
Adv Polym Sci (2005) 182: 1-54 
DOI 10.1007 /b135559 
© Springer-Verlag Berlin Heidelberg 2005 
Published online: 9 August 2005 

Fractionation of Semicrystalline Polymers 
by Crystallization Analysis Fractionation 
and Temperature Rising Elution Fractionation 

Siripon Anantawaraskul1•3 · Joao B. P. Soares2 (~)·Paula M. Wood-Adams4 

1 Department of Chemical Engineering, McGill University, 3610 University Street, 
Montreal, H3A 2B2, Canada 

2Department of Chemical Engineering, University of Waterloo, Waterloo, ON, N2L 3Gl, 
Canada 
jsoares@cape.uwaterloo.ca 

3Department of Chemical Engineering, Kasetsart University, 50 Phaholyothin Road, 
10900 Bangkok, Thailand 

4Department of Mechanical and Industrial Engineering, Concordia University, 
1455 de Maisonneuve Blvd. West, Montreal, H3G 1M8, Canada 

2 
2.1 
2.2 
2.3 

3 
3.1 
3.2 
3.3 
3.4 
3.5 

4 
4.1 
4.2 
4.3 
4.3.1 
4.3.2 

Introduction . . . . . . . 

Theoretical Background 
Thermodynamic Considerations for Homopolymer Solutions . 
Thermodynamic Considerations for Copolymer Solutions . 
Stockmayer's Bivariate Distribution .... 

Temperature Rising Elution Fractionation 
Basic Experimental Apparatus and Procedures 
Effect of Chain Microstructures and Operation Conditions 
Use of Tref to Estimate the CCD of Copolymers 
Cross-Fractionation ...... . 
Mathematical Modeling of Tref . . . . . 

Crystallization Analysis Fractionation 
Basic Experimental Apparatus and Procedures 
Comparison Between Crystaf and Other Characterization Techniques 
Effect of Chain Microstructure . 
Effect of Molecular Weight . . 
Effect of Comonomer Content 

4.3.3 Effect of Comonomer Type 
4.4 Effect of Cooling Rate . . . 
4.5 Effect of Cocrystallization . 

5 Crystaf Applications . . . 
5.1 Estimation of CC and CCD of Copolymers 
5.2 Polymer Reaction Engineering . 
5.3 Analysis of Blend Compositions . . . . . . 

3 

6 

6 

8 
9 

11 

12 
14 
18 
20 
24 

26 
26 
29 
31 
31 
33 
34 
35 
36 

40 
40 
42 
45 



2 S. Anantawaraskul et al. 

6 Mathematical Modeling of Crystaf . . . . . . 
6.1 Stockmayer's Bivariate Distribution Models . 
6.2 Monte Carlo Models . . . . . . . . . . . . . . 

7 Conclusion and Future Trends 

References . . . . . . . . . . . . . . 

47 
47 
48 

51 

52 

Abstract Crystallization analysis fractionation (Crystaf) and temperature rising elution 
fractionation (Tref) are analytical techniques for determining the distribution of chain 
crystallizabilities of semicrystalline polymers. These techniques fractionate polymer 
chains on the basis of the differences in their chain microstructures that affect their crys­
tallizabilities in dilute solutions. Both techniques can be used to estimate the chemical 
composition distribution of copolymers and the tacticity distribution of homopolymers. 
This information is crucial for understanding polymerization mechanisms and construct­
ing structure-property relationships. This review covers the theoretical aspects of both 
techniques, describes their basic operation procedures and applications, and discusses the 
mathematical models proposed for Crystaf and Tref. 

Keywords Chemical composition distribution · Composition heterogeneity · 
Crystallization analysis fractionation · Polyethylene · Polyolefins · 
Temperature rising elution fractionation 

Abbreviations 
A-Tref Analytical temperature rising elution fractionation 
CC Average comonomer content 
CCD Chemical composition distribution 
CR Cooling rate 
Crystaf Crystallization analysis fractionation 
DSC Differential scanning calorimetry 
FTIR Fourier transform IR 
HDPE High-density polyethylene 
LDPE Low-density polyethylene 
LLDPE Linear low-density polyethylene 
MWD Molecular weight distribution 
P-Tref Preparative temperature rising elution fractionation 
SEC Size-exclusion chromatography 
SNA Successive nucleation/ annealing 
SSF Successive solution fractionation 
Tref Temperature rising elution fractionation 
ti Tc Temperature difference between Crystaf peak temperatures 
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1 
Introduction 

3 

Polymer microstructural characterization provides information that is essen­
tial to understand polymerization mechanisms and to construct structure­
property relationships required for the production of polymers with a set of 
well-defined molecular and macroscopic properties. 

Crystallization analysis fractionation ( Crystaf) is a recently developed 
characterization technique that fractionates polymer chains according to 
their crystallizabilities in a dilute solution [ 1, 2]. This technique is based on 
the continuous nonisothermal crystallization of polymer chains from a dilute 
solution. During crystallization, the concentration of polymer in solution is 
measured as a function of crystallization temperature, generating a cumula­
tive concentration profile such as the one shown in Fig. 1. The derivative of 
this cumulative concentration profile is proportional to the fraction of poly­
mer crystallized at each temperature interval and represents the distribution 
of chain crystallizabilities in the sample. 

For ethylene/I-olefin copolymers, chain crystallizability is mainly con­
trolled by the fraction of noncrystallizable comonomer units in the chain. 
Consequently, the differential Crystaf profile shown in Fig. 1, together with 
an appropriate calibration curve, can be used to estimate the copolymer 
chemical composition distribution (CCD), also called the short-chain branch 
distribution. The CCD of a copolymer describes the distribution of the 
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Fig. 1 Cumulative and differential crystallization analysis fractionation ( Crysta!) profiles 
of a blend of two polyolefins 
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Weigh<frnetio, / 

-------------- Crystallization temperature 

Fig. 2 Chemical composition distribution ( CCD) of a typical Ziegler-Natta linear low­
density polyethylene, reflecting the composition heterogeneity of these copolymers 

comonomer fraction in its chains, reflecting its composition heterogeneity 
(Fig. 2). Composition heterogeneity in copolymers can significantly influ­
ence their physical properties. For example, linear low-density polyethylene 
(LLDPE) with a narrow CCD has much better film properties than LLDPE 
with a broad CCD [3, 4). 

Several factors may contribute to CCD heterogeneity [5]. The more per­
vasive one is the statistical nature of polymerization which forces the com­
position of any synthetic copolymer chain to be always distributed around 
a certain average value. For multi-site-type catalysts, e.g. heterogeneous 
Ziegler-Natta catalysts, each active site type has a distinct set of polymer­
ization kinetics constants and produces polymer chains with different aver­
age microstructures. Therefore, the polymers synthesized with these cata­
lysts are mixtures of chains with different average chain lengths and average 
comonomer compositions (Fig. 3). Nonuniform polymerization conditions, 
i.e. temporal and spatial variations in monomer concentration and tempera­
ture during polymerization, may also be responsible for CCD heterogeneity. 
Comonomer compositional drift, a commonly encountered phenomenon in 
batch and semibatch polymerizations, can significantly broaden the CCD of 
copolymers. 

In the case of stereoregular polymers, such as isotactic and syndiotac­
tic polypropylene, chain tacticity is the main factor affecting crystallizability. 
Crystaf can also be used to measure the distribution of tacticity. Since the 
distribution of tacticity is often modeled with pseudo binary copolymeriza­
tion models (i.e. the meso and racemic insertions stand for the comonomer 
type in the case of a copolymer), the following discussion for copolymers 
can be easily modified to describe the tacticity distribution of stereoregular 
polymers. 
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Fig. 3 Copolymers produced by Ziegler-Natta catalysts exhibiting a broad CCD. Chains 
made by different active sites have different microstructural distributions 

Crystaf was developed as an alternative to temperature rising elution frac­
tionation (Tref). Although both techniques are based on similar fractionation 
mechanisms and provide comparable results, Tref operation tends to be more 
time-consuming because it involves two fractionation steps, crystallization 
and elution, while Crystaf requires only the crystallization step. Similarly 
to Crystaf, the most important fractionation step in Tref occurs during the 
crystallization step, but data collection in Tref is done only during the elu-
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Fig. 4 Elution step of temperature rising elution fractionation ( Tref) analysis and typ­
ical Tref profiles of different polymers [5] . LLDPE linear low-density polyethylene, PP 
polypropylene 
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tion period (Fig. 4). In this review, an overview of Tref operation will also 
be given and relevant recent research findings related to Tref will be high­
lighted. More comprehensive reviews focusing solely on Tref are available in 
the literature [5-9]. This review focuses on the fractionation of ethylene/a­
olefin copolymers by Crysta£ and Tref, because these techniques have been 
used more often to analyze this class of polymers. Extensions to other types 
of semicrystalline polymers, however, will also be discussed when required. 

