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ABSTRACT: Developing effective recycling pathways for polyolefin waste, enabling a move to a circular economy, is an imperative 
that must be met. Post-use modification has shown promising results in upcycling polyolefins, removing the limitation of inertness, 
and improving the final physical properties of the recycled material while extending its useful lifetime. Grafting of maleic anhydride 
groups to polypropylene is an established industrial process that enhances its reactivity and provides a convenient route to further 
functionalization and upcycling. In this work, maleic anhydride grafted polypropylene (PPgMAH) was hydroxylated, and 
subsequently cured with a diisocyanate to form a thermoset polyurethane (PU). The crystal structure (unit cell and lamellar structure) 
of the polypropylene (PP) was preserved in the PU. At room temperature, the PU showed high modulus due to the crystallization 
behavior of the PP; upon increasing the temperature above the melting temperature, the modulus decreased to a rubbery plateau, 
consistent with formation of a network. The resulting PU showed higher glass transition temperature and lower degree of crystallinity 
than its PP predecessor due to the crosslinked nature of the polymer. The mechanical integrity of the PU was maintained through 
several reprocessing cycles due to the melt processability enabled by the presence of a urethane exchange catalyst. This 
functionalization and upcycling route thus offers a promising alternative to repurposing PP waste, in which the creation of melt-
processable thermoset polymers expands applications for the materials.
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 The global production of plastic is growing at a rapid 
pace. Since the 1950s, a total of 8.3 billion metric tons have 
been produced, for which 6.3 billion metric tons have become 
plastic waste. At this rate, it is estimated that the global 
accumulation of plastic waste will reach 12 billion metric tons 
by 2050.1,2 Consequently, the versatility and convenience of 
plastics have also created a threat to the environment.3 
Polyolefins (POs) represent the largest contribution to plastic 
production: in the U.S., around 65% of all plastics produced are 
polyethylenes and polypropylenes, and around 4% of that 
produced is recycled.4,5 Therefore, more efficient methods of 
recycling POs are needed to move towards a circular economy. 
  
 Mechanical recycling is the predominant method of 
recycling POs, in which PO-rich streams are melt extruded. A 
major limitation of this practice is the downgrading of 
properties, due to many factors, such as chain degradation due 
to the high-temperature processing and presence of mechanical 
stresses, as well as presence of contaminants, which can be 
other polymers and additives which are combined in a sub-
optimal way in waste streams.6 Another possibility is chemical 
recycling, such as pyrolysis, which reduces the polymer to 
smaller molecules through thermal decomposition in the 
absence of oxygen. This process yields light olefins and liquid 
oils that can be used for fuels, yet is energy-intensive due to the 
stable C-C single bonds that comprise POs.  Additionally, the 
process can be sensitive to the PO waste composition and 
purity.7–9 An alternative solution to overcome these challenges 
is to first chemically functionalize POs in order to overcome 
their inertness, and then subsequently upcycle them to value-
added goods.10 In particular, we are interested in upcycling 
waste POs to durable materials with long product lifetimes, 
which may divert their future waste from landfills and 
incineration.  
  
 Post-polymerization modification (or 
functionalization) of POs is a topic of much recent interest to 
expand the range of properties that can be accessed. The 
concept is to graft various functional groups to the PO chain to 
increase the polarity and reactivity of the polymer, thus 
increasing their versatility.11 Several PO functionalization 
strategies have been introduced. One example is the catalytic 
grafting of hydroxyl groups to polyethylene (PE), which can be 
further converted to caprolactam groups useful for creating a 
compatibilizer for polymer blends.12 PE films were also 
functionalized using a cold plasma treatment and this enhanced 
barrier properties for permeation of CO2, O2 and N2.13 In 
addition, a common practice in PO functionalization is to add 
maleic anhydride (MAH) groups to the chain.14 The MAH 
group is highly reactive and can be used to add other functional 
groups such as amines,15,16 this offers the possibility to upcycle 
the PO to value-added products.17–19  

