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ABSTRACT

Lignin is one of the most abundant aromatic natural polymers. Produced as a by-
product from the biomass refinery industries, lignin remains largely underutilised in high-
value industrial applications. The incorporation of lignin in rigid polyurethane foam
(RPUF) has been the focus of much research, due to its potential to replace fossil fuel-
based components of RPUF. However, the overall sustainability of RPUF depends on
numerous factors including processability, cost-effectiveness, and retention of
performance throughout the service life. To date, the incorporation of lignin has been
explored either as filler particles (through direct incorporation) or as a blendable liquid
polyol introduced after chemical modifications (such as oxyalkylation, functionalisation,
or depolymerisation). However, the production of lignin incorporated foam with high
performance through cost-effective processing is still an ongoing challenge. Herein, this
review critically appraises the progress on the effective incorporation of lignin in RPUF.

Firstly, this review briefly covers the essential raw materials, formulation,
important properties, and sustainability aspects of RPUF for industrial applications.
Secondly, it provides insights on the key parameters of lignin of relevance to
incorporation into RPUF. Thirdly, it benchmarks the reported studies on incorporation of
lignin in RPUF systems by evaluating their important properties and proposes potential
strategies for addressing the key challenges in the incorporation of lignin in RPUF. By
bridging the gaps that exist in the literature on the utilisation of lignin in RPUF this
account will serve as a resource for both beginners and professionals in the polyurethane
and biorefinery industries towards the successful development of lignin incorporated

RPUF for industrial applications.
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Abbreviations:

PU, polyurethane; RPUF, rigid polyurethane foam,; PIR, Polyisocyanurate foams, pMDI,
polymeric methylene diphenyl diisocyanate; Arorar, effective thermal conductivity; Asorp,
thermal conductivity of the solid phase. Agss thermal conductivity of the gas phase.
Aconvection, thermal conductivity through convection. Agsprarive, thermal conductivity
through radiation. f, functionality;, Av, Acid value; OHv, hydroxyl value; Mw, weight
average molecular weight; Mn, number average molecular weight; w/w, weight by
weight; v/v, volume by volume; MDI, diphenylmethane diisocyanate; php, parts per
hundred; T, glass transition temperature; CFC, chlorofluorocarbons; HCFC,
hydrofluorocarbons;,  HC,  hydrocarbons;, HFO, hydrofluoroolefins; HCFO,
hydrochlorofluoroolefins;, DMCHA, dimethylcyclohexylamine; ODP, ozone depletion
potential; GWP, global warming potential;, H unit, para-coumaryl alcohol; G unit,
coniferyl alcohol; S unit, sinapyl alcohol; KL, Kraft lignin, SL, soda lignin, LS,
lignosulfonate; OSL, organosolv lignin, HL, hydrolysis lignin; SKL, softwood kraft
lignin;, HKL, hardwood kraft lignin; SAL, soda/anthraquinone lignin, EPL, ethanol
process lignin; GPC, gel permeation chromatography; SEC, size exclusion
chromatography, THF, tetrahydrofuran; TnBAH, tetra-n-butyl ammonium hydroxide,
DMF, dimethylformamide; NalsS, sodium lignosulfonate; CaLS calcium lignosulfonate;
DMSO, Dimethyl sulfoxide,; IPDI, isophorone diisocyanate; TDI, toluene diisocyanate;
HDI, 1,6-hexamethylene diisocyanate; DEG, diethylene glycol; TEG, diethylene glycol;
PPG, polypropylene glycol; MCC, microcrystalline cellulose; CNC, cellulose
nanocrystals; TMDP, 2-chloro-4, 4, 5, 5-tetramethyl-1, 3, 2-dioxaphospholane; CV,

coefficient of variation; SEM, scanning electron microscopy,; FTIR, Fourier transform



infrared spectroscopy; UV, ultra violet spectroscopy;, NMR, nuclear magnetic resonance,

NR, not reported.



1. Introduction

Polyurethane (PU) is one of the largest and fastest-growing classes of polymers
as it is used in a wide range of applications such as thermoplastics, foams, elastomers,
adhesives, coatings, and sealants because it can be easily tailored to obtain specific
properties by altering the types and quantities of the constituents [1]. This versatility in
chemistry and processing enables wide opportunities for introducing new raw materials
into polymer products.

Rigid polyurethane foam (RPUF), is a cellular plastic, largely used as a
lightweight insulation material for appliances and buildings, due to its superior physical
properties at low density and long-term durability [2-4]. The global market for RPUF is
estimated to increase to USD 58 billion by 2021 due to the increasing demand for
infrastructure development and energy-saving materials due to climate change
regulations and growing population. The production of RPUF and the related
polyisocyanurate (PIR) foams with high mechanical performance and long-term thermal
resistance currently utilises large amounts of petroleum-based aliphatic polyether polyols,
aromatic polyester polyols, and aromatic polyisocyanates. Thus, there has been
considerable research over the years regarding the preparation of RPUF based on polyols
from biomass (polysaccharides, lignin, and tannin), vegetable oils, industrial residues,
and the production through non-isocyanate routes [4-9].

Lignin which is readily available as a by-product from the biorefinery pulping
processes is of particular interest as a potential precursor because it has high aromatic
content and contains both aromatic and aliphatic hydroxyl groups for incorporation into
the RPUF matrix [10-12]. The interest in the use of lignin in polyurethane (Figure 1) has

been increasing exponentially, however, the commercial use of lignin in RPUF is yet to



be realised. Hence, it is worthwhile to review the current status of studies to date on the

incorporation of lignin in RPUF.

Research outputs on lignin in polyurethane
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Figure 1 Research trends on the use of lignin in PU and RPUF over the last 20 years
based on a search with relevant keyword combinations in the citation database ‘Scopus’

(accessed in June 2020).

While there are many excellent reviews available on the use of bio-based materials
in polyurethanes [4, 5, 13], including lignin in polyurethanes [12, 14, 15] and foamed
plastics [2, 14, 16], there is no critical review on the effect of lignin incorporation on the

key performance of RPUF for potential thermal insulation applications.

2. Rigid Polyurethane Foam (RPUF)

RPUF is a thermosetting cellular polymer with a high level of cross-linking

formed through urethane linkages. It is synthesized by reacting two liquid components;



polymeric diphenylmethane diisocyanate (pMDI), which contains multiple isocyanate (-
NCO) groups, with a polyol blend containing polyols with multiple hydroxyl (-OH)
groups, flame retardants, crosslinkers, catalysts, blowing agents, and surfactants [13]. By
carefully formulating these constituents, choosing the processing method, and controlling
the cell microstructure, the mechanical and thermal properties can be tailored to the

intended application [17, 18].

RPUF, depending on its density and physical properties is used in a wide range of
applications which include building construction, automobiles, acoustics, machinery,
floatation modules, and other applications where they can lend structural support (See
Figure A1 in Supporting Information). For example, RPUF with a density of around 500
kg/m3 is used as simulated wood for structural applications whereas RPUF with a density
of around 30 kg/m? is used as a lightweight thermal insulation material for buildings and
appliances. Further, the incorporation of various nanofillers in RPUF has also been
explored for tailoring the properties required for unique applications [19-21] such as
membranes, gas barrier applications, and EMI shielding [22]. However, the vast majority
of RPUF is used as lightweight insulation material, as it provides high insulation

performance at the minimum thickness and low density [23, 24].

2.1. Physical Properties of RPUF for Insulation

The most important properties of RPUF used as insulation in buildings are low
density, good dimensional stability, high compressive strength, low thermal conductivity
(both initial and aged), resistance to moisture absorption, air-tightness, fire resistance, and

durability [1, 2]. There are many different national standard test methods for



characterising RPUF and the materials used to manufacture them (See Table Al and
Table A2 in Supporting Information). RPUF based insulation material has a low density
(~30-40 kg/m?), a high closed cell content (above 90%), and low thermal conductivity
(~< 0.017-0.026 W/mK). Table 1 also compares the reported properties of a typical
commercial PIR foam board insulation from Recticel Insulation [25] used to insulate full

cavity masonry walls in buildings, against typical values frequently cited in the literature

[18].
Table 1 Typical physical properties for RPUF [18] [25]
Property Typical Commerecial Test standard
values? Example®
Typical core density 24-32 ~30
(kg/m’)
Thermal conductivity 17-30 22 EN 13165
(mW/mK)
Tensile strength (MPa) 0.2-0.28 -
Compressive strength >0.12 BS EN 826:2013
(MPa)
Parallel to foam rise 0.14- 0.31
Perpendicular to foam rise 0.10-0.17
Closed cell content (%) 92-98

10



Dimensional stability at

(% volume change)

At 70°C, 14 days 7-15

At 100°C, 14 days 5-10

The lower the density of RPUF the more economic it is against other competitive
insulation materials [26]. However, it should be within the limit of providing dimensional
stability according to an industry-standard (BS EN ISO 844:2014) and load-bearing
capacity with a minimum compressive strength of RPUF (100 kPa) [27, 28]. It is
generally measured in the direction of foam rise by a standard method, above which the
RPUF will be dimensional stable [29].

The compressive strength of RPUF, at room temperature, for commercial
densities of between 30-45 kg/m? is directly proportional to the density [30]. To date,
while there is no generally accepted correlation between compressive strength and
fundamental parameters, such as cell size, it is generally accepted that the compressive
strength of RPUF increases with smaller cell size and narrower cell size distribution [31,
32]. Finally, the compressive strength of RPUF depends on the direction of measurement
as RPUF exhibits strong anisotropic behaviour and is stronger in the direction of foam
rise [30, 33].

The thermal conductivity (denoted by 4 or the k-factor) of RPUF [34] is the sum
of four parts (AtoraL = AsoLip + Agas T AconveEcTion T AraDIATIVE) but given that the cells

in RPUF are so small AconvecTion 1S considered negligible. Given constant conduction
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for gas phase (Agas) and solid phase (AsoLp), the initial thermal conductivity of RPUF is
directly proportional to the radiative conduction (Agapiatrve) Which is linearly dependent
on the average cell size ( as indicated in yellow arrows in Figure 2a) of the foam [29, 35,
36]. Hence, the most common strategy for improving the thermal insulation of RPUF is
to reduce the average cell size (Figure 2b and Figure 2c¢), without a significant change
in the density (as it affects Asorp) and overall closed-cell content (%) (as it affects cell

size and because open cells contain air which has a high thermal conductivity).

(b)

“'3 AN

< struts

RADIATIVE ’ ACONVECI' ION

Figure 2 Relationship between overall thermal conductivity and microstructure of RPUF
(a) 2D optical micrograph showing different components of cell morphology of RPUF,
(b, ¢) Schematic comparison of influencing factors on total thermal conductivity of RPUF

with relatively larger and smaller cells

The resistance to moisture absorption is an important property of RPUF, as the
thermal conductivity of water (A = 0.59 W/mK at 25°C) [37] is significantly higher than
that of the common physical blowing agents. Hence, long-term absorption of moisture

into the RPUF could increase thermal conductivity. Fortunately, because of its high
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closed cell content and hydrophobicity RPUF has good water and moisture resistance
[38]. Further, this resistance is often enhanced by the use of facers. For example in Table
1 Eurowall®+ is faced with an impermeable aluminium/plastic foil composite [25].

The high closed cell content of RPUF also makes it airtight and this property is
enhanced by the presence of facers on the RPUF. The diffusion of air (A=0.024 W/mK)
into RPUF and diffusion of CO, (A= 0.016 W/mK) or other blowing agents (0.009-0.012
W/mK) out of RPUF will occur over time [34] leading to an increased aged thermal
conductivity. This process is slow and can be retarded by the presence of facers or the use
of thicker sections of RPUF. Tests conducted over 15 years on RPUF have shown that
the increase in thermal conductivity (about 0.003 W/mK) due to gas diffusion reaches a
stable equilibrium at around the first three years [38, 39].

In terms of fire resistance, RPUF does not melt or produce burning droplets when
exposed to fire due to its thermosetting nature [28]. However, they do require the addition
of fire retardants to meet various national standards used in the building industry. The
performance of RPUF can also be enhanced by using an aluminium foil or steel facing as
used on RPUF board stock or RPUF composite panels respectively [1]. RPUF is also
considered low risk in applications where it is covered with drywall (plasterboard),
sandwiched between a double brick construction, or covered both sides by concrete as
floor insulation.

Over the last few years, there has been a move away from small scale fire tests to
large scale fire tests [40] on building elements and this is driving the use of PIR foam at
the expense of fire retarded RPUF. While RPUF generally decomposes at around 200 °C
leaving a 20% ‘char yield’, PIR foams have higher thermal stability and decompose at

around 325 °C leaving a ‘char yield’ of around 50%. PIR foams have superior fire
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resistance compared to RPUF [41, 42] due to the use of aromatic polyester polyols which
increases the overall level of aromatic moieties in PIR foam providing improved high
thermal stability and char yield [43].

RPUF is a very durable product as it is resistant to common chemicals used on a
building site including solvents in adhesives, sealants, primers and bituminous materials.

Further, it is resistant to mould caused by moisture and has no detectable odour.

2.2. Structural Aspects of Physical Properties

Polyurethanes are segmented polymers consisting of alternating soft and hard
segments. The soft segments, typically polyether or polyester polyols, are flexible and
low polarity while the hard segments are polar urethane moieties capable of interaction
by hydrogen bonding [18]. In PU elastomers which are based on linear high molecular
weight polyols (M,, = 500-5,000) and monomeric diisocyanates (such as
methylenebis(phenyl isocyanate) (MDI), toluene diisocyanate (TDI), naphthalene
diisocyanate  (NDI), isophorone diisocyanate (IPDI), methylene  bis-
cyclohexylisocyanate (hydrogenated MDI, HMDI,), and hexamethylene diisocyanate
(HDI)) with low functionality (f) of 2 (See definitions in section S2 of Supporting
Information), the hard segments can phase-separate into domains that influence the
mechanical properties [18]. However, since RPUF is based on low molecular weight
polyols (M, =400-1200) with higher functionality (f> 3) and polymeric isocyanates with
a functionality (such as polymeric diphenylmethane diisocyanate (pMDI), £~2.7) [44], the
high cross-link density inhibits such microphase separation. Hence, the physical
properties, such as compressive strength, primarily depend on the density of the RPUF.

