CHAPTER 11

THEORY AND LITERATURE REVIEWS

2.1 Theory

2.1.1 Polyethylene [6] “\X‘ , ,//
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The coordination catalysts allowed for the first time the copolymerization of

catalysis of ethylené

ethylene with other olefins such as butene, which by introducing side branches reduces
the crystallinity and allows a low-density polyethylene to be produced at comparatively

low pressure. Although DuPont of Canada introduced such a process in 1960, worldwide



the products remained a small-volume specialty until 1978 when Union Carbide
announced their Unipol process and coined the name linear low-density polyethylene
(LLDPE).

2.1.1.1 Properties of Polyethylene

Molecular structure and morphology

Figure 2.1 shows schematic structures for the three polyethylenes, with the main

l

features exaggerated for emphasis. L \:\% has 2 om long-branching structure, with
branches on branches. The short branches are ne in length but are mainly four or

two carbon atoms long. The ethyl-branches probably.occur in pairs [7], and there maybe
some clustering of other b molecular mass distribution (MMD) is

moderately broad.
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Figure 2.1 Schematic illustration microstructures of Polyethylene; (a) HDPE, (b)
LLDPE, and (¢) LDPE.



LLDPE has branching of uniform length which is randomly distributed along a given
chain, but there is a spread of average concentrations between chains, the highest
concentrations of branches being generally in the shorter chains. The catalysts used to

minimize this effect generally also produce fairly narrow MMDs.

HDPE is essentially free of both long and short branching, although very small amounts
may be deliberately incorporated to achieve specific product targets. The MMD depends

on the catalyst type but is typically of m“ﬂ 2211
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Figure 2.2 Folded-chain lamellar crystal of polyethylene [6].



Thermodynamically the side branches are excluded from the crystalline region
because their geometry is too different from that of the main chains to enter the
crystalline lamellae. Therefore, the branches initiate chain folding, which results in
thinner lamellae with the branches mainly situated on the chain folds on the surface of the
lamellaec. However, on rapid cooling these energetically preferred placements may not
always occur, and some branches may become incorporated as crystal defects in the

crystalline regions.

A further result of a 51d&\bran§h |£/y aving been prevented from folding
directly into the same lamella,‘h[qus ch ifi-may form a tie molecule that links to

-

one or more further lamelV : «‘“-n._
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Polyethylene does not dissolve in any solvent at room temperature, but dissolves

although partially cws@hne.
\

-
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readily in aromatic and chlorinated hydrocarbons above its melting point. On cooling, the

solutions tend to form gels which are difficult to filter. Although LDPE and LLDPE do



not dissolve at room temperature, they may swell in certain solvents with a deterioration

in mechanical strength.

Currently LLDPE has the diversity of applications. LLDPE has short chain
branching that are incorporated into the polyethylene backbone by random
copolymerization with varying amounts of one or more alpha-olefins such as 1-butene, 1-

hexene and 1-octene (Figure 2.3).

Detailed information about structure of polymers can be correlated
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Figure 2.3 Nomenclature adopted for the assignment of individual carbons of LLDPE;
(a) C4-LLDPE, (b) C¢-LLDPE, and (c) Cs-LLDPE.
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- Tensile strength
- Hardness

- Creep resistance

- Weatherability

- Transparency
- Flexability
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Figure 2.4 Property relationships of polyethylenes (a) density, (b) molecular weight, and

melt flow index.
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2.1.2 Temperature rising elution fractionation

Temperature Rising Elution Fractionation (TREF) is an analytical technique
developed to separate semicrystalline polymers according to differences in molecular
structure or composition. These molecular level differences lead to changes in
crystallinity and solubility. TREF is helpful for the better understanding of the

microstructure of polyolefins, polymerization mechanisms [11] and the nature of

catalysts [12-14]. TREF has been appli ’t e characterization of polyolefins, including
ethylene copolymers [15, 16], pol Ll ,

ﬁl 18], propylene copolymers [19],
polyolefin alloys [20] a&ﬂoc&m- %lyeleﬁns [21]. In polyethylene

copolymers with alpha— diff nces: inities are caused by different
amounts and distributio infarily $hort chair \ (SCB).

“homo-polymer”

Figure 2.5 m@%&ﬁiﬁi&ﬂﬂiﬂﬂlﬂs lution [22].