 The functionalization of POs with hydroxyl groups 
provides new opportunities in the development of 
polyurethanes (PUs). PUs are synthesized by the 
polycondensation of hydroxyl (-OH) and isocyanate (-NCO) 
moieties to form urethane linkages. PUs are versatile polymers 
with tunable properties based on the type of polyol or 
isocyanate used, ratio of hard and soft segments, as well as the 
polyol crystallinity, segment flexibility, chain entanglement, 
inter-chain forces, and crosslinking density.20,21 As POs are 
flexible polymers with low Tg, there is an opportunity to 

incorporate the PO into the soft segment of the PU to achieve 
unique properties. Jiang et al. have demonstrated this concept, 
through functionalizing polypropylene (PP) with terminal 
hydroxyl groups through pyrolysis, and then producing 
thermoplastic PUs through a copolymerization of the end-
functionalized PP with 4,4’-methylenebis(cyclohexyl 
isocyanate) and polytetrahydrofuran.22 Nevertheless, the 
upcycling of PP to thermoset PUs has not yet been explored. 
Thermoset PUs, known for their long-lasting properties, are 
frequently used in foams, elastomers, and film production.23–25 
This provides the opportunity to upcycle the PP to durable, 
value-added products with long lifetimes.  
  
 In this work, a strategy is presented for converting PP 
waste to thermoset PUs. Grafting of MAH to PP is a well-
established industrial process.26–28 Maleic anhydride-grafted 
polypropylene (PPgMAH) was obtained from industrial 
sources, functionalized with hydroxyl groups and used as the 
polyol for thermoset PU synthesis. Maleic anhydride-grafted 
polypropylene (PPgMAH) was hydroxylated to form 
hydroxylated PP (PPOH) through a substitution reaction with 
ethanolamine in o-xylene.29 Then, the PPOH was fully 
dissolved in o-xylene at 130°C and reacted with methylene 
diphenyl diisocyanate (MDI) (1:1 NCO:OH ratio) in the 
presence of catalyst (dibutyltin dilaurate, DBTDL) in o-xylene 
to form the PU network. The mixture remained homogeneous 
throughout the curing process. The PU was further cured at 200 
°C (over the melting temperature of PP) to ensure full 
conversion of the functional groups (Scheme 1). The roles of 
crystallization of the PP and the formation of a crosslinked 
network in governing the resulting PU properties was explored, 
and the impact of incorporation of the PP in the PU network on 
thermal and mechanical properties was quantified. The use of a 
urethane exchange catalyst in the PU synthesis enabled the 
creation of processable PU thermosets.  
 
 The hydroxylation of PPgMAH to PPOH through a 
reaction with ethanolamine was confirmed and quantified with 
proton nuclear magnetic resonance (1H NMR) (Figures S1a,b). 
The characteristic peaks for the PP backbone were observed 
from 0.90–1.67 ppm.30–32 After hydroxylation, the appearance 
of characteristic peaks (CH2-CH2) at 3.70 and 3.77 ppm 
confirmed the addition of the ethanolamine to the maleic 
anhydride ring.29,33 The relative peaks areas of protons 
associated with ethanolamine (g and h) and methylene (CH2) 
groups from the PP backbone (c) were used to quantify the level 
of hydroxylation (eqns. S1-S3). The number of hydroxyl groups 
per chain (𝑓!") was calculated to be 15 ± 1, which is an OH 
value of 6.9 ± 0.5 mgKOH/g, and also represents a mole 
fraction of hydroxylated repeat units (x in Scheme 1) of 0.0051 
± 0.0003.  The PP functionalization and conversion to PU was 
confirmed with Fourier-transform infrared (FTIR) 
spectroscopy (Figure S1c). PPgMAH showed characteristic 
anhydride peaks at 1864-1860 cm-1 (C=O asymmetric 
stretching) and 1786-1784 cm-1 (C=O symmetric stretching). In 
PPOH, a new absorption band was observed at 3460 cm-1 
corresponding to the hydroxyl group (OH, stretching). 
Following hydroxylation to form PPOH, the anhydride peaks 
shifted to 1714 and 1783 cm-1 due to conversion to the 
succinimide group.33,34 The PU showed three characteristic 
peaks that correspond to the urethane linkage, the aromatic 
amine (N-H) stretching at 3450 cm-1, the carbamate group (N-
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C=O-O-) stretching at 1600 cm-1, and the alkenyl (C=C) 
stretching at 1560 cm-1.35–37 There was no evidence of products of 
side reactions observed in the FTIR spectra that may occur between 
the PPOH and MDI at high temperatures (Figure S1c). The 
molecular weight increased as PPgMAH was converted to 
PPOH (Figure S2, Table S1). 

