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ABSTRACT

Ethylene / 1-butene copolymers at different comonomer levels were synthesized using a Ziegler-Natta catalyst
to evaluate the applicability of thermal fractionation methods in predicting chemical composition distribution
(CCD). The continuous melting endotherms obtained using DSC were converted to continuous CCD, and the
average comonomer contents were compared with the NMR results. DSC underestimated the comonomer content
specifically at higher levels and demonstrated that it was more sensitive to the chosen baseline. The thermally
fractionated melting endotherms by using the SSA method were deconvoluted and transformed to discrete CCDs.
The SSA method underestimated the average comonomer content even more than those obtained by DSC,
nevertheless its results were more reproducible. The main shortcoming of the thermal methods was the inability of
short ethylene sequences in forming discernible lamella thicknesses at high comonomer levels. Calibration curves
were created for converting the predicted comonomer contents into the absolute values and used for studying
industrial LLDPEs with different comonomer levels. It was shown that SSA provided more reliable results and
correlated more reasonably to the measured densities. Polyolefins J (2016) 3: 135-146

Keywords: Chemical composition distribution; lamella thickness; short chain branching; thermal fractionation; linear low density
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INTRODUCTION

Polyolefins are the most widely produced polymers due
to the cheapness of their raw materials and the high
flexibility in tuning their microstructure to attain de-
sired properties. Short chain branching as one of the
key factors is utilized in the commercial production of
linear low density polyethylene (LLDPE), through in-
corporation of a-olefin comonomers [1], for example
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1-buetene, 1-hexene, and 1-octene, to change the crys-
talline structure and therefore the corresponding prop-
erties such as melting and crystallization temperatures
[2], as well as the mechanical properties including ten-
sile modulus [3,4]. Hence, determination of different
aspects of comonomer enchainment in industrial plants
is of great importance not only for controlling the final
properties but also for evaluating structure-properties
relationships [3,4].
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The direct method of evaluation of chemical com-
position distribution (CCD) is physical separation of
chains from solution based on their melting and crys-
tallization temperatures as utilized in temperature ris-
ing elution fractionation (TREF) and crystallization
fractionation analysis (Crystaf), respectively [5]. The
latest technology of crystallization elution fraction-
ation (CEF) combines the separation by crystalliza-
tion and by melting that provides a better resolution of
chains having different levels of comonomer contents
in significantly shorter times [6]. Cross-fractionation
of chains based on comonomer content by TREF and
the subsequent assessment of each fraction can pro-
vide an enlightening detailed image from the distribu-
tion manner of comonomers among chains and its ef-
fect on the final properties [7-9]. However, despite all
informative results obtained from these methods, they
are not widely used in industrial plants since the long
measurement time and use of high-temperature solva-
tion make them too expensive for routine use.

Nuclear magnetic resonance (NMR) can provide
precise information on average chemical composition
but still needs high-temperature solvation and suffers
from long acquisition times and maintenance expens-
es. Fourier transformation infrared (FTIR) is a widely
used alternative method for determination of average
comonomer content with acceptable accuracy for in-
dustrial LLDPE plants. For instance, absorption at 769
cm’!, assigned to the ethyl branches and normalized
by the sample film’s thickness, is used for determina-
tion of 1-butene content [10,11]. However the accu-
racy and reliability of this method is not extensively
studied.

Thermal fractionation by employing carefully de-
signed thermal cycles in differential scanning calorim-
etry (DSC) offers a quick and practical way to evalu-
ate not only the average but distribution of short chain
branching in LLDPEs [12]. Among different fraction-
ation algorithms, successive self-nucleation and an-
nealing (SSA) has been proven to have the most sepa-
ration resolution [12]. Since the fractionation is not
physical, the final results are sensitive to both inter-
and intra-molecular heterogeneities, opposed to the
physical separation methods such as TREF that assess
inter-molecular variations. Through thermal fraction-
ation of different TREF fractions, it has been shown
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that single-site metallocene catalysts produce intra-
molecular heterogeneity while multi-site Ziegler-Nat-
ta catalysts generate chains with both inter- and intra-
molecular comonomer distributions [7,13,14].

