is positive, should decrease with an increase in temperature, 

while the second term, reflecting the free volume dissimilarity should 

increase without limit. This situation would clearly allow a plots of X vs 

T to show a minimum. 

Glass transition curves for Antishock Polystyrene were determined 

by using GLC technique. n-Hexane was used injected to the column at twelve 

different temperatures selected in the temperature range of 313.3 K- 402.3K 

Benzene and cyclohexane were also injected in the temperature range 363.3 K-

39£,-,6 K. It is reported that (32,33) heterogeneous polymer systems such as 

high impact polystyrene (antishock polystyrene) exhibit glass transitions 

for each·of the individual polymers present although some shifting and 

broadening are almost observed as well. Therefore Antishock Polystyrene 

reveals its heterogeneous nature by showing the two distinct damping peaks 

i.e., the rubber peak -BOoC to -950C and the polystyrene peak at about BOoC 

to 900C.A~ it seen from Fig.5.2 glass transition temperature was observed 

for n-hexane as solvent ~as based on the study of the Braun and Guillet(20). 

They have sho~u that both solvent and nonsolvent probes should be appropriate 

for such experiments. 

Braun and Guillet (19) have also shown that the temperature of first 

deviation from the normal linear behaviour due to surface adsorption is 

essentially unaffected by coating thickness. The considerable changes ~n 

the shape of the retention diagrams are brought about by changing the surface 

to volume ratio of the stationary phase. If too low'a coating thickness or 

an inert support of verry high surface area is used, this change of reten­

tion mechanism may no longer be detectable. In this study, 10 % loading 

was chosen so the deviation from linearity was quite detectable as shown 

Fig. 5.2. 
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The results of the diffusion coefficients are given ~n Tables 5.5 

to 5.7 and Fig.5.3-5.4. The numerical value of the partition ratio k and 

slope of curve (C) were also included in the tables at all temperatures. 

The results of a series of experiments to measure the amount of peak 

spreading as a function of flow rate are shown in Figs.5.3-5.4. When suffi­

ciently slow flow rates are employed, the plate heights can be seen to pass 

through a minimum, as predicted by the Van Deemter Eq.(3.l8). At higher 

flow rates, H increases linearly with u, with gradient C given by the simple 

Van Deemteer expression. 

Comparison of these values with those obtained us~ng conventional 

techniques (e.g.sorption,permiation) are complicated by the different areas 

of applicability of the methods. At any given temperature, the gas chromatog­

raphic method gives results with smaLLconcentrations 6f diffusants of rather 

lower volatility than is usual in sorption and permeation experiments. The 

gas chromatographic method requires a uniform polymer layer of known thick­

ness, for practical reasons this requires a relatively small loading of 

polymer in the column so that less volatile diffusants must be used to in­

crease retention times. On the other hand sorption or permeation experiments 

are normally performed with relatively high vapor pressure of diffusant. 

Thus for comparison, data at zero diffusant concentration are required for 

systems where the polymer and diffusant type and temperature range are con­

venient for gas chromatography. Gray and Guillet (8) have reported data on 

the diffusion coefficients for benzene and n-decane in low density poly­

ethylene by GLC.For polyethylene-benzene system at 250 C, the value of D~ 

of 0.B2 xlO-B cm2sec-1 and polyethylene-n-decane system at BOoC the resul­

tant value of D1 of 134xlO-B cm2sec-1 were found. These values do not help 

us much to make any compar1son but give an idea of the order of magnitude of 

diffusion coefficients. 

The gas chromatographic mesurement of diffusion rates appears to 

complement the usual sorption and 'permeation methods, as diffusion at low 

penetrant concentrations. However; use of the simple Van Deemter equation 

to interpret the gas chromatographic data may only be valid for relatively 

nonpolar penetrants and polymers at temperatures well above the glass tran­

sition temperature of the polymer. Otherwise, strong polymer-penetrant in­

teractions may result in thermodynamic peak spreading and thus a diffusion 



TABLE 5.5 

DIFFUSION COEFFICIENTS OF SOLVENTS WITH SBR 

Solvents 

Benzene 

Cyc10hexane 

n-Hexane" 

Temp. 
(K) 

343.3 

353.1 

363.1 

343.3 

353.1 

363.1 

343.3 

353.1 

363.1 

AT VARIOUS TEMPERATURES 

§ 
Van Deemter 

c term 
(sec x 103 ) 

4.7 ± 0.1 

4.2 ± 0.9 

2.9 ± 0.1 

10.5 ± 1.0 

14.5 ± 0.1 

1B.9 ± 0.1 

IB.3 ± 0.2 

16.0 ± 0.1 

§ See Eqs. (3.20) and (3.21) 

7.0 

4.9 

4.0 

4.2 

3.2 

2.7 

1.B 

1.4 

1.3 

4.2 

6.1 

9~B 

2.9 

3.2 

3.7 

2.2 

2.4 

2.B 
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TABLE 5.6 

DIFFUSION COEFFICIENTS OF SOLVENTS WITH ANTISHOCK POLYSTYREh~ 

AT VARIOUS TEMPERATURES 

Van Deemter 
Dl. Solvents Temp. e term k 

(K) (sec x 10 3 ) (cm2cSec-l.xl0 8 ) 

Benzene 382.3 59. ± 0.2 2.3 6.4 

394.1 53. ± 2.0 2.0 7.7 

402.3 49. ± 1.0 1.6 8.8 

Cyclohexane 382.3 77. ± 1.0 1.3 5.7 

394.1 76. ± 3.0 1.2 6.0 

402.3 66. ± 1.0 1.0 6.9 

n-Hexane 382.3 .81. ± 0.6 0.6 5.3 

394.1 69. ± 0.5 0.5 5.9 

402.3 60. ± 2.0 0.4 6.2 

TABLE 5.7 

DIFFUSION COEFFICIENTS OF SOLVENTS WITH PIB AT 313.1 K 

Solvents 

Benzene 

§ 
Cyclohexane 

n-Pentane 

Van Deemter 
c term 

(sec x 103 ) 

49. ± 0.1 

45. ± 0.3 

157. ± 0.2 

k 

10.6 2.9 

'9~5 3.5 

2.2 2.5 

--------------. --. ----------
§ 316.3 K 
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Solvents 

Benzene 

Cye10nexane 

n-Hexane 

Benzene 

eve lohexane 

n-Hexane 

TABLE 5.8 

HEATS OF SULUTIOK (-6H kca1/mo1e) OF VARIOUS 
s 

SOLVENTS WITH M"'TISHOCK POLYSTYRE1T£ A:.~D SBR 

polymers Temp. Range (K) -6H s 

Antishock 382.3-390.4-394.1 
Polystyrene 

" " 

" 382.3-390.4-394.1-402.3 

SBR 343.3-353.1-358.3-363.2 

" " 

" " 

(kca1/mo1e) 

8.4 

11.4 

8.4 

6.9 

7.1 

7.6 

§ Correlation coefficients of all 6Rs values given in this column 
are 0.99 . 

