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A B S T R A C T  

Lab-sca e structura  insu ated pane s (SIPs), using  ignin-incorporated rigid po yurethane (RPU) foams as the 
therma  insu ation core, were fabricated and characterized. The RPU foams incorporating surface-modifed 
 ignin were sandwiched between two oriented strand board (OSB) sheets to produce  ignin-incorporated SIPs 
with nomina  dimensions of 350 × 350 × 3 46 mm . In comparison to the reference RPU foam without  ignin, the 
 ignin-incorporated RPU foams exhibited progressive y higher therma  stabi ities coinciding with  ignin amount, 
but simi ar therma  conductivity (˜24.5 −1 mW·m  K−1) and water absorption (˜0.018 g/cm3). The bonding, shear, 
and fexura  strength of  ignin-incorporated SIPs were 150–210 kPa, 110–150 kPa, and 3–4 MPa, respective y, 
which were simi ar to that of reference (no  ignin contro ) SIP. Lignin-incorporated RPU foams and SIPs with 
5%–15%  ignin addition amount exhibit better performance than the reference RPU foam and SIP. We attribute 
overa   enhancements in therma  and mechanica  properties of the  ignin-incorporated RPU foams, and the 
corresponding SIPs, to the surface-modifed  ignin, serving as a reactive cross inker with amp e chemica  in-
teraction to po yisocyanates during the formation of RPU foams. 

1. Intr ducti n 

Structura  insu ated pane s (SIPs), made by sandwiching a thick 
insu ating  ayer between two structura  face  ayers, are used wor dwide 
as an energy conservation composite for residentia  and commercia  
bui dings (Jing and Raongjant, 2013). The competitiveness of SIPs in 
the mu tistory wooden structures industry is made possib e by the pre-
fabrication of SIPs in a factory to required specifcations; this resu ts in 
 ess construction waste and signifcant time-savings through the in-
sta  ation of who e wa   systems during onsite structure assemb y. SIPs 
are a so  ightweight and their energy efciency resu ts in energy savings 
of 50–60% (Barte , 2018). The annua  market for SIPs in the US was 
estimated to be $350-525 mi  ion in 2007 with a 4–12% annua  growth 
rate (FAS, 2010). For residentia  bui dings, the most common y used 
face  ayer in SIPs is oriented strand board (OSB) and materia s used for 
the core are rigid po ystyrene (RPS) or rigid po yurethane (RPU) foams. 
RPU foams are high y cross- inked and c osed-ce   thermoset po ymers 
which are usua  y synthesized through a po yaddition reaction between 
–NCO rich po yisocyanates and −OH rich po yo s. Genera  y, RPU 
foams have the advantages of high therma  insu ating capabi ity and 
high durabi ity over RPS foams (Choi et a ., 2018). Besides, un ike RPS 
foams, the forming of RPU foams can be carried out direct y between 

two OSB pane s to produce SIPs without the use of adhesives to bond 
the insu ating-foam and face-OSB  ayers. Despite their outstanding 
properties, the use of petro eum-based po yo s and po yisocyanates for 
the production of RPU foams can be a concern due to the dep etion of 
fossi  fue  resources and possib e environmenta  issues arising from  ow 
biodegradabi ity and compostabi ity of petro eum-based materia s 
(Amara  et a ., 2012). Therefore, app ying bio-based materia s for the 
production of RPU foams as we   as SIPs wou d  ead to a reduction of 
the environmenta  footprint of petro eum-based materia s and resources 
(Kirp uks et a ., 2018; Li et a ., 2017; Septevani et a ., 2017). 

Lignin is one of the three major components of  ignoce  u osic bio-
mass, which accounts for approximate y 10–35 wt% of the 200 bi  ion 
tons of tota  g oba  biomass produced annua  y (Zhang et a ., 2017). 
A though a  arge amount of (70 mi  ion tons/year)  ignin is avai ab e 
from pu ping industries as a byproduct, the  arge sca e app ication of 
 ignin is sti    imited (Zhang et a ., 2018a 2018b). As a renewab e and 
biodegradab e biopo ymer,  ignin has attracted g oba  interest in the 
po ymer industry for both economic and environmenta  reasons. Many 
attempts have been made to uti ize  ignin as renewab e po yo  feedstock 
to produce RPU foams in order to supersede the use of petro eum-based 
po yo s (Bernardini et a ., 2015; Carriço et a ., 2016; Cateto et a ., 2008, 
2014; Li and Ragauskas, 2012; Luo et a ., 2013; Nadji et a ., 2005). In 
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these attempts,  ignin was used either direct y (without modifcation) or 
after a chemica  modifcation (i.e.,  iquefaction or oxypropy ation). The 
former method is simp e but usua  y weakens the mechanica  strength 
of RPU foams (Pan and Sadd er, 2013; Xue et a ., 2014; Gómez-
Fernández et a ., 2017), whi e the  atter method cou d maintain the 
good mechanica  strength of RPU foams but increases the production 
cost (Hayati et a ., 2018; Zhang et a ., 2018c). App ying unmodifed 
 ignin for RPU foam production cou d be attractive for industries due to 
its potentia  economic beneft. 

