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ABSTRACT

The technique of inverse gas chromatography (IGC) has been used to measure the
Hildebrand solubility parameters (8) of a commercial LDPE and eleven experimental
LLDPEs, which have different solid-state density, average molecular weights, and
molecular weight distribution. In particular, two approaches, one developed by Choi e?
al. [J. Coll. and Inter. Sc.i, 180, 1 (1996)] and the other by DiPaola-Baranyi and Guillet,
[Lloyd DR, Ward TC, Schreiber HP, Pizana CC, ACS Symposium Series, Inverse Gas
Chromatography Characterization of Polymers and other Materials, Chapter 9,
American Chemical Society, Toronto (1988)] were adopted. And it was found that the
former method yielded different 3, values, allowing the calculation of the Flory-Huggins
interaction parameters (), while the latter did not. Nevertheless, they both gave
solubility parameter values which are significantly lower than those obtained by PVT
measurements. The measured parameters were then used to calculate the corresponding
Flory-Huggins interaction parameters Yippe.Liope and YuippeLLppe at four elevated
temperatures. Our results suggest that both LDPE/LLDPE and LLDPE/LLDPE blends
are thermodynamically miscible at most of the temperatures of interest. Additionally, the
miscibility behavior of both LDPE/LLDPE and LLDPE/LLDPE blends seems to be
insensitive to the properties (e.g., average molecular weight, branch content,

polydispersity, melt index) of the LLDPEs used.
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NOMENCLATURE

LDPE Low-density polyethylene
LLDPE Linear Low-density polyethylene
HDPE High-density polyethylene

IGC Inverse Gas Chromatography
DSC Differential Scanning Calorimetry
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C”NMR Nuclear Magnetic Resonance using carbon 13

PVT Pressure — Volume — Temperature

MD Molecular Dynamics

X Flory-Huggins Interaction parameter

) Hildebrand Solubility parameter

MW, Molecular weight of the ethylene repeat unit
Mn, ;o Number molecular weight average of a polymer
AGnix Gibbs free energy of mixing

AH i Molar heat of mixing

ASpix Combinatorial entropy of mixing

n Number of moles
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tr

Cll
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V2

Volume fraction

Molar volume

Gas constant

Solvent’s molar volume / ethylene repeat unit molar volume
Binary interaction energy coefficient

Temperature
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Total number of lattice sites
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CHAPTER1

1 INTRODUCTION

Despite the fact that polymer blends have been known for some time, such
systems have only received increased attention for the last three decades, owing to the
pressing need for a faster and less expensive way of developing new materials having
desirable processing and performance properties. Consequently, there has been much
interest in developing reliable and convenient experimental methods that can be used to

better characterize and understand how different polymers interact in a blend [1-4].

The properties of polymer blends strongly depend on the miscibility of their
constituent polymers. In general, miscibility occurs when specific interaction forces exist
between the backbones of the polymers in a blend [5]. These interactions may be in the
form of hydrogen bonding, acid-base type, dipole moments, etc. Miscibility of polymers
can be determined experimentally by measuring their Flory-Huggins interaction
parameter (). In this regard, there are a few methods available and these include melting
point depression measurements using Differential Scanning Calorimetry (DSC), Small-
Angle Neutron Scattering (SANS) and Inverse Gas Chromatography (IGC) [S-11].
Among these techniques, IGC has become popular in recent years due to its simplicity,
rapidity and availability of the GC equipment. In addition, IGC experiments can provide
miscibility information at elevated temperatures (e.g. 200°C) while the other techniques,

except for SANS, cannot [3].



There are two common approaches used to infer miscibility by IGC. The first one
is to measure the Flory-Huggins interaction parameter between the polymers directly for
a blend. In this case, both concentration and temperature dependence of X can be
obtained. Another approach is to measure the Hildebrand solubility parameters (3) of the
pure polymers and then use the measured & values to calculate the Flory-Huggins
interaction parameters between the polymers. Since the latter approach focuses on
determining & of the pure components, the resultant ¥ is only temperature dependent.
Both methods are currently being used. The work presented here utilized the second one
as the first approach suffers from a serious problem: the measured interaction parameters

depend on the nature of the solvents used in the experiment.

Among the large number of polymer blends that have been studied over the past
few decades, polyethylene blends have still been a topic of great interest among
industries and research centres because by using various catalysts, polyethylene with
different molecular structures can be made [12-20]. Despite considerable efforts that
have been made on the subject, there is still no consensus on the miscibility of these
blends. In fact, different groups of researchers have proposed different views on the issue
ranging from complete phase separation [21-29] to complete homogeneity [9-11] for
blends of high-density polyethylene (HDPE) and low-density polyethylene (LDPE) as
well as of HDPE and linear low-density polyethylene (LLDPE). In the case of
HDPE/LLDPE, all researchers have generally accepted that the branch content (i.e.,
average number of branches per thousand backbone carbons) of LLDPE is the major

factor that controls miscibility [26-28].



LDPE/LLDPE blends have also been frequently studied and researchers found
that the blends retain the superior mechanical properties of LLDPE as well as the
processability of LDPE [1,20]. As postulated by Speed [30], LDPE/LLDPE blends are of
considerable market interest for a variety of reasons. Typical commercial applications
require combinations of LLDPE with some amounts of LDPE through slip, antiblock and
color masterblatches as well as mixtures of LLDPE with high fractions of reprocessed
LDPE scrap. Blending LDPE into LLDPE reduces haze and increases melt tension to
give better bubble stability. It also improves toughness and melt drawdown properties

compared to LDPE base resin.

Regarding the miscibility of LDPE/LLDPE blends, as in the HDPE/LDPE case,
no consensus has been reached. Based upon frequency relaxation spectra and rheological
functions, Utracki and Schlund [31] deduced that LDPE and LLDPE did not mix in the
moiten state. With the use of Small-Angle Light Scattering (SALS) technique, Moonhor
et al. [32] found that the blend is miscible in the amorphous phase, but not in the
crystalline phase. Through extensive studies on thermal and relaxation behavior of
polyethylene blends, Lee and Cho [33] investigated LDPE/LLDPE miscibility using DSC
and Dynamic Mechanical Analysis (DMA) and found that such blends are miscible in the

amorphous phase but not in the crystalline one.

Hu et al. [34] studied several polyethylene blends including LDPE/LLDPE ones
by DSC, Small Angle X-ray Scattering (SAXS) and other techniques. They found that for

the LDPE/LLDPE system, DSC showed two distinct endothermic peaks indicating that



there are separate crystalline phases in the blend. The light-scattering patterns led them to
believe that when LDPE/LLDPE blends are cooled from the molten state, LLDPE first
crystallizes forming spherulites and LDPE crystallizes subsequently within the

spherulites previously formed by the LLDPE.

To date, miscibility studies of polyethylenes have only focused on temperatures
slightly above their melting points (up to 165°C) rather than typical processing
temperatures (approx. 200°C) [21-28]. The objective of this current work is to broaden
the understanding of the phase behavior of polyethylene blends at four elevated
temperatures (170, 190, 210 and 230°C) with the use of IGC. In particular, we attempt to
correlate molecular structures of polyethylenes with their solubility properties and

miscibility.
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CHAPTER 2

2 INVERSE GAS CHROMATOGRAPHY (IGC)

As mentioned in Chapter 1, IGC is one of the most common techniques used to
characterize polymer blends. The term “inverse” was adopted due to the low volatility of
polymers that makes them unsuitable for study by conventional gas chromatography
(GC) where the mobile phase is the focus of study. In IGC, the chromatographic column
that consists of the pure polymer coated on the solid support (i.e., stationary phase) is
under study. IGC has been applied extensively to a variety of homopolymers, copolymers
and polymer blends. And a wealth of information such as interaction parameters, contact
energy parameters, molar heats of sorption and mixing of solvents can be obtained [1].
With appropriate correlations, all these parameters can be obtained experimentally by
measuring the retention times of the injected pure solvents, weight of the coated material,
flow rates of the carrier gas, and its inlet and outlet pressures and column temperature.
This chapter will review the basic theories on how IGC is used to characterize miscibility

of polymers based upon the measured 3.

