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Abstract

In the context of replacing polyurethane foam in DH pre-insulated pipes due to the toxicity of
the diisocyanates, and facilitating recycling by eliminating the need to separate material layers
of the sandwich structure, the foaming of PB-1 with CO, is being studied. The assessment of the
plasticization effect induced by CO, in the polymer melt and determination of the melting point
depression is required for the establishment and optimization of the foaming processing window.
In this paper, a method for the determination of the melting point through image analysis is pre-
sented, validated and used for the study of PB-1 — CO, solutions. The obtained results through
image analysis agree with those obtained with differential scanning calorimetry, validating the
method. The CO, - induced melting point depression of PB-1 was determined as AT = 14°C.

Introduction

Heating accounted for 50% of the global energy consumption in 2018, being so the largest energy
end-use (IEA, 2019). The integration of renewable energy and waste heat sources could be largely
facilitated by District Heating and Cooling (DHC). The backbone of DHC is the piping network, which
enables the distribution and exchange of heat and cold between different producers and consumers.
The use of polyurethane (PU) pre-insulated pipes has been a fundamental element for the transi-
tion from the 2nd to the 3rd Generation DHC (Lund et al., 2014). The PU acts both as insulation,
ensuring and significantly increasing the energy efficiency of the system, and as bond between the
heat medium pipe and the casing. The toxicity of the diisocyanates (ZAPP, 1957) required for the
PU manufacturing and the recently approved restriction on their use (European Commission, 2020)
challenge the continuity of PU pre-insulated pipes. With this background, the team of Technical
Infrastructure Management HCU opened a research line on alternative polymeric foams which
could replace PU in DHC pipelines in 2019 (Doyle, 2021; Doyle & Weidlich, 2019; Doyle & Weidlich,
2020; Doyle & Weidlich, 2021). This includes both the evaluation of commercial foams for the appli-
cation as well as the foaming of other polymers. With the final goal of developing a pre-insulated
pipe made out of a single material, as to facilitate recycling by eliminating the problematic of layer
separation in sandwich constructions, the foaming of semicrystalline polybutene-1 (PB-1) is being
studied. As for blowing agents, inert gases, mainly CO,, are considered for environmental reasons.

The success of the foaming process and the morphology of resulting foams is strongly related to the
foaming temperature. The foaming temperature window is found between the melting temperature
(Tm) and the glass transition temperature (Tg) in the case of amorphous polymers, and between Tm
and the crystallization temperature (Tc) for the case of semicrystalline polymers (Di Maio & Kiran,
2018; Sarver et al., 2018). The obtained expansion ratio and cell morphology are conditioned by
the relative distance of the foaming temperature from the melting and crystallization temperatures
of the polymer-CO, dissolution under equilibrium (Sarver et al., 2018). It is well known that the
dissolution of CO, in a polymer matrix can cause a plasticization effect (Pasquali, Comi, Pucciarelli,
& Bettini, 2008; Reignier, Gendron, & Champagne, 2007; Sarver et al., 2018; Takahashi, Hassler, &
Kiran, 2012) resulting in a depression of Tm, Tg and Tc, causing a shift on the processing window.
Energy savings also arise from the possibility to process at lower temperatures (Frerich, 2015).
The determination of these temperatures under CO, environment is of great importance for the
correct setting and optimization of the process parameters.
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Different techniques have been used for the determination of the melting point depression of
polymer — CO, mixes. Reignier et al. (2007) used high pressure differential scanning calorimetry
(HP-DSC) with Poly-e-Caprolactone (PLC) and CO.,. Kelly et al (2013) used infrared spectroscopy in a
high pressure cell with PLC and CO,. Takebayashi et al. (2014) used near infrared spectroscopy (NIR)
with a high-pressure cell for biphenyl and naphthalene under high-pressure CO,. Frerich (2015)
studied the melting behavior of PLA, PBS and PLA-PHS and CO, with a scanning transitiometer in a
high-pressure cell. Lian et al. (2006) measured the carbon dioxide-induced melting point depres-
sion of PCL and PBS though the light transmission change through a view cell. A lamp was placed
on one end of the view cell and images captured on the other end via a borescope attached to a
videocamera. The polymer chip was placed in the optical path blocking the light, the melting was
observed by the sudden light transmission through the cell. It could not be derived if the change
detection was human based or computer based. Analogously, Takahashi et al. (2012) studied the
melting behavior of biodegradable polyestersin CO, at high pressures through changes in the light
intensity through the polymer with a view cell, using a photodetector for measuring the light inten-
sity change. Pasquali et al. (2008) studied the meting point reduction of PEG 1500 in supercritical
CO, via photographs through a view cell. The temperature was fixed and pressure increased until
the polymer melting onset, defined as the appearance of the first liquid drop. However, it is not
specified how the first drop is detected.