There are two distinct regimes of thermal behavior
in LLDPEs depending on the amount of comonomer
content [15]. From one hand, chain folding in long
enough ethylene sequences provides a constant lamel-
la thickness, which is a compromise of kinetics and
thermodynamics aspects of crystallization in LLDPEs
with low comonomer content. Depending on the mea-
surement conditions, a lamella thickness of about 125
monomer units (or 250 methylene groups) in all-trans
conformations is reported for this regime [15]. On the
other hand, at higher comonomer levels, exclusion of
comonomer side branch from the crystalline cell de-
termines the average lamella thickness, and resulting
melting temperature [16]. Thermal fractionation can
be used for determination of comonomer content in
this regime. Therefore, the minimum detectable molar
fraction of comonomer would be 0.8 %. At very high
levels of comonomer, on the other hand, the ethylene
sequences are not long enough to be able to make
packed lamella structures. The crystallization ability
vanishes as comonomer content increases and the up-
per limit of comonomer detection by thermal methods
is met.

However, some complicating factors may affect
the view mentioned above. There are reports show-
ing that short side branches can be included in the
crystalline structures as defects [16,17] or that long
side branches may make separate lamellae themselves
[18]. Besides, the inter- and intra-molecular comono-
mer distributions according to Stockmayer and Flory’s
equations, respectively, [19] broaden the measureable
comonomer distribution, and also interfere with the
extremes of detectable comonomer contents. The situ-
ation becomes significantly complicated in the case of
Ziegler-Natta catalysts having multiple active centers
with distinct comonomer responses [20].

Since thermal fractionation can be considered as
a simpler alternative to physical separation methods
for determination of CCD or other heterogeneities,
many researchers have compared or combined these
methods [21-24]. There are plenty of reports on many
different samples made by different catalysts, como-
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nomers, and especially industrial samples from differ-
ent technologies [13,14,21-24]. Although trends are
similar, absolute results are not comparable due to the
mentioned differences. Therefore, it would be of prac-
tical importance if one could focus on a unique set of
copolymers and evaluate the applicability of thermal
fractionation methods for determination of micro-
structure heterogeneities.

In this work, we have synthesized ethylene /1-bu-
tene copolymers with different levels of comonomer,
using Ziegler-Natta catalyst, and evaluated their mi-
crostructure distribution using thermal fractionation
methods. We have calculated lamella thickness, short
chain branching (SCB), and comonomer content dis-
tributions by continuous and discretized melting en-
dotherms and compared the results with the average
values obtained from NMR and FTIR. In this way, we
have built calibration curves by thermal methods for
prediction of chemical composition and used them for
evaluation of industrial samples. We have shown that
the thermal fractionation methods offer a quick and
sensitive alternative for assessment of microstructure
heterogeneities. The paper is designed as follows:
After presenting the theoretical basis of calculations,
evaluation of thermal properties of the synthesized
samples measured by normal DSC and SSA and cali-
bration curves made using NMR results are presented.
Then the calibration curves are utilized for analysis of
industrial samples and final results are discussed.

EXPERIMENTAL

Materials

Ethylene/1-butene copolymers at five different co-
monomer levels were synthesized using an industrial
Ziegler-Natta catalyst. The mass average comonomer

contents were measured by Carbon-NMR and the re-
sults are depicted in Table 1. Details of similar syn-
thesis conditions and characterizations can be found
elsewhere [20]. As a general procedure, reactions
were carried out in a 1 L stainless steel Buchi reactor
using 500 ml of hexane as the reaction media. Trieth-
ylaluminum (TEAI) and the catalyst were introduced
subsequently, after purging reactor several times by
nitrogen and saturation of the media with ethylene.
The weighted amount of 1-butene comonomer was
directly transferred to the reactor. Subsequently, the
temperature of reaction and pressure of hydrogen and
ethylene were increased to the desired values one af-
ter each other, and the reaction was started by switch-
ing the mixer on. Pressure drop was compensated by
entering ethylene to the reactor through a mass flow
controller. After the desired polymerization time, the
reaction was terminated by evacuating the remaining
unreacted gases and precipitating the reaction prod-
ucts in methanol.