2.1 Polymer Blend Thermodynamics
An important thermodynamic term for describing the miscibility of polymer
blends is the Gibbs free energy of mixing AG,,;, that is given by:

AGpix = AH pjy — TAS i 1)



where AS,;. is the combinatorial entropy of mixing and AH,. is the enthalpy change of

mixing.

Flory and Huggings, with the use of the concept of a quasi-crystalline lattice as a
model for liquids, independently derived an expression for the combinatorial entropy of
mixing for linear flexible chain molecules [2,12]. The Flory-Huggins quasi-lattice theory

can be found in Appendix B.

In the case of a binary mixture:

AS,,,Lt = —R(an[ +n2V2)|:¢[ ln¢[ +¢2 ln¢2 :| (2)

where n, and n» are the numbers of moles of components | and 2; ¢, and ¢, are their
volume fractions; and ¥, and ¥ are their molar volumes. The enthalpy change of mixing
is assumed to have a form of the Van Laar expression:

AH e = (m ¥} + 12V )B126102 3)

where By, is a binary interaction energy coefficient and can be related to the Flory-

Huggins interaction parameter between components 1 and 2, X2, by the following

expression:
B 12 _ X12 4)
RT n



By replacing the AH,,;; and AS,,;.terms in equation (1) by equations (2) to (4), one
obtains the following expression:

AG e = RT |y Indy +nylnts +midax2 O]

It is obvious, based upon equation (2), that even though positive contribution of
the combinatorial entropy favors mixing, its value is diminished as the molar volumes of
the components become larger. As a result, miscibility can only be achieved by having
negative polymer-polymer interaction parameters, )2, if both components are high

molecular weight polymers ( i.e., exothermic heats of mixing).

However, in order to satisfy stability considerations for a binary system, the
following criterion is also required:

2
aLsz_is_ 50 6)
a0,
This requirement guarantees that the mixture is in a stable region. The
E)zAG,,,i,‘/E)q;,-2 =0 expression describes the spinodal curve which divides the stable and

non-stable regions where spontaneous demixing occurs.

Another expression for AG,; which is defined in terms of the degree of

polymerization, x, is [3,13]:

%

In¢, +¢1¢2X12] )]
x2

AG e = RT[i—:lnq)l +

10



where x; and x, are the degrees of polymerization defined based upon the volume of the

lattice site chosen.

The difference in chemical potentials of the solvent in the solution and pure
solvent states Al,; can be obtained by differentiation of the molar Gibbs free energy of
mixing with respect to the amount of the solvent, n;, in the solution. With the use of the

solvent’s molar volume as the reference volume (i.e., x;=/) and ¢,= n;x;/Ng, one obtains:

aAG_mir:Aul =RT[x12¢22 +in(l-0; )+(1-L}2] v
on, i

where N is the total number of lattice sites.

The inflection point of the function Ay, = f{¢») and its extreme values characterize

the spinodal curve:

%E.L=RT') -1 I_L 9
o, [-X12¢2 (l-¢2)+ X2 ®

At the critical point, the second derivative of the function Ap,= f{¢>) becomes

zero and the maximum, minimum and inflection point are all equal to zero:

azA].ll [ 1 :I
=L RT| 2% ————|=0 (10)
3,° 2 (-0, 7

11



Solving both equations (9) and (10) for )2 and equating the results, after some

manipulation, one obtains the value for ¥ 12,crir

2x,

Xireris = [('”—”)} an

As x; —oo, equations (11) becomes:

l
X\2,crit =7 (12)

({9 ]

According to the above equation, if ;2 is less than ¥)2,.,=0.9, the polymer and
solvent are miscible in all proportions. However, if ;> >%i2c# . phase separation

occurs.

Instead of using the solvent’s molar volume as a reference, one can adopt the
molar volume of the repeat unit of the polymer in question as the reference volume,

equation (5) would now read:

v,
AGpy = RT[nl Ind; + 15 1nd, +V—;nl¢2x[2] (13)

where V, is the reference volume. In this work, polyethylene is of interest. Therefore, ¥,

is the ethylene molar volume at temperature 7. Let’s define r, = ¥/ ¥, for simplification.

12



Following the same procedure as described before, one would find:

dAp,
9%,

= RT[Zr.xlz% =) -l¢ )+ 1 —%} (14)
2 2

Taking the second derivative of equation (14):

I
__,=RT2 X2 — = (15)
30, [r' ! (n-m}

By setting equations (14) and (15) to zero and solving for ¥ 12.cri:
1 f 14 2
Xl2,cnt 2"[ [ VZ ] ( )

Since V>>V, ,

Xi2crit =57 =5, a7
n

It is worth noting that if V|, the solvent molar volume, is used as the reference

volume, equation (17) will be reduced to equation (12), i.e., X12.cie =0.5.

In the case of binary polymer blends, the ¥23 .i; is given by:

2
L [V {Vo
. e _—+ — 18
X 23.crit 2[ V2 V}) (18)

13



Equation (18) can be further simplified using Vo =MW, * v2 ; Vo= Mn,po1; * v2 ;
Vs = Mn,p,; * v3 , where MW, is the molecular weight of the ethylene repeat unit; v, = v3
and they are the specific volume of polymer 2 and 3, respectively, which will be further
discussed below. And Mn,,.;; and Mn,,,; are the number average molecular weights of

polymers 2 and 3, respectively:

2
1 MW, MW,
x23.crit = '2_ JM £+ J < (19)
Ry pot2 Mn, 3

It should be pointed out that the concept for ¥, is derived based upon two linear
polymers. Since in this work we are dealing with two branched polymers, LDPE and
LLDPE, % values obtained using either equation (18) or (19) can only be used as an ad
hoc reference, rather than an absolute one. The polymer specific volume in the liquid
state for polyolefins can be obtained by the empirical expression developed by Rudin ez

al. [6]:

vy =1.282+9*1074(T ~150) (20)

where T is in °C. It is worth noting that according to the above expression, the melt
density of the polyethylene is only a function of temperature and is independent of its
branching characteristics. In other words, both LDPE and LLDPE share the same melt

density at the same temperature.
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Having reviewed the basic solution thermodynamics theories, which are pertinent

to our work, we now turn over attention to the GC theories.

The specific retention volume, Vgo, is commonly used to describe the elution
behavior of a solvent injected into a GC column and is also important for obtaining
thermodynamic properties of the stationary phase. It is defined as [4]:

o _ v *F*J*273.15

21
g T @1

where ty is the net retention time obtained by the difference between the retention times
of the solvent and of a marker; F is the carrier gas (helium) flow rate at the experimental
temperature T, W, is the mass of the polymer coated in the column; and J is the James-

Martin correction factor for the pressure gradient across the column. J can be obtained by

[1]:

(22)

A
)r
1
A

where P; and P, are the chromatographic column inlet and outlet pressures, respectively.
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The specific retention volume is also related to the partition coefficient (i.e, the
ratio of the concentration of the solvent in the liquid phase to that of the gas phase) by the

following expression [4]:

!
273.15
V0= C1 * 23
g {Clg]( T ) (23)

where ¢,' and ¢/® refer to the solvent concentrations in the liquid and gas phases,

respectively.