However, for a given density, and cellular structure (cell size and closed-cell content), the

14



mechanical properties of RPUF depends primarily on the cross-link density (from
covalent bonds) and the extent of hydrogen bonding between the urethane hard segments.
The cross-link density will reflect the functionality of the polyols and pMDI and the

isocyanate index [45].

Low-density RPUF has a pentagonal dodecahedron microstructure [46]. The
cellular structure (cell size and closed-cell content) of RPUF directly affects the thermal
conductivity and indirectly affects the compressive strength of RPUF. The polymer
matrix of RPUF at a density of around 30 kg/m? only represents about 3% of the volume
of these materials [45]. The bulk of the material is closed cells (typically over 90%) filled
with blowing agent. While the thickness of the cell walls of RPUF range from around 3
um (cell windows or faces) to 30 um (cell edges or struts), the cells themselves are

typically around 250-500 um in size [27] and elongated in the direction of foam rise [46].

2.3. Formulation of RPUF

The production of RPUF with the desired range of physical properties depends on
the formulation and the processing conditions. The general definitions and calculations
involved in the formulation are discussed in section S2 of the Supporting Information.
The formulation and the function of the major ingredients are explained further with
corresponding foaming reactions (Figure 3) [18, 47, 48] using a model commercial
formulation (Table 2) without fire retardants or other additives. This formulation is
originally from the Dow Chemical Company [49] but slightly modified in our laboratory

to accommodate a different blowing agent [29].
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Table 2 Typical formulation for RPUF [29, 49]

Material Quantity Description

Part A: Isocyanate (by parts)

Polymeric methylene diphenyl 103 Isocyanate
diisocyanate (pMDI)

Part B: Polyol Blend (by parts)

Voranol™ 446 100 Polyether polyol
Tegostab® B8460 2.0 Surfactant

HFC-M1 30 Physical blowing agent
Water 1.5 Chemical blowing agent
DMCHA 1.0 Catalyst

Apparent Core Density (kg/m?) 33.5+0.7

Reactivity (£ 2 s)

Cream time 40 Nucleation

Gel time 245 Polymerisation

Free rise time 367 Cell expansion
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pMDI is the main isocyanate used to manufacture RPUF although there are niche
applications, such as surfboard foam, which are made from other isocyanates. pMDI is a
mixture of aromatic compounds containing an average of 2.7 isocyanate groups per
molecule (f= 2.7) which are particularly reactive towards nucleophiles such as amines,
alcohols, carboxylic acids, thiols, water, urea, and urethane [50]. The isocyanate index
for a formulation is a measure of the excess isocyanate used relative to the theoretical
amount required to react with all of the reactive hydrogen groups in the polyol blend.
Typically, RPUF has an index from 90-130 [51], whereas PIR foam (discussed later) has
an index above 180 [52, 53] and typically around 300.

Voranol™ 446 is a sucrose-glycerine initiated polyether polyol with a
functionality of 4.5 (average number of hydroxyl groups per molecule) and a hydroxyl
value of 446 mg KOH/g which means it has an average Mw of 566 Da [49]. The polyols
used in RPUF are chosen to have a hydroxyl value of 250-1000 mg KOH/g, a
functionality of 3.0-8.0, and an Mw of 150-1,200 Da [54]. (Refer section S2 in Supporting
Information for a discussion on the relationship between hydroxyl value, acid value,
functionality, and molecular weight).

Simplistically, when pMDI is reacted with Voranol™ 446 it forms a highly cross-
linked polymer matrix (reaction I, Figure 3). As the reaction is exothermic (the centre of
the foam can reach temperatures over 150 °C within 200 seconds) it evaporates the
physical blowing agent while the surfactant stabilises the resultant gas bubbles [54] to
form a gas-filled cellular structure. In practice, the formation of RPUF is much more
complex and the first reaction that occurs is the reaction of pMDI with water. The water
acts as a chemical blowing agent by generating CO, (reaction II, Figure 3) which also

leads to the formation of urea (reaction III, Figure 3). The urea can further react in the
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presence of excess pMDI to form a biuret (reaction IV, Figure 3). This latter reaction
although reversible at high temperatures is important in the chemistry of RPUF as it is
used to increase the cross-link density and thus the physical properties, such as the
compressive strength, of the RPUF [44, 54, 55]. However, it has been reported that RPUF
made with physical blowing agents has a smaller cell size than those made of chemical
blowing agents [56] which improves the thermal conductivity [57].

The work of Seo et al [58] on a full water-blown polyether RPUF at a pMDI index
of 105 provides perspective on the impact of biuret cross-linking in RPUF. When the
level of water is increased (0.5 to 3.0 php), the average cell size increases, while the
density of the RPUF decreases. Hence, as a result, the compressive strength decreases
because the mechanical properties of RPUF depend mainly on density. However, at
constant density, the compressive strength of the RPUF increases with increased water
content but the associated increase in the compressive strength of the RPUF, due to the
increased cross-link density (as seen in the T, of the RPUF) from the biuret, is an order
of magnitude lower than that due to the density decrease.

Similarly, when there is an excess of pMDI in an RPUF formulation it can react
with a urethane moiety to afford an allophanate group (reaction V, Figure 3), which again
is reversible at high temperatures, but again is used to increase the cross-link density and
thus the physical properties of the RPUF [59, 60]. Guo et al [61] have reported that the
compressive strength of RPUF increases proportionally with the pMDI index between
110 to 130 using both HCFC and water as blowing agents. Fan et al [62] have reported a
similar linear relationship between compressive strength and pMDI index between 70 and

110 in full water blown RPUF.
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Kim et al [51] studied the effect of increasing the isocyanate index on a polyether-
based RPUF blown solely with a physical blowing agent (HFC365mfc). It was found that
as the index increased from 90 to 130 the gel time marginally decreased, the density
decreased by about 9%, the compressive strength decreased by about 16%, the cell size
and closed-cell content were unaffected but the thermal conductivity decreased by around
7%. While the increased cross-linked density due to the allophonate groups was visible
in the measured T, values, the increase due to allophonate cross-linking is again an order
of magnitude less than that due to the density change.

Catalysts are used in the manufacture of RPUF to promote selective reactions
when multiple reactions can occur at the same time [13]. For example, N, N-
diamethylcyclohexylamine (DMCHA) used in Table 2 offers a balanced catalytic
reaction in creaming, gelling and foaming reactions (explained below). It has a strong
catalytic affinity for the reaction between water and isocyanate and a moderate catalytic

affinity for the reaction between polyols and isocyanate [63].
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Figure 3 Key chemical reactions involved in polyurethane foam formation [18, 47, 48]
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Aside from continuous manufacturing processes (used for the production of PIR
foam), discontinuous manufacture of RPUF is normally done by the two-shot method
where premixed polyol blend (Part B) containing polyols, blowing agents, catalysts and
other components is mixed with pMDI (Part A) [2]. The foaming process can be explained
in terms of the reaction profile (Figure 4) [64]. The mixture immediately turns cloudy
and starts to rise which is called the ‘cream time’. The expanding foam then starts to
polymerize which is called the ‘gel time’. The time taken for the foam to reach its largest
volume is called the ‘rise time’. Finally, the time taken for the foam to lose its ‘stickiness’

is known as the ‘tack-free time’ [64].

Mixing
PartA+PartB Creaming Gelling \ Foam rise 1 Volume
\ \ expansion
1 v 5 5 v
o0 oo O 00 OO OOO
. ° e OOO OO OOQ) O
s ©° O (9 O

o5
ool 38O

Figure 4 Schematic representation of physical and morphological changes occur at

. e
" 00

different stages [64].

PIR foam contains both urethane and isocyanurate groups. The latter is generated
by the trimerization of an excess of -NCO groups (reaction VI, Figure 3) but this will
only happen at a later stage when the temperature is high and usually in the presence of

trimerisation catalysts such as potassium octoate [18]. The isocyanurate ring formation is
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also exothermic which causes a secondary rise in the foam. There is no industry agreed
isocyanate index above which foam is classified as a PIR foam but an index of 350 is
usually the upper limit due to the level of friability of the PIR foam [54]. The isocyanurate
groups confer additional crosslinking to the foam which increases the thermal stability,
improves fire performance, and reduces smoke generation [1]. While PIR foam can be
made using polyether polyols it is normally manufactured using aromatic polyester
polyols which are currently manufactured from petrochemical feedstock by condensation

of polyhydroxy compounds with an aromatic dicarboxylic acid [41].

2.4. State of Art in Bio-based Polyols for RPUF

The RPUF market is still dominated by petroleum feedstock-based polyols. As a
result polyols from alternative renewable resources such as natural products and
vegetable oils [6, 15, 24] have been of academic and industrial interest for several years
because bio-polyols have the potential to enable a cost-effective improvement in the
sustainability of RPUF production [5]. Various natural products in their modified or
unmodified state have been investigated for polyol production include seed oils, castor
oil [65, 66], palm oil [29], coffee [67, 68], soy [69, 70], rapeseed oil [71], grape seeds
[72], corn stalks [73], sugar cane bagasse [74] and wood [75, 76].

However, to date, the substitution of petrochemical polyols with bio-polyols has
been limited because high loadings of bio-polyols can have a detrimental effect on the
physical properties of the RPUF and/or the production of the bio-polyols involve energy-
intensive multi-step chemical modification processes such as liquefaction, esterification,

transesterification, epoxidation, and oxypropylation of the natural product [5].
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Excessive loadings of bio-polyols to replace petrochemical polyols usually
reduces the compressive strength of the RPUF which necessitates increasing the density
to maintain the minimum compressive strength (and dimensional stability) making them
uneconomic. For example, Septevani et al [29] observed that the mechanical, thermal
properties and dimensional stability of RPUF produced by substituting polyether polyols
with palm kernel oil-based polyester polyol were only comparable to the pure polyether
polyol based foams at a loading of up to 20% w/w in the polyol or 8.4% w/w in the total
RPUF.

Fan et al [62] have studied the effect of replacing polyether polyol in RPUF with
soy-phosphate polyol at various loadings up to 50% w/w and observed a continuous
decrease in compressive strength with an increase in soy phosphate polyol loading. Thus,
while soy-based polyols and foams have been commercialised [77] they have only found
limited use in spray foam (polyurethane mixture sprayed through a gun to expand on the
applied surface) for non-load bearing applications.

The issue can be illustrated by comparing three commercial products (Table 3)
from Demilec Inc. [78-80]. Heatlok®Soy200+ is described as a mixture of polyether,
aromatic polyester, and soybean oil derived polyols, and reading between the lines the
other two products are similar but with different proportions of the polyol components
[74]. In all cases, the proportion of soy-based polyol does not exceed 14% (total foam)
which would be consistent with a limit of around 20% in the polyol blend (Part B) as
discussed above.

Further, as the blowing agent moves towards the more environmentally friendly
HFO (hydrofluorolefin) material the level of renewable (soybean oil polyol) drops

significantly presumably due to a compatibility issue with the blowing agent [56]. Finally,
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we cannot draw any conclusions between compressive strength and soy-based polyol
content because every formulation uses a different physical blowing agent. Agrawal et al
[7] and Zhang et al [81] have reviewed studies on renewable resources for polyurethane
foam production with the perspective of enhancement of properties, including the

utilization of natural or synthetic fibers, nano-fillers, and reinforcements.

Table 3 Physical properties of commercial RPUF using biobased polyols [78-80].

Property Heatlok® Soy Heatlok®  Heatlok® Test
200+ XT HFO Pro Method
(Summer)
Core density (kg/m?) 33.6 35.7 32-38.4 ASTM
D1622
Thermal conductivity  0.020 0.022 0.020 ASTM
(W/mK) C518
Closed Cell Content 90 93 98 ASTM
(%) D2856
Air Leakage at 75Pa <0.002 <0.002 <0.002 ASTM
25.4mm (L/s.m?) E283
Water vapour <57.2 <57.2 52.5 ASTM E96
permeance 36mm 28mm 25mm
(ng/Pa*s*m?)
Compressive strength 198 124 214 ASTM
(kPa) D1621
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Tensile Strength (kPa) 319 261 303 ASTM

D1623

Dimensional stability  (-1.37, - -5.5% -3.7% ASTM
@70C & 97%RH 0.42,+0.27%  volume volume D2126
(168hrs without volume
substrate) change)
VOC Emissions Compliant Compliant  Compliant CA 01350
standard
Fungi resistance No fungal No fungal No fungal ASTM

growth growth growth C1338
Fire test: ASTM E84
Surface Burning Class 1 Class 1 Class 1
Characteristics 20 0-5 12
Flame spread Index 400 350-400 350-400
Smoke Developed
Renewable content 13.5% 8% 6%
Recycled content 26.5% 37.4% 19%
Blowing agent HFC245fa, HFC245fa  HFO-

HFC365mfc 1233zd(E)

& HFC227ea

2.5. Sustainability of RPUF
Figure 5 /1, 5, 18, 28, 41, 82] summarises the factors for consideration in

assessing the sustainability of RPUF including raw materials and long-term performance
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[27]. According to an evaluation [82] conducted by the Building Research Establishment
(BRE) in the UK on a series of insulation materials for long-term performance, RPUF
was found to be the superior insulation choice at the total building level due to the low
thermal conductivity achieved at low density without compromising load-bearing
capacity. However, when assessed at the raw material level (or manufacturing phase)
from environmental impact perspectives [83] there are still several issues and

opportunities.