Characterization

All the DSC results were obtained using a Mettler-
Toledo apparatus 823e Module, interfaced to a digital
computer installed with Star E 9.01 software (sensor
FRSS5). The sample was heated from room tempera-
ture to 160°C at a rate of 10°C min"' and remained 10
min to remove the thermal history; followed by cool-
ing to 0°C at the same rate. Finally, the polymer was
reheated to 160°C using the same rate. The melting
peak and crystallinity were determined according to
the results of the final step.

The SSA method was used to analyze the CCD of
copolymers using the following procedure [25,26]:
The sample was heated to 160°C at the rate of 10°C
min! and maintained at this temperature for 10 min.
The sample was then cooled to ambient temperature at

Table 1. Average lamella thickness, SCB and comonomer fractions determined based on continuous and discrete melting en-

dotherms compared with NMR results.

Samples DSC SSA __NMR
_ _ I _ _ — CC Imass%
L/nm DI, | SCB DI, CC Imass% L/nm DI, | SCB DI, | CCimass%

S1 10.6 1.1 1.4 1.4 4.4 8.6 1.2 10.3 1.7 4.0 3.30

S2 9.8 1.1 14.4 1.4 55 7.5 1.2 13.8 1.4 5.2 6.36

S3 8.8 1.1 17.4 1.4 6.5 71 1.2 15.1 1.4 5.9 8.50

S4 8.2 1.1 21.6 1.4 8.3 6.3 1.2 18.8 1.5 6.8 11.70

S5 7.8 1.2 24.4 1.4 9.2 55 1.3 24.2 1.4 8.6 13.50
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the same rate, immediately heated to 140°C and main-
tained at this temperature for 5 min for annealing. The
sample was then cooled to ambient temperature at the
same rate and immediately heated to the next anneal-
ing step. A temperature step 6°C was applied in exper-
iments. The annealing temperatures covered the range
of 38-140°C. Finally, the cooled sample was heated
from ambient temperature to 160°C at the rate of 10°C
min-1 and melting endotherms were recorded.

RESULTS AND DISCUSSIONS

As described in the introduction, there are many
sources of complexities, which necessarily imply to
evaluate the efficiency of the thermal fractionation
methods which are used for determination of CCD of
LLDPEs made by Ziegler-Natta catalysts by means of
pre-designed samples. We therefore, synthesized five
LLDPE samples using Ziegler-Natta catalysts at dif-
ferent 1-butene levels. The mass fractions of incorpo-
rated comonomer, determined by NMR, covered 3.3
to 11 mass% as reported in Table 1.

Evaluation of continuous melting endotherms
Figure 1a shows the melting endotherms as measured
by normal DSC. The melting peaks shift towards low-
er temperatures and are broadened on increasing the
comonomer content. The continuous melting peaks
can be converted to continuous lamella thickness dis-
tribution using Gibbs-Thomson equation [18]:

¢ 20,

T, =T,d AHULC) ©)
where T is the melting temperature in the x-axis,
stands for equilibrium copolymer melting temperature
that depends on comonomer content, 6 = 0.09 J m~ is
the surface free energy of lamella , AH =2.96 x 10° J
m? is the volumetric heat of fusion and Lc is the la-
mella thickness. Equilibrium melting temperature of
a copolymer can be calculated using Flory’s Equation
[18]:

I 1 R
T A @

m
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Figure 1. Melting peaks of the synthesized copolymers (a)
calculated LTD (b) and calculated distribution of SCB.

where T? = 418.6 K is the equilibrium melting tem-
perature of ethylene homopolymer, R=8.314 J mol!
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K" is the gas constant, and x_ is the mole fraction of
crystallizable ethylene sequences along the backbone.
The mass fraction of the crystalline lamellae that melt
at a specific temperature is related to the melting endo-
therms through the following differential equation [4]:

1 dM _dE (T, - T,)’,

. 3)
M d  dT 26,.T.M

Where p =1 g cm™ is the density of crystalline phase,

1 dM
M a1 represents the population of lamellae (f(L))

with the thickness in the range of L and L+dL that
melt between T and T+dT, and dE/dT is the energy
required to melt lamellae, in other words ﬁ % is the
y-axis divided by the heating rate in’C min'. The cor-
responding continuous lamella thickness distribution
(LTD) is shown in Figure 1b. The number and length
average lamella thickness and its corresponding dis-
persity index can be calculated using the following
equations:

L= j: Lf(L)dL (4)

- jo L*f(L)dL

j:’ Lf(L)dL ©)

DI, = (©6)

il

The average lamella thickness decreases by increasing
the comonomer content, as expected, and the disper-
sity indices increase slightly as shown in Table 1.

The continuous melting peaks can be used to calcu-
late the continuous distribution of SCB per 1000 car-
bon atoms, as well [27]. Two methods have been used
in this regard. Hosoda analyzed TREF fractions to
propose empirical relationships between SCB, melt-
ing temperature and crystallinity (X ) for ethylene/1-
butene copolymers [28,29]:

T =-1.55SCB + 134 (7)
X_=-0.0132 SCB + 0.82 (8)

Others used normal alkanes with different lengths to
build up such a correlation [16,30]. Both the methods

Polyolefins Journal, Vol. 3, No. 2 (2016)

follow the same trend, however, Hosoda’s equation
predicts a slightly higher SCB at similar melting tem-
perature. The abscissa of the continuous melting endo-
therms were transformed into SCB using Equation 7,
while the ordinates were divided by the X_from Equa-
tion 8 to account for both the crystalline as well as
the amorphous part of the sample at each temperature
(not seen in the DSC endotherms). The resultant SCB
distributions are shown in Figure 1c. The correspond-
ing averages and dispersity indices were calculated by
equations similar to equations 4 to 6, and the results
are depicted in Table 1. The SCB distribution can be
converted to CCD using the following equations:

CC(mol%) = 1 - —1000-15CB ©9)
1000- (i - 2)SCB
14iCC(mol%)
28(1 - CC(mol%)) + 14iCC(mol%)

CC(mass%) =

(10)

where CC and i stand for comonomer content and the
number of carbon atoms in the comonomer which
is four for 1-butene. The mass average comonomer
content and the corresponding dispersity index were
calculated following Equations 4 to 6 and the results
are reported in Table 1. Apparently, the DSC method
overestimates comonomer content for the lowest co-
monomer level and underestimates comonomer con-
tent at higher levels [23]. The overestimation at lower
comonomer levels is expected considering the fact
that the thermal methods reflect at least 0.8 mol% co-
monomer content for chains containing no comono-
mers. Besides, the DSC results are extremely sensitive
to the choice of baseline; at lower comonomer levels,
extra drawn baseline toward lower melting tempera-
ture may be the cause of over estimation in the pre-
dicted comonomer content that is the case at higher
comonomer contents in an opposite manner.

Evaluation of discrete melting endotherms

Thermal fractionation of chains in groups with simi-
lar lamella thickness may help to solve the problem
of baseline. Therefore, the samples were fractionated
using the SSA method in groups separated by 6°C.
Standard Gaussian distribution function was used to
deconvolute the final endotherms into the weighted
summation of several peaks, and the results are shown
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Figure 2. Deconvolution of SSA graphs into several standard Gaussian distributions.

in Figure 2. Normalized error was defined to obtain
a similar precision on both high and low temperature
regions [25,26].

The population of the chains melting at higher tem-
peratures decreases and the population of the chains
melting at lower temperatures increases as the como-
nomer content increases (Figure 3a). Equations 1 to
8 were used to create the discrete distributions of la-
mellae thickness and SCB per 1000 carbon atoms as
shown in Figures 3b and 3c, and the corresponding
average and dispersity indices are reported in Table 1.