In a chromatographic column, the equilibrium between the stationary and mobile
phases is usually fast reached. However, the column temperature should be at least about
50°C above the glass-transition temperature for amorphous polymers and slightly above
the melting temperature for semicrystalline polymers to avoid surface adsorption and

kinetic effects interference with the value of ¥’ . At equilibrium,

W' =p,® (24)

where p,’ znd p,® are the chemical potentials of the solvent in the liquid and gas phases.

Under infinite dilution situation (i.e., both ¢;’ and ¢ are very small), the chemical

potential of the solvent in the gas phase relative to the reference state (i.e., ApL,®) is then

obtained by:

RTc®
Ap.[‘g=RTln( 1;' ) (25)
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where M, is the molecular weight of the solvent.

The chemical potential of the solvent in the liquid phase relative to the reference

state (i.e., Ap,') is given by [16]:

-V
any = RT[ incy +1n R0 + R0+ E1L=11) T ) ] (26)
where B, is the second virial coefficient of the solvent in the gaseous phase; a, is the
activity of the solvent in the liquid state; V; is its molar volume; and P,° is its saturated

vapor pressure at temperature 7. P,° can be calculated by Antoine’s equation as:

B

logP® = A~ 2
B )

27

where T is in degrees Celsius and the constants 4, B and C are taken from reference [5].

And By, was determined by an improved approach developed by Tsonopoulos

[11] to properly account for the nonideality in vapor-liquid equilibria :

RT,
By = (/(0) + wf('))‘ Pc 28)
c

where f¥ and £ are a modified version of the fugacities defined by Pitzer-Curl [11]; w
is the acentric factor; T is the solvent critical temperature; and P. is the solvent critical

pressure. The modified Pitzer-Curl fugacities are determined by:

17




033 0.1385 0.0121 _0.000607
T, T,? 1,3 T8

£ =0.1445- (28a)

2
FO _ 0637403310423 _0.008 (28b)

.2 1.3 18

where 7, is the reduced temperature.

Ina; is related to the Gibbs free energy change on mixing through the following

expression [17]:

RTIna, =(5’A(_)Gm'* ] 29)
n ny, P, T

The partial derivative can be evaluated with the derivation of equation (5), which

leads to:

[Q-Aﬁ‘l] =RT[ln¢l '*‘l‘ﬂ“"'XIZJ 30)
anl ns P.T Vz

28

By combining equations (25), (26), (29) and (30), and after some manipulation,

the expression for ;» reads [4]:

273.15Rv
X12 =In '—0'—02 -
Ve A

Vi

) _R'B1,-N)
Mjyvy

RT

1

(€1))
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Under infinite dilution conditions, for high molecular weight polymers, the second
term of the right hand side of equation (31) approaches 1. So, the final expression, the

one used in most of the IGC literature, is [1]:

Y1z =In 273.15Rvy | | _ A°(B; -1) 32)
ve'n,A° RT

Traditionally, when the Flory-Huggins lattice theory is applied to a solvent-
polymer system, the molar volume of the solvent is used as the reference volume to
define the size of the lattice. The problem is that it is difficult to compare the interaction
strengths between different solvents with the same polymer since %2 are calculated based
upon different lattice sizes. As a result, the apparent differences in the interaction
parameters among different solvents with the same polymer do not necessarily come
completely from the differences in the intermolecular interactions but also, the lattice

sizes that were used.

Zhao and Choi [10] proposed a common reference volume approach by which, the
interaction strengths between the different solvents with the polymer can be properly
compared. Their approach was incorporated into this work. Therefore, equation (32)

should be modified to:

0(g, . —
Vo 1n[273'15R"2 -I-P‘ (B;,-") (33)

X12=7- 00 =0
1 Ve VA RT

where V; is the common reference volume (molar volume of the ethylene repeat unit in

this work). Note that if V) is used as the reference volume, the term V;/¥V, in the above
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expression will become 1 and equation (33) will reduce to equation (32). Once the
solvent-polymer interaction parameters are determined, the Hildebrand solubility

parameters of the pure polymers can then be obtained by the procedure described below.

First, the solubility parameters of the solvents (8;) have to be determined. 8, is

defined as follows [11]:
1/2
3, =[AE”"” } (34)
4

where AE,,, is the internal energy change of vaporization. Assuming that the solvent

vapor behaves as an ideal gas:

1/2
5, =[M] (35)
"

where AH,,, is the enthalpy change of vaporization of the solvent at temperature 7. In
this way, the solubility parameters of low-molecular weight species can be determined in

a straightforward manner by direct measurement of AH, .

The temperature dependence of 8 can be obtained from the following empirical

correlation [8]:
2 2.27
61,]' 2 = VlaTl (36)
815 "5
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where 8, 1; and V) r; are the Hildebrand solubility parameter and molar volume of the
solvent at T;. All the ;1) used came from [7] and were determined by their respective

heat of vaporization at 25°C.

Once the solubility parameters of the solvents used are determined, the next step
is to determine the solubility parameter of the polymer. In this work, two approaches
were adopted and their results were compared. The first is the one developed by Choi et
al. [14]. The essence of their method is that the solubility parameter of the polymer of
interest is determined by averaging the solubility parameters of the solvents that exhibit
X12< X12scric - This new approach is an attempt to better quantify the well known rule of
“like dissolves like”. The rationale is exactly the same as that of the solvent swelling
experiments except that one uses a more objective indicator, the interaction parameter,
instead of the degree of swelling, to judge miscibility. It is worth noting that solvents
with different 8 can dissolve the same polymer. The more solvents we used, the better the
chance of determining the sphere of miscibility of the polymer-solvent system. And the
average of the solvents’ § constitutes the best estimate of 8. To better understand the

method, let’s take a look at one example:

As can be seen in Table 1, only 8, values of solvents that show 12< X12:crie Will be
used in the calculation of &, (in this case, for A-2 at 170 9C). 8, is determined by
averaging all selected values of 3, and the uncertainties associated with the computed 3,

correspond to the standard deviation of the §, values considered:
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_13.4+12.5+14.1+12.2+14.7+144

3,

6

=13.5(MPa)!’?

It is interesting to note that solvents that have comparable & (benzene and toluene

in Table 1) do not necessarily show similar ;> values. At this point, it is not clear to us

the reason for such observation. Further investigation is needed.

Table 1: Measured 2 between A-2 (LLDPE) and Solvents Used and their &, Values at

170° C.
Solvents 12 Yi2erie | O1(MPa)'? ¢ Solvents
Selected for
Study

I-hexene 0.14 0.10 10.7

I-octene 0.15 0.09 12.3

benzene 0.24 0.16 14.7

cyclohexane 0.34 0.13 13.1

hexane 0.14 0.12 10.7

n-dodecane 0.06 0.08 13.4 X
n-heptane 0.12 0.11 11.6

n-nonane 0.08 0.09 12.5 X
n-pentadecane 0.05 0.07 14.1

n-pentane 0.15 0.13 9.0 X
octane 0.10 0.11 12.2

toluene 0.15 0.17 14.7 X
xylene 0.12 0.16 5 144 X

} !

