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Tibor Macko,1 Robert Brüll,1 Yongmei Wang,2 Baudilio Coto,3 Inmaculada Suarez3

1German Institute for Polymers, Chemical Analytics, Schlossgartenstr. 6, 64289 Darmstadt, Germany
2Department of Chemistry, University of Memphis, 38154 Memphis, Tennessee
3Department of Chemical and Environmental Technology, ESCET, Universidad Rey Juan Carlos, Mostoles, 28933
Madrid, Spain

Received 21 September 2010; accepted 15 February 2011
DOI 10.1002/app.34432
Published online 8 July 2011 in Wiley Online Library (wileyonlinelibrary.com).

ABSTRACT: Blends of linear polyethylene (PE) and iso-
tactic polypropylene (iPP) with different average molar
masses and a series of ethylene-propylene (EP) copolymers
with different chemical composition as well as blends of
PE, Ipp, and EP copolymers were separated using a car-
bon-column packing (HypercarbVR ) and gradients of 1-dec-
anol or 2-ethyl-1-hexanol ! 1,2,4-trichlorobenzene (TCB).
The separation is based on full adsorption of linear PE on
the carbon sorbent at temperature 160�C. However, iPP is
not adsorbed and elutes in size exclusion mode. The ran-
dom EP copolymers have been adsorbed in the column
packing and separated according to their average chemical

composition after application of the gradient starting with
alcohol and ending with pure TCB. The elution volumes
of the copolymers depended linearly on the average con-
centration of ethylene in the copolymers. The HPLC elu-
tion profiles were correlated with the CRYSTAF elution
profiles. In contrast to CRYSTAF, fully amorphous polyo-
lefin samples were separated with the high-temperature
adsorption liquid chromatography. VC 2011 Wiley Periodicals,
Inc. J Appl Polym Sci 122: 3211–3217, 2011
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INTRODUCTION

Goods produced from polyethylene (PE), polypro-
pylene, and their copolymers have been found broad
applications in every day life as well as in industry
due to their advantageous properties and their eco-
nomic performance/price ratio. As a consequence,
there is a great interest to improve the properties of
these polymer materials. The success in research and
development of these materials depends on several
factors; one of them is an efficient and detailed char-
acterization of their molecular heterogeneity, that is,
branching, tacticity, etc. The molar mass distribution
of these polymers is obtained from high-temperature
size exclusion chromatography,1–3 where in addition

to a refractometric index detector also either viscosi-
metric or light scattering detector is applied.4–11 The
average chemical composition is determined mainly
using FTIR or NMR spectroscopy. However, SEC
separation may be combined with the on-line
FTIR12–14 or NMR15 spectroscopic analysis. In such
cases, information about the distribution of the
chemical composition along the molar mass axis is
obtained. Holtrup’s fractionation,16 which is based
on precipitation and dissolution of a polymer in a
specific mixture of solvent/nonsolvent, enables to
prepare larger fractions with different molar mass.
Fraction temperature rising elution fractionation
(TREF)17 can be used to evaluate the distribution of
the chemical composition of semicrystalline polyole-
fins. The separation exploits the crystallizability of
the macromolecules from a solution at elevated tem-
perature, which in turn is related to the chemical
composition and the architecture of macromolecules.
However, a single measurement requires 1–2 days.
The measurement time was pronouncedly reduced
after introduction of Crystallization Analysis Fractio-
nation, CRYSTAF, which is a modified version of
TREF.18 Both, TREF and CRYSTAF, are widely used
to characterize PE, PP, and their copolymers.7,12,18–26

The drawback of TREF and CRYSTAF is that non-
crystallizable materials can not be analyzed. If a
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detailed analysis of a sample is required, TREF is
used to prepare 7–15 fractions and each fraction is
then individually characterized by FTIR, SEC, NMR,
and DSC.22–27 Moreover, TREF may be coupled on-
line with SEC analysis.14,28–30