§ 
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coefficient which 1S dependent on both time and penetrant concentration. 

In this study the selected solvents and polymers are all nonpolar. There­

fore the thermodynamic peak spreading can be discarded. 

Effect of carrier gas flo~ rate on specific retention volume data 

was observed by taking retention data at various gas flow rates. The reten­

tion volumes measured in the nonequilibrium region (region II in Fig. 3.1) 

shows a drastic dependence on the flow rate of carrier gas. Fig.5.5 shows 

the retention volumes measured for n-hexane-antishock polystyrene system 

at three or four different.~flow rates. Retention volumes become highly 

flow rate dependent in the nonequilibrium region, as seen by the curves 

marked· as 3, 4 and 5 in Fig. 5.5. These data were extrapolated to zero 

flow rate. For equilibrium region (region III in Fig. 3.1) retention volumes 

sligtly dependent on flow rates as shown in curves marked as 1 and 2 in 

Fig. 5.5. In this study for antishock polystyrene, data were taken both 1n 

equilibrium and nonequilibrium region, for SBR in equilibrium region and 

for PIB in nonequilibrium region. For more accurate results, the extra~·· 

PQlation of measured retention volumes to zero flow rate extends the linear 

reg10n associated with equilibrium bulk sorption over a wider temperature 

range .. 

)The or1g1n of the flow rate dependence of retention volumes for 

bulk sorption was investigated by Braun and Guillet (31). Since nonequi­

librium is attributed to the slo~ diffusion of solvent molecules in 

stationary nhaRe, ~ changp of carrier gas flow rate affects the rate of 

movement of a band of solvent through the column and the "residence time ll 

over the stationary phase. As the flow rate is decreased, the polymer­

solvent system is allowed to come closer to or even reach equilibrium, 

leading to larger specific retention volumes. 

The heats of solution obtained for SBR and Antishock Polystyrene 

with various solvents are shown in Table 5.B. The linear regression tech­

n1que was used to determine the heats of solution in the given ~emperature 

range for the linear portion of the curves obtained ~n the.equilibrium 

region (region III in Fig. 3.1). Since heats of solution for antishock 

polystyrene and SBR could not be found in the literature, a detailed com~ 

parison of the values calculated 1n this work with those 1n references 

could not be made. 
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6. CONCLUSION AND RECOMMENDATIONS 

6.1 Conclusions 

In this study useful thermophysical properties such as Flory-Huggins 

interaction parameter, weight fraction infinite dilution activity coeffici­

ent and heat of solution were obtained for PIB,SBR and Antishock Polystyrene 

with four different nonpolar solvents namely benzene, cyclohexane, n-hexane 

and n-pentane at different temperatures. In addition, diffusion coefficients 

of these solvents with the same polymers were determined. Such parameters 

have uses in various industrial applications.For example, one of the crucial 

problems of the polymer industry is the removal of small amounts of volatile 

residuals to meet environmental,health and safety regulations. This concern 

with polymer purification has initiated a renewed interest in the, area of 

molecular diffusion of solvent in molten polymers. Also in the drying of 

polymer filre coatings, it is necessary to know the volatility (vapor pres­

sure) of the solvent over the coating film at small solvent concentrations. 

This volatility can be used to calculate the equilibrium solvent content 

of a polymer film during the drying process. 

The r,esults of the diffusion coefficient experiments reveal that 

when polymers are coated evenly on spherical beads, resonable values for 

penetrant diffusion coefficients can be calculated, using the simple Van 

Deemter equation from measurements of gas chromatographic peak width as a 

function of carrier gas flow rate .. 

In conclusion, such parameters obtained by GLC, apart from their 

use 1n, theoretical studies, have used in various industrial applications. 

It is possible to predict volatilities, solubilities and diffusion of 

penetrants by using only small amounts of polymer and' solvents. 
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6.2 Recommendations 

For further work the following are recommended: 

1. Coating of beads with robbers (especially SBR) proved quite difficult 

when the beads were placed in a benzene solution of rubber. and the solvent 

evaporated by gently heating and stirring, the rubber didnot adhere unl­

formly to the bead surfaces. A better method or other materials should 

be used to coat the beads with rubbers. 

2. Injection of the diffusant "probes" onto the columns must be performed 

(if it is possible) using on automatic vapor in;ection system. Then this 

system will avoid variations in the output peak shapes due to nonuniform 

liquid injection sizes and evaporation rates. 
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APPENDIX 1 

PRODUCTION ~~ USES OF POLYMERS USED IN THIS STUDY 

SBR and antishock polystyrene are commercially available materials 

from PETKI~ A.~. Turkey. However, antishock polystrene used in this study 

is importee from Spain by 9avu§oglu Piastik Sanayi. 

A.1.1. Styrene-Butadiene Rubbers 

Styrene-Butadiene rubbers contain 25 % styrene and 75 % butadiene. 

Production of SBR was begun in the United States during World War II. The 

rubber was ::ade by emulsion polymerization. After the war, product quality 

was improvec by carrying out the polymerization at 50 C or even at tempe­

ratures as io* as -10oe or -lSoC. These changes were brought about by the 

use of more active initiators such as cumene hydroperoxide and the addi­

tion of ant:=reeze components to the mixture. The product is known as 

"Cold Rubbe:-", The cold SBR polymers produced at the lower temperature 

but stoppee at 60 % com-ersion, at SoC ; 60 % conversion to polymer occurs 

in about 12-15 h~. Cold SBR is superior to the standard product because it 

contains less low molecular-weight rubber, and a higher proportion (70-75 

% ) of the ~rans-1-4-configuration of polybutadiene. 