25. In ﬁglﬁﬁdﬂ ?mtm VYRR ] oeted in Freure

lization step, polymer is dissolved in a appropriate solvent, and then

allowed to crystallize under controlled conditions by slowly decreasing the temperature.
Crystallization may take place on an inert support or the support may be added later. In
the elution step, solvent is pumped through a column packed with the polymer-support

mixture while the temperature is increased. Polymer is elutes in the reverse order that it
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was crystallized, with crystalline material eluting at lower temperatures followed by more

crystalline polymer at higher temperatures.

2.1.2.1 Mechanism of fractionation

Figure 2.6 illustrates the principal types of macromolecular structures that can be

fractionated by TREF. The upper structure represents a high density polyethylene

(HDPE) chain. Due to its high structural r, HDPE is highly crystalline. However, if
one of hydrogen attached to the bac V// ted by another chemical group (R)
that cannot crystallize with th \ nomer&e structural order of the original
chain is disrupted and its crys? oo ,

L
e
H H H

fractionated by T
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1, or octene-1 as co-monomers. It is also important to realize that the crystallinity of

Figure 2.6 Soﬁﬁgﬁsﬂﬂwg ﬁcgﬁﬁﬁtallinity and can be

copolymer chain will depend on not only taken into account when interpreting TREF
results. TREF makes use of these differences in molecular structure to fractionate

polymer chains according to their solubilities in a solvent at decreasing/increasing
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temperatures. Influence of long-chain branching on TREF fractionation has not been
thoroughly studied. From some limited observations. TREF does not seem to fractionate
well according to long-chain branching behave essentially as main chains, and therefore

have a little effect on crystallinity [24].

2.1.2.2 Basic TREF modes

elution. Polymer fractionation b Q

The TREF process can be d1v1 into two sequential stages, crystallization and
place during the crystallization step.

Polymer, initially present i solut llzed by slowly decreasing the

temperature. Polymer chains of higt reerprtatron at higher temperatures,

while the ones of lower crystall; v ate er temperatures Polymer can be

1e presence of a support. When crystallized

without a support, it is ne at b0l b@ mixed with the support before the
second step of fractionation ‘ % (7 Yy : \

The second step is perf A Ak d with the crystallized polymer
and support. A good solvent while the temperature is increased
continuously or step-wise. In thrs ner chains are recovered in the reverse
order they were pree:htated In preparatlve fractions are collected at
elution temperature intervals. These fractions ar -analyzed off-line to determine

their microstructures bgjechmqu '
NMR), infrared spectroscopy (IR) and size exclusion chromatography (SEC). In

analytical TREﬂaunﬁjn’gi ‘F}t&] %S% Y fabirt ﬁ%mcentratlon of pallyme

being eluted as @ fraction of elutlorat temperature In this case, no further analysis is

requlred’a aﬁﬂamﬂ?’ 1&&[ ﬂmrﬁxﬂ the investigated
property, for example degree of shot-chain branching in able 2.1 compares the

main characteristics of analytical TREF and preparative TREF.
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Table 2.1 Characteristics of analytical TREF and preparative TREF [23]

Preparative TREF Analytical TREF
1. Fractionations are collected at 1. Continuous operation
predetermined temperature intervals.

2. Information about structure is ormation about structure is obtained

off-line by other analyti ques. ﬁ by a calibration curve.

3. Requires large col@ % small columns and small
sizes. TRRN i

4. Time consuming but can g » st but generates less information

: L - : :
There are twol.modes used in TRE rative TREF, fractions are

recovered over a nawfow temperature i
samples (1-10 g) are rQJireci 1n oI easonableﬂ%mount of polymer is available
from each temperature fraction. Analytical AREF, refers to the technique in which the

concentration oﬂl%&o@n%qsg%uﬁswaﬂﬁn on-line detector rather

than being recoutred. The latter TREF mode x;ically requirebsmall quantities of
P G RWFANTN U NNINEIRE

The preparative TREF was described by Desreux and Spiegels [25] who

analysis. Relatively large

fractionated high pressure, low density polyethylene using an apparatus that eluted
polymer at gradually increasing temperature. They recognized that fraction produced

were more dependent on polymer crystallinity than on molecular weight. Since that time




14

considerable effort has been directed towards the development of a faster technique with
better quality of separation and resolution. Currently, modern analytical TREF has been
reported Wild and Ryle [5]. Analytical TREF instrumentation was developed from SEC
or gel permeation chromatography (GPC). Components commonly used in TREF

systems are shown in Figure 2.7 and are as follows:

Temperature \ l ,

Computerized
data collection

Fraction
collection

ST T

Temperatlfre: '

Figure 2.7 3chen@i%n:&ja§n% %ﬁ%%ﬂ ﬂ j

These are probably overkill as TREF systems can function at relatively low

pressure (50 psi).
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Columns

These are usually stainless steel made with dimensions varying from 7 x 0.9 cm to

38.1 x 2.5 cm (analytical TREF) and from 10 x 0.3 cm to 60 x 12 cm (preparative TREF).

Controlled crystallization and elution environments

These consist of a temperature prog Wable oil bath or SEC oven:

- Heat transfer in an air ven%

( pared to an oil bath. This can
constitute a problem if a large size eolur is%rystallization in an air oven.

However, TREF heating rates.aré curtently quite low.

AN

- The convenjghcg'and' casc of ‘char sample columns in an air oven

avoids messy oil.

- Decreased Aroul between is possible for an air oven due

On-line detectors

v-! ; J
Examples are refractive index (RI) orinfrarcd (IR) atectors. IR presents less of a

problem regarding baselinesnoise than RI; however, solvents with an IR window are

s FUEINENTHEINT
e RV AN TU NN INGAE

The solvent is degassed prior to eluting so as to preclude bubbles interfering with
the IR absorbance. It is observed that high-boiling trichlorobenzene (TCB) does not

require a degasser, whereas low-boiling tetrachloroethylene (TCE) does.
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Tubing

The tubing connecting the eluting column and the detector should be heated to a
temperature above the highest elution temperature to avoid deposition of polymer (i.e.
~135°C for TCB and ~100°C for TCE).

2.1.2.4 Sample size

Sample size varies from S\pb\w a;%/ analytical and from 0.02 to 10 g for
= b '

preparative TREF. High sam g h ﬁgntage of producing TREF curves
that are low in noise and large in signal. Howeve sample loading is too high, flow

between support particles | ‘ igh back pressure.

2.1.2.5 Solvents

solvents, calibration curves relating

-
-

-

- R,
e e

parallel [23]. Absolute dissolution tempe{afﬁre Meﬁith solvent type but relative

changes of dissolution temperature with con

content of fractions eluted at d}fxfe-;jg—m

¢ similar in various solvents.

Dissolution is affecteday solvent powe better !Pf solvent, the lower elution
temperature in TREF. ¢

AUYININTINYINT

When an IR detector is used, tge solvent should contain a suitable IR window for
=%

detectinﬂoltﬁl.@rm ﬂ ﬁem gljswlﬁm ﬂgwﬁll:l’ﬁ; en polymer and

solvent are required. increasingly important factor to consider on choosing solvents
is the range of the temperature of operation. TREF equipment used for low crystallinity
polymers must often operate at sub-ambient temperatures. Such a system requires a

solvent that neither solidifies nor boils in the range of elution temperatures. Solvents
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commonly used are xylene, ODCB (o-dichlorobenzene), a-CN (a-chloronaphthalene),
TCB and TCE.

2.1.2.6 Support material

Typically used column packing materials (support) includes glass beads,
Chromosorb P and steel shot. Glass beads have the advantage of better heat transfer and

presumably higher cooling/heating rates can be used without generating undesired

temperature gradients within the column. sorb P appears to be the more general

choice and posses an enormous surfac ucleation.

min.

Step-wise elution

This is mostly Eed (4] bec%e it minimizes problems of

temperature gradients common in large-scale,TREF. A rise in temperature to the desired

level & fouowﬂ B &%o%ﬂﬂ%%ﬁ%ﬂx‘}mwh depends on the

temperature jumpand dimensions of t};e column used Sample elutlon in each step can be

R TP IOI ANTINTA
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2.2 Literature reviews

In 1987, Mirabella and Ford et al. [26] studied the cross- fractionation according
to copolymer composition and molecular weight of C4-LLDPE by using TREF technique
and TCB as solvent. The polymer sample was dissolved in TCB at a concentration of
0.007 g/cc at 140°C. The polymer solution is deposited on a stainless steel column (250
mm x 10 mm LD.) packed with an inert support, chromosorb P. The column is capped
and cooled to room temperature at 1.5°C/l‘1 over about 3 days. The flow rate of TCB is 2.0
mL/min while the temperature is increased : )ﬁh The four fractions were collected
over the following temperature ranges 25- 54 : MI -91, and 91-120°C. It was found
that the branching content'(');f,z_ach temp rature ranges were 39.9, 15.6, 8.8, and 2.1

branches/ 1000 carbon, rew .

