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ABSTRACT

In this study, unmodified kraft lignin was utilized to fully replace petroleum-based polyol for the
first time in low-density rigid polyurethane/polyisocyanurate (PUR/PIR) foam. The effect of
different lignin incorporation levels (0, 25, 50, 75, and 100%) on foam properties was investigated.
The developed lignin-based foams were evaluated for their reactivity, polyol viscosity (using a
rheometer), apparent density, compression strength (measured with an Instron), closed cell content
(using a gas pycnometer), thermal conductivity, fire resistance, and foam morphology (observed
through SEM). All of the lignin-based foams met the minimum requirements for rigid foams set

by ASTM International standards. Remarkably, the foam made by replacing 100% of



petrochemical polyol with commercially available kraft softwood lignin demonstrated

significantly improved fire performance, reducing the burn length by 127%.

INTRODUCTION

Polyurethanes, one of the most versatile polymeric materials, are used in multiple products,
including foams, coatings, adhesives, sealants, and elastomers.!~ Rigid polyurethane foams (rigid
foams) are a collection of multi-purpose polymers consisting of polyurethane (PUR) and
polyurethane/polyisocyanurate (PUR/PIR) foams. The raw materials for PUR and PUR/PIR foams
are similar, with the main difference being the higher isocyanate index used for PUR/PIR foams
(>250) compared to PUR foams (<180).* Both foams can have a wide range of properties and are
used in various applications such as insulation, construction, and appliances.! Due to the
combination of strength and low density, the global market of rigid foams have rapidly increased
over the last few decades, with their United States resin demand projected to reach 1030 million
kg in 2020 (up 34% in 2010).°

Commercial polyols used in rigid foam synthesis are currently sourced from toxic and energy
intensive starting materials like propylene oxide.® Efforts to replace these petro-dependent polyols
with lignocellulosic biomass have increased over the years due to their reactive hydroxyl groups
being abundantly available and their relative lower cost.!”” The incorporation of lignin into rigid
PUR foams have been reported to increase char residue,® compression strength,®'® and
biodegradation,'! while decreasing thermal conductivity,'® and water absorption.!*!2 However, to
the best of our knowledge, there is only one study using unmodified lignin in low-density (30-60
kg/m?®) rigid PUR/PIR foams."® That study' utilized 19 technical lignins to replace 30% of

petroleum-based polyol in low-density rigid PUR/PIR foams and reported that the lignin-based



foams that failed in compression strength and/or closed-cell content testing were made with lignins
that had lower pH, potassium, sodium, calcium, magnesium, and hydroxyl contents than lignin-
based foams that passed all testing.'?

Comparatively, numerous works exist on lignin-based rigid PUR foams,!!-!416

mainly utilizing
modified lignins, including oxypropylated,”'®!72! liquefied,* %> and various other
modification techniques®’—>? like amination,?® phenylation/epoxidation,* and
hydroxymethylation.** Oxypropylation is one of the most well-known techniques used to change
the phenolic hydroxyl (OH) groups of lignin to aliphatic OH groups and prepare liquid lignin
polyol for use in rigid foam.!? The oxypropylation process is conducted at relatively high
temperature (150-523 °C), pressure (0.24-1.75 MPa), time (9 min to 5 days), along with high
solvent/propylene oxide (50-80%), and catalyst (2-10%) content to liquefy lignin,%10-17-21.34-36
Though oxypropylation and other lignin modification techniques can increase the reactivity of
lignin, the use of high-energy reaction conditions (high temperature and pressure) and
petrochemically sourced solvents (propylene oxide) make these lignin polyols less desirable for
commercialization. Lastly, due to the high percentage of propylene oxide/solvent and catalyst used

Y1934 is often lower than

in lignin polyol synthesis, the amount of lignin in the final polyol (10-30%
or similar to unmodified lignin replacement.