The =ajar use for SBR is for tires and tire products but cold SBR 

appears equal in most respects to natural rubber, especially for lighter­

duty tire use, For many mechanical goods SBR is superior to natural rubber 

because of its easier processing and good quality end product. For example, 

it is used as belting hase, molded goods, unvu1canized sheet, flooring, 

wire and cable coatings (32,33). 
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A.l.2. Polyisobutylene 

Polyisobutylene is derived from the monomer isobutylene. The 

polymerization of isobutylene is accomplished industrially by the appli­

cation of low temperature cationic polymerization. Isobutylene polyme­

rizes rapidly at -80oC with Friedel-Crafts.:eatalysts. In a bulk system at 

-80oC , rapid po1.ymerization is induced by bubling BF3 gas through isobu­

tylene. Catalyst solution made by dissolving anhydrous aluminum chloride 

in methyl chloride is added. Polymer forms at once as a finely divided 

product suspended in the reaction mixture (32,34,35). About 75 % of the 

polyisobutylene rubber produced is used to produce inner tubes of tires. 

A.l.3. Antishock Polystyrene 

Antishock Polystyrene represents the class of rubber-modified 

styrene polymers. Rubber is incorporated into polystyrene primarily to 

impar.t~ toughness. These materials are commonly called impact polystyrenes 

and are available in many different varieties. Impac~~resistant polysty­

rene has must of the advantages of polystyrene, such as rigidity, ease of 

fabrication, and variety of colors and granule sizes. Being two phase 

systems, they are not available in transparent forms (32). The supplied 

polymer is high impa·ct polystyrene, opaque, in the form of white granules 

and contains about 5-10 % polybutadiene. High-impact polystyrene (HIPS) 

is conventionally prepared by bulk suspension or emulsion techniques 

(36,37). Bulk-suspension polymerization is a two-stage process in which 

polybutadiene is dissolved in styrene monomer and partially polymerized 

with the aid of catalysts. ~his p;e-polymer( ~ 15 % to 30 % converSl0n ) 

1S then added to water containing a suspending agent and the polymerization 

is completed. 

The high impact polystyrene is available in high heat, easy flow 

and other formulations and are used for injection molding, extrusion and 

blow molding. 
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APPENDIX 2 

:~nJMBER AVERAGE MOLECULAR WE1GHT DETERNINATION 

BY MEMBRANE OSMOMETER 

A.2.1. Memrane Osmometer 

In this study the number average molecular weights of the polymers 

were determined by Herbert-Knauer electronic membrane osmometer, present 

at I.T.U. laboratories. The specifications of osmometer is given as : 

Heasuring range : 2 .. 5/5/10/20/40 cm solvent column. Accuracy of Pressure 

Heasurement : 0.5 % of the measuring range. 

Operating Temperatures : Continuously adjustable between 200 C and l300 C 

on a ten turn helical potentiometer with 1000 scale graduation. 

A.2.2. Operation of the Osmometer 

The electronic membrane osmometer consists of a stainless steel 

measuring cell. This measuring cell is divided by a semi-permeable membrane. 

The pure solve~t, which is connected by a capillary to an electronic 

pressure meas~ring system, is situated beneath the semi-permeable membrane. 

The upper side of the semi-permeable membrane can be rinsed with pure 

solvent or a solution. The pure solvent gives-an osmotic pressure of O. 

The indicator of the pressure measurement system is adjusted to 0 by means 

of the ·zero adjuster. Measurement is achieved by replacing the solvent on 

the upper side of the membrane with a solution. The solvent on the lower 

side of the membrane can diffuse through the membrane into solution while 

the solute molecules in the solution are retained by the membrane. A nega­

tive pressure in the lower cell is thereby produced, which corresponds to 

the osmotic pressure in the upper cell. This negative pressure is then 

measured by the electronic pressure measurement system. 



50 

In this study, the semipermeable membrane is regenerated cellulose 

and the solvent is toluene. This is membrane is permeable to toluene but 

impermeable to polymer. If pure toluene is put one side of a membrane and 

a solution of polymer-toluene on the other side, the requirements for 

osmosis are satisfied. Toluene flows through the membrane from the toluene 

rich to toluene poor side of the membrane. This flow continues until the 

chemical potential of the toluene is the same on both sides. 

In dilute solutions the osmotic pressure n obeys the relationship 

(38) : 

n = CRT (A.2.l) 

where C = % is the molar concentration of solute. Here n 1S defined as : 

m 
n = Mn 

If C is taken as the weight concentration of solute then the number 

average molecular weight (Mn) is given by 

(A.2.2) 

(A.2.3) 

where p 1.S the density of solute. The values for n are diyided by the 

cor~esponding solution concentration C and then plotted as a fonction of 

n/e against solution concentration. The resulting curve 15 exptrapolated 

to obtain rt/C value at zero concentration. 
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APPE1~IX 3 

RAW EXPERIMENTAL DATA 

1. Data given 1n Tables A.3.1 - A.3.21 are for diffusion coefficient. 

2. Data g1ven 1n Tables A.3.22 - A.3.28 are for the calculation of 
m 

retention volumes used to obtain X,n and 6Hs ' 

3. Pressure given 1n Tables A.3.1 - A.3.21 presents gauge pressure. 

4, Pressure g1ven 1n Tables A.3.22 - A.3.28 represents absolute 

pressure. 
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TABLE A.3.1 

DATA FOR PIB-n-PENTANE SYSTEM AT 313.1 K 

Q 
(m1/min) 

16.40 

27.27 

38.46 

52.63 

69.76 

85.71 

107.41 

130.43 

150.00 

u 
(em/sec) 

3.55 

5.21 

6.94 

8.27 

9.80 

11.82 

13 .89 

15.15 

16.67 

t.R 
(ml.n) 

1.500 

1.010 

0.770 

0.600 

0.510 

0.450 

0.386 

0.350 

0.310 

tA 
(min) 

0.470 

0.320 

0.240 

0.190 

0.170 

0.141 

0.120 

0.110 

0.096 

w~ 
(em) 

0.415 

0.350 

0.310 

0.250 

0.220 

0.200 

0.180 

0.170 

0.155 

H 
(em) 

1.38 

2.17 

2.93 

3.13 

3.36 

3.56 

3.92 

4.26 

4.51 
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P 
(kg/ em2 ) 

2.50 

2.25 

2.00 

1. 75 

1.50 

l..!.BLE A.3. 2 

DATA FOR PIB-BE~ZENE SYSTEM AT 313.1 K 

Q 
(m1/min) 

16.22 

26.54 

40.00 

52.63 

69.76 

85.71 

107.41 

130.43 

150.00 

u 
(em/sec) 

3.62 

5.38 

6.67 

8.33 

9.80 

11.90 

13.89 

15.15 

16.67 

tR 
(min) 