In 1990, Springer i§ goworker ot al. [27] investigated the fractionation of
LLDPE-1-butene copol

1 it —"f jdirect extraction and GPC. Solution
puPe xy%ne at 23, 50, 65, and 80°C. The initial

}.'4-4-‘

concentration was 8 g/L, and'th ofal prystal{n?tlon time took one day. The fractionation

Al

tpps usmg@éne as solvent. Extraction temperature
was 125°C and BHT (2,6- d1-ten-bu§7f -4- metiﬁghenol) was chosen as stabilizer. It was

e
concluded that the branélung content of LLDPE were 25.2, ZZ 8, 0.0, 0.0, 20.0, 16.1, and

17.2 branches/ 1000 b_atBon Both molecular welghI c(dopolymer content can be
obtained by using crosseq_}T REF technique. -

T

crystallization was carri

process was performed in sev:

In 1990, Wilfong and Khight ot all[28] ‘st'\:m‘diecil“‘ on the ¢rystallization phenomenon
of spherulites of two Cg-LLDPiES by using TREF technique. TheiTREF system consisted
of a stainless‘steel calimii (20 in, injléngth e )i,y didimeter) facked with 0.028 in.
stainless stéel shot. The column was loaded by injecting a 0.5% solution of LLDPE in hot
TCB. The polymer was crystallized onto the chromosorb P support as the solution was
cooled at about 1.8°C/h. The column was then continuously eluted with TCB at about 40
mL/min while the temperature was increased at a programmed rate of 3.6°C/h. It was

found that the branching content of two Cg-LLDPE were different in hexyl branch
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concentration. LLDPE-A and LLDPE-B were fractionated into 12 and 17 fractions,
respectively. The branching content of the LLDPE-A fractions ranged from 2.0 to 10.2
branches/ 1000 carbon and from 2.0 to 29.4 branches/ 1000 carbon for the LLDPE-B
fractions. Moreover spherulites of the LLDPE fractions were less well developed, more
uniform in size, and tended to progressively deteriorate and become smaller as the

concentration of branches increased.

In 1993, Zhou and Hay et al. [2 died the effect of branching distribution of
LLDPE on molecular weight and ‘EL{:;&UCS by using crossed-fractionation
chromatography combmatm&‘b_hehiv;een T __l—_EC together. In TREF process,

LLDPE was dissolved in )wf'e—j-wonc trat@g/cm at 130°C, stabilized with

Santanox R, and was then € columh‘pg‘eated to 130°C. The column,

filled with silica sand as s
of 1°C/h. The different po

temperature from 40°C

quently cooled to room temperature at a rate

achieve equilibrium eluti
found that the degree of br:
the heat property did.

polyethylene. It dlsp :
- S

characterizing semicrystgyine polymers. Wh is p@perly executed, it is regulated

by the crystallinity of the polymer samples and is effectively independent of molecular

weight and cocrﬁ%t%]x '%l% &J %p%tw @Eﬂlﬁ t%le consuming procedure

but when combined with various comylementary analytical techmqﬂjs can provide very
detailed ﬂ ‘Qﬂ‘[ﬁ'\? ﬂ ﬂn&t{lon obtained by
analytical is more limited than that avallable from the preparative technique.

In 1995, Borrajo et al. [31] studied the modeling of fractionation process in TREF
system. C4-LLDPE and C¢-LLDPE, using Ziegler-Natta catalysts were examined. TREF

of the copolymers was perfumed on a stainless steel column (300 X 80 mm I.D.) packed
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with an inert support. Samples were dissolved in xylene (mixed isomers) at a
concentration of about 0.012 g/mL, at 125°C, and deposited in the column. The column
temperature was then slowly cooled down to 25°C, at 2°C/h. The column is kept at 25°C
for a period of 4-5 h. The eleven fractions were obtained for each sample, by pumping
xylene at column temperature, at 25°C, 40°C, 60°C, 70°C, 75°C, 80°C, 85°C, 90°C, 95°C,
100°C and 105°C. Solvent, 200 mL, were pumped through the column, at 10 mL/min,
after allowing 30 min for equilibrium at the elution temperature. It was found that the

results from model fit experimental Tl‘]-il} data, and correctly predict number average