Molecules of natural origin

+ | ess chemical and energy input
Raw Renewable /alternative feedstock

materials (CO;, recycled polyols) Y.

Blowing agents with low
environmental impact

Compatible components

Controlled microstructure
Small and closed cells

Structural

aspects

Properties that meet industry
requirements

Physical (Load bearing, insulation,
properties fire/moisture resistance)

Performance retention during
service life

Low building emissions

Figure 5 An overview of the various factors influencing the sustainability and

performance of RPUF [1, 5, 18, 28, 41, 82]
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First, the majority of the raw materials used in RPUF production are derived from
fossil fuels. For example, polyether polyols for RPUF are manufactured using propylene
oxide and efforts to date to manufacture propylene oxide using bio-based materials have
been unsuccessful. That this might change in the future, has credence from the fact that
Croda International Plc [84] has built a plant to make bio-ethylene oxide, a related
chemical used in the manufacture of surfactants and flexible polyurethane foam polyols.
Efforts to make a bio-isocyanate have also been unsuccessful to date.

Second, RPUF in the past had utilised blowing agents that were reported to
contribute to atmospheric ozone depletion. Following the adoption of Montreal Protocol
in 1987 the PU industry phased-out chlorofluorocarbons (CFC), because of their high
global warming potential (GWP), with hydrochlorofluorocarbons (HCFC) which were
subsequently replaced with hydrocarbons (HC) and hydrofluorocarbons (HFC). The
industry is now gradually replacing HFC with hydrochlorofluoroolefins (HCFO) which
have low thermal conductivity and exhibit both low ozone depletion potential (ODP) and
GWP values [85]. Table 4 [85-87] summarises the physical properties of some of the

current and past blowing agents in RPUF.

As a result, the majority of the current research to improve the sustainability of
RPUF has been focussed on the replacement of the polyether polyols in RPUF with
renewable polyols from biomass resources [5]. In this regard, lignin is an attractive
potential bio-feedstock as it is non-toxic, sourced from a non-food-bioresource, and

potentially offers high aromatic carbon content.
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Table 4 Properties of common current and past blowing agents used in RPUF [85-87]

zg):linglass Example IUPAC name poli:i‘S(?C) ope Gwe (gl/\ilnvf)l) ();112;;753:1((?)
CFC R-11 Trichloro-fluoromethane 0 1 4750 137.3 8.4
HCFC R-141b 1,1-Dichloro-1-fluoroecthane 0 0.12 725 117 9.7
HFC R-365mfc 1,1,1,3,3-pentafluorobutane -25 0 782 148.1 10.5
HC Isopentane 2-methylbutane -51 0 11 72.1 13.3
HCFO R-1233zd(E)  1-chloro-3,3,3-trifluoropropene 0 0 1 130.5 10
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3. Lignin

Lignin is an abundant aromatic biopolymer derived from plant biomass. It fills the
spaces between the cellulose and hemicellulose in plant cell walls where it acts as a gluing
matrix that holds the lignocellulose fibrils together [88]. It is well documented that lignin
is a heterogeneous polymer without a fundamentally defined structure [89]. The amount
of lignin content varies by source [90, 91]; for example, grass contains 17-24% w/w while
softwood and hardwood contain 18-25% w/w and 27-33% w/w respectively.

As depicted in Figure 6 [92, 93], it is an amorphous three-dimensional polymer
formed typically from up to three random repeating monomers; paracoumaryl alcohol (H-
type), coniferyl alcohol (guaiacyl unit or G-type), and sinapyl alcohol (S-type), connected
in situ by radical polymerization to form carbon-carbon bonds and carbon-oxygen bonds
with the B-O-4 being the most abundant linkage. [92] The composition of lignin (H/G/S
monolignols ratio) varies by source; grasses contain all three monomeric alcohols (5—
33/33-80/20-54 %), softwood contain mainly guaiacyl units (0-5/95-100/0 %), while
guaiacyl and syringyl units dominate in hardwood (5-33/33-80/20-54 %) [43, 94, 95].

While lignin present naturally in plants is referred to as ‘native or natural lignin’,
the extracted lignin from parent lignocellulosic biomass through common industrial-scale
production methods (which include chemical pulping of biomass, and recovery/
separation of lignin) is called ‘technical lignin’ [96-98]. As shown in Figure 6, the
chemical structure and physical properties of these technical lignins vary depending on

the specific extraction method [92, 93].
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through common technical processes, showing representative functional groups [92, 93,
96].

3.1. Types and Production of Technical Lignin

Numerous processes have been studied for the extraction of technical lignin but
as they have been extensively reviewed [90, 96, 98, 99] only the most common industrial
methods will be discussed briefly below. Other processes used for the extraction of lignin
include ball-milling, milling with or without a catalyst [100, 101], enzymatic
degradation, steam explosion, pyrolysis, sequential liquid-lignin recovery and
purification (SLRP™), processing with ionic liquids, which are utilized in laboratories or
pilot plant reactors [94, 98, 102].

Kraft pulping is a well-established in the pulping industry and commonly used
method to remove 85-95% of the lignin and 56-71 % of the hemicellulose from wood
biomass [98, 103]. The wood chips are added to a mixture of aqueous sodium hydroxide
(NaOH) and sodium sulphide (Na,S) solutions and heated at temperatures between 150°C
and 180°C for about 2 hours [94]. The majority of the cooking liquor or black liquor is
typically concentrated (to 70-80 %) and supplied for energy needs to operate the mills
and recaustisation (recovery of cooking chemicals) [97]. The sodium salt of Kraft lignin
(KL) is recovered from the remaining amount of black liquor through acidification
(neutralisation) using carbon dioxide and sulphuric acid, followed by hot filtration to
afford the sodium salt. The sodium salt is suspended in water and further acidified to a
pH around 2.0, filtered, washed, and dried to obtain purified KL (also called alkali lignin)
[2, 92, 94, 99]. The final KL is dark in colour, and has a sulphur content up to 3% [96].
It is soluble in ethylene glycol, partially soluble in methyl formate and methanol, and

insoluble in in water (unless alkaline) and most other common solvents [104, 105].
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Overall, KL is the largest commercially produced technical lignin with over 13 million
tonnes [96] produced annually by the paper and pulp industry [106].

Lignosulfonates (LS), also known as ‘sulphate lignin’, the second most common
commercial form of technical lignin, has a global production of only around 1.06 million
tonnes per annum [ 107]. The sulphate process produces wood pulp (cellulose) in an acidic
medium (pH 1.5-5.0) by using various salts of sulphurous acid to extract lignin. The salts
are either sulfate (SOs%) or bisulfites (HSO5") depending on the pH. The counterions can
be either sodium, ammonium, magnesium, or calcium [108]. The wood chips are mixed
with the pulping chemicals for 4 to 14 hours at temperatures between 120 and 180 °C
depending on the chemicals used [93, 98]. The LS extracted from the “brown liquor” is
commercially available in the form of sodium or calcium salts or as the free neutralised
sulphonic acid [99].

The organosolv process involves the treatment of biomass in an organic or
aqueous-organic polar solvent mixture with hydrochloric or sulphuric acid (typically) at
temperatures from 170°C to 190°C to simultaneously isolate individual streams of
hemicellulose, cellulose, and organosolv lignin (OSL) [92, 105, 108]. The OSL is
recovered from the organic phase so the specific solvent used in the process influences
the properties, polarity, and structure of the OSL. The most common process is based on
aqueous-ethanol however acetic acid and formic acid solutions are also used [109]. As a
result, OSL is highly soluble in organic solvents but insoluble in water [73]. Second-
generation biofuel production in the USA alone is expected to produce around 62 million
tons of OSL by 2023 [110].

The soda process is generally used for chemical pulping of non-woody biomass

sources such as sugar cane or flax. The feedstock is mixed into an aqueous solution of
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sodium hydroxide (13-16% w/w) at a temperature of 140 to 170 °C [105]. The soda lignin
(SL) is isolated by acidification and precipitation [94]. SL is closer to native lignin in
structure due to its relatively gentle pulping conditions and absence of sulphur [106].
Hydrolysis lignin (HL), a solid byproduct from the pretreatment process in
bioethanol plants, is soluble in solvents like acetone but it is a mixture of lignin and
carbohydrates [2]. For example, FP Innovations LignoForce™ hydrolysis lignin contains

by weight 56.7% lignin, 29.8% carbohydrates, 1.2% ash, and 12.3% ‘other’ [107].

3.2. Properties of Technical Lignin

Recent developments in analytical methods (including structure, monomer
composition and purity) for technical lignin has been comprehensively reviewed
elsewhere [111]. Since most of the products are not available in large quantities with
consistent quality and an attractive price, non-commercial technical lignin is not
considered as a credible feedstock for a bio-chemical industry. Therefore, from this point
onwards we will use compiled data on typical characteristics, as best we can, from the

recent literature on various technical lignin.

3.2.1. Purity

The total ash content of technical lignin varies with the biomass source and the
delignification method. Grass and softwood derived technical lignin contains more ash
than that from hardwood due to their high silicon content, while certain delignification
methods produce salts which contribute to the total ash content [112, 113]. In terms of
the most readily available commercial technical lignin, softwood kraft lignin (SKL), it

appears that it can be refined to a level of around 3% (Table 5) [112, 114-117] but there
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has been no known reported work examining if an upper level of ash or carbohydrate at

3% and 2% respectively is satisfactory for use in RPUF. Excessive ash content could

introduce errors due to incorrect isocyanate index calculation or interfere with the

formation of the cellular structure.

Table 5 Ash and carbohydrate content in commercial technical lignins in % w/w [102,

112, 114-120]

Property Ash Carbohydrate  Nitrogen Moisture
Softwood kraft lignin (SKL)

Indulin AT 3.06 2

Indulin AT 3.59 1 NR

Sigma Aldrich 2.1 NR

370959

Curan 27-11P 17 2

Aldrich 471003 66.19 3.7
Biochoice™ (LignoBoost)  0.02-1 22 0.2 323
LignoForce™ (FP 0.10-

Innovations) 1.5 1.2-2.4 NR NR
SLRP™ (Liquid Lignin

company) 1-3 NR NR 32-482
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Soda lignin (SL)

Sarkanda 3.26 5

Protobind 2400 (wheat

straw) 1.61 1.3 NR

Organosolv lignin (OSL)

Alcell® 0.05 0.2

Alcell® 0.1 0.32 0.14

Aldrich 371017

(hardwood) 0.11 2.4
Lignosulphonate (LS)

Aldrich 471038

(softwood) 20.02 6.81

Footnotes: NR = not reported; ? liquid-phase

3.2.2. Elemental Composition

The complex structure of lignin is typically represented by an empirical formula
(C9 formula) representing average repeating lignin monomers [121]. The C9 formulae
provide structural information on technical lignins, but it does not provide information on

molecular weights or the monomer ratio (H/G/S) or functional group composition [95].
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Table 6 [114, 115, 122-129] summarises the elemental composition of various
commercial technical lignins (% w/w) together with the corresponding Cs or Cy formulae
[121]. The methoxyl content of technical lignin is generally determined by '3C-NMR
spectroscopy on their non-acetylated samples. It appears that there are some inconsistent

results for SKL, presumably reflecting analytic errors or batch variations.
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Table 6 Elemental composition (% w/w) and C9 formulae of various commercial technical lignin

Lignin %C %H %N %S %0 % OCH; Cy or Cs formulae

Softwood kraft lignin (SKL)

Curan 27-11P [115] 50.13 4.88 <0.30 2.30 25.69 13.1 CyHg.9902.9550.17(OCH3)g 83
Indulin AT [114] 63.9 5.6 0.39 2.1 24.4 11.2 CyHg.1302.1N0.05S0.11(OCH3)g 66
Indulin AT [122] 66.10 6.37 0.67 1.57 25.30 NR Cs.51H6.3700.049N0.048S0.049
Indulin AT [115] 61.64 5.81 0.48 1.05 27.97 12.9 CyHg.7402.56N0.06450.062(OCH3)0.77
Indulin AT [123] 65.5 5.6 0.4 33 25.2 13.6 CyHg 501.9S0.19(OCH3) 80
BioChoice [123] 65.0 6.7 0.2 1.6 26.5 12.8 CoHog 801.0S0.00(OCH3)0.74
(LignoBoost)

Sigma Aldrich 370959 [124]  62.24 5.69 0.73 1.54 29.78 NR Cs.18H5.6401.86S0.048
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FPInnovations

[125](LignoForce™)

Soda lignin (SL)

Sarkanda [115]

Protobind [122]

Protobind 2400 [114, 126]

Lignosulfonate (LS)

Sappi Saicor® [127]

Organosolv lignin (OSL)

Alcell® [115]

Pine lignin [128]

Eucalytus lignin [129]

63.8

58.84

65.41

61.2

42.8

65.88

61.9

58.8

5.4

5.86

6.53

6.3

4.0

5.82

6.0

5.4

0.02

1.14

0.59

0.93

0.2

<0.30

0.01

52

1.01

0.38

2.0

4.5

<0.20

25.6

29.89

27.09

28.0

40.2

27.69

29.6

35.8

NR

15.6

NR

14.8

7.54

18.6

16.2

17.4

NR

CoHzg 9907 82N 16(OCH3)0.08

Cs.45H6.5301.60N0.04250.012

CoHo 470, 5N 11S0.12(OCH3)0 93

CoHyO42S0.4(OCH3)0 6

C9H7.3902.08(OCH3)1.1

CoHs 50,6(OCH3)1 9

CoH77035(OCH3);.16
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Footnotes: NR = not reported; *The LS was the Ca salt (6.6% w/w) with an ash content of 17% w/w. The Alcell® was from hardwood

using aqueous-ethanol extraction.
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3.2.3. Molecular Weight and Distribution

The determination of the molecular weight of technical lignin is difficult due to
the poor solubility of lignin in most organic solvents or water, and their affinity to
associate via hydrogen bonds and other secondary forces [112]. Table 7 [2, 114, 116,
117, 122-125, 130-139] summarises reported molecular weights and polydispersity of
various commercially available technical lignin’s from the recent literature. However, in
addition to variation by source [89], there appears to be a lot of variation between different
commercial suppliers, presumably due to variation in processing or analytical method,
and between batches at the same company (see Curan 100 entry in Table 7).