The use of unmodified lignins as polyol replacement in low density rigid polyurethane foams
has been reported at ~30% replacement due to the increased polyol viscosity and reduction of foam
properties at higher lignin loadings.!>!® To the best of our knowledge, the maximum amount of
unmodified lignin and its effect on foam properties in low-density lignin-based rigid PUR/PIR

foams have not been studied. The goal of this work is to elucidate the maximum amount of lignin

as polyol replacement in lignin-based PUR/PIR foam while monitoring the effect of lignin loading



on foam properties. To accomplish this, foams were formulated with 0, 25, 50, 75, and 100% lignin
as polyol replacement in rigid PUR/PIR foam. The influence of percent lignin loading on polyol

viscosity, foam reactivity, morphology, mechanical properties, and horizontal burn were studied.

MATERIALS AND METHODS

Commercial Indulin AT kraft softwood lignin was kindly provided by Ingevity and was sieved
(80 um mesh) and oven dried (80°C) to a constant weight before use. Huntsman Polyurethanes
(The Woodlands, TX, USA) graciously supplied all the foam raw materials.'* Other reagents were
purchased from Fisher Scientific (Hampton, NH, USA) and were used as is.

The hydroxyl content of the lignin sample was determined according to previously published
methods using 3!phosphorus nuclear magnetic resonance spectroscopy (*' P NMR).!3-3738 In brief,
lignin was dissolved in a solution of anhydrous pyridine, deuterated chloroform, and
dimethylformamide. Cyclohexanol solution consisting of anhydrous pyridine and deuterated
chloroform was then added as an internal standard.'*"-*8 Chromium (III) acetylacetonate solution
(anhydrous pyridine and deuterated chloroform) was added as a relaxation reagent along with 2-
chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane as phosphitylation reagent. Spectra were
acquired using an Agilent DDR2 500 MHz NMR spectrometer (Billerica, MA, USA)."* The
hydroxyl value of lignin was then calculated by multiplying the measured total hydroxyl content
of lignin by the mass of KOH (56.1).'3

The Polyurethane Foam Cup Test ASTM D7487-13% standard was used to formulate foams.
The effect of steric hindrance from lignin hydroxyl groups and the increased viscosity of solid
lignin addition was decreased by the adjustment of catalyst and viscosity reducer based on the

percent weight of lignin (Table 1). The percent of viscosity reducer was increased to a higher



weight percentage for 75 and 100% lignin-based foams to account for viscosity increases found in
literature. Using a 237 mL cup, polyol, lignin, catalysts, surfactant, blowing agent (n-pentane),
viscosity reducer, and flame retardant were mixed to create each B-side polyol blend at a 270
isocyanate index. B-side polyol blends were mixed for about 15 seconds using a high-speed mixer
(Camframo overhead mixer) at 3000 rpm.
Table 1. Foam Formulations in Grams
Lignin polyol replacement (100% Polyol)
Foam Additive 0% 25% 50% 75% 100%

Foam Additive (System %)

100% Polyol 29.28 21.3 12.3 5.19 0
Polyol Lignin 0 7.1 12.3 15.56 17.53
Water 0.07 0.07 0.06 0.05 0.04
Viscosity Reducer 2.93 3.55 6.15 15.56 23.37
Surfactant 0.29 0.28 0.25 0.21 0.18
Catalysts 1.84 1.83 1.86 1.83 1.76
Blowing agent 6.44 6.25 5.41 4.56 4.67
Flame retardant 2.93 2.84 2.46 2.07 1.75
PMDI 56.21 56.77 59.2 54.96 50.69
System % Total 100 100 100 100 100

The viscosity of the B-side polyol blend was determined using a Discovery HR-1 rheometer
(Waters TA Instruments Newcastle, DE, USA) with a 10 s shear rate, at 23°C, for 30 seconds.

Viscosities were averaged and reported.



