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Abstract: Bio/recycled polyols from rapeseed oil (RO) and poly(ethylene terephthalate) (PET) were pre-
pared using a continuous, two-step synthesis method. The bio/recycled polyol properties were compared
to RO and commercially available PET based polyols. Rigid polyurethane foams with a unified apparent
density of 40 —45 kg/m?3 were prepared from these polyols. The thermal conductivity, thermal properties,
water absorption and mechanical properties of foams were tested. The results indicated that the RO/PET
polyols can be successfully used for preparing polyurethane foams as energy efficient thermal insulation
material.

Keywords: rigid polyurethane foams, rapeseed oil, PET waste, renewable raw materials.

Poliole z recyklowanych platkow poli(tereftalanu etylenu) i oleju rzepako-
wego przeznaczone do wytwarzania pianek poliuretanowych

Streszczenie: Otrzymano biorecyklowane poliole z oleju rzepakowego i poli(tereftalanu etylenu), na
drodze ciagtej dwuetapowej syntezy. Poréwnano ich wlasciwosci z wlasciwosciami poliolu uzyskanego
z oleju rzepakowego i dostepnego w handlu poliolu na bazie poli(tereftalanu etylenu). Z syntetyzowa-
nych polioli wytworzono sztywne pianki poliuretanowe o gestosci pozornej w zakresie 40—45 kg/m3
Oznaczono przewodnos$¢ cieplna, wiasciwosci termiczne, chtonnos$¢ wody oraz wilasciwosci mechanicz-
ne otrzymanych pianek. Uzyskane wyniki wskazuja, ze poliole zsyntetyzowane z oleju rzepakowego i
poli(tereftalanu etylenu) moga by¢ stosowane do produkgji pianek poliuretanowych przeznaczonych do
celéw termoizolacyjnych.

Stowa kluczowe: sztywne pianki poliuretanowe, olej rzepakowy, odpady PET, surowce odnawialne.

Poly(ethylene terephthalate) (PET) is one of the most
widely used packaging materials in Europe and also in
the world. In Europe, 65 billion postconsumer PET bot-
tles were recycled in 2013 according to Petcore Europe, in
this way PET is the most recycled polymer in Europe [1].
PET recycling can be classified in four stages: primary re-
cycling (preconsumer industrial scrap), secondary recy-
cling (mechanical recycling), tertiary recycling (chemical
recycling) and quaternary recycling (energy recovery).
From the environmental and sustainability standpoint,
chemical recycling is the most favorable process because,
in chemical recycling, new raw materials are produced
that in turn can be used again in refineries or petrochemi-
cal and chemical production. It also conserves petroche-
mical resources, energy and is a partial solution for the
solid PET waste problem [2].

Chemical recycling of PET can be carried using diffe-
rent reactions: hydrolysis, glycolysis, methanolysis and
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others. The most studied method is glycolysis using diffe-
rent glycols — ethylene glycol, diethylene glycol, propy-
lene glycol and others [3]. Glycolysis offers the following
advantages over other recycling methods — lower reagent
amounts (it is not necessary to employ a large excess of
reactant), lower temperatures and pressure [4]. PET glyco-
lyzate can be used as a polyol for polyurethane (PUR) foam
or polyisocyanurate (PIR) foam production. The use of
these polyols improves the mechanical and thermal pro-
perties of the resulting PUR foams. Better thermal proper-
ties allow a reduction in the consumption of flame retar-
dants in the final PUR formulation. However, these PET
polyols also have major drawbacks — high viscosity poly-
ols and incompatibility with the physical blowing agents.
PET glycolyzate is not compatible with the physical blow-
ing agents (pentanes and hydrofluorocarbons), which are
currently allowed foaming agents under the Montreal Pro-
tocol. This results in unstable polyol systems that separate
during storage and if such a system is used for the produc-
tion of PUR/PIR foams, the dimensional stability and other
properties of the resulting PUR/PIR foams are affected
negatively [5—7].

Several authors have reported that vegetable oil based
polyols show good compatibility with physical blowing
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agents. Yakushin et al. reported that polyols synthesized
from rapeseed oil (RO) or sunflower oil amidated with
diethanolamine show good compatibility with compo-
nents conventionally used in polyol systems [8]. Guo et al.
reported that a soy based polyol showed greater compati-
bility with cyclopentane than a commercially available
petroleum derived polypropylene based polyol [9].

To decrease the viscosity and increase the compatibi-
lity of PET containing polyols with physical blowing
agents, new type of polyols should be synthesized that
would offer advantages from “both worlds” — aromatic
moieties from PET and lipophilic nature of the vegetable
oils. However, in the existing literature, there are not
many papers that describe polyols from both renewable

Table 1. Reagents used for the synthesis of RO/PET polyols

bio/recycled polyols. The properties of the final bio/recy-
cled polyols were investigated, as well as bio/recycled
based PUR foams obtained, tested and compared to bio
based foams from RO polyol and foams from PET based
polyol.