140

As can be seen in Table 1, the SSA method follows
the same trend already reported for the DSC results,
however, it underestimates comonomer content at
higher levels even further. The main reason is the fact
that the chains with higher comonomer levels exhibit
a very low crystallization ability and do not form de-
tectable contributions specially while are fractionated
into separate groups. The SSA results are more repro-
ducible, since the choice of baseline is less arbitrary.

The aforementioned complications make the ther-
mal methods somewhat inaccurate, despite their sen-
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Figure 3. Discrete melting peaks of the synthesized copo-
lymers (a) discrete distributions of lamella thickness (b) and
SCB per 1000 carbon atoms (c).
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sitivity. Hence, the calibration curves were created to
predict the absolute comonomer contents based on the
NMR data obtained (the last column of Table 1) and
the results are shown in Figure 4. It should be empha-
sized that we selected the simplest calibration curve
based on linear regression in order to keep the gen-
erality and extensibility of the predictions out of the
measured comonomer content range.

As explained before, since the thermal methods are
expected to detect at least 0.8 mole% (equal to 1.6
mass%) 1-butene for linear ethylene homopolymer,
the calibration curves are built by adding the corre-
sponding point to the experimental data. In this way,
the measured values between 0 and ~2 mass% return
negative values by applying the calibration curve,
which should be regarded as zero.

Application of both methods on the unknown in-
dustrial samples

The obtained calibration curves can be generally used
for Ziegler-Natta derived ethylene/1-butene copoly-
mers in the studied range of chemical compositions.
Examples are described as follows: Three industrial
LLDPE grades with different comonomer levels were
produced in two gas phase reactors in series, using
two different catalysts; the original and the substituent
catalysts, hereafter denoted as Catalyst 1 and Catalyst
2, respectively. The main process conditions in the
successive reactors, represented by R1 and R2, are
compared in Table 2. While sample HD is essentially
high density polyethylene with no comonomer, sam-
ples LL1 and LL2 are LLDPEs with distinctly differ-
ent comonomer levels.

Melting peaks of the industrial LLDPEs are com-
pared in Figure 5a. By increasing comonomer level in
the reactors there is a clear shift of the whole melting
endotherms towards lower temperatures with increas-
ing tail at lower temperatures. Similar trends are ob-
servable in the corresponding LTDs and distributions
of SCB created using Equations 1 to 10, as shown in
Figures 5b and S5c. The corresponding averages are
depicted in Table 3. The fifth column shows the mass
fraction of comonomer calculated using the calibra-
tion curve obtained for the DSC results in Figure 4.
The DSC method clearly overestimates the comono-
mer content, as predicted particularly about 2 mass%
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Table 2. Operation conditions for production of industrial LL-
DPEs in series gas phase reactors.

Sample TrC P/bar H,/C.@ c,/
mass%®
R1 R2 R1 R2 R1 RZ R1 RZ
LL1 75 80 25 | 25 | 0.26 | 0.32 | 5.75 | 6.25
LL2 80 | 85 | 25 | 25 | 0.8 0.9 1.3 1.5
HD 80 | 85 | 25 | 25 | 0.5 0.6 - -
@mole ratio in the reactors, ® mass fraction in the reactors

comonomer for the HD samples. Besides, even if there
is a difference between the original and the substitu-
ent catalysts in comonomer incorporations, the DSC
method is unable to detect any discernible differences
which are larger than the resolution limit of the mea-
surements.

The SSA method was also used to compare the in-
dustrial samples, and the normalized graphs are shown
in Figure 6. The difference between samples is more
clearly depicted in the SSA results, with increasing
population of groups melting at lower temperatures,
and decreasing the ones melting at higher tempera-
tures. The graphs were deconvoluted as described
before, and the corresponding discrete distribution of
melting endotherms, lamella thickness and SCB are
compared in Figure 7.