After mixing B-side polyol blends, the isocyanate was then added (3-second pour time) with a
270-isocyanate index and mixed until heat was felt on the outside of the cup (mix time). Foam
reaction time was determined by measuring the following: mix, cream, string gel, top of cup, string
gel, tack-free, and end of rise times as described in previous literature.'>3° The mix time indicates
the start of the water and isocyanate reaction, cream time shows the onset of foaming, while top
of cup time indicates blowing agent activity. Lastly, string gel, tack-free, and end of rise times

denote polyol-isocyanate reactions and catalysis.!**°

Foam samples were cut to size for each test at least 24 hours after foam formulation. Foams were

then kept at room temperature for another 48 hours before being analyzed.

Apparent density was determined according to ASTM D1622*° following a previously published
method."® Each sample was measured volumetrically to 0.01 significant figures (three times per
side) using a digital caliper and weighed using a digital scale (0.0001). The average of at least five

foam samples were used to calculate apparent density, and results were reported in kg/m?.

Thermal conductivity was evaluated using a TA Instruments FOX 200 heat flow meter
instrument according to ASTM C518.*! Plate temperatures of 12.8°C and 35°C (mean plate

temperature of 23.9°C) along with 15cm x 10cm x Scm samples were used.

Closed-cell content was determined using a micromeritics gas pycnometer (AccuPyc II 1340,
Norcross, GA, USA) 3 according to ASTM D6226-15.%? Following micromeritics method B** and
previously published literature,'* experimental conditions included nitrogen atmosphere with 10

purges, 10 cycles, 27.58 kPa purge, and cycle fill pressures at 0.03 kPa/min.



The compression strength was determined using an Instron 5565 universal testing machine
(Norwood, MA, USA) following ASTM D1621-16.* Twenty-five-millimeter cube samples were
tested using a 2.5 mm/min strain rate (13% initial thickness) perpendicular to the foam rise

direction.'

The fire properties of control and lignin-based foams were determined according to ASTM
D4986-18,* Standard Test Method for Horizontal Burning Characteristics of Cellular Polymeric
Materials. In brief, at least ten 125 mm by 13 mm by 13 mm samples were burned for 30 s in a
laboratory fume hood, free of induced/forced draft, with a Bunsen burner (natural gas supply). The
foams were marked at 25- and 100-mm lengths, then volume and weights were measured. After
burning, the foam weights and burn lengths were remeasured and used to calculate the burn length

and percent weight loss of foam.

The morphology of foams was determined using a scanning electron microscope (SEM) and a
digital light microscope. For SEM analysis, the foam samples were cut, flash-frozen in liquid
nitrogen, and cut with a razor blade. Cut samples were then placed on double-sided carbon
conductive tape attached to a metal stub and sputter-coated with gold using an EMSCOPE SC 500
(Emzer, Barcelona, Spain) with a 3-minute coat time and 20 mA dissociation. After mounting, the
gold-coated samples were analyzed on a JEOL JSM 6610LV (Akishima, Tokyo, Japan)
microscope using 10 kV accelerating voltage, 13 mm working distance, 30 spot size, at 200 x
magnification. Each foam’s cell size (diameter, strut width, and perimeter) was measured
following a modified version of ASTM D3576-15% using three-millimeter foam slices cut 25mm
below the top of the foam.!? At least 20 cells from each set of foams were averaged and analyzed

perpendicular to foam rise using a Dino-Lite Edge digital microscope (Torrance, CA, USA).



RESULTS AND DISCUSSION

Quantitative >'P NMR analysis was utilized to determine the hydroxyl content of lignin before
incorporation into foam (Table 2). The industry-recommended commercial polyester polyol that
was used in this study had a hydroxyl value (OHV) of ~248 mgKOH/g. In general, commercial
polyols used in rigid foams typically have OHV between 200-550 mg KOH/g.**" The kraft
softwood lignin used in this study had an OHV of 327 mgKOH/g, which was in an acceptable

range for rigid foam formulation (Table 2).