These time and labor consuming analytical proce-
dures could be partially eliminated by the use of a
liquid chromatographic separation according to
chemical composition or microstructure. Although
many chromatographic procedures were published
for various polymers,31–35 solvent/sorbent systems
for realization of the interactive liquid chromatogra-
phy of polyolefins were unknown even 70 years af-
ter beginning of their industrial production. The
group of Prof. H. Pasch (present address: University
of Stellenbosch, Stellenbosch, South Africa) in Darm-
stadt has recently published the first HPLC proce-
dures for the separation of PE and PP.36–43 PE or PP
were selectively adsorbed in the zeolites40–43 or
HPLC separation has been based on selective precip-
itation of PE.36,38 Lehtinen und Paukerri44 found that
ethylene glycol monobutyl ether (EGMBE) dissolves
isotactic polypropylene (iPP) but not linear PE. The
retained PE may then be eluted applying a gradient
EGMBE ! 1,2,4-trichlorobenzene (TCB).36 Using this
approach it was for the first time possible to sepa-
rate ethylene-propylene (EP) copolymers according
to their chemical composition.45,46 However, there is
still a significant influence of the molar mass on the
separation, which makes it unpractical for routine
analysis.

In this article, we describe the HPLC separation of
PE/PP-blends and EP copolymers based on the
selective adsorption of PE on a column packing at
high temperature. In this HPLC system, a chromato-
graphic column packed with porous particles of
graphite as stationary phase is used. The characteris-
tics and applications of this column packing material
has been recently summarized by Pereira47 and
Michel and Buszewski.48 The porous graphite col-
umn has superior ability to discriminate analytes,
which differ only a little in their structure, that is,
isomers, including stereoisomers of PP.49 Moreover,
propene/1-alkene copolymers were separated with
the column packed with porous graphite particles.50

The separation of ethylene-propylene copolymers is
reported in this work.

EXPERIMENTAL

Instruments

A high-temperature chromatograph HT GPC 210
(Polymer Laboratories, Church Stretton, England)
was used for injection and analysis of samples at
temperature 160�C. The sample injection volume
was 13 lL. The samples were injected into the col-

umn HypercarbVR 100 � 4.6 mm, particle diameter 5
lm, pore diameter 200 Å (Thermo Fisher Scientific,
Waltham, MA). A quaternary gradient pump (Agi-
lent 1200 Series, Waldbronn, Germany) was used to
form the mobile phase. The flow rate was 0.5 mL/
min. An evaporative light scattering detector (ELSD,
Polymer Laboratories, Church Stretton, England)
was used for detection of polymers in the mobile
phase. The following parameters were selected for
ELS-detection: air flow rate 1.5 L/min; temperature
of nebulizer 160�C; temperature of evaporator 260�C;
temperature of transfer line 160�C. The gas phase
leaving the ELSD was condensed in a cooler at tem-
perature 10�C. WinGPC-software (Polymer Standard
Service GmbH, Mainz, Germany) was used for data
collection and processing.
CRYSTAF analysis was carried out using a model

CRYSTAF-TREF 300, Polymer Char, Valencia, Spain.
Polymer solutions with a concentration close to 0.5
mg/mL were prepared by dissolving about 20 mg of
polymer in 40 mL of TCB at 160�C. The crystalliza-
tion was carried out in the temperature range 95–
30�C with a cooling rate of 0.1�C/min.

Solvents

1-decanol, TCB, and 2-ethyl-1-hexanol (synthesis
quality, Merck, Darmstadt, Germany) were used.

Polymer samples

Linear PE standards (Polymer Standard Service
GmbH, Mainz, Germany), isotactic PP standards
(American Polymer Standards, Mentor), linear PE
with Mw 260 kg/mol, iPP 200 kg/mol, and EP
copolymers were dissolved in 1-decanol at a concen-
tration of 1–2 mg/mL at 160�C.
Samples of EP copolymers were prepared by

Suarez51,52 and described by Coto et al.53,54 The
copolymerization reactions were carried out in a
stirred tank reactor operating in semicontinuous
mode at 70�C and 5 bar. Their molecular characteri-
zation data obtained with high-temperature SEC and
NMR spectroscopy are summarized in Table I. Our
previous study with MALS did not revealed pres-
ence of long chain branching in these samples.