Size exclusion chromatography (SEC) has several limitations when applied to
technical lignin. Glasser et al [140] have reported that the hydrodynamic volume and the
intrinsic viscosity of the lignin acetates do not increase proportionately with Mw as it
would for a linear coil molecule, signifying lignin acetates are highly spherical molecules
in tetrahydrofuran (THF) solution. Gosselink et al [116] have reported that the SEC of
technical lignins is affected by the choice of solvent and column due to the adsorption of
lignin molecules onto the stationary phase. For example, Alcell™ Mw was determined at
6,820 Da in THF, 9,060 Da in dimethylformamide (DMF) on one column, and 11,100 Da
in DMF on a different column (entry denoted with * in Table 7). However, in broad

terms, it appears that the Mw decreases in the order LS > KL > SL~ OSL.

Table 7 Reported molecular weights and polydispersity for various commercial technical

lignins

Source or Trade Name M, (g/mol) M, (g/mol) M,/M, Reference
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Hardwood kraft lignin (HKL)

Westvaco?

2,400

Softwood kraft lignin (SKL)

Curan 100 (batch 1)

Curan 100 (batch 2)

Indulin AT

Indulin AT

Indulin AT*

Indulin AT

Indulin AT

Indulin AT

Sigma Aldrich 370959

Sigma Aldrich 370959

Sigma Aldrich 370959

FPInnovations

(LignoForce™)

BioChoice™

(LignoBoost™)

Lignosulfonates (LS)

5800

7120

7600

6096

4549

4290

6549

4680

3980

4600

9500

10000

6772

1,330

2760

3000

1100

1191

1248

530

656

1980

2211

2300

3000

5000

949

2.1

2.4

7.0

5.12

3.65

8.1

9.9

24

1.8

2.0

3.21

2.0

7.1

[130]

[131]

[131]

[132]

[122]

[114]

[133]

[123]

[134]

[117]

[135]

[124]

[2, 125]

[123]
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Sigma Aldrich 471038

(Na salt)

Soda lignin (SL)

Protobind 1000 (Non-

wood)

Protobind (Non- wood)

Protobind 2400 (Non-
wood)

Organosolv lignin
(OSL)

Lignol Innovation

(Hardwood)

Biolignin ™

Alcell® (Softwood)

Alcell® (Hardwood)

Alcell® (Hardwood)

Alcell®* (Hardwood)

Alcell®* (Hardwood)

Alcell®* (Hardwood)

52000

3270

5008

2802

2600

17800

2650

2580

2000

9060

11100

6820

7000

620

1084

838

1600

900

1850

600

900

1320

2500

1900

7.4

5.2

4.62

3.34

1.62

19.8

1.4

4.3

222

6.86

4.44

3.59

[136]

[133]

[122]

[114]

[130]

[137]

[131]

[133]

[138, 139]

[116]

[116]

[116]
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Footnotes: 2 discontinued

3.2.4. Functional Group Content

The variation in functional group content (aliphatic, phenolic and benzylic
hydroxyl alcohols, methoxy groups, thiol groups, carbonyl groups, etc.) in technical
lignin affects the reactivity in chemical reactions with other reagents including pMDI
[141, 142]. This section introduces the methods used to quantify the main functional
groups in technical lignin and discusses their relative reactivity with pMDI. Table 8 [73,
115-117, 122, 130-134, 143-145] summarises the functional groups present in several

commercially available technical lignins from the recent literature.

Ignoring HKL and HL results, as there is only one example for each product, in
general, technical lignins appear to contain more phenolic than aliphatic hydroxyl groups
and the levels of both carboxylic acid and thiol groups should not be ignored in calculating
the stoichiometric quantity of pMDI required to achieve the desired isocyanate index. Part
of the variation in functional group content could also reflect the issue that the analysis is
subject to variation between different analytic methods [121, 146]. For example, a
comparison of aminolysis, non-aqueous potentiometry, 'H-NMR, 3C-NMR, and UV-
spectroscopy methods for determining the phenolic hydroxyl content of different types of
technical lignin showed a poor correspondence between the aminolysis, '*C-NMR, and
UV spectroscopy tests and the non-aqueous potentiometry and 'H NMR tests at the 0.05
significance level [146].

Gosselink et al [116] recommend non-aqueous titration in DMF using TnBAH

(tetra-n-butylammonium hydroxide) as the preferred method for the determination of
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phenolic hydroxyl content as the FTIR method is affected by the fact that the acetylation

of phenolic hydroxyls in lignin can be incomplete due to steric hindrance by the methoxy

groups. For the same reason, the determination of the total hydroxyl content can also be

dependent on the acetylation method. However, non-aqueous titration in DMF using

TnBAH for the carboxylic acid group content is recommended [116].

Table 8 Functional group composition of commercial technical lignin’s

Source or Aliphatic- Phenolic- Carboxylic- Methoxy Thiol Ref

Trade Name OH OH OH (mmol/g) (mmol/g)
(mmol/g) (mmol/g) (mmol/g)

Hardwood kraft lignin (HKL)

Westvaco? 4.12 4.29 NR 5.81 NR [130]

Softwood kraft lignin (SKL)

Curan 100 1.0 34 1.0 12.05 NR [131]

Curan 27- 2.16 3.63 0.47 0.2 0.7 [115]

11P

Indulin AT 1.95 3.24 0.43 NR NR [132]

Indulin AT 2.59 4.00 0.20 NR 0.4 [122]

Indulin AT 2.34 3.95 0.39 0.2 0.33 [115]

Indulin AT 1.79 2.77 0.33 NR NR [133]
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Indulin AT 5.22

Sigma 2.62
Aldrich

370959

Sigma 1.39
Aldrich

370959

LignoBoost  1.78

Soda lignin (SL)

Protobind 2.47

(non- wood)

Protobind 1.26
1000 (non-

wood)

Sarkanda 1.89

(non-wood)

Organosolv lignin (OSL)

Lignol 2.88
Innovation

(Hardwood)

3.75

3.43

1.55

3.64

2.28

2.86

2.41

2.76

NR

0.48

0.50

0.41

0.22

0.80

0.62

NR

NR

1.9

NR

NR

NR

NR

0.3

6.16

NR

0.4

1.00

0.94

0.1

NR

0.3

NR

[134]

[117]

[143]

[143]

[122]

[133]

[115]

[144]
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Alcell® 2.16 3.81 0.47 0.3 0 [115]

(Hardwood)

Alcell® 1.04 3.30 0.22 NR NR [133]
(Hardwood)

Alcell® 4.17 2.24 0.71 NR NR [116]
(Hardwood)

Biolignin™ 6.0 1.1 1.3 3.1 NR [145]
Hydrolysis lignin (HL)

Cofco (non-  7.78 14.30 0.59 NR NR [73]
wood)

Footnotes: NR = not reported; 2 discontinued

3.3. Characteristics of Technical Lignin Relevant to its Incorporation into RPUF

3.3.1. “Solubility” of Lignin

Several groups have studied the dissolution of technical lignin in common organic
solvents [147-149]. For example, Giummarella et al [ 150] reported that while highly polar
solvents and non-polar solvents were poor solvents for technical lignin better dissolution
could be achieved in semi-polar solvents, such as ethanol, acetic acid, methanol, and
furfuryl alcohol. The latter was postulated due to the interaction of the aromatic furan ring
with the aromatic structures in lignin. However, given that dissolution was defined as

technical lignin in liquid supernatant after centrifugation there was no clear distinction
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between a true solution and a dispersion. Similarly, Ni et al [151] and Sameni et al [122]
have studied the solubility of lignin in organic solvents from the perspective of the
Hildebrand and Hansen solubility parameters.

The morphology of lignin is the result of hydrogen bonding between hydroxyl
groups [122] and #-7 interactions [152] between phenyl rings. Vainio et al [131] have
examined the morphology of KL dry and in aqueous alkaline solution and found when in
“solution” the KL is still present as rods/fractals with a thickness of around 1-3 nm and a
length of 5-9 nm depending on the KL concentration. Vainio et al [153] have also looked
at the morphology of sodium lignosulphonate (NaLS) in aqueous (alkaline) solution and
found it to be a flat ellipsoid the same as for kraft lignin [35].

Zhao et al [148] and Cheng et al [149] have reviewed technical lignin association
to form nano/micro-particles in solution. Yang et al [135] has reported that KL in ethylene
glycol or DMSO exists in two forms; lignin nano-particles and lignin nanoparticle
agglomerates and that it can take up to a week for them to reach a state of dynamic
equilibrium which can complicate the reproducible characterisation of technical lignin’s
properties such as the molecular weight by GPC. The interparticle-association of
technical lignin is a common phenomenon that occurs in the solid matrix as well as
aqueous and organic dispersions. Aggregation and disaggregation of technical lignin have
been well documented for KL [39, 154-160], SL [152], solvolysis lignin [161, 162], and
enzymatic mild acidolysis lignin [163-165].

Thus, there is no such thing as a true solution of technical lignin [131]. They are
dispersions of technical lignin particles ranging in size from the nano-scale to the micro-
scale and as such, this has three consequences in terms of incorporation into RPUF.

Firstly, the presence of micro-scale agglomerates can negatively affect the cellular
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morphology (discussed further below) and thus the physical properties of the RPUF.
Secondly, the presence of both nano-scale and micro-scale particles restricts the potential
cross-linking between the technical lignin and pMDI due to the steric hindrance of the
tightly hydrogen-bonded structure (also discussed further below). Thirdly, the presence
of high loadings of technical lignin can increase the viscosity of the lignin-polyol
dispersion so it is too viscous for effective mixing with pMDI resulting in a non-
homogenous RPUF. It also explains part of the variation observed in the experimental

determined molecular weights and functional group analysis of technical lignin.

3.3.2. Reactivity of Lignin with pMDI

The reactivity of pMDI with technical lignin would be expected to be slower than
with polyether polyols because of the high content of aromatic hydroxyl groups given the
order of reactivity with isocyanate is primary aliphatic amines > aromatic amines >
primary alcohol > aromatic alcohol > thiol [166]. Table 9 [47] provides a general ranking
of active hydrogen group reactivity with isocyanate. However, two other nuances need to
be acknowledged; first, phenolic groups with an a-methoxy group (single methoxy in the
salicylic group and double methoxy in a syringylic group) will be even more inactive
because of the steric hindrance of the methoxy group [167]. Thus, it can be expected that
SKL would be more reactive than HKL but this is probably mute as the second point
dominates in that if the lignin is present as a solid particle a lot of the active hydrogen-
containing groups (aliphatic and phenolic hydroxyl groups, thiols, carboxylic acid

groups) will be inaccessible due to steric hindrance [168] as a result of agglomeration.
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Table 9 Relative rate of reaction of active hydrogen groups with isocyanate [47]

Reaction

The relative rate of reaction

Reaction with an amine to give urea:

R-NCO + H;N-R’ -> R-NH-CO-NH- R’

Reaction with water to give an amine:

R-NCO + H,0 -> RNH, + CO,

Reaction with a hydroxyl group to give

a urethane:

R-NCO + HO-R’ -> R-NH-CO-O-R’

Reaction with carboxylic acid:

R-NCO + R’-CO,H >

Reaction with urea:

R-NCO + R’-NH-CO-NH-R” ->

Reaction with urethane:

R-NCO + R’-NH-CO-OR” ->

Reaction with amide:

R-NCO + H,NCO-R’ ->

Primary aliphatic amine: 100,000

Secondary aliphatic amine: 20,000-

50,000

Primary aromatic amine: 200-300

Water: 100

Primary hydroxyl: 100

Secondary hydroxyl: 30

Tertiary hydroxyl: 0.5

40

15

0.3

0.1
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To the authors' knowledge, no one has reported on the kinetics of the reaction
between pMDI and technical lignin. However, Cateto et al [ 169] have studied the kinetics
of the formation of a polyurethane elastomer based on pure MDI (f = 2) and a series of
different polycaprolactone polyesters (f = 2) containing SKL (Indulin AT) and OSL
(Alcell®) at various loadings (10, 15, 20 & 25% w/w) at a NCO/OH ratio of 1.0. It was
reported that the polymerisation goes from a global second-order model to diffusion
control as the lignin content increases or the polycaprolactone molecular weight
increases. The point of change is also dependant on the type of lignin and the isocyanate
conversion was not significantly affected by the presence of lignin indicating that the
reaction occurred mainly with the polycaprolactone polyol rather than the lignin.

However, reported research with KL in polyols [124] would suggest Cateto et al
[169] were working with a dispersion of nano-KL and micro-scale KL agglomerates
rather than a true solution. Working from that premise, it would be expected that the pure
MDI would largely react with the polycaprolactone polyol rather than the lignin due to
the steric hindrance of the hydroxyl group’s in the KL in both the nano-particles and the
agglomerates. This view is supported by their observation of free NCO groups in the
reaction mixture after 30 minutes and by the fact that the conversion rate was observed
to decrease with increasing lignin loading and increased polycaprolactone molecular
weight, which would both lead to increased KL agglomerate size and thus a higher content
of inaccessible hydroxyls on the KL.