2 
Theoretical Background 

The fractionation mechanism of Crysta£ and Tref relies on differences of 
chain crystallizabilities in dilute solution: polymer chains with high crys­
tallizabilities will be fractionated at higher temperatures, while chains with 
low crystallizability are fractionated at lower temperatures. In this section, 
we review the basic theory of polymer crystallization in dilute solutions to 
explain how solvent type, polymer volume fraction, molecular weight, and 
comonomer content affect chain crystallizabilities and equilibrium melting 
temperatures. The theory describing the CCD of copolymers will also be sum­
marized. 

2.1 
Thermodynamic Considerations for Homopolymer Solutions 

The Flory-Huggins equation for the free energy of mixing can be used to de­
scribe the thermodynamic equilibrium of a concentrated polymer solution 
assuming a uniform distribution of solvent and polymer segments [ 10, 11]. 
The decrease in the equilibrium melting temperature of the polymer due to 
the presence of solvent and the number of chain segments is given by 

where 7'! is the melting temperature of the pure polymer, Tm is the equi­
librium melting temperature of the polymer in solution, liHu is the heat of 
fusion per repeating unit, Vu and V1 are the molar volumes of the polymer 
repeating unit and diluent, respectively, v1 and v2 are the volume fractions of 
the diluent and polymer, respectively, xis the number of segments, and x1 is 
the Flory-Huggins thermodynamic interaction parameter. 

The crystallization step in Crystaf and Tref, however, occurs in dilute so­
lution. Theoretically, this situation is more complicated because polymer 
segments are nonuniformly distributed through the solution. Strictly speak­
ing, for dilute solutions the Flory-Huggins free-energy function shown in 
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Eq. 1 is no longer valid. To account for the nonuniform segment distribu­
tion, the general theory for dilute solutions, where the chemical potential of 
the solvent is expressed in virial form, has to be considered. Fortunately, it 
has been found that the change in chemical potential of the polymer with in­
creasing dilution is so small that it does not have any appreciable effect on its 
equilibrium melting temperature [12]. For practical purposes, Eq. 1 is obeyed 
over the complete concentration range of dilutions. 

To examine the effect of chain length on the melting temperature of a poly­
mer in a dilute solution, it is appropriate to rearrange Eq. 1 as follows: 

1 1 R Vu R [ln (v2) V1] -- - 0 =--(v1-x1vf)-- --+- . 
Tm Tm l-iHu V1 l-iHu r r 

(2) 

Here, the number of repeating units per polymer chain (r) is used instead 
of the number of segments (x). The second term on the right-hand side 
quantifies the effect of chain length, indicating that the equilibrium melting 
temperature decreases with a reduction in molecular weight [ 13]. However, 
this term is only important for chains with low molecular weights, as clearly 
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Fig. 5 Predicted melting temperatures for several chain lengths using Eq. 2 [13] 
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illustrated in Fig. 5. For large values of r, the case of polymers with high 
molecular weight, the melting temperature is relatively independent of chain 
length and Eq. 2 is reduced to the simpler form 

- 1- - ~=~Vu (vi - x1vi). 
Tm Tm fiHu V1 

(3) 

Equation 3 implies that all polymer chains having reasonably large molecu­
lar weights will crystallize at the same temperature, all other factor being the 
same. In other words, the effect of molecular weight on Crystaf or Tref pro­
files of high molecular weight polymers should be negligible. This is in good 
agreement with experimental observations for both Crystaf and Tref [14, 24]. 

2.2 
Thermodynamic Considerations for Copolymer Solutions 

In the case of copolymer solutions, the melting temperature also depends on 
interactions between the different monomeric units and the solvent. Consid­
ering the case in which the crystalline phase is pure (i.e., only monomeric 
units of a single type crystallize and no solvent is present in the lattice), 
the decrease in the melting temperature can be derived in a similar man­
ner as for the homopolymer solution case using the Flory-Huggins theory 
with an appropriate modification [15]. To take into account the interactions 
between both comonomers and solvent, the net interaction parameter for bi­
nary copolymers should be calculated as follows: 

Xl = VAXIA + VBXlB - VAVBXAB, (4) 

where x1 is the interaction parameter of a binary copolymer with pure 
solvent, XlA and xrn are the interaction parameters of the corresponding 
homopolymers with the solvent, XAB is the interaction parameter between 
comonomers A and B in the copolymer chain, and v A and VB are the volume 
fractions of comonomers A and B in the copolymer molecules, respectively. 

If the steric structures of both comonomer units in random copoly­
mers are similar, the melting temperature depression equation will be the 
same as Eq. 1, with the interaction parameter calculated with Eq. 4. For 
a given copolymer, the crystallizabilities of copolymer chains in dilute solu­
tion strongly depend on the chain composition. From thermodynamic con­
siderations, this can be explained from the fact that changes in copolymer 
composition alter the value of the interaction parameter defined by Eq. 4. For 
copolymers with two chemically similar comonomers, XlA will be very close 
to xrn, and XAB will approach zero. In this system, one can simply use Eq. 1 
with X1 = X1A ~ XlB· 
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2.3 
Stockmayer's Bivariate Distribution 

Stockmayer's bivariate distribution is an analytical expression describing the 
weight distribution of the kinetic chain length and the chemical composi­
tion for linear binary copolymers. This distribution quantifies the deviation 
from the average comonomer composition and molecular weight due to the 
statistical nature of copolymerization. 

Stockmayer [16] derived this distribution with the aid of some approxi­
mations from a general theory of chain copolymerization described earlier 
by Simha and Branson [17]. Stockmayer's distribution has been found to 
be a useful tool for understanding chain microstructures of several copoly­
mers [18-22]. 

Stockmayer's bivariate distribution for linear binary copolymers can be 
expressed by the simple equations, 

w(r,y) = rr2 exp(- rr) ~ exp (-yz) , 
2nf3/ r 2{3/r 

(5) 

f3 = F 1 ( 1 - F 1) J 1 + 4F 1 ( 1 - F 1) (ri rz - 1) , (6) 

where F 1 is the average mole fraction of monomer type 1 in the copolymer, 
y is the chemical composition deviation from F 1, r is the kinetic chain length, 
r1 and rz are the reactivity ratios for copolymerization, and r is the ratio of 
the transfer rate to the propagation rate. Stockmayer's distribution was first 
developed from a polymerization kinetics viewpoint but a similar distribu­
tion function can also be obtained using a statistical approach [23]. 

This distribution function provides important insights on the detailed 
composition distribution of linear binary copolymers. We will use it fre­
quently to interpret Crystaf and Tref fractionation results in the next sections 
of this review. Therefore, it is useful to discuss some of its main characteris­
tics in this section. 

Figure 6 shows that copolymers with a tendency to form comonomer 
blocks (r1r2 > 1) will have a broader CCD than copolymers having a tendency 
toward alternating comonomers (r1rz < 1). Note that r1r2 = 1 is the condition 
of ideal copolymerization, which generates random copolymers. Considering 
copolymer chains with the same r1 r2 but different chain lengths, Stockmayer's 
distribution shows that short copolymer chains will have a broader com­
position distribution than long copolymer chains (Fig. 7). These simulation 
results are in fact intuitive: as the chain length of a copolymer approaches 
infinity, its composition should approach the average copolymer composi­
tion; similarly, a tendency to form alternating comonomer units (r1r2 < 1) 
will forcibly result in copolymers with a 50/50 mol % comonomer composi­
tion and a very narrow CCD. 
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Fig. 6 Chemical composition distribution as a function of reactivity ratio product 
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Fig. 7 Chemical composition distribution of copolymer chains with different chain 
lengths 

Integrating Eq. 5 over all chain lengths, one obtains the equation describ­
ing the CCD component of Stockmayer's distribution, independently of chain 
length: 

00 

w(y) = f w(r,y) dr = 3 y2 s;2 . 
r=O 4..Ji]Jr ( l + 2/Jr ) 

(7) 
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Fig. 8 Broadening of the chemical composition distribution due to increasing average 
comonomer content as predicted by Stockmayer's distribution, Eq. 7 

Figure 8 illustrates how the CCD, predicted with Eq. 7, varies as a function of 
average mole fraction of monomer type 1. Notice that the CCD broadens with 
increasing average mole fraction of monomer type 1. This phenomenon will 
also be demonstrated experimentally later in this review. 

3 
Temperature Rising Elution Fractionation 

Similarly to Crystaf, Tref is an analytical technique that fractionates semicrys­
talline polymers on the basis of chain crystallizabilities. However, Tref in­
volves two consecutive steps, crystallization and elution, while Crystaf can 
perform a similar analysis in a single crystallization step. 