RESULTS AND DISCUSSIONS

Interactive liquid chromatography of PE and iPP

All chromatographic separations reported here were
obtained using the following procedures. The sam-
ple was first dissolved in 1-decanol at 160�C and
injected into the column kept at the same tempera-
ture. The mobile phase used initially was same as
the sample solvent, 1-decanol, and then switched to
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a linear gradient ending with 100% TCB. The start of
gradient (at 3 mL) is marked in the chromatograms.
Figure 1 shows the chromatographic separation of
isotactic PP- and linear PE-standards with different
average molar masses. As we have shown previ-
ously,49 peaks corresponding to iPP standards eluted
before the start of the solvent gradient because iso-
tactic PP was not retained on the column and elutes
in SEC mode [Fig. 1(a)]. The difference in the elution
volume of iPP 1 kg/mol and iPP 200 kg/mol is only
0.2 mL, which is likely because the carbon packing
has a small specific pore volume (0.7 mL/g).47 How-
ever, PE samples are fully retained on the column
packing from 1-decanol, that is, no peaks appeared
in the chromatogram [Fig. 1(b)]. Only after applying
a linear gradient from 100% 1-decanol to 100% TCB,
peaks corresponding to PE appeared in the chromat-
ogram [Fig. 1(b)].

Several groups55–57 have studied adsorption iso-
therms of alkanes, that is, oligomers of PE, on graph-
ite from different solvents. Groszek56 studied the
adsorption of n-dotriacontane (n-C32H66) from hep-
tane onto graphite and observed a very strong
adsorption of the long-chain paraffin. This was
attributed to a lattice fit between the graphite basal
plane and the chain molecules in their extended
trans-conformation.55,56 The adsorption is supported
by the homogeneity of the graphitized carbon pack-
ing-the individual graphite sheets might be regarded
as very large aromatic molecules consisting almost
exclusively of carbon.48 A schematic representation
of tetradecane adsorbed on graphite is shown in
Figure 2 for illustration.57

Investigations of PE-crystallization58 via electron
microscopy from highly diluted solutions on graph-
ite confirmed the existence of attractive interactions
between PE and the graphite substrate. Due to these
interactions, orientation of PE chains at crystalliza-
tion upon the graphite is oriented (so-called epitaxial
crystallization). The carbon atoms of the chains were
arrayed in a perfectly ordered way on the graphite
substrate. In contrast, they were ordered randomly

TABLE I
Molecular Characterization Data of the

Ethylene-Propylene Copolymers

Sample
code

Content of
ethylene [wt %]

Mw

[g/mol] Mw/Mn

EP-2 2.3 112,200 2.45
EP-4 4.0 118,800 2.44
EP-15 14.6 70,000 2.42
EP-23 22.6 61,600 2.08
EP-49 49.0 62,000 2.86
EP-74 73.5 54,700 2.54
EP-81 81.3 163,900 3.01
EP-91 91.0 268,500 2.78
EP-99 98.6 260,800 3.63

Figure 1 Overlay of chromatograms for isotactic PP-
standards (a) and PE-standards (b). Column: Hypercarb.
Mobile phase: 1-decanol and linear gradient: In 10 min
from 0 to 100% TCB. Flow rate: 0.5 mL/min. Temperature:
160�C. Start of the gradient in the pump is indicated in the
figure.

Figure 2 Schematic representation of the monolayer crys-
tal structures for tetradecane adsorbed on graphite. The
plane of the carbon skeleton is found parallel to the graph-
ite surface.57
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on amorphous carbon. We suppose that these inter-
actions play a role in HPLC of polyolefins.