The key unanswered question in the work of Cateto et al [169] is what proportion
of the hydroxyl groups on the KL are accessible?. It would be expected to be low as it has

been observed in an analogous situation that isophorone diisocyanate (IPDI) when reacted
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with cellulose nanocrystal (CNC) under a nitrogen atmosphere in DMSO (a swelling
solvent) at 60°C overnight at an NCO index of 72 afforded only a 0.17 degree of
substitution [170]. Similarly, 1,6-hexamethylene diisocyanate (HDI) when reacted with
CNC under a nitrogen atmosphere in DMF (a swelling solvent) at 80°C for 24 hours with
an NCO index of 1 afforded only a 0.20 degree of substitution [171]. Similarly, toluene
diisocyanate (TDI) when reacted with CNC under a nitrogen atmosphere in DMF (a
swelling solvent) at 70°C for 24 hours with an NCO index of 2 afforded only a 0.12
degree of substitution [172]. However, more importantly, Squeira et al, [173] found that
the degree of substitution of CNC using n-octadecyl isocyanate was only about 2.5% of
the total hydroxyl groups in the CNC after treatment with 10 equivalents of the isocyanate
in boiling toluene (a non-swelling solvent) for 30 minutes!

Finally, concerning the use of pMDI and technical lignin in RPUF there has never
been a study to examine the degree of substitution, to our knowledge. However, it is likely
to be very low because the pMDI has very limited time to cross-link with the accessible
(surface) hydroxyl groups of the technical lignin within the RPUF gel time window,
which is measured in seconds. Further, the degree of substitution will be dependent on
the technical lignin loading as it affects the level of self-agglomerate of the nano-lignin
and care will need to be exercised in the determination given that it can take up to a week

for an equilibrium to be established between the nano-lignin and the agglomerates [135].

3.3.3. Determination of Important Parameters

In terms of determining the key properties needed for using technical lignin in
RPUF the hydroxyl value (OHv), acid value (Av) and the water content are critical to

calculating the correct loading of pMDI [174] to ensure that all samples are produced at

51



a constant pMDI index. There are several points to be made about each of these critical
parameters.

First, the OHv should include all active hydrogen-containing species in the
technical lignin (aliphatic hydroxyl, aromatic hydroxyl, primary amines, and thiol) and
not just the hydroxyl groups as we have implied in this document so far for simplicity.
Given that Sigma Aldrich 370959 KL, for example, contains around 0.4 mol/g of thiol
(Table 8) this would be equivalent to an increased OHv of around 22 [124]. However,
many of the articles to be discussed latter who have used NMR techniques to determine
the total OHv of technical lignin may have incorrectly calculated the required pMDI
loading needed by excluding thiols in their calculations.

Second, the Av should also be included if it exceeds 1 mg KOH/g. Given that the
Av of KL, for example, ranges from 6 mg KOH/g to 95 mg KOH/g many of the papers
to be discussed later have incorrectly calculated the required pMDI loading needed by
excluding the Av in their calculations.

Third, all technical lignins contain moisture, and several of the papers to be
discussed latter do not dry the technical lignin before use or dry them but do not test the
actual water content before use. An exception is the work of Paberza et al [175], who
specifically dried and tested for water content. They found their OSL as received
contained 10% w/w water (consistent with the specification for Sigma Aldrich 370959
KL), which after drying at 40°C for 24h was reduced to 2% w/w. Measuring the water
content after drying allowed them to reduce the water added as a blowing agent to keep
the pMDI index constant.

Determination of the OHv
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Cateto et al [115] have studied different methods used to determine the hydroxyl
value on four technical lignin’s (Indulin AT, Alcell®, Curan 27-11P, and Sarkanda) and
reported that the values determined by titration, '*C-NMR, and 3'P-NMR techniques
(Table 10) [115] were in close agreement. However, as an example, there is a 7%
difference in OHv determined by 3'P-NMR spectroscopy and titration for Indulin AT.
Given that Cateto et al [115] did not explicitly state that the thiol region was measured
(integrated) in the 3'P-NMR analysis an alternative interpretation of Table 10 follows.

First, the 3'P-NMR spectroscopy and titration results for the Alcell® OHv are
identical, as Alcell® contains no thiol groups. Second, the OHv determined using 3!P-
NMR spectroscopy for Indulin AT is about 26 mg KOH/g lower than the titration result
because Indulin AT contains around 0.4 mmol/g of thiol which has not been quantified.
Third, the OHv predicted using 3'P-NMR spectroscopy for Curan-27-11P is about 148
mg KOH/g lower than the titration result because Curan-27-11P contains 0.7 mmol/g of
thiol (almost double that of Indulin AT) and high levels of ash (at 17% w/w it is three
times the level of Indulin AT). Finally, the titration OHv of Sarkanda is 8 mg KOH/g
lower than the OHv predicted using 3'P-NMR spectroscopy possibly because the
Sarkanda contains twice the sugar (aliphatic hydroxyls) and nitrogen (amine) content of

Indulin AT.

Table 10 OHv (mmol/g) of selected commercial technical lignin’s [115]

Lignin Technique (mmol/g) OHv
13C- 13C- 31p- Titration Average CV (mg
KOH/
NMR* NMR’ NMR (%) &)
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Alcell® 5.24 5.68 5.07 5.04 5.26 5.6 295

Indulin AT 6.89 6.89 6.85 7.32 6.99 3.2 392
Sarkanda 5.39 5.29 5.25 5.10 5.26 23 295
Curan-27-  5.99 5.99 6.65 (9.3) 6.21 6.2 348
11P

Footnotes: a) acetylation according to ISO 14900:2001 (E), b) acetylation according

to the method of Manson, c) coefficient of variation.

In conclusion, the titration, 'H-NMR, and *C-NMR methods of determining the
OHv of technical lignins involve acetylation of active hydrogen groups so titration
automatically includes the thiol groups as well as the hydroxyl groups. Similarly given
that the acetoxy groups in thioester are typically found around 6 = 2.30 ppm which
straddles the resonance range 6 = 1.58 - 2.70 ppm for acetoxy groups for aliphatic and
phenolic integration of this range using the 'H-NMR spectroscopy will also give a good
estimate of total OHv including thiols.

While the use of BC-NMR spectroscopy can in principle do the same,
unfortunately, many studies discussed below only integrated the primary hydroxyl (& =
170.4 - 169.4 ppm), secondary hydroxyl (8 = 169.4 - 168.5 ppm) and the phenolic region
(6 =168.5 - 165.8 ppm) and neglected the thioester region (~6 = 196 ppm). Similarly, for
3IP-NMR spectroscopy, all of the papers discussed below have only integrated the
aliphatic hydroxyl (6 = 149 - 146 ppm), phenolic hydroxyl (6 = 143 - 137 ppm) and
carboxylic acid (6 = 134 - 136 ppm) regions and again ignored the thiol region at 210 -

220 ppm. Thus, in many articles discussed latter in this review use of both the 3C and
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3IP-NMR methodologies have underestimated the total OHv by neglecting the thiol
content.

Ideally, the total OHv should be utilised and adjusted with an experimentally
determined degree of substitution factor, but as discussed above, no one has determined
the latter factor for pMDI and technical lignin to date. Thus the use of the total OHv of
the technical lignin alone to calculate the pMDI loading, as in many of the papers to be
discussed latter, will mean that the pMDI to accessible OHv index will increase as the
lignin loading is increased. Furthermore, the excess pMDI, over the OHv (accessible)
value, will preferentially react with the RPUF matrix and increase the cross-link density
through the formation of biuret or allophonate groups independently of the presence of
the lignin. Likewise, the unreacted isocyanate groups can react with water/moisture to
release CO, thus reducing foam density.

These phenomena are often misunderstood as an effect of the incorporated lignin
in RPUF. Therefore, a reasonable approach for evaluation of hydroxyl groups is using the
ASTM D-4274-99 / ISO 14900:2001 acetylation method on the complete polyol blend
(part B) including the particulate lignin, as it will be closer to the “accessible OHv” given
that the pMDI must react with the hydroxyl groups within the gel-time of the RPUF,
which is measured in seconds.

As this inaccessibility of active hydrogen moieties (both OH groups and SH
groups) in lignin is caused by the steric hindrance by the two methoxyl groups in the
syringyl unit and/or aggregation, all methods utilising the acetylation process can cause
variation in OHv [116]. Table 11 [2, 115, 117, 124, 132, 137, 143, 145, 176-178]

summarises the OHv, Av, and calculated functionality (f) of several commercially
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available technical lignin’s reported in the recent literature and indeed there is significant

variation in the OHv whereas Av is relatively consistent.

Table 11 OHv, Av and functionality of selected commercial technical lignin

Lignin OHv Av Functionality Ref
(mg (mg ®
KOH/g) KOH/g)
Hardwood kraft lignin (HKL)
Suzano 307 NR NR [176]
Softwood kraft lignin (SKL)
Indulin AT 201 24 43 [132]
Indulin AT 392 22 7.5 [115, 177]
Curan-27-11P 348 26 [115]
Sigma Aldrich 370959 339 27 26 [117]
Sigma Aldrich 370959 356 NR 60 [124]
Sigma Aldrich 370959 165 28 ~34 [143]
LignoBoost™ 304 23 >28 [143]
FPInnovations 275 NR NR [2, 178]
(LignoForce™)
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Soda lignin (SL)

Sarkanda 295 35 [115]

Organosolv lignin (OSL)

Alcell® 295 13 4 [115,177]

Biolignin™ 398 73 NR (7.6) [145]

Footnote: The f= 7.6 for BioLignin™ was reported by Jablonski et al [137].

Finally, the nominal functionality (f) of Sigma Aldrich 370959 was reported by
Hayati et al [124] at 60 which is significantly different from that reported by Cateto et al
[115] of 7.5 for a similar SKL (Indulin AT). However, such figures should not be
considered precise as it was calculated, according to the formula I given in section S2 of
Supporting Information, from the M,, estimation from GPC and a measured hydroxyl
value based on acetylation of lignin which can be underestimated due to incomplete

acetylation of the sterically hindered hydroxyl groups on lignin [116].

4. The Incorporation of Technical Lignin into RPUF

There are no mainstream commercial RPUF insulation products incorporating
technical lignin on the market to date. In principle, technical lignin can be incorporated
into RPUF by two routes; inclusion in the pMDI (A-side), or inclusion in the polyol blend
component (B-side). The former is usually not practical however for two reasons. First,

simple mixing of pMDI with SL at a 10% w/w loading, for example, increases the
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viscosity from 150 cps at 25°C to over 490,000 cps [179] which is too viscous for
effective mixing with the polyol blend (B-side) [180, 181].

Second, a mixture of SL, for example, and pMDI will not react at room
temperature to afford a pre-polymer as heating at high temperatures in a suitable solvent
is required. For example, Zhang et al [182] reported a ‘prepolymer approach’ that
‘compatibilises’ SKL by pre-reacting with pMDI to form a pre-polymer which was
subsequently mixed with an unknown polyester polyol and further reacted with additional
pMDI to form a RPUF. Such an approach involves a considerable number of additional
steps for a minor improvement (3%) in thermal conductivity and an insignificant increase
in compressive strength (after normalisation for density). As a result, this article will focus
on the most common approach for incorporation of technical lignin in RPUF; inclusion
in the polyol blend component.

In terms of inclusion in the polyol blend (B-side) there are two approaches (Figure
7);

e the direct incorporation of technical lignin without any chemical modification

[73, 77,124, 126, 144, 175, 176, 183-189], or

e the incorporation of modified technical lignin with improved solubility and
reactivity by making hydroxyl groups more readily available through, hydroxyl-
terminated functionalisation [127, 132, 137, 145, 188, 190-202] and the

introduction of new functional groups [197, 203] and depolymerisation [73, 76,

107,127, 178, 204-208].
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Figure 7 Contemporary approaches of lignin incorporation in RPUF through the polyol-

route

The physical properties reported to date for the lignin incorporated in RPUF
through both the polyol-routes are summarised in Table A3 (Supporting Information).
The influence of the lignin on thermal conductivity and compressive strength (as a

function of density) on RPUF from the reported examples is summarised in Figure 8.
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Figure 8 Influence of technical lignin on the physical properties of RPUF (a) thermal
conductivity and (b, ¢) compressive strength. The control (without lignin) and RPUF

incorporating technical lignin are represented in (b) and (c) as empty and filled symbols

respectively.

4.1. The Direct Incorporation Approach

The direct incorporation approach is an energy-efficient, scalable, and cost-
effective strategy for incorporating technical lignin into RPUF [27, 209, 210]. It involves
the mechanical blending of lignin into polyols used for RPUF preparation [124]. Owing
to its multi-functionality and aromaticity, the expectation is that the lignin will react with
the isocyanate to improve the crosslink density in the RPUF matrix [211] and enhance
physical properties [ 144, 175].

In principle this is plausible, in practice many factors such as particle size, degree
of dispersion, and the viscosity of the polyol blend [124] can affect the outcome. For
example, poor dispersion of lignin particles in the polyol blend (part B) will limit the
reaction of pMDI to the accessible hydroxyl groups of the lignin, leaving free pMDI
which may further react with urethane groups to form allophonate or urea bonds [73,

144]. The effect of these side reactions, which also enhance the cross-link density, on the
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physical properties of RPUF [18], can be confused with true cross-linking of the lignin.
Hence, this section discusses the effect of processing conditions such as loading levels

and miscibility of technical lignin in polyol on the properties of the resultant RPUF.