EXPERIMENTAL PART
Materials
A short description and sources of the reagents used
for the synthesis of RO/TEA, RO/PET polyols and PUR

foams in this study are given in Table 1. All the reagents
were used without any prior treatment.

Materials Supplier Description
PET flakes PET Baltija, Latvia Clear PET flakes
Rapeseed oil (RO) Tecavnieks&Co, Latvia Ivalue=1171, mg/100 g
Triethanolamine (TEA) BASF, Germany 99.5 %
Zinc acetate dehydrate Sigma Aldrich, Germany >98 %
Diethylene glycol (DEG) Sigma Aldrich, Germany 99 %

Lupranol 3422
Neopolyol 380 (NEO)

BASF, Germany

Solkane 365/227 Solvay, Belgium
PC CAT NP-10

NIAX Silicone L6915

Trichlorpropylphosphate Lanxess, Germany

Polymeric diphenylmethane diisocyanate

IsoPMDI 92140 (pMDI) BASH, Germany

NEO GROUP, Lithuania

OH value =490 mg KOH/g
OH value =370—390 mg KOH/g

Pentafluorobutane / Heptafluoro-
propane (87/13)

Performance Chemicals Handels, Germany

Momentive Performance Materials, Germany

NCO group content =31.5 %

and recycled resources. Cakic et al. synthesized biore-
newable polyols in a two stage synthesis: the first, glyco-
lysis of PET using different molar ratios of the PET re-
peating unit to poly(ethylene glycol) PEG400 at different
molar ratios; the second, transesterification of the oligo-
ester polyols with different weight ratios of oligoester
polyol to castor oil [10]. Benes et al. carried out the de-
polymerization of PET using castor oil as a reagent and
microwaves. They found that using castor oil as a reagent
for PET depolymerization offers the following advantage
— presence of long acylester chain in castor oil prevents
the formation of cyclic oligomers that form when conven-
tional PET depolymerization is carried out using diffe-
rent glycols [7].

The present paper describes polyols containing both
renewable and recycled raw materials and synthesis
using a continuous two-step method: (1) synthesis of
rapeseed oil using transesterification with triethanol-
amine (TEA); (2) PET depolymerization with DEG at dif-
ferent molar ratios in the synthesized RO polyol media.
The synthesized polyol from a combination of both, bio
based raw materials and recycled PET, were named

Synthesis of RO/PET polyols

RO/PET polyols were synthesized using a two-step,
continuous synthesis method. The reaction was carried
outin a three neck 1.0 dm® reaction flask equipped with a
mechanical stirrer, a thermometer, a condenser and an
argon inlet.

The first stage of the synthesis was to synthesize RO
polyols using transesterification with triethanolamine
(TEA), which was carried out at 170 + 5 °C for 1 hour,
0.15 wt % zinc acetate was used as catalyst. The molar
ratio was 1 M of RO to 2.9 M of TEA. A more detailed de-
scription of RO polyol synthesis is given in our previous
work, Stirna et al. [11]. The end of the reaction was tested
by the solubility of the obtained product in ethanol at the
volume ratio (resin:ethanol = 1:1). When the product —
RO/TEA polyol — was obtained, the temperature was in-
creased to 230 °C and the second synthesis step — PET
depolymerization — was carried out. To the mixture, PET
flakes and DEG were added. The PET flakes were
depolymerized at different molar ratios of PET to DEG
using 0.5 wt % (based on the weight of PET) zinc acetate
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as a catalyst. The molar ratios of PET to DEG were 1:2; 1:4
and 1:6. The reaction was carried out at 220—230 °C to
conduct the glycolysis for 4 hours after which the flask
was allowed to cool. Samples were named RO/PET-2,
RO/PET-4 and RO/PET-6 where the number indicates the
molar ratio of DEG.

Overall, the molar ratios of RO:TEA:PET:DEG were
1:2.9:3.2:6.5 for RO/PET-2 polyol, 1:2.9:2.1:8.5 for
RO/PET-4 polyol and 1:2.9:1.6:9.5 for RO/PET-6 polyol.

To compare RO/PET polyols with vegetable oil based
polyol, RO/TEA polyol was also synthesized as described
above (first step of synthesis) and in our previous paper
by Stirna et al. [11]. Also, commercial polyol NEO based
on industrial PET scrap was chosen. NEO is synthesized
using PET scraps and DEG. NEO was used without any
prior treatment.