* values calculated with the ethylene repeat unit molar volume as a reference.
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The second method, which is commonly used by IGC users, is the one developed
by DiPaola-Baranyi and Guillet [1]. In particular, they interpret the Flory-Huggins
interaction parameter as a residual free energy function rather than the original enthalpy

parameter which, allows separation into enthalpic and entropic contributions:

X=XH+Xs 37

The basis of the method is that the solubility parameters of the solvent d;, and
polymer &,, are introduced in the form of Regular Solution theory [4] to account for

enthalpic effects:

o Ve o0
x12 =(;07:)*(51-52)2 +Xs (38)

where the subscript = indicates that IGC data is collected at infinite dilution of solvent in
the polymer and ¥} is the molar volume of the repeat unit of the polymer (in this case,

ethylene). Rearrangement of equation (38) yields:
2 oo o
8 _x” | (Ba}y (820 xs” (39)
RT Vo RT RT Vo

A plot of the function on the left-hand side of equation (39) versus 3, should give a linear
line with a slope of 28,/ RT. One disadvantage of this method is that if the measured 2~

values are negative, the data do not conform to the linear relationship.



In order to quantify miscibility of polymer blends, the Flory-Huggins interaction
parameter between two polymers (i.e., )(23) is sought. With the values of the Hildebrand
solubility parameters of two different polymers, 3, and §;, the interaction parameters 23
(XLpope-LLDPE  OF XLipee-LLppe) can be calculated using a correlation based upon the
combination of the Hildebrand solubility parameter and Flory-Huggins lattice theories
[9]:

Vo

oy ©2-83) (40)

X23 =

where V is the smallest molar volume of the repeat units of the polymers comprising the
blend (in the present work, the molar volume of ethylene repeat unit) at temperature T, 3,
and §; are the respective Hildebrand solubility parameters of the constituent polymers;
and R is the gas constant. The main assumptions underlying equation (40) are: no volume
change on mixing, ideal entropy of mixing, weak forces of the induced dipole type (i.e.,
dispersive interactions), and Berthelot’s rule for the cross interactions, which produces
the perfect square form of the equation. It is worth noting that according to the Flory-
Huggins lattice theory, one can obtain negative y2s. It is only when it is combined with
the Hildebrand solubility parameter theory that the resultant expression (i.e., equation
(40)) forces (23 to be positive. The major rationale for using this expression in the present
work is because both experimental studies and theoretical work have suggested that

equation (40) is valid for hydrocarbon polymer blends [15].
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CHAPTER 3

3 EXPERIMENTAL

3.1 Preparation of Coated Solid Support

Each polymer was first dissolved in xylene in the temperature range of 100 —
110°C. An inert solid support chromosorb W (60/80 mesh) was then added to the
polymer solution at a polymer to solid support mass ratio of approximately 10%. This is
to ensure that a ratio of at least 7% will be obtained in the final coated chromosorb. A
lower ratio would not have enough polymer to coat all internal surfaces of the
chromosorb, which will affect the measured retention time significantly. On the other
hand, for ratios above 10%, the polymer coated on the solid support would form a thick
layer, and it would be difficult for the solvents used for the IGC experiments to reach
equilibrium promptly. Xylene was then slowly evaporated by gentle heating the slurry at
about 100°C with constant stirring using a rotary evaporator. The dried coated support
was then transferred to a vacuum oven and conditioned at 80°C for 4 hours in order to
remove the residual solvent. The percent loading of the polymer on the support was
determined by calcination of 1 to 1.5 g of the coated solid support in a furnace operated at
a temperature of 850°C for 12 hours. Table 2 summarizes the total mass of the coated
solid support, the mass of the polymer and the corresponding polymer / solid support

ratio for each column.
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Table 2: Total Mass, Mass of the Coated Polvmer and Loading for Each Column

Polymer Total mass of - Polymer ' Loading
the coated Mass (g) : (Yowiw)
support (g) :
A-1 (LLDPE) 06593 | 00599 9.0
A-2 (LLDPE) j 0.5414 0.0379 7.0
A-3 (LLDPE) 035888 00529 8.9
A-4 (LLDPE)  0.5943 0.0507 8.5
A-5 (LLDPE) - 0.6225  0.0521 8.4
A-6 (LLDPE) 0.5463 0.0380 7.0
M-1 (LLDPE) 0.6439 0.0553 8.6
M-2(LLDPE) 05559 0.0445 8.0
M-3 (LLDPE) 06440 :  0.0515 8.0
M-4 (LLDPE) 0.5901 70,0460 7.8
M-5(LLDPE)  0.5773 0.0433 75
S-216 (LDPE) 0.6863 0.0535 7.8

3.2  Column preparation

Columns were prepared with the use of stainless steel tubes (100 cm in length and
approximately 0.18 cm inner diameter) that were acetone washed in the lab and then
plugged at one end by inert glass wool and filled with the coated solid support. In order
to achieve even packing, the column was constantly vibrated during filling. After the
column was filled, the other end was also plugged with the same type of glass wool.
Columns were conditioned with pre-purified Helium for 2 days at 60°C in a gas
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chromatograph in order to further eliminate any residual solvent before data collection.
Helium was also used as a carrier gas in the actual experiments when various solvents
were injected into the column and its flow rates were measured at the corresponding
experimental temperatures with the use of a soap bubble flowmeter. In general, the flow
rates ranged from 18 mL/min to 20 mL/min, as recommended by the GC manual {(HP

4890D Gas Chromatograph Operating Manual, Hewlett Packard Company (1997)].

33 Instrumentation

All IGC measurements were carried out on a Hewlett-Packard 4890 gas
chromatograph equipped with a flame ionization detector (FID). Very small volumes (~ 1
uL) of the vapor of the selected solvents were injected manually with 10pL. Hamilton
syringes with removable needle and Bevel tip #2 in order to satisfy the infinite dilution
conditions for the solvent. For each solvent, 3 samples were injected with a
reproducibility of 3% and their average retention times were used for subsequent
calculations. Experiments were repeated at 170, 190, 210 and 230°C for each column.
The inlet and outlet pressures of the column were measured with the manometers and are

shown in Table 3.

34  Materials
LDPE with a code of S-216 and LLDPE with codes of A-1 to A-6 and M-1 to M-
5 samples were obtained from NOVA Chemicals Corporation based in Calgary, Canada.

The A-series LLDPEs were prepared by Ziegler-Natta catalysts while the M-series by



single-site catalysts. Their average molecular weights, polydispersity, melt index and
branch contents are listed in Table 4.

Table 3: Inlet and Outlet Pressures of Each Column at Each Temperature

Column . Manometric Inlet Pressure (KPa) | Outlet
at the experiment temperatures . Pressure
170°C  190°C  210°C ' (KPa)
_ 230°C :

A-1 150 150 160 160 : 96
A-2 ' 150 150 160 170 96
A-3 160 160 160 160 96
A-4 150 150 150 160 - 96
A-5 - 140 145 150 150 - 96
A-6 130 140 140 140 96
M-1 - 100 110 110 110 . 96
M-2 - 140 150 160 165 9%
M-3 120 130 135 140 96
M-4 100 110 120 125 96
M-5 - 100 105 110 115 96
S-216 - 150 150 170 170 96

The M, and the M, values were obtained by GPC (Gel Permeation
Chromatography). Branch Content values were obtained by 13C NMR, (Nuclear Magnetic
Resonance using carbon 13). Polydispersity values were determined by the ratio of My, /

Mn-

The solvents used were purchased from Fisher Scientific and used without further
purification. They were 1-hexene, l-octene, benzene, cyclohexane, n-hexane, n-
dodecane, n-heptane, n-nonane, n-pentadecane, n-pentane, n-octane, toluene, xylene.
Methane was used as the marker for the determination of the net retention time of the

other solvents.
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Table 4: Average Molecular Weights, Polydispersity, Melt Index and Branch Content of

the Polyethylenes Used.