4.1.1. Influence of Loading Levels

Direct incorporation of technical lignin in RPUF has been studied at loadings from
2.5% w/w [124] up to 64% w/w in polyol [144] and it has been found that the degree of
dispersion/miscibility of lignin is directly influenced by the loading level and the
compatibility with the polyol [122, 150].

In the extreme, an excessive loading of lignin can make the polyol blend just too
viscous to effectively mix with pMDI to afford a homogenous RPUF [175]. While, at
intermediate loadings [77, 124, 144, 186, 187, 189] agglomeration of the technical lignin
particles can adversely affected the cellular structure and thus the thermal conductivity
and mechanical properties of the RPUF. So it is important to identify the optimum loading
at which agglomeration of the lignin is minimised and the physical properties are
maximised. Prior to illustrating this point further, it should be noted that some properties
of RPUF, such as compressive strength, are directly correlated to density.

For example, Zhu et al [73] reported that the density of RPUF doubled from a
loading of 2.5% to 15% w/w, so without normalisation for density, it is difficult to judge
the true cause for their reported dramatic increase in compressive strength. Parbeza et al
[175] avoided this complication in their study by adjusting the level of water (blowing
agent) in their formulation to bring all RPUF samples into a density range of 49.5 + 1.8
kg/m3. After eliminating the effect of density, they found that the compressive strength

of RPUF increased to a maximum (0.35 MPa) at a 1.2% w/w loading before deteriorating.
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The importance of selecting the optimum loading of technical lignin was further
illustrated in the paper by Hayati et al [124] who studied the incorporation of KL into a
low density (~40 kg/m?) polyether polyol/glycerol-based RPUF. It was found that KL
was poorly soluble (~0.9% w/w) in the mixture of polyether polyol and glycerol (91:4%
w/w) and the resultant dispersions contained dark-coloured lignin micro-particles
measured at 22 + 18 um in size. As a result, while the thermal conductivity of the resultant
RPUF was reduced by 4% (improved) the compressive strength was also reduced by 17%
(declined) [124].

The reality is that KL polyol dispersions are complex heterogeneous systems
containing a mixture of particles of nano to micro-scales that can have distinctly different
effects on the resultant RPUF and the optimum level of loading is typically no more than
1% w/w [27, 209, 210]. The presence of low volume fractions of well-dispersed
nanoparticles can serve as a nucleating agent [210], which can decrease the average cell
size of the resultant RPUF leading to improved thermal conductivity and enhanced
mechanical properties such as compressive strength [32]. However, while micro-particles
can also act as nucleating agents, they are much less efficient and often have a detrimental
effect on the mechanical properties because if they get too large, they can disrupt the

cellular structure of the resultant RPUF [27, 189, 212].

4.1.2. Influence of Polyol Compatibility

The optimum loading level of technical lignin can be increased by either the
method of incorporation or the judicious choice of polyol for the RPUF. For example, in
the paper by Hayati et al [124], previously discussed above, they also described the
incorporation of KL into the same polyol mixture at the ‘softening point’ of lignin

(120°C) to afford a much more homogenous blend with significantly smaller micro-
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particles (8.8 um) at a slightly higher 1.1% w/w loading (Figure 9). The improved
dispersion/miscibility resulted in an improved (reduced) thermal conductivity (5%) and
an improved (increased) compressive strength (4% parallel to foam rise). However,
beyond a loading of about 2.5% w/w lignin, the lignin-polyol dispersion becomes too
viscous for effective mixing with pMDI so ultimately the approach is limited despite the
fact that there is improved dispersion/miscibility at higher loadings up to 10% w/w

(Figure 9).

Figure 9 Comparison of lignin dispersed in polyether polyol at room temperature (above)
and 120°C indicating the different degrees of dispersion of lignin. (Reproduced from

Hayati et al [124])

An alternative approach for enhancing dispersion and miscibility of lignin in
polyols is through the judicious selection of compatible polyols. Asano et al [183] and
Hatakayama [185] replaced the standard propylene oxide-based polyols used in RPUF
with low molecular weight polyethylene glycols which, because of their higher number
of hydrogen donor sites and low viscosity, provide much higher lignin dispersion (up to

70% w/w in the case of ethylene glycol) than other alcoholic solvents [147, 213]. While
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not explicitly stated, this study was an attempt to enhance the solubility of NaLS by
adjusting the Hildebrand solubility parameter for the polyol blend (part B) to be closer to
that reported for NaLS (~11 (cal/m?)!?) while simultaneously favouring a ‘polyol’ with

hydrogen bonding capacity (Ap > 14) [104].

However, the use of DEG, TEG, or PEG, with a functionality of 2, in an RPUF
formulation, will negatively affect the cross-link density and thus compressive strength.
They will also accelerate the rate of gelation of the RPUF due to the primary hydroxyl
groups (Table 9) [47], which would reduce the cell size and increase the density and thus
the compressive strength of the resultant RPUF [29]. Further, RPUF based on
polyethylene glycols would need to be evaluated for moisture absorption properties as
polyethylene glycols are hydrophilic in contrast to propylene oxide-based polyether

polyols which are hydrophobic.

Finally, the improved compressive strength properties reported with these
polyethylene glycol based RPUF would likely be the combined effect of increased RPUF
density and increased crosslink density due to the excess pMDI reacting preferentially
with the RPUF matrix rather than the lignin [183-185] as Hatakeyama [ 183, 184] reported
only a slow increase of T, for the RPUF based on PEG200 with increasing NaLS loading

implying minimal interaction between the pMDI and the NaLS.

In conclusion, the direct addition of technical lignin into a standard polyether
polyol blend (Part B) is limited due to the low polarity of polyether polyols and the
dispersions are a complex mixture of nano-scale lignin and macro-scale lignin
agglomerates [124]. However, the compatibility of the technical lignin with the polyol

can be enhanced by judicious selection of polyols and/or processing conditions.
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The presence of well-dispersed nanoparticles at optimum loading levels act as
nucleating agents in RPUF [27, 209, 210], providing smaller cell sizes and thus reduced
thermal conductivity and compressive strength. Whereas, loadings above this level
usually cause lignin agglomeration, which disrupts the cellular structure of RPUF
increasing the cell size and decreasing the close cell content which has a negative effect
on the thermal conductivity and mechanical properties [27, 210].

Unfortunately, many earlier papers in the field have reported insignificant or
inferior thermal and mechanical properties of RPUF incorporating technical lignin [77,
124, 144, 175, 187, 207] predominately due to processing outside of the optimum loading

range resulting in poor dispersion.

4.2. The Chemical Modification Approach

Chemical modification of technical lignin for use as polyols has attracted
considerable research interest over the last two decades (Figure 1) due to their low
molecular weight, high reactivity, and homogeneity [93]. There have been three main
approaches for the chemical modification of technical lignin (Figure 10); oxyalkylation
(or alkoxylation); functionalisation (i.e. introduction of new functionality); and

depolymerisation of lignin (or biomass) [2, 93, 214-216].
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Figure 10 Contemporary approaches for chemical modification of technical lignin for

use as polyols [2, 93, 214].

4.2.1. Oxyalkylation of Lignin

Propoxylation or oxypropylation of lignin with propylene oxide has been the most
extensively studied [93, 194, 195] modification on lignin. It converts aromatic hydroxyl,
thiol groups and alkyl hydroxyl groups into secondary aliphatic hydroxyl groups, breaks
up the lignin morphology freeing the phenolic OH groups from electronic or steric
hindrance [2]. It also transforms solid lignin into a liquid which is soluble in polyether
polyol [93]. Unfortunately, it also generates low functionality by-products, referred to as
homo-polymer in the work by Cateto et al [177] as example, at levels significantly higher

than would be generated in the production of commercial rigid polyether polyols [34].
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Cateto et al [177] has examined the influence of composition and reactivity of
oxypropylated lignin polyols on the properties of RPUF. Table 12 compares the two
polyols produced by varying the lignin/propylene oxide/KOH ratio (L/PO/C) with the
commercial polyether polyol Lupranol® 3323. The Mw of the oxypropylated polyols
were much higher than the commercial RPUF polyol and were comparable to that of
polyols used te—for the production of flexible polyurethane foams (typically ranging
between 1000 - 6000 g/mol) [217]. Furthermore, the presence of the large amount of
homopolymer content suggests that the presence of monols, diols and triols potentially

increasing the reactivity [218] and flexibility in polymer chains [201].

The oxypropylated polyols were tested in a RPUF formulation based on a mixture of
Lupranol® 3323 and glycerol (90/10) at a constant pMDI index of 110. At 100% w/w
replacement of the Lupranol® 3323 with polyol 20/80/5 there was a 12% improvement
in thermal conductivity but a decrease in the compressive modulus (after normalising
their data for density). Whereas, at 50% w/w replacement there was a 9% decrease in

thermal conductivity and an even larger decrease in compressive modulus.

In contrast, replacing the Lupranol® 3323 with polyol 30/70/2 (reportedly higher
functionality) at 100% and 50% w/w, consistently reduced the thermal conductivity and
increased the compressive modulus perhaps reflecting the increased cross-link density
due to a higher functionality. Typically, the improved reactivity of polyol could increase
the viscosity of polyols resulting in reduced cell size and improved thermal insulation
performance. However, the reported cell size reduction was insignificant, thus, the

decrease in thermal conductivity could be an effect of the solid polymer matrix.
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Table 12 Oxypropylated polyols produced from SKL (Indulin AT) by Cateto et al [177]

compared to a typical RPUF polyol (Lupranol ® 3323).

Polyol 20/80/5 30/70/2 Lupranol® 3323
Viscosity (Pa s) 4.34 66.5 3.5

OHv (mg KOH/g) 326 348 340
Homo-polymer Content (% 36.7 242 NR

W/W)

Mn (g/mol) 1224 1453 NR

Mw (g/mol) 3829 5331 780
Mw/Mn 3.1 3.7 NR
Functionality* ~22 ~33 NR

Footnote: * calculated using the formula (I) in section S2 of supporting information

neglecting Av; NR = not reported

Cateto et al [192] and Nadji et al [195] also investigated the effect of oxypropylation of
lignin in RPUF by varying the type of technical lignin. Cateto et al [192] found that
Sarkanda based lignin polyols were too heterogeneous for RPUF whereas Curan based
RPUF were too brittle. This could be possibly due to the high ash content observed in

Table 5.

Nadji et al [195] oxypropylated SKL, hardwood OSL, SL, and oxidised OSL and the
polyols, which had hydroxyl values in the range of 150 - 250 mg KOH/g after a separate
process to remove the homopolymer polyol PPG, were tested in a RPUF formulation. The

oxypropylated SL based RPUF (30 kg/m?) had a thermal conductivity (0.024 W/m.K)
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close to a cutting edge value (Table 1) while other RPUF samples were not dimensionally

stable due to low density.

Oxypropylated lignin has been used to substitute from 10% to 100% w/w of
petrochemical polyols in RPUF [132, 145, 201] with mixed results. Li and Ragauskas
[132] oxypropylated SKL and tested it in a RPUF, based on a mixture of sucrose and
glycerol-based polyether (85:15% w/w) polyols by substituting the sucrose-based
polyether polyol at 10, 30, 60, and 100 % w/w, as well as one sample, substituting 100%
of both the sucrose and glycerol polyether polyols. All RPUF samples including the
control formulation were around 30 kg/m? and the compressive strength of all samples
was similar to the control formulation except for the RPUF based on 100% bio-polyol

that exhibited a 44% increase in compressive strength.

However, Kuranska et al [201] followed the oxypropylation procedure
recommended by Cateto et al [177] to prepare an oxypropylated Alcell lignin polyol (at
30/70/3% w/w lignin/ propylene oxide/ catalyst ratio) which was incorporated into a
control RPUF based on a polyether polyol formulation. The RPUF samples incorporating
oxypropylated lignin polyol were prepared by replacing the polyether polyol at 10, 20,
and 30% w/w to afford a low density (~41- 45 kg/m?) RPUF. The oxypropylated lignin
increased the overall reactivity but did not show any improvement on the thermal and
mechanical properties of the resultant RPUF.

Arshanitsa et al [145] oxypropylated OSL (BIOLIGNIN™) to produce a liquid
oxypropylated OSL polyol (lignopolyol) which was then tested in a RPUF control
formulation based on a mixture of Lupranol® 3330 and Lupranol® 3422 (70/30) by
substituting the Lupranol® 3300 (a glycerol-based trifunctional polyether polyol) at a

constant pMDI index of 120. As the lignopolyol content increased the density decreased
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(from 53 kg/m?3 to 40 kg/m? at 100% substitution) due to the reduced gel times. After
normalisation for density, it was found that lignopolyol enhanced the compressive
strength by about 20% at a total lignin content of 8% (corresponds to 10% substitution of
the Lupranol® 3300).

While there is general evidence that incorporation of propoxylated lignin into
RPUF can, under certain circumstances, improve the mechanical properties of the RPUF
[132, 145] unfortunately it increases the cost of production and reduces the “lignin”
content in the final polyol and RPUF so from a sustainability point of view has no
advantage over standard glycerol or sucrose initiated polyether polyol i.e. the use of
propylene oxide to modify the lignin negates the whole purpose!

Other reported chemical modification methods of lignin include glycerolation
[188], epichlorohydrination [190] for incorporation in RPUF, however the RPUF samples
were found to have very high density. One exception being the work of Rogers et al [191]
who have reported on the use of KL as a reactive additive in the manufacture of aromatic
polyester polyols through glycolysis. They were subsequently tested in a low-density
(~30 kg/m?) PIR formulation (NCO index 260) using pentane and water as blowing
agents. At the optimum loading of around 2.5% w/w KL the RPUF exhibited a faster gel
time, and improved compressive strength (~14%), a statistically insignificant difference
in thermal conductivity (~0.0239 W/(mK) but a reduced (~16%) peak heat release rate in

cone calorimeter tests compared to the control RPUF.