Table 2. Hydroxyl Content of Kraft Lignin

Hydroxyl content of kraft softwood lignin analyzed by 3! P NMR (mmol/g)

Aliphatic Condensed Phenolic Guaiacyl P-Hydroxyphenyl Carboxylic Acid Total OH*
2.10+0.03 1.11+0.11 1.98+£0.17 0.24 +0.04 0.40 £ 0.06 5.83+0.17

*Hydroxyl value 327 mgKOH/g

The viscosity of polyol systems determines mixing efficiency along with foam uniformity and
quality.®® To achieve sufficient mixing and dispensing in polyols for rigid foams, viscosity of
polyol blends is recommended to be less than 20,000 cP. (20 Pa-s), with lower viscosities being
more favorable.*” The effect of unmodified lignin addition on polyol blend viscosity from 0-100%
loading is reported for the first time (Table 3). Although polyol viscosity increased with lignin
addition from 0 to 100% loading, it should be noted that viscosity measurements were performed

1'50

at room temperature. Li et al.”” reported that the viscosity of lignin-based polyols significantly

decreased by heating the polyol blend to 50°C, a method often used in the foaming industry,



turning a completely solid polyol into a liquid with a viscosity of 6.3 Pa-s.’° This indicates that the
viscosities of polyol blends containing 75% and 100% lignin polyol could easily meet the viscosity

requirements by heating the polyol blends to a slightly higher temperature (50°C).

Table 3. Polyol Blend Viscosities

Lignin (%) 0% 25% 50% 75% 100%

Polyol Blend Viscosity (Pa-s) 1.24° 4.29° 6.84° 25.93°  46.12¢

*Values with the same letter are not significantly different (p < 0.05)

Figure 1 shows the formulated lignin-based foams and control foam that has no lignin (made
with entirely petroleum-based polyol). The foaming reactions of control and lignin-based foams
represented by end of rise, tack free, string gel, top of cup, cream, and mix times are reported in
Figure 2. Although the addition of lignin into foam increased reaction times, all the foams had
suitable reaction times for rigid foam synthesis.**! Our previous study was the only other study
which incorporated unmodified lignin into low-density rigid polyurethane/polyisocyanurate
(PUR/PIR) foams. We used 19 technical lignins to replace 30 wt.% of petrochemical polyol with
lignin and found that foams with higher reaction times (~357 s) had significantly worse
compression strengths, closed cell contents, and cell morphologies.!® All control and lignin-based

foams were well below this reaction time by 27-75%.



0% 25% 50% 75% 100%

Figure 1. Image of formulated PUR/PIR foams with 0-100% lignin

The 100% lignin-based foam outperformed various lignin-based low-density rigid polyurethane

1.2 dispersed up to 6% kraft lignin powder (356

(PUR) foams in reaction time. Haridevan et a
hydroxyl value) in a 80/20 mixture of commercial aromatic polyester polyol/glycerol and
formulated low-density rigid polyurethane foams.>? The 6% lignin polyol dispersion based foam
had a 240 s tack free time? while our 100% lignin-based foam was 70% lower (Figure 2). The
cream and end of rise times of 100% lignin-based foam was even superior to liquefied lignin polyol
by over 95% and 80% respectively.’ Li et al.’® fractionated miscanthus giganteus lignin using a
multistep process and formulated foams with the resultant biopolyol at 50, 80, and 100%
petrochemical polyol replacement.’® Cream times for these foams ranged from 166-290 s and end
of rise times ranged from 445-451 s.°° Both of these studies incorporated less actual lignin as

polyol replacement (6-40%) and used energy intensive lignin dispersion/modification methods (>

6 h processing times).>%?
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Figure 2. Foaming kinetics of control and lignin-based foams