5.77 

3.89 

2.89 

2.42 

1.97 

1.57 

1.48 

1.36 

1. 23 

TJ.3LE A. 3.3 

0.460 

0.310 

0.250 

0.200 

0.170 

0.140 

0.120 

0.110 

0.100 

w~ 
(em) 

1.190 

0.895 

0.720 

0.635 

0.550 

0.440 

0.430 

0.400 

0.370 

DATA FOR PIB-CYCLOHEXANE SYSTEH AT 316.3 K 

Q u tR tA i.t!1, 
-~: 

(ml/min) (em/sec) (min) (min) (em) --

136.36 15.38 1.16 0.108 0.450 

115.38 13.89 1.23 0.120 0.470 

100.00 12.90 1.41 0.129 0.535 

78.94 10.75 1.61 0.155 0.600 

69.76 9.80 2.03 0.170 0.750 

H 
(em) 

0.77 

0.97 

1.12 

1.24 

1.32 

1.42 

1.52 

1.56 

1. 62 

H 
(em) 

2.72 

2.63 

2.60 

2.51 

2.46 
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3.00 

2.75 

2.5 

2.25 

2.00 

1. 75 

1. 50 

1.25 

,1.00 

0.75 

TABLE A.3.4 

DATA FOR SBR41 ... HEXANE SYSTEH AT 343.3 K 

Q 
(ml/min) 

150,00 

136.36· 

120.00 

100.00 

83.33 

69.77 

55.55 

42.86 

31.25 

21.20 

u 
(em/sec) 

16.53 

15.38 

13.70 

12.74 

11.49 

10.36 

8.85 

7.57 

5.97 

4.48 

tR 
(min) 

0.281 

0.302 

0.334 

0.359 

0.406 

0.455 

0.526 

0.623 

0.779 

1.060 

tA 
(min) 

0.101 

0.108 

0.122 

0.131 

0.145 

0.161 

0.189 

0.220 

0.279 

0.372 

w-1' 
(em) 

0.030 

0.030 

0.030 

0.030 

0.030 

0.030 

0.030 

0.040 

0.055 

0.075 

H 
(em) 

0.200 

0.180 

0.140 

0.130 

0.095 

0.078 

0.059 

0.074 

0.090 

0.091 
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2.75 

2.50 

2.25 

2.00 

1. 75 

1.50 

1. 25 

1.00 

0.75 

TABLE A.3.5 

DATA FOR SBR-n~HEXANE SYSTEM AT 353.1 K 

Q 
(m1/min) 

130.43 

111.11 

96.77 

78.95 

65.22 

50.85 

40.00 

29.41 

20.72 

u 
(em/sec) 

14,81 

13.60 

12.74 

11.30 

10.05 

8.66 

7.33 

5.88 

4.88 

0.259 0.112 

0.284 0.122 

0.311 0.131 

0.347 0.147 

0.387 0.166 

0.456 0.192 

0.542 0.227 

0.675 0.283 

0,865 0.342 

w~ 
(em) 

0.025 

0.025 

0.025 

0.025 

0.025 

0.025 

0.030 

0.040 

0.055 

'II 
(em) 

0.170 

0.140 

0.120 

0.094 

0.075 

0.054 

0.055 

0.063 

0.072 

55 



2.75 

2.50 

2.25 

2:00 

)1. 75 

1.50 

1.25 

1.00 

0.75 

0.50 

TABLE A.3 .. 6 

DATA FOR SBR-n-HEXANE SYSTEM AT 363.1 K 

Q 
(ml!min) 

120,00 

103.45 

88.23 

75.00 

61. 22 

49.18 

3;3.22 

27.91 

19.05 

12.00 

u 
(em! see) 

14.92 

13.55 

12.27 

11.11 

9.71 

8.47 

7.14 

5.79 

4.36 

3.06 

0.244 

0.264 

0.293 

0.322 

0.366 

0.417 

0.503 

0.616 

0.804 

1.150 

tA 
(min) 

0.112 

0.123 

0.136 

0.150 

0.172 

0.197 

0.233 

0.287 

0.382 

0.545 

w~ 
(em) 

0.020 

0.020 

0.020 

0.020 

0.020 

0.020 

0.025 

0.035 

0.055 

0.075 

H 
(em) 

0.120 

0.100 

0.084 

0.069 

0.055 

0.040 

0.045 

0.058 

0.070 

0.077 
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3.00 

2.75 

2.50 

2.25 

2.00 

1. 75 

1.50 

1. 25 

1.00 

TABLE A.3.7 

DATA FOR SBR-CYCLOHEXANE SYSTEM AT 343.3 K 

Q 
(m1/min) 

150.00 

136.36 

120.0_0 

100.00 

83.33 

69.77 

55.55 

42.86 

31.30 

u 
(em/sec) 

16.53 

15.38 

13.70 

12.74 

11.49 

10.36 

8.85 

7.57 

5.97 

0.513 0.101 

0.557 0.108 

0.610 0.122 

0.676 0.131 

0.743 0.145 

0.840 0.161 

0.972 0.189 

1.150 0.220 

1.440 O. 279~ 

w~ 
(em) 

0.062 

0.065 

0.070 

0.075 

0.081 

0.090 

0.100 

0.125 

0.165 

R 
(em) 

0.260 

0.250 

0.240 

0.220 

0.210 

0.200 

0.190 

0.210 

0.240 
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2.75 

2.50 

2.25 

2.00 

1. 75 

1. 50 

1. 25 

1. 00 

0,75 

TABLEA.3.8 

DATA FOR SBR-CYCLOHEXANE SYSTEM AT 353.1 K 

Q 
(m1/min) 

130.43 

111.11 

96.77 

78.95 

65.22 

50.85 

40.00 

29.41 

20.72 

u 
(em/sec) 

14.81 

13.60 

12.74 

11.30 

10.05 

8.66 

7.33 

5.88 

4.88 

0.458 

0.499 

0.547 

0.604 

0.680 

0.797 

0.945 

1.170 

1.500 

t.A 
(ID.1n) 

0.112 

0.122 

0.131 

0.147 

0.166 

0.192 

0.227 

0.283 

0.342 

W3§ 
(em) 

0.045 

0.047 

0.050 

0.052 

0.055 

0.068 

0.087 

0.110 

0.145 

... R 
(em) 

0.170 

0.160 

0.150 

0.135 

0.120 

0.131 

0.150 

0.160 

0.170 
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2.50 

2.25 

2.00 

1. 75 

1.50 

1. 25 

1. 00 

0.75 

0,50 

TABLE A.3.9 

DATA FOR SBR-CYCLOHEXANE SYSTEM AT 363!1 K 

Q 
(m1/min) 

103.45 

88.23 

75.00 

61.22 

49.59 

38.22 

22\39 

19.04 

11.41 

u 
(em/sec) 

13.33 

12.50 

11.17 

9.90 

8.40 

7.19 

5.74 

4.36 

2.98 

~ 
(min) 

0.397 

0.474 

0.535 

0.603 

0.691 

0.820 

1.020 

1.340 

2.000 

0.124 

0.133 

0.149 

0.168 

0.193 

0.230 

0.290. 