Preparation of polyurethane foams

The foams were prepared by the free-rising method in
amold, at room temperature. At first, the component was
mixed in a 500 cm® plastic beaker. Afterwards isocyanate
was added and mixed for 15 s at a speed rate of 2000 rpm.
Then, the mixture was quickly poured into an open mold
(30x30x10 cm). The height of these foams was ~10 cm.
The foams were conditioned for 24 h at room tempera-
ture.

Samples for different tests from prepared PUR foam
blocks were cut using a band saw and afterwards they
were conditioned for at least 24 h at room temperature.

Methods of testing

— The OH value was determined using the conven-
tionally used acetic acetylation method. The acid value
was determined according to DIN 53402. The hydroxyl
and acid value of NEO was also tested in the laboratory.

— Viscosity measurements were carried out using a
Haake Viscotester 6L/R plus at 20 °C.

— The moisture content in the polyol was tested using
a conventionally used Karl Fischer method.

— The Fourier transform infra-red spectra measure-
ments (FTIR-ATR) were made on a Perkin-Elmer spec-
trometer Spectrum One FTIR Spectrometer. The
FTIR-ATR spectra of polyols were collected at a resolu-
tion of 4 cm™.

— The polyol compatibility with blowing agents was
tested in plastic centrifuge tubes where 10 g of polyol was
weighed and then 20 % of blowing agent was added.
Then, the blends were centrifuged for 15 minutes at
55 rpm. The blends were then kept at ambient conditions
for regular visual inspection.

— The compression strength and modulus of elasti-
city parallel and perpendicular to foaming direction of
PUR foams were tested according to the requirements of
ISO 844:2009 standard on testing machine Zwick/Roell
Z100.

— The bulk density of obtained PUR foams was tested
according to the ISO 845 standard.

— The thermal conductivity coefficient (A, W/m-K)
was tested using a Linseis Heat Flow Meter 200 according
to ISO 8301 standard.

— The TGA and its derivative thermograms (DTGs)
were studied using a Mettler Toledo TGA/SDTA 851e
instrument. The heating rate was set to 10 °C/min under
a flow of 20 cm*/min nitrogen and a temperature range
was set from 25 to 1000 °C. The weight of the sample was
~8 mg.

— Water absorption was tested according to ISO
2896:2001 standard by immersing PUR samples in water
for 7 days.

— Closed cell content was tested according to ISO
4590:2003, PUR samples with dimension (10x3.5x3.5 cm)
were cut.

RESULTS AND DISCUSSION
Polyol characterization

The acid numbers, hydroxyl value, water content and
viscosity of synthesized polyols are given in Table 2.

Table 2. Characteristics of polyols from RO and PET

OH value | Acid value Water Viscosoity
Polyol 6 at20 °C
mg KOH/g | mg KOH/g | content, % iPacs
RO/TEA 363 25 0.12 160
RO/PET-2 233 32 0.23 1250
RO/PET-4 340 2.8 0.19 540
RO/PET-6 368 2.3 0.27 250
NEO 366 2.9 0.12 9640

All polyols used in this study have low acid numbers,
which are less than 5 mg KOH/g, and thus all polyols are
favorable for the production of rigid PUR foams. With an
increase of the molar ratio of PET to DEG from 1:2 M to
1:6 M, the hydroxyl number of the derived polyols in-
creased by 58 % and their viscosity decreased by 80 %.
The results indicate that with increasing ratio of glycol to
PET, the extent of depolymerization was greater. Aroma-
tic polyol NEO showed the highest viscosity of all poly-
ols. Except for RO/PET-2 polyol, the hydroxyl value of all
polyols was in a comparable range. The water content of
all polyols is admissible.

The polyols were also characterized by bio/recycled
content (Table 3). The highest total bio/recycled con-
tent was for RO/TEA polyol — 67 % but this polyol
does not contain PET. The total bio/recycled content of
RO/PET polyols increased up to 57 % if the PET de-
polymerization was carried out at lower molar ratio of
PET to DEG.

Depolymerization of PET by a two step continuous
synthesis method with RO/TEA polyol and DEG was
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Fig. 1. FTIR-ATR spectra of polyols

confirmed using FTIR-ATR. The FTIR-ATR results of the
RO/PET polyols obtained at different molar ratios are
presented in Fig. 1. To compare the polyols, spectra of
RO/TEA and NEO polyol were added.

Table 3. Renewable and recycled content in RO/TEA polyols

Polyol Renewab(}e Recyclatf Total renewable 4(-’
content, % | content, % | recyclate content, %
RO/TEA 67.0 - 67.0
RO/PET-2 33.5 23.8 57.3
RO/PET-4 33.5 15.6 49.1
RO/PET-6 33.5 11.6 45.1
NEO - 45—48* 45—48

* Information obtained from the producers.