Tref can be operated in analytical or preparative modes (A-Tref and P-Tref, 
respectively). Figures 9 and 10 show diagrams of experimental set-ups for 
both modes of operation [24, 25]. These two operation modes differ mainly 
in the elution step and sample size, which will be discussed later in more 
detail. 
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Pump Programmed Bath Collector 

Fig. 9 Schematic diagram of preparative Tref (P-Tref) [25) 
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Fig.10 Schematic diagram of analytical Tref (A-Tref) [24) 

3.1 
Basic Experimental Apparatus and Procedures 

Tref operation can be briefly described as follows. First, the polymer sam­
ple is dissolved in a good solvent at high temperature and then introduced 
into a column containing an inert substrate, such as glass beads or steel shot. 
The temperature in the column is then decreased at a slow, constant cool­
ing rate (CR). This step allows polymer chains to crystallize in an "orderly" 
fashion, from higher to lower crystallizabilities, i.e., from lower to higher 
comonomer contents. Alternatively, the crystallization step can be carried out 
in a temperature-programmable stirred vessel containing the inert substrate 
(Fig. 11) [8] and after precipitation is complete, the polymer-coated sup­
port is introduced into the Tref column. (The onion skin schematic depicted 
in Fig. 11 for the polymer precipitated onto the support is for illustrative 
purposes only; it most certainly does not correspond to the polymer phase 
distribution on the actual support.) For both A-Tref and P-Tref, the CR has to 
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Fig. 11 Illustration of polymer layers on the support after the crystallization step in Tref_ 
Layer dimensions are greatly exaggerated for illustration purposes [8] 

be slow enough to ensure efficient polymer fractionation. The crystallization 
step is the most important one in Tref, as most of the polymer fractionation 
occurs during this period. 

In the elution step, pure solvent is flowed through the column as the 
temperature is increased. As the dissolution temperature of the polymer is 
reached, the polymer outer layers dissolve back into the solvent in the reverse 
order they were precipitated. The elution step is carried out in different ways 
for A-Tref and P-Tref. Table 1 summarizes the most relevant characteristic of 
both methods [5]. 

In A-Tref, the column temperature in the elution step is increased at a slow, 
constant rate, while the polymer concentration in the eluent is monitored 
with an on-line mass-sensitive detector to obtain the Tref profile (the distri-

Table 1 Comparisons between analytical and preparative temperature rising elution frac­
tionation (A-Tref and P-Tref) (5) 

A-Tref 

1. Fractions are collected continuously 
by gradually increasing the elution 
temperature. 

2. Information on macromolecular 
structure is obtained on-line by means 
of a calibration curve. 

3. Requires smaller columns and smaller 
sample sizes. 

4. Faster than P-Tref but generates less 
information about polymer 
microstructure. 

P-Tref 

1. Fractions are collected at predetermined 
temperature intervals. Continuous 
operation is less commonly used. 

2. Information on macromolecular structure 
is obtained off-line by additional analytical 
techniques. 

3. Requires larger columns and larger 
polymer sample sizes. 

4. Time-consuming but can generate 
detailed information about polymer 
microstructure. 
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bution of chain crystallizabilities in terms of the weight fraction of polymer 
eluted at each temperature). The CCD and the tacticity can be obtained from 
the Tref profile using a calibration curve. 

P-Tref generally uses larger columns and samples sizes. In this case, the 
temperature is increased as a step function and all polymer eluting in a given 
temperature interval is recovered for further analysis by other techniques. 
P-Tref is more commonly used to prepare a series of fractions, each having 
narrower CCDs than the parent sample. 

Tref can also be combined with other fractionation techniques, such as 
size-exclusion chromatography (SEC) or successive solution fractionation 
(SSF). These cross-fractionation techniques can provide a great wealth of in­
formation on chain microstructure. The applications of cross-fractionation 
techniques using Tref will be summarized later in this review. 

3.2 
Effect of Chain Microstructures and Operation Conditions 

It is important to have a clear understanding on how chain microstructural 
characteristics and operation conditions influence Tref results in order to 
avoid data misinterpretation. Wild et al. [24) studied the effect of molecular 
weight on the fractionation process in Tref using linear polyethylene fractions 
with narrow molecular weight distributions (MWDs). They reported that mo­
lecular weight effects could be observed when polymers with low molecular 
weights (less than 10 000) were considered. Tref results become independent 
of chain length, however, for polyethylene samples with higher molecular 
weights. These experimental results are in agreement with the theory of crys­
tallization from dilute solution discussed earlier. 

Comonomer content significantly affects Tref profiles. This is to be ex­
pected, as the comonomer units are known to reduce chain regularity, thus 
lowering chain crystallizability [26, 27). Linear relationships between aver­
age comonomer contents ( CC) and elution peak temperatures are generally 
observed for ethylene/I-olefin copolymers [S, 6]. It is important that these re­
lationships reflect only the influence of comonomer content because they are 
used as calibration curves to convert Tref profiles into CCDs. 

Recently, Savitski et al. [28) investigated the effect of short-chain branch 
length on Tref using sets of ethylene/ I-olefin copolymers. They reported that 
comonomer type could noticeably affect Tref profiles and change the slope of 
Tref calibration curves (Fig. 12). At the same comonomer content, the cali­
bration curves are shifted to lower elution temperatures as the length of the 
short-chain branch increases. This can be explained from the fact that, as the 
length of the short branch increases, they become effective at disrupting the 
crystal regular packing and are more likely to be excluded from the lattice. 
Therefore, longer short branches more effectively decrease chain crystalliz­
ability. These results imply that, to estimate the CCD accurately, the branch 
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Fig. 12 Effect of comonomer type on Tref calibration curves [28] 

type must be known a priori in order to choose an appropriate calibration 
curve. 

Operation conditions also influence Tref results. Our recent work [29] 
showed that crystallization kinetics plays an important role in the fractiona­
tion process. The CR, the heating rate, and the solvent flow rate can affect Tref 
profiles to a large extent. We demonstrated that there is a general relationship 
between Tref profiles and the relative ratio among the CR, the heating rate, 
and the solvent flow rate: 

1. A too fast CR can significantly reduce the fractionation efficiency, as poly­
mer chains will not have sufficient time to separate according to their 
micro structures. 

2. Since the solvent flow rate during the elution step determines the resi­
dence time of the polymer solution in the column, slow flow rates broaden 
Tref profiles and increase the Tref peak temperature, most likely due to an 
increase in residence time and axial dispersion in the column. Although 
higher solvent flow rates can help reduce axial dispersion, they also reduce 
the signal-to-noise ratio. 

3. Fast heating rates can broaden Tref profiles, as a given volume of solvent 
will elute polymer over a wider range of crystallinities. 

On the basis of these observations, we proposed that keeping a constant 
ratio of CR, heating rate, and solvent flow rate was required to cancel out the 
effects of the individual rates and generate very similar Tref profiles at differ­
ent operation conditions. Figure 13 demonstrates that this approach is valid 
for the range of conditions investigated. 

Cocrystallization is commonly studied by analyzing blends of two or more 
polymer samples. Cocrystallization is considered significant when the Tref 
profile for the blend cannot be superimposed onto the Tref profiles of the 
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blend components. Generally, cocrystallization during Tref analysis is re­
ported to be very small (Fig. 14) [30]. However, our recent work [29] shows 
that fast CRs can promote significant cocrystallization during the analysis 
of ethylene/I-olefin blends, as will be discussed in more detail later in this 
review. 

Within the range of commonly used initial polymer concentration 
(1-10 mg/mL), this operation parameter does not play a major role in 
the fractionation [29]. A high polymer concentration can help increase the 
signal-to-noise ratio, but too high a concentration can cause problems such 
as plugging of the lines, detector, and Tref column. The particular design 
of each Tref apparatus normally determines the range of appropriate initial 
concentrations. 

Solvent type does not seem to affect the efficiency of the fractionation pro­
cess in any significant way. Different solvent types simply shift Tref profiles to 
higher or lower elution temperatures depending on the interactions between 
polymer and solvent. Thermodynamically good solvents shift Tref profiles 
to lower elution temperatures, while poorer solvents do the opposite. Cali­
bration curves prepared using different solvents were reported to be almost 
parallel (Fig. 15) [31], which indicates that the choice of solvent in Tref is of 
minor importance. 
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3.3 
Use of Tref to Estimate the CCD of Copolymers 

One of the main applications of Tref is determining the CCD of copolymers. 
The major difficulty of using Tref analysis to obtain quantitative CCDs is that 
the calibration curve depends on several operation conditions and on ma­
terial type. Factors that affect Tref calibration curves are solvent type, CR, 
comonomer type, comonomer content, and comonomer sequence length dis­
tribution. 