Two obstac es associated with direct incorporation of unmodifed 
 ignin for RPU foam production are: 1)  imited miscibi ity of  ignin with 
po yo s due to their diference in po arity and 2)  ow reactivity of  ignin 
to isocyanates due to the high pheno ic OH content and the  imited 
accessibi ity of the pheno ic OH groups from steric hindrance. The frst 
obstac e is be ieved to cause the aggregation of  ignin partic es in the 
ce  u ar structure of RPU foam and diminish its mechanica  strength. To 
overcome this issue, Hayati et a . (2018) have app ied a high-tem-
perature dispersion method to so ubi ize industria   ignin (up to 10%) in 
a po yether po yo  mixture and have used  ignin/po yo  dispersion to 
produce RPU foams. In comparison to the conventiona  room-tem-
perature dispersion, high-temperature (120 °C) was found to be efec-
tive in the disso ution and disaggregation of  ignin in the po yether 
po yo , thereby improving the therma  insu ation property (up to 5%) 
and compressive strength (up to 4%) of RPU foams. A though the im-
provement in RPU foams’ properties is margina , the high-temperature 
dispersion method can be a simp e and efective strategy for the pro-
duction of  ignin-incorporated RPU foam. On the other hand, the 
second obstac e caused the  ow cross ink density of  ignin-incorporated 
RPU foams because  ignin main y served as a f  er other than a reactive 
po yo . This is because the foaming reaction is a rapid process that 
usua  y comp eted in a few tens of seconds. Even if the foam is cured 
after the comp eted reaction between po yo s and isocyanates,  ignin 
partic es wi    ike y be trapped in the ce  u ar wa   and remain un-
reacted. 

The direct incorporation of  ignin for RPU foam production with 
maintaining a reasonab e cross ink density remains cha  enging. 
Therefore, this study investigates an a ternative strategy for increasing 
the cross ink density of  ignin-incorporated RPU foams. We have re-
ported a simp e surface functiona ization process to uti ize  ignin as a 
petrochemica  po yo  substitute for the preparation of RPU foams 
(Zhang et a ., 2018c). Our approach was to modify the surface of  ignin 
with po yisocyanates at a moderate temperature in order to increase the 
interaction between  ignin and po yisocyanates as we   to enhance the 
dispersion and disaggregation of  ignin. On the other hand, despite 
 ignin-incorporated RPU foams with diferent densities and mechanica  
properties were prepared by many studies, there are no reports for 
 ignin-incorporated RPU foams used in practica  app ications such as 
the fabrication of SIPs. The mechanica  properties of SIPs are not on y 
afected by the individua  mechanica  properties of the components 
(core foam, OSB), but a so by the interfaces between core foam and 
each of the two OSB  ayers. Therefore, it is necessary to fabricate  ignin-
incorporated SIPs and test their mechanica  properties because the 
addition of  ignin may afect the core foam and OSB interface, and thus 
afect the mechanica  properties of a SIP. 

In this study, the efects of  ignin addition on the microstructure, 
therma  conductivity, and therma  stabi ity of RPU foams were ex-
amined. The mechanica  performance of SIPs containing  ignin-in-
corporated RPU foams as the therma  insu ation core, such as com-
pressive, bonding, shear, and fexura  properties, were a so 
investigated. To the best of our know edge, this is the frst study ap-
p ying  ignin-incorporated RPU foams in the fabrication of SIPs. 

2. Experimental 

2.1. Materials 

Kraft  ignin (Indu in AT) supp ied from Ingevity (North Char eston, 
SC, USA), and the  ignin powder was mi  ed in a cofee burr mi   to pass 
through a 90 μm sieve and oven dried (103 °C for 24 h) prior to use. 
Lignin was a so further characterized for its ash content, hydroxy  
content, and mo ecu ar weight (Fig. S1 in Supp ementary information: 
SI). Lignin ash content was measured to be 3.62 wt% fo  owing ASTM 
D1102. Lignin tota  hydroxy  content was 5.33 mmo /g (hydroxy  
va ue: 299 mg KOH/g), in which a iphatic hydroxy , pheno ic hydroxy , 
and carboxy ic-re ated hydroxy  contents were 2.21, 2.89, and 
0.22 mmo /g, respective y (Fig. S2). Lignin mo ecu ar weight (Mw) and 
po ydispersity index (Mw/Mn: PDI) were found to be 4825 g/mo  and 
5.77, respective y. From this data, the average functiona ity was ca -
cu ated to be 4.45. Commercia  23-015  ow-density rigid pour system 
was purchased from NCFI Po yurethanes (Mount Airy, NC, USA). The 
23-015 consists of two parts. Part A is po yisocyanates mixture (pMDI, 
NCO content 7.61 mmo /g, viscosity 200 mPa·s), containing 46% di-
pheny methane diisocyanate isomers and 54% po ymeric diphe-
ny methane diisocyanate. Part B is a petro eum-based po yester po yo  
mixture (hydroxy  va ue 272 mg KOH/g, viscosity 1030 mPa·s), which 
contains 1% tertiary amine cata yst and 9% hydrofuorocarbon (HFC) 
b owing agent (a proprietary b end of HFC-245fa and HFC-365mfc). 
OSB (7/16 CAT PS2-10, 11 mm in thickness) was manufactured by 
Georgia-Pacifc Corporation and purchased from a  oca  retai er. Epoxy 
resin (635 Thin Epoxy System, epoxy and hardener vo ume ratio of 3:1) 
was purchased from US composites Inc. Other chemica s were pur-
chased from Sigma-A drich as ana ytica  grade and used as received. 