The band around 3400 cm™ is due to the free hydroxyl
groups present in all polyols. The band at 3400 cm™ is
stronger for RO/TEA, NEO and RO/PET-6 polyol. These
results correlate with the higher hydroxyl values of these
polyols in comparison to RO/PET-2 and RO/PET-4
polyols synthesized at lower glycol molar ratios. There is
no absorption of aromatic groups for RO/TEA polyol. In
the 3000—2850 cm™ range, two bands can be observed
due to symmetric and asymmetric stretching of CH,
groups in all polyols. For polyols containing RO, the two
bands in this region are more pronounced due to the
presence of long fatty acid radicals.

For all polyols, there is a sharp band at 1720 cm™,
which confirms that the bio/recycled polyols also contain
an ester bond in their structure. It can also be seen that the
peak around 1720 cm™ becomes sharper and more in-
tense with an increase in the amount of PET in the
RO/PET polyols (Table 3), which is due to an increase in
the number of ester linkages in the polyols.

In future, more experiments should be carried out to
study the chemical structure of RO/PET polyols.

Fig. 2. Compatibility of polyols with blowing agent — Solkane
365/227; samples: 1) RO/PET-2; 2) RO/PET-4; 3) RO/PET-6; 4) NEO;
5) RO/TEA

Polyols compatibility with physical blowing agents

Experiments were carried out to test the compatibility
of the polyols with physical blowing agents. Solkane
365/227 was chosen as a blowing agent. As expected, the
aromatic polyester polyol NEO, based on PET scraps,
showed poor compatibility with the blowing agent (Fig.
2, sample 4). All RO/PET polyols and also RO/TEA polyol
showed complete compatibility with Solkane 365/227.
This is due to the presence of long, hydrophobic and
non-polar dangling chains in the polyol structure, which
are introduced with RO.

The darker color residue at the bottom of sample 5
tube (RO/TEA polyol) is glycerol, which forms as a by-
product during RO/TEA polyol synthesis. We have also
reported this previously [11].

Formulation and foaming parameters of rigid PUR
foams

Rigid PUR foam samples were prepared using synthe-
sized polyols RO/PET-2, RO/PET-4, RO/PET-6, RO/TEA
and commercially available NEO polyol. Foam samples
were named accordingly to the polyol used and adding
“PUR” before it. For example, PUR RO/PET-2 is a foam
sample from polyol RO/PET-2. The detailed formulations
of PUR samples is given in Table 4.

The amount of necessary pMDI was calculated ac-
cording to isocyanate index 130. It is well known that the
apparent density of PUR foams affects several foam
properties, such as compression strength and thermal
conductivity. Therefore, the amount of blowing agent
Solkane 365/227 was adjusted to obtain PUR foams with
a unified apparent density 40—45 kg/m°. This range of
apparent density is suitable for rigid PUR foams used for
thermal insulation in the construction industry.
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Part by weight
Component PUR NEO PUR RO/PET-2 PUR RO/PET-4 PUR RO/PET-6 PUR RO/TEA

Corresponding polyol 75

Lupranol 3422 25

Trichlorpropylphosphate 16

NIAX Silicone L6915 15

Water 22

PC CAT NP-10 1.6 1.6 1.6 1.6 0.3
Solkane 365/227 14.0 16.0 16.0 16.0 15.0
pMDI 165.1 137.5 161.7 169.5 166.5

The foaming process was monitored by measuring the
duration of start time (when foam begins to rise), gel time
(indicating a transition of the mix from liquid to solid
stat) and tack-free time (when the foam solidifies com-
pletely). The results of the foaming parameters are
presented in Table 5.

Table 5. Foaming parameters

Sample E;f:,n; Gel time, s T?;]l:—ef’rsee
PUR NEO 70 100 135
PUR RO/PET-2 18 60 95
PUR RO/PET-4 23 53 80
PUR RO/PET-6 26 53 100
PUR RO/TEA 18 50 90

The results of the foaming parameters show that a
lower amount of foaming catalyst is necessary for the
PUR foam formulation when RO/TEA polyol is used (Ta-
ble 4). The amount of catalyst PC CAT NP-10 was re-
duced in the PUR RO/TEA formulation to prolong the
start time of foaming. It is necessary to decrease the start
time otherwise the buildup of viscosity is too fast and it is
not possible to pour the mixture into the mold. This is due
to the fact that RO/TEA polyol also contains a tertiary
amine group in its structure, which acts as a catalyst. So
RO/TEA polyols can be characterized by a catalytic acti-
vity in urethane-forming reactions as reported in pre-
vious papers by our group [12]. Also, the synthesized
bio/recycled polyols RO/PET show increased catalytic
activity in comparison to NEO polyol. The start and gel

Table 6. Thermal conductivity of rigid PUR foams

time of PUR foams was shorter for formulations where
RO/PET polyols were used in comparison to the start and
gel times of PUR foams from NEO polyol. All four PUR
RO/PET formulations contained the same amount of
foaming catalyst (Table 4).