Comonomer type, fraction, and sequence length distribution can affect 
Tref calibration curves; therefore, calibration standards for samples with very 
broad and nonuniform CCDs, such as LLDPE made with heterogeneous 
Ziegler-Natta catalysts, are generally obtained by fractionating the parent 
resin with P-Tref. The compositions of these calibration standards have to be 
determined using other analytical techniques, such as 13C NMR or Fourier 
transform IR (FTIR) spectroscopy, so that the comonomer composition ver­
sus elution temperature calibration curve can be determined for each sample 
type. Since this is a very time consuming method, most researchers simply 
opt for using calibration curves determined for similar polymers. Recently, 
standards made with metallocene catalysts have found wide application since 
they do not require fractionation by P-Tref. This approach, however, is quan­
titatively inaccurate when used to analyze polymers made with other cat-
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alysts, particularly if the "blockiness" of the sample and of the calibration 
standards differ considerably. 

Pigeon and Rudin [32] reported the branching frequencies measured with 
A-Tref and P-Tref at the same elution temperature could be different (Fig. 16). 
Their results imply that a calibration curve produced from P-Tref cannot be 
used for converting raw A-Tref results to the CCD. It is necessary to correct 
the A-Tref results before applying the calibration curve by considering the 
elution time associated with the volume of the A-Tref and P-Tref columns. 

To reduce the complexity of using P-Tref to obtain calibration curves, Pi­
geon and Rudin [33] proposed an alternative technique using A-Tref and 
a dual IR spectrometry detector. The dual IR system proposed allowed them 
to measure both concentration and branching frequency as a function of 
elution temperature. The calibration curve obtained by on-line dual IR spec­
trometry in A-Tref is identical to the one from P-Tref (Fig. 17). This eliminates 
the need to perform P-Tref on every sample and provides a fully quantitative 
Tref analysis. 

Perhaps one of the greatest contributions of Tref to the understanding of 
olefin polymerization was the elucidation of the nature of active sites present 
on heterogeneous Ziegler-Natta catalysts. The systematic application of Tref 
to ethylene/I-olefin copolymers made with heterogeneous Ziegler-Natta cat­
alysts in different polymerization processes has shown that all these resins 
have a signature bimodal Tref peak that can only be explained by the presence 
of two or more distinct types of active sites on the catalyst [34]. In contrast, 
low-density polyethylene (LDPE) made with the free-radical mechanism has 
a much narrower and unimodal Tref profile (Fig. 18), as expected from a free­
radical polymerization mechanism. 

3.4 
Cross-Fractionation 

Cross-fractionation is a combination of two or more fractionation techniques, 
each of which separates polymer chains according to a different microstruc­
tural characteristic. By combining different techniques, cross-fractionation 
can probe information on chain microstructure in greater detail than any 
single characterization technique and is an especially important tool for un­
derstanding polymers with complex chain microstructures. In this review, we 
considered only cross-fractionation techniques that involve chain crystalliz­
ability as one of the fractionation mechanisms. More details on a wide range 
of cross-fractionation techniques are available in the literature [35]. 

Besides being used to understand complex microstructural distributions, 
cross-fractionation can also be used for sample preparation. Before single­
site-type catalysts were commonly available, it was extremely difficult to 
study the independent effect of molecular weight or comonomer compo­
sition on polyolefin properties, because polyolefins produced with Ziegler-
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Natta catalysts have very broad and interdependent molecular weight and 
comonomer composition distributions (for these resins, the molecular weight 
decreases with increasing comonomer content). 

SSF / solution crystallization fractionation [ 36] are old techniques used 
to prepare fractions with narrow molecular weights and comonomer com­
position distributions. Unfortunately, these techniques are very time con­
suming and generally require significant amounts of solvent. More recently, 
P-Tref/SEC apparatuses have been used to perform this type of cross­
fractionation in a more efficient, but still rather involved, way [37-40]. 

In P-Tref/SEC cross-fractionation, copolymer chains are first fractionated 
according to comonomer composition into a series of fractions using P-Tref. 
Each fraction is then analyzed using SEC to obtain its MWD. P-Tref/ SEC is 
a very powerful cross-fractionation technique because it provides informa­
tion on the bivariate comonomer composition and MWD. Although the pro­
cess is still time-consuming, the information obtained with P-Tref/ SEC cross­
fractionation provides an almost complete map of chain microstructures. 
This cross-fractionation technique has been used for various ethylene/ I -
olefin copolymers (I-butene, 1-hexene, 1-octene, and l-pentene-4-methyl). 

As is true for most complex techniques, caution should be taken when 
interpreting and quantifying the results from P-Tref/ SEC because the frac­
tionation mechanisms of P-Tref and SEC are not based solely on comonomer 
composition and molecular weight, respectively, but rather are based on 
chain crystallizabilities and hydrodynamic volumes. 

Other common cross-fractionation techniques are SSF / A-Tref and SSF / 
P-Tref [ 41, 42]. In these techniques, polymers are first fractionated using SSF 
and the fractions are then further fractionated according to chain crystalliz­
abilities using A-Tref or P-Tref. When P-Tref is used, further determination 
of comonomer content by 13C NMR or FTIR spectroscopy is required. Fig­
ures 19 and 20 show 3D and contour plots of bivariate distributions of mo­
lecular weight and comonomer composition obtained by SSF /P-Tref cross­
fractionation for an ethylene/1-pentene-4-methyl copolymer [42]. Compar­
ing the contour plot with the equivalent contour plot of a LDPE sample 
(Fig. 21), one clearly notices significant differences between the bivariate dis­
tributions of these two samples. 

Although the methods already mentioned can provide very detailed infor­
mation on chain microstructure, they have the disadvantage of being very 
time consuming, which precludes their use in day-to-day analyses. Simpler 
approaches have been proposed by measuring one average microstructural 
property across the distribution of another property. For example, the aver­
age comonomer composition of polymers eluted from SEC columns can be 
measured as a function of molecular weight ( or, more accurately, hydrody­
namic volume) using on-line FTIR spectroscopy. This technique is a partial 
replacement for the more involved SEC/ A-Tref cross-fractionation. Another 
possibility consists of measuring the average molecular weight of polymers 
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eluted from Tref columns using a light scattering detector to replace the more 
complex P-Tref/ SEC combination. However, these two methods (SEC/ FTIR 
and P-Tref/light scattering) are not true cross-fractionations because one 
of the characterization techniques merely measures average microstructural 
characteristics. 

In the case of SEC/FTIR characterization, a method for recovering the full 
distribution from the average comonomer composition was proposed based 
on a polymerization kinetics model and the deconvolution of the MWD [ 43]. 
It was found, however, that both SEC/FTIR and P-Tref/light scattering tech­
niques generally lose part of the information on the bivariate distribution of 
molecular weight and comonomer composition [44]. 

Besides the cross-fractionation of molecular weight and comonomer com­
position, another group of cross-fractionation techniques focus on the cross­
fractionation of comonomer composition and chain sequence length. This 
group includes a combination of P-Tref and differential scanning calorimetry 
(DSC) with successive nucleation/ annealing (SNA) [45,46]. 

DSC is a widely used thermal analysis technique for studying polymer 
crystallization. DSC instruments contain two sample holders, each connected 
to their own heat source. A polymer sample is placed in one of the holders, 
while the other sample holder is left empty as a reference cell. By changing the 
temperature of both holders at a constant rate, the difference in the energy ex­
tracted from both holders to keep them at the same temperature is recorded, 
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providing the thermogram of the heat flow as a function of temperature. 
As the lengths of the polymer segments that can crystallize are related to 
the temperature, the DSC thermogram can be related to the comonomer se­
quence length distribution of the polymer. 

When DSC is performed in SNA mode, instead of using a constant CR, the 
temperature program is subjected to a series of heating-annealing-cooling 
cycles. This process involves recrystallization and reorganization of poly­
mer sequences and is found to be much more efficient and to offer higher 
resolution compared with the conventional DSC mode of operation. There­
fore, P-Tref/ DSC/SNA cross-fractionation is also a useful technique to un­
derstand the intermolecular and intramolecular heterogeneity of copolymers 
(Fig. 22). 

3.S 
Mathematical Modeling of Tref 

Because of the complexity of the fractionation mechanism, not many math­
ematical models have been proposed to describe separation with Tref. Soares 
and Hamielec [ 47] used Stockmayer's distribution (Eq. 7) to simulate the CCD 
oflinear binary copolymers synthesized with multi-site-type catalysts. Under 
the assumption that the fractionation process of Tref was controlled only by 
comonomer composition, the CCD was directly converted into the Tref profile 
using a calibration curve. For the case of ethylene/ 1-olefin copolymers made 
with multiple-site catalysts, the CCD of the whole polymer is described as the 
weighted summation of the CCDs of the copolymers produced by each active 
site: 

n 

w(y) = L miwi(y), (8) 
i=l 

where w(y) is the CCD for the whole polymer, mi is the mass fraction of poly­
mer produced on site i, w(y) is the CCD for the individual site i (Eq. 7), and 
n is the total number of site types. Equation 8 is very useful to represent the 
effect of multiplicity of active sites on the CCD, but other alternative models 
are also possible [48]. Since Eq. 8 permits the most straightforward descrip­
tion for the CCD of polymers made with multiple-site catalysts, it will be the 
only model used in this review to illustrate Tref and Crystaf fractionation. 