0.382 

0.560 

Wf:i 
(em) 

0.042 

0.048 

0.052 

0.055 

0.059 

0.065 

0.075 

0.090 

0.200 

H 
(em) 

0.200 

0.190 

0.170 

0.150 

0.130 

0.113 

0.111 

0.122 

0.138 
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3.00 

2.75 

2.50 

2.25 

2.00 

1. 75 

1.50 

1.25 

1.00 

0.75 

TABLE A.3.10 

DATA FOR SBR-BENZENE SYSTEM AT 343.3 K 

Q 
(m1/min) 

150.00 

136.36 

120.00 

100.00 

83.33 

69; 77 

. 55.55 

42.86 

31. 25 

21. 20 

u 
(em/sec) 

16.53 

15.38 

13.69 

12.74 

11.49 

10.36 

8.85 

7.57 

5.97 

4.48 

t.R 
(nun) 

0.780 

0.851 

0.933 

1.020 

1.140 

1.280 

1.490 

1. 750 

2.190 

2.930 

0.101 

0.108 

0.122 

0.131 

0.145 

0.161 

0.189 

0.220 

0.279 

0.372 

w~ 
(em) 

0.060 

0.065 

0.075 

0.075 

0.080 

0.085 

0.095 

0.120 

0.170 

0.250 

H 
(em) 

0.107 

0.105 

0.101 

0.@91 

0.089 

0.079 

0.073 

0.084 

0.109 

0.131 
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3.00 

2.75 

2.50 

2.25 

2.00 

1. 75 

1,50 

1, 25 

1. 00 

0.75 

TABLE A.3.11 

DATA FOR SBR-BENZENE SYSTEM AT 353.1 K 

Q 
(m1/min) 

150.00 

130.43 

111.11 

96.77 

78.95 

65.22 

50.85 

40.00 

29.41 

20.72 

u 
(em! see) 

17.36 

14.81 

13.60 

12.74 

11.30 

10.05 

8.66 

7.33 

5.88 

4.88 

0.623 0.096 

0.674 0.112 

0.740 0.122 

0.805 0.131 

0.896 0.147 

1.000 0.166 

1.170 0.192 

1. 360 0.277 

1.730 0.283 

2.250 0.342 

w~ 
(em) 

0.050 

0.053 

0.056 

0.060 

0.065 

0.070 

0.080 

0.100 

0.140 

0.195 

H 
(em) 

0.120 

0.110 

0.103 

0.100 

0.094 

0.088 

0.084 

0.e98 

0.118 

0.136 
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TABLE A.3.12 

DATA FOR SBR-BENZENE SYSTEM AT 363.1 K 

p Q u tR tA w-1r H 
(kg/em2 ) (m1/min) (em/sec) (min) (min) (em) (em) 

2.75 120.00 14.92 ·0.553 0.112 0.040 0.094 

2.50 103.45 13.33 0.607 0.124 0.043 0.090 

2.25 88.23 12.50 0.666 0.133 0.046 0.086 

2.00 75.00 11.17 0.744 0.149 0.050 0.082 

1. 75 61.22 9.90 0.837 0.168 0.055 0.078 

1.50 49.59 8.40 0.963 0.193 0.062 0.075 

1. 25 38.22 7.19 1.150 0.232 0.072 0.071 

1.00 27.19 5.75 1.420 0.290 0.100 0.088 

0.75 19.04 4.37 1.870 0.382 0.140 0.100 

0.50 11.41 2.98 2.900 0.560 0.235 0.120 
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. TABLE A. 3.13 

DATA FOR ANTISHOCK POLYSTYRENE-BENZENE SYSTEM AT 382.3 K 

P Q u tR tA w~ ·H 
(kg/em2) (m1/min) (em/sec) (min) (min) (em) (em) 

--

3.00 90.91 11.17 0.499 0.149 0.110 0.880 

2.50 67.41 9.26 0.602 0.180 0.125 0.780 

2.25 57.~9 8.44 0.652 0.197 0.130 0.720 

2.00 48.J9 7.55 0.725 0.221 0.140 0.670 

1. 75 39.47 6.78 0.830 0.246 0.150 0.630 

1.50 32.26 5.88 0.952 0.283 0.170 0.580 

1.25 24.69, 4.91 1.130 0.339 0.190 0.510 



TABLE A.3.14 

DATA FOR ANTISHOCK POLYSTYRENE-BENZENE SYSTEM AT.394.1 K 

P 
(kg/em2 ) 

3.25 

2.75 

2.50 

2.25 

2.00 

1. 75 

1.50 

Q 
(m1/min) 

100.33 

77.92 

65.93 

55.55 

47.62 

38.46 

31.58 

u 
(em/sec) 

11.98 

10.10 

9",13 

8.33 

7.66 

6.60 

5.71 

0.421 0.139 

0.500 0.165 

0.552 0.182 

0.604 0.200 

0.664 0.217 

0.695 0.252 

0.754 0.293 

0.085 

0.~95 

0.100 

0.105 

0.110 

0.110 

0.115 

H 
(em) 

0.740 

0.650 

0.590 

0.540 

0.490 

0.450 

0.420 
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TABLE A.3.15 

DATA FOR ANTISHOCK POLYSTYRENE~BENZENE SYSTEM AT 402.3 K 

P 
(kg/em2) 

3.50 

3.25 

3.00 

2.75 

2.50 

2.25 

2.00 

1. 75 

1.50 

Q 
(m1/min) 

29.7 

36.58 

45. ~5 

54.05 

63.42 

75.00 

83.80 

96.77 

HJ9.09 

u 
(em/sec) 

12.34 

11.56 

10.75 

10.15 

9.05 

8.29 

7.41 

6.51 

5.63 

0.362 

0.371 

0.440 

0.423 

0.490 

0.542 

0.593 

0.677 

0.774 

tA 
(min) 

0.135 

0.144 

0.155 

0.164 

0.184 

0.200 

0.225 

0.256 

0.296 

0.057 

0.057 

0.057 

0.057 

0.058 

0.060 

0.062 

0.065 

0.067 

H 
(em) 

0.450 

0.420 

0.350 

0.320 

0.250 

0.220 

0.190 

0.160 

0.130 
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TABLE A.3.16 

DATA FOR ANTISHOCK POLYSTYRENE-CYCLOHEXANE SYSTEM AT 382.3 K 

3.00 

2.50 

2.25 

2,00 

1. 75 

1. 25 

Q 
(m1/min) 

90.91 

67.41 

57.69· 

48.39. 