Other oxyalkylation methods that have also been explored for polyol synthesis,
but to be investigated for RPUF yet. Oxyalkylation of lignin using alkene-carbonates with
alkaline catalysts (K,CO;, LiCOs, or KOH) is an efficient alternative to propylene oxide

for the preparation of lignin-isocyanate pre-polymers [197] or lignin-polymers [219].
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Kuhnel et al [219] and Duval et al [220] have explored the reactivity of carbonate-

oxyalkylation of lignin for application as polyols.

4.2.2. Depolymerisation of Lignin or Biomass

Depolymerisation of lignin reduces the molecular weight (and the polydispersity)
and enhances the reactivity, thus allowing increased substitution levels in RPUF.
Demethylation of the 3-O-4 ether bond increases the phenolic hydroxyl content [2] and
the accessibility of reactive sites due to the reduced steric hindrance [94]. However, the
incorporation of depolymerised lignin polyol in RPUF is challenged by many processing
limitations [107, 178]. First, all the modified lignin polyols were solids. Second, acetone
had to be used to pre-dissolve the bio-polyol. Third, the morphological form of bio-polyol
in the polyol blend (fully dissolved or dispersion) is not identified yet. If it was present as
a particle dispersion, then, the OHv determined by "H-NMR spectroscopy will result in a
pMDI loading that will exceed the level of accessible hydroxyl groups on the modified
lignin polyol. Following this, the excess pMDI will react with the urethane groups
increasing the RPUF matrix cross-link density and improving the mechanical properties
of the RPUF. As such, it is difficult to judge if the chemical modification of the
depolymerised lignin and subsequent inclusion in RPUF made a positive effect per se on

the compressive strength.

Depolymerisation of lignin can be achieved through multiple routes such as
oxidation, acid catalysis, metallic catalysis, base catalysis, ionic liquid assisted
depolymerisation, and sub- or supercritical fluids-assisted depolymerisation. The

utilization of these methods for the preparation of bio-polyols in RPUF has been reviewed
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in-depth by Mahmood et al [2]. The few studies that have incorporated depolymerized
bio-polyol into RPUF are discussed below.

Mahmood et al [107] have studied the depolymerization of hydrolysis lignin
(HL) in a 50/50 (v/v) water-ethanol mixture under a N, atmosphere at 250°C. The solid
bio-polyol was produced at a yield of 70% accompanied by 8% w/w of solid char. When
tested in a RPUF formulation based on a sucrose polyether polyol which was replaced
with 30% w/w of the bio-polyol it was found that the density of the RPUF increased (30
to 35 kg/m?), the thermal conductivity decreased (0.044 to 0.035 W/m.K) and the
compressive strength increased (85 to 185 kPa). However, in a separate study when the
substitution of the sucrose polyether polyol [178] was increased to 50% w/w it was found
that the density of the RPUF increased (54 to 104 kg/m?), the thermal conductivity was
unchanged (~0.033 W/mK) and the specific compressive strength decreased. The same
solid bio-polyol was further oxypropylated and tested in the same RPUF formulation
resulting in a negligible density increase, a significant improvement in compressive
strength (327 kPa to 515 kPa), and a 12% improvement in thermal conductivity (0.033 to
0.020 W/(m.K)).

Mahmood et al [205] have undertaken liquefaction of HL in a water-ethanol
mixture (5/50 v/v) at 250°C under a N, atmosphere to afford a solid bio-polyol at a 70%
yield (plus solid char at 8% w/w) which was then oxypropylated as a suspension in
glycerol to form a viscous liquid bio-polyol. They subsequently tested the liquid bio-
polyol in a model RPUF based on a sucrose DEG polyether polyol and glycerol mixture
(90/10% w/w) using acetone and water as blowing agents with a pMDI index of 1.0 by
replacing 50% of the polyether polyol. The RPUF with the liquid bio-polyol was found

to have a similar density (45 vs 43 kg/m?) and over 100% improvement in compressive
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strength (182 to 385 kPa). It was noted that the RPUF also has residual pMDI in the foam
which suggests that the viscosity of the polyol blend (part B) may have been too high for
efficient mixing with the pMDI.

Gosz et al [204] have studied liquefaction of SKL in a mixture of crude glycerol
(from biodiesel production) and 1,4-butanediol (1:1) without catalyst at 150°C. The bio-
polyol was tested in a polyether polyol based RPUF at a pMDI index of 200 using both
water and n-pentane as blowing agent by replacement of the polyether polyol at 25% and
50% w/w and it was reported that it increased the apparent density (from 83 to 99 and
150 kg/m? respectively), decreased the cell size (from 236 to 203 to 168 um respectively)
and decreased the calculated specific compressive strength by around 24% (from 7.5 to
5.7 kPa/g). It was also reported that the extractable content from the bio-polyol reduced
as the bio-lignin content increased which implies that the KL bio-polyol was significantly
cross-linked into the polymer matrix.

The liquefaction of biomass is not strictly liquefaction of lignin as it is a mixture
of lignin, hemicellulose, and cellulose. Thus, the resultant ‘polyol” has an even greater
chemical complexity than lignin alone as it contains an abundance of C5 sugars (from
hemicellulose) and C6 sugars (from cellulose). Finally, the liquefaction process often
produces a residual solid (char) and to date, the performance of these ‘polyols’ has not
been satisfactory in RPUF [76, 206].

So, in conclusion, to date, the incorporation of depolymerised lignin into RPUF
has not yet proved its value in terms of improved thermal conductivity or compressive
strength properties. Further, the extra cost of chemicals and the cost of the process itself
makes it an uneconomic alternative to traditional polyether polyols currently without a

significant performance improvement.
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4.2.3. Functionalisation of Lignin

Typically, new functional groups are introduced to particular positions of the
lignin molecule that promote reactivity (ortho-position) [93]. Potential methods that could
be applicable for functionalisation of lignin for RPUF include thiolation, thiol-ene
functionalisation, aldehyde stabilisation, formylation, phenolation, demethylation, and
etherification which are detailed elsewhere [98, 220-223]. Yang et al [203] have
investigated hydroxymethylation, epoxidation, and phenolation of KL and tested them in
RPUF. However, such chemical modification approaches of technical lignin are not cost-

effective for large scale production [190, 203] of polyols and RPUF to date.

5. Outlook and Future Perspectives

There is an ongoing interest in the improvement of the key properties (Table 1)
of RPUF for thermal insulation without compromising the sustainability in terms of raw
materials and cost-effectiveness. The incorporation of technical lignin into RPUF will
continue to be of industrial and academic interest because of its abundance, low cost,
and high aromatic content. The analysis of the reported studies indicates that the
exploitation of the full potential of technical lignin in RPUF is still hindered by the
following challenges.

e First, the current production of technical lignin has issues with purity and
inconsistency within batches.

e Second, technical lignin has not been optimised for use as a polyol or polyol
precursor. For example, ideally, the Mw of RPUF polyols fall in the range of 400-
1200 [44] but current commercial KL products are reported from 2,400 to 10,000

(Table 7).
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e Third, there are issues in the characterisation of the relevant properties of technical
lignin, such as OHv and Mw, needed in the formulation of RPUF.

e Fourth, there should be increased research on OSL given the quantity that will be
generated by the bio-fuels industry [110] in the near future.

e Lastly, the degree of dispersion of technical lignin in polyols and its tendency to
self-aggregate hinders reactive groups participating in the polyurethane reaction.

Hence, future research could be undertaken on kraft pulping to look at if the extended

treatment might produce a KL with better molecular weight distribution, through

controlled acidification (neutralisation) [224], fractionation [103, 225-236], aldehyde-

stabilisation [221, 237], or other methods. Further, more valid and reliable quality

control standards must be employed for large scale production of lignin with

consistency.

The use of chemically modified technical lignin addresses the issue of lignin
agglomeration and increases the accessibility of the functional groups. However, this
approach is only favourable as long as the cost of treatment is not excessive. Future
research will continue to explore desirable and realistic chemical treatments that are
sustainable not only through raw materials and cost of production but also, through
performance. In contrast, direct incorporation of unmodified technical lignin in RPUF is
potentially a more economical and environmentally sustainable process but has issues
due to poor dispersion in the polyol system. So, further work is required to investigate
the dispersion, long-term colloidal stability, and rheological behaviour of lignin in
polyols and their interaction in polyurethane networks.

The potential of lignin in RPUF will only be demonstrated by the achievement

of consistently improved physical properties, (dimensional stability, compressive
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strength, and thermal insulation) and their retention against aging. In such an effort, we
recommend the judicious selection of steps/pathways and lab-to-medium scale test

methods proposed in Figure 11.

Is Technical Incorporate
Technical Characterisation ligmin

Technical
lignin of TL chemically lignin into
~ B consistent? palyols
Section 3.2, 3.3 Section 4
Analyse the
palyolf Technical
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Formulate Determine OHy,
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standard cup-test polyurethane moisture
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Isit
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H Section 2.3, 52 Table A1

Are the
cup-density .
and kinetics o — g
acceptable?

Are the properties
Test physical within the specified Lignin
properties according to range for the incorporated
standards application? RPUF

Prepare RPUF
moulds

Tabile A2

Figure 11 Key recommended steps for developing protocols for lignin incorporated

RPUF and relevant sections in the review.

In addition, several studies have been reported on the improvement of the
performance of lignin incorporated RPUF by the addition of other fillers such as
nanocellulose [238], microcrystalline cellulose (MCC) powder [239], cellulose nano-
whiskers [240], ammonium polyphosphate [4], graphene oxide [241], pulp fibres [212],
organically modified layered double hydroxides [242]. Such approaches could open

future studies to the development of high-performing multifunctional lignin incorporated

RPUF.
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Finally, Yang et al [243] recently reviewed the progress in lignin-derived flame
retardants in polymers for improving sustainability and performance. While this review
has focussed on the improvement of the thermal insulation and compressive strength
properties of RPUF, possible improvements in fire performance have potential
commercial applications. The work of Rogers et al [191] who incorporated KL into an
aromatic polyester polyol which was subsequently tested in a low-density PIR
formulation and found to have a reduced (~16%) peak heat release rate in cone

calorimeter tests suggest that this could also be a fruitful area for future research.

6. Conclusions

In this review, we have systematically evaluated the literature on incorporating
technical lignin into RPUF. To date, there are no commercially available products due
to a variety of reasons. First, the variability of the molecular structure of technical lignin
by source, by the process, and inconsistency in batch production by the supplier. Second,
some key properties of technical lignin, such as OHv and Mw, still cannot be consistently
quantified to elucidate the nature of the interaction and its influence on the
morphological, thermal, and mechanical properties of RPUF. Third, the lignin industry
has not invested enough research into designing a product that is better suited to the
polyurethane industry.

To date reported studies on direct incorporation of KL lignin in RPUF suggest it
is possible to improve thermal insulation performance but at the expense of compressive
strength unless the loading levels are kept below about 1% w/w in the polyol. (~ <5%
w/w in the polyol). No conclusion is possible on NaLS, OSL, or other technical lignins

based on the studies reported to date. Progress in the direct incorporation of technical
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lignin in RPUF will require improvements in the degree of dispersion and reactivity of
lignin in polyols to increase optimal loading levels which can only be engineered through
careful selection of RPUF components and processing conditions.

Research on the incorporation of chemically modified technical lignin in RPUF
shows mixed results in terms of the thermal insulation or compressive strength at this
time. Further, depolymerisation of lignin has issues with “char” formation, removal of
by-products, and the need to use oxypropylation as a further step to produce a liquid bio-
polyol. Oxypropylation can improve the compatibility of technical lignin with RPUF
raw materials but the additional production costs and utilisation of petroleum-derived
propylene oxide are of questionable sustainability versus a standard polyether polyol
produced from sucrose and propylene oxide for example.

To conclude, to date most of the reviewed works have shown compromised or
limited improvement in the thermal conductivity and compressive strength properties of
RPUF by the incorporation of technical lignin. The absence of data on formulation,
density, and thermal conductivity, together with some fundamental issues like neglecting
water content or thiol content of raw materials make it difficult to understand the impact
of technical lignin on the properties of RPUF to date. This is not unexpected in early
work to open a new area of investigation and despite the limitations, they do provide a
valuable contribution. While the current results are not yet competitive with commercial
petrochemical based RPUF, the interest in incorporating technical lignin into RPUF will
continue because of the potential to develop innovative products with improved thermal

conductivity, mechanical, and fire performance.
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Supporting Information

S1. Rigid Polyurethane Foams (RPUF)
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Figure A1 Polyurethane foam applications with respect to its density [1, 4, 13, 18]

S2. Rudiments in Formulation of RPUF

The polyols used in RPUF are chosen to have a hydroxyl value of 250-1000 mg KOH/g,
a functionality of 3.0-8.0 and a Mw of 150-1,200 Da [54]. For example, Voranol ™ 446
from Table 1 is a sucrose-glycerine initiated polyether polyol with a functionality of 4.5
and a hydroxyl value of 446 mg KOH/g which means it has an average Mw of 566 Da
[49]. Polyether polyols for RPUF are manufactured by reacting propylene oxide (PO)
with an initiator, illustrated with glycerine [41]. Propylene oxide polyols largely terminate
(95%) with secondary hydroxyl groups and are less reactive than primary hydroxyl

groups [1]. The final product, however, is not a discrete Mw but has a multimodal
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distribution around the desired Mw plus a mixture of diols (PPG) and monols produced

as side reactions during the oxypropoxylation [41].