In 1996 Kim et al@tlgi th@ranchmg distribution and heat

branch points for TREF fractlons

trkbuuoﬁbix&only unimodal but bimodal as
is Ib@ed with glass beads having a

e of 400 mL The polymer sample was
015 ‘g/cm’, stabilized with BHT
heated to 132°C. The column was

eluted solution was col qghted as a fraction. clution Etnperature ranges used in this
study were as follows: 25:60, 60-68, 68-76, 76-84, 84-92, 92-100, 100-108, 108-120°C.

It was found thﬂt%d&}e%%%h% ﬁg"stwgf}ﬁ@mplz ranged from 0-5

branch/1000 C atom.

q gKlm and ark et aFH Hu}ﬂ :lgnl?ulngj;] sl@rt §1Jam branching on

the blown film properties of LLDPE. Preparative TREF was performed to characterize
the SCBD of LLDPE. The polymer was dissolved in BHT stabilized hot xylene at a
concentration of 0.015 g/cm® was crystallized from 132°C to room temperature at a rate

of 1.2°C/h. The crystallized molecular species on glass beads were dissolved by heating
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at a rate of 10°C/h to the upper temperature of a desired range. The elution temperature
rages used in this study were as follows: below 55,55-60,60-65, 65-70, 70-75, 75-80, 80-
85, 85-90, 90-95, 95-100, and 100-105°C. The yield of fractions eluted above 105°C was
too poor to collect. From microstructure, it was found that not only mechanical strength
but also morphology depended on the chain length of branching. Especially the dart drop
impact strength, it was the highest when chain length was 8 C-atom. Whereas the
Elmendort tear strength was increased when chain length was longer. In addition both

chain length and branching distribution u\‘]rinced on mechanical properties.

In 1996 Karoglam%ﬂamson ‘___,{34] studied the similarity of
compositional distribution information g era@erentlal scanning calorimeter
(DSC) and TREF. In TREy ' AEAWIOW déhsuwlyethylene (ULDPE) sample
was dissolved in hot T(

(Chromosorb P). The pol
underwent controlled ¢ izati orI 1 °C. at a rate of 1.5°C/h at the same

added heated inert support material

ich the most crystallizable and
chains with increasing levels of

branching and decreasing crystahzabﬂﬁtes. :

'"".-' it

meltlng point. It was"
branches/1000 carbons. _ | —

¢ v
In 1997, ﬂrﬂe%l.ﬁS%@l%eﬁ%@ﬂrﬁ)}éﬁ'esistant polypropylene

by TREF. The maleic anhydride grafg.ed impact-resistant polypropa:,ene consisting of
e R R BN SR TR
by preparative TREF. The polymer samples were dissolved in xylene at 125°C and
introduce into the column of the apparatus, packed with an inert support (ballotini,
diameter about 200 xm). Subsequently, the column was closed and cooled to room
temperature with a rate of 5°C/h. The following fraction was done with the same solvent

by slow heating incremental steps of temperature and removing the polymer phases at
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selected temperatures. The impact-resistant polypropylene was fractionated into three
parts at the following temperature: 60, 96, and 128°C. It was found that TREF was an

effective method to fractionate not only the virgin product, but also the modified one.

In 1998 Xu et al. [36] studied the effects of internal and external donors of four
catalyst systems; MgCly/TiCls-AlEt;, MgCly/di-n-butyl phthalate (DNBP)/TiCls-AlEt; ,
MgCly/TiCls-AlEts/diphenyl dimethoxyl silane (DPDMS) and MgCL/DNBP/TiCls-
AlEt;/DPDMS using preparative TREF and BC-NMR . A 1 g sample of polymer and 3%
antioxidant were added in a 1000 mL flask éd’péjning 250 mL xylene. The polymer was
dissolved at 130°C. Sea sand was heated to tﬁe»*'éj’_tgnperature and added to the flask
and maintained at 130°C for-Z‘E:.?The_» i urc cooled to room temperature at a rate

of 1.5°C/h. The cooled SM

ed with polymer was transferred into a steel column
with a temperature controlii t./ The polymer was recovered by evaporating the

xylene solvent and drying i i oven. It was found that electron donor had an

important influence on dlstrl tion of polypropylene sample. Some ke
p y

NMR Tﬁb results showed that the fractionation was

.."..'il

t1c1tyrand tjx? electron donors increased the percentage
.