Figure 23 shows a simulated Tref profile for a LLD PE model sample made 
with a five-site-type catalyst [47]. By solving the inverse problem, this ap­
proach has been used to deconvolute experimental Tref profiles and pro­
vide information on the number of active-site types present on the catalyst 
(Fig. 24) [49]. This model, however, has the serious limitation of not account­
ing for peak broadening in Tref. Peak broadening in Tref has been reported to 
be significant (Fig. 25) [50]. 
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Borrajo et al. [51] and Eli~abe et al. [52, 53] proposed a thermodynamic 
model for Tref based on the Flory-Huggins theory. They attempted to relate 
the distribution of crystallizable chain lengths with the elution temperature 
profile. Their model was validated only for the limiting case of low molecu­
lar weight high-density polyethylene (HDPE) with a narrow MWD. Since 
the model assumes extended-chain crystallization, it cannot adequately ex­
plain the results when long polymer chains are considered, as chain-folding 
effects during crystallization are found to play an important role in this 
case. 

4 
Crystallization Analysis Fractionation 

4.1 
Basic Experimental Apparatus and Procedures 

Figure 26 shows a schematic diagram of one Crysta£ crystallization vessel. The 
commercial version of Crysta£ (Polymer Char, Spain) has five crystallization 
vessels that are placed inside a temperature-programmable oven. The vessels 
can be used in parallel to analyze up to five samples simultaneously (Fig. 27). 
The vessels are made of stainless steel and are provided with stirring units. 
The crystallization vessels are connected to a nitrogen line, a waste line, and 
a sampling line attached to an in-line filter. The sampling lines are connected 
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Fig. 27 Schematic diagram of a commercial Crystaf unit (Polymer Char, Spain) 
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to an on-line IR detector used to measure the polymer solution concentration 
as a function of crystallization temperature. 

Prior to the fractionation or crystallization step, the polymer sample is dis­
solved at high temperature in a good solvent inside a crystallization vessel to 
ensure complete dissolution. For analyzing polyolefins, 1,2,4-tricholobenzene 
is generally the solvent of choice. Dilute solutions (0.1-0.5 mg/mL) are rec­
ommended to avoid effects from chain-to-chain interactions and cocrystal-



28 S. Anantawaraskul et al. 

lization, but solutions with too low initial concentrations ( below 0.1 mg/ mL) 
might lead to poor resolution owing to low signal-to-noise ratios. 

The dissolution step is followed by the stabilization period, when the 
temperature of the polymer solution is kept a few degrees above the initial 
crystallization temperature. The exact value of the stabilization temperature 
is, of course, determined by the polymer of interest. A stirring rate of approxi­
mately 200 rpm is commonly used during both dissolution and stabilization 
periods; however, the stirring rate is reduced to approximately 100 rpm for 
the subsequent crystallization steps to minimize shear-induced chain scis­
sion. Notice, however, that a small degree of chain scission is tolerable, since 
Crystaf is not significantly affected by molecular weight. Stirring during the 
crystallization step is necessary to ensure a uniform polymer concentration 
distribution and avoid filter plugging. 

During the crystallization step, the temperature of the solution is de­
creased at a slow, constant CR, typically of 0.1-0.2 °C/min. This allows the 
polymer chains with the highest crystallizabilities to precipitate first at high 
temperatures, followed by the chains with lower crystallizabilities. A slow CR 
is essential to minimize undesirable crystallization kinetics and cocrystalliza­
tion effects. At predetermined temperature intervals during the crystalliza­
tion, a small aliquot of polymer solution is removed from the crystallization 
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vessel by increasing the nitrogen pressure in the vessel and forcing the poly­
mer solution through the filter. (The in-line filter in the sampling line avoids 
polymer crystallites from being sampled with the polymer solution.) The 
concentration of polymer in solution as a function of crystallization tempera­
ture is then monitored through the on-line IR detector and recorded by the 
data acquisition software. 

The plot of solution concentration as a function of crystallization tem­
perature is called the cumulative or integral Crystaf profile (Fig. 28) [54]. The 
amount of polymer crystallizing at each temperature can be determined by 
differentiation of the integral Crystaf profile at that temperature. The plot of 
the amount of polymer crystallized as a function of crystallization tempera­
ture ( called the derivative Crystaf profile or simply the Crystaf profile, also 
shown in Fig. 28) is the most commonly reported form of Crystaf results. 

4.2 
Comparison Between Crystaf and Other Characterization Techniques 

Crystaf has often been compared to other techniques, specifically Tref and 
DSC [l, 2, 54-56]. It is generally accepted that Crystaf and Tref profiles dif­
fer mainly by a temperature shift due to the supercooling effect in Crystaf, 
similar to what is observed between the heating and cooling cycles in DSC. 

Gabriel et al. [56] compared Crystaf, Tref, and DSC profiles for LLDPE syn­
thesized with a Ziegler-Natta catalyst (Fig. 29). Their results provide excellent 
validation of Crystaf analysis. Special care should be taken, however, when 
comparing results from different characterization techniques, because of dif­
ferences in the typical operation conditions from one technique to another. 
The comparison with DSC is particularly difficult to make because DSC mea­
sures the heat of crystallization in the polymer melt where effects of chain 
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entanglement, secondary crystallization, and cocrystallization play a more 
important role than in Crystaf or Tref. 

For some samples, the comparison between Crystaf and Tref results is not 
so straightforward. Britto et al. [54] compared Crysta£ and Tref results for 
various LLDPE and HDPE samples and found that although the two tech­
niques agreed for most samples, they could also differ for some resins at 
the high-crystallinity region of the profiles. Although Tref could clearly de­
tect a high-crystallinity double peak, this peak was absent from the Crystaf 
profiles (Fig. 30). The appearance of this double peak may be attributed to 
recrystallization and also appears during DSC analyses. 

To provide an unbiased comparison between Crysta£ and Tref, we used 
these two techniques at the same CR to analyze polyolefin blends with known 
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multimodal CCDs in our recent study (Fig. 31) [29]. We found that, for the 
same CR, Tref can better resolve the peaks of multimodal polyolefin blends 
than Crystaf. It should be kept in mind, however, that the peak resolution 
of Crystaf can be significantly improved by using a slower CR, while still re­
taining the advantage of a shorter analysis time. This phenomenon will be 
discussed in more detail in Sect. 4.5. 

Crystaf relies on the fitting (generally using splines) of 40-50 experimen­
tal points acquired for the cumulative curve. The fitted data are then used 
to calculate the differential Crystaf curve, as discussed before. To avoid the 
appearance of "false" peaks during the differentiation, curve-smoothing is 
sometimes required. Unfortunately, this procedure may also lead to some loss 
of resolution during Crysta£ analysis, especially for samples containing sharp 
peaks. Tref is not subject to this limitation, since it directly measures the dif­
ferential profile during the polymer elution step. 

4.3 
Effect of Chain Microstructure 

All microstructural features impacting chain crystallizability can potentially 
influence the Crysta£ fractionation process. The main microstructural prop­
erties of interest are: (1) number average molecular weight, (2) CC, and (3) 
comonomer type. Each of these factors will be discussed below. 

4.3.1 
Effect of Molecular Weight 

Nieto et al. [14] investigated the effect of chain length on Crysta£ pro­
files using a series of ethylene homopolymers with different molecular 
weights. A plot of Crysta£ peak temperatures versus number-average mo­
lecular weights indicates that the crystallization temperature decreases with 
molecular weight below a certain chain length threshold (Fig. 32) [14]. How­
ever, at a reasonably high molecular weight, the crystallization temperature is 
independent of molecular weight. These findings are supported by the theor­
etical model discussed earlier for polymer solutions, as described by Eq. 2. 

In addition, Crysta£ profiles of polyethylene resins were reported to 
broaden with decreasing molecular weight averages (Fig. 33) [57], which is 
also in agreement with Eq. 2. As the crystallization temperature becomes 
independent of chain length for the samples with higher molecular weight 
averages, the Crysta£ profiles become narrower as all chains crystallize at ap­
proximately the same temperature. On the other hand, for the samples with 
lower molecular weight averages, the Crysta£ profiles broaden because the 
crystallization temperatures of the shorter chains in the sample are affected 
by their length. 
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These results have two important implications. First, Crystaf profiles will 
be influenced by the MWD when samples with low molecular weight averages 
are considered. Luckily, as shown in Fig. 33, the Crystaf peak temperature is 
not significantly affected unless samples with very low molecular weight aver-
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ages are analyzed. This is a reassuring result, since Crystaf peak temperatures 
are used to create calibration curves. Second, if the sample contains chains 
with very low molecular weights its Crystaf profile can be significantly broad­
ened towards the low crystallinity end of the distribution. If this factor is 
neglected during data interpretation and attributed to a higher fraction of 
comonomer, the estimated CCD will be much broader than the actual CCD. 