Polymer | M, . | Polydispersity } Melt Index | Branch content
AT 20500 102,500 |50 1,02 12.9
A2 I 17,300 105,530 — 1.02 35.0
A3 18,800 122200 65 | 040 1.9
A4 26400 116160 44 06 : 12.7
A5 20800 11680 56 060 1 156
A 25500 112200 a4 —o70 153
M1 38700 77400 20 T 26 114
M-2 75700 69390 27 32 30.4
M3 15300 47430 3.1 a7 273
M4 10,500 o970 95 07 T 196
M-5 33,800 104,400 50 068 113
s216 17,000 94000 55 - 2022

To date, most IGC studies used from 11-14 solvents [1]. In this work, the choice
of the above 13 non-polar solvents were used based on previous work done on
comparable blend systems where these solvents had shown good miscibility with the
samples — in the great majority of the cases, )12 < X12.cri- According to the X12.i; concept
(with the solvent molar volume as a reference) explained in Chapter 2, any value of 2
below 0.5 would make the solvent miscible with the polymer under infinite dilution
conditions. And using the other approach where the ethylene molar volume is used as a

reference, the ;> values should be no greater than the values obtained by equation (17).
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In order to verify that polar solvents are not suitable to characterize the blends,
two very polar solvents, methanol and ethanol, were injected in one of the columns

(LLDPE, M-4). Their ()2 results are summarized in Table 5:

Table 5: Measured Y, Values between Methanol and Ethanol and LLDPE (M-4) Using

the Ethylene Molar Volume as a Reference.

Solvent | T=170°C : T=190°C T=210°C A T=230°C

methanol _ 23.1 223 218 215

t

cthanol | 15.9 154 151 148

The values for X;» observed for these solvents are significantly higher than the
values obtained for the non-polar solvents as such data will be seen in Chapter 4, which

indicates that these solvents are most probably not suitable for our studies.

Table 6 summarizes the %3 ., using ethylene molar volume as a reference at each
temperature. As depicted from Tables 5 and 6, X12>>)i2cix Which confirmed the
suspicion that very polar solvents such as methanol and ethanol are not suitable for the
characterization of polyethylene blends. And, as a result, the polar solvents were not
considered for this study. However, as the non-polar solvents showed better
thermodynamic miscibility with the polymers under study, they were the only ones used

in our analysis.
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Table 6: Calculated Y12, Values for Methanol and Ethanol and LLDPE (M-4) Using

the Ethylene Molar Volume as a Reference.
Solvent  T=170°C T=190°C : T=210"C | T=230°C

!

methanol . 0.28 | 037 035 | 036

ethanol 020 | 025 | 024 026
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CHAPTER 4

4 RESULTS & DISCUSSION

Figures 1 to 12 depict the ;2 values between the selected solvents and the twelve
pure polyethylenes calculated based upon the measured Vgo values and the molar volume
of an ethylene repeat unit. The errors associated with the ;2 . not shown here for clarity,
are rather small and usually within 5%. Some of error sources are the measured mass of
the polymer, carrier gas flow rates and net retention times. It is evident from the plots that
LDPE S-216 and all A-series LLDPEs except for A-6 (i.e., Figures 1- 5 and 12), have X2
values that are rather insensitive to the temperature for the chosen temperature range.
This implies that the conformation of the polyethylene molecules may have changed to a
more closely packed structure into which the solvents had difficulty penetrating.
However, for the M-series LLDPEs and A-6 (i.e., Figures 6-11) we observed an almost
I/T relation over the temperature range of 170 to 200°C. This is what is expected from
the Flory-Huggins lattice theory. One possible explanation for this is that the molecular
architectures of these polyethylenes allow the molecules to become less closely packed at
higher temperatures. It was also observed that both dodecane and pentadecane
consistently give lower Y2 values (i.e., higher miscibility with the polymers) than other
solvents which are aromatic in nature such as toluene and benzene. These results are
expected as the aliphatic compounds have similar structures to polyethylene molecules
and similar structure leads to higher miscibility. In addition, for certain solvents, such as
benzene and cyclohexane, the ;2 value increases with increasing temperature. This is

probably due to large differences in their thermal expansion coefficients. However, we
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cannot rule out other possible explanations since most of these resins are commercial and
only basic information about their characteristics is given. Therefore, we cannot speculate

more about these results.

The temperature dependence of x> for the A series is very different from the
temperature dependence of 72 for the M series. This is probably attributed to the fact
that Ziegler-Natta and single-site based catalysts give polyethylene with different
structures. It is well-known that Ziegler-Natta catal&sts give molecules with randomly
distributed branches, while by single-site catalysts, uniformly distributed branches along
the backbone are formed. These structural differences may be responsible for the way the
molecules pack in the liquid state which will ultimately determine the miscibility of the
polymer with any solvent (i.e., a more closely packed liquid morphology will not allow
much solvent to get in than one that is less packed and with more available space for the
solvent to penetrate). However, this method cannot be used to determine the type of

packing.

The A-series LLDPEs showed x,2 values ranging from 0.0 to 0.6 while the M-
series a broader interval ranging from —0.1 to 0.7. It is worth noting that our extrapolated
%12 values at lower temperatures are in good agreement with values for comparable

systems obtained by other authors (e.g. 140°C) [1].

Here it is important to point out that because in this work only branched polymers

were used, the “real” X2.r: for these systems should be smaller than the values found by
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equation (17). This is because branches should reduce the number of ways the polymer
molecules arrange themselves in the lattice which in turn decreases the mixing entropy.

However, it is not clear to us by how much %, will be smaller.

The same reasoning can be applied for the )2 where equations (32) and (33) may
overestimate its value. It is known that if the “real” combinatorial entropy does not
conform to the Flory-Huggins lattice theory, different values for x> will be obtained.
Once again, at this point we are not able to quantify by how much %x,2 is being

overestimated.
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Using the procedures described in Chapter 2, we summarize the values for 8, by the two

different approaches in Tables 7 and 8. The first is referred to as the average method and

the second as the plot method.

Table 7: Measured Solubility Parameters of LLDPE (A series and M series) and LDPE

(S-216) at the Experimental Temperatures Using the Average Method.

Polymer  T=170°C| T=190°C; T=210°C' T=230°C
LLDPE — Al 13.5£03 | 123%04 12.0£06] 104=0.7
LLDPE — A2 135+05 12108 11908 11.2£0.7
LLDPE — A3 125+08  122£0.7 11509 10.6+0.5
LLDPE - A4 126+08 | 11.8+1.1, 11.8+09 11.8+04
LLDPE — A5 13304 118%0.7 12204 11.6+05
LLDPE — A6 12211 116%1.5 12006 11.4%0.7
LLDPE — M1 13104 - 11706, 11.8+0.5 106=0.7
LLDPE - M2 127+04  11.8+06 11.5£0.5 10.6+0.7
LLDPE — M3 11.1+08  108+08; 11.0£06: 103£0.7
LLDPE — M4 13104 | 11706 11.8%0.5  10.6+0.7
LLDPE — M5 125+0.5  11.7+£06 11.5+0.5 10.6%0.7
LDPE — S-216 13503 13.0+02 12703 106+ 1.4

Table 8: Measured Solubility Parameters of LLDPE (A series and M series) and LDPE

(S-216) at the Experimental Temperatures Using the Plot Method.