The corresponding averages are shown in Table
3, as well. The ninth column shows the mass frac-
tion of comonomer, calculated using the calibration
curve obtained for the SSA method in Figure 4. The
SSA method clearly predicts comonomer contents in
a more logical manner and the obtained results fol-
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Figure 4. Calibration curves for prediction of 1-butene
mass% based on normal DSC and SSA.
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Figure 5. (a) Melting peaks of industrial LLDPEs (b) calcu-
lated LTD and (c) calculated distribution of SCB.

low the comonomer fractions in the reactors that are
shown in Table 2. Again, the difference between re-
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are not significant, except that the substituent may in-
corporate slightly lower number of comonomer units.

sults obtained for the original and substituent catalysts
(also the dispersity indices that are not shown here)

Table 3. Average lamella thickness, SCB and comonomer fractions determined based on continuous and discrete melting en-
dotherms compared with FTIR results and corresponding densities.

DSC SSA
cC Density
Sample _ == == o . - — o CC/mass% ;
Linm | SCB CC/ | CClmass% | 1. | SCB CC/ | CClmass% | (g Ig mi
mass% (Calib.) mass% (Calib.)
LL1(2) 10.2 15.4 59 7.2 7.6 13 5 6.5 6.6 0.923
LL1(1) 9.9 15.7 6 7.4 7.5 13.2 51 6.7 6.5 0.922
LL2(2) 15.7 6.9 2.7 1.3 12.3 4.6 1.8 0 <15 0.952
LL2(1) 171 71 2.8 1.5 1.2 58 2.3 0.9 <15 0.952
HD(2) 25.5 4.6 1.8 0 171 1.8 0.7 0 <15 0.959
HD(1) 27 5 2 0 17.6 1.6 0.6 0 <15 0.96
Polyolefins Journal, Vol. 3, No. 2 (2016) 143
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Such a difference could be better elucidated using
cross fractionation based on molecular mass as well
as comonomer content [9].

As described before, FTIR is usually used as a quick
alternative for evaluation of comonomer content in
industrial plants [10,11]. The comonomer values, as
reported by the industrial lab on a daily measurement
basis, are depicted in the tenth column of Table 3. It is
clear that the specifically defined FTIR method is un-
able to resolve samples having comonomer contents
below 1.5 mass%. Therefore the LLDPE samples with
lower 1-butene fractions cannot be distinguished us-
ing FTIR, while the SSA and DSC methods both pro-
vide more sensitive results. The last column in Table
3 provides the density values as reported by the in-

Polyolefins Journal, Vol. 3, No. 2 (2016)



Ahmadi M. et al.

&3

IPPI

dustrial lab. The correlation between density values
and predicted comonomer contents using the thermal
methods and FTIR are compared in Figure 8. Both
DSC and SSA results show linear correlations with
density, but the SSA method with the prediction of co-
monomer content reasonably can be considered as a
more reliable alternative.

CONCLUSION

Ziegler-Natta catalysts create polydisperse chains with
inter- and intra-molecular comonomer distributions
and this specificity is exaggerated by the multiple-site
nature of these catalysts. We evaluated application of
continuous melting endotherms and the fractionated
ones based on the SSA method in studying comono-
mer content and its distribution in this class of poly-
olefins. Several ethylene/1-butene copolymers were
synthesized using Ziegler-Natta catalyst at different
comonomer levels. The continuous melting endo-
therms were converted to LTD, distribution of SCB
and CCD, and the average comonomer contents were
compared with the NMR results. It was shown that,
DSC underestimated comonomer contents specifical-
ly at higher levels. The thermally fractionated melt-
ing endotherms were deconvoluted and transformed
into discrete LTD, distribution of SCB and CCD. The
SSA method, despite being more reproducible, also
underestimated the average comonomer content even
more than DSC. The main shortcoming of the thermal
methods at high comonomer contents was the inabil-
ity of short ethylene sequences in forming discernible
lamella thickness. Calibration curves were therefore
created to convert the predicted comonomer contents
into absolute values. The calibration curves were used
for studying CCD in industrial LLDPEs with different
comonomer levels. It was confirmed that SSA could
provide more reasonable comonomer contents that
correlated more reliably to the measured densities.
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