2.2. Preparation of lignin-incorporated RPU foa s and SIPs 

Prior to the preparation of  ignin-incorporated RPU foams and SIPs, 
the  ignin was surface functiona ized using pMDI via a prepo ymeriza-
tion treatment according to our estab ished procedures (Zhang et a ., 
2018c). Briefy, the prepo ymerization treatment was initiated by 
heating a mixture of  ignin, pMDI, and si icone oi  at 80 °C for 1 h under 
the N2 atmosphere with stirring (see Scheme 1 for detai s). The tem-
perature we used was 80 °C which was c ose to  ignin’s soft point but 
not high enough to cause the homopo ymerization of pMDI. Lignin 
concentration in the mixture was up to 30%, which was respective to 
the mass of pMDI (as shown in Tab e 1). After the prepo ymerization, 
the resu tant mixture, which is termed as  ignin-pMDI prepo ymer, was 
coo ed down to room temperature and used immediate y for the pre-
paration of RPU foams and SIPs. For the convenience of description, 
un ess stated, the “ ignin amount (%)” and “ ignin content (%)” in this 
artic e refer to the weight fraction of  ignin in re ative to pMDI in the 
prepo ymer. 

The optimized mixture ratio of 1:1 (part A to part B in weight) was 
suggested from NCFI Po yurethanes, which was used for the prepara-
tion of reference RPU foam and SIP. For  ignin-incorporated RPU foams 
and SIPs, the amount of foaming chemica s (part A and part B) kept to 
be the same and a predefned amount of  ignin was added to it 
(Tab e 1). The NCO index of RPU foams (Tab e 1) was ca cu ated from 
the fo  owing equation: 

NCO index = [WpMDI × NCOpMDI / (WP × OHP + WLig × OHLig)] × 
100 (1) 

where WpMDI, WP, and WLig are the weight (g) of pMDI, po yo , and 
 ignin, respective y; NCOpMDI is NCO content of pMDI (7.61 mmo /g); 
OHP and OHLig are the OH content of po yo  (4.85 mmo /g) and  ignin 
(5.33 mmo /g), respective y. The actua   ignin content (ALC, %), which 
represents the weight fraction of  ignin in RPU foams, was ca cu ated 
using the fo  owing formu a: 
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Scheme 1. The preparation of  ignin-based RPU foams and SIPs. 

ALC, % = WLig / (WP + WLig + WpMDI + WSi-oi ) (2) 

where WSi-oi  is the weight of si icone oi . 
Our pre iminary experiments found that direct pouring of the pre-

mixed RPU foam components (shown in Tab e 1) into the OSB mo d 
(consisting of two OSB pane s as faces on edge) resu ted in non-uniform 
RPU foams, which produced SIPs with uneven core foam densities. To 
ensure the uniform core foam density of the as-prepared SIPs, a three-
step fabrication process was emp oyed: 1) formation of a free-rising 
RPU foam, 2) trimming of the RPU foam, and 3) g uing top-face OSB 
pane  on top of the RPU foam, as shown in Scheme 1. Specifca  y, a 
predetermined amount of part B po yo  (Tab e 1) was added into  ignin-
pMDI prepo ymer and the mixture was stirred at 2500 rpm for 10 s. The 
resu tant mixture was then immediate y transferred onto an OSB 
(35 × 35 cm2) pane  and a  owed to free y expand at room temperature 
to obtain an RPU foam that adhered to the OSB pane . The RPU foam 
was then cut into samp es with various sizes for the ana yses of ce   
structure, density, therma  conductivity, and water absorption. For the 
preparation of SIPs, the as-synthesized RPU foam from the previous step 
was trimmed to the size of OSB (35 × 35 cm2) with a thickness of 
26 mm. By g uing a top OSB  ayer on the surface of the trimmed RPU 
with epoxy resin, the  ignin-incorporated SIP was obtained. The SIP was 
cut into samp es with various sizes depending on the mechanica  
property being determined. 

2.3. Characterization 

2.3.1. Characterization of lignin-pMDI prepoly ers 
The viscosity of  ignin-pMDI prepo ymer was determined at 25 °C at 

a shear rate of 10 s−1 using an AR 1500EX (TA Instruments) rheometer, 

which is equipped with a DIN concentric cy inder consisting of a rotator 
spind e with a diameter of 40 mm. 

The dep etion of NCO groups in pMDI during prepo ymerization was 
determined according to the Test Method B in the ASTM D5155-01. 
Briefy, 2–4 g of  ignin-pMDI prepo ymer was added to 75 mL to uene 
so ution containing 50.3 mmo  of dibuty amine, fo  owed by adding 
10 mL to uene and stirring at 20 °C for 20 min. The so ution was then 
rapid y heated whi e stirring using a hot p ate. After the so ution tem-
perature reached 95 °C, the heat was quick y removed and then the 
so ution was a  owed to stand for 30 min, fo  owed by adding 225 mL of 
isopropy  a coho . Titration was conducted using a 1.0 N HC  to the 
equiva ence point that occurred at the pH  eve  of the so ution were 
between 4.2–4.5. The percent NCO (%NCO) in pMDI after pre-
po ymerization was ca cu ated as fo  ows: 

%NCO = 4.202 × (B–S) / W (3) 

where B is HC  (mL) required for the titration of a b ank samp e, S is HC  
(mL) for the titration of a prepo ymer samp e, W is the weight of pMDI 
in the prepo ymer samp e. The dep etion of NCO (ΔNCO, %) during the 
prepo ymerization was ca cu ated by the fo  owing equation: 

ΔNCO, % = (NCO0 - NCO1) / NCO0 (4) 

where NCO0 and NCO1 are the %NCO of pMDI before and after pre-
po ymerization, respective y. With the assumption of a   the dep eted 
NCO groups was reacted with  ignin OH groups and formed urethane 
 inkages, the percent of reacted OH (ΔOH, %) in  ignin during pre-
po ymerization was ca cu ated as fo  ows: 

ΔOH, % = (ΔNCO × WNCO × 7.61) / (W ignin × 5.33) (5) 

Table 1 
Amounts of components used for the preparation of RPU foams in SIPs. 