Thermal conductivity of rigid PUR foams

Thermal conductivity is one of the most important
physical properties of PUR foams and it determines their
potential application. The thermal conductivity of PUR
foams is from about 18 up to 28 mW/(m-K) [13]. Itis influ-
enced by several factors such as conduction through the
polymer phase, conductivity through the gas trapped
within the closed cell structure and the radiation between
cells [14]. In the present study, the closed cell content of
rigid PUR foam samples is ~95 %. The thermal conducti-
vity of the obtained PUR foams is in a range from 19.5 to
21.5 mW/m-K (Table 6).

Over time, the thermal conductivity of PUR foams in-
creases because the foaming agent with low thermal con-
ductivity becomes diluted with air as it diffuses into the
foam. Air has a higher thermal conductivity than foam-
ing agent. The foaming agent also permeates the cell
walls and escapes from the foam [15]. A small change
(1.5—2.7 %) in the thermal conductivity of PUR NEO and
for all PUR RO/PET samples is observed after 1 week. The
best and the worst retentions of thermal conductivity
were shown by foam samples PUR RO/PET-4 and
PURRO/TEA, respectively. As shown in Table 6, the ther-
mal conductivity of PUR foams from RO/TEA polyol in-
creased by 9.4 %.

Sample Closed Cellncontent Initial thermal conductivity Thermal conductivity Ch_ange in thermal .

vol. % mW/m-K after 1 week, mW/m-K conductivity after 1 week, %
PUR NEO 96+ 1 19.49 +£0.50 19.82 +£0.50 1.7
PUR RO/PET-2 95+1 20.54 £ 0.06 21.10 £0.06 2.7
PUR RO/PET-4 95+1 20.65 £ 0.01 20.96 £ 0.01 I:5
PUR RO/PET-6 96 +1 20.86 + 0.50 21.27 £0.50 2.0
PUR RO/TEA 95+1 21.50 +0.25 23.52+0.25 9.4
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Water absorption of rigid PUR foams
Water absorption was tested by immersing PUR foam
samples in water for 7 days. The results of water absorp-

tion are shown in Table 7.

Table 7. Water absorption of rigid PUR foams

Sample Water absorptio(? Water absorptiog
after 1 day, vol. % after 7 days, vol. %
PUR NEO 1.02 £0.05 2.11+£0.05
PUR RO/PET-2 1.58 £0.08 2.34+0.13
PUR RO/PET-4 1.46 +0.10 2.56 £ 0.03
PUR RO/PET-6 1.56 +0.05 2.75+0.36
PUR RO/TEA 1.97 +£0.03 3.42+0.08

The worst performance in water absorption experi-
ments was observed for the PUR RO/TEA sample. It
showed the highest water absorption after 1 day (1.97 vol.
%) and also after 7 days (3.42 vol. %). PUR foams from
RO/PET polyols and NEO polyol were more moisture-re-
sistant.

Thermal stability of rigid PUR foams

The thermal stability of a material reflects the ability
of its chemical structure to resist chain termination
caused by heat. This greatly depends on the polyol struc-
ture.

Rigid PUR foams from aromatic polyols are thermally
more stable than foams from aliphatic polyols [16].
Therefore, it can be expected that PUR foams from NEO
and RO/PET polyols will show higher thermal stability
than PUR foams from RO/TEA polyol. RO/TEA is an ali-
phatic polyol and does not contain any aromatic rings in
its structure. TGA and DTG results are presented in Fig. 3
and Fig. 4, respectively. All PUR foams from RO/PET
polyols show similar TGA and DTG curves, therefore
only PUR RO/PET-4 was chosen for presentation.

100 —
] < PUR NEO
- —.= PUR RO/PET-4
] — PUR RO/TEA
= 60—
% —
= 40—
- \
20—
O 1 I I I T I | I 1
200 400 600 800

1000
Temperature, °C
Fig. 3. TGA results of rigid PUR foams

The DTG curves show three peaks corresponding to
three steps of degradation (Fig. 4) of PUR foams from
NEO polyol and RO/PET-4 polyol. The three peaks are
observed at about 200—210 °C, at ~330—340 °C and the

.............. PURNEQ........
200 % F 500540
X\ PUR RO/PET-4
&~
s
H PUR RO/TEA
I : I :
600 800 1000

Temperature, °C
Fig. 4. DTG results of rigid PUR foams

final peak at ~450 —500 °C. PUR RO/TEA also showed an
additional peak at 278 °C. In the first step, low molecular
weight compounds evaporate [16]. Also, allophanate and
biuret crosslinks decompose [17]. In the second step, deg-
radation starts at the urethane bond and other segments
of the remaining structure [18]. Weight loss in the third
stage is due to the degradation of the strongest bonds in
the PUR backbone [19].