39-.\47 

24.69 

u tR 
(em/sec) . (min) 

11.17 0.338 

9.26 0.403-

8.44 0.441 

7.55 0.490 

6.78 0,555 

4.91 0.786 

t;. 
(nun) 

0.149 

0.180 

0,197 

0.221 

0.246 

O. 319·~ 

w~ 
(em) 

0.110 

0.120 

0,135 

0.145 

0.170 

0.210 

H 
(em) 

1.91 

1. 74 

1.69 

1.62 

1.59 

1.41 

66 



TABLE A.3.17 

DATA FOR ANTISHOCK POLYSTYRENE-CYCLOHEXANE SYSTEM AT 294.1 K 

P 
(kg/em2 ) 

3.00 

2.75 

2.50 

2.25 

2.00 

1. 75 

1. 50 

Q 
(m1/min) 

90.91 

77 .92 

65.93 

55.55 

47.62 

38.46 

31.58 

u 
(em/sec) 

10.81 

10.10 

. 9~.13 

8.33 

7.66 

6.60 

5.71 

0.328 0.154 

0.357 0.165 

0 . .39:7 0.182 

0.442 0.200 

0.492 0.217 

0.547 0.252 

0.624 0.293 

w~ 
(em) 

0.085 

0.090 

0.097 

0.107 

0.120 

0.125 

0.130 

H 
(em) 

1. 21 

1.15 

1.07 

1.05 

1.01 

0.94 

0.78 
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TABLE A.3.18 

DATA FOR ANTISHOCK POLYSTYRENE-CYCLOHEXANE SYSTEM AT 402.3 K 

3.50 

3.25 

3.00 

2.75 

2.50 

2.25 

2.00 

1. 75 

1. 50 

Q 
(m1/min) 

109.09 

96.77 

83.80 

75.00 

63.42 

54.05 

45.45 

36.58 

29.70 

u 
(em/sec) 

12.34 

11.56 

10.75 

10.15 

9.05 

8.29 

7.41 

6.51 

5.63 

0,274 0.135 

0.290 0.144 

0.297 0.155 

0.332 0.164 

0.377 0.184 

0.415 0.200 

0.451 0.225 

0.513 0.256 

0.594 0.296 

w~ 
(em) 

0.058 

0.060 

0.060 

0.060 

0.070 

0.073 

0.075 

0.080 

0.085 

H 
(em) 

0.810 

0.770 

0.730 

0.690 

0.620 

0.560 

0.500 

0.440 

0.370 
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3.00 

2.75 

2.50 

2.25 

2.00 

1. 75 

1.50 

TABLE A.3.19 

DATA FOR MfTISHOCK POLYSTYRENE-n-HEXANE SYSTEM AT 382.3 K 

Q 
(m1/min) 

88.23 

75.00 

67.41 

57.14 

48,00 

39,73 

32.61 

u 
(em/sec) 

11.17 

10.42 

9.48 

8.55 

7.75 

6.78 

5.99 

0.233 

0.259 

0.292 

0.307 

0,338 

0,387 

0.443 

tA 
(min) 

0.149 

0.160 

0.176 

0.195 

0,215 

0.246 

0.279 

WJz 
(em) 

0.055 

0.060 

0.065 

0.065 

0.068 

0.074 

0.081 

H 
(em) 

1.000 

0.970 

0.890 

0.800 

0.730 

0.650 

0,600 

69 
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TABLE A.3.20 

DATA FOR A1~ISHOCK POLYSTYRENE-n-HEXANE SYSTEM AT 394.1 K 

P Q u tR tA w~ H 
(kg/em2) (ml/min) (em/sec) (min) (min) (em) (em) 

--

3.50 115.38 12.35 0.207 0.135 0.035 0.520 

3.00 9:0.91 10.81 0.235 0.154 0.035 0.400 

2.75 77.92 10~ 10 0.255 0.165 0.035 0.340 

2.50 65.93 ·9~ 13 0.280 0.182 0.035 0.280 

2.25 55.55 8.33 0.302 0.200 0.035 0~240 

2.00 47.-62 7.66 0.340 0.217. 0.035 0.190 



3.50 

3.25 

3.00 

2.75 

2.50 

2.25 

2.00 

1. 75 

1.50 

TABLE A. 3.21 

DATA FOR ANTISHOCK POLYSTYRENE-n-HEXANE SYSTEM AT 402.3 K 

Q 
(m1/min) 

109.09 

96.77 

83.80 

.7 5.00 

63.42 

54.05 

45.45 

36.58 

29.70 

u 
(em! see) 

12.34 

11.56 

10.75 

10.15 

9.05 

8.29 

7.~1 

6.51 

5.63 

t,R 
(mln) 

0.199 

0.217 

0.234 

0.242 

0.268 

0.291 

0.332 

0.377 

0.433 

tA 
(min) 

0.135 

0.144 

0.155 

0.164 

0.184 

0.200 

0.225 

0.256 

0.296 

w~ 
(em) 

0.035 

0.035 

0.035 

0.035 

0.035 

0.035 

0.035 

0.035 

0.035 

:H 
(em) 

0.560 

0.470 

0.400 

0.370 

0.310 

0.260 

0.200 

0.150 

0.110 
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TABLE A.3.22 

DATA OBTAI~cD FOR ANTISHOCK POLYSTYRENE-n-HEXANE 

SYSTEM AT VARIOUS TEMPERATURES 

p. Po tR t;. Q Teo1 Troom V
O Vot 

l. g-l (mYg -1) (mn Hg) (nm Hg) (min) (ml.n) (m1/min) (K) (K) (m1g ) 