Aside from common the high-pressure cell, the presented methods require complex equipment
or rely on human decision to detect a change on a set of images. However, human-scored image
analysis is qualitative (Carpenter et al.,, 2006), and may be exposed to subjectivity and bias,
leading to non-reproductible results. Therefore, automated image analysis is preferred. In this
paper, a method for the determination of the melting point of polymer CO, mixes through digital
image analysis and processing is presented and used for the characterization of Polybutene-1 —
CO, solutions. Tests were undertaken in an autoclave with sapphire windows which allowed for
image acquisition.

Data on the melting point depression of PB-1 CO, binary system has not been found available in
the open literature. Its determination provides valuable information for the optimization of the
foaming temperature.

Methods
As materials, PB-1 kindly provided by LyondellBasell, and CO, of >99.8% purity purchased from
Westfalen were used.

Melting experiments were conducted in an autoclave having two windows opposite each other
(Eurotechnica GmbH, Bargteheide, Germany). The autoclave is heated with a heat jacket and CO,
is injected with a piston pump. The autoclave’s inner environment is monitored with a temperature
sensor type K with a precision of +1 °C and a digital pressure sensor with a precision of 0,5%. A
light source with variable intensity is placed by one of the windows and a camera (Fastcam SA-X2,
Photron Limited, Japan) on the opposite window. The trigger of the camera is coupled to the auto-
clave control system, so that pressure and temperature are logged simultaneously to the image
acquisition. A sketch of the system is provided in Fig.1
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Fig. 1: Schematic representation of the autoclave with coupled image acquisition system

After reaching the required temperature, a pellet is placed centred in the optical path, on an optical
glass support. The autoclave is purged 3 times with CO, before each trial. CO, is then introduced
with a stepwise increase in pressure. Images are acquired in 20 s intervals and data logged accord-
ingly. Trials were conducted in triplicate.

An image processing and analysis pipeline was developed using the open-source software Cell
Profiler (Carpenter et al., 2006; Kamentsky et al., 2011) version 4.1.3. The main steps included
converting each image to greyscale, inverting image intensities, identifying the pellet (segmenta-
tion) and measuring the pellet. The full list of parameters measured is presented in Table 1. The
pipeline is available at https://github.com/LuciaDoyle/MeltingPoint ImageAnalyis.qgit

Area Eccentricity Median Radius
Bounding Box Area Equivalent Diameter Min Feret Diameter
Bounding Box Maximum X Euler Number Minor Axis Length
Bounding Box Maximum Y Extent Orientation
Bounding Box Minimum X Form Factor Perimeter
Bounding Box Minimum Y Major Axis Length Solidity

Center X Max Feret Diameter Center X

CenterY Maximum Radius CenterY
Compactness Mean Radius Center Z

Tab. 1: Parameters measured for the pellet in each image
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Reproducibility was evaluated by running multiple sets of experiments and comparing the results.
The method was validated through comparing the results of melting under atmospheric condi-
tions obtained from the image analysis with the typical differential scanning calorimetry (DSC)
curve provided by the manufacturer. For the tests under pressure, the duration of the intervals
was established after running successive trials with increasing interval duration to confirm the
attainment of equilibrium conditions.

Once the method was validated, the melting point depression of PB-1 was determined by executing
successive runs at different temperatures. In each run the temperature would be fixed, and CO,
pressure increased in 5 bar steps. Reported results were executed with an initial stabilization time
of 2 h at the first pressure level and the successive pressure increases conducted in 1 h intervals.

Results

Method Validation

In order to validate the method, the relationship between geometrical deformation measured
through the image analysis and polymer melting was proven. For this, a pellet was placed in the
view cell and progressively heated up to 150 °C, which is above the melting point of PB-1, reported
in the data sheet as 131°C.

The obtained sequence of image measurements is compared with the typical PB-1 DSC curve
provided by the manufacturer in Fig. 2. For ease of analysis, eccentricity and major axis length
were selected as reference parameters. Eccentricity is defined as the ratio of the distance between
the foci of the ellipse and its major axis length, corresponding e=0 to a circle. Major axis length is
length of the major axis of the ellipse that has the same normalized second central moments as
the region, given in pixels (Rocha, Velho, & Carvalho, 2002).

It should be noted that PB-1 is polymorphic and undergoes crystal—crystal transformation at room
temperature. When cooling from the melt, it crystallizes into Form II, which is metastable and
characterized by a tetragonal unit cell. It then undergoes transformation into Form | stable crystals
(Boor & Mitchell, 1963; Jones, 1963; Natta, Corradini, & Bassi, 1960), a process reported to have
a duration of around 10days depending on the storage conditions (Hadinata et al., 2007). Data
reported corresponds to the melting of Form I.