In a typical RPUF formulation, polyols which are polymers with two or more hydroxyl
groups per molecule and they are selected by their characteristic chemical and physical
properties such as molecular weight (Mw), average functionality (f), hydroxyl value

(OHv), acid value (Av) and the viscosity. They are interrelated by the following formula

fx 56100

MW = Gty + av) M

where f, the average functionality is the total moles of hydroxyl groups divided by the
total moles of polyol; OHv, the hydroxyl value is the weight of KOH in mg that will
neutralise the acetic anhydride capable of reacting with 1g of polyol [54]; and Av, the acid
value is defined as the weight of KOH in mg, that neutralises the acid on 1 g of polyol

[54], it is usually ignored if below a value of around 1 mg KOH/g.

Polyols are highly viscous in nature and exhibit properties depending on their OHv, f, and
Mw [244]. Polyols are produced from a wider range of precursor biomolecules and
chemical pathways mainly yielding three kinds of polyols; namely; short, aliphatic and
aromatic polyols. The precursors or initiators are selected depending upon the chain
architecture, functionality, molecular weight and are chemically modified to afford

particular requirements of the application [41].

Isocyanates are compounds with -NCO functional groups, particularly reactive towards
nucleophiles such as amines, alcohols, carboxylic acids, thiols, water, urea, and urethane
[50]. Polymeric isocyanates or Polyisocyanates (denoted by ‘p’ in pMDI) are a mixture
of dimers and trimers generating cyclic structures that provides rigidity and stability to

the RPUF [245]. Hence, aromatic diisocyanates are frequently used in RPUF production
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as they enable crosslinking during foaming and gelling reactions, thereby controlling the
rigidity and heat resistance of the foams. pMDI in Table 1 is a mixture of aromatic
compounds containing on average around 2.7 isocyanate groups per molecule
(functionality of 2.7) which are particularly reactive towards nucleophiles such as amines,

alcohols, carboxylic acids, thiols, water, urea, and urethane [50].

The isocyanate index for a formulation is a measure of the excess isocyanate used relative
to the theoretical amount required to react with all the hydroxyl groups. For example, in
Table 1, pMDI has an index of 103 (or 1.03) indicates a 3% excess of isocyanate [246].
An efficient method to calculate the Isocyanate index is using the concept of the
equivalent number of reacting groups taking account of the available number of hydroxyl
groups in the polyol as well as the water added in the formulation [174]. Typically,
polyurethane foams have an index from 90 - 130 [51], whereas Polyisocyanurate (PIR)

foams have a higher index above 180 [52, 53].
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S3. ASTM and ISO Standards used for Raw Materials and Physical Properties of

RPUF

Table A1 ASTM and ISO standards used for determination of characteristic parameters

of polyols used in RPUF

ASTM Standard ISO standard Key parameters / characteristics

ASTM D4273 ISO 14900

ASTM D7253

ASTM D 6437

ASTM D4878

ASTM D4890

ASTM D4672 ISO 14897

ASTM D4670

ASTM D4662

ASTM D4671 ISO 17710

ASTM D4669

ASTM D4273

ASTM D6979 ISO 25761

Hydroxyl number

Acid value

Alkaline value

Viscosity

Colour

Water content

Suspended matter

Acid and Alkalinity Numbers of Polyols

Unsaturation of Polyols

Specific Gravity

Primary Hydroxyl Content of Polyether

Polyols

Basicity in Polyols, Expressed as Percent

Nitrogen
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ASTM D4875

ASTM D6342

ISO 15063

Polymerized Ethylene Oxide Content of

Polyether Polyols

Hydroxyl number by NIR spectroscopy
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Table A2 ASTM and ISO standards used for determination / measurements of physical

properties of RPUF
ASTM Standard ISO standard Description
ASTM D1622 ISO 845 Density
Thermal conductivity
ASTM C518 ISO 8301
measurements
ASTM D2856 ISO 4590 Closed Cell Content
ASTM E96 ISO 1663 Water vapour permeance
ASTM D2126 ISO 2796 Dimensional stability
ASTM D1621 ISO 844 Compression properties
ASTM D1623 ISO 1926 Tensile Strength
ASTM D2842 ISO 2896 Water absorption
ASTM C1303 ISO 2440 Ageing
ISO 6187 Friability
ASTM D7487 Foam cup test
ASTM C1338 ISO 846 Fungi resistance
ASTM D3576 Cell size
ASTM D3014 Fire resistance
ASTM D5113 Adhesive attack
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ASTM C1029

ASTM C1289

ASTM E1730

Other tests

ASTM E-84

ISO 8873

ISO 4898

AS1530.3, DIN 4102-1, BS 476-

7

ISO 13785-2

FM 4880,

LPS 1181,

BS8414,

DIN 4201-20

AS5113:2016,

Spray foam

Thermal insulation

products for buildings

PIR Thermal Insulation

Board

Structural Sandwich Panel

Cores

Small scale fire tests

Large scale fire tests
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S4. Summary of Lignin Incorporated RPUF Included in the Review

Table A3 Reported data on physical properties of lignin incorporated RPUF
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Direct Pan and
incorporation KL Voranol ™ 270 0 1.1 116 NR 0.5 NR NR NR NR Saddler[130]

23 100 0.24

46 70 0.23

55 80 0.2

64 83 0.1
Direct Xue et al
incorporation HL PEG-400 0 105 120 NR 047 NR NR NR NR [208]

9 85 0.28

18 70 0.18

27 60 0.07

36 52 0.06
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45 50 0.05
JEFFOL® A-360,
Soybean
Direct Softwood phosphate  ester Luo et al
incorporation lignin polyol 0 105 62 NR 039 NR NR NR 173 [186]
5 65 0.4 177
10 76 0.46 181
15 86 0.32 182
Direct BIOLIGNIN Arshanitsa et
incorporation ™ Lupranol ® 3330, 0 120 53 NR 026 NR NR NR NR al[l45]
Lupranol ® 3422 5 48 0.22
10 47 0.21
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20 45 0.21

30 42 0.19

40 42 0.17

50 40 0.15 NR
Direct Softwood
incorporation lignin Soy based polyol 0 110 303 NR NR NR NR NR NR Luoetal[77]

5 264

10 257

15 223

20 220

25 196
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Direct

Asano et al

incorporation LS DEG 0 120 NR NR NR NR NR NR ~130 [183]
TEG 0 ~95
PEG-200 0 ~75
DEG 19.8 ~120
TEG 19.8 ~100
PEG-200 19.8 ~90
Direct BIOLIGNIN Paberza et al
incorporation ™ Tall oil polyol, 0 155 50 352 0.31 028 NR NR NR [175]
Lupranol ® 3422, 1.88 51 NR 0.33 0.3
glycerol 3.75 52 NR 0.35 0.31
7.5 51 324 0.33 0.26
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15 59 NR 034 0.17
22.5 63 29.8 028  0.21
Direct Luo et al
incorporation KL DEG/PEG 0 110 62 NR 0.33 NR 815 NR NR [189]
5 100 0.73 10
10 108 0.69 10.4
15 111 0.66 10.5
20 115 0.64 14.7
Direct PPG/ glycerol Wysocka et al
incorporation LS (100:0) 0 107 17 NR 162 NR NR NR 100 [187]
0/0 100 20 4.42 29
70/0 30 18 3.81 23
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60/10 30 36 1.11 48
60/20 20 22 0.95 21
70/10 20 20 3.11 62
Direct Castor Carrico et al
incorporation KL oil/glycerol 17.5 110 549 NR 004 NR 0.01 NR NR [176]
Water 54.9 0.04 0.01
n-pentane 71.1 0.03 0.03
Cyclopentane 81.3 0.02 0.04
Water/
cyclopentane 71.4 0.02 0.03
Direct Wang et al
incorporation PEG-2000 0 110 207 NR NR NR 0.02 NR NR [247]

93



Alkali lignin 20 108 344 0.02

Direct polyether polyol
incorporation SL 330 0 1.73 75 NR 0 NR 0.01 NR NR Zhuetal[73]
2.5 1.25 60 0.001 0.02
5 098 66 0.002 0.04
7.5 0.81 75 0.003 0.04
10 0.69 85 0.003 0.05
15 0.53 115 0.06 0.09
Alkali
Lignin-polyol lignin/PEG Wang et al
grafting 2000 PEG-2000 20 104 120 0.09 [198]
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333 98 130 0.27
50 95 201 0.09
Modification of
existing
functional Hayati et
groups KL Voranol ™ 360 0 110 382 252 014 0.15 39 399 135 al [124]b
glycerol 2.5 38.7 25 0.16 0.16 45 395 133
5 393 246 0.2 0.17 54 4.05 149
10 369 267 0.09 0.07 27 18 171
Modification of
existing
functional PEG/ glycerol Muller et al
groups 9:1) 0 105 NR NR NR NR NR NR NR [188]
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KL Glycerol/KL (9:1) 10 105 79 39 0.35
LS Glycerol/LS (9:1) 10 154 48 0.25
OL Glycerol/OL (9:1) 10 70 42 0.05
Lupranol® 3323,
(lignin/propylene
oxide/ KOH Cateto et al
Oxypropylation  Alcell catalyst; 100 110 223 257 NR NR 3.1 NR NR [177]
Alcell 30/70/2) 50 25.1 269 3
Indulin At 100 23.1 274 4
Indulin At 50 23.7 29.1 3.6
Catet. t al
Lupranol® 3323) ateto et a
Oxypropylation  Alcell 100 110 209 26.7 NR NR 25 NR NR [177]

(lignin/propylene
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oxide/ KOH

catalyst;
Alcell 20/80/5) 50 239 30.5 3.3
Indulin AT 100 192 268 2.6
Indulin AT 50 224 329 2.4
Curan 27 100 18.4 28.5 2.3
Curan 27 50 194 313 2.7
Reference
polyol 0 31.1 303 4.6
JEFFOL SD-361,
JEFFOL ® FX31- Li and
240 (15 wiw % Ragauskas
Oxypropylation KL held constant) 0 120 NR NR 0.1 NR 145 NR NR [132]
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10 0.1 1.56
30 0.11 1.58
60 0.1 1.13
100 0.09 1.11
Oxypropylated
KL 100 0.14 3.41
Kuranska et
Oxypropylation  Alcell Rokopol ® RF551 0 110 454 229 0.38 0.19 NR NR NR al[201]
10 43.8 228 038 0.18
20 43 22.8 035 0.18
30 414 229 034 0.16
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Gosz

et

al

Oxypropylation KL Rokopol ® RF551 0 200 83 NR 063 NR NR NR NR [204]
25 99 0.7
50 150 0.86

BIOLIGNIN Arshanitsa et

Oxypropylation ™ Lupranol ® 3330, 0 120 53 026 NR NR NR NR al[l45]
Lupranol ® 3422 1.9 NR NR 0.23
3.8 0.26
5.7 0.27
7.5 0.31
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Recycled

aromatic PET Rogers et al
Glycolysis KL polyol 0 260 293 239 019 NR NR NR NR [191]
2.5 29.8 243 0.21
5 293 241 0.24
10 303 243 0.23
15 303 245 0.24
Fractionation
and Polyether polyol
oxypropylation ~ OSL (polyether 4110) 0 105 130 465 0.7 NR NR NR NR Lietal [200]
8.87%
(yield%) 50 73 37 0.75
100 85 37.1  0.83
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20.12% 50 85 384 0.75

100 95 38.6 0.78
8.37% 50 102 36 0.25
100 105 451 0.5
1.63% 50 91 335 0.21
100 70 49.1 0.16
Depolymerisatio
n, Mahmood et
oxypropylation KL Sucrose polyol 0 110 54 33 0327 NR NR NR NR al[l78§]
Depolymerised
KL 50 104 32 0.374
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Oxypropylated-

Depolymerised
KL 100 55 29 0.515
Liquefaction,
oxyproproylatio Mahmood et
n HL JEFFOL SD-361, 50/50 110 44.7 29 039 NR 92 NR NR al[205]
Liquefied/
Oxypropylated
lignin 60/40 61 30 1.09 19.8
70/30 64.5 30 1.06 21.2
Phenolated Yang et al
Liquefaction lignin PEG 0 NR NR NR NR NR NR NR NR [203]
0.5 0.07
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0.11

1.5 0.13
2 0.12
2.5 0.09
3 0.09
Introduction  of
New Functional Epoxidated Yang et al
Groups lignin PEG 0 NR NR NR NR NR NR NR NR [203]
0.5 0.05
1 0.06
1.5 0.08
2 0.08
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2.5 0.09
3 0.09
Wysocka et
Hydrolyis LS PPG /glycerol 100 107 NR NR NR NR NR NR NR al[187]
70/0 30 13 0.46 100
60/10 30 11 0.9 41
60/20 20 19 0.86 36
70/10 20 18 0.84 56
PPG400 and Mahmood et
Liquefaction HL glycerol 0 120 58 45 052 NR 92 NR NR al[l07]a
30 55.6 38 0.16 0.18 138
50 99 39 0.09 0.11 146
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Mahmood et

JEFFOL SD-361 0 120 30.1 44 009 NR 1.03 NR N al [107]b
30 354 35 0.19 3.34 178
50 65.1 37 0.25 3.29 189
Modification of
existing
functional
groups PEG-400 0 NR 149 14 094 NR NR NR 311 Liuetal[190]
Refined KL 15 79.5 12 0.41 281
Modified KL 15 110 10 0.5 320
Zh t al
Oxyalkylation ang o a
. PEG-400/EC 0 120 NR NR NR NR NR NR NR [197]
with  ethylene
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carbonate
polyethylene

glycol

and

20
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30
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0.18

0.18

0.17
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0.14

0.14

0.14
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