1118.8 753 2.740 0.697 10.71 313.2 292.2 42.69 46.96 

1302.6 1.630 0.480 17.32 35.04 

1486.5 1.180 0.373 32.14 32.14 

1671. 4 0.865 0.293 34.28 28.56 

1124.8 757 2.140 0.710 11.19 325.2 289.2 31.58 33.43 

1492.5 1.080 0.377 25.86 29.33 

1674,4 0.850 0.308 34:68 27.75 

1119.8 752 1.890 0.719 10.05 333.1 291. 2 20.10 24.74 

1303.6 1.310 0.494 15.79 20.72 

1487.5 0.950 0.383 22.81 22.70 

1671.4 0.750 0.307 31.05 23.07 

------------------

t Extrapolated to zero flow rate 
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TABLE A.3.22 
(cont'd) 

Pi Po tR tA Q 
TttH 

Troom Vo vot 
(mm Hg) (mm Hg) (min) (min) (m1/min) (K) (m1~-1 ) (m1~-1) 

1120.3 752.5 1.610 0.750 10.90 343.3 289.2 17.35 18.50 

1304.1 1.040 0.490 16.99 16.61 

1488.0 0.795 0.380 24.00 16.04 

1671. 9 0.640 0.320 31.58 14.87 

1120.3 752.5 1.420 0.740 9.99 353.1 289.2 13.l9~ 13.92 

1304.1 1.050 0.520 15.38 12.97 

1488.0 0.700· 0.39D 23.07 11.52 

1120.3 752.5 1.320 0.720 10.00 363.2 290.2 11.61 12.48 

1304.1 0.895 0.500 15.38 10.88 

1488.1 0.690 0.398 22.14 10.38 

1671.9 0.565 0.330 28.57 9.85 

1120.3 752.5 1.500 0.816 8.33 373.3290.2. 11.19 11. 73 

1304.1 0.915 0.528 14.70 10.06 

1488.0 0.690 0.408 20.83 9.76 

1671. 9 0.540 0.320 28.57 9.22 



p. Po tR tA l. 
(rrnn Hg) (rrnn Hg) (min) (min) 

1304.1 752.5 0.858 0.522 

1488.0 0.155 0.410 

1671. 9 0.525 0.333 

1303.6 752.0 0.806 0.542 

1487.5 0.632 0.425 

1671.4 0.500 0.340 

1303.6 752.0 0.780 0.540 

1487.5 0.620 0.450 

1671.4 0.490 0.352 

TABLE A.3.22 
(eont'd) 

Q 
(ml/min) 

14.35 

20.13 

27.27 

Teol Troom 
(K) (K) 

382.3 290.2 

13.76 394.1 291.2 

19.23 

26.09 

12.00 402.3 291.2 

18~50 

24.19 

74 

Vo Vo t 

(ml~-l ) (ml~-l ) 

8.53 9-" 37 

7.92 

7.68 

6.41 6.81 

6.37 

6.09 

5.18 5.47 

5.03 

4.88 
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TABLE A.3.23 

DATA OBTAINED FOR SBR-BENZENE SYSTEM 

AT VARIOUS TEMPERATURES 

Pi Po 
(rom Hg) (rom Hg) 

tR tA Q Tco1 
(min) (min) (m1/min) (K) 

Troom 
(K) 

1303.1 751.5 2.930 0.370 21.20 343.3 299.2 96.15 95.94 

1488.5 2.190 0.280 31.30 96.12 

1668 i 9'.1 1. 750 0.220 42.86 96.32 

1303.1 751.5 2.250 0.342 20.72 353.3 298.2 70.26 .74.43 

1488.5 1.730 0.283 29.41 68.65 

1668.9 1.360 0.227 40.00 66.50 

1303.1 751.5 2.100 0.360 20.13 358.3 298.2 62.26 63.92 

1488.5 1.500 0.276 30.61 60.54 

1668.9 1.230 0.223 40.54 60.34 

1121. 7 754 2.900 0.560 1l.41 363.1 293.2 53.60 55.00 

1305.6 1.870 0.380 19.04 51.36 

1489.5 1.420 0.290 27.39 50.78 

---------------
t Extr~po1ated to zero flow rate 



TABLE A.3.24 

DATA OBTAINED FOR SBR CYCLOHEXANE SYSTEM 

AT VARIOUS TEMPERATURES 

Pi P tR tA Q Tco1 
(mm Hg) (mm~g) (min) (min) (m1/min) (K) 

Troom 
(K) 

1303.1 751.5 1.930 0.370 21.20 343.3 299.2 

1488.5 1.440 0.280 31.30 

1688.9 1.150 0.220 42.86 

1303.1 751.5 1.500 0.340 20.72 353.3 298.2 

1488.5 1.170 0.280 29.41 

1668.9 0.940 0.230 40.00 

l303.1 751.5 1.190 0.358 20.13 358.3 298.2 

1488.5 1.010 0.276 30.61 

1668.9 0.825 0.223 40.54 

1121.7 754.0 2.000 0.560 11.41 363.1 293.2 

l305.6 1.340 0.380 19.04 

1673.4 0.820 0.230 38.22 

t Extrapolated to zero flow rate 
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VO t 
(m1~-1) 

58.31 58.06 

58.38 

58.55 

42.72 43.60 

42.23 

41.85 

37.00 37.94 

36.24 

35.95 

32.99 32.57 

33.09 

33.80 



TABLE A.3.25 

DATA OBTAINED FOR SBR-n-HEXANE SYSTEM 

AT VARIOUS TEMPERATURES 

p. 
~ 

(mn Hg) 
Po 

(nnn Hg) 

1303.1 751.5 1.060 0.370 

1488.5 0.780 0.280 

1688.9 0.620 0.220 

1303.1 751.5 0.860 0.340 

1488.5 0.670 0.280 

1688.9 0.540 0.230 

1303.1 751.5 0.815 0.358 

1488.5 0.607 0.276 

1688.9 0.497 0.223 

1117.2 749.5 1.150 0.550 

1301.1 0.800 0.38.0 

1485.0 0.620 0.290 

Q 
(m1/min) 

Troom 
(K) 

21.20 343.3 299.2 

31.30 

42.86 

20.72 353.3 298.2 

29.41 

40.00 

20.13 358.3 298.2 

30.61 

40.54 

12.00 363.i 294.2 

19.05 

27.00 

t Extrapolated to zero flow rate 
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25.91 26.46 

25.16 

25.18 

19.15 19.98 

18.50 

18.27 

16.35 16.35 

16.34 

16.36 

14.41 14.41 

14.41 

14.59 



TABLE A.3.26 

DATA OBTAINED FOR PIB-BENZENE SYSTEM 

AT VARIOUS TEMPERATURES 

p' 
~ 

(nun Hg) 
Po 

(nun Hg) 