Lignin amount* (%) Lignin-pMDI prepo ymer Po yo  (g) NCO index EfectiveNCO index ALC* (%) Cream time (s) Ge  time (s) Track free time (s) 

pMDI (g) Si icone oi * (g) Lignin (g) 

0 120 0 0 120 157 157 0 24 128 186 
5 120 0.3 6 120 149 – 2.4 – – – 
10 120 0.6 12 120 142 152 4.8 27 131 182 
15 120 0.9 18 120 135 – 7.0 – – – 
20 120 1.2 24 120 129 149 9.0 29 130 180 
25 120 1.5 30 120 123 – 11.0 – – – 
30 120 1.8 36 120 118 148 13.0 33 136 180 

Notes: *Lignin amount represents to the weight fraction of  ignin re ative to pMDI in prepo ymer. *The amount of si icone oi  is 5% respective to the weight of  ignin. 
*ALC is the actua   ignin content in RPU foams. 
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where WNCO and W ignin are the weight (g) of pMDI and  ignin in the 
prepo ymer, respective y; 7.61 and 5.33 are the NCO content (mmo /g) 
in pMDI and OH content (mmo /g) in  ignin, respective y. 

Since on y  imited amount of OH groups in  ignin cou d react with 
isocyanates during prepo ymerization, an efective NCO index can be 
defned as fo  ows, which exc ude non-accessib e OH groups in  ignin: 

Efective NCO index = [WpMDI × NCOpMDI / (WP × OHP + WLig × 
OHLig × ΔOH)] × 100 (6) 

2.3.2. Physical properties of RPU foa s 
The apparent density of RPU foams was determined according to 

ASTM D1622-08. The ce   morpho ogy of RPU foams was ana yzed by a 
scanning e ectron microscopy (SEM, JSM-6110 LV, JOEL). The average 
ce   diameter was estimated from more than 200 measurements by 
using ImageJ software. The therma  conductivity of RPU foam was 
measured in z-direction para  e  to foam rise direction using a KD2 Pro 
(Decagon Devices, Inc) therma  conductivity meter. The cross-sectiona  
dimension of RPU foam samp es was 50 × 50 mm with a thickness of 
100 mm. Ten measurements were conducted for each foam specimen 
and each measurement was performed over a period of 10 min (Zhang 
et a ., 2018c). 

The water absorption of the RPU foams was measured according to 
ASTM C272 with six rep icates. The foam samp es had 50 × 50 mm2 

cross-sectiona  dimension with a thickness of 25 mm. In the water ab-
sorption test, the mass and vo ume of the foam samp es were designated 
as M (g) and V (cm3), respective y. After immersion into water for 24 h, 
the weight of samp es was designated as N (g). Thus, the water ab-
sorption of the samp es was ca cu ated as fo  ows: water absorption per 
unit vo ume = (N-M) / V. 

Therma  stabi ity of RPU foams was eva uated by thermogravi-
metric ana ysis (TGA) using a 50H thermo-gravimetric ana yzer (TA 
Instruments). Sma   pieces of foam (approximate y 5 mg) were heated 
from 50 °C to 750 °C at a ramping rate of 10 °C/min in fowing nitrogen 
(99.99%, 100 m /min) atmosphere under ambient pressure. 

2.3.3. Mechanical properties of SIPs 
The mechanica  properties of the as-produced SIPs were measured 

using the Instron 3382 universa  testing machine (Instron Corp.). 
Depending on the type of testing, the samp e size of SIPs under test was 
varied. The compressive property was measured on eight rep icates 
according to ASTM D1621-10 (crosshead movement rate at 2.5 mm/ 
min). The cross-sectiona  dimension was 48 × 48 mm2 with a thickness 
of 46 mm (Fig. 1a). The stress-strain curves were recorded at a cross-
head movement rate of 2.5 mm/min and the compressive strength was 
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determined at the 10% strain point of core foam thickness or at the 
yie d point. 

The bonding strength was determined on six rep icates through a 
tension adhesion test according to ASTM D1623-09 (crosshead dis-
p acement rate at 0.5 mm/min). The SIP samp es for compressive and 
bonding strength tests had a 50 × 50 mm cross-sectiona  dimension 
with a thickness of 46 mm. For bonding strength test, the specimens 
were adhesive y bonded from both sides to a specia  y prepared stee  
p ate using hot-me t adhesive (Fig. 1b). 

The shear strength was measured on six rep icates through a tension 
test according to ASTM C273-16. The specimen had a 100 × 50 mm 
cross-sectiona  area with a thickness of 46 mm, which was adhesive y 
bonded from both sides to specia  y prepared stee  p ates using hot-me t 
adhesive (Fig. 1c). The shear test was performed through an extension 
test at a disp acement rate of 0.5 mm/min. 