Separation of PE-PP blends

Figure 3 illustrates that the described chromato-
graphic system enables to separate PE-PP blends.
Peaks of isotactic PP and linear PE are excellently
baseline separated, also in the case that their average
molar mass is only about 1 kg/mol. For comparison,
a separation of PE from PP with molar mass below
about 20 kg/mol was not possible using precipita-
tion-redissolution chromatography with EGMBE as
the mobile phase.36,37 We note that oligomers of PE
and PP with smaller molar mass evaporate at 260�C
in the ELSD and therefore do not yield a detector
response.

The opposite adsorption behavior of PE (adsorbed
from 1-decanol) and iPP (not adsorbed) is illustrated
in Figure 3.

Therefore, it is an interesting question if how EP
copolymers are separated in this chromatographic
system. This was probed in the following
measurements.

Separation of EP copolymers

The chromatograms corresponding to EP-samples
are shown in Figure 4. In general, the elution vol-
ume of the samples increases with the average con-
centration of ethylene in the copolymers, although
the average molar mass of these samples differ
about four times (see Table I). This proves that the
separation is not governed by the molar mass, but
mainly by the chemical composition of the samples.
Samples with a higher content of ethylene (EP15-
EP99) are eluted mainly or exclusively in the gradi-
ent mode in the system Hypercarb/1-decanol !
TCB. However, the samples with a low concentra-
tion of ethylene (EP2 and EP4) are eluted prevail-
ingly before the gradient like isotactic PP, because
the adsorption interactions in the system Hyper-
carb/1-decanol are not strong enough to adsorb
copolymers with such a small content of ethylene. If
1-decanol is replaced by 2-ethyl-1-hexanol, all copol-
ymer samples are adsorbed (Fig. 5). As the interac-
tions between the copolymers and the sorbent are
stronger when 2-ethyl-1-hexanol is used, the reten-
tion volume is larger (about 16 mL in Fig. 5 vs. 13
mL in Fig. 4).

Figure 3 Overlay of chromatograms. Separation of mixtures of linear PE and iPP with different molar mass: (a) i-PP 1.1
kg/mol and PE 1.1 kg/mol; (b) i-PP 8.5 kg/mol and PE 14 kg/mol; (c) i-PP 52.3 kg/mol and PE 55 kg/mol; (d) i-PP 101
kg/mol and PE 77 kg/mol. Experimental parameters as in Figure 1.
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Comparison of CRYSTAF and HPLC for the
analysis of copolymers

CRYSTAF separates the components present in a
sample based on their crystallizability. The first
derivatives of the concentration profiles of these
samples are shown in Figure 6.

CRYSTAF separates the EP copolymers according
to their crystallizability, which is related to the
chemical composition of macromolecules and their
microstructure, that is, arrangement of branches
along a chain (random, blocks, tacticity). Several
samples (i.e., EP4, EP74, and EP81) show crystalline
and amorphous portions and sample EP 91 contains
two crystallizable fractions (Fig. 6). Samples EP2 and
EP99 do not contain a pronounced amorphous frac-
tion. Corresponding HPLC chromatograms show a
single peak for EP2 and EP99 (sample EP2 has also a
small peak, which probably corresponds to an amor-
phous portion). The samples, which show two sepa-
rate fractions in CRYSTAF (EP4, EP74, EP81, and

EP91), also elute in two peaks (EP74, EP81, and
EP91) or three peaks (EP4) from the Hypercarb col-
umn. Moreover, fully amorphous samples EP15,
EP23, and EP49 elute from the column at elution
volumes, which correlate with their average

Figure 4 Overlay of chromatograms obtained with the
system Hypercarb/1-decanol ! TCB. The average chemi-
cal composition of random EP copolymers is indicated in
the figure. b: shows an enlarged part of (a). Experimental
parameters as in Figure 1.

Figure 5 Overlay of chromatograms obtained in system
Hypercarb/2-ethyl-1-hexanol ! TCB. b: shows an
enlarged part of (a).

Figure 6 First derivative of the concentration profiles
obtained from CRYSTAF analysis of EP-copolymers.