1685.8 767.0 2.420 0.200 

1502.5 2.900 0.250 

1318.6 3.890 0.310 

1134.7 5.770 0.460 

1659.3 740.5 1.820 0.200 

1476.0 2.250 0.260 

1292.1 2.950 0.320 

Q Teo1 
(m1/min) (K) 

Troom 
(K) 

52.63 313.1 286.2 

40.00 

26.78 

16.22 

50.80 323.1 292.7 

37.60 

25.75 

t Extrapolated to zero flow rate 
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195.83 1'91.18 

194.35 

193.53 

192.62 

132.84 131.4C 

132.28 

132.18 



TABLE A.3.27 

DATA OBTAINED FOR PIB-CYCLOHEXANE SYSTE!>l 

AT VARIOUS TE!>1PERATURES 

Po 
(nun Hg) 

tR 
(min) 

1502.5 767.0 3.280 0.250 

1318.6 4.400 0.320 

1134.7 6.520 0.480 

1685.5 767.0 2.030 0.200 

1502.5 2.550 0.250 

1318.6 3.270 0.320 

Q 
(m1/min) 

40.00 313.1 287.2 

27.27 

16.80 

52.63 323.1 287.2 

38.00 

26.90 

t Extrapolated co zero flow rate 
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VO 7 
(m1~-1 ) 

221. 43 229 .. 48 

223.72 

226.18 

160.87 157.97 

159.67 

159.56 
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TABLE A.3.28 

DATA OBTAINED FOR PIB-n-PENTAhc SYSTEM 

, AT VARIOUS TEMPERATURES 

Pi Po 
(mm Hg) . (mm Hg) 

Q Tco1 
(m1/min) (K) 

1134.7 767.0 1.500 0.470 16.80 313.1 287.2 38.56 19;' 04 

1318.6 1.010 0.320 27.27 37.85 

1502.5 0.770 0.240 39.00 37.76 

1134.7 767.0 1.240 0.460 16.22_ 323.1 287.2 28.19 29.19 

1318.6 0.830 0.320 27.27 27.97 

1502.5 0.640 0.250 38.00 27.00 

t Extrapolated to zero flow rate 
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APPENDIX 4 

REQUIRED PHYSICAL PROPERTIES OF SOLVENTS 

A.4.l. Calculation of Saturated Vapor Pressures of Pure Solvents (P~) 

The Antoine equation waS used to estimate the pure component vapor 

pressures : 

ln pS = A - B/(T + C) 
.~ 

A,B,C are constants, obtainedfrom references (31). 

A.4.2. Estimation of Molar Liquid Volume of Solvents (V~) 

(A.4.l) 

The equation for calculating reduced dencity (P r ) is g~ven as (39): 

(A.4.2) 

where Zc ~s the compress,ibility factor and can be obtained by 

(A.4.3) 

The molar volume of pure solvent ~s calculated from 

(A.4. 4) 

A.4.3. Second Virial Coefficient (B~~) 

B~~ values were obtained from references (40). 



APPENDIX 5 

SAMPLE CALCULATIONS 

Sample calculations for n-hexane solvent and 10 % antishock poly­

styrene loading at the column temperature of 402.3 K. 

o 
A.5.l. Vg : 

82 

Linear regression method was used to extrapolate specific retention 

volumes to zero flow rates. 

Q V~ 
(ml/min) (m1g-l) 

12.00 5.18 

18.50 5.03 

24.19 4.88 

A.5.2. rt' : 
_1_ 

Nl = 8617 ggmole- I 

VO 
g = 5.47 mlg- I 

s 4.91 P
1 

- atm -

By equation (3.6) 

Extrapolated Value of V~ = 5.47 mlg- I 

(see Table A.3.22 ) 

Bll = - 845 ccmo1e-1 

V - 154.64 ccmo1e-1 
1 

T = 402.3 K 

r\CO _ [( 273 • 2) (82 • 05) ] -- 4 • 91 
1n HI - In (4.91)(5.47)(86.17) - -{Sh05)(402.3) (-845.- 154.64) 

f21 = 11.26 (See Table 5.3) 



A.5.3. X : 

ps = 4.91 atm 
1 ~ = 73486 

Va - 5.47 mlg-1 
g - V

1 
= 154.64 ccmo1e- 1 

-1 M1 = 86.17 ggmo1e Bn = - 845 

1 1. 093 ccg-1 
= 0.915 glec = 

By Eq. (3.14) 

(273.2)(82.05)(1.093) 
X = In (5.47)(4.91)(154.64) 

(4.91) 
(82.05)(402.3) (-845 -154.64) 

X = 0.93 ( see Table 5.3) 

154.64 1 
(73486) (1.093) 

By Eq. (3.21), H is calculated from the known values of Wk and 
2 

tR (see Table A.3.21). [sing H versus u values, the slope of the curve 

was found to be C = 0.060. 

By using Eq. (3.24) 

Pp = 0.915 gcc-3 

" 

6 ~ 0.11 

(0.11/0.915) 0.15x10-3 cm 
df = {3/(8.15x10 3)(0.47)} = 

By using Eq. (3.20) 

C = 0.060 k = 0.4 

83 



0,060 

D1 = 6,2xl0-S em sec-2 (see Table 5.6) 

A.5.5. llHs ~ 

By Eq. (3.17) 

Data points l/T 

T1 - 382,3 K -+ 26. 15xl0-4 -

T2 = 390.4'K -+ 25. 15xl0-4 

T3 = 394.1 K -+ 25.37xl0-4 

T4 - 402.3 - K -+ 24.80xl0-4 

Vo = 0.37 mlg-1 -+ In Vo 
= 2.24 

gl gl 

Vo 
= 7.70 mlg- 1 -+ In Vo = 2.04 

g2 g2 

V
o 

= 6.81 mlg- 1 -+ In Vo - 1. 92 
g3 g3 -

Vo - 5.47 mlg-1 -+ In \,0 = 1. 69 
g4 g, 

R = 1. 987 calgrr:c~e-1 

Using In v~ versus l/T values, the slope of the curve was found 

to be 4219.1 by regressic~ method. 

_ llHs _ 4219.1 
R 

-c,Hs - (4219.1) (1. 987) :::: 8383 calgmole-1 

- llHs :::: 5.4 kcalgmole-1 (see Table 5.8) 
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