The thermal stability of PUR foams based on NEO
polyol containing aromatic groups was higher than the
thermal stability of PUR foams based on RO/TEA and
RO/PET polyols. The char residues at 1000 °C for PUR
foams from NEO, RO/PET-4 and RO/TEA polyols were
29.3 %, 18.8 % and 18.3 %, respectively (Fig. 3). The higher
char residue of PUR NEO is due to the presence of aro-
matic groups in the polyol structure.

[ parallel to foaming direction

— [ perpendicular to foaming direction
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Fig. 5. Compression strength of rigid PUR foams
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Compression strength of rigid PUR foams

It is well known that for rigid PUR foams obtained by
the free rise method that anisotropy is observed. There-
fore, compression tests were carried out in the foam rise
direction and perpendicular to it. The mechanical proper-
ties of rigid PUR foams are significantly related to their
apparent density. Due to this, all compression strength
results were normalized with respect to a density of
45 g/m® using the equations of Hawkins et al. [20]. The co-
efficients of anisotropy calculated from the compression
strength results (Fig. 5) are in the range from 1.2 to 1.7.

PUR foams obtained from RO/PET polyols showed
higher compression strengths than foams from RO/TEA.
The highest compression strength (0.27 + 0.03 MPa) of
RO/PET foams was for the sample PUR RO/PET-4.
Within the margin of experimental error, it reaches
the same compression strength as for PUR NEO
(0.28 + 0.03 MPa).

CONCLUSIONS

The synthesis of polyols from recycled poly(ethylene
terephthalate) and rapeseed oil was successfully achieved
using a two-step continuous synthesis method. With
higher molar ratios of diethylene glycol, the rapeseed/po-
ly(ethylene terephthalate) polyols showed increased
hydroxyl numbers and decreased viscosity. High reactivity
and high bio/recycled content combined with excellent
compatibility with blowing agents make these polyols suit-
able for the preparation of rigid polyurethane foams. Fur-
ther studies on detailed chemical mechanisms are crucial to
understand the chemical reactions and their effect on the
properties of polyols and rigid polyurethane foams.

Rigid polyurethane foams from bio/recycled polyols
showed decreased thermal conductivities and water ab-
sorptions in comparison to polyurethane foams obtained
from rapeseed oil triethanolamine polyol. In addition,
polyurethane foams from rapeseed/poly(ethylene tere-
phthalate) polyols showed a better retention of thermal
conductivity. The results show that the most favorable
molar ratio of poly(ethylene terephthalate) to diethylene
glycol is 1:4. Rigid polyurethane foams obtained using
this polyol showed the best compression strength, water
absorption, retention of thermal conductivity and foam
samples were dimensionally stable without shrinkage.
Overall, the results indicated that the rapeseed/po-
ly(ethylene terephthalate) polyols can be successfully
used for preparing polyurethane foams as energy effi-
cient, thermal insulation material. Also, it is a promising
and perspective material for the use in construction in-
dustry and domestic appliances efc.
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Abstract

In this research, polyols from rapeseed oil and recycled poly(ethylene terephthalate)
were synthesized by two-step continuous synthesis with a different rapeseed oil and
poly(ethylene terephthalate) concentration. All rapeseed oil/poly(ethylene terephthal-
ate) polyols showed complete compatibility with blowing agent Solkane 365/227. The
resulting polyols were used to prepare rigid polyurethane foams which were character-
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insulation properties. The effect of rapeseed oil and poly(ethylene terephthalate) con-
centrations in polyols on the characteristics of rigid polyurethane foams was investi-
gated. The results showed that obtained rigid polyurethane foams were suitable for
thermal insulation appliance. Also, the potential use of rapeseed oil as raw material
combined with poly(ethylene terephthalate) to synthesize polyols with good compati-
bility with blowing agent was confirmed.
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Introduction

It is well-known that poly(ethylene terephthalate) (PET) is one of the most versatile
commodity thermoplastics widely used in a broad range of applications like appa-
rel fibres, disposable soft-drink bottles etc. In 2012, the global annual production
capacity of PET stood at over 28 million tons. During 20042011, the world PET
production increased from nearly 11.3 million tons to around 18.6 million tons,
registering an average annual growth of over 7%.' The increased consumption of
PET is resulting in greater quantities of post-consumer and industrial PET waste.
One of the main sources of PET waste is post-consumer soft drink bottles.>”
Therefore, PET recycling has received a great deal of attention. In Europe, 1.8
million tons of PET plastic were recycled in 2013 according to Petcore Europe press
release; in this way PET is the most recycled polymer in Europe.”*