 
 
 
 
 
 

 

 

 
 In order to form a network with a diisocyanate, the 
PPOH must contain more than two hydroxyl groups per chain. 
In this study, 𝑓!" = 15 ± 1, which is significantly greater than 
this threshold value.  Thus, we anticipated the possibility of 
creating a thermoset PU. To confirm network formation, 
dynamic mechanical analysis (DMA) was performed in tensile 
mode (Figure 1). The room temperature modulus was high, 
consistent with the presence of crystallinity in the polymer, as 
the material was above the Tg of PP. Upon heating, the modulus 
dropped drastically and ultimately reached a rubbery plateau, 
consistent with the formation of a network. Producing a PU 
network from a PP-based polyol has not been previously 
reported. From the rubbery plateau modulus, the crosslink 
density for the PU was calculated (using eqn. S6) to be 0.0127 
± 0.002 mmol/cm3 (rubbery plateau modulus at 200 °C was 0.15 
± 0.02 MPa, corresponding to a molecular weight between 
crosslinks of 75 ± 14 kg/mol). While the sample was quite rigid 
and stiff at room temperature (image inset in Figure 1 at 30 °C), 
the high temperature behavior was consistent with an elastomer 
(image inset in Figure 1 at 210 °C). The gel fraction of the PU 
(42 ± 3 %) was consistent with previous work in which 
crosslinked PP was prepared with a similar crosslink density to 
that in our study.17,38  

 

Figure 1. Storage modulus (E’) and loss modulus (E”) vs. 
temperature obtained for the PU showing higher modulus at lower 
temperatures (due to presence of crystallization) and formation of 
a rubbery plateau at high temperature (above the melting 
temperature of the PPOH). Insets shows images of the samples 
mounted in the tensile apparatus at 30°C and 210°C under tension. 

 The PU exhibited a high modulus at room 
temperature, indicating the crystal structure might have been 
preserved during the network formation. The thermal properties 
of the polymers were therefore directly examined with 
differential scanning calorimetry (DSC, Table 1, Figure S3). 
The degree of crystallinity (Xc), glass transition temperature 
(Tg) and final melting temperature (Tm,f) of PPgMAH and 
PPOH were indistinguishable within the error on the 
measurement. Upon formation of a PU network, the 
crystallinity decreased and Tg (associated with PP) increased. 
Furthermore, a new Tg was observed, corresponding to the 
network, at 50 ± 1 °C. The network formation hindered the 
chain order, decreasing the crystallinity, and constrained the 
chain mobility, thereby increasing the Tg.17,39–41 The crystal 
morphology was explored with wide-angle and small-angle X-
ray scattering (WAXS and SAXS) to determine if the unit cell 
and lamellar structure were disrupted by the presence of the 
crosslinked network (Figure 2a,b). Surprisingly, PP retained the 
𝛼-form of the unit cell in the PU network corresponding to 
planes (110), (040), (130), (111), (131/041).42,43 No changes 
were observed in the long period nor the lamellar thickness 
upon hydroxylation and conversion to PU (Figure 2c). While 
the absolute values of crystallinity determined from WAXS and 
DSC differed, due to the different cooling rates used in each 
method, both showed that incorporating PP into the PU network 
decreased the crystallinity. The hindering of chain order caused 
a decrease in crystallinity and an increase in the interlamellar 
spacing, as the crosslinks concentrated in the amorphous layer. 
38,44 

Scheme 1.  Synthesis of a thermoset PU by hydroxylation of PPgMAH and polycondensation of the -NCO and -OH functional groups to 
form a thermoset network. 
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Figure 2. (a) WAXS data and (b) Lorentz-corrected SAXS data 
obtained for PPgMAH (blue), PPOH (green), and PU (purple) after 
isothermal crystallization at 115°C. (c) Crystallinity (blue ○), long 
period (green ●), lamellar thickness (black □), and interlamellar 
thickness (red▲).  

 Mechanical properties were explored with tensile 
testing (Figures 3 and S4, Table S2). The tensile strength, 
modulus, and strain at break remained unchanged as PPgMAH 
was hydroxylated to PPOH (Figure 4), therefore the 
functionalization did not impact the tensile properties. Upon 
conversion to a PU, the modulus increased, while the tensile 
strength and strain at break decreased. Though the PP crystal 
structure was preserved in the PU network, the presence of 

crosslinks enhanced the rigidity and brittleness of the PU, 
increasing the modulus and reducing the strain at break. PUs 
created from polyester polyols are closely related to our system, 
due to the semi-crystalline nature of the polyol. Common 
ranges for the mechanical properties reported for polyester-
based PUs are 3-60 MPa, 2-33 MPa, and 300-800% for tensile 
strength, modulus, and elongation at break, respectively.45 The 
tensile strength of the PP-based PU (15 ± 5 MPa) was in the 
range reported for polyester-based PUs. Potentially due to the 
preserved crystallinity of the PP in the PU, the modulus of the 
PP-based PU (4.3 ± 0.2 GPa) was higher compared to the 
polyester PUs, with the tradeoff of a decrease in the strain at 
break (0.5 ± 0.2% for the PP-based PU). When comparing to 
polyether-based PUs, which are not derived from a semi-
crystalline polyol, and have a typical range of mechanical 
properties of 0.80-70 MPa, 4.5-43.80 MPa, and 480-2000% for 
modulus, tensile strength, and strain at break, respectively, the 
PP-based PUs still exhibited a higher modulus and reduced 
strain at break.46 
 