fractions were characteriz

performed mainly accordin

of isotactic fractions.

v
# !_ X _’_leé
e ':I.‘i'-..'_-_;..-

In 1998, Ab1ru at al. [37] charactenzed mlcrostrufture of propylene-butene-1

copolymer using TREE..JOne gram of polymer was disso —Iv¢_dJ in 150 of n-heptane with
0.1% of 2,6-di-tert-butyl j—cresol (DBPC) as an ant10x1dant at 90°C in a 500 mL flask,
and then 280 g of glass beads.( a range of particle diameter of 75-125 um) were added to
the solution. The §ystem was maintained at 90°C under rotation for 30 min and cooled to
room temperature at 5°C/h. The n-heptane was then evaporated very slowly under reduce
pressure. ‘Aftét coniplete, retoval of k-héptatié) 200’ mL of niethanélwids poured into the
flask. Thus]methanol slurry, containing glass beads coated with whole polymer, was
obtained. The methanol slurry was packed into a double-walled glass column (30 mm
I.D. 600 mm length) connected with the temperature controlling unit. The first fraction
was obtained at 5°C by pouring approximately 400 mL of n-heptane into the column.. In

this procedure, about 150 mL of n-heptane was needed to flush out the methanol from the
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column. The temperature was then raised stepwise at an interval of 5°C from 5 to 80°C. A
typical volume of 400 mL of each fraction was collected in a 1000 mL beaker for 2.5-3 h.
It was found that the solubility of polymer fraction is regarded as the main mechanism for
separating polymer fractions using TREF. A propylene-butene-1 copolymer sample used

was shown to have a wide butene-1 composition distribution from 12 to 47 mol%.

In 1998 Fonseca and Harrison er al. [38] investigated the co-crystallization of
LDPE/HDPE blends using DSC and T TREF was perfumed on pure LDPE, HDPE
and LDPE/HDPE 75/25 blend. Polyme}‘s ed at 160°C in TCB and the loaded
on to a heated inert suppo@omosorb ples were either crystallized by

quenching the hot slurry W—wat ba@were slowly crystallized in a
microprocessor-controlled caystaliizati vevien rew the temperature from 130°C

to 30°C at a rate of 1.5°C/h’ Subseque the mixture nas loaded into a column, and

blend manifested co-crysta
unique advantage of TREF is
, cq;cgls;talhzw ge for those systems showing partial
co-crystallization (multiple dlSSMWmdtml(s) In this case, it is possible to
determine not only the_)lrelatlve composmon of a IMJPE co-crystal, but also to

demonstrate that only“ ymers are involved in co-

)

B 1999,@%%]%3 %ﬂeﬁeﬁiﬂ%@ $dlypropylene prepared with

dimethylsilyl bisﬂ-indenyl)zirconiuna, dichloride supported on q_9'1ethylaluminoxane
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concentratipn of 0.005 g/mL at 130°C. This solution was deposited on an inert support

crystal formation. J

(sea sand) packed in a steel column. The column was cooled to room temperature at a
rate of 1.5°C/h. Then the deposited polymer was heated in incremental steps of
temperature and eluted with xylene. Some of fractions were analyzed by '*C-NMR, DSC

and intrinsic viscosity. It was found that in the first seven fractions isotacticity had a
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larger effect on the fractionation, but in the last six fractions molecular weight affected it

predominantly.

In 1999, Wang et al. [40] characterized the Cg-LLDPE synthesized with
constrained geometry catalyst by TREF. The sample dissolution and precipitation was
carried in a 2 L glass kettle under ultra-high purity nitrogen. The weighed copolymer
sample, about 1 g, 1 g of antioxidant Santanox R, and 0.6 L of celite chromosorb P were
charged into the glass kettle with 1 L of TCB. After a 2 h dissolution at 140°C, the system
was cooled down to room temperature at a oél(}!n rate of 1.8°C/h. The polymer coated
support was then loaded into.a TREF ¢olumn (SQ:_X 5 cm 1.D.). The first fraction was
collected at the room tem@ejby ﬁlté'ng and ;va-sl'li_ng the support with fresh TCB.
Consecutive fractions we
130°C at a TCB flow rate
and DSC. It was found t
branches/1000 carbons.