4.3.2 
Effect of Comonomer Content 

The fraction of comonomer units in the copolymer chains is the most im­
portant factor affecting chain crystallizability and, therefore, crystallization 
temperature. This is due to the fact that comonomers act as chain defects, 
interrupting chain regularity and greatly lowering chain crystallizability. 

Sarzotti et al. (58) investigated the effect of comonomer content on 
Crystaf profiles using a series of ethylene/ 1-hexene copolymers with different 
comonomer contents but approximately the same molecular weight, effec­
tively eliminating any possible misinterpretations that might arise because of 
molecular weight effects (Fig. 34) (58). As expected, Crystaf peak tempera­
tures are dramatically influenced by the CC of the copolymer chains. More­
over, the Crystaf profiles become broader with an increase in comonomer 
content. 

The decrease in Crystaf peak temperature can be simply explained with 
Eq. 4, as the chain composition alters the thermodynamic interaction param­
eter for the copolymer, x 1. To understand the broadening of the distribution, 
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Fig. 34 Effect of comonomer content on Crystaf profiles. These samples are ethylene/ 
1-hexene copolymers synthesized using a single-site-type catalyst. All samples have simi­
lar molecular weights [58] 
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however, it is more appropriate to consider Stockmayer's bivariate distribu­
tion. As previously discussed in this review, high comonomer contents will 
broaden the CCD of copolymers, following Stockmayer's bivariate distribu­
tion, Eq. 7. This phenomenon is elegantly illustrated in Fig. 8 from a theoret­
ical point of view. 

4.3.3 
Effect of Comonomer Type 

The effect of comonomer type was studied by Brull et al. [59] using 
propylene/ 1-olefin copolymers with several comonomer types (1-octene, 
1-decene, 1-tetradecene, and 1-octadecene). They reported that, for their set 
of samples, not only Crystaf peak temperatures but also melting and crys­
tallization temperatures measured by DSC were independent of comonomer 
type but depended strongly on comonomer content. 

More recent work by the same research group [60] has investigated the 
effect of comonomer type using a series of ethylene/ 1-olefin copolymers 
(1-decene, 1-tetradecene, and 1-octadecene). Notice that ethylene instead of 
propylene was used in this particular study. Once more, they reported that 
Crystaf peak temperatures were practically independent of comonomer type 
(Fig. 35). 

These two results are interesting because earlier work by da Silva Filho 
et al. [49] showed that ethylene/ 1-butene and ethylene/1-octene copoly­
mers had significantly different crystallization temperatures for the same 
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Fig. 35 Effect of comonomer type on Crystaf peak temperature and cooling and melting 
DSC peak temperatures [60] 
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comonomer content. The trend observed in their work is also in good 
agreement with previous investigations examining the effect of comonomer 
type on Tref calibration curves for ethylene/1-hexene and ethylene/ 1-octene 
copolymers (Fig. 12) [28]. 

Therefore, it seems that Crystaf peak temperatures are independent of 
comonomer type when comonomers are longer than 1-octene {1-decene, 
1-tetradecene, and 1-octadecene), but depend on comonomer type for 
shorter comonomers {I-butene, 1-hexene, and 1-octene). We can rationalize 
this observation by assuming that I-olefin comonomers longer than 1-octene 
are always excluded from the crystallites and therefore have the same effect 
on chain crystallizability. Contrarily, I-olefin comonomers that are shorter 
than 1-octene can be partially incorporated into the crystallites ( the shorter 
the comonomer, the higher the degree of crystal inclusion) and will depress 
the crystallization temperature to a lesser extent. This is in contrast to sev­
eral experimental observations indicating that side groups larger than methyl 
are not significantly incorporated into the crystal structure [61-64]. It may be 
speculated that the comonomer effect seen in Crystaf is, therefore, related to 
the nonequilibrium crystallization nature of this fractionation technique. 

4.4 
Effect of Cooling Rate 

Ideally, it would be preferable to operate Crystaf in conditions that fraction­
ate the polymer chains according to their crystallizabilities at thermodynamic 
equilibrium in order to eliminate any crystallization kinetics effects. Practi­
cally, this idealized condition is untenable because very long analysis times 
would be required. Recent investigations [29] have shown that the fractiona­
tion process in Crystaf is, in fact, very far from thermodynamic equilibrium. 

As the effect of crystallization kinetics becomes unavoidable, it is import­
ant to understand its impact on Crystaf profiles. Figure 36 shows how the 
Crystaf peak temperatures vary as a function of CR for three ethylene/1-
hexene copolymers [29]. It is clear that the CR can have a dramatic effect on 
Crystaf peak temperatures even at very low CRs. The Crystaf profiles are sig­
nificantly shifted to higher temperatures when slower CRs are used. Empirical 
linear relationships can be established between the Crystaf peak temperature 
of each polymer sample (Tp) and the natural logarithmic of the CR, as shown 
in Fig. 36. 

It is important to keep in mind that the typical CR used in Crystaf analysis, 
0.1 QC/min, is in fact far from thermodynamic equilibrium. This can be easily 
noticed as further lowering of the CR can still significantly shift the Crystaf 
profiles. Notice that for sample B in Fig. 36, the peak temperature is still in­
creasing even at the prohibitively slow CR of 0.001 QC/min. Even though this 
should by no means be considered a limitation when comparing resins with 
different CCDs or measuring CCs in copolymers, it makes the development 
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Fig. 36 Relationship between Crystaf peak temperature and cooling rate for various 
ethylene/1-hexene copolymers [29] 

of mathematical models for Crysta£ a much more challenging task since it 
requires that crystallization kinetics effects be taken into consideration. 

4.5 
Effect of Cocrystallization 

Cocrystallization during Crysta£ analysis can be investigated by comparing 
experimental Crysta£ profiles of blends with their predicted Crysta£ profiles, 
assuming the absence of cocrystallization. The Crysta£ profiles of the blends 
in the absence of cocrystallization can be estimated as the summation of 
the Crysta£ profiles of each parent sample, measured alone, multiplied by its 
weight fraction in the blend. Deviations from the predicted profile are a meas­
ure of the extent of cocrystallization taking place during the analysis. 

When a blend is made of polymers with very different crystallizabili­
ties, cocrystallization is minimal and does not have a significant effect on 
Crysta£ profiles [l, 65, 66]. However, cocrystallization can be significant when 
the components of the blend have similar crystallizabilities [ 67]. In this case, 
cocrystallization can be so dramatic as to distort the shape of the measured 
Crysta£ profile for the blend and completely mislead its interpretation. 

Two factors were found to regulate cocrystallization in Crysta£: (1) CR [29] 
and (2) the similarity of chain crystallizabilities [67]. Figure 37 shows the 
effect of CR on cocrystallization of a trimodal blend of ethylene/1-hexene 
copolymers. Fast CRs can induce cocrystallization and distort the experimen­
tal Crysta£ profile. It is important to note that this phenomenon exists even at 
the typically used CR of 0.1 °C. 
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Fig. 37 Effect of cooling rate on cocrystallization during Crystaf analysis [29) 

Another important factor affecting cocrystallization is the similarity of 
chain crystallizabilities, which can be quantified by the difference between 
the Crysta£ peak temperatures of the parent samples, ~Tc. By varying ~Tc, 
changes in cocrystallization behavior can be easily observed (Fig. 38). Sim­
ilarity of chain crystallizabilities, as indicated by a small ~Tc, strongly in­
duces cocrystallization during the analysis; a similar criterion could have 
been defined using density or crystallinity differences to access the impor­
tance of cocrystallization for these polymers. 
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Fig. 38 Similarity of chain crystallizabilities (measured as Crystaf peak separation) in­
duces cocrystallization in Crystaf analysis [ 67] 

In our recent work [ 67), we investigated the effect of comonomer type 
on cocrystallization using a series of ethylene/I-olefin copolymers with four 
comonomer types: propylene, 1-hexene, 1-octene, and 1-dodecene. Four 
blends, one for each copolymer type, were prepared such that they crys­
tallized at the same temperature range and had similar ~Tc to eliminate 
the effect of similarity of chain crystallizabilities. The Crystaf results of 
these blends indicated that the comonomer type of the parent samples did 
not appreciably influence their cocrystallization behavior, as illustrated in 
Fig. 39. 
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5 
Crystaf Applications 

S.1 
Estimation of CC and CCD of Copolymers 

One of the main applications of Crystaf analysis is the estimation of the 
CCD of semicrystalline copolymers, specifically LLDPE. The CCD of copoly­
mers can be obtained from the Crystaf profile with the help of a calibration 
curve relating the CC and the crystallization temperature. For routine analy­
sis, a calibration curve can also give a quick estimation of the CC from the 
Crystaf peak temperature. Evidently, because of the crystallization kinetics 
and cocrystallization effects described before, in general only an approxima­
tion of the actual CCD is possible with Crystaf and Tref. 