The fexura  strength was determined according to the Test Method 
II of ASTM C203-05a. The specimen was rectangu ar in cross-section 
with a width of 38 mm and a  ength of 355 mm (Fig. 1d). The depth of 
the specimen was equa  to the thickness of the SIP, which was 46 mm. 
As i  ustrated in Scheme 1, there are two OSB and core foam interfaces, 
with one direct y formed between the core foam and OSB, and the other 
one by bonding with an epoxy resin. A   SIP samp es were tested in the 
same condition, with the epoxy resin interface being on the bottom 
when p acing a SIP samp e on the span. The test was conducted using a 
midspan  oading method and the span was 305 mm. Five rep icates 
were tested at a crosshead disp acement rate of 2.5 mm/min. 

The foam density, ce   size, therma  conductivity, water adsorption, 
and the mechanica  properties of RPU foams and SIPs were ana yzed 
and compared by ana ysis of variance (ANOVA) using SAS software 
(SAS Institute, Cary, NC, USA). A one-factor ANOVA with a Fisher's 
 east signifcant diference (LSD) test was performed to ana yze the 
signifcance of diferences among the samp e groups. A   statistica  
ana yses were performed at a signifcance  eve  of 0.05. Standard errors 
were ca cu ated using the standard deviations of these rep icates. 
Standard error bars were inc uded in a   p ots. 

3. Results and discussi n 

3.1. Enhance ent of lignin interaction with pMDI for RPU foa  
preparation 

Our previous research reported that after prepo ymerization treat-
ment at 80 °C for 1 h, some  ignin OH groups were reacted with the NCO 
groups of pMDI through the formation of urethane  inkages (Scheme 2) 
(Zhang et a ., 2018c). As shown in Fig. 2, the viscosity (at a shear rate of 

Fig. 1. Confgurations of SIP specimens for various mechanica  property tests. 
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Scheme 2. Reactions during the (a) prepo ymerization and (b) foaming processes. 

Fig. 2. Viscosity of pMDI a one, and  ignin-pMDI prepo ymers with up to 30% 
 ignin amount. A   data were obtained at a shear rate of 10 s−1. 

10 s−1) of the  ignin-pMDI prepo ymer is strong y dependent on the 
 ignin content in the mixture. The viscosity of the mixture increased 
from 0.2 to 0.7 Pa·s after adding 30%  ignin, which can be attributed to 
the formation of urethane  inkages (pre-cross inks) between  ignin and 
pMDI and the f  er efects of  ignin (Chauhan et a ., 2014) 

In order to determine the amount of modifed OH groups in  ignin, 
an amine equiva ent wet chemistry experiment was conducted to 
measure the dep etion of NCO groups during the prepo ymerization. 
Our assumption was that, a   the NCO groups were consumed through 
the reaction with  ignin OH groups to form urethane  inkages. For 
 ignin-pMDI prepo ymer containing 10%, 20%, and 30% of  ignin, the 
dep etion of NCO groups was found to be 2.1%, 3.5%, and 3.9%, re-
spective y, indicating more urethane  inkages (pre-cross inks) were 
formed at higher  ignin content. On the other hand, for the prepo ymer 
containing 10%, 20%, and 30% of  ignin, the amount of modifed OH in 
 ignin was found to be 29.7%, 25.3%, and 18.4%, respective y. The 
decreased in  ignin OH modifcation ratio can be attributed to the ag-
g omeration and aggregation of  ignin partic es at higher  ignin con-
centration. Limited accessibi ity of  ignin OH groups has been reported 
previous y (Mahmood et a ., 2016). Our prepo ymerization pretreat-
ment process conducted at 80 °C for 1 h a so showed that on y 
18.4–29.7% of  ignin OHs participated in the po yurethane reaction. 
Given this situation, the unreacted OHs wou d  ike y remain 

inaccessib e during the very short time of RPU foam foaming process 
even with the presence of a cata yst. Therefore, the NCO index from Eq. 
(1), which considers a   OHs in  ignin, needs to be modifed. When 
taking into account on y the accessib e OHs of  ignin, the efective NCO 
index (Eq. (6)) (Tab e 1) is estimated to be 152, 149, and 148 for the 
foam with 10%, 20%, and 30% of  ignin addition, respective y. Un ike 
the NCO index, the infuence of  ignin addition on the efective NCO 
index in the RPU foams is neg igib e. 

During the foaming process, the reactions among surface modifed 
 ignin, pMDI, and po yo  occurred simu taneous y and produce a foam 
that cross inked by these components (Scheme 2). The kinetics of RPU 
foam formation was investigated by measuring the cream, ge , free rise, 
and track-free time of RPU foams (Tab e 1). Cream time shows an in-
creasing trend with the increase of  ignin amount (0–30%). This was 
probab y due to the pre-cross inks between  ignin and pMDI, which 
caused  ess heat generated at the beginning of foaming reaction and 
de ayed the formation of bubb es. Ge  time increased as the amount of 
 ignin increased, which may imp y the active interaction of  ignin with 
pMDI (Hayati et a ., 2018). Free tracking time decreased with the in-
crease of  ignin amount. This can be attributed to the pre-cross inks 
between  ignin and pMDI, which caused the ear y termination of the 
foaming reaction. 