branching density decre

by /increasing the elution temperature stepwise to

/fin. ome key fractions were analyzed by BC-NMR
1 chmg ‘contentt, ofsCs-LLDPE ranged from 11-16
d Dsg measurements showed that the short chain

..-'."J; L]

relationship existed between th meltmg tem:g?rature and the elution temperature.
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In 2000, Silva Filho et al. [41] investigated Co-LLDPE and Cs-LLDPE sample
produced with a hétbrogeneous Ziegler-Natta catalys.g ;Jusing preparative TREF,
crystallization analysis?ﬁééﬁfdﬁéﬁfon'(CRYSTAF), GPC:IJSC, BC.NMR and fourier

transform infrared spectroscopy (FT-IR). In this study, preparative TREF was used to
obtain fractions of narrow shert chain branching distribution. Polymer samples, 2 g, were
dissolved in 200/mL of ODCB at 140°C [for Llh inl the presénge of an antioxidant (BHT).
The polymer solution was transferred to a steel column which was placed in a
temperature-programmable oil bath (100 X' 20 ‘mm inside didmeter) packed with silica.
The crystdllization step was carried out at a rate of 2°C/h from 140°C to 25°C. The
elution step was carried out under ODCB flow by increasing the temperature
discontinuously at a rate of 20°C/h in steps of 5°C, from 25°C to 140°C. It was found that
the obtained results can be well understood with simple mathematical models that

describe the number of active site types present on the catalyst used to produce these
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polyolefins. Deconvolution of MWD measured by GPC and chemical composition
distribution (CCD) measured by either analytical TREF or CRYSTAF leads to consistent
results that indicated the presence of multiple site types on the catalyst. Analysis of
preparative TREF fractions of these polymers by complementary techniques further

support the modeling approach proposed herein.

In 2000, Hussein et al. [42] studied the thermomechanical degradation in the
preparation of polyethylene blends. rheological and GPC analyses were
complemented by NMR, TREF, and DSC t s{;{ the TREF analysis, polymer sample
(5 mg) was dissolved by immersion in o- -xylei JS"C for 4 h, followed by slow
cooling rate to -8°C at a CO(L]lI_l_g,IatC of 1.5°C/h-The crys‘talhzed sample was then filtered

into a TREF column COM

initiated with passage of

mesh glass beads. The TREF process was then
ent ODCB) through the column as the column

0 extraet “the branched species from linear species

temperature was raised in Or
according to their differént ies as ESm.gerature changed. The temperature of the
rate*of }9€/h . up to 125°C with a solvent flow at 1
F preﬁle Q?} LLDPE shown the narrow peak at high

Fye o

“at 1pWﬁ1‘ tempeﬁ:aq;re This observation could be used to

packed column was ramped
mL/min. It was found tha
temperature and a broad pe
support the rheology and NMR datar that St@gsted long chain branching cross-linked
gels in LLDPE resins cohdltxoned extra condltloned antioxidént.
— o
'-.J‘f :\_J
In 2001, Viville gj al. [43] characterized the molecular structure of two highly

isotactic polypropylenes produced with different heterogenous Ziegler-Natta catalytic
systems by prepa\rativ‘e‘T‘REF, 7"3 C-NMR, SEC. and DSC. The polymer samples, 6 g, were
introduced in a 1000 mL flask containing 300 mL of xylene stabilized with 1100 ppm
Irganox 1010} The| polymer:was-dissolved|at 130°€ for about 30 rfiin.t The hot polymer
solution was then loaded into thé inhér part of the glass column. The solution was
allowed to cool to room temperature at a rate of 2.4°C/h from 130 to 30°C. Extraction
took place over temperatures ranging from 30 to 130°C/h, divided into 17 steps (30, 40,
50, 60, 70, 80, 90, 100, 103, 106, 109, 112, 115, 118, 121, 124 and 130°C). Polymer was

eluted during 120 min at every step after the temperature had stabilized for 30 min. It was
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found that TREF does not strictly fractionate PP according to tacticity, but according to
the longest crystallizable sequence in a chain. 13C-NMR, SEC and DSC analyses of the
fraction demonstrated that the inter-chain tacticity distributions of the polypropylene

were affected by the change of the polymer conditions.