Two methods for preparing the calibration curve have been reported. Both 
methods were done by performing Crystaf analysis in a series of narrow-CCD 
copolymer samples with known comonomer contents with crystallizabilities 
covering a broad range of crystallization temperatures. The only difference 
between these two methods is the type of samples used in the calibration. The 
first method uses a series of polymer samples synthesized with single-site­
type catalysts [58, 68], while the second method uses a series of fractions from 
broad-CCD Ziegler-Natta copolymers obtained with P-Tref [l, 49]. After the 
whole series of samples has been analyzed, the relationship between Crystaf 
peak temperature and CC is used as the calibration curve. 

A number of calibration curves have been reported for Crystaf (Table 2, 
Fig. 40). Unfortunately, similar to calibration curves for Tref, calibration 
curves for Crystaf depend on polymer type, solvent type, CR, and method of 
sample preparation. Published calibration curves should only be used if care 
is taken in trying to replicate as closely as possible the conditions under which 
they were obtained. 

The calibration curve is significantly influenced by the CR, as should be 
expected from our previous discussion. We have recently proposed the follow­
ing generalized calibration curve for random ethylene/1-hexene copolymers 
taking into account the effect of the CR [29], 

CC= 10.0 - 0.1216 x Tp - 0.1653 x ln(CR), (9) 

where CC is in mole percent, T p is the Crystaf peak temperature in de­
grees Celsius, and the CR is in degrees Celsius per minute. This em­
pirical equation was fitted using the data from Sarzotti et al. [58] and 
Anantawaraskul et al. [29] and it is applicable for CR= 0.003-2 °C/ min and 
CC = 0.68 - 4.2 mol %. The equation fits well all the experimental data with 
a coefficient of determination (r2) of 0.993. 

With the help of a calibration curve, Crystaf profiles can be converted to 
the CCD. This quantitative CCD is useful for establishing structure-property 
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Fig.40 Calibration curves reported for ethylene/ I-olefin copolymers (see Table 2 for de­
tails of applicable range and conditions) 

relationships [69, 70] and elucidating several issues in polymer reaction en­
gineering. 

5.2 
Polymer Reaction Engineering 

Tref has been used for many years in polymer reaction engineering in­
vestigations. For instance, Tref was one of the most important analytical 
techniques to determine the presence of multiple-site catalysts on heteroge­
neous Ziegler-Natta catalysts used for olefin polymerization, as previously 
illustrated in Fig. 18. Crystaf, with a much shorter analysis time than Tref, 
permits the routine determination of the CCD in polymer reaction engineer­
ing projects. 

CCDs obtained with Crystaf have shed light on various topics in the area 
of polymerization and polymer degradation mechanisms. Similarly to Tref, 
Crystaf can be used to identify the nature of active site types in Ziegler-Natta 
catalysts, as proposed by da Silva Filho et al. [49]. 

Crystaf has been used to provide important insights on polymerization 
conditions affecting CCD [71-78]. For example, Fig. 41 shows how the CCD 
of ethylene/ 1-hexene copolymers made with a silica-supported binary met­
allocene catalyst is influenced by the relative amounts of each metallocene 
in the mixture [74]. This understanding leads to the ability to manipulate 
the CCD and allows us to tailor-make copolymers with predetermined mi­
crostructures through the combination of catalysts, cocatalysts, and/ or sup­
port treatments. 
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Fig.41 Effect of catalyst type and catalyst combinations on the CCDs of ethylene/ 
1-hexene copolymers measured by Crystaf [74] 

-25C(#20) 
150 psig,2S ml H,.CIE - 0.14,A/S - 10.2 

-- SSC(UOC) 
• • • SSC (#21) 

Sample# Mn Mw POI Activity 
(i,lmol) (&/mol) (kgl'Elfflol <Mhr) 

#20 13.800 42,000 3 04 1296 n #30C JS,200 95,800 2.72 4640 

#21 38.900 10.C,SOO 2.69 26560 

j \ 

I \ 
I \ 

. -- j, --- I 
...... --- . \L -- . .-. . . 

30 40 50 60 70 80 90 
Temperature (°C) 

Fig.42 Effect of polymerization temperature on the CCD of ethylene/ 1-hexene copoly­
mers as measured by Crystaf [78] 



44 S. Anantawaraskul et al. 

- SOpsig(t:22) 
5S-C,2S rnL H,.CIE = 0.14,AIS = 102 

-- 100psig(#30C) 
• • • 200 psi1 (#23) 

Sample# Mn Mw POI Activil)' 
(ahooij (al ... 1) ('8Plihaol<a&ht) 

t; #22 15,600 32,700 2.1 4r, 

~ 
#30C 35,200 95,800 2.7 4640 

"'0 #23 33,900 &8,000 2.6 6640 

. ,,... ....... • r-
\ ·. --.1 
\. 
\-

30 40 50 60 70 80 90 

Temperature (°C) 

Fig. 43 Effect of polymerization pressure on the CCD of ethylene/ 1-hexene copolymers 
measured by Crystaf [78] 
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Fig. 44 Broadening of chemical heterogeneity due to thermo-oxidative degradation as 
revealed by Crystaf: (a) PP held at 110 °C for 4 days; (b) PP held at 130 °C for 1 day [79] 

Using a careful factorial experimental design, the effect of polymeriza­
tion temperature, polymerization pressure, amount of hydrogen, and the 
comonomer-to-monomer feed ratio on Crystaf profiles can be identified [78]. 



Polymer Fractionation by Crystaf and Tref 45 

Figures 42 and 43 show the effect of polymerization temperature and pressure 
on the Crystaf profiles of ethylene/ 1-hexene copolymers produced with an in 
situ supported Ni diimine catalyst in the presence of chain-walking. 

Recently, Crystaf has also found applications in the area of polymer degra­
dation. de Goede et al. [79] used Crystaf to monitor the change in chem­
ical heterogeneity during the thermo-oxidative degradation of polypropylene. 
Crystaf clearly reveals the broadening of chemical heterogeneity, decreasing 
of peak crystallization temperature, and increasing of the amount of the sol­
uble fraction, as the degradation proceeds (Fig. 44). Crystaf analysis of the 
polymer taken at different distances from surface of the sample can addition­
ally provide information about the gradient of degradation from the surface 
to the core of the sample, thus quantifying the spatial heterogeneity of the 
degradation process. 

S.3 
Analysis of Blend Compositions 

Although several previous investigations considered the Crystaf analysis of 
blends, they merely intended to quantify the limitations of Crystaf due to 
cocrystallization [ 1, 2]. Only more recently has Crystaf been used to provide 
quantitative information on blend compositions [55, 65, 66]. 
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Fig. 4S Crystaf analyses of blends of commercial HDPE and LDPE (55) 



46 

100 

90 

80 

?f 70 

!_ 60 

~ 50 
0, 

w 40 
a.. 
0 30 I 

20 

10 

• 

60 
HOPE theor. (wt.-%) 

80 

S. Anantawaraskul et al. 

100 

Fig. 46 Comparison between known HDPE composition in HDPE/LDPE blends and the 
ones measured by Crystaf [55] 

360 (a) 

~ 320 .s 
~ 280 
iI 
1il 
:!J!. 240 

200 

-500 

(b) 

w 
Cl. 
Cl 
I 

0.0 50.0 100.0 150.0 200.0 
Temperature (°C) 

w 
Cl. 
Cl 
I 

30 40 50 60 70 80 90 100 110 

Temperature (0 C) 

~ 
~ 
C 
0 

100 g 
u:: 
Q) 
> 
~ 
:i 
E 
::, 
() 

Fig. 47 DSC and Crystaf analysis of waste plastics [ 55] 

Figure 45 shows Crystaf analyses of blends of commercial HDPE and 
LOPE reported by Pasch et al. [55]. By comparing the known composition 
of the blends with the composition measured by Crystaf (Figs. 45, 46), they 
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found that Crystaf was quantitatively accurate over a very wide range of com­
positions. For instance, Crystaf could detect blend components present in 
amounts as small as 5 wt %. In the analysis of waste plastic samples, Crystaf 
was found to be better than the conventional DSC method for providing in­
formation on blend compositions (Fig. 47). 

The application of Crystaf analysis for detecting blend composition is, of 
course, limited by cocrystallization, particularly if accurate quantitative infor­
mation is required. As previously discussed, cocrystallization is found to be 
significant when two chain populations crystallize at relatively close tempera­
ture ranges (small .6. Tc), even for very slow CRs. Therefore, the use of Crystaf 
for determining blend compositions will be more adequate when the blend 
components have distinctly separated Crystaf peak temperatures (large .6. Tc). 
Preferably, the difference between Crystaf peak temperatures should be more 
than 10 °C, particularly in the case where the blend components have similar 
molecular structures. 