Table 1. Thermal properties of PPgMAH, PPOH and PU.1 

Polymer Xc, DSC (%) Tm,f (°C) PP Tg (°C) 
PPgMAH 48 ± 1 174 ± 2 -5 ± 2 
PPOH 50 ± 1 173 ± 1 -5 ± 1 
PU 46 ± 1 173 ± 2 1 ± 1 

 

1 Degree of crystallinity (Xc), final melting temperature (Tm,f), and 
PP glass transition temperature (Tg) were determined from DSC 
(shown in Figure S3). 
 
 The use of a urethane exchange catalyst (DBTDL)47–
51 allowed for melt processing of the PU using compression 
molding, and all of the measurements presented in this 
manuscript were obtained on melt-processed specimens. The 
ability to melt process the sample also enhances its recyclability, 
as it could potentially be reprocessed into something new at the 
end of the product lifetime, and therefore the development of 
catalysts (including those that are green alternatives for 
DBTDL) for urethane exchange is an active area of 
research.47,48,51,52 To test the ability of the PU to be reprocessed, 
the tensile specimens were cut into small pieces, and then 
compression molded into new test specimens. After each cycle, 
the specimens underwent tensile testing.  The tensile properties 
generally remained consistent over 4 reprocessing cycles, and 
reprocessing did not diminish the properties (Figure 4). A 
statistical analysis of this data is presented in the Supporting 
Information (Figure S5, Tables S3-S6) to ensure that any 
observed variations did not represent statistically significant 
differences after four reprocessing cycles. 
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Figure 3. (a) Representative tensile stress vs strain curves for 
PPgMAH (blue), PPOH (green), and PU (as-synthesized) (purple). 
(b) Representative stress-strain curves for the PU after multiple 
reprocessing cycles.  In each cycle, the test specimens were cut into 
small pieces and compression molded into new test specimens, and 
then tensile testing data was subsequently obtained. The full set of 
tensile testing data is shown in Figure S4 and Table S2).  
 
 .  

 
 
Figure 4. Mechanical properties obtained for PPgMAH, PPOH, 
and PU (as synthesized, AS) and the reprocessed PU up to four 
processing cycles. Values shown and error bars represent the mean 
and standard deviation for measurements obtained on five 
specimens. The asterisk (*) indicates the values obtained for the PU 
(AS and reprocessed) are significantly different compared to that 
of PPgMAH and PPOH. The double asterisk (**) indicates a 
statistically significant difference between two measurements with 
a probability value (p-value) < 0.05.  
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In conclusion, the increasing production of plastics, 
specifically POs, has led to critical concerns surrounding the 
accumulation of waste. The exploration of alternative 
approaches, such as upcycling, offers promising solutions 
towards a more sustainable future. This work presents a 
pathway to upcycle PP through the formation of a processable 
thermoset PU. This strategy employs MAH-grafting of PP, an 
established industrial process, in which the MAH groups are 
further functionalized with OH groups, forming a polyol for 
thermoset PU synthesis. A crosslinked PU network was formed, 
demonstrated by the rubbery plateau observed in the modulus 
above the melting temperature of the PP. The PU showed a high 
room temperature modulus due to preservation of the PP 
crystallinity in the PU network, which still adopted the 
traditional PP 𝛼-form crystal structure, with similar lamellar 
thickness compared to the starting PP. The crosslinked nature 
of the PU provided an increase in modulus with a decrease in 
strain at break and tensile strength compared to the PP 
precursor. The PU modulus was greater than that observed in 
traditional polyester or polyether PUs, with a trade-off in 
diminished tensile strength and elongation at break. The use of 
a urethane exchange catalyst enabled the melt-processability of 
the PU over several reprocessing cycles without loss of 
properties.  
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(Figure S3), stress vs. strain curves for all the 
polymers,reprocessing cycles, and photos of PU 
tensile bars after test (Figure S4), summary of 
mechanical properties (Table S2), and statistical 
analysis for the reprocessing cycles (Figure S5, Tables 
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