In general, PET waste can be recycled either physically or chemically. Chemical
recycling can be realized by several processes including aminolysis,”’ glycoly-
sis,> '* hydrolysis'® ' and alcoholysis.'*'* Glycolysis is carried out using different
glycols like ethylene glycol (EG),">'® diethylene glycol (DEG),'”'® triethylene
glycol, 1, 4-butanediol,'® propylene glycol etc.”” The catalyst used for this purpose
is mainly metal acetate. In literature, glycolysis of PET in the presence of functional
additives such as adipic acid, glycerol (GL), poly(propylene glycol) and hexanediol
is studied.”

Chemical recycling of PET leads to the formation of monomer or oligomers
that can be used for synthesizing new material. Product formed via PET glycolysis
using EG as reactant is bis (2-hydroxyethylene) terephthalamide (BHET).
Literature indicates that BHET has been widely used in various syntheses of poly-
meric materials such as unsaturated polyester resins and PET.*> BHET has also
been used to obtain fatty amide derivatives™ and benzothiazole derivatives.”* The
PET glycolysates find application in the manufacturing of unsaturated and satu-
rated polyesters, alkyd resins,”>*® polyurethane (PUR) coatings,””*® PUR and
polyisocyanurate rigid foams.>?!

Rigid PUR foams are widely used as a thermal insulation material in construc-
tion industry, domestic appliances and refrigerators. The monomers used to form
PUR foams are isocyanates and polyols, which are mostly derived from petro-
chemical resources. Petrochemical polyols in PUR production partially or totally
can be replaced by polyols from vegetable oils such as soybean, castor and palm
oils. Also, renewable feedstock widely available in Northern Europe such as sun-
flower and rapeseed oil (RO) are used for polyol synthesis and rigid PUR foam
production.” Only few investigations have been published about the polyols from
both recycled PET and natural vegetable oils. Badri et al.’” investigated PET waste
glycolysis with ethylene glycol prior to blending with palm oil-based polyol. Benes
et al.’' reported the chemical recycling of waste PET using castor oil as a reagent,
where acylester hydroxyl groups of castor oil ensures the depolymerisation of PET.
Cakic et al.’? carried out PET glycolysis with poly(ethylene glycol) and produced
saturated hydroxyl-functional polyester polyols with castor oil by transesterifica-
tion process. Also, methods have been developed to synthesize aromatic polyester
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polyols from PET and natural oils (corn oil and sunflower oil). Obtained polyols in
these researches were compatible with hydrocarbon and hydrofluorocarbon blow-
ing agents,”® whereas polyols from PET prepared by the glycolysis usually are
incompatible with some physical blowing agents.?”** Polyol synthesis of RO and
PET are innovative and should be investigated more widely.**

The present paper describes polyester polyol synthesis of waste PET, RO and
DEG. The influence of RO/PET molar ratio on polyol characteristics was investi-
gated. The resulting polyols were used to prepare rigid PUR foams by reacting with
isocyanate in the presence of catalyst, surfactant and physical blowing agent. The
physical and mechanical properties, thermal conductivity and water absorption as
well as foaming characteristics of the prepared PUR foams were investigated. The
effect of different RO/PET polyols on the characteristics of rigid PUR foams was
investigated.

Experimental
Materials

PET flakes from recycled plastic bottles were supplied from PET Baltia. RO
(I,= 117 1, mg/100g) was purchased from lecavnieks & Co and used in all
polyol synthesis. DEG (99%), which was used as a glycol in the depolymerization
reaction, was purchased from Sigma Aldrich. Triethanolamine (TEA) (99.5%)
from BASF was used as a material to obtain RO polyol. Zinc acetate dehydrate
(=98%) from BASF was employed as the transesterification catalyst in polyol
synthesis.

Rigid PUR foams were prepared from the synthesized polyols, high functional
polyether polyol Lupranol 3422 (OH =490 mg KOH/g) from BASF, foaming cata-
lyst CAT NP-10 from Performance Chemicals Handels, surfactant NIAX Silicone
L6915 from Momentive Performance Materials, flame retardant trichlopropyl-
phospate (TCPP) from Lanxess and physical blowing agent Solkane 365/227 (pen-
tafluorobutane: heptafluoropropane =87:13) from Solvay. Distilled water was used
as additional blowing agent. The isocyanate used was polymeric diphenylmethane
diisocyanate (PMDI) (NCO group content=31.5 %) purchased from BASF.
All reagents were used as received without purification.