6 
Mathematical Modeling of Crystaf 

Although Crystaf has been established as a good alternative to Tref during the 
last decade, accurate quantitative models for describing the Crystaf fractiona­
tion process are still unavailable. Incidentally, they are equally unavailable for 
Tref. The main difficulty in achieving a generalized mathematical model is the 
complexity of the crystallization mechanism and fractionation process taking 
place in these two techniques, as discussed at length in this review. 

Two main approaches have been proposed to model Crystaf fractiona­
tion: (1) models based on Stockmayer's bivariate distribution [58, 80], and 
(2) models based on the distribution of chain crystallizabilities using Monte 
Carlo simulation [57, 81]. 

6.1 
Stockmayer's Bivariate Distribution Models 

Sarzotti et al. [58] used Stockmayer's distribution, Eq. 7, and a calibration 
curve to model Crystaf profiles (Fig. 48). The two variables in Eq. 7, A and r, 
were used as adjustable parameters to minimize the sum of the squares of the 
residuals between model and experimental profiles. Even though the model 
fitted the experimental profiles adequately, the molecular weights calculated 
from the model ( easily obtained as 1 / r) were significantly lower than the ones 
measured by SEC, indicating that the model was not theoretically sound and 
only worked as a convenient empirical fit of the experimental data. 
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Fig. 48 Comparison between experimental Crystaf profiles and Stockmayer's bivariate 
distribution [ 58] 

Soares et al. [80] proposed a model using Stockmayer's distribution with 
additional help from a generic instrumental spreading function to account 
for the instrumental peak broadening in Crystaf. Again, although the model 
could fit the experimental profiles well, the parameters used in the spreading 
function were considered purely empirical. 

Although these models are not rigorously correct, the fact that they can 
fit well the experimental profiles is surprising, considering that using Stock­
mayer's distribution to model the CCD obtained from Crystaf is based on 
a number of rather severe simplifying assumptions. These models assume 
that ( 1) the polymer is prepared under uniform polymerization conditions 
(i.e., in the absence of compositional drift and other reactor nonuniformi­
ties), (2) the fractionation process in Crystaf is controlled only by the average 
copolymer composition per chain, (3) cocrystallization is absent during the 
analysis, (4) the fractionation process is independent of molecular weight 
even for the short chains, and (5) crystallization kinetics does not influence 
Crystaf profiles or, in other words, the fractionation takes place at thermody­
namic equilibrium. 

Unfortunately, most of these assumptions have recently been proved to be 
inaccurate [14, 29]. Even though modeling Crystaf profiles with Stockmayer's 
distribution can provide an adequate fit of the data, these models are, at best, 
only semiempirical. It is clear that a truly phenomenological model of the 
Crystaf fractionation process is essential to obtain the details of the correct 
distribution. 
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6.2 
Monte Carlo Models 

Monte Carlo simulation is a technique for solving stochastic problems that 
is widely used in the area of polymer science and engineering. Specifically 
for studies of polymer microstructures, it has been used to predict the CCD 
of copolymers and the distribution of stereoregularity [82, 83]. One of the 
advantages of this technique is that one can obtain detailed statistical infor­
mation of chain structures simply from relatively easy to measure polymer 
properties such as the CC and the molecular weight. 

Beigzadeh et al. [81] proposed the first Monte Carlo model for simulating 
Crystaf profiles. They assumed that the crystallization of a copolymer chain 
during Crystaf was solely governed by the length of its longest crystallizable 
monomer sequence. For the particular case of ethylene/I-olefin copolymers, 
the longest ethylene sequence per chain was assumed to govern the crystal­
lization process in Crystaf. They proposed that Crystaf profiles could be cal­
culated from the distribution of the longest ethylene sequence, instead of the 
CCD, and used Monte Carlo simulation to obtain this distribution. A modified 
Gibbs-Thompson equation [81] was used as the thermodynamic equilib­
rium relationship between the crystallization temperature and the length of 
the longest ethylene sequence, which was assumed to be proportional to the 
lamella thickness 

T5(LS - a) 
Tc = LS -{3, (10) 

where Tc is the crystallization temperature measured by Crystaf, T5 is the 
equilibrium melting temperature of a chain with infinite chain length, a is 
a constant proportional to 1/ ti.Hu, LS is the longest ethylene sequence, and f3 
is the supercooling temperature in Crystaf. 

They obtained good agreement with the experimental Crystaf profiles 
for their limited sample set of ethylene/1-octene copolymers. Later, Cos­
teux et al. [23] derived an analytical expression for this distribution of the 
longest monomer sequences. This analytical solution can be used to dramati­
cally shorten the computational time required for Crystaf modeling using the 
method of Beigzadeh et al. [81]. 

The model of Beigzadeh et al. was later applied to a series of ethylene/1-
hexene copolymers covering a wider range of molecular weights and 
comonomer contents [57]. Unfortunately, it was found that the model based 
on the distribution of the longest monomer sequences could not accurately 
describe all the resins investigated. 

We proposed a modified Monte Carlo model [57] based on the distribution 
of average ethylene sequence lengths, which was found to better represent the 
Crystaf profiles for a wider range of ethylene/I-olefin copolymers. Figure 49 
compares the experimental Crystaf profiles with results from the proposed 
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Fig.49 Comparison between experimental and simulated Crystaf profiles of ethylene/ 
1-hexene copolymers with different comonomer contents [57] 

model. It was speculated that the distribution of average ethylene sequence 
lengths might provide a better representation of Crystaf profiles owing to 
the fact that Crystaf fractionation takes place far from thermodynamic equi­
librium. In this way, using the average ethylene sequence lengths instead of 
the longest ethylene sequence lengths would be an indirect (and clearly em­
pirical) way of accounting for the complex phenomena taking place during 
crystallization in Crystaf. 
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Although these Monte Carlo models can explain qualitatively the effects of 
molecular weight and comonomer content on Crystaf profiles, they are un­
able to take into account crystallization kinetics and cocrystallization effects 
that have recently been reported as significant factors affecting Crystaf pro­
files [29, 67] . More work is required to quantify these important effects. Such 
a model, if developed, would be invaluable to obtain a universal calibration 
curve for Crystaf and Tref. 

7 
Conclusion and Future Trends 

After only approximately a decade since it was developed, Crystaf has be­
come one of the most important analytical techniques in polyolefin charac­
terization laboratories. It can provide fast and crucial information required 
for the proper understanding of polymerization mechanisms and structure­
property relationships. In industry, it has been established as an indispens­
able tool, together with Tref, for product development and product quality 
monitoring. 

Nonetheless, compared with its older cousin Tref, Crystaf is still in its early 
stage of development. Improvements not only in terms of a better theoretical 
understanding, but also from the viewpoint of instrumentation, might lead to 
a more efficient fractionation process. For example, the recent development 
of a triple detector (IR/ light scattering/viscometer) for Crystaf, the so-called 
Crystaf 3D, can provide a wealth of information on polymer microstructure 
at each crystallization temperature. 

So far, Crystaf has been mostly limited to the analysis of LLD PE and some 
polypropylene resins. Certainly, there are many other semicrystalline copoly­
mers that could greatly benefit from the information on CCD provided by 
Crystaf. In fact, the direct extension of Crystaf analysis for these polymers 
might be expected in a short time, considering the easy and fully automated 
use of Crystaf. 

Crystaf has also started to gain recognition as an efficient technique to 
analyze polyolefin blends quantitatively, as it is considered to be superior to 
the conventional DSC method. It is quite certain that its use for blend analysis 
will become more common in the near future. 

Cocrystallization is one of the limitations in Crystaf analysis. It seems that 
Tref is more appropriate for analyzing copolymers with complex CCD, espe­
cially if one needs more quantitative results. This is due to the fact that Tref 
analysis seems to be less affected by cocrystallization for the same CR. The 
fact that Tref also measures the differential profile directly, without the use 
of curve fitting and differentiation required in Crystaf, is responsible for the 
fact that Tref profiles generally appear sharper and more resolved than the 
equivalent Crystaf ones. 
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Although various mathematical models have been proposed recently to de­
scribe Crystaf and Tref, none can account for important phenomena such 
as crystallization kinetics and cocrystallization effects during the fraction­
ation. From an academic viewpoint, the understanding of the fractionation 
mechanism operative in both techniques and the development of good phe­
nomenological models is still a challenging task. 

In conclusion, it can be said that both techniques are complementary in 
nature and will be used side by side for the better understanding of semicrys­
talline copolymers, combining the faster and easier use of Crystaf with the 
sharper resolution of Tref. 
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