After the foaming reaction characterization, foams were evaluated for apparent density (Table
4). The apparent density of rigid foams is known to have a logarithmic correlation affecting most
other foam properties outside the 30-60 kg/m* low-density range.'*!->>* The densities of lignin-
based foams ranged from 41-54 kg/m? (Table 4), successfully falling within the low-density foam
range, making the effect of density on foam properties insignificant. The increased density,
compared to the control (35 kg/m?), in lignin-based foams is likely caused by the use of solid
lignin, which can delay foaming times (Figure 2), increase polyol blend viscosity (Table 3), and
increase the degree of foam crosslinking.®1%1%2 Even so, all lignin-based foams had suitable
apparent densities for rigid insulation and structural applications indicated by ASTM D7425 and
E1730.%>

The thermal conductivity of rigid PUR and PUR/PIR foams depends on various factors,
including cell morphology, closed-cell content, and the type of blowing agent(s) used.’’=® In

general, smaller, more closed, and homogenous cells create foams with lower thermal

11



conductivities.* Blowing agent choice also affects thermal conductivity; for example, the thermal
conductivity of air (0.0249 W/m-K) is higher than carbon dioxide (0.0153 W/m-K) and n-pentane
(0.0137 W/m-K) measured at 10°C.* Low thermal conductivity in rigid foams ensures the foam
will act as a good insulator and should be below 0.257 W/m-K.>® All foams met minimum
requirements for thermal conductivity and closed cell content (Table 4) based on ASTM E1730-

15% and D7425%, respectively.

Table 4. Measured Foam Properties

Lignin Apparent Density Thermal Conductivity Closed Cell Content
(%) (kg/m?) (W/m-K) (%)
0% 35+1° 0.021 £0.01° 98.01 + 0.8?
25% 41 + 2% 0.022 +0.01%° 97.92 + 0.4%
50% 44 + 4bc 0.025 + 0.01%¢ 97.75 + 0.6°
75% 47 + 2 0.027 +£0.01< 94.18 £ 0.7¢
100% 54 + 24 0.033 + 0.02¢ 91.18 + 0.4¢
Standard 30-60% <0.257°¢ >90°°

*Values with the same letter are not significantly different (p < 0.05)

Although the thermal conductivity of foams increased with lignin addition, they still fell
significantly below the standard insulation requirements by a wide margin (~95% lower than
required).’® Compared to other studies, the thermal conductivities of control and lignin-based
PUR/PIR foams (Table 4) were comparable to oxypropylated lignin!® and liquefied biomass-

based® rigid foams. The oxypropylated lignin polyols used varying amounts of lignin/propylene

12



oxide/catalyst (30/70/2 or 20/80/5) to replace 50% and 100% of petrochemical polyol in rigid PUR
foam.!® The resultant foams had extremely low densities (18-25 kg/m*) and used the same blowing
agent as our formulation, the oxypropylated lignin-based rigid PUR foams had slightly lower
thermal conductivities (~0.029 W/m-K)!° than unmodified lignin-based PUR/PIR foams (~0.033
W/m-K, Table 4). Researchers® also used liquefied marine biomass at 20 and 30% petrochemical
polyol replacements for use in low-density rigid PUR/PIR foam;. However, the densities of those
foams were higher (~50 kg/m?), and foam thermal conductivities (~0.03 W/m-K)® were similar to
the oxypropylated lignin-based PUR foams.!® The thermal conductivity properties of the

unmodified lignin-based PUR/PIR foams in this study compared to the previous studies!'®®0

are
likely due to increased closed cell content, but neither study measured nor reported those values.
A reported knowledge gap for lignin-based rigid foams is the lack of foam testing based on
industrial requirements.'>%! Researchers should incorporate a more comprehensive array of tests
to ensure that formulated foams will be suitable for industrial applications.