In 2001, Quijada et al. [44] studied structure evaluation of copolymers of ethylene
and 1-octadecene by using the temperature rising elution fractionation technique. The
sample of ethylene-octadecene dissolved in ODCB crystallize by lowering the
temperature at a rate of 2°C/h. The cry /9- fractions are eluted according to a
temperature gradient, i.e., as_the temperaturc-ineréases, the fractions having a higher
crystalline content are elu@é{ frracti""J ns eluted at p‘redetermmed temperatures are

collected and analyzed se t was| found that the branching content of polymer

sample ranged from 26-39 | carbons.
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In 2002, Galland e7 al. 1 died the influence of the reaction parameters on the

NS
atalyzed Jé_ﬁylgne copolymers. Samples not only Ce-
v, fv- 2 F AR A d‘:
eing d'iffergi’ir in molecular weight (21,700 and 85,900)

Add Lo Y

composition of the metallocene-

LLDPE (A) and Ce-LLDP
but also Cg-LLDPE copo e;g,_f_prepar@fjp}ng‘ the metallocene catalyst rac-
Et[Ind],ZrCl, were fractlonated by -preparatwp TREF and characterized by “C-NMR,

DSC and GPC. The prenaratlve TREF was used to obtaln fr‘gctlons of narrow short chain

branching dlstrlbutlon.fa‘r further analysis. A 2 g polymer ,s__a.inple was dissolved in 200
mL of ODCB at 140°C d Jlrmg 1 h. BHT was added as sﬁablllzer The polymer solution
was transferred to a steel eolumn (100 X 20 mm ID) packed with inert material (silica)
through which OPCB ¢onld be pumped. The grystallization Step Wwas carried out at a rate
of 2°C down to 25°C. The temperature, was iﬁcreased discontinubusly at a rate of 20°C/h
in steps 6f 15 ¥pt6 1405CHFor eactifraction, 300 ™I of §6lvérit WetC)pliniped through the
column, att10 mL/min after allowing 20 min for equﬁibrium at the elution temperature. It
was found that mol% of C¢-LLDPE (A) and C¢-LLDPE (B) ranged from 3.6-4.6 and 4.1-
16.8, respectively. And mol% of Cs-LLDPE ranged from 3.6-4.1.
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In 2002, Shan and his co-worker et al. [46] studied the mechanical properties of
LLDPE-1-hexene copolymer prepared by using Ziegler- Natta and metallocene catalyst
as a catalyst during polymerization. TREF was applied for this study. It exhibited that the
polydispersity index of polymer prepared by metallocene catalyst was narrower than the
conventional one. Moreover, the tensile strength of copolymer was controlled by the ratio

of crystalline in the polymer sample.

In 2003, Zhang et al. [47] studle\il €’riaolymer of propylene with low amounts of

ethylene and 1-butene co-mon mers s were fractionated by TREF. The
preparative TREF system cqm of a Ja&alumn thermostated to 0.1°C by

calculating hot oil and a fra col 7 with-a.free with-a free volume of 1250 mL made of a
large double-walled glas o d-.\yith}pe'gl@s beads. A 15 g sample were

polymer molecule dep
took nearly 100 h for
easily crystallizable macror: recipt
most layers. Molecular wi eai@_stal— recipitated last around the outermost
layer. As the column was heated § g@al_{y‘%r fractions were eluted continuously

¥i -
from outermost layer 1?:;_\_ inmost layer, and collected_ﬂtﬁfs as temperature increased

gradually stepwise fromiroom temperature tol ;
by NMR, GPC, and DSC. It was -
crystallization temperaturefdistribution than thesoriginal sample, suggesting the results of

ot e e B VB SIE) 11) 3
ATV IR s

polypropyléne. The polymer sample, 2 g, was dissolved in 180 mL of ODCB over 1 h at

ey fractions were analyzed

el

at the @ymer fractions had narrow

140°C. Sample was passed through a fractionating column heated to 140°C then began
the cooling rate at 12°C/h to 25°C when the first fraction was recovered. Heating
commenced at 15°C/h and fractions were taken at 40, 80, 100 and 140°C. It was found

that TREF analyses showed very similar elution profiles, even where huge differences in
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melt strength exist. High melt strength properties can be achieved only by increasing
molecular weight or by the addition of long chain branching. Therefore, such modified

molecules are likely to be partially cross-linked and partially branched.
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