CHARACTERIZATION OF EP COPOLYMERS 3215

Journal of Applied Polymer Science DOI 10.1002/app



chemical composition: The samples EP15 and EP23
elute in one peak, while EP49 in one deformed peak.
We conclude that the retention volumes from

HPLC correlate with the chemical composition of
the copolymers: The elution volumes increase with
the amount of ethylene in the copolymers [Fig.
7(a,b)]. However, temperatures corresponding to the
CRYSTAF profiles do not show such correlation in
range 2–91 wt % ethylene [Fig. 7(c)].
Unfortunately these samples are not ideal to estab-

lish a relationship between the elution volume and
the chemical composition because they are in the
majority of cases not chemically homogeneous.
Finally, a chromatogram illustrating the separation
of a blend containing iPP, PE, and EP copolymer is
shown in Figure 8.
The copolymers are separated from both homopol-

ymers. Thus, presence of homopolymers in the prod-
ucts may be monitored.
We notice that the signal of the ELSD may be a

function of the chemical composition of the copoly-
mers. Albrecht et al.59 have shown that the ELSD
response of ethylene vinyl acetate copolymers
depends on the composition of the mobile phase
(i.e., it changes through a gradient elution) and the
chemical composition of EVA copolymers. These
two effects may eventually complicate a quantitative
evaluation of the chromatograms recorded by ELS-
detector and their evaluation will require a calibra-
tion of the ELSD.

CONCLUSIONS

A commercially available carbon column packing
Hypercarb was used to separate blends of PE and
iPP. iPP elutes from the column in SEC mode, while
linear PE in the molar mass range from 1000 to

Figure 7 Relationship between the elution volume in the
system Hypercarb/1-decanol ! TCB (a), Hypercarb/2-
ethyl-1-hexanol ! TCB (b), the CRYSTAF temperature (c),
and the average chemical composition of the copolymers.
Notice to Figure 7(a): EP2, EP4 elute also at 1.4 mL.

Figure 8 Chromatogram corresponding to separation of a
mixture PE, isotactic PP, and EP copolymers. The HPLC
experimental setup is the same as in Figure 1.
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100,000 g/mol is fully retained (adsorbed) on the
column packing when flushed with 1-decanol or 2-
ethyl-1-hexanol at 160�C. The retained PE was eluted
by a linear gradient alcohol ! TCB. The same HPLC
system enables to separate EP copolymers according
to their chemical composition. The pronounced
adsorption of the copolymers from 2-ethyl-1-hexanol
enabled that all copolymers eluted exclusively in the
gradient in system Hypercarb/2-ethyl-1-hexanol !
TCB. The average chemical composition of the
copolymers correlated linearly with the elution vol-
ume. The molar mass of the PE and the copolymers
plays a negligible role in the separation. The advant-
age of the described HPLC method is that informa-
tion about the distribution of the chemical composi-
tion of the samples may be obtained within a shorter
time than using the conventional methods (CRYSTAF
and TREF). Moreover, the HPLC method can also be
used for the noncrystallizable portion of the samples.

This reported interactive HPLC system has poten-
tial to be, in the foreseeable future, a complimentary
method for analysis of the distribution of the chemi-
cal composition of polyolefins and be implemented
in high-throughput research and the development of
new polyolefin materials.60–62
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26. Gahleitner,M.; Jääskeläinen, P.; Ratajski, E.; Paulik, C.; Reussner,

J.; Wolfschwenger, J; Neißl,W. J Appl Polym Sci 2005, 95, 1073.
27. Harding, G. W.; van Reenen, A. J Macromol Chem Phys 2006,

207, 1680.
28. Lederer, K.; Aust, N. J Macromol Sci Pure Appl Chem 1996,

A33, 927.
29. Yau, W. W.; Gillespie, D. Polymer 2001, 42, 8947.
30. Ortin, A.; Monrabal, B.; Sancho-Tello, J. Macromol Symp 2007,

257, 13.
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