The closed-cell content of the foam is crucial in maintaining low thermal conductivity.*>!
Additionally, closed and more homogenous cells create foams with better mechanical strength and
thermal conductivity properties.’'*** The industry-accepted method to measure foam closed cell
content uses a gas pycnometer.®* For lignin-based rigid PUR foams, most researchers have utilized
a combination of digital, light, or scanning electron microscopy to estimate closed cell content.?%
To have more accurate results, we used a gas pycnometer for closed-cell content analysis (Table
4). All control and lignin-based foams met the minimum 90% closed cell content requirement for

thermal insulation,” with foams up to 50% lignin loading meeting stricter 95% closed cell content

requirements.’® Even with the decrease in closed cell content with lignin addition, the 100% lignin-

13



based foam met ASTM requirements and outperformed various biobased polyols reported in the

literature. %668

Tu et al.®®

used epoxidized soybean oil to replace 40% of petrochemical polyol in low-density
rigid PUR foam but did not meet 90% closed cell content requirements® (~87% closed cells).
Although lower 10, 20, and 30% soy oil replacements met minimum requirements (~95% closed
cells),%® were all lower than control and lignin-based foams up to 50% lignin loading (Table 4).
Unmodified wheat straw lignin and oxypropylated wheat straw lignin polyol were used as 15%
filler and 15% polyol replacement, respectively, in rigid PUR foam.®” Both lignin-based foams
had lower closed cell contents (92 + 3%)° than our PUR/PIR control and lignin-based foams
(Table 4). Additionally, all foams in this study outperformed oxypropylated tannin as a 75% polyol
replacement in rigid PUR/PIR foam (92 + 2).°® Though these other studies used either liquefied

6668

lignin/biomass or lignins with higher hydroxyl contents (8.4%7 compared to 5.8 mmol/g in

Table 2), the lower closed cell contents compared to our control and unmodified lignin-based
)67

foams (Figure 2) is a combination of high string gel times (>200 s)°’ and end of rise times (100-

180 5).68

Compression strength has also been reported as a limiting factor for lignin incorporation, along
with decreased foam reactivity in lignin-based foams.!>!3 Due to foam anisotropy, the compression
strength of foams almost doubles based on testing perpendicular to foam rise compared to
parallel.*® Here (Figure 3), we evaluate compression strength perpendicular to foam rise to ensure
we meet minimum requirements on the weakest side of the foam. The highest compression strength
of control and lignin-based foams was obtained at 50% lignin loading (Figure 3). Although
compression strength negatively correlated with lignin loading percentage (r = -0.6) as expected

due to the use of solid unmodified lignin, all control and lignin-based foams met the minimum

14



compression strength requirement (>104 kPa) for type 1 rigid foams.>® Lignin-based foams even
outperformed oxypropylated lignin as 100% polyol replacement in low-density rigid PUR foam
(90 kPa).>* A similar result was found with the compression strength of hydroxymethylated lignin

used as 2-30% polyol replacement in low-density rigid PUR foam (~40 kPa).”
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Figure 3. Compression strength of formulated foams. The dashed red line denotes ASTM

minimum requirement. Values with the same letter are not significantly different (p < 0.05).

The horizontal burn flammability test was used to determine the foams' flammability rating (HF 1
and HF2).* This test can ensure the safety of products by elucidating the relative burn rate, time,
and extent of the burn.*’! Longer flame times to the 25 mm mark and lower values for burn time,

percent loss, and burn length indicate better fire behavior.*> On average, the flame did not reach
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the 25 mm burn mark for lignin-based foams and had significantly shorter burn times than the
control (Table 5). The flame time to the 25 mm mark had a positive correlation (r = 0.7) with the
percentage of lignin loading and significantly increased compared to the control (Figure 4). Burn
time after flame removal decreased by over 72% in 100% lignin-based foams compared to the
control. All burn time values for control and lignin-based foams were below 30 s, meeting the HF1
fire characterization.* The weight change and burn length of lignin-based foams, compared to the
control, decreased by over 24% and 55%, respectively. All specimens had less than 60 mm burn
length and did not ignite the cotton indicator, meeting the HF 1 material classification.** In general,
lignin has been reported to increase the char yield of rigid PUR foams (analyzed via thermal
gravimetric analysis at 10°C/min) due to its aromatic structure and creating an insulation layer to