3.2. Physical properties of lignin-incorporated RPU foa s 

The therma  insu ation property of a SIP is primari y determined by 
the physica  properties of the core materia , e.g., the microstructure and 
density of the insu ating foam. Thus, the ce  u ar structure, apparent 
density, and therma  conductivity of the RPU foams were frst in-
vestigated. SEM images of the cross-sections of the RPU foams with 
diferent  ignin amounts are shown in Fig. 3, disp aying the uniform y 
distributed c osed-ce   structure of the RPU foams. With the increase in 
the amount of  ignin, ce   diameters became progressive y sma  er. The 
statistica  ana ysis of the SEM images using ImageJ suggests that the 
average ce   diameter of the RPU foams decreased signifcant y with 
increasing amounts of  ignin, from 0 to 25% (Tab e 2). A further in-
crease in the amount of  ignin from 25% to 30% did not change the ce   
diameter. At 25%  ignin, the ce   diameter had decreased by 63% 
compared to the reference foam without  ignin. The reduced ce   dia-
meter is attributed to the faci itation of bubb e nuc eation by the ad-
dition of the  ignin during the foaming process (Huang et a ., 2018; Luo 
et a ., 2013). 
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Fig. 3. SEM images of reference and  ignin-based (5–30%) RPU foams. 

The apparent density and therma  conductivity of the RPU foams 
are a so shown in Tab e 2. In comparison with the reference foam 
without  ignin, the RPU foams containing 5–10%  ignin exhibited 
marked y  ower apparent densities. This resu t was consistent with the 
observation of Carriço et a . (2016), which c aimed that the addition of 
 ignin improved the nuc eation rate of bubb es at an ear y stage, and 
thereby, increased the free expansion vo ume of the foam. There was no 
signifcant diference in apparent density between reference foam and 
RPU foams containing 15% to 25%  ignin. However, when the  ignin 
amount increased from 10% to 30%, the apparent densities of the foams 
progressive y increased from 32.3 to 36.5 kg·m−3, which was even 
higher than the reference foam. Since the  ight-weight SIPs are pre-
ferred in terms of transportation cost and ease in hand ing during in-
sta  ation, the  ow-density RPU foams containing  ess than 15% of 
 ignin appear to have an advantage for the production of SIPs over the 
RPU reference foam. Despite the higher apparent densities for the RPU 
foams containing more than 20%  ignin, other advantageous properties 
may ofset the increase in weight, thereby sti   making them suitab e in 
SIPs. 

As mentioned before, the therma  insu ation performance of SIPs is 
dictated by therma  conductivity (κ) of core foams. As shown in Tab e 2, 
the κ va ues of  ignin-incorporated RPU foams are in the range of 24.0 
to 25.2 mW·m−1 K−1, which meet the therma  conductivity require-
ments for structura  insu ation materia s specifed in ASTM E1730. 
Compared with the reference foam, the RPU foams containing up to 
25%  ignin showed no signifcant diference in therma  conductivity 
except that containing 30%  ignin with its higher κ va ue. 

SIPs are main y used as structura  and functiona  components in 

wa  s, roofs, and foors for residentia  and commercia  bui dings. When 
exposed to high humidity conditions during use, the structura  dur-
abi ity and therma  insu ation property of SIPs wi   be a critica  concern. 
Water resistance of RPU foams is an important property because the 
absorbed water and moisture not on y deteriorate overa   structura  
durabi ity but a so decrease the therma  insu ation property of RPU 
foams (Avi és and Agui ar-Montero, 2010; Huo et a ., 2016), which wi   
eventua  y afect the mechanica  and therma  performance of SIPs. As 
shown in Tab e 2, the water absorption of a   RPU foams was be ow 
2.0 × 10−2 g/cm3, which is indeed much  ower than the maximum 
water adsorption  imit of 4.3 × 10−2 g/cm3 specifed in ANSI/APA PRS 
610.1–2013 for po yurethane insu ation materia s. The statistica  ana-
 ysis a so confrmed that the addition of  ignin does not afect the water 
adsorption of the resu tant foams. Since  ignin is a hydrophobic 
po ymer, is was anticipated that its addition wou d not change the 
water absorption capabi ity of the RPU foams. It was reported that the 
water absorption of RPU foams can be afected by their ce   structure. 
Genera  y, the  arger the ce   diameter, the more water absorption of 
RPU foams because  arger ce  s wi   be ab e to accommodate more 
water (Thiruma  et a ., 2008). However, as shown in SEM images in 
Fig. 3, the ce   diameter of the RPU foams decreased with increasing 
 ignin amounts, whi e the water absorption of a   the RPU foams re-
mains the same. It is be ieved that the foams with higher  ignin amounts 
may contain more broken ce  s, and thereby, contribute to greater water 
absorption through ce   interconnections. 

Fig. 4 shows thermogravimetric (TG) and derivative thermogravi-
metric (dTG) curves of the RPU foams. A   of the foam samp es were 
degraded in a broad temperature range of 150–650 °C (with the 

Table 2 
The ce   diameter, apparent density, and therma  conductivity and water adsorption of reference and  ignin-based RPU foams. 