Polyol synthesis

RO/PET polyols were synthesized using a two-step, continuous method. Reaction
was carried out in a three-neck 1.0L reaction flask equipped with a mechanical
stirrer, a thermometer, a condenser and an argon inlet.

The first step was RO transesterification with TEA at 170 £5°C for 1 h; 0.15
wt% zinc acetate was used as catalyst. The molar ratio was 1 M of RO to 2.9 M of
TEA, and the end of the reaction was tested by the solubility of the obtained
product in ethanol at the volume ratio 1:1.
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Table |I. Composition of the synthesized polyols.

RO TEA PET DEG
Polyol (mol) (mol) (mol) (mol)
RO/PET I/1 I 2.9 | 4
RO/PET /2 I 2.9 2 8
RO/PET /4 I 2.9 4 16
RO/PET 1/6 I 2.9 6 24
RO/PET 1/8 I 2.9 8 32

PET: poly(ethylene terephthalate); RO: rapeseed oil; TEA: Triethanolamine;
DEG: diethylene glycol.

In the second stage, depolymerization (glycolysis) of PET was carried out.
The reaction mixture was heated up to the temperature of 230°C and then PET
flakes and DEG were added. The molar ratio 1 M PET to 4 M DEG was chosen
based on Paberza et al.** earlier studies. Zinc acetate (0.5 wt% based on the weight
of PET) was used as a catalyst. When all PET flakes were dissolved, the tempera-
ture of mixture was held at 2254+ 5°C for 4 h.

Polyols were synthesized with different molar ratios of RO to PET. The molar
ratios of RO to PET were 1:1, 1:2, 1:4, 1:6 and 1:8. RO/PET polyols were named
according to RO-to-PET molar ratio. The compositions of polyols are given in
Table 1.

Characterization of polyols

Hydroxyl number of the prepared products was experimentally determined
by acetylating method according to DIN 53240. Acid number of the prepared
products was determined according to DIN 53402. The moisture content in
polyol was tested using conventionally used Karl Fischer method according to
DIN 51777. Viscosity measurements were carried out using Haake Viscotester
6L/R plus at 20°C.

The FTIR-ATR were made on a Perkin-Elmer Spectrum One FTIR
Spectrometer. The FTIR-ATR spectra of polyols was collected within the wave
number ranging from 4000cm ™' to 650cm™' at a resolution of 4cm™'. Polyol
compatibility with blowing agents was tested in plastic centrifuge tubes where
10 g of polyol was weighed and then 20% of blowing agent Solkane 365/227 was
added. Then the blends were centrifuged for 15 min at 55 r/min and kept at ambient
conditions for 8 weeks for regular visual inspection.

Preparation of rigid PUR foams

Rigid PUR foams were produced on a laboratory scale from a two-component
(polyol and isocyanate) system with the isocyanate index equal to 130. The amount
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Table 2. Composition of rigid PUR foams.

Component Weight (g)
Corresponding RO/PET polyol 75.0
Lupranol 3422 25.0
Water 22
TCPP 16.0
PC CAT NP-10 1.6
NIAX Silicone L6915 1.5
Solkane 365/227 16.0
PMDI Isocyanate
index 130

PET: poly(ethylene terephthalate); RO: rapeseed oil; TCPP: trichlopropylphos-
pate; PMDI: polymeric diphenylmethane diisocyanate.

of necessary PMDI was calculated according to equation (1)

17 OH, - m,
MDI = . —————+4.67 -myp 1
mpmpr = (Z 336 mH.O) (1

where /7 is the isocyanate index, mpyp;, M, myso refer to the mass of PMDI,
each polyol and summary water, respectively. wyco refers to the content of
NCO groups of PMDI (31.5%) and OH,, is the hydroxyl value of each polyol
(mg KOH/g).

The rigid PUR foams were prepared by blending polyols, blowing agents, fire
retardant, surfactant and catalysts with a mechanical stirrer at 1000 r/min for S min
to obtain a homogenous mixture. The precise amounts of the components are given
in Table 2.

Such prepared polyol component was reacted with PM DI by mixing together at
2000 r/min for 7s. The resulting reaction mixture was instantaneously poured into
an open mould of dimensions 30 x 30 x 10cm and was allowed to rise freely. The
process of rigid PUR foam formation was monitored by measuring the duration of
cream time, gel time and tack-free time. All foam samples were allowed to cure at
ambient conditions for 24 h before cutting it into test samples.

Obtained rigid PUR foam samples were named according to RO/PET polyol
used and by putting “PUR” before it. For example, PUR RO/PET 1/1 is foam
sample from polyol RO/PET 1/1 where RO/PET molar ratio is 1:1.

Characterization of rigid PUR foams

The measurements of closed cell content and apparent bulk density were carried
out according to the standards ISO 4590 and ISO 845:2009, respectively. The tests
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