further prevent the spread of flame.®

Table 5. Fire Behavior of Foam

Lignin Flame time to Burn Time After Flame Percent Weight Loss Burn Length
(%) 25 mr(':)mark Rerz'lsc))val (%) (mm)
0% 5+1° 4.6 +0.5° -5.6 £0.6° 35+ 142
25% 18 £+ 9° 22+0.3° -4.5+0.7% 22 +8°
50% 19 +10° 1.6+0.8° -4.3 0.6 20 +9?
75% o™ 1.3+0.6° -4.1+0.5% 17 +5°
100% o™ 1.3+0.3° -3.7+0.6° 15+ 42

*Values with the same letter are not significantly different (p < 0.05)

**Flame removed after 30 seconds because flame did not reach 25 mm mark

16



Though fire properties in rigid foam are generally enhanced via the use of reactive flame
retardants, active flame retardants, or flame-retardant coatings, ’> higher density foams and the use
of PUR/PIR over PUR formulations will increase fire retardant behavior due to a more compact
burn layer’® and the presence of more thermally stable polyisocyanurate bonds,* respectively.
Since all of our foams were within the low-density range for rigid polyurethane foams (30-60
kg/m®), the effects of density should not be significant.!*3! This is confirmed by the low
correlations between apparent density and fire properties: burn time after flame removal (r =-0.3),
percent weight loss (r = 0.5), and burn length (r = -0.5). The addition of unmodified kraft lignin as
a polyol replacement and its ability to function as a flame retardant further increases the value

proposition of lignin for use in rigid PUR and PUR/PIR foams.

0% 25% 50% 75% 100%

Figure 4. Charring of control and lignin-based foams. Uncharred samples are on the left, and

charred samples are on the right.

Scanning electron and digital light microscope images (Figure 5) showed an increase in cell

diameter and perimeter (Figure 6) with lignin addition (r = 1). Up to 50% loading, no significant

17



difference was found for lignin-based foams compared to the control for cell perimeter and
diameter, while the cell strut width showed no significant difference from the control at any lignin
loading percentage. Overall, the cell diameter of our control and lignin-based foams (~0.2 mm)
were smaller than previous studies using 0-6% lignin loading in low-density rigid PUR foam (~0.5
mm).>? All cell size results were comparable to other biobased polyols used in low-density rigid

PUR/PIR foam formulations,®® our previous research,'® and ASTM specifications.”

X200 100pm SEI 10kV WWWD12mm SS30 X200 /ﬂmpm —_— SEl 10k
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Figure 5. Scanning electron microscope® and digital light microscope® images of formulated

foams.
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Figure 6. Cell Sizes of Formulated Foams. Values with the same letter are not significantly

different (p < 0.05). All cell strut widths were within 0.05 = 0.01 mm.
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CONCLUSIONS

This study is the first to demonstrate the complete substitution of petrochemical polyols with
unmodified commercially available solid lignin in low-density rigid polyurethane
/polyisocyanurate foams. Kraft softwood lignin was incorporated into the foam by gradually
replacing 0-100% of petroleum-based polyol in 25% increments. All lignin-based foams
outperformed the control in burn time by over 56% while still meeting the minimum ASTM-
required closed-cell content, compression strength, and thermal conductivity for rigid foam
applications. This work shows the feasibility of using unmodified commercial lignin to fully
replace fossil fuel-based polyols when formulating low-density rigid polyurethane/
polyisocyanurate foams that meet the standard requirements for type 1 insulation applications.
This represents a significant step towards using more sustainable foams with superior fire
performance for building construction applications. In addition, this creates a value-added
opportunity for lignin as an underutilized portion of the biomass. Future research should focus on
optimizing lignin-based foams for industrial scale-up and tuning lignin properties such as hydroxyl

content and molecular weight to further enhance and evaluate their effects on foam properties.
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