Polymer T=170°C: T=190°C  T=210°C : T=230°C
LLDPE — Al 122 12 1Ll 95
LLDPE — A2 12.2 1Ll 11l | 96
LLDPE — A3 122 .1 1Ll 96
LLDPE — A4 122 112 11l 9.6
LLDPE - AS 122 11.1 I.l_ |95
LLDPE - A6 122 11.1 ILl_| 96
LLDPE — M1 122 1.2 1.1 96
LLDPE - M2 122 Il 1.1 96
LLDPE — M3 122 TS 9.5
LLDPE — M4 122 11.2 1Ll 96
LLDPE — M5 122 il 1Ll 96
LDPE —S-216 122 Il | 1Ll 96
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As can be seen in Tables 7 and 8, at each temperature, the plot method gives the
same & value, regardless-of the polymer used. Consequently, these results lead to zero
%23 values for all pairs of polyethylene, which is physically unreasonable. This is due to
the fact that the only term in equation (39) that varies from one polymer to another is
12~ / Vi . And as the measured 2 values were rather small and almost identical to each
other, similar 8, were obtained. In our view, this method is more suitable to systems of
which polymers of interest exhibit significantly different x;2 values with the solvents
used. However, with the use of the average method, individual numbers were obtained at
each temperature for each polymer, which allowed the calculation of )23. It should be
pointed out that the & values obtained by the average method extrapolated to lower
temperatures are in agreement with the results previously obtained by other IGC

researchers [1,2] where the measured solubility parameters range from 10 to 13 [MPa] 2

Here, it is important to point out that Sperling er al. [3], based upon PVT
(Pressure - Volume - Temperature) measurements of a series of polyolefins over a
temperature range of 30°C to 220°C, obtained Hildebrand solubility parameter values
which are significantly higher than those reported here. For instance, at 166°C, Sperling
et al. reported & values for comparable polyethylene systems, between 16.2-18.2
(MPa)"/ 2 which are essentially in the range of the & values of polyethylene at 25°C [4].
As one can see, there is a clear paradox here: how can one obtain values for the
Hildebrand solubility parameters at 166°C that are within the same range as the ones
reported in the literature at 25°C if it is well known that the Hildebrand solubility

parameter decreases with increasing temperature?
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If values obtained from the PVT measurements at elevated temperatures are
reliable, the Hildebrand solubility parameters of these materials at 25°C need to be
reexamined. One possible explanation for the above described paradox is that the concept
of the Hildebrand solubility parameter is only valid for amorphous polymers and as this
concept is extended to semi-crystalline polymers in the solid state, the crystallinity

present in such polymers is not properly accounted for.

With the use of the measured 8 values and equation (40), Y23 values for the
LDPE/LLDPE and LLDPE/LLDPE blends were calculated and are summarized in
Figures 13-30. For clarity, the data points at the experimental temperatures 170, 190, 210,
230°C were shifted horizontally to the right. As depicted in these figures, x23 does not
exhibit an inverse temperature dependence. This is unexpected according to the Flory-
Huggins lattice theory but not very surprising since various researchers have reported

such observations for other polyolefin blends {5-7].

Even though the values of %23 .- can only be used as an ad hoc reference, it is the
only available means to determine miscibility of these blends. Therefore, the )23 i value
of each pair of the blends was determined and are summarized in Table 9. By comparing
the information in Table 9 to the curves from Figures 13-30, one can infer that at some
temperatures the blends are relatively more miscible than others. For instance, in Figure
13, the calculated y2;3 for the blend of S-216 and A-1 at T=170, 190, 210, 230°C are 0.0,
0.0005, 0.00045, 0.0001, respectively, and the corresponding X23.-: for this blend is

0.00030 (Table 9).
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Table 9: Calculated %23y for the Blends Based upon the Molar Volume of the Ethylene
Repeat Unit

A23.crieX 10°

Polymer ' A-1 "A-2 A-3 ‘A4 - A-5 . A-6 ES-2I6§M-I %M-Z ‘M-3 M4

e
A-3 '2.8'3.1;-'-:-f-
A4 242625
AS 27 30 28 24 - - - . -
A6 35 27 26 32 34 - - - T -

S216 30 32 3.1 27 30, 27 - - - - -

M-1 20 22 21 18 20.18 23 - - - -
M2 24 27 26 22 S YRR R IV R e
M3 32 34 33 28 32 29 35 24 29 - -
M-4 39 42 41 35 39 36 42 31 36 45 -
M-5 1 24 22 18 21 19 24 15 19 25 32

This leads to the conclusion that this blend is probably immiscible at 190°C and
210°C and miscible at 170°C and 230°C. However, most of the blends showed
extremely small (-3 values indicating that they are miscible over the temperature range of

interest.

The calculated x2; values observed between the A series LLDPEs and S-216
LDPE (0.0-0.0018), are significantly lower than the ones obtained for the M series
LLDPEs and S-216 (0.0-0.0057). However, both A and M series blends have similar
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Y23.rir Values (0.0002-0.0004). The great majority of the ¥»3 values obtained were below
the ¥23.- values for the corresponding blends indicating that they form homogeneous

mixtures at elevated temperatures.

The y»3 values calculated between the various LLDPEs within the A series
polymers ranged from 0.0-0.0018 and the great majority of these results were below the
X23.crir Values for the corresponding blends. The same was observed for the )23 values
calculated between various LLDPEs within the M series polymers, ranging from 0.0-
0.004. These results suggest that M series LLDPEs are less miscible than the A series

LLDPEs.

The %23 values calculated between the A series and M series LLDPEs ranged from
0.0-0.0012 with the exception of the blends composed of M-3 and A-series LLDPEs that
exhibited a broader range of 0.0-0.0058 (Figure 28). Once again, the blends of M-3 and

A-series LLDPEs, the great majority of the %»; values were below the corresponding

X23.crir Values.

It is worth noting that the blends in which M-3 was one of the components, higher
%23 values were observed. This may be due to the lower M,, or higher melt index of M-3
(Table 4) comparing to the other polymers. It is well-known that miscibility of polymer
blends is controlled by the chain lengths of the components. As can be seen from Table 4,
M-3 has a My, that is significantly smaller than those of other polymers which may

explain the higher .3 values found. In the case of A-6, only based on the information
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given by Nova Chemicals Corporation we cannot explain why its behavior is so different

from the other members of the A series.

It is important to point out that as the %2 .-, values were overestimated (because
of the branches) the same will happen to X23 .. S0, in reality the )23 should be even
smaller than the values found by equation (19). Once again, it is not clear to us the
magnitudes of the overestimation. In terms of ).3, we cannot really tell if it is
overestimated or not because it will depend on the values of the § for the individual

components.

The large uncertainties associated with the >3 values are mainly caused by
equation (40) where, in order to calculate (>3, one has to use 8. The problem arises when
the standard deviations for 8 are large because J is squared in equation (40) and the error
propagates into the calculation of the standard deviation of )23, which results in even

larger uncertainty values.

It is very difficult to compare the results given by IGC to another technique such
as SANS. We tend to believe that SANS results [10] are more reliable as in such cases,
the determination of %3 does not rely on the use of solvents. However, it is important to
point out that in the case of SANS, the reliability of the measured X»3 depends critically
on the sample preparation procedure. However, the sample preparation information is

usually not given in detail.
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As can be seen from the thesis, even though there is still some room for
improvement of the IGC approach, it is a valuable technique that can give fast and
inexpensive information about solubility and miscibility of the polymers over a wide
range of temperatures. Therefore, the theories pertinent to IGC should be further refined
to enhance its applicability as a means of studying thermodynamics of polymer solutions

and blends.
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CHAPTER S

5.0 CONCLUSIONS AND FUTURE WORK

The measured &, values obtained by the average and plot methods were compared
and the latter gave the same &, regardless of the polymer used, leading to zero )23, which
is physically unreasonable (& depends on the structure of the polymer and since there are
twelve polymers used have distinct structures, it is reasonable to assume that each one
should have its unique 8) . The average method, on the other hand, gave individual
8> results (10-13 (MPa)'’%) that allowed us to calculate the %23. And the &, values obtained
by the average method extrapolated to lower temperatures are in accord with the results
obtained by the plot method for LDPE done by other IGC researchers. The temperature
dependence of the solubility parameter obtained behaved as expected, i.e., the values

decreased with increasing temperature.