Lignin amount 
(%)* 

Ce   diameter 
(μm) 

Apparent density 
(kg·m−3) 

Therma  conductivity 
(mW·m−1·K−1) 

Water absorption 
(g/cm3×10−2) 

Char yie d at 700 °C 
(%) 

0 
5 
10 
15 
20 
25 
30 

588 ± 85* A* 

366 ± 112 B 
355 ± 129 C 
284 ± 75 D 
246 ± 57 E 
220 ± 43 F 
216 ± 55 F 

34.6 ± 1.8 A,D 
31.4 ± 0.6 B 
32.3 ± 1.1 B,C 
33.4 ± 0.8 C,D 
34.5 ± 1.3 A,D 
35.1 ± 1.4 A 
36.5 ± 1.0 E 

24.2 ± 0.7 A 
24.7 ± 0.2 A,B 
24.5 ± 0.5 A,B 
24.5 ± 0.8 A,B 
24.0 ± 0.1 A 
24.0 ± 0.1 A 
25.2 ± 1.0 B 

1.82 ± 0.27 A 
1.91 ± 0.28 A 
1.81 ± 0.25 A 
1.77 ± 0.18 A 
1.83 ± 0.15 A 
1.86 ± 0.15 A 
1.97 ± 0.39 A 

20.7 
21.3 (21.3*) 
22.5 (21.8) 
23.0 (22.3) 
25.9 (22.8) 
27.8 (23.3) 
28.0 (23.7) 

Notes: *Lignin amount represents to the weight fraction of  ignin re ative to pMDI in prepo ymer. *Va ues are averages with standard deviations. *Diferent  etters in 
each co umn indicate statistica  y signifcant diferences between groups (p < 0.05, LSD test). *Numbers in parentheses are ca cu ated va ues of char yie ds based on 
the princip e of additivity. 
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Fig. 4. TG and dTG curves of  ignin and the RPU foams with diferent amount 
(0%–30%) of  ignin.

maximum dTG peak at ˜308 °C). As the amount of  ignin increased from
0 to 30%, the char yie d of RPU foams at 700 °C increased from 20.7%
to 28.0%, whi e the maximum mass  oss rate (dTGmax) showed a de-
creasing trend. These phenomena indicated therma  stabi ity of RPU
foams was enhanced by the addition of  ignin. This was because  ignin
is a thermostab e po ymer (Gómez-Fernández et a ., 2018), which has 
much higher char yie d (44%) and dTGmax temperature (371 °C) than
that of reference foam, as shown in Fig.4. In the case of a    ignin-in-
corporated RPU foams, the char yie d is higher than that predicted by
the princip e of additivity (Tab e 2), indicating that the improved
therma  stabi ity can be a so attributed the formation of the high y
cross- inked thermostab e segments arising from the interactions be-
tween  ignin and the RPU foam matrix. The increased cross ink density
of RPU foams was a so confrmed by the FTIR spectra (Figs S3 and S4 in
SI).

3.3. Mechanical properties of SIPs

3.3.1. Co pressive properties
SIPs show simi ar structura  characteristics with a stee  I-beam, in

which the OSB faces serve as a fange and the RPU foam core functions
as a web that is designed to withstand in-p ane compressive  oads (Jing
and Raongjant, 2013). Thus, the compressive strength of SIPs is de-
termined by that of the RPU foam core. As shown in Fig. 5a, a   the SIPs
with a  ignin-incorporated RPU foam core in this study exhibited
compressive strength (σ) of 165 to 182 kPa and compressive modu us
(E) of 185 to 235 kPa, which meet the compressive strength require-
ments specifed in ANSI/APA PRS 610.1–2013 for wood construction
app ications. Note that  etters above co umns in Fig. 5a indicate

Fig. 5. Compressive properties of the SIPs containing reference and  ignin-
based RPU foams as a core: (a) compressive strength (σ) and compressive
modu us (E); (b) specifc compressive strength (σρ) and specifc compressive
modu us (Eρ). Diferent  etters indicate statistica  y signifcant diferences be-
tween groups (p < 0.05, LSD test).

statistica  grouping from ANOVA with an LSD test. This shows that the
addition of  ignin can have a signifcant efect on the σ and E of SIPs. As
the addition of  ignin increased to 20%, both σ and E increased. This
enhancement can be attributed to the greater cross inking density of
RPU foams due to the addition of  ignin (Luo et a ., 2013). Further 
increase in  ignin amount (20% to 30%) resu ted in a signifcant de-
crease in σ but an increase in E. The  owest σ at 30%  ignin content can 
be attributed to the agg omeration and aggregation of  ignin partic es in
ce   wa  s of the foam, which is  ike y to occur at a higher  ignin con-
centration. The dec ine in compressive strength of RPU foams with the
reduced  ignin dispersion in the foam was a so reported previous y (Pan 
and Sadd er, 2013). The increase in E over a wide range of  ignin
content (0–30%) indicates the addition of  ignin increased the rigidity
of RPU foams. It is worthwhi e to note that the apparent density of the
RPU foams increased when  ignin content was greater than 20%
(Tab e 2). It is we   known that the compressive strength and modu us
of SIP’s core foam are c ose y re ated to the apparent density of the foam
(Carriço et a ., 2016; Paruze  et a ., 2017).

As described before, the apparent density of core RPU foam varies 
with  ignin amount. Thus, norma ized compressive strength (σρ, com-
pressive strength per unit density) and modu us (Eρ, compressive 
modu us per unit density) were used to compare the efect of  ignin on
the compressive properties (Fig. 5b) of  ignin-incorporated SIPs. The 
SIPs with  ignin amount up to 20% showed signifcant y higher σρ by
13% at maximum in comparison with the reference SIP (SIP0). This
improvement in norma ized compressive strength wou d be combined
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Fig. 6. (a) Bonding and (b) shear strength of reference and  ignin-based SIPs. 
Diferent  etters indicate statistica  y signifcant diferences between groups 
(p < 0.05, LSD test). 

efects of reduced apparent density, and the increased cross inking 
density of the foams. As same as σ in Fig. 5a, further increase in  ignin 
content from 20% to 30% resu ted in a signifcant reduction in σρ. Since 
Eρ exhibited the same trend to E, this further suggested an enhancement 
efect of the  ignin in the RPU foams. 