Figure 2. (a) presents the parameters eccentricity and major axis length measured through the
images (b) the DSC heating ramp, (c) the first image of the sequence, corresponding to the pellet
in the solid state and (d) the last image of the sequence, corresponding to the pellet in the molten
state.

A very good correlation between graphs (a) and (b) can be observed, showing how the selected
geometrical parameters correlate unequivocally with the melting event. Fig.2 (c) shows the first
image of the sequence, and (d) the last, where the change in geometry can be observed. The
change is not abrupt enough as to determine the onset with ease through the naked eye. It can
be observed that the major axis length decreases during the melting event, which seams coun-
terintuitive. It should be noted that when the region is fitted to an ellipse, it does not necessarily
have its major axis parallel to the x axis. Moreover, since the best fit ellipse is found per image, it
may change its orientation between images. Indeed it does change orientation during the melting
event, causing the effect of the major axis length decreasing.

For the determination of the melting point of the polymer-CO, solution, the selected procedure
was to fix a temperature and progressively increase the pressure, which was conducted in 5 bar
steps, given the constant volume of the autoclave. The melting point depression is explained in
terms of solubility effect, with the CO, acting as diluent in the melt (Lian et al., 2006). In order to
ensure equilibrium conditions, care was taken in establishing the pressure increase duration steps.
Trials were conducted with increasingly longer time steps, from 30 minutes to 2 hours. Procedure
was fixed at 1 h time steps after a 2 h stabilization period at the initial conditions.
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Fig. 2: (a) pellet deformation measured from the images during temperature increase.
(b) DSC heating ramp. (c) initial pellet image. (d) last pellet image (molten)

Determination of melting point depression of PB-1 under CO,
Representative runs for different set temperature are presented in Fig. 3. Additional trials at 1129C
and 1052C was executed, were no melting was achieved with the pressures run up to 110 bar. The

arrows highlight the melting point.

Fig. 3: Representative runs conducted at T = 1232C (a) and 1172C (b)
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The obtained melting points as a function of pressure are given in Fig. 4. As can be seen, the melt-
ing point of PB-1 decreases linearly down to 117°C, with a pressure of 45 bar. This represents a
ATm depression of 14°C.

Fig. 4: Melting point of PB-1 in the presence of CO, at different pressures

The shape of the plot corresponds to that typically encountered in other polymer-CO, solutions,
where the melting point decreases linearly with P until an abrupt change in slope occurs, from which
the melting point remains more or less costant (Lian et al., 2006; Pasquali et al., 2008; Sarver et
al., 2018; Takahashi et al., 2012). This changes in behaviour are explained through solubility effects
at low pressures, as the addition of low concentrations of a diluent in a melt depresses the pure
component melting point, and by hydrostatic pressure effect increasing the melting temperature
at higher pressures (Swaan Arons & Diepen, 1963). In order to measure the values after the kink
point, a variable cell would be required, as to fix a temperature and progressibly increase the
pressure. The extent of the melting point depression can be correlated to the amount of absorbed
CO, (Fukné-Kokot, Konig, Knez, & Skerget, 2000; Pasquali et al., 2008; Sarver et al., 2018), which
is dependent on the applied pressure at a given temperature.

The CO, — induced plastitization effect observed in PB-1 is consistent with that reported by (Shi,
Wu, Li, Liu, & Zhao, 2009) through the reduction of Tc. In their study, they report a depression of Tc
from 90°C under atmosferic conditions to 60°C under supercritical CO, at 8 MPa when free cooling
from the melt at 170°C, as detected with in-situ FTIR. This data also complements our findings
towards the establishment of the processing window, since Tc cannot be detected through the
here presented method. It should be however noted that unlike Tm, Tcis a second order transition
and its value dependent on the cooling rate applied during the measurement (van Krevelen &
Nijenhuis, 2009). The cooling rate at which the “free-cooling” occurred in the experiments by (Shi
et al., 2009) is not reported. Data from the manufacturer provides a Tc of 71°C at a rate of 10°C/
min, suggesting a much slower rate in the study by Shi et al.

Conclusion

This work demonstrates that the measurement of a sample’s geometrical features through image
analysis is a powerful technique for the determination of the melting point in polymers and poly-
mer-CO, solutions.

The melting point depression of PB-1-CO, mixtures was observed and quantified to AT=14°C. This
provides useful information for the study and optimization of PB-1 foaming with CO,.
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