The calculated )23 values did not exhibit a 1I/T relationship as expected from
Flory-Huggins lattice theory. The %23 values observed between the A series LLDPEs and

S-216 LDPE (0.0-0.0018) are significantly lower than those obtained between the M

series LLDPEs and S-216 (0.0-0.0057) even though both A and M series blends have
similar )23 . values (0.0002-0.0004). The great majority of the %23 values obtained were
below the Y23 values for the corresponding blends indicating that they form

homogeneous mixtures at elevated temperatures.
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The %23 values calculated between various LLDPEs within the A series polymers
ranged from 0.0-0.0018 and the great majority of these values were below the )23 .crir
values for the corresponding blends. And the 23 values calculated between the various
LLDPEs within the M series LLDPEs ranged from 0.0-0.004 and again, the great

majority of these values were below the )23 .;; values for the corresponding blends.

The y23 values calculated between the A series and M series LLDPEs ranged from
0.0-0.0012, except for the blends of M-3 ( very higher melt index) and A-series
polyethylenes that showed a broader range of 0.0-0.0058 (Figure 28). Once again, except
for the blends composed of M-3 and A-series LLDPEs, the great majority of the 23

values were below the )23 .- values for the corresponding blends.

Since a majority of the calculated .3 values are quite small and below the
corresponding )(23.ri; values, there is an indication that both LDPE/LLDPE and
LLDPE/LLDPE blends are likely to be miscible at the chosen experimental temperatures,
even considering the large uncertainties. This finding is in good agreement with recent
molecular dynamics (MD) results reported by other members of our research group [1,2]
in which they obtained comparable (23 values, and found that the difference in the branch
contents of different polyethylenes is the key factor controlling their miscibility. In
particular, if the difference is in the range of 30-40 branches/1,000 carbons (note that the
corresponding y»; values for such blends are in the range of 0.01-0.1), the polymers

phase separate. In this work, since the differences in the branch contents of LDPE and the
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eleven LLDPE used ( Table 4) are considerably less than the above critical values, it is

not surprising to observe that all the blends exhibit favorable interaction parameters.

As the miscibility behavior of the studied blends has been determined, the future

work in this area will be focusing on correlating this behavior to the processability and

performance of these blends.
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APPENDIX A

Sample Calculations

Choosing A-2 LLDPE as the example and dodecane as the solvent, the following,

all the calculations involved.

The A-2 column at 170°C = 443.15 K had the following characteristics:

From Table 1: W;=0.0379g

F=19.35 cm®/min,

From Table 2: Pimanomeric)= 150 KPa and Py = 96.23 KPa, P; assoturey = 150+
96.23 = 246.23 KPa.

tg= 0.692 min for the dodecane

to=0.156 min (marker’s retention time)

The net retention time for the dodecane will be given by:

ty = tg-to = 0.536 min.

Substituting the inlet and outlet pressure values in equation (21), (Chapter 2):

- -

J=0.5282
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And the specific retention volume for the dodecane will be given by equation

21):

y 0 _tn*F*J*27315
g W/I*T

V.” = (0.536%19.35%0.5282%273.15) / (0.0379*443.15) = 89.09 cm’/g

The polymer specific volume is calculated by equation (20):

vy =1.282+9*10~4(T-150)

For T=170°C, in this equation T is in °C :

va= 1.3 cm’/g

Let’s calculate the saturated vapor pressure of the dodecane from equation (27):

B

log P = A——>
811 (T+C)

where A= 6.99795, B= 1639.27, C=181.84 and T= 170°C

P,°=218.18 mmHg = 0.2871atm

From equation (28), one can calculate B ;:
RT,
By =(f@ +wr®) AL
o4

where /¥ and ¥ can be calculated by equations (28a) and (28b):
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033 0.1385 _0.0121 _0.000607
., 1?2 13 1,8

f© =0.1445-

0331 0.423 0.008
r.2 1.3 T8

D =00637+

For dodecane: w= 0.575, T. = 658.2 K, P.= 17.96 atm, 7, = 443.15 /658.2 =
0.6732. Substituting the latter in equations (28a) and (28b):
f¥=.0.7052

fM=.0.7816

Substituting these values in equation (28) where R = 0.08205 atm*1l/(mol*K), one
finds:

Bn =.3.4719

With the necessary data calculated the interaction parameter between A-2 and

dodecane can be obtained by equation (32):

2 *R* -
x12=ln['73'15 R v?_]-l-Plo*(B“ )

ve =P’ *1, R*T
The molar volume of the solvent was determined by:

First the density has to be calculated and from the literature:

_(l—Tr)2/7
p =dA| dB
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where for the dodecane: dA= 0.2222, dB= 0.238. Substituting these values in the
latter equation:

p =0.6304 g/ml = 630.4 g/l

The molar volume will be then calculated using the molecular weight of the
dodecane, M, = 170.34,:

Vi=Mwlp=170.34/630.4=0.27 /mol

Now, with all the required information calculated, the interaction parameter based
on the solvent’s molar volume as a reference is:

x12=0.4701

Based on this reference, as this number is below the X)3.=0.5, dodecane is

miscible in A-2.

Let’s take a look in the value of %2 based on the ethylene molar volume, Vo=

28*1.3 = 36 mI/mol = 0.036 I/mol, in equation (33):

Vol, [ 273.15Rv B~V ]
X1z =—>| Il =———2 _1_1310*( llRT D)
Ve A

X12.crie iD this case will be given by:
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1,V
X12,crit = (5*71}

Substituting the values:

XIlcrit =0.066

According this calculation which is based on the ethylene molar volume as the

reference, X12 <)i2.c-#=0.066, which means that dodecane is miscible in A-2.

The next step is to calculate the Hildebrand Solubility parameter for the dodecane

and this can be done by equation (36):
2 2.27
Sy | _[ Mg
8l,Tl Vl,T 2

where 8, 7, = 8, 2s0c = 16.2 (MPa)'” taken from the literature, p; 2s0c= 0.744 g/cm’
( calculated the same way as shown before), Vi r; = Vi .2s0c =170.34/ 0.744 = 0.228 /mol

and V1= Vi.1700c = 0.27 /mol. Substituting these values:
81.12 = 81.1700c = 13.4 (MPa)'?

The Hildebrand solubility parameter of A-2 (3, ) can be calculated using the plot
or average methods. Let’s analyze the results given by the two approaches. First, let’s

calculate §; by the plot method.
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With the information of Table 1, the left-hand side of equation (39) can be plotted

against d;, giving a linear graph with the 3, value obtained from the slope:

8*2/RT - x,;N 1
c0388833

1 1 2
y= 6.6143x - 39.489 5 0 5 0

R? =0.9948 8,

Figure 31: Equation 39 plot for A-2

So,
L 3 *
2:; =661 8, = 6.61 0.008513 443.15 =12.2(MPa)“2

Let’s now do the same calculation for another polymer, let’s say A-4, in order to
check if the values for &, using the plot method would be the same. Table 10 summarizes

the information needed:
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Table 10: %2 and 8, Values for A-4 (LLDPE) and Selected Solvents at 170°C.