3.3.2. Bonding and shear strength of SIPs 
Fig. 6a shows that bonding strength of SIPs with diferent  ignin 

amount is between 158 and 209 kPa. The reader shou d reca   that one 
interface is that where the foam is direct y bonded to the OSB, whi e the 
other invo ves bonding of the OSB to the formed rigid foam with an 
epoxy resin. In a   cases, the fai ure occurred at the interface having the 
foam direct y bonded to the OSB during foam curing. This indicates that 
the se f-adhesion of the foam to the OSB was not as strong as the bond 
with the epoxy resin. The RPU foams containing more than 15%  ignin 
content show  ower bonding strength than the reference, which is a so 
supported by ANOVA resu ts. Compared to the reference, reduction in 
bonding strength of RPU foam was 19.1% and 22.3%, at 20% and 30% 
 ignin amounts, respective y. Reduced bonding strength can be attrib-
uted to the increased viscosity of PU precursors when  ignin was added, 
which resu ted in the  imited penetration of the precursors into OSB 
(Cheng and Sun, 2006). It shou d be noted that despite some degree of 
reduction in bonding strength, a    ignin-incorporated SIPs meet the 
bonding strength requirements specifed in ANSI/APA PRS 610.1–2013 
for construction wa   app ications. 

Fig. 6b shows shear strength of the SIPs to vary  ignin amount. Note 
that the shear strength of a SIP is afected by the adhesion between the 
OSB  ayers and core foams, as we   as shear resistance of core foams. For 
the SIP with the reference foam (SIP0) and the 5%  ignin RPU foam 

Fig. 7. F exura  strength of reference and  ignin-based SIPs. Diferent  etters 
indicate statistica  y signifcant diferences between groups (p < 0.05, LSD 
test). 

(SIP5), fai ure resu ted from shear within the core foams. When  ignin 
amount in the RPU foam was higher than 5%, the fai ure main y oc-
curred near the interface between OSB and core foam. Again, there are 
two OSB and core foam interfaces, with one where the foam is direct y 
bonded to the OSB and the other where the OSB is bonded to the 
formed rigid foam with an epoxy resin. In a   cases where fai ures oc-
curred at an interface, it was that interface having the foam direct y 
bonded to the OSB during foam curing. It is interesting to note that the 
SIP with 5%  ignin exhibited signifcant y higher shear strength than 
the reference SIP and the other  ignin-incorporated SIPs (see Fig. 6b). 
The increased shear strength of SIP5 can be attributed to the im-
provement efect of  ignin on shear resistance of the core foams. 
However, despite the strengthening efect of  ignin, the SIPs with the 
highest amounts of  ignin may sufer reduced bonding strength, which, 
we be ieve is refected in overa   simi ar shear strengths of a   the SIPs 
except SIP5. 

3.3.3. Flexural strength of SIPs 
The efect of  ignin amount on the fexura  strength of SIPs is pre-

sented in Fig. 7. Severa  factors have been thought to afect the fexura  
strength of SIPs, which inc ude the density and mechanica  strength of 
OSB  ayers, adhesion between OSB  ayers and core foams, and density 
and strength of core foams (Sha bafan et a ., 2012). In this study, a   
rupture fai ure was found to occur within the OSB faces, except for 
severa  samp es from SIP30, in which the fracture occurred simu ta-
neous y in OSB faces and core foams. As shown in Fig. 7, the fexura  
strength of a   SIPs with up to 30%  ignin were essentia  y the same with 
no signifcant diference being observed by ANOVA. The many factors 
that contributed to the fexura  strength of SIPs invo ve interp ay be-
tween the foam-to-OSB interfaces and the compressive/tensi e proper-
ties of individua  components. A though the ANOVA resu ts suggested 
the addition of  ignin to the RPU foam up to the 30% amount did not 
negative y impact the fexura  strengths of the SIPs, additions of  ignin 
above 25% are not recommended on the basis of the foam fai ures that 
accompanied the OSB fai ures at the 30%  ignin amount. 

4. C nclusi ns 

Lab-sca e SIPs were constructed using  ignin-incorporated RPU 
foams as a therma  insu ation core. Surface-functiona ization of the 
 ignin improved its function as a reactive cross inker f  er through 
enhancing the interaction between  ignin and pMDI and minimizing 
inhomogeneous dispersion of the  ignin in the mixture of RPU compo-
nents. The addition of  ignin in the RPU foams  ed to increasing  eve s of 
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therma  stabi ity and simi ar therma  insu ation and water absorption 
performance. The SIPs prepared with  ignin-incorporated RPU foams as 
a core showed increased compressive strength and modu us by 9% and 
17%, as compared to the reference SIPs. Other mechanica  properties of 
the SIPs containing  ignin-incorporated RPU foams, such as bonding, 
shear, and fexura  strength, were comparab e or margina  y decreased, 
but sti   met requirements in industria  specifcations for bui ding and 
construction. Overa  , the amount of  ignin addition between 5%–15% 
is recommended. This study represents a faci e approach to uti ize 
 ignin as a component in a sandwich structure composite that has broad 
imp ications as a bui ding materia . Future work is p anned to construct 
the industria -sca e SIPs with the  ignin-incorporated RPU foams as a 
therma  insu ation core, with the aim of making an immediate impact 
on the bui ding industry. 
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