Solvents X1z Yizere | O1(MPa)?
1-hexene ‘ 0.09 0.10 10.7
l1-octene 0.08 0.09 | 12.3
benzene 0.15 ’ 0.16 14.7
cyclohexane . 0.10 0.13 f 13.1
hexane T 008 010 10.7
n-dodecane 0.06 0.07 13.4
n-heptane f 0.08 Z 0.09 11.6
n-nonane 0.07 0.09 12.5
n-pentadecane  0.05 006 141
n-pentanc T 005 010 - 90
octane 0.08 0.12 12.2
toluene 0.13 0.17 14.7
xylene 0.12 0.13 14.4

* values calculated with the ethylene repeat unit molar volume as a reference.

Now, substituting the values of Table 10 in equation (39) and plotting its left-hand

side versus §;, we should find something similar to what was found for A-2:
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51*2RT - 2V,

0588888383

1 1 2
y =6.61 42x -39.489 3 0 s 0

R2 =0.9948 8y

Figure 32: Equation 39 plot for A-4

Following the same procedure done for A-2, 3, was estimated to be 12.2 (MPa)'>.

One can see now why this method wasn’t adopted in this work.

The other method used to determine the Hildebrand Solubility parameter for the
polymer is by averaging the 8, of the solvents that presented a X2 <X 12 (the average
method). In the case of A-2, xylene, toluene, pentadecane, nonane and octane also

satisfied this condition (Table 1). By doing the same development, one reaches the values

of 8, for all of these other solvents which led to:

3,=13.5+0.3 (MPa)'?

The final step is to determine the Flory-Huggins interaction parameter, Y23,
between the different polymers. Let’s take the Hildebrand Solubility parameter obtained

for A-4 (Table 10), 83 = 12.6 + 0.8 (MPa)'?, by the same technique showed here.
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Substituting these values in equation (40):

Vo

sV
R*T(sz 33)

X223 =

X23 = 0.001+0.0002

From Table 8, the 23 = 0.00026 for a blend of A-2 and A-4, which leads to the

conclusion that at this temperature the 2 polymers tend to be imiscible.
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APPENDIX B

The Flory-Huggins Lattice Theory

The most widely used theory for the thermodynamic properties of polymer
solutions and blends is the Flory-Huggins (FH) lattice theory, which was originally
formulated in terms of a lattice model. The lattice theory is based on the idea that a liquid
can be considered in a solid-like, quasicrystalline state, where the molecules do not
translate in a chaotic manner as in the gas state, but where each molecule tends to stay in
a small region, a more or less fixed position in space about which it moves back and
forth. In this approach, molecules in the liquid state is supposed to sit in a regular position
in space, called a /attice site. Since the lattice theory of liquids assumes that molecules
are confined to the lattice positions, the excess thermodynamic properties cannot be

calculated, which is a serious deficiency of the theory.

Molecular considerations suggest that deviations from ideal behaviour in liquids
are due primarily to the following factors. The first one is the forces of attraction between
unlike molecules which are quantitatively different from those between like molecules
and create an enthalpy of mixing that does not vanish. For unlike molecules that differ
significantly in size or shape, the molecular arrangement in the mixture may be
significantly different from that for the pure liquids, giving rise to a nonideal entropy of
mixing. If the forces of attraction in a binary mixture between one of three possible pair

interactions are very much stronger or weaker than those of the other two, there are
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certain preferred orientations of the molecules in the mixture that may lead to

thermodynamic instability and demixing.

The FH theory represents a simple mean field approximation to this standard
lattice model in which all correlations are ignored in estimating both excluded volume
effects and interaction energies. While the classic FH theory successfully explains the
fact that long-chain polymers in the liquid state generally tend to be immiscible, it is
inadequate in several respects. First of all, it fails to describe the molecular origins of the
substantial, temperature-independent (entropic) portion of the small-angle neutron

scattering Flory interaction energy parameter %, and it does not provide a molecular basis

for the observed composition dependence of ¥ and other thermodynamic properties. A

brief discussion of the FH lattice theory is shown below.

Let’s consider a mixture of liquids 1 and 2. Molecules of the solvent, type 1
liquid, are single spheres. Molecules of the polymer, type 2 liquid, are assumed to behave
like flexible chains as if they consist of a large number of mobile segments, each having
the same size as that of the type 1 liquid. It is also assumed that each site of the
quasilattice is occupied by either a solvent molecule or a polymer segment, i.e., there are

no empty sites.

Let’s say that there are N; molecules of solvent and N> molecules of polymer and

there are r segments in a polymer molecule. The total number of lattice sites is (N, + N2

). Fractions ®," and ®," of sites occupied by the solvent and the polymer are given by:
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M L W
Nl+rN2 Nl +rN2

D,*

Flory and Huggins have shown that if the amorphous polymer and the solvent mix
without any energetic effects, the change in Gibbs free energy and entropy of mixing are

given by the simple expression:

AGS _ AsC . .
_?_T_—(Nllntbl +NyIn®, ) Q)

where the subscript C stands for combinatorial.

The entropy change in equation (2) is similar in form to that for the regular

solution theory except that segment fractions are used rather than mole fractions.

When r=1, equation (2) reduces to that of the regular solution. However, when
r>1, equation (2) always gives a combinatorial entropy larger than the one obtained by
the regular solution theory for the same N, and N>. Much discussion has led Hildebrand
in 1947 to the conclusion that for non-polar systems, the expression for entropy obtained
by the regular solution theory gives a lower limit to the combinatorial entropy of mixing,
while equation (2) gives an upper limit. The real combinatorial entropy probably is in

between, depending on the size and shape of the molecules.
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Some experiments have shown that the combinatorial entropy is strongly affected
by the bulkiness of the large molecule. The FH expression depends only on the size ratio
r, ignoring the influence of the shape of the polymer molecule. So, for mixtures of the
same solvent with different polymers, the FH expression will give always the same result

independent of the molecular shape of the polymer.

It should be mentioned here that even though, the simple expression of FH does
not always give the preéumably correct, quantitative combinatorial entropy of mixing, it

qualitatively describes many features of athermal polymer solutions.

The FH expression leads to an equation for the excess entropy that is, per mole of

mixture:

st Joo1 .
—=-xiIn{1-D: {l-— -x2 ln[r—d)z (r-l)] 3)
R r

It can be shown that for all >1, s is positive. Therefore, for an athermal solution
of components whose molecules differ in size, the FH theory predicts negative deviations

from Raoult’s law:

13 E E E
E A2 5 _9-S <o 4)
RT RT R R

For an athermal solution, the activity of the solvent from equation (3) is:

Inai=In (l-d)z')+(l—-l-)(b2' &)
r
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and the activity coefficient is:
1 . 1 .

ln71=ln[l—(l-—}92 :|+(l——)(b2 6)
r r

It is common to add the combinatorial part of the Gibbs free energy, (2), in order
to apply the theoretical result of FH to real polymer solutions, i.e., if there is no
difference in free volumes, the term that is added is given by the enthalpy of mixing. The

FH equation for real polymer solutions then becomes:

G C R . ] . .
ACmix _AG" G _ i@t + N2in®2” +x®1"®2" (M1 +7N2) (7)
RT _ RT ' RT

This equation can be modified to be shown in terms of the number of moles,

volume fraction and FH interaction parameter and its final expression is then given by:

AGmix

RT = RT(n| Ind; +n